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Abstract

We compare the new still-image compression standard, JB&I; %ith two competing algorithms
based on the Wavelet Difference Reduction (WDR) technique@ding. Our comparison shows
that these WDR methods provide far simpler encoding while ptsviding essentially the same
performance as JPEG2000 at moderately high to very high mssipn ratios. They provide
useful alternative algorithms for applications where hagimpression ratios are needed and/or

further processing of the compressed images is needed.

Keywords: image compression; signal processing; WDR compressiorG2B&) compression.

Introduction

The JPEG2000 image compression standard [1] is a highlyistogatted algorithm for compres-
sion of still images which replaces the now-outmoded JPE@Griahm [2]. JPEG2000, however,
may not be suitable for all applications, due to its incogbimn of a large number of features
which generates a very complicated bitstream. As we willxshibere are far simpler algorithms
for image compression based on the Wavelet Difference Reduadgorithm [3], [4]. These WDR-
based algorithms are described in great detail in [5] and T8 simplicity of the WDR method
allows for ease of modification for specific applicatiqfa example the data processing applica-

tion described in [7]). Here we report our findings that (1) Wbésed methods provide nearly
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equivalent performance (using the standard Peak SignabiseNRatio [PSNR] for error measure-
ments) as JPEG2000 at medium compression ratios (we te@tey @) when high compression
ratios are used (we tested 80:1 and 160:1), WDR-based metlods #FPEG2000. These two
features highlight the importance of using WDR-based algorit for some image compression
applications—an example of Ockham’s Razor applied to engineering science

The paper is organized as follows. In section 1, we summanzenain features of the lossy
JPEG2000 algorithm; we shall be very brief as JPEG2000 isritbesl in complete detail in [1].
Section 2 contains descriptions of the WDR-based algorithivaswe employed. As mentioned
above, these algorithms are described in detail in [5] ahd\é only provide a brief summary in
section 2. These WDR-based algorithms are two importantrvarat the original WDR algorithm
which we will show are useful alternatives to JPEG2000. Tis fiariant is an algorithm which
performs equally as well as the original WDR algorithm éos not use arithmetic compressien
dropping the arithmetic compression portion of the origiW®R algorithm further simplifies the
WDR method without sacrificing performandegnce providing a very fast implementation that
would be useful for applications such as video codwhere JPEG2000, for example, would be
too slow). The second variant is a low-memory and low-poveesion of WDR which, while not as
effective as the first variant, nevertheless nearly eghalpérformance of JPEG2000 at very high
compression ratios (we tested 160:1) and yet employs vitheyRAM (less even than JPEG2000,

because it employs 16-bit integer values for its waveleistiarm instead of the 32-bit floating point
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values used by JPEG2000). In section 3, which is the heahieopaper, we provide objective
comparisons (using PSNR values) on several test imagesiatisa&ompression ratios and also
provide subjective (visual) comparisons. The paper catedwith a brief analysis/summary and

some directions for future research.

1 JPEG2000 briefly summarized

We shall briefly summarize the JPEG2000 algorithm in ordeslaoify the need for alternative
compression algorithms such as the WDR-based methods das$orithe next section. Full details
are given in [1]. From this point on, to save space, we shédlte JPEG2000 as J2K.

The J2K lossy compression algorithm consists of the folgniour steps: (1) a Daub 9/7
wavelet transform of the imag&\arning: some implementations of J2K use the Daub 5/3 trans-
form for lossy as well as lossless compression, but its’grarnce is significantly worse for
the lossy case.); (2) embedded encoding of block subdngsod the wavelet transform; (3) op-
timal truncation of transform values for optimizing PSNRues within the constraint of a given
bit-budget, using quality layers and fractional bit-plameoding; (4) sophisticated arithmetic en-
coding, using multiple contexts, of the raw binary outputg@ted by step 3. It is important to
emphasize that the block subdivisions in step 2 are employedier to make the J2K algorithm

useful for very large images. While this block-subdividingght have entailed a performance sac-



Walker, Chen, and Elgindi: Comparison of JPEG2000 and WDR nagtho 5

rifice, it is very effectively compensated for by steps 3 an@lthough at the cost of creating a
complex encoding process and a very complex (richly stredibitstream.

For applications where memory is not an issue and high cassfme ratios are needed, we shall
see that WDR-based method can nearly match or equal the parfoenof J2K. An important
issue is thasteps 3 and 4 of J2K generate a very complex bitstream, whichtiglesirable for
applications where one needs to process the bitstreAmadvantage of the two variants of the
original WDR algorithm, described in the next section, ig thay generate very simple bitstreams

which facilitates processing in applications.

2 WDR methods briefly summarized

In this section, we discuss two variants of the WDR algoritHriiian and Wells. From this point
on, we shall denote their WDR algorithm by WDR-AC, which indicatieat arithmetic coding is
employed in this original WDR algorithm. Variant 1, which weadl denote as WDR-I, is a WDR-
based algorithm which drops the arithmetic coding, but igertbeless essentially equivalent in
performance to WDR-AC. WDR-I has been described in detail in [Blehve provide only a brief
summary and a few clarifying remarks for the convenienceunfreaders. Variant 2 uses a 16-bit
integer-valued wavelet transform, instead of the 32-bétftay point transform used by WDR-AC

and WDR-I, and also employgx¥ock-subdivisiorscheme that removes the requirement of keeping
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the whole wavelet transform in RAM. This second variant, \hiee shall denote as WDR-B,
is useful for high-compression of large images (for examBlmthetic Aperture Radar images),
and matches the performance of J2K at high compressiorsratDR-B has been thoroughly

described in [6], so again we provide just a brief summarysaorde clarifying remarks.

2.1 WDR-I|

The WDR-I method is an improved (simplified) modification of WDR>Avhich does not employ
arithmetic coding. This method is described fully in [Blp extract of the material describing
WDR-I from that reference can be downloaded from the webpsigallin [8]. WDR-I lossy image
compression consists of the following steps: (1) Performaseket transform (we used a 6-level
Daub 9/7 transform) of the image; (2) choose an initial thoéd 7}, equal to the smallest power of
2 that is greater than the maximum of all transform magnsydeatput?’; at the beginning of the
encoding process]; (3) perforbit-plane encodingvith a significance pass and refinement pass
of transform values (exiting when a bit-budget constragniiet) using row-wise scans through
horizontal subbands, column-wise scans through vertigbbands, and zig-zag scans through
diagonal subbands and the all-lowpass subband (and scatfedargest level scale to the smallest
level scale starting with the all-lowpass subband and tleetical, then horizontal, then diagonal
subbands within each successive level). The bit-planedinggrocess of the significance pass

encodes the binary expansions of the number of steps in #meader between the last encoded
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significant value and the next encoded significant valuegfgiven threshold), replacing the most
significant bit (which is alway3$) by the sign of the next significant value. This significanas9
is described in detail in [5] with these two additions/cetiens: (1) the output of signs and bits is
done with a set of four binary codings & 00, 1 — 01, + — 10, — +— 11); (2) the scan order is
implementedn the computer codro list is kept of significant position locations. The refirearmh
pass simply consists of emitting bits that describe whe#laeh old significant value, computed
at a higher threshold, needs to be refined to the accuracyeafdv threshold (1 if refinement is
needed, O if it is not). This standard bit-plane refinementedure is also described in detail in
[5].

WDR-I decompression uses the binary output of the compregsmress described above to
reconstruct an approximate wavelet transform (includisgvele estimation procedure of round-
ing to bin-midpoints described in [5]) and then performsrarerse wavelet transform to obtain the

decompressed image.

2.2 WDR-B

The WDR-B method is essentially the same as WDR-I except thatck Blab-division scheme is
used to greatly reduce the quantity of wavelet transformesthat are held in RAM, and a 4-level
Daub 5/3 integer-to-integer wavelet transform is used ab d@im 8-bit integer-valued image can

be converted to a 16-bit integer-valued transform (unliie Daub 9/7 wavelet transform which
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employs 32-bit floating point values). The WDR-B method is dégd completely in [6]; we will
not repeat that discussion hefe updated version of that paper (containing correctionsroken

webpage links) can be downloaded from [8].

3 Comparisons

We did our comparisons on five test images: Airfield, Boatsd@itll Lena, and Peppers. These
are all512 x 512, 8-bit grey-scale images—reflecting our emphasis on imagatsdte easily
handled by machines with relatively high amounts of RAM, a®®s, for example. The five
images can be downloaded and/or viewed at the webpage [#{s lior downloading the software
employed for our compressions/decompressions can be frithdt same webpage.

We compared these images both objectively (using PSNR sjedunel subjectively (visual com-
parisons) at four compression ratios (20:1, 40:1, 80:1;160hich span a range from moderate
to very high compression. The decompressions for the thetbods compared (J2K, WDR-I,
WDR-B) were very difficult to visually distinguish for the fulhages, hence the visual com-
parisons provided below will be for vario@sx 2 magnifications of regions selected from the

decompressions.
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3.1 20:1 compressions

In Table 1, we report PSNR values for decompressions of 2hipcessions of our test images.

These data show the following three features:

1. The PSNRs for WDR-I and WDR-AC aessentially equivalentFor the Airfield image,
WDR-AC has a somewhat higher PSNR; on the other hand, for theePeppage WDR-I
has a somewhat higher PSNR; while for the remaining imageditfeeences in PSNRs are

negligible.

2. For J2K compared with WDR-I, we see that J2K significantlypetiorms WDR-I. That is
to be expected, since J2K was specifically designed for mibtaoptimal PSNRs at low to
moderate compression ratios like 20:1. We shall see beloweter, that J2K and WDR-I

are essentially equal in performance at higher compresaims.

3. WDR-B shows significantly lower PSNR performances, retatty J2K and WDR-1. We
shall see in later subsections, however, that WDR-B'’s perfoo@m&éecomes more similar to

these other two methods as the compression ratio increases.

We now provide a visual comparison. In Figure 1, we show foxr2 magnifications of a por-
tion of the Boats image and corresponding decompressioreselimages appear to be consistent
with the local PSNR values reported in Table 2, which show #i2Ke clearly superior to both

WDR-I and WDR-B, and WDR-I superior to WDR-BDur emphasis on WDR-based methods,
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however, is predicated on their performance at medium to higfly compression ratioGve tested

40:1, 80:1, 160:1) and we now turn to comparisons at thoseuoession ratios.

3.2 40:1 compressions

In Table 3, we report PSNR values for decompressions of 4@hipcessions of our test images.

These data show the following three features:

1. Again, as for 20:1, the PSNRs of WDR-I and WDR-AC are essentallyivalent. The
entries marked NA for WDR-AC are apparently due to a bug in the WAGRsoftware that

we downloaded from Tian’s Webpage [9].

2. The PSNRs for J2K and WDR-I are nearly equal; although J2Kymeslhigher PSNRs, the

differences are slight (less than 0.4 dB for every image buait&o

3. The PSNRs for WDR-B are still significantly lower than for thker methods, but the gaps

are narrowing from what they were at 20:1.

For a visual comparison, in Figure 2 we shdw 2 magnifications of a portion of the Lena
image. One noticeable feature that is better preserved thyW®R-1 and WDR-B, versus J2K,
is the structure of Lena’s eyes, especially her pupils aisdsr and her eyelashes. Furthermore,
the tiny flower in Lena’s hat (at the middle left, just above feathers) seems best preserved by

WDR-I. But, J2K seems to better preserve the shape of Lena'shas&VDR-I (but not WDR-B).
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In Table 2, we see that the local PSNRs show WDR-I to be just §lijetter than J2K, and J2K
just slightly better than WDR-B. The images in Figure 2 are imegpondence with these objective

values.

3.3 80:1 compressions

In Table 4, we report PSNR values for decompressions of 8hipcessions of our test images.

These data show the following three features:
1. WDR-AC and WDR-I are again more or less equal in performance.

2. WDR-I and J2K have essentially equal PSNRs. This result egasting in that WDR-I
employs a very simple bitstream (easily modified for appides), which these data show
provides an important alternative to J2K for high compm@ssatios (we shall see similar

results at 160:1 as well).

3. WDR-B has nearly equal PSNRs as J2K (within altioutiB). This is a striking result in that
WDR-B does not employ arithmetic codingnd uses a low-power, low-memory transform
(a 16-bit integer-to-integer Daub 5/3 transform, see [B$tead of the 32-bit floating point
Daub 9/7 transform employed by J2K. (For similar resultsnshg essential equivalence,
even superiority, of the integer-to-integer Daub 5/3 tfams to the floating point Daub 9/7

transform at high compression ratios, see [6].)
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In Figure 3, we show x 2 magnifications of the Peppers image. The WDR-I and J2K images
appear to be very similar, with perhaps slightly less astg§an the WDR-I image; while the J2K
image is slightly less blurred but suffers from more artiéathan the WDR-B image. The visual

results here are consistent with the local PSNRs recordeahle .

3.4 160:1 compressions

In Table 5, we report PSNR values for decompressions of 1&firipressions of our test images.

These data show the following three features:

1. Again, as with the other compression ratios, WDR-AC and WDRehaore or less equal in

performance.

2. As with the 80:1 case, at this high compression ratio of 1LBVDR-I has essentially equal

PSNRs as J2K for all images.

3. WDR-B has nearly equal PSNRs as J2K, even though WDR-B uses asimyaler bitstream

than J2K (for reasons mentioned above in item 3 of the 80:&estilon).

In Figure 4, we show2 x 2 magnifications of a portion of the Airfield image. Notice that
WDR-I best preserves the structure of the row of airplanes endft half of the image. The
WDR-I and WDR-B images are roughly visually equivalent in thesgetihat the WDR-B image

preserves more details of some structures but also suffarsmore artifacts. We also note that
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the WDR-B image better preserves some details (such as thé-suwepaircraft at upper-left and

some of the rectangular structures at upper-right) thad2eimage does. The WDR-B image
also appears slightly sharper than for the J2K and WDR-I imabesmay be due to the shorter
filters that WDR-B employs. In any case, the local PSNRs in Taldled®v that all three methods

are nearly equal in performance, which is consistent wighitieges shown in Figure 4.

Conclusion

Our comparison has yielded the following results:

1. WDR-AC, which uses arithmetic coding, and WDR-I, which doesusetarithmetic cod-
ing, yield essentially the same performance at every cossoe ratio for all imagesThis
may be due to the fact that WDR-AC, as described in [3] and [4],leyspan unnecessary

refinement pass at the first stage of bit-plane encoding.

2. WDR-I performs more or less equally well with J2K at moderdated to very high compres-
sion ratios. Because WDR-I holds the entire wavelet transform in RAM, it isy@uitable
for small to moderate size images (the kind we tested on)entle®iess, such images are

frequently handled by PC’s, and hence we can see a large aapplafation for WDR-I.

3. At high compression ratios, WDR-B performs as well as J2{s may be due to the fact

that at high compression ratios both WDR-B and J2K are encgdsig few blocks, and
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also because J2K encodes significance and refinement datectoblock individually while
WDR-B encodes significance data for all blocks at each bitgtatiowed by an encoding of
refinement data for all blocks at each bit-plane. In any désesimplicity of the bit-stream
of WDR-B recommends it as an alternative to J2K for applicaitirat are constrained by
low-memory and/or low-bandwidth as well as requiring highmpression ratios (such as

compressing SAR images or encoding multiple frame suar@k images).

4. Using global and local PSNR values gave objective results ¢beelate reasonably well
with subjective visual comparisond.here is room for improvement, however. In the fu-
ture, we intend to investigate other objective measuremafe quality—such as the edge
correlation measure used in [10] and [5]—and the WAPE (Weig&verage of PSNR and
Edge correlation) measure introduced in [11]—to see how thiely correlate with visual

judgements of image quality.
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(a) Original (b) J2K

(c) WDR-| (d) WDR-B

Figure 1: Four 2 x 2 magnifications of decompressions at 20:1 of Boats image.
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(a) Original

(c) WDR-| (d) WDR-B

Figure 2: Four 2 x 2 magnifications of decompressions at 40:1 of Lena image.
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(a) Original (b) J2K

(c) WDR-| (d) WDR-B

Figure 3: Four 2 x 2 magnifications of decompressions at 80:1 of Peppers image.
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(c) WDR-|

Figure 4: Four 2 x 2 magnifications of decompressions at 160:1 of Airfield image.
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Table 1: PSNR Values for 20:1 Compression

Image/Method | WDR-B | J2K | WDR-I | WDR-AC

Airfield 26.29 | 27.32| 26.79 27.02
Boats 31.72 | 33.18 | 32.35 32.42
Goldhill 31.11 | 32.18 | 31.63 31.76
Lena 34.24 | 3599 | 35.50 35.72

Peppers 33.80 | 35.07 | 34.58 34.21

Table 2: PSNR Values for 2 x 2 zooms.

Image/Method | WDR-B | J2K | WDR-I

Boat 20:1 32.31 | 34.32 | 32.79
Lena 40:1 29.83 |29.93 | 30.27
Peppers 80:1| 2855 | 28.88 | 29.24

Airfield 160:1 | 19.36 | 19.56 | 19.40
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Table 3: PSNR Values for 40:1 Compression

Image/Method | WDR-B | J2K | WDR-I | WDR-AC
Airfield 24.06 | 24.88 | 24.52 24.72
Boats 28.72 | 29.76 | 29.24 29.32
Goldhill 28.88 | 29.72 | 29.37 NA
Lena 31.35 32.75 | 32.40 NA
Peppers 31.28 | 3240 | 32.05 31.67

Table 4: PSNR Values for 80:1 Compression

Image/Method
Airfield
Boats
Goldhill

Lena

Peppers

WDR-B

22.21

26.26

27.13

28.76

28.54

J2K

22.64

26.76

27.69

29.62

29.54

WDR-I

22.57

26.82

27.60

29.47

29.35

WDR-AC

22.71

26.96

27.72

29.71

28.93
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Table 5: PSNR Values for 160:1 Compression

Image/Method | WDR-B | J2K | WDR-I | WDR-AC
Airfield 20.61 | 20.84 | 20.89 20.96
Boats 24.25 | 2470 | 2491 24.89
Goldhill 25.68 | 25.76 | 25.96 NA
Lena 26.15 | 26.55 | 26.78 27.13
Peppers 25.80 | 26.15 | 26.52 26.14
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