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ABSTRACT

This paper describes the evolution of new waveled acaling
numbers for optimized transforms that consistentiyperform the
9/7 discrete wavelet transform (DWT) for fingergricompression
and reconstruction.

Categories and Subject Descriptors

G.1.2 Numerical Analysis: Approximation — Wavelets and
Fractals; 1.4.2 [Computing M ethodologies]: Image Processing and
Computer Vision —Compression (Coding)1.2.8 [Computing
M ethodologies]: Artificial Intelligence —Problem Solving, Control
Methods, and SearghG.1.6 Numerical Analysis]; Optimization -
Global Optimization.

General Terms
Algorithms, Experimentation, Performance

Keywords
Evolved Transforms, Wavelets, Genetic Algorithmgjagtization
Error, Image Compression, Image Reconstruction.

1. INTRODUCTION

As stated on the US Federal Bureau of Investigatisi) web site,
“criminal identification by means of fingerprints bne of the most
potent factors in apprehending fugitives who migthterwise escape
arrest and continue their criminal activities indiély.” The FBI's
Criminal Justice Information Services (CJIS) Digisimaintains the
National Repository of Criminal History Records am@timinal
History Data, which includes ten fingerprint recertbr over 81
million criminals, government employees, and civilervice
applicants. Records for approximately 7,000 indiaild are added to
this repository every day. Law enforcement offisialan use the
Integrated Automated Fingerprint Identification &ys (IAFIS) to
find a match in less than two hours for criminalgrprints, and less
than 24 hours for civilian fingerprints.
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The FBI fingerprint compression standard [2] is dzhsipon the
biorthogonal 9/7 wavelet filter pair developed 892 by Cohen,
Daubechies, and Feauveau [3]. DWTs [4] may be destiby four
sets of floating-point coefficients: hl (Lo_D) agdl (Hi_D) are the
wavelet and scaling numbers for the (forward) ditcrwavelet
(decomposition) transform (DWT), while h2 (Lo_R)dag2 (Hi_R)
define the wavelet and scaling numbers for the rswe
(reconstruction) transform (DWT-1). Fig. 1 liste#le coefficients for
the 9/7 DWT.

The 9/7 wavelet was subsequently adopted for Pat the Joint

Photographic Experts Group’s JPEG2000 still imagearession
standard [17]. JPEG2000 was developed as a succéssthe

original JPEG standard; it delivers superior corapi@n performance
while offering features useful for such diverse laggtions as the
Internet, digital cameras, and medical image pisings
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Figure 1. 9/7 (CDF) Wavelet Transform Wavelet and Scaling
Coefficients.

2. PREVIOUSRESULTS

Quantization (the process of approximating a gisemal using a
relatively small number of bhits) allows digital iges to be more
easily compressed. Quantization is often the migsiifcant source

of distortion in digital images. Dequantizationst@(q) produces
an imagey’ that differs from the original image according to a
distortion measure, which in general may be computed as a linear
combination of the MSE for each pixel.

Since 2004, researchers at the University of Alaskehorage, the
Air Force Institute of Technology, Wright State Waisity, and

Wright-Patterson Air Force Base, have been intecest evolving

coefficients describing transforms that outperfavavelets for signal
and image processing applications subject to czeindin error.

These projects ([1], [10], [11], [12], [13], [14}15]) have succeeded
at each of the following tasks:
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1. First, we showed that a genetic algorithm (G&]) could be
used to evolve coefficients describing an invensngform
capable of reducing the mean squared error (MSE)
reconstructed one-dimensional signals previouslsnpressed
by a DWT and subjected to quantization error. Reswlere
promising [10], with error reductions consistenixceeding
91% for sinusoidal signals.

2. Next [11], we demonstrated that this approaduld be
successfully applied to photographic images. Our évAlved
inverse transforms capable of reducing MSE by ashmas
10.7% in comparison to the selected wavelet.

3. Next [1], we extended this work by simultandgusvolving
coefficients describing matched forward and invara@sform
pairs. The resulting transforms were capable ofentban 20%

3. EVOLVED 9/7 TRANSFORMS
_The results of previous investigations were prongsi The
I"hercentage reductions in MSE (in excess of 20% doe-level
transforms) were often large enough to be detdayetie naked eye.
However, key issues needed to be addressed:

1. Most of the work described above used the Ddelea to seed
the initial population. Could the GA-based methadyl be
extended to evolve coefficients for a 9/7-shapaddiorm that
was capable of outperforming the 9/7 wavelet ferfthgerprint
compression and reconstruction problem?

2. All of the work described above assumed thesqree of error
due to scalar quantization [5]. Could the GA evateefficients
for improved transforms under conditions subjectdifferent
types of quantization error, or even no quantizagoor at all?

MSE reduction in comparison to the Daubechies-4)(D4

transform under conditions subject to a quantizatitep of 64,
while maintaining an average compressed file $#8) (ess than
or equal to the FS produced by the D4 transform.

4. Next [13], we utilized the massive computatiopawer of
supercomputers at the Arctic Regional SupercompGtmter
(ARSC) to evolve one-level transforms. For a quaaitbn step
of 64, these transforms reduced MSE by nearly 4D%03 dB)
for the training image, and by an average of ne2B86 (1.126
dB) on test images. In addition, according to aforimation
Entropy (IE) measure commonly used to accuratdiynese FS,
the average compressed FS for evolved transforradesa than
or equal to that of the D4 wavelet.

5. Next, the GA was used to evolve multiresolutianalysis
(MRA) transforms [9] described by a single set oéféicients
used at every level. The resulting transforms veaggable of an
average MSE reduction of 7.61% (0.34 dB) under it
subject to a quantization step of 64, while keepign check.

6. Finally, the GA was expanded to evolve MRA sfanms that
utilized a different set of coefficients at each MRevel. Each
individual consisted of 48 real-valued coefficie(i$ for each
MRA level). At quantization equal to 64, the evalv®&RA
transform reduced MSE by as much as 12.92% (0.§0atfin
while keeping average FS less than or equal té¢-Sheroduced
by the three-level D4 MRA transform.

For the first five tasks, the GA seeded each imhlial in the initial
population with randomly mutated copies of a seléavavelet; the
evolved transforms thus had identical structurethe selected
wavelet, but different wavelet and scaling numbEws.the final task,
the coefficients at each level of the transform everdependently
initialized to a different randomly mutated copy tife selected
wavelet's coefficients.

The published research most closely related toptigect combined
a coevolutionary GA [7] with the lifting scheme [160 evolve

wavelets specifically for fingerprint images. Thesb solutions
evolved by those researchers “averages 0.75 dBtygjiraprovement
over the FBI wavelet” when subsequently tested qopulation of
80 fingerprints [8]. These results demonstrated ¢lwalved wavelets
could outperform the industry standard, and pravidéaseline with
which our results could be compared.

Positive answers to each of these questions sutiggghe technique
of using GAs to evolve transform coefficients mightdleed be
powerful enough to supplant wavelet transforms uture image
compression standards.

The following modifications to our GA were necegsar carry out
these experiments:

1. First, we revised our GA to accommodate asymmetr
transforms. Our GA seeded the initial populatiothwandomly
mutated 9/7 wavelet coefficients.

2. Next, we extended our GA to accommodate evarutf four-
level MRA transforms. With 16 forward and 16 inser
coefficients for at each level, each four-levenhg@rm in the
population was now defined by a total of 128 flngtpoint
values.

3. The training population was extended to incluémur
representative fingerprint images. This extensielpéd reduce
the possibility of overtraining which might negaiy impact
the performance of evolved transforms during subseg
testing on fingerprints not explicitly anticipatég the training
population.

4. A common technigue in wavelet-based image pedcgsetains
the first 1/r transform values, and sets the reingimalues to 0.
The test results below used r = 16 to maximum coaiplity
with other published results ([2], [8]).

4. TEST RESULTS

Several training runs on ARSC supercomputers edobeefficients
for a 9/7-shaped transform. These runs produced falewing
results:

1. The best transform evolved by the GA reduced MfyEan
average of 24.03% (1.20 dB) on the four fingerpimages
used for training.

2. The best transform averaged 15.97% (0.76 dB) MslHction
when subsequently tested against a population ding@rprint
images.

3. The average size FS compressed by the evolaadftrm was
virtually identical to the FS produced by the 9/awelet.

4. Evolved transforms were subsequently tested lootographs
commonly used by the signal processing communiighsas
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“zelda”, “lenna”, and “airplane”. The MSE of the adved
transforms was consistently worse on these imabar the
original 9/7 wavelet. This result suggests that@#eis capable
of automatically discovering and exploiting spexifieatures of
fingerprints that do not commonly appear in othieotpgraphic
images.

Fig. 2 shows a typical fingerprint from the test $&g. 3 shows the
difference between this image and the corresporifitiggrprint after
compression and reconstruction by the 9/7 wavelgile Fig. 4
shows the difference between the original image ahe
corresponding fingerprint after compression anemstruction by a
best-of-run evolved transform. Fig. 3 and Fig. 4emeonstructed by
taking the absolute value of the difference betwten grey-scale
intensity of each pixel from the original and restincted images,
setting any values less than 8 to zero, and thehiphying the
remaining values by 9 to make the most signifiaifierences easier
to see. Comparison between Fig. 3 and Fig. 4 revbal degree to
which evolved transforms outperform the 9/7 wavelet this
application.

5. DISCUSSION AND COMPARISON TO
RELATED WORK

Fingerprint compression has long been one of thet roelebrated
applications of wavelets. The research describethit paper has
established a methodology for evolving transfortret substantially

outperform the 9/7 wavelet. Our evolved transfoexikibited a 0.76 Figure 3. The Difference Image lllustrating the Significant
dB average MSE reduction compared to the 9/7 wawien tested _ Differences Between the Original Fingerprint and the
on the 80 fingerprints. Fingerprint Compressed and Reconstructed by the 9/7 Wavelet.
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) ] ] ) Figure 4. The Difference Image I llustrating the Significant
Figure2. A Typical Fingerprint Image. Differ ences Between the Original Fingerprint and the
Finger print Compressed and Reconstructed by the Evolved
Transform. Improvement over the 9/7 Wavelet is obvious.
Direct comparisons between our evolved transforntel a due in part to the fact that they did not save tbefficients
Grasemann and Mikkulainen’s evolved wavelets [&] difficult, produced by their GA. When tested upon all 80 fipgats from
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Grasemann and Mikkulainen’s test suite, our evolyadsforms
exhibited an average MSE reduction of 15.97% (0dm)
compared to the 9/7 wavelet, which matches thgaravement

Finally, our GA is not constrained to produce tfamss having
the precise mathematical properties of wavelets Bich as
biorthogonality. Instead, our GA is free to evolwhatever
combination of wavelet and scaling coefficientautessin the most
effective MSE reduction. This additional freedomoats our
approach to more effectively search the space di bh@velets
and non-wavelet transforms in order to better corepge for
guantization error.

6. FUTURE DIRECTIONS

Two tasks are currently underway:

1. We are in the process of determining whetheolved
transforms having the same structure as the 9/¢letagan
outperform that wavelet in the broader arena oitaligmage
compression and reconstruction. A positive outcaoeld
have an enormous positive effect upon the way inchvh
digital images are transmitted and stored for such
applications as the Internet, digital photograpnd medical

imaging.

We are also in the process of identifying tdeamtages of
using evolved transforms over the 9/7 wavelet iimgdrprint
compression applications subject to other typesdegiees
of quantization. We have previously demonstratee th
existence of a Pareto optimal front describing titaeleoff

between FS and MSE reduction. For the same FS, our

evolved transforms stored higher-quality images ntha
wavelets; alternatively, for equal image qualityr @volved
transforms allowed much higher compression. Both
advantages would be wuseful to the digital imaging
community.

Other future tasks include allowing our GA to sitankously
evolve both the number of coefficients (scaling amdvelet
numbers) at each level of a transform, as wellhasvalues of
those coefficients. This technique could producevertul new
transforms having structures not currently utilizedhe wavelet
community. We also hope to collaborate with Grasemand
Mikkulainen using lifting as a starting point anlteh evolving
non-wavelet transforms from there with differeneffiwients at
each level.

This work was supported in part by a grant of HE€burces from
the Arctic Region Supercomputing Center, and isebaspon
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Chancellor's Challenge Fund, and the UAA Complexst&ys
Group.
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