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Review Article
A REVIEW OF WAVELET-BASED IMAGE PROCESSING METHODSFOR
FINGERPRINT COMPRESSION IN BIOMETRIC APPLICATION

Abstract

A data compression algorithm is a signal processing technique used to convert data from alarge
format to one optimized for compactness. Huge volumes of fingerprint images that need to be
transmitted over a network of biometric databases are an excellent example of why data
compression is important. The cardinal goal of image compression is to obtain the best possible
image quality at a reduced storage and transmission bandwidth costs. In this paper, areview of
different methodological approaches to fingerprint image compression based on the wavelet
algorithm is conducted. From the survey of the existing wavelet-based image compression
methods, the problems that have been identified include: the limitation of WSQ standard to a
compression ratio of 15:1 which could be improved with better algorithm. High complexity of
image encoding process of the existing techniques is also a problem. Most of the existing
methods require the generation of codebooks or lookup tables which require additiona
computational cost for implementation. Additionally, significant degradation in the biometric
features of fingerprint at compression ratio higher than 15:1 remains a maor challenge.
Therefore, the investigation of an efficient compression method that can significantly reduce
fingerprint image size while preserving its biometric properties (the core, ridge endings and
bifurcations) isjustified.

Keyword: Wavelet transform, image compression, quantization, entropy coding, fingerprint

1.0 I ntroduction

Images contain large amount of information that requires huge storage space and large
transmission bandwidth. Image data processing and storage attract cost and the cost is directly
proportional to the size of data. In spite of the advancements made in mass storage and
processing capacities, these have continued to fall below capacity requirements of application
systems (Ashok et al, 2010). Therefore, it is advantageous to compress an image by storing only
the essential information needed to reconstruct the image. An image can be thought of as a
matrix of pixel (or intensity) values and in order to compress it, redundancies must be exploited.
Image compression is the general term for the various agorithms that have been developed to

address these problems.
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A compression algorithm is used to convert data from a large format to one optimized for
compactness. Data compression algorithms are categorized into two, namely; lossless and lossy
compression techniques. A lossless technique guarantees that the compressed datais identical to
the original data whereas in lossy compression technique, images are compressed with some
degree of data loss or degradation while still retaining its essential features. This distinction is
important because lossy techniques are much more effective at compression than lossless
methods. Huge volumes of fingerprint images that need to be stored and transmitted over a
network of biometric databases are an excellent example of why data compression is important.
The cardinal goal of image compression is to obtain the best possible image quality at a reduced

storage, transmission and computation COsts.

1.1  General Concept of Image Compression System

An image compression system involves three fundamental image coding stages, namely:

(i) Transformation;

(i) Quantization; and

(iii) Entropy Coding.

The transformation which is achieved through suitable mathematical transformation technique
(such as Fourier and Wavelet transforms) is applied to the image with the am of converting it
into a different domain where the compression will be easier. In the transform domain,
correlation level can be lowered, and the energy can be concentrated in a small portion of the
transformed image. The quantization, which can either be vector or scalar quantization or their
variations, is the stage that is mostly responsible for the ‘lossy’ character of the system. It entails
a reduction in the number of bits used to represent the pixel values of the transformed image
(also called transform coefficients). Coefficients of low contribution to the total energy or the
visual appearance of the image are coarsely quantized (represented with a small number of bits)
or even discarded, whereas more significant coefficients are subjected to a finer quantization
(represented with more bits). At the entropy coding stage, further compression is achieved with
the aid of some entropy coding scheme such as Huffman, run-length, arithmetic coding etc.
where the non-uniform distribution of the symbols in the quantization result is exploited so as to
assign fewer bits to the most likely symbols and more bits to unlikely ones. Thisresultsin asize
reduction of the resulting bit-stream on the average and the conversion that takes place at this
stage islossless (Strang and Nguyen, 1996; Usevitch, 2001).
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In specific terms, fingerprint image compression algorithm using wavelet transform method is
implemented in two parts, namely (Usevitch, 2001):

(1) Image encoding for converting image to optimized bit stream; and

(i) Image decoding for reconstructing the image from optimized bit stream.
The implementation of each of the parts of the proposed algorithm is in three stages. They are
Discrete Wavelet Transform (DWT)/Inverse DWT, Scalar quantizer/Scalar dequantizer and Entropy
encoder/decoder. Thisisdepicted in Figure 1.1:

Input Image Wavelet " Entropy Compressed
— ¥ Transform > Queantization > Encoding Tmage

(@) Wavelet Encoder

Compressed Entropy Reconstructed
. N Inverse | Inverse
Image—» Decoding d Quantization Wavelet rege
Transform

(b) Wavelet Decoder

Figure 1.1: Block diagram of awavelet transform based image compression system.

1.2  Overview of Biometric Application System

Biometrics system is an emerging technology that deals with automatic identification of
individuals, based on their physiological and behavioral characteristics. The biometric traits must
satisfy universality, uniqueness, permanence, accessibility and collectivity (Kazi et a, 2011).
The physiological biometrics are fingerprint, hand scan, iris scan, facial scan, retina scan, etc.,
and behaviora biometrics are voice, signature etc. (George, et al, 2012). The main advantage of
biometric methods is the capability for identity verification (Villegas et a, 2006). The methods
for human identity authentication based on biometrics using the physiological and behavioural
characteristics of a person have been evolving continuously and seen significant improvement in
performance and robustness over the last few years. However, most of the systems reported
perform well in controlled operating scenarios, and their performance deteriorates significantly

under real world operating conditions, and far from satisfactory in terms of robustness and

3
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accuracy (George, et al, 2012). To address these challenges, and satisfy the requirements of new
and emerging biometric applications, there is a need for the devel opment of improved agorithms
for efficient lossy fingerprint image compression. This is because computer systems have
provided the capability for the acquisition of massive volumes of biometric fingerprint data, and
it is reasonable to develop computational techniques to help extract, store in compact form and
derive meaningful patterns and structures from these data in order to address the problem of data
overload. Additionally, data mining processes for law enforcement, immigration services, and
forensic applications can immensely benefit from the proposed technique. This is the primary

focus of this research work.
1.2.1 Characteristicsof Fingerprint Image

Fingerprint is the biometric features of afinger. The development of these features is congenital
and maintains unigqueness among the population (Kazi et a, 2011). A fingerprint usualy appears
as a series of dark lines that represents the high peaking portion of the friction ridge skin, while
the valleys between these ridges appear as white space and are the low shallow portion of the
friction ridge skin. Minutia is the term used to describe the location and direction of the ridge
endings and bifurcations along a ridge path. The upper most point on the inner most ridge of the
fingerprint image is known as core (George et al, 2012). The fingerprint has been used for
personal identity verification for more than a century, and is the most widely used in biometrics
today (Rajkumar et al, 2012). Fingerprint images are digitized at a resolution of 500 pixels per
inch (ppi) with 256 levels of gray-scale information per pixel. A single fingerprint is about
700,000 pixels and needs about 0.6 Mbytes for storage. A pair of hands, then, requires about 6
Mbytes of storage (CJIS, 2000; Kumar et a, 2010). This huge storage requirement by
fingerprint images impacts adversely on the efficiency of biometric application systems. The
only way to improve on these resource requirements is to compress these images, such that they
can be cost-effectively stored, transmitted and then reconstructed without compromising the
essential biometric features such as the fingerprint’s core, ridge endings and bifurcations. These
features are shown in Figure 1.2.
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Figure 1.2: Biometric features of afingerprint image

1.2.2 Overview of Fingerprint Image Compression Techniques and Standards

The efficiency of the application of wavelet transform on image coding was significantly boosted
by the introduction of embedded zero-tree wavelet (EZW) algorithm introduced by Shapiro
(1993). The agorithm has since undergone significant improvements in the set partitioning in
hierarchical trees (SPIHT) introduced by Said and Pearlman in 1996. The EZW and SPIHT
performed better than JPEG with most images. However, they both produced blurring effect on
feature pattern of fingerprint images which renders the data useless for biometric application.
Wavelet Scalar Quantization (WSQ) is a compression standard developed specificaly for the
compression of fingerprint images to improve the capability of preserving the fingerprint features
for biometric pattern recognition. A compression ratio limit of 15:1 is specified for WSQ
fingerprint compression standard (NIST, 2011). In order words, its performance becomes
unsatisfactory at compression ratio higher than 15:1 (Onyshczak et a, 2000; CJIS, 2000). The
embedded block coding with optimized truncation of embedded bit-streams (EBCOT) by
Taubman (2000) have resulted in modern wavel et image compression and coding techniques. As
amatter of fact, the latest Joint Photographic Expert Group (JPEG 2000) image coding standard
was developed based on the EBCOT algorithm (Mallat, 2009; Usevitch, 2001). The EBCOT-
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based JPEG2000 as a robust general-purpose compression standard has the limitation of not
being able to adequately preserve the crucial biometric features of fingerprint images at high
compression ratio and it has the problem of complex algorithm implementation. The JPEG was
the earlier version of JPEG2000 standard and it was based on discrete cosine transform technique
while the JPEG 2000 was based on wavelet transform technique (Strang and Nguyen, 1996;
Usevitch, 2001; Mallat, 2009).

The differences between JPEG2000 and WSQ standards are in their wavelet transform
decomposition structures and the scanning order of the quantized coefficients in their entropy
coding stage. In wavelet decomposition, JPEG 2000 applies Mallat’s algorithm or the pyramidal
approach with Cohen Daubechies Feauveau (CDF), a variant Daubechies wavelet filters, while
WSQ uses a fixed wavelet packet basis with the same CDF wavelet filter. WSQ uses raster
scanning order, while JPEG2000 uses vertical bitplane scanning order (Strang and Nguyen,
1996). More significantly, both standards are based on CDF wavelets and have been adopted as
fingerprint compression standards. It is noteworthy that JPEG 2000 is designed for general-
purpose compression with significant flexibility. It has the disadvantage of complex agorithm
implementation and high computation cost (Libert et al, 2012). The next sections describe the

relevant theoretical concepts of image coding.

2.0 Review of Fundamental Concepts

This sections presents the review of the theoretical concepts for wavelet based fingerprint image
anaysis.

21  Discrete Wavelet Transform (DWT)

Discrete wavelet transform (DWT) filter is used for reliable fingerprint image transformation.
The DWT is recognised for its capability of space-frequency decomposition of images, energy
compaction of low frequency subbands, and space localization of high frequency subbands
(Mallat, 2009; Ashok et a, 2010). DWT decomposes a discrete image signal into bands that
vary in spatial frequency and orientation.

In DWT, a space-frequency representation of the digital image signal is obtained using digital
filtering techniques. The signal to be analyzed is passed through filters with different cutoff
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frequencies at different scales. For a discrete sampled signal sequence f(x), where integer x =
0,1,2 ... m-1. Thereis m number of samplesin the sequence.
The scaling function wg (j,, k) and wavelet function wy (j, k) are given by (Mallat, 2009):

WoUo k) = =2 ef (0@ (x) 2.1
wy(j, k) = \/%,—2 fEOY i (x) 2.2

Note that \/—% is a normalizing term. This is to ensure that the energy of the signal in the two

transtformation domain remains the same.
The inverse discrete wavelet transform (IDWT) is given by (Mallat, 2009):

1) = = Zaewo o k) @), () + 525, Ziewa G, k)W () 23
Where:
f(x) = Origina signal sequence
f'(x) = Reconstructed signal sequence
@j, i (x) = Scaling parameter
¥,  (x) = wavelet parameter
Equations (2.1) and (2.2) can be called forward discrete wavelet transform while equation (2.3)
is the inverse discrete wavelet transform. Every mathematical transformation involves the
original signal, the transformed signal and the transformation kernel. In this case, the
transformation kernels are wy(j,, k) and wy (j, k). Note that for a more efficient computational
implementation of DWT, fast wavelet transform (FWT) algorithm is used. The number of FNT
computations for N-sampled sequence is equal to N (Polikar, 2001; Mallat, 2009).

2.1.1 Wavdet Transform in Two Dimensions

For analytic transformation of image signal, atwo-dimensional (2-D) discrete waveet transform
is used which can easily be extended from a one-dimensional (1-D) wavelet transform. To
achieve this, one 2-D scaling function, @(x,y), and three 2-D wavelets. ¥ (x, y), ¥V (x, y),
and WP (x, y) are required. Each is the product of 1-D scaling function ¢ and corresponding 1-D
wavelets ¢ as shown (Gonzalez et al, 2009):

o(xy) = e()9®y) 2.4

P(xy) = YX)oy) 25
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PY(xy) = @)% (y) 2.6
YP(xy) = YX¥(y) 2.7

Equation 2.4 defines the separable sceling function, @(x,y). Equations 2.5 to 2.7 define the
wavelet functions that measure the functional variations of intensity or grayscale for images
along different directions: ¥# defines variation along columns (horizontal edges); ¥ defines
variation along rows (vertical edges); ¥? defines variation along diagonals.

Given separable 2-D scaling and wavelet functions, 2-D DWT can be defined. First, we define
the scaled and transleted or shifted basis functions are defined as follows:

g _
(‘pj:fﬁ.,n(xr y) — Zg(p(ZJx —-m, 2}}; s n) 2'8

_ IR )
wlj,n,n(xry) = Zgwl(z’ix —m, 2}}’ - n); i ={H,V,D} 2.9
Where, i = directional wavelet index

Therefore, 2-D DWT of function f(x, y) of size MxN is given by (Gonzalez et a, 2009):

. 1 = 1
Wy (g, mn) = N Yreo Xy=o F O5) @i n(E7) 2.10
. ; 1 : - E i ;
w'y (j,m,n) =m2¥=ol y=0 f )P inalxy), i={HV,D} 211
Where,

jo = Atrbitrary starting scale (j; = 0)

W (jo, m, n) = Approximation coefficients for f(x, y) at scale j,

w'y (j, m,n) = Horizontal, vertical and diagonal details coefficients at scalesj > j,
M=N=2,forj=012,..,j—1

mn=0,12..2 -1

Given w, and w'y, f(X, y) can be obtained from 2-D Inverse DWT as follows (Gonzalez et dl,
2009):

fl,y) =
1 i
ﬁZm En Weo (]Ur m, n) (-pju,m,n (x: .V) 2y
1 - o .
m&:an,v Yimip om 2n W (,m,n) Py n(x,y) 212
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It should be noted that since image signal has two dimensional data structure, 2-D DWT is

implemented for fingerprint image transformation.

2.2 Review of Similar Works

The following show a critical review of some similar research works undertaken by some
researchers.

Khalifa (2005) presented an image compression model using wavelet decomposition with multi-
resolution codebook encoder. The algorithm decomposed an image into desired resolution level
using Daubechies wavelet. The resulting low frequency sub-images are quantized using Dual
Pulse Code Modulation (DPCM). While the high frequency sub-images are quantized by vector
quantization using a multi-resolution codebook. Huffman coding was used as entropy coding
scheme. Due to the codebook generation, the computation cost of the algorithm is high.

Additionally, Huffman coding is aless optimal image coder compared to arithmetic coder.

Li and Bayoumi (2005) proposed multi-level parallel high speed architecture for Embedded
Block Coding with Optimized Truncation (EBCOT) tier-1 in JPEG2000. Discrete wavelet
transform (DWT) filters were used to decompose the image tiles into corresponding coefficients.
The transform coefficients were quantized using scalar quantization to form code blocks which
were entropy coded by EBCOT algorithm. The architecture adopted three levels of parallelism
to increase throughput at the level of bit-planes, scanning passes and coding bits. The method
achieved faster throughput than the existing EBCOT architectures. However, the complexity of
the algorithm implementation also increased as a result of the EBCOT architecture implemented

in athree-level paralelism.

Sudhakar and Jayaraman (2006) proposed a fingerprint compression scheme to obtain
improved quality and higher compression ratio through multiwavelet transform. Embedded
coding of multiwavelet coefficients was achieved through Set Partitioning in Hierarchical Trees
Algorithm (SPIHT). According to Sudhakar et a (2006), for better performance in compression,
filters used in wavelet transform have the property of orthogonality, symmetry, short support and
higher approximation order which scalar wavelets do not satisfy simultaneously. Hence, the

need for multiwavelets, which possess more than one scaling filters. Orthogonal wavelet filters
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used are not as efficient as biorthogonal wavelet because of the requirement for perfect image

reconstruction.

Hsin et al (2007) proposed a hybrid algorithm using SPIHT and EBC (embedded block coding)
to encode low frequency and high frequency wavelet coefficients, respectively; the intermediate
coding results of low frequency coefficients are used to facilitate the coding operation of high
frequency coefficients. Experimental results showed that the coding performance can be
significantly improved by the hybrid SPIHT-EBC algorithm. According to Hsin et a (2007),
one of the advantages of hybrid SPIHT-EBC coding is that the well-defined hierarchical
structure across wavelet subbands and energy clustering within each wavelet subband can be
taken into account to facilitate the image compression task. The SPIHT coding method does not
perform well in the preservation of an acceptable quality of biometric fingerprint patterns.

Chang et al (2007) proposed two methods to improve computational efficiency of parallel
context formation of EBCOT, that is, sample-parallel pass-type context formations (SPPD) and
column-based pass-parallel coding (CBPC) methods. In this technique, DWT was used to
decompose the image and then scalar quantized. The resulting code blocks were encoded with
the proposed EBCOT methods. According to Chang et a (2007) EBCOT is a two-tiered
architecture. Tier-1 isa context-based adaptive arithmetic coder, which is composed of a context
formation (CF) engine and a binary arithmetic coder (BAC). Tier-2 is responsible for rate-
distortion optimization and bit stream formation. The proposed methods achieved greater

computation efficiency. However, EBCOT agorithm is not amenable to simple implementation.

Rawat and Meher (2009) proposed a hybrid scheme combining Kohonen’s Self Organizing
Feature Map (SOFM) based Vector Quantization (VQ) coding and Set Partitioning in
Hierarchical Trees (SPIHT) coding for effective compression of images. First, the input image is
decomposed using biorthogonal wavelet transform. Subsequently, the decomposed image is
compressed using SPIHT encoding, which results in bit stream. The resulted bit stream is then
fed to the SOFM based VQ coding for further compression. The SOFM algorithm generates a
codebook corresponding to the input bit stream and based on the generated codebook
compression is achieved. The reconstructed image quality achieved after decoding is of desirable

10
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quality. However, the vector quantization method used in this algorithm is very complex and

reguire the generation of codebook which can increase computational cost.

Ashok et al (2010) proposed an algorithm for fingerprint image compression based on wave
atoms decomposition. This method was used for sparse representation of fingerprint images
since they belong to a category of images that oscillate smoothly in varying directions. In the
proposed method, 2-dimentional wave atoms decomposition was applied on the original imagein
order to efficiently capture coherence of the fingerprint images along and across the oscillations
(Ashok et al, 2010). Wave atoms decomposed coefficients with values close to zero are
discarded without significant degradation in image quality. An appropriate global threshold is
used to achieve desired transmission rate after which significance map matrix and significant
coefficients are generated. Significance map is a matrix of binary values that indicates the
presence or absence of significant coefficient at specific location. According to Ashok et a
(2010) the significance map is divided into non-overlapping blocks of 4x4 and they are quantized
using K-means vector quantization scheme. The significant coefficients are quantized using a
uniform scalar quantizer. Quantized significance map and significant coefficients are encoded
using an arithmetic entropy scheme. The model was reported to achieve better peak signa to
noise ratio (PSNR) than the wavelet scalar quantization (WSQ) standard. However, the global
thresholding strategy used for image de-correlation is not optimal. Level-dependent thresholding
ismore robust and efficient.

Kumar et al (2010) proposed a SPIHT based fingerprint compression algorithm. The set
partitioning in hierarchical trees (SPIHT) isamodified version of the embedded zerotree wavelet
method. It used DWT decomposition of image signal using biorthogonal and orthogona
properties of wavelets. The method achieved a compression ratio of 20:1. The SPIHT problem is
the inability to preserve featured pattern of fingerprint images.

Krishnaiah et al (2011) proposed 5/3 discrete wavelet transform (DWT) for fingerprint image
compression and reconstruction with the SPIHT algorithm. Experimental results were obtained
using 9/7 and 5/3 wavel et transforms for different types of fingerprint images. The experimental

results showed that the proposed method, that is, 5/3 wavelet transforms approach consistently
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outperforms 9/7 wavelet transforms approach on fingerprint images for lossless image
compression, in terms of compression ratio (CR), Mean sgquare error (MSE), Peak Signal to noise
ratio (PSNR), Encoding time, decoding time and transforming time or decomposition time. This
is a lossless compression algorithm and the compression ratio that can be achieved lossless

technique islessthan 5:1.

Muhsen et al (2011) proposed a methodology for lossy fingerprint compression using wavelet
and optimal re-quantization approach. 9/7 wavelet transform was used to decompose the image
to form coefficients which were optimally re-quantized using generated codebook. The output
stream of coding symbols were entropy coded using run-length encoding scheme. However, in
this scheme the generation of codebook required additional computational resources for
implementation.

Gangwar (2012) presented a fingerprint image compression technique using the Haar wavelet
transform for image decomposition. Elimination of redundancies was presented to achieve
reduced computation and storage costs. However, this technique fell below international image
compression standard as it excluded vital stages of quantization and entropy coding of a typical

image encoder.

Shakhakarmi (2012) performed an experiment that employed different wavelets to deploy
cascaded filter banks to achieve fingerprint image decomposition and reconstruction.
Significantly, the multiscale analysis of 2D fingerprint image at stage-4, produced a better result
for wavelet filters in comparison to the result obtained with Fast Fourier Transform (FFT) and
Discrete Cosine Transform (DCT) based filters. The inefficiency of FFT and DCT for image
compression has been established as they produced blocking artifacts. A comparative study with

these techniques is not rigorous enough for accurate judgement.

Libert et al (2012) conducted a study to compare the effects of WSQ and JPEG 2000
compression on 500 pixel per inch (ppi) fingerprint imagery at atypical operational compression
rate of 0.55 bpp (bits per pixel), corresponding to an effective compression ratio of
approximately 15:1. More significantly, the study revealed that while JPEG 2000 exhibited a

12
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small advantage over WSQ with respect to PSNR comparison, frequency spectrum comparison
shows that WSQ is better tuned to the preservation of fingerprint features than JPEG 2000.
However, JPEG 2000 is considerably more stable over multiple compression cycles. WSQ
compression ratio is limited to 15:1 while JPEG2000 does not adequately preserve the minutia

features of fingerprint at compression ratio higher than 20:1.

Shanavaz and Mythili (2012) presented a technique for evolution of wavelet lifting coefficients
for fingerprint image compression to enhance computation efficiency. In this work wavelets
were evolved with resized and cropped images. Cropped images performed better in wavel et
lifting coefficients. It adopted the SPIHT coder which required the use of codebooks and
produced blurring effect in fingerprint images at higher compression ratio.

Issam et al (2012) investigated Coiflet-type wavelet-based fingerprint image decomposition
using wavelet packets. For al Coiflet-type wavelets, different globa thresholding values were
used at constant decomposition level 3. It was found out that Coiflet5 achieved better
compression for the same image using wavelet packets than wavelets. In this study, global

threshold strategy was adopted and it is less robust compared to level dependent threshold
strategy.

Conclusion

In this paper, areview of different methodological approaches to fingerprint image compression
based on the wavelet algorithm is conducted. From the survey of the existing wavelet-based
image compression methods, the problems that have been identified include: the limitation of
WSQ standard to a compression ratio of 15:1 which could be improved with better agorithm.
High complexity of image encoding process of the existing techniquesis also a problem. Most of
the existing methods require the generation of codebooks or lookup tables which require
additional computational cost for implementation. Additionally, significant degradation in the
biometric features of fingerprint at compression ratio higher than 15:1 remains a major
challenge. Therefore, the signal processing capability to efficiently process fingerprint imagesin
transform domain, quantize and encode them for optimized compression to achieve cost-
effective data storage and transmission in biometric systems has become a priority. The use of
biorthogonal coiflet wavelets to achieve superior performance in terms of better rate-distortion,
better perceptual quality, and lower computational complexity over the standard CDF 9/7
wavelet is therefore recommended.
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