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ABSTRACT

This paper introduces a new ECG signal compression algorithm based on modulating
the ECG signal DWT coefficients with a proper mask constructed using the foveation
principle. The constructed mask is a selective mask that gives a high resolution at a certain
point (fovea) and falls down away from this point. The wavelet foveation of the ECG
signal leads to decreasing the amount of information contained in the signal. So, the value
of the foveated ECG signal Entropy will be decreased which by turn will increase the
Compression Ratio (CR).The ECG signal after wavelet foveation is coded using Huffman
codes; namely optimal selective Huffman coding, adaptive Huffman coding and modified
adaptive Huffman coding. The performance of each coding technique is measured based
on the CR, time cost and computational complexity.

Keywords: Wavelet Foveation; Optimal selective Huffman Coding; Adaptive Huffman Coding;
Modified Adaptive Huffman Coding and Lossless compression.

1. Introduction

ECG signal has an important role in diagnosis of heart diseases. ECG compression has
a great importance to reduce storage requirements and/or the transmission rate for ECG
data transmission over telephone lines or digital telecommunication networks. The desired
objective is to provide a high-quality reconstruction of electrocardiogram signals at low bit
rates and acceptable distortion levels. Many algorithms for ECG data compression have
been proposed in the last three decades [1] — [18] to achieve high compression ratios and
good signal quality without affecting the diagnostic features in the reconstructed signal.
The current technologies provide sufficient space to store or transmit data, so now it is no
more a big problem. However the continuous effort to reduce the time requirement has
made the ECG data compression more focused and thus has received much attention.

Lossless compression schemes [12]-[14], are preferable than lossy compression
schemes in biomedical applications where even the slight distortion of the signal may
result in erroneous diagnosis. The application of lossless compression for ECG signals is
motivated by the following factors;

e A lossy compression scheme is likely to yield a poor reconstruction for a specific
portion of the ECG signal, which may be important for a specific diagnostic
application. Furthermore, lossy compression methods may not yield diagnostically
acceptable results for the records of different arrhythmia conditions. It is also difficult
to identify the error range, which can be tolerated for a specific diagnostic application.
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¢ In many countries, from the legal point of view, reconstructed biomedical signal after

lossy compression cannot be used for diagnosis [15].

Hence, there is a need for effective methods to perform lossless or near lossless
compression of ECG signals. The near lossless compression schemes proposed in this
paper can be applied to a wide variety of biomedical signals including ECG and they yield
good signal quality at reduced compression efficiency compared to the known lossy
compression methods. In this paper it is proposed to compress the ECG signal using the
wavelet foveation criteria [16]-[17]. The wavelet foveated ECG signal can be obtained by
a space variant smoothing process where the width of the smoothing function used is small
near the fovea point and gradually expanded as the distance from the fovea point increases.
Then the foveated ECG wavelet coefficients are coded using different coding schemes,
which all are based on Huffman coding [18]-[19]. The basic idea in Huffman coding is to
assign short code-words to those input symbols with high probabilities and long code-
words to those with low probabilities [20].

The block diagram of the proposed approach is indicated in Figure (1). It shows that
firstly the ECG signal is preprocessed and split into beats segments by detecting the QRS-
complex. Based on the characteristics points provided by the first stage a separate module
computes the foveation mask, which its parameters are mainly influenced by the width of
region-of-interest. Then subsequently the DWT of each separate ECG beat is performed
and modulate the resulted coefficients by multiplying those with the corresponding
foveation mask. The number of the resulted (masked) DWT coefficients will decrease
considerably. Lastly one of the listed coding schemes is used to code these masked DWT
coefficients.

.| QRS Complex .| Foveation Mask
"| Detection "| Computaion
ECG—» Preprocessing >
Data
= DWT >

Compressed data
to transmitter

-«+— Coding System |«

Figl. The Proposed Compression Algorithm
2. QRS Detection

There are many schemes that have been introduced in literature for QRS-complex
detection which is the most significant features of the ECG signal. The difference between
these schemes is in the used QRS detection method and the ability of the scheme to deal
with all ECG signals without any human control. Here, the proposed scheme was tested on
records from the MIT-BIH arrhythmia database. Numerical results show that the used
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detection process is excellent. Figure (2) illustrates an example of detecting the QRS-
complexes of record number 103 extracted from MIT-BIH database.
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Fig. 2. An example of detecting the QRS-complexes of record number 103
extracted from MIT-BIH database.

3. Foveation Criteria

The spatial resolution of the human visual system is highest at the center of the retina
(fovea), and decreases rapidly away from it. Formation of signals that resemble this
spatially variant property is called foveation. In space-variant foveation systems, the Area
Of Interest (AOI) is maintained at high resolution, while areas away from it where precise
detail may be less critical, are coded at lower resolution. With this structure, the average
resolution is considerably lower than that obtained using standard uniformly sampled high-
resolution structure. Thus, considerable increase in compression ratio can be achieved. A
wavelet foveated ECG signal is obtained from a uniform resolution signal through a space-
variant smoothing process where the width of the smoothing function is small near the
fovea but gradually increases towards the peripheral. In one dimension, the foveation of a
function f:R-—>R is determined by a smoothing function g :R—> R, and a weighting

functionw:R—>R >0. Foveation of a signal has been modeled as space-variant
smoothing as defined in [16] according to:
Y YR 2 )
(7)) = j FOs g{w(x)}dr
where, f(¢) is the foveated signal, @(x) =a|x - ]/|+ [ is the weighting function and g(x)

is the smoothing function. Both a and  are non-negative parameters. o is called the rate as
it determines how fast resolution falls off, vy is called the fovea as it determines the point of
highest resolution, and B is called the foveal resolution as it determines the resolution at the
fovea. In this paper  is chosen to be unity and a is determined by the width of the QRS
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region and vy is the position of the R point of the ECG period. The weighting function g(x)
is formulated as
(b’

202

g(x)=ae
2
where, a is the height of the smoothing curve's peak, b is the position of the center of the

peak, and c¢ controls the width of the "bell". The foveation operator can be treated as an
integral operator

(Tf )= Tk(x,t)f(t)dt
- 3)

where, k(x,t) is the kernel of ¢ or the wavelet foveation mask. This mask is a 2D matrix
as shown in Figure (3). Figures (4) and (5) show the 1'st, 120'th and 480'th rows of the
mask matrix and the contour plot of the mask kernel, where the fovea point at sample 120
of the ECG signal. To have a wavelet foveated ECG signal in time domain a certain ECG
beat is multiplied by the accompanied mask as:

where k is the foveation mask and S is the ECG signal to be foveated. The ECG signal and
the resulted foveated ECG signal are shown in Figure (6). We subsequently perform DWT

decomposition of the ECG segments and modulate the resulted coefficients by multiplying
them by the corresponding mask.

K (graylevels)
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Fig. 3. The mask matrix in time domain
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Fig. 4. The 1'st, 120th and 480th rows of the mask matrix.
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Fig. 5. The kernel plotted as an image (darker pixel corresponds to a larger value)
together with its contour plot. Observe that it is smooth except at the origin.
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Fig. 6. The original and time domain foveation of the 1'st beat of record 100.
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4. The Effect of Foveation on The Entropy of The ECG Signal

To explore the effect of foveation on the ECG signal entropy the following example is
considered. Consider random symbols levels of signal source S as s;,s,, ..... sy and the

self-information for each level s; as

I(s[):logi = —log p, (5)

L

where, p, denotes the probability of occurrence of level s, . Entropy is the average self-
information of all levels and is defined as:
1
H(S) =) p,log, > (6)
The entropy H(S) of the mean normalized ECG signal is calculated considering the
variation of a, and B parameters of the function a)(x)=a|x— 7/|+ . Figures (7) and (8)

show the effect of a and B parameters on H (S) and PRD of the foveated ECG signal. It is
cleared from the two figures that o and B have high effect on H(S) and PRD of the
foveated ECG signal.

|
w alpha

Fig. 7. The Entropy of the foveated signal versus a and f.
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Fig. 8. The %PRD of the foveated signal versus a and f3.
5. Coding Algorithms

Three coding methods, based on Huffman coding scheme, are adopted for coding the
foveated ECG signal. These coding methods are optimal selective Huffman coding,
adaptive Huffman coding and modified adaptive Huffman coding. Here, we present and
analyze the performance of the listed coding methods. The performance of each method is
measured based on the compression ratio CR and the compression time. The CR is
calculated using the following equation.

_ Length of x(n)*11 7
length of output stream
where, x(n) is the original signal sample and each sample is represented by 11 bits. The

compression time is the time consumed in compressing the ECG signal. Considering
practical applications, ECG compression algorithm should have an adequate compression
rate and must be operated in real-time. So the compression time is considered here as a
performance factor.

5.1.  Optimal selective Huffman coding

Huffman code is the statistical code that provably provides the shortest average
codeword length. It is closer than that of any other statistical code to the theoretical
entropy bound. Thus, it offers the best compression performance. Moreover, Huffman code
is prefix-free (i.e., no codeword is the prefix of another one) and, therefore, its decoding
process is simple and easy to implement. The major problem that comes out when
Huffman coding is used in compression is the large hardware overhead of the required de-
compressor. Specifically, the increase in the number of coded symbols causes an
exponential increase in the number of code-words that should be decoded. For that reason,
the approaches described in [18]-[19] and [21] encode only a few of the distinct symbols.

Journal of Engineering Sciences, Assiut University, Faculty of Engineering, Vol. 41, No. 6, November,
2013, E-mail address: jes@aun.edu.eg



2220
Mohammed Abo-Zahhad et al., A new ECG compression algorithm based on wavelet foveation and
Huffman coding techniques, pp. 2213 - 2230

Specifically, among the k symbols S}, $, ,....5; , only the m most frequently occurring

ones, 81,5, ,....5,, (m < k), are Huffman encoded, while the rest, S,,,155,,,2 5+++- ¢ ,

remain uuencoded. Specifically, according to the optimal selective Huffman approach,
m+ 1 Huffman code-words are used, m for encoding the m most frequently occurring
symbols and / for indicating the unencoded symbols. The occurrence frequency of the
latter codeword is equal to the sum of the occurrence frequencies of all the uuencoded
symbols. An example of constructing Huffman codes and optimal Huffman codes are
shown in Table (1) and Figure (9). Table (1) includes the compressed data, the frequency
of occurrence of each of the possible symbols and the code-words of symbols based on
Huffman coding and optimal Huffman coding. Figure (9) illustrates the full Huffman tree
and the optimal selective Huffman tree.

Table 1.
Data, occurrence frequency, code-words and compressed data of Huffman
coding and optimal selective Huffman coding

0 Code words
Data symbols ff;;ﬁ;ré;e Huffman | Optimal selective
codes Huffman codes

1111 0101 0000 0101 0101 9/20 1 1

001 0101 0000 1111 0000 5/20 01 01

0000 0101 0101 0000 1111 3/20 001 001

0101 0010 0000 0101 0001 2/20 0001 000 001
0001 0101 1111 0101 0010 1/20 0000 000010

001 10110001 10100101110110000011 00011 001
1
(40 bit)

001 101 10000001 101001011101100001001 1
000001 1 001 1 (47 bit)

Compressed data using
Huffman coding

Compressed data using
optimal selective
Huffman coding
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Fig. 9. (a) The full Huffman tree (b) the optimal selective Huffman tree
5.2.  Adaptive Huffman coding

In this section a dynamic Huffman coding called adaptive Huffman coding technique
has been introduced. It permits modifying the code as the symbols are being transmitted,
with equal initial values of probabilities. This allows one-pass encoding and adaptation to
changing conditions in data. The benefit of one-pass procedure is that the source can be
encoded in real time, though it becomes more sensitive to transmission errors, since just a
single loss ruins the whole code. For example, suppose we have 4 symbols a, b, ¢ and d
which occur as “abbbccdccc". Initially all the symbols will be having a frequency count of
1 and initial tree will be built as show in Figure (10-a), symbol 'a' will be encoded as 01
and its frequency count will be incremented to 2. The tree is updated as in Figure (10-b)
and this time we will encode 'b' as 101. This process continues until all the symbols are
encoded. As the frequency count of a symbol increases, bits needed to encode the symbol
decreases. So, in adaptive Huffman coding bits needed to encode a symbol increase or
decrease dynamically and hence the name Dynamic Huffman Encoding arises. The codes
for the 4 symbols a, b, ¢ and d of the sequence “abbbccdccc" are

a b b b c c d c c c
01 101 00 1 111 000 011 01 00 1

As a result, the final bit stream will be 0110100111100001101001.
Modified Huffman Encoding

In some cases the number of symbols S is too much, that should be coded using 11-
bits for ECG signal or 8-bits for Alphabet messages. For coding such signal using adaptive
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Huffman coding, the initial code for each symbol will be 11-bits or 8-bits for ECG signal
and Alphabet messages respectively. That means there is no reduction in bits required to
code the signals. Add to that, the decrease in symbol code length is reduced slowly with
the increase in a certain symbol occurrence because of the long initial code for symbols.
Last challenge appears in using adaptive Huffman coding is that, in case a certain symbol
appears lately, adaptive Huffman coding use a long code to represent that symbol longer
than the initial code.

To overcome all these challenges a new and a qualified coding algorithm called
Modified Huffman Coding is proposed in this work for compressing the ECG signal. In
this technique the initial code for all symbols will be fixed whenever the symbol appears.
Simply the Modified Huffman Coding system is explained in the flow chart shown in
Figure (11). Here, a new symbol will be the first symbol appears in the transmitted
symbols, called N_SYM which declare the appearance of a new symbol. This symbol code
will send each time a new symbol appear, followed by a standard representation of the new
appeared symbol (i.e. ASCII code for Alphabet messages or 11 bit PCM for ECG signal).
Table (2) shows the sequence of symbol coding using the modified Huffman coding
applied the sequence “abbbccdccc”. The codes for the 4 symbols a, b, ¢ and d of the
sequence “abbbccdccc" are

a b b b c c d c c c
100 101 01 11 110 001 111 001 01 10
As a result, the final bit stream will be 1001010111110001111001001001.

2. Experiments and Results

In this section, we study the performance of the presented three coding systems. The
MIT-BIH normal Sinus Rhythm Database [22] was used to study the proposed coding
systems. In our experiments a 10-min ECG recordings (record MIT100) which is a normal
ECG record was applied in the coding experiments as a test signal. The sampling
frequency is 360 Hz with resolution 12 bit per sample. In all experiments the signal is
wavelet transformed using bior3.9 mother wavelet and the decomposition process is
carried out up to the third level. The ECG, after wavelet foveation is coded using optimal
selective Huffman coding, adaptive Huffman coding and modified adaptive Huffman coding.

The first experiment is adopted to explore the performance of the optimal selective
Huffman coding. Figure (12) shows the first 2048 samples of record MIT100 compressed
by optimal selective Huffman coding system. The figure contains the original ECG signal,
reconstructed ECG signal and the error signal. The second experiment discusses the effect
of number of the selected Huffman codeword optimal selective Huffman coding system
over the compression rate and compression time. Table (3) illustrates the resulted CR,
coding time and computational speed at different number of the selected Huffman code
words. The computational speed is calculated using the following equation.

Comp. speed = No. of coded samples / Computation time ®)
It is observed from the results stated in Table (3) that computation time is significantly
increased with the increase in the number of the selected Huffman code words. Figure (13)
shows the relation between the compression ratio, the compression time and the number of
the selected Huffman code words.
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Table 2.
The coding sequence using modified Huffman coding for the example of Figure (11).

Symbols
Stream New symbol a b C d
Prob. | Code | Prob. Code | Prob. | Code | Prob. | Code | Prob. Code
Standard "00" "01" "10" "11"
a 1 "1 1 "0" 0 0 0
b 2 "1 1 "00" 1 "01" 0 0
b 2 "0" 1 "10" 2 "11" 0 0
b 2 "01" 1 "00" 3 "1 0 0
c 3 "1 1 "000" 3 "01" 1 "001" 0
c 3 "1 1 "000" 3 "01" 2 "001" 0
d 4 "1 1 "0101" 3 "00" 2 "001" 1 "0100"
c 4 "11" 1 "0o1" 3 "10" 3 "01" 1 "000"
c 4 "11" 1 "001" 3 "01" 3 "10" 1 "000"
Table 3.

The resulted CR, coding time and computational speed at different number
of the selected Huffman code words.

Number selected code words coding time Computational Speed CR
4 4.9 897.4 4.32
12 10.6 415.5 4.55
20 21.8 201.2 4.71
28 38.5 114.0 4.80
36 61.0 71.9 4.89
60 160.2 274 4.95
100 436.0 10.1 4.99
140 856.3 5.1 5.01
180 1427.8 3.1 5.01

The third experiment is to explore the performance of the adaptive Huffman coding
system and the modified adaptive Huffman coding system. Figures (14) and (15) show the
first 2048 samples of record MIT100 compressed by adaptive Huffman coding system. The
figures contain the original ECG signal, reconstructed ECG signal and the error signal
using the two coding systems respectively.

The fourth experiment is a comparative analysis between optimal selective Huffman
coding algorithm, adaptive Huffman coding algorithm and modified adaptive Huffman
coding algorithms with and without wavelet foveation, the results are shown in Table (4).
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The fifth experiment is a compression results using optimal selective Huffman coding
algorithm, adaptive Huffman coding algorithm and modified adaptive Huffman coding
algorithms based on optimal EPE thresholding, the results are shown in Table (5).

Adaptive Huffman Encoding
For data pattern "abbbccdccc”

Encoded bit pattern :0110100111100001101001

Fig. 10. Adaptive Huffman coding system
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Fig. 11. Modified Huffman coding system flow chart.

Journal of Engineering Sciences, Assiut University, Faculty of Engineering, Vol. 41, No. 6, November,
2013, E-mail address: jes@aun.edu.eg



2226
Mohammed Abo-Zahhad et al., A new ECG compression algorithm based on wavelet foveation and
Huffman coding techniques, pp. 2213 - 2230

| A LW, W\/«w/‘ |
M/\/h\} [Se—
0 200 400 600 800 1000 1200 1400 1600 1800 2000
S s
o
o 1
A —
v 20 w0 w0 w00 000 20 0 50 800 2000
Sopc ke
o S—
| L [ . - | I
0
s} i o I } it i
! |
: 0 200 400 600 800 1000 1200 1400 1600 1800 2000
S s

Fig. 12. Compression of Record 100 using optimal selective Huffman coding, a)
Original signal. b) Reconstructed signal. ¢) Error signal.

2000

In
1<}
3

1000

_—

Computaion time

%3
(=3
=

//

0 20 40 60 80 100 120 140 160 180 200
Number of the selected Huffman codeword

Compression Ratio

10 10' 10° 10°

Number of the selected Huffman codeword

Fig. 13. performance of Compression using optimal selective Huffman coding.

Journal of Engineering Sciences, Assiut University, Faculty of Engineering, Vol. 41, No. 6, November,
2013, E-mail address: jes@aun.edu.eg



2227

Mohammed Abo-Zahhad et al., A new ECG compression algorithm based on wavelet foveation and

Huffman coding techniques, pp. 2213 - 2230

Orign gl
o 1
H
H
[N ] Lot b
frmnd
[ 200 400 600 800 1000 1200 1400 1600 1800 2000
Sample numbe:
Recd 2 signat
g 1
H
’_\\( L‘"‘M L | — -
et
] 200 400 600 800 1000 1200 1400 1600 1800 2000
Sumple mum
15
The cfor signt f
|
|
| | | i 1 | \ i |
A | J | I
-15
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Sample nomber

Fig. 14. Record 100 Compression using adaptive Huffman coding, a) Original

signal. b) Reconstructed signal. c) Error signal.

Origindl signal
g
3
E
£ -
L T W
(-
0 200 400 500 500 1000 1200 1400 1600 1800 2000
Sample Number
Reconsirubted signal
g1
g
£ .
L~ | | — _
,—\\( ]
o 200 400 600 800 1000 1200 1400 1600 1800 2000
Sample Number
The erbr signal }
|
|
| | b . o " I |
g
% 0
E
. ! ' r ! !
' I
o 200 400 600 800 1000 1200 1400 1600 1800 2000

Sample Number

Fig. 15. Record 100 Compression using modified adaptive Huffman

Original signal. b) Reconstructed signal. ¢) Error signal.

coding, a)

Journal of Engineering Sciences, Assiut University, Faculty of Engineering, Vol. 41, No. 6, November,

2013, E-mail address: jes@aun.edu.eg



2228
Mohammed Abo-Zahhad et al., A new ECG compression algorithm based on wavelet foveation and
Huffman coding techniques, pp. 2213 - 2230

Table 4.
Comparison between the coding systems with foveation of record 100

CR PRD PSNR Comp. Speed
(Sample / sec.)
OHSC 4.99 0.273 53.3 146
Wlﬂ.l AHC 5.25 0.266 53.5 1.2833
Foveation
MAHC 4.84 0.266 53.5 3.8437
OHSC 3.42 0.114 60.8 430
Without 1y 3.58 0.076 64.4 42
Foveation
MAHC 3.36 0.079 64.1 16.2
Table 5.
The coding systems based on optimal EPE thresholding for record
MIT100
CR PRD PSNR
. OHSC 7.66 0.482 48.4
Foveation and
optimal EPE AHC 8 0.502 48
thresholding MAHC | 687 0.699 45.1

3. Conclusions

In this paper a three coding systems for compressing ECG signals based on wavelet
foveation principle. The idea of utilizing the foveation principle is the reduction in the
amount of data contained in the foveated ECG signal. There are many advantages of the
proposed approach, such as the approximation error (resulted from foveation mask) is
spread non-uniformly along the beat waveform, exhibiting lower values around critical
clinical importance points. The experiments show that the modified adaptive Huffman
coding which is proposed in this paper achieved the best performance over the other
coding systems. The work presented, in this paper may be helpful for designing efficient
ECG compressor. A future work of this paper, the foveation operator may be realized
using lookup tables which can be simplified by binary approximations, thus greatly smooth
the implementation method.
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