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Abstract  

 This paper proposes on-line electrocardiogram (ECG) loss-

less data compression based on antidictionaries. An antidic-

tionary is the set of all words of minimal length that never 

appear in the string. The proposed methods use the coders 

constructed by a training sequence of constant length of ECG, 

so that they work with an on-line manner in constant compu-

tational space. Their effectiveness is demonstrated by simula-

tion results. 
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Introduction 

Data compression is a scheme that reduces the data size by 

deleting the redundancy of data, and lossless data compression 

allows the original data to be reconstructed exactly from the 

compressed data. Data Compression is particularly useful in 

systems where resources are scarce, e.g., limited bandwidth in 

communication systems and the capacity of storage systems. A 

wide variety of data compression algorithms have been pro-

posed for inherently digital data such as text and digitized au-

dio, image, video and biomedical data (e.g., [1]-[4]). Data 

compression algorithms typically use a dictionary, which is the 

set of all substrings of an input data, to construct statistical 

models and replace substrings with indices in the dictionary. 

In 1999, Crochemore et al. proposed an off-line lossless data 

compression algorithm using an antidictionary of an input 

binary string [5, 6]. An antidictionary for a given string is the 

set of all words of minimal length, called minimal forbidden 

words, which never appear in the string. Their method, called 

Data Compression using Antidictionary (DCA), was applied to 

the Calgary Corpus and it was shown to perform as well as 

popular compression algorithms such as the Lempel-Ziv algo-

tihms [7]. It was also proved that the DCA algorithm achieves 

a compression rate for a balanced binary source that is equal to 

its entropy rate. In 2002, an on-line data compression and de-

tecting arrhythmia of ElectroCardioGram (ECG) was pro-

posed [8]. Experimental results showed that this coding algo-

rithm achieved better compression ratios than those of DCA 

and LZ algorithms [9]. Original DCA algorithm can handle 

only binary alphabet, while in 2004 Crochemore et al. pro-

posed extensions of the antidictionary coding to any strings 

over any finite alphabet [10]. Moreover, Ohkawa et al.[11] 

and the authors [12] showed an automaton and a tree model 

used as an encoder of the DCA algorithms provide efficient 

probabilistic models for arithmetic coding (e.g., [1, 3]) by 

simulation results. 

The DCA algorithm and its extensions require an antidiction-

ary to construct their encoders and decoders. Two construction 

algorithms of the antidictionary using Directed Acyclic Word 

Graph (DAWG) and suffix trie were proposed [13, 6].  The 

DAWG-based construction algorithm works in O(n) time, 

while the trie-based algorithm works in O(n
2
) time with re-

spect to the input string length n. In 2005, the construction 

algorithm using a suffix tree that is a compacted suffix trie was 

proposed [14] and it is proved that it works in O(n) time [15, 

16]. In 2007, Fukae et al. proposed an on-line construction 

algorithm of an antidictionary using suffix array [17].  

Despite their compression performance, the DCA algorithms 

are far less commonly applied than compression algorithms 

like the LZ algorithms. One of the main reasons is that the 

DCA algorithms usually work in an off-line manner, that is, 

the static scheme. The dynamic, that is an on-line manner, 

DCA algorithms have the advantage of compression ratios and 

reading a give string only once. The properties are needed to 

handle streaming files such as video on network and apply 

DCA algorithms to real-time systems. However, the straight-

forward implementations of on-line DCA algorithms require 

worst case O(n
2
) time because they need to update an antidic-

tionary and their coders whenever a new symbol is read. In 

2006, an on-line linear compression algorithm based on the 

DCA algorithm was proposed [18, 19]. The proposed algo-

rithm, called Arithmetic Coding Based on DCA (ACDCA), 

gives 20% improvement in average compressed file size rela-

tive to the DCA algorithm and achieves compression ratios as 

well as those of bzip2 in which BW transformation [20] is 

used [21]. Moreover, the ACDCA constructs an efficient 

probabilistic model as the encoder.  Nishiara et al. applied the 

model to branch prediction algorithm in computer architecture. 

It was shown that the algorithm achieves almost same predic-

tion accuracy as a traditional predictor and the execution time 

are shortened from 1/50 to 1/5400 by computer simulation 

[22]. Moreover, an analysis of the size of antidictionary on 

memory-less binary sources and average length of minimal 

forbidden words on a stationary ergodic source were shown 

[23], [24]. 



In this paper, we present brief introduction to ACDCA and 

propose two on-line ECG lossless compression algorithms 

based on antidictionaries. 

Basic Definitions and Notations 

Let X= {0, 1, 2,…, m-1} be finite source alphabet and X* be 

the set of all finite strings over X, including the null string of 

length zero, denoted by λ. For a string x = x1x2…xn in X*, let 

x
i
 be a prefix of x of length i. Let S(x) be the set of all suffixes 

of x including λ, that is,  

}.{}|{ )( λ∪≤≤= ni1xx niLxS       (2) 

The dictionary D(x) is defined as the set of all substrings of x 

of length n including λ, that is,   

}{}1|{ )( λ∪≤≤≤= njixx jiLxD    (3) 

A string v = v1v2…vk with the following properties 
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is called a minimal forbidden word (MFW) of x. The antidic-

tionary of x, denoted by A(x), is defined as the set of all 

MFWs of x. As an example, A(x) for x = 0110120 is given by 

{00, 02, 21, 22, 010, 111,112, 201, 1011}.          (5) 

Moreover, A(x) is classified into two classes, AI (x) and   AL(x) 

[19]. 

} ),(),(|{ )( 1 XxDuxAuvvxA n ∈∈∈== − aaI
 

} ),(),(|{ )( 1 XxDuxAuvvxA n ∈∉∈== − aaL
 

In (5), AI (x) = {00, 02, 21, 22, 010, 111, 112, 1011} and 

AL(x) = {201}. 

Review of the DCA Algorithms 

To encode an input string x, the DCA algorithm eliminates 

symbols of x by using A(x). Suppose to have just read proper 

x
i
 of a binary string x. If string u0 belongs to A(x) (resp. u1), 

such as u belongs to S(x), then symbol xi+1 is not symbol 0 

(resp. 1). The symbol xi+1 is surely symbol 1 (resp. 0). There-

fore, the DCA algorithm eliminates xi+1 because in advance 

xi+1 can be turned out to be redundant or predictable. In case 

of alphabet is finite instead of binary, the DCA algorithm 

works as well. Let Vi(x) be a subset of A(x), that is,  

}. ),()(|{ )( XxSuxAuvvxVi ∈∈∈== a ,a i

I
             (6) 

For an arbitrary i, if |Vi(x)| = m – 1, then xi+1 is eliminated in 

the DCA algorithm, where |Vi(x)| is the size of Vi(x). In (6), we 

use AI (x) instead of A(x) because elements of AL(x) are no 

useful for eliminating a symbol since the string u such that ua 

belongs to A(x) is a suffix of x (e.g., [19]). For example, Table 

1 shows the relationship between output string of DCA algo-

rithm and |Vi(x)|, where x = 0110120, AI (x) = {00, 02, 21, 22, 

010, 111, 112, 1011} and X = {0, 1, 2}. As shown in Table 1, 

a symbol can be eliminated if |Vi(x)| = 2 since m = 3 from (6). 

The off-line DCA algorithm output the 3-tuples in (7) as its 

codeword. 

(AI(x), γγγγ, |x|)                                 (7) 

Note that |x| represents the length of string |x|. In Table 1, γγγγ 

and |x| are given by 01 and 7, respectively. The DCA algo-

rithm uses a finite deterministic automaton, called AD-

automaton, to find proper MFWs, that is |Vi(x)|, efficiently. 

The AD-automaton is constructed from AI (x) or the subset of 

AI (x). 

Table 1 An example of encoding of the DCA algorithm, where 

x = 0110120, AI (x) = {00, 02, 21, 22, 010, 111, 112, 1011} 

and m = 3. 

Input string Output string |Vi(x)| MFWs 

x
0
 = λ λ   

x
1
 = 0 0 0  

x
2
 = 01 0 2 00, 02 

x
3
 = 011 01 1 010 

x
4 
= 0110 01 2 111, 112 

x
5
 = 01101 01 2 00, 02 

x
6
 = 011012 01 2 010, 1011 

x
7
 = 0110120 (=x) 01 (= γγγγ) 2 21, 22 

ACDCA 

The traditional DCA algorithms [5, 6, 10-12] need quadratic 

computational time O(n
2
) to encode and decode x in on-line 

manner. On the other hands, the ACDCA algorithm
18, 19)

 works 

with linear time O(n) time in an on-line manner. To reduce 

computational time, the ACDCA algorithm uses dynamic suf-

fix trees. A suffix tree [25] is useful for searching for a pattern 

in sequences such as DNA sequences and texts since it stores 

all suffixes of a given string. A linear on-line construction al-

gorithm of suffix tree T(x) of a given string x is proposed by 

Ukkonen [26]. In the Ukkonen algorithm, a pointer to node in 

suffix tree, called active point, plays a key roll in O(n) time for 

the construction of the tree. An active point αi is defined as the 

following. The path-string w(p) represents a labeled string on 

the suffix tree from the root node to a node p. 

Definition 1 (active point): An active point αi in T(x
i
) is the 

node having path-string s such that the longest string in 

))( )(( 1−∩ ii
xDxS . 

  For active point αi, the following Theorem 1 holds. 

Theorem 1: (Equation (15) in [19]) For active point αi and 

Vi(x
i
),  

|Vi(x
i
)| = m – |L(αi)| 

holds, where L(αi) represents the set of the first symbols of 

labeled string on all edges sprouting from αi.  In other words, 

|L(αi)| represents the number of the edges sprouting from αi. 

From Theorem 1, if |L(αi)| = 1 is satisfied, then xi+1 can be 

eliminated since |Vi(x)| = m – 1. To improve compression ra-



tios, the ACDCA algorithm applies adaptive arithmetic code to 

remained symbols. Table 2 shows codewords of xi+1 of the 

ACDCA algorithm. 

In case-(a), I represents an interval of MFW occurrence. The 

pair I and xi+1 are encoded by adaptive arithmetic coding using 

order-0 model. In case-(b), no codeword is output since xi+1 is 

eliminated. In case-(c), Pr(xi+1|αi) is used to encode xi+1 by 

adaptive arithmetic code order-0 model. The probability 

Pr(xi+1|αi) is given by N(xi+1|αi) / Σc in L(αi) N(c|αi), where N(b | 

p) is a counter which has the number of traversed times by an 

active point from node p with symbol b. The methods of im-

provement of compression ratios of case-(a) and case-(c) are 

proposed [21, 27]. 

  Table 3 shows the compression results of the proposed on-

line linear algorithm [21] (ACDCA) on the Calgary corpus, 

which is one of well-known bench mark archives for data 

compression, along with an on-line DCA[6], non-adaptive 

high-performance compression scheme labeled BW [20], and 

a popular compression application gzip [31]. 

Table 2 - Codewords of xi+1 of the ACDCA algorithm. 

Case Codewords  Relationship between αi and xi+1 

(a) (I, xi+1) )(1 ii L α∉+x  

(b) none 1|)(|)(1    x =∈+ iii LL αα  and  

(c) Pr(xi+1|αi) 2|)(|)(1    x ≥∈+ iii LL αα  and  

Table 3 - Compression ratios 

file ACDCA DCA BW gzip 

bib 0.26 0.32 0.26 0.26 

book1 0.34 0.38 0.31 0.41 

book2 0.28 0.35 0.27 0.34 

geo 0.63 0.78 0.56 0.67 

news 0.33 0.43 0.32 0.38 

obj1 0.51 0.61 0.50 0.48 

obj2 0.32 0.45 0.33 0.33 

paper1 0.32 0.40 0.32 0.35 

paper2 0.33 0.39 0.31 0.36 

pic 0.12 0.14 0.10 0.11 

progc 0.32 0.40 0.32 0.34 

progl 0.22 0.28 0.23 0.23 

progp 0.22 0.28 0.22 0.23 

trans 0.19 0.24 0.20 0.20 

Average 0.31 0.39 0.30 0.34 

Note that compression ratio is given by compressed file size / 

original file size. Experimental results show ACDCA achieved 

better compression ratios for 3 files and the same for 4 files 

compared with BW. The average result shows that ACDCA 

achieved almost same result of that of BW. 

An On-line ECG Lossless Compression 

ECG is one of biomedical data, and numerous lossy data 

compression algorithms of ECG have been proposed [28]. 

However, from the point of view of biomedical data, an on-

line lossless compression is needed not to lose any significant 

features of the ECG signals. Figure 1 shows a schematic repre-

sentation of normal ECG wave. Figure 2 shows an example of 

seven ECG waves. In Figure 2, the third wave from left is an 

arrhythmia and others are Normal Sinus Rhythm (NSR). As 

shown in Figure 2, each ECG wave is an almost periodic 

waveform and a wave differs from other waves with respect to 

the period and the amplitude. Moreover, a few arrhythmias 

occur. These properties make it difficult to compress ECG by 

means of lossless data compression. On the other hands, 

ACDCA can be applied to ECG, however, it is difficult to 

handle an extremely long data such as ECG since ACDCA 

requires computational space proportional to the data size. 

 

Figure 1 - A schematic representation of NSR. 

 

Figure 2 - An example of seven ECG waves. 

In this section, we propose two on-line lossless ECG com-

pression algorithms based on antidictionaries with constant 

computational space. To restrict computational space to con-

stant, we construct an antidictionary and its encoder (AD-

automaton) from ECG data of proper constant length called 

training data. We studied on the length of training data [9, 29] 

needed to construct the antidictionary whose size is the almost 

same as that of entire data of ECG by using results of coupon 

collector’s problems (e.g., [32]). An ECG consists of many 

NSRs and a few arrhythmias, so that a sequence of NSRs on 

ECG is used as training data in our experiments. 

Figure 3 shows the diagram of the proposed systems. Since a 

size of antidictionary is proportional to alphabet size |X| [30], 

both of training data and ECG used in proposed systems are 

represented by binary alphabet. In Figure 3, AC encoder and 

AC decoder represent an encoder and a decoder of adaptive 

arithmetic coding order-0 using the method proposed by Oh-

kawa et al. [11], respectively. Let w, x be training data and 

ECG data. An AD-automaton is constructed from w in pre-

process. In encoding and decoding process, an MFW can be 

occurred since AI (w) is the almost same as AI (x) but is not the 

same as AI (x). If an MFW occurs, then a transition of AD-

automaton is restarted at the initial state. For ECG data, both 

of EDCA and EACDCA output the 2-tuples as shown in (8), 

(9), respectively. Let AC(s) be the codeword of s of adaptive 

arithmetic coding order-0 using the method [11]. 

(γγγγ, I)                   (8) 



(AC(γγγγ), I)                                            (9) 

In (8) and (9), γγγγ represents output of x in the DCA algorithm 

using AI (w), and I represents a sequence of interval lengths 

which are occurrences of MFWs. Thus if I =I1I2…Ik, then |x| = 

I1+I2+…+Ik holds. Note that only the last value Ik may be the 

length from the index of x at the occurrence of Ik-1 to the in-

dex of the last symbol in x. In our experiments, Ij is repre-

sented by a binary representation of positive integer proposed 

by Elias.
3)
 EDCA has the advantage of computational time, 

while EACDCA has that of compression ratios.  

 

 

Figure 3 - Block diagram of ECG compression systems 

Next, we show the performance of the proposed algorithm by 

simulation results. In experiment, we used an ECG data which 

is sampled at a rate of 360 samples/s (one sample is repre-

sented as 16-bit by padded 5 zero of one sample with 11-bit 

resolution) and has 650,000 samples (about 30 min.). The 

training data has 50,000 samples (about 138 sec.). Table 4 

shows the compression results of the EDCA and EACDCA on 

the files on MIT-BIH Arrhythmia Database [34], along with 

the DCA, OM04 [9] and a popular compression application 

gzip [31]. For each ECG data, DCA uses the antidictionary 

of entire ECG data, while OM04 uses an antidictionary of 

training data. Both of antidictionaries consist of MFWs whose 

maximum length is less than 32-bit (2 samples). Note that an 

MFW used in both EDCA and EACDCA has no limit on the 

length. DCA works in an off-line manner while OM04, gzip 

and proposed algorithms work in on-line manner.  

Experimental results show EDCA and EACDCA achieved 

better compression ratios about 10% and 16% than gzip, 

respectively, and 1% and 7% than OM04, respectively. In our 

experiments on a 3.2 GHz Pentium 4 with 2 Gbytes memory, it 

took about 0.7 second (15 Mbits/s) in average to finish encode 

an ECG file in EDCA and about 1.8 second (6 Mbits/s) in 

EACDCA. The results show that both of proposed algorithms 

can implement to compress ECG files for real-time in an on-

line manner since sampling bit-rate of ECG is about 6 kbits/s. 

In our experiments, EDCA and EACDCA consumed 0.5 

Mbytes and 0.9 Mbytes for AD-automaton in average. 

Conclusion 

In this paper, we presented an efficient on-line ECG lossless 

data compression algorithms based on antidictionaries. Ex-

periments confirm that the proposed algorithms give better 

compression ratios than traditional algorithms. Moreover, the 

proposed algorithms are fast and memory-efficient due to a 

limited size of training data. 

Table 4 - Compression ratios of ECG files 

ECG 

file 

EDCA 

(proposed) 

EACDCA 

(proposed) 
DCA OM04 gzip 

100 0.31 0.25 0.39 0.33 0.39 

101 0.35 0.27 0.37 0.36 0.42 

102 0.32 0.26 0.34 0.33 0.41 

103 0.34 0.29 0.38 0.35 0.43 

104 0.36 0.29 0.39 0.38 0.45 

105 0.38 0.34 0.38 0.38 0.47 

106 0.38 0.32 0.40 0.38 0.48 

107 0.44 0.40 0.42 0.44 0.59 

Ave. 0.36 0.30 0.38 0.37 0.46 
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