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Abstract— In this computer age, all the computer applications
handle data in the form of text, numbers, symbols and
combination of all of them. The primary objective of data
compression is to reduce the size of data while data needs to
be stored and transmitted in the digital devices. Hence, the
data compression plays a vital role in the areas of data storage
and data transmission. Golomb code, which is a variable-
length integer code, has been used for text compression,
image compression, video compression and audio
compression. The drawback of Golomb code is that it
requires more bits to represent large integers if the divisor is
small.  Alternatively, Golomb code needs more bits to
represent small integers if the divisor is large. This paper
proposes Modified Golomb Code based on Golomb Code,
Extended Golomb Code to represent small as well as large
integers compactly for the chosen divisor. In this work, as an
application of Modified Golomb Code, Modified Golomb
Code is used with Burrows-Wheeler transform for text
compression. The performances of Golomb Code and
Modified Golomb Code are evaluated on Calcary corpus
dataset. The experimental results show that the proposed code
provides better compression rate than Golomb code on an
average. The performance of the proposed code is also
compared with Extended Golomb Codes (EGC). The
comparison results show that the proposed code achieves
significant improvement for the binary files of Calgary
corpus comparing to EGC.
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. INTRODUCTION

The main aim of data compression is to store data with the
minimum number of bits in storage devices and transmit in
low band width communication networks. Data-compression
methods can be generally classified into two types i.e lossy
and lossless. In lossless compression, data can be compressed
and decompressed as exactly identical with the source data
without any loss of data. Lossless compression technique is
used, in which the decompressed data must be identical to the
source data such as financial data, executable programs, text
documents, and source code. Lossless data compression is
used in many applications such as zip tools and wireless
sensor networks. Lossy data compression has a certain loss
of information and decompressed data is not 100% identical
to the source data. Lossy data compression technique is used
to compress video, audio and images. Various codes have
been applied for data compression [1].

In contrast with the fixed-length codes, statistical
coding methods achieve compression by assigning short-
length codes to the more frequent occurring symbols and
long-length codes to rarely occurring symbols of the source
file which needs to be compressed. The statistical methods
require the probabilities of the input symbols to generate
variable-length codes. Huffman coding [2] and Shannon-
Fano [3] methods are examples for statistical methods which

use symbol tables while decoding the compressed data. There
are other coding methods such as Elias Gamma codes, Elias
Delta code, Golomb code, Fibonacci codes [4] and Extended
Golomb Code (EGC) [5], which do not require the probability
values of the input data to produce variable-length codes and
these methods are called as variable-length integer coding
methods or variable-length integer codes. Since variable-
length integer codes do not require symbol table and
probability values, these are more preferable in the
applications which require fast encoding and storage.

In this paper, we propose a new code, Modified
Golomb Code (MGC), to produce variable-length codes by
representing non-negative integers. Alternatively, MGC can
encode or represent non-negative integers very compactly.
Golomb Code (GC) [6] has been used in several applications
such as lossless image codecs, audio codecs and search
engines [7 - 8]. But, the disadvantage of GC is that it requires
more bits to represent large integers if the divisor (d) is small.
Alternatively, GC needs more bits to represent small integers
if the divisor is large. Hence, GC could not be the best choice
for the applications which have the distribution of small and
large integers. To overcome the drawback of GC, we propose
Modified Golomb Code based on GC.

Il. GOLOMB CODE (GC)

Golomb Code was proposed by Solomon Golomb in 1966 for
lossless data compression. In GC, the compact representation
of non-negative integers n; depends on the selection of the
divisor d. In the first step of GC, the given number n (>0) is
first divided by a divisor d. The quotient (g) and the remainder
(r) of the given n are then used to generate codes. The
formula given in Equation (1) is used to calculate the quotient
(9) and the remainder (r) for the given n.
n-1
@
r=n-aqd —1J

GC contains two parts. The first part is the quotient
value of (g +1) which is coded in unary code (i.e g zeros
followed by single one or g ones followed by single zero) [1]
and the second part is binary code of remainder (r). For
example, when divisor d = 3, it produces three remainders, 0,
1, 2, and are coded as 0, 10 and 11 respectively (See Table 1).
Table 2 shows the GC for divisors d =2, 3 and 4. The bit
lengths of GC (d=2, 3 and 4) to represent the integers in the
range 0 - 255 are calculated and are given in Table 4. It is
observed from Table 4 that GC (d=2) offers compact
representation for small range (1-5) and provides poor
representation for middle (32-63) and large (64-255) range of
integers. Also, for other divisors (d = 4, 8), GC does not give
better representation for middle and large range of integers.
In order to improve the integer representation of GC, a hew
method based on GC is proposed in this paper.

Binary codes

d=2 | d=3 | d=4

Remainders
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0 0 00
1 1 10 | 01
2 - 11 | 10
3 - - 11
Table 1: Codes for remainders divisor d = 2, 3and 4
Integer n e
d=2 d=3 d=4
1 0|0 0l0 0|00
2 10|10 0|10 0|01
3 101 0]11 0|10
4 11010 1010 0|11
5 11011 10|10 | 10|00
6 1110|0 10]11 | 10|01
7 11101 110|0 | 10]10
8 11110|0 | 110|10| 10|11
9 111101 | 110]11 | 110]00
10 1111100 | 1110|0 | 110|01

Table 2: GC for the integers 1 to 10

I11. MODIFIED GOLOMB CODE (MGC)

In this section, a new variable-length integer code, Modified
Golomb Code (MGC), is proposed to represent non-negative
integers compactly. The proposed MGC is designed based on
GCand EGC. In GC, the given number n (>0) is first divided
by a divisor d to obtain the quotient (q) and the remainder (r).
Then, the g and r of given n are used to generate codes. But,
the number of bits required by unary in GC is more for large
range of integers. Hence, GC has the drawback of requiring
long-bit length to represent middle, large range of integers. In
EGC, the given integer n (>0) is divided by a divisor d
recursively until the last quotient becomes zero. The
remainders (r;) obtained in each division and the number of
divisions (C) are used to generate codes. The drawback of
EGC is that the divisions are made successively until the last
quotient becomes zero whether the successive division gives
better representation ( less bits) or not. Hence, in MGC, if the
number of bits needed to represent current quotient is less
than the number bits required after the division (i.e bits
requirements to represent next quotient, remainder and
count), then the division will be stopped. Due to this
condition, MGC can overcome the drawback of GC and to
achieve better representation for large integers than EGC.

In MGC, the given integer n is divided by a divisor
d (2™< d<2™1) successively until either the condition g
becomes zero or

G + C+ C x Iogzd)< (. ,+1+(C+)+(C+1) x Iogzd ).

c+1
Alternatively, In MGC, successive division will be

stopped when gc =0 or (g, < (Qg,q +1+ log, d). Here, qc is

the quotient obtained in C" division. In MGC, all the
remainders of n obtained by the divisor d are preserved r; (i=1,
2...C). MGC has three parts to represent an given integer n:
the quotient (qc) , count (C) and remainders (ri). The quotient
(g¢) and the count (C) are encoded using binary code and
unary code (described in section 2), respectively. The
remainders r; are coded using binary code. The format of

MGC is given as: Binary Code (qc) | Unary Code (C) | Binary
Code (rc re-1...11).

A. Algorithm for MGC Integer Encoding

1) The non-negative integer n is divided by the divisor
d (2™< d<2™1) repeatedly C times until any one of
the following conditions is satisfied.

d. < (g
— qc = 0

2) Count the number of divisions made as C and
preserve the remainders produced in each division
asry, r....re.

3) Encode the last quotient (qc) obtained in step-1 and
the count (C) obtained in step-2 using log.(m+1) bits
and unary code, respectively. The remainder r; is

coded in log, (d —@" -1)) bits when g =0 && C>2, in

logz(d-1) bits when gc =0 && C =1 and in log.d bits

for all other cases. Then, the MGC for n is generated

by combining the codes for g, C and r; in the coding
format given below:

Binary Code (qc) | Unary Code (C) | Binary Code (rc
s rc.l...rl)

Repeat steps 1- 3 for all the integers to be coded.

It is shown in the Table 3 that the possible last
quotients and remainders for the divisors d=3&4 if the
proposed method is applied to represent integers from 1 to
255. It is observed from the Table 3 that the number of
possible last quotients for d=3 is two (0,1), for d=4 it is three
(0,1,2). Also, the last remainder is only 2 when g.=0 and C >
2 for d=3 and for d=4, it is only 3. These are the unique pattern
occurred due the condition given in the algorithm. The same
trend happens for other devisors also. According to this, the
remainders, the last quotient and the last remainder are coded
as given in the encoding algorithm.

c+1+1+ Iog2 d)

d=3 d=4

: Qe[ re|cClQ|re|c
1 o(1(110(1]1
2 0|2(1|]0|2|1
3 110(1]0|3]|1
4 11|11 ]|0]|1
5 11211 ]|1]|1
10111122 |2|1
15 11]12(2|0|3|2
2510|1221 |2]|2
50 |1]2|13]0|3]|3
1001|0412 |3
200002 |5|0|3|4
25511 |10(5|0(3|4

Table 3: The last quotients and remainders of MGC for the
integers 1 to 255

MGC

N1 g=3 d=4
oo | o/1]0
OLL | 0/1/10
110 | 0]1/11
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4 | 111720 | 10100
5 | 1111 | 1001]01
6 | 0010 |10]1]10
7 | o110 | 10]1]11
8 | op111 |11]1]00
9 | 1j01/00 | 111]01
10 | 1j01/010 | 11110

Table 4: MGC for the integers 1 to 10
Hlustration: n=50,d =3

503 /= g, =16, =2 C, =1
16/3 ———= g, =3, rn=1 (C, =2
5/3 — q; =1, =2 C; =3

Here, Since gz < q3/3 +1+ Code (remainder of gs/3),
dividing further is stopped.

MGC(50) = Binary Code (q,) | Unary Code (C) |
Code(r,,r,,1,)
= Binary Code (1) | Unary Code (3) | Code ( 2, 1, 2)
=1/ 001]| 111011 Use Algorithm. (for d =3, remainders 0 (0),
1(10), 2(11))
Table 4 shows the MGC for integers 1 to 10 for d =3 and 4
B. Algorithm for MGC Integer Decoding

The following steps are used to decode the compressed data.
1) Read logm bits and decode the bits into respective
last quotient and assign into qc.
2) Read the C bits until bit '1' is encountered, which is
used to read the C number of remainders.

3) Then, read log, (d -" -1)) bits if gc =0 and C>2 (else)
loge(d-1) bits if gc =0 and C =1 (else) log.d bits for
all other cases and decode the first remainder. Then,
read ((C-1) x log.d) number of bits further to decode
(C-1) remainders.

Repeat steps 1- 3 for all the integers to be decoded.

Decode: 1/ 001| 111011; d=3,C=3

q; =1, C=3; Codes: 11,10, 11 denote the remainders r, =
2, 1, =1, r, =2, respectively.

g, = q;x d+r, (C= 3)(thevalueof q,=1& r,=2)
g,=1x 3+2
q, =q,x d+r, (C=2)(thevalueof q,=5& r,=1)
g, =5x3+1 .. q,=16

n=gq, x d+ r, (C=1) (the value of q,=16 & r, =2)

n=16 x3+2=50.
In general, the given integer n is decoded using eq.(2) .

n=> (q;xd+r) )

L g,=5

IV. BIT-LENGTH COMPARISON

The bit lengths of MGC, GC and EGC for divisor (d=3 and
4) have been calculated and are given in Table 5. It is
observed from Table 5 that GC gives compact representation
for small range of integers (i.e 1 - 10) and gives poor
representation for other range of integers.

[ n | d=3 | d=4 |

MGC | GC | EGC | MGC | GC | EGC
1 3 3 2 3 3 2
2 3 3 2 4 3 3
3 3 4 4 4 3 3
4 4 4 4 5 3 5
5 4 4 5 5 4 5
10 6 5 6 5 5 6
15 6 7 7 5 6 6
25 8 10 8 8 8 8
50 10 19 10 8 15 9
100 | 11 35 12 11 27 11
200 | 13 69 13 11 52 12
255 | 13 87 14 11 66 12

Table 5: Bit length of comparison of MGC, GC and EGC
MGC offers significantly better representation for
small to large range of integers. For small values, MGC is one
bit longer than GC. But, GC requires more bits than MGC for
mid-range values and large values. It is also observed from
Table 5 that MGC achieves better representation significantly
than EGC for large integers.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Variable length integer codes (VLC) have been used to
compress text data [11], medical data [12] and remote sensing
data [13]. In this section, as an application of MGC, MGC is
used as the final stage coder of BWT compressor for text data
compression as shown in Figure 1. BWT compressor has four
stages as shown in Figure 1. In first stage of BWT
compressor, BWT computes the permutation of the given
input. Then, move-to-front (MTF) coder encodes the output
of first stage of BWT. After this, the output of MTF will be
encoded by run-length encoding(RLE). In the final stage, the
output of RLE will be encoded by the VLC coders. In the
experiment, Calgary corpus dataset [9] is used to test the
performance of MGC. The calgary corpus dataset contains
both text files (bib, bookl, book2, news, paperl, paper2,
paper3, paper6, progc, progl, progp, trans and binary files
(geo, obj1, obj2, pic). Compression rate given in equation (3)
is used as a metric for performance evaluation. The
compression results of MGC are compared with the results of
GC and EGC as given in Table 6.

Input | BWT MTF
file coder

VLC
FLE L
coder

A 4

coder

Fig. 1: Stages of Burrows-Wheeler Compressor
Size of the Compressed file (3)

Number of symbols in the input file

It is observed from Table 6 that MGC achieves low
compression rate on an average than GC. GC provides better
compression rate for text files (bib, bookl, book2, news,
paperl-paper6) of calgary corpus and gives poor compression
rate when d is increased. But, it achieves better results for
binary files when d is large. When MGC is compared with
GC, MGC gives better results for both text and binary files
than GC (d=8,16 ) with large divisor. For small divisor (d=4),
GC performs better than MGC for some of the text files and
gives poor performance for binary files. However, when a

Compressio n rate =
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large divisor is selected, GC may achieve better result for
binary files, but it cannot achieve better results for text files
compared to MGC. The reason is that GC needs more bits for
small integers when d is large and require more bits for large
integer when d is small. Since the output of BWT compressor
contains more small range of integers and less middle range
of integers for text files; and contains all range of integers
(small, middle and large integers) for binary files including
rand file, GC with small divisor can perform well at some
extent for text files and might not perform well for binary files
when compared to MGC. The distributions of the integers for
sample files (bib, geo, rand) are shown in the Fig.2. It is
observed from Fig.2 that bib file shows the significant
distribution of small range of integers and other files (rand,
geo) show the significant distribution of small, middle and
large range of integers. It is concluded that GC could not
perform well for the files which contain significant
distribution of small, middle and large range of integers. Both
MGC and EGC could perform well for both text files and
binary files. Since MGC can obtain better representation of
middle and large range of integers as shown in Table 5 than
EGC, MGC could perform well than EGC when the
collections contain more middle and large range integers. It
is observed from Table 6 that MGC obtains better
compression performance than EGC for geo, objl, pic and
rand files. But, it is inferior to EGC for text files. Finally, it is
concluded that the performances of the codes depend on the
distributions of integers. The proposed code could perform
well for the collections which contain significant distributions
of middle and large range integers comparing to GC and
EGC.

poge 3.;)9 3.123 3681 223 3; 2.3?6 2.775
prlog 2.;4 2.235 2744 %g %g 1.;30 1.34
pr;)g 2.222 2.937 2740 %j. ié 1.§7 1.31
wars | 198 | 212 | 555 | 18 | 20 166 172
e | 5516 [ores | %850 | 2|
Com

*

d. GC MGC v
PE 1 d=a | d=8 | a=16 | % | G | d=2 | a=3
bib 2.36 2.('557 2999 éf 233? 2.é21 2.51
bolok 3.013 3.(;50 4301 3;5 32’;65 3.;)7 3.27
b020k 2.175 3.;)9 3659 2757 33;) 2.:?7 2.858
geo 121(.)1 7.(‘)35 5873 51;1 ig 6.é15 5.356
NEWs 3.;6 3.241 3.889 3;01 :Zg 2.?9 2.;)7
obj1 7.;2 5.;32 4978 4;5 Aé72 4.;32 4.59
0bj2 4.;1 3.;50 3512 %g é:)? 2.887 2.;8
pz;li)e 2.;38 3.56 3.807 253 3;; 2.275 2.776
pz;lge 2.;38 3.54 3.839 233 3;71 2.574 2.575
pz:ge 3.016 3.33 4158 f’;g ?5?4’1 3.;)4 3.;)4
pz;lé)e 3.;)9 3.123 4525 ig ?ég 3.{19 3.:;6
perlge 3.111 3.;8 3.934 ié) 3{;92 2.882 2.§5
pic 0.;)4 O.fG 0911 (;;3 %;3 0.;38 0.233

Table 6: Compression performance (bits per symbol) of GC
and MGC
* rand file is not included in avg. calculation.

rand
.80
g
E (G0 Wiegarysipyelpydpyipysipydeylpyd
F=3
T 040
3 520
[+]
£ 0.00
L B = I O T e IO = T T I T IO = I S T I s
e L = B - - I T ]
R R R B e L
Range of integers
(a)
geo
18.00
16.00
e 14.00
£ 1200
=
2 1000
E z00
=
s 600
= a0
oo |
0.0:0
P M W o P M R e P o
el MY OF D O T e P D P D D
R e B = e I I T I Y]
Range of integers
(b)
bib
A0
55 e
§ 30,00
S o0
-'é & O (N
E 15 00
#1000
5.00
0,001
P B U B M % O A mE g B4
AmToaoaoNETVL D oNE
Raigd ol inlegers
_ A S
Fig. 2: The distribution of integers in (a) rand, (b) geo (c)
bib
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VI. CONCLUSION

In this paper, a new variable-length integer code is proposed.
It has been designed based on GC and EGC. GC provides
better representation for small range of integers. But, the
proposed MGC offers competitive and compact
representation for small, mid-range and large integers when
compared to GC and EGC. The overall performance of MGC
is better than GC. The performance of MGC for text
compression on calgary corpus dataset is tested and the
experimental results show that MGC performs better than GC
and EGC when the collections which contain significant
distributions of middle and large range integers.
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