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ABSTRACT

Context. Today, static difference colour models with integer coefficients are used to improve the efficiency of lossless image
compression in graphic formats and archivers. These models improve compression, but do not consider the level of cross-correlation
between different pairs of colour components of pixels in each image. Therefore, the development of methods for the formation and
use of difference colour models for individual images in order to improve their compression by intercomponent decimation is cur-
rently an urgent scientific task.

Objective. To develop methods and algorithms for the transition to difference colour models with integer coefficients and differ-
ence offsets to reduce compression ratios in the process of lossless compression of RGB images in modern graphic formats, in par-
ticular in PNG format.

Method. Depending on the coding time constraints, the paper proposes to use 4, 16, 19 or 49 alternative difference colour models
with difference offsets to select the most efficient model for each image. Prediction of the compression efficiency due to the use of
the next alternative difference colour model is performed using entropy. The differences in the colour models are shifted so that the
centre of the interval with the maximum number of these differences is shifted to the middle of the range of possible values. The
effectiveness of three methods of determining the centre of this interval is investigated: without considering the deviations of compo-
nent brightnesses, using the difference in component medians, and by determining the centre of the interval with the maximum num-
ber of component differences after their sequential search.

Results. Our experiments have shown that, for example, applying difference colour models with integer coefficients to whole
images in the process of sequential lossless compression, in particular, in the PNG graphic format we modified, allows reducing
compression ratios of photorealistic images of the ACT set by 0.19-1.06 bpb. Shifting the differences to the differences of the medi-
ans of individual components or centring the intervals of component differences provides an additional 0.01-0.02 bpb compression
ratio reduction on average. Thus, difference colour models with integer coefficients and difference offsets can significantly increase
the compression efficiency of lossless three-component photorealistic images in formats that use predictors and therefore can be im-
plemented in the next versions of these formats at the standard level.

Conclusions. In graphic formats, to reduce the lossless image compression ratio, in addition to decorrelation of individual com-
ponent data, it is advisable to perform intercomponent decorrelation by switching to difference colour models with integer coeffi-
cients with difference offsets, which provide fast decoding. To maximise the reduction in compression ratio due to the application of
the selected colour model, the midpoints of the difference intervals of the basic components R, G, B should be shifted to the middle
of the range of possible values. When, for photorealistic images, due to strict limitations on encoding time or encoder size, it is im-
possible to select a difference colour model from among 49, 19 or 16 alternative ones, this choice should be made among three mod-
elss: G-R+128,G,G-B+128; R, R-G+128,B-G + 128, or R - G + 128, B — G + 128, B. For synthesised images, it is not
advisable to switch to difference colour models with integer coefficients.

KEYWORDS: lossless image compression, PNG graphic format, difference colour models with integer coefficients.

ABBREVIATIONS
ACT is an Archive Comparison Test;
ARIC is an Arithmetic Coding;
CM is a Colour Models;
CR is a Compression Ratio;
HUFF is a Huffman Coding;
JPEG is a Joint Photographic Experts Group;
LZ is a Lempel-Ziv algorithm;
PNG is a Portable Network Graphics;
RAM is a Random Access Memory;
RAR is a Roshal Archive;
RGB is a Red, Green, Blue;
YCrCb is a Luminance, Chrominance blue, Chromi-
nance red.
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NOMENCLATURE

B is a discrete value of the brightness of the blue com-
ponent of an image pixel;

brightness,, is a brightness of the next component of
the image pixel located in row U and column v;

G is a discrete value of the brightness of the green
component of an image pixel;

H is an information entropy of the source;

L is a length of the entropy code of the data block;

lj is a predicted length of the code of element i in the
data block.

med(X) is a median value of the component X;
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middle(X - Y) is a middle of the interval with the max-
imum number of differences between components X and
Y;

N is a number of elements in the data block;

n; is a frequency of element i in the data block.

numberCM is a number of the selected colour model
for the next image from the list of alternatives;
p; is a probability of occurrence of element i in the

data block;
predict,, is a predicted brightness value of the next

component of the image pixel located in row U and col-
umn Vv;

R is a discrete value of the brightness of the red com-
ponent of an image pixel;

Ay 1s a deviation of the brightness of the next com-

ponent of the image pixel located in row U and column v
from the value predicted by the predictor.

INTRODUCTION

In modern information systems, data transmitted via
communication channels and stored in computer memory
most often belong to one of four main classes: texts, im-
ages, audio and video data. The size of such files varies
considerably: while a page of unformatted text takes only
a few kilobytes to store, a photorealistic raster uncom-
pressed image measuring 9x13 cm takes several mega-
bytes, a music recording takes tens of megabytes, and a
full-length film takes several gigabytes. Obviously, proc-
essing, transmitting and storing such large amounts of
information requires significant resources.

At the same time, it is known that most multimedia
data is characterised by a high level of redundancy, which
creates the prerequisites for efficient compression. Elimi-
nating redundancy can significantly reduce file sizes, re-
duce bandwidth requirements and save disc space.

Existing image compression methods are divided into
two main classes: lossy and lossless. Lossy algorithms,
such as JPEG [1; 2], fractal and wavelet transforms [3],
can reduce the volume of images by a factor of ten with
little loss of quality. In this case, for photorealistic images
with high resolution, the loss of some information is al-
most imperceptible. However, in the case of low-
resolution graphics with clear lines, discrete tone transi-
tions, logos or textures, even minor distortions become
noticeable and impair visual perception. Medical, techni-
cal and scientific images (e.g., X-rays) are a separate
category, where any distortion is unacceptable. In these
cases, lossless image compression methods are used [4—
5]. The algorithms of these methods ensure complete
preservation of the quality of the original data, but their
compression ratio (the ratio of the sizes of compressed to
uncompressed image files, expressed in bpb, hereinafter
CR) is much lower than that of lossy methods. Today, the
development of this group of methods and algorithms
does not stop, new approaches appear that, by means of
decorrelation of individual pixel brightnesses (in particu-
lar, by switching to alternative colour models [6, 10]),
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affect the levels of redundancy of various types and thus
reduce CR.

Therefore, in the age of the information society, when
huge amounts of graphic data are transmitted and stored
daily, the task of developing new methods and improving
the efficiency of lossless image compression algorithms
remains relevant. It is essential both for applied fields
(medicine, archiving, digitalisation of librarianship) and
for the development of modern technologies for process-
ing and storing information.

Today, one of the most effective and widely used for-
mats for lossless image compression is the PNG graphic
format [6], and the images themselves are most often rep-
resented using the True Color method in the RGB colour
model with a sampling resolution of 8 bits for the red,
green, and blue colour components of each pixel. There-
fore, we tested our proposed alternative difference colour
models for modifications of this graphic format by com-
pressing RGB images with 24-bit colour depth.

Thus, the object of this study is methods and algo-
rithms for decreasing pixel brightnesses in the process of
lossless image compression. The subject of the study is
the possibility of using difference colour models with
integer coefficients to improve the compression of RGB
images in PNG format. The aim of the study is to de-
velop methods and algorithms for transition to difference
colour models with integer coefficients and difference
offsets to reduce CR in the process of lossless compres-
sion of RGB images.

1 PROBLEM STATEMENT

It is well known that data compression is possible by
reducing redundancies. Lossless image compression con-
sists of two consecutive independent stages: transition to
an alternative image representation (display), during
which inter-element redundancy is reduced, and element-
by-element encoding of the resulting data to eliminate
code redundancy.

Suppose that in the next data block, each of the values
of i occurs n; times, forming a sequence of length

N=Z”i~

According to the fundamental provision of information
theory, in the process of element-by-element coding, to
minimise the code length of the sequence, each element
with a probability of occurrence of

N

P = N

should be encoded with Ij =—log, p; bits (this length is
called “entropy”). The average length of the element code
after applying such coding cannot be less than the infor-
mation entropy of the source, which is calculated by the
Shannon formula [7]:
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H=-> pjxlog, p; . (1)
i

Therefore, the total length of the code after elemental
coding is not less than the length of the entropy code of
the sequence [10], which, given formula (1), is

L:NxH:Nlogz(N)—Zni log, (n; ) 2
1

To reduce inter-element redundancy in the PNG for-
mat, predictors [6, p. 241] and the LZ77 dictionary algo-
rithm [8] are used within each colour component, and
Huffman codes (HUFF) [9] are used to eliminate code
redundancy. However, to date, the PNG format does not
perform intercomponent decorrelation to reduce entropy
[1].

The fact is that the different components of True Col-
our images (R, G and B) reflect objects that are quite simi-
lar in geometric and spatial structure [10]. The correlation
coefficients between pairs of components in the RGB
colour model for different images can differ significantly,
and one of the components of any such pair with a strong
correlation can be replaced by a difference with another
component [10; 11], if this reduces the entropy (1) in the
process of further elemental coding. The use of compo-
nent differences instead of component brightnesses of the
RGB colour model actually performs intercomponent
decorrelation, just as predictors implement decorrelation
between the brightnesses of adjacent pixels. Currently,
modern archivers and image compression formats process
pixel brightnesses mainly in a fixed colour model (e.g.,
PNG format — i n the R, G, B model; BMP format — in the
B, G, R model; JPEG format [1; 2] — in the YCbCr model;
RAR archiver format [12] — in the R-G, G, B-G model)
and do not use the possibility of choosing an effective
colour model for each image that minimises entropy (1)
through intercomponent decoration [10]. In particular, in
the popular YCbCr colour model [6], the differences of
the R, G, and B components are used in the two chromatic
components Cb and Cr:

Y=L R[22 6 [ 22 )s:
256 ) 1256 ) "\ 256
ch= R (3 e +[ BLlgi10s; 3)
256 ) | 256)° |\ 236
cr=[ 2L g (19 (21 )54 10s.
256 ) (256 | 256

but when compressed, this model is applied to all images
[1, 2]. In this article, we will investigate the possibilities
of choosing effective colour models with component dif-
ference offsets for each image in order to reduce CR in
PNG format.
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2 REVIEWS OF THE LITERATURE

In [10], we presented 49 difference colour models
with integer coefficients and offsets of component differ-
ences by the opposite median differences of these compo-
nents and the middle of the range of possible values that
can be effective in lossless image compression (hereinaf-
ter, such offsets will be abbreviated as “by the difference
of medians”). Therefore, let us describe in more detail the
principles of applying preprocessing and compression
algorithms used in the PNG format [13] and analyse the
impact of difference colour models on their efficiency:

1. During the sequential traversal of the image pixels,
predictors predict the brightness value of each component,
recorded as integers in separate bytes, using the bright-
ness values of the same components of previously proc-
essed adjacent pixels [6, p. 241], since these brightnesses
have the highest correlation with each other. At the same
time, the deviation A, of the brightness value of the next

pixel component brightness,, from the value predicted
by the selected predictor predict,, is calculated and fur-
ther encoded:

Ay =brightness,, — predict,, 4

(u and Vv run through all rows and columns of image pixel
components, respectively). Adjacent image pixels most
often have similar colours (similar brightness values of
the corresponding components), so the prediction often
coincides with the brightness value of the next compo-
nent, most often is close to this value, and rarely differs
significantly from it.
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Figure 1 — A division of frequencies of values of green compo-
nents of image Lena.bmp: a — before the use of the predictor
(H=7.59 of bpb); b — after the use of Left-predictor (H=5.34
of bpb) with [14]
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That is, most of the A, values are close to zero (Fig. 1b).

In this way, the use of predictors often increases the un-
evenness of the probability distribution of luminance val-
ues and, as a result, reduces entropy (1). Predictors take
into account changes in luminance relative to adjacent
pixels within each component. The brightness of pixels in
different components can vary unequally. Therefore, the
use of predictors reduces the intercomponent correlation,
negatively affecting the effectiveness of difference colour
models. Therefore, these models should be applied before
predictors.

On the other hand, when calculating the luminance
differences of the R, G or B components, in cases where
the values of the negative component’s luminance are
slightly higher than the values of the positive compo-
nent’s luminance, negative values of the differences are
obtained, which, when stored in unsigned 8-bit compo-
nents of the colour model, are transformed into values
close to 256 due to overflow. And when the brightness
values of the negative component are slightly less than the
brightness values of the positive component, the differ-
ences obtain values close to zero. For example, the fre-
quencies of the differences of the R and G components
near zero for the Lena.bmp image are non-zero (Figure
2a). It is clear that such a scattering of colour model dif-
ference values negatively affects the predictor’s predic-
tion accuracy, disperses the differences (4) and, as a re-
sult, increases the entropy (1).
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Figure 2 — Frequency distribution of brightness differences of
individual components of image Lena.bmp:
a — difference R — G; b — shifted difference R — G + 29 obtained
from [11]
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To avoid such a scattering of differences of close
component brightness values, it is customary to shift them
to the middle of the range of possible values. For exam-
ple, in the YCbCr colour model (3), for the most common
8-bit sampling, the difference values are shifted by 128
(in this article, by shift by 128 we mean the shift to the
middle of the range of possible values). In [10], we shift-
ed the differences of the RGB colour model components
by 128 and by the opposite differences of the medians of
these components (Figure 2b), expecting that most com-
ponent brightnesses are concentrated around their medi-
ans, but then the predictors’ prediction of the brightnesses
of component differences that are close to 128 from this
median difference worsens.

2. The LZ77 dictionary algorithm [8] is used in many
graphic formats and archivers because it provides the
fastest decoding. Describing dictionary algorithms, a
fixed number of previously encoded indivisible elements
(literals) of the input stream is called a “dictionary”, and
the subsequent unencoded elements are called a “buffer”.
The LZ77 algorithm is based on replacing a subsequence
of consecutive buffer literals in the output stream with a
reference to a similar subsequence of dictionary literals in
the form of a pair of numbers <length; offset from the end
of the dictionary>. In the absence of a similar subse-
quence of literals in the dictionary, the first literal of the
buffer is transferred to the output stream without change.
After that, the encoded literals are transferred from the
beginning of the buffer to the end of the dictionary and
the encoding continues in the same way until the end of
the input stream literals. For example, the stream of lumi-
nance codes of pixel components 36 38 35 35 36 38 35 36
36 38 35 38 36 38 35 35 28 is written in encoded form as
36 38 35 35 <3; 4> 36 <3; 4> 38 <4; 12> 28. When de-
coding LZ77 algorithm codes, individual literals are cop-
ied to the output stream without change. Pairs <length;
offset> are decoded by sequentially copying the required
number of literals from the end of the source stream at the
specified offset to the end of the source stream.

It is clear that the more <length; offset> pairs can be
found and the longer their lengths are, the more efficient
the compression by the LZ77 algorithm is. However, pho-
torealistic images and drawings with smooth colour
changes contain a small number of identical subsequences
of pixel brightnesses, so this algorithm is effective pri-
marily for discrete-tone drawings.

Difference colour models transform the brightness of
the components of individual pixels and can reduce or
even break identical subsequences. Therefore, it is advis-
able to search for identical subsequences of the LZ77 al-
gorithm in the input RGB image, and apply difference
colour models to individual literals.

That is, for each image, you should choose a differ-
ence colour model from the list of alternatives, taking into
account the pixels that are not included in the long substi-
tutions of the LZ77 algorithm.

3. Context-independent Huffman coding [9] assigns a
fixed prefix code to each element depending on its prob-
ability (frequency of occurrence). This coding is most
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often performed in the following sequence: calculate the
probabilities (frequencies) of individual items; order the
items in descending order of probability; iteratively com-
bine the two items with the lowest probabilities (most
often the last ones in the list) to obtain one item, assigning
a code 0 to the first item and a code 1 to the second item;
sum the probabilities of the selected items to calculate the
probability of the resulting item and insert this item into
the sorted list of probabilities; generate HUFF codes by
writing the generated codes in reverse order — from the
top to each item. The average length of a HUFF code co-
incides with the source entropy (1) only if the lengths of
their optimal codes —log, p; are the same for all ele-

ments i. In addition, the length of the HUFF code, even
for the most probable element, cannot be less than one bit.
Therefore, in our modifications of the PNG format, we
replaced HUFF encoding with arithmetic coding (ARIC)
[15; 16].

Difference colour models are used to reduce the en-
tropy (1) and therefore improve the CR of the context-
independent algorithm. In this paper, we show how to
further reduce CR by using not only differences but also
component difference offsets in colour models.

3 MATERIALS AND METHODS

We will shift the component differences so that the
maximum number of these differences is concentrated
around the middle of the range of possible values (128).
Let’s denote the middle of the interval with the maximum
number of differences between components X and Y by
middle(X - Y) (we will discuss the choice of this interval
later). Then, to shift this middle to the middle of the range
of possible values, you need to subtract middle(X — Y)
from the component difference and add 128. Since in dif-
ference colour models, at most two components can be
replaced by component differences and they must provide
unambiguous decoding, then, by analogy with [10], the
following difference colour models with integer coeffi-
cients and shifted differences are alternative for com-
pressing each image:

0.R, G, B; Q)
1.R, G, R— B —middle(R - B) + 128;

2.R, G, G —B-middle(G-B) + 128;

3.R,R-G- mlddle(R G) + 128, B;

4.R,B -G —middle(B-G) + 128, B;

5.G - R -—middle(G - R) + 128, G, B;

6. B —R—middle(B-R) + 128, G, B;

7.R, G, B—R —middle(B - R) + 128;

8.R, G, B—- G- middle(B-G) + 128;

9.R, G—R-—middle(G —R) + 128, B;

10.R, G- B middle(G — B) + 128, B;

11.R— G —middle(R-G) + 128, G, B;

12. R— B —middle(R - B) + 128, G, B;

13. R, R — G — middle(R-G) + 128, R — B — middle(R-B) + 128;

14. R, G — R — middle(G-R) + 128, G — B — middle(G-B) + 128;
15. R, B — G — middle(B-G) + 128, B — R — middle(B-R) + 128;

16. R, G — R — middle(G-R) + 128, B — R — middle(B-R) + 128;

17.R, R — G — middle(R-G) + 128, B — G — middle(B-G) + 128;

18.R, G — B — middle(G-B) + 128, R — B — middle(R-B) + 128;
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19. R— G — middle(R-G) + 128, G, R — B — middle(R-B) + 128;
20. G — R —middle(G-R) + 128, G, G — B — middle(G-B) + 128;
21. B—R —middle(B-R) + 128, G, B — G — middle(B-G) + 128;
22. G — R —middle(G-R) + 128, G, B — R — middle(B-R) + 128;
23. R— G —middle(R-G) + 128, G, B — G — middle(B-G) + 128;
24. R — B — middle(R-B) + 128, G, G — B — middle(G-B) + 128;
25. R — B —middle(R-B) + 128, R — G — middle(R-G) + 128, B;
26. G — R —middle(G-R) + 128, G — B — middle(G-B) + 128, B;
27.B — R —middle(B-R) + 128, B — G — middle(B-G) + 128, B;
28. B— R —middle(B-R) + 128, G — R — middle(G-R) + 128, B;
29. R — G — middle(R-G) + 128, B — G — middle(B-G) + 128, B;
30. R — B — middle(R-B) + 128, G — B — middle(G-B) + 128, B;
31.R, G — R —middle(G-R) + 128, R — B — middle(R-B) + 128;
32.R,R- G - middle(R-G) + 128, G — B — middle(G-B) + 128;
33.R, G- B —middle(G-B) + 128, B — R — middle(B-R) + 128;
34. R, R — G — middle(R-G) + 128, B — R — middle(B-R) + 128;
35.R, G - R —middle(G-R) + 128, B — G — middle(B-G) + 128;
36. R, B— G —middle(B-G) + 128, R — B — middle(R-B) + 128;
37. G — R —middle(G-R) + 128, G, R — B — middle(R-B) + 128;
38. R — G — middle(R-G) + 128, G, G — B — middle(G-B) + 128;
39. R — B —middle(R-B) + 128, G, B — G — middle(B-G) + 128;
40. R -G — middle(R-G) + 128, G, B —R — middle(B-R) + 128;
41. G -R — middle(G-R) + 128, G, B — G — middle(B-G) + 128;
42. B — R —middle(B-R) + 128, G, G —B — middle(G-B) + 128;
43. B — R —middle(B-R) + 128, R — G — middle(R-G) + 128, B;
44. R — G — middle(R-G) + 128, G — B — middle(G-B) + 128, B;
45. R — B —middle(R-B) + 128, B — G — middle(B-G) + 128, B;
46. R — B —middle(R-B) + 128, G — R — middle(G-R) + 128, B;
47. G — R —middle(G-R) + 128, B — G — middle(B-G) + 128, B;
48. B — R —middle(B-R) + 128, G — B — middle(G-B) + 128, B.

Let us denote these difference colour models with the
centre of the intervals with the maximum number of dif-

ferences by CM;, j=0,48 (CM is an abbreviation for

colour models). It is clear that among the alternative dif-
ference colour models (5) for each image, CMyympercm
should be chosen, which, after applying the predictors (4),
provides the smallest predicted entropy code length (2) of
pixels that are not included in the long substitutions of the
LZ77 algorithm:

L(A(CM numberCM )) = mjin L(A(CM i » 6)

After applying the predictors, the length of the entropy
code of the component difference (2) is close to the length
of the entropy code of the opposite difference, because it
is based not on the values of the elements, but on their
frequencies. However, the length of the entropy code after
applying difference colour models with opposite differ-
ences and predictors (4) may slightly decrease primarily
due to an increase in cross-correlation between compo-
nents. Therefore, to speed up the selection of a difference
colour model with interval centring with the maximum
number of elements, we will select 16 basic models out of
49 alternative models (5) [11]:

0.R, G, B; @)
1. R, R — G — middle(R-G) + 128, R — B — middle(R-B) + 128;
2. R, R—G —middle(R-G) + 128, B — G — middle(B-G) + 128;
3. R,G B — middle(G-B) + 128, R — B — middle(R-B) + 128;
4.G - R - middle(G-R) + 128, G, G — B — middle(G-B) + 128;
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5. G — R —middle(G-R) + 128, G, B — R — middle(B-R) + 128;
6. R — B —middle(R-B) + 128, G, G — B — middle(G-B) + 128;
7. B — R —middle(B-R) + 128, G — R — middle(G-R) + 128, B;
8. R— G —middle(R-G) + 128, B — G — middle(B-G) + 128, B;
9. B— R —middle(B-R) + 128; B — G — middle(B-G) + 128, B;
10. R, G, G — B —middle(G — B) + 128,
11.R, G, R— B —middle(R - B) + 128;
12. R, R — G — middle(R - G) + 128, B;
13. R, B -G —middle(B - G) + 128, B;
14. G — R—middle(G —R) + 128, G, B;
15.B—R —middle(B-R) + 128, G, B.

From (5), alternative difference colour models whose
difference components contain the same decreasing or
increasing factors of the same sign, which increases their
cross-correlation, are selected in list (7). It is advisable to
form an alternative difference colour model using the list
(7) in two stages: at the first stage, select among them
according to (6) such a difference colour model that pro-
vides the smallest predicted length of the entropy code (2)
after applying the predictors, and at the second stage,
compare the effectiveness of the selected model with a
maximum of three alternative difference colour models
with opposite differences (with two opposite differences,
with the first opposite difference, and with the second
opposite difference). For example, if after the first stage,
the smallest predicted entropy code length is provided by
the difference colour model G — R — middle(G - R) + 128,
G, G — B - middle(G — B) + 128, then at the second stage,
it will be necessary to compare its effectiveness only with
the following alternative difference colour models: R — G
— middle(G - R) + 128, G, B - G — middle(B — G) + 128;
R — G — middle(R - G) + 128, G, G — B — middle(G - B)
+ 128; G - R — middle(G - R) + 128, G, B — G — mid-
dle(B — G) + 128. This approach reduces the number of
analysed alternative colour models from 49 to a maximum
of 19 and therefore speeds up the selection of an alterna-
tive colour model by 2.5 times, simplifies the implemen-
tation of the encoder and, when performing only the first
stage, provides the ability to compactly store the number
of the selected one from 16 basic alternative difference
colour models (4 bits are enough for this).

In the following, we will investigate the effectiveness
of three methods for determining the centre of an interval
with a maximum number of differences:

1. To speed up the determination of difference colour
models and in cases where the components have close or
even the same brightness (like grayscale images), the de-
viation of the brightnesses of the component differences
from each other can be ignored by setting

middle; (X —Y)=0. (8)

Then the component differences will be shifted by 128
(the middle of the range of possible values).

2. If most of the brightnesses of the pixel components
are concentrated around their medians, i.e. they have a
small dispersion, then we shift the difference of the medi-
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ans of these components to the middle of the range of
possible values:

middle, (X —Y)=med(X )—med(Y) )

This method of determining the centre of the interval with
the maximum number of differences is implemented by
first determining the medians of the three components.

3. By selecting the interval with the maximum number
of component differences among all intervals of width
256 — b by sequentially searching them (here b is the
number of values that are not included in the interval from
the entire range of possible values). In the following, the-
se intervals are called “selected”. For example, to deter-
mine the centre of an interval with a maximum number of
differences with a range of 241 values (b= 15) from an
array of frequencies of differences, we used the following
C++ function:

UBYTE1 middleMaxSumFreq(UBYTE4* masFreq)
{UBYTE4 maxSumFreq = 0, sumFreq;
UBYTE1 middle = 0; shorti, j;
for (i = 0; i <= 255; i++) // possible midpoints
{/l counting of the sum of frequencies
/I of the current interval
sumFreq = 0;
for (j=i—120;j<=i+ 120; j++)
sumFreq += masFreq[(UBYTEL)j];
if (sumFreq > maxSumFreq)
{maxSumFreq = sumFreq;
middle =i; }}
return middle; }

The execution of this function can be accelerated if],
instead of a nested loop, when moving from the previous
to the next interval, you remove the frequency of the pre-
vious interval on the left, which is no longer included in
the next interval, and add the frequency of the next inter-
val on the right, which has just entered it, but this will
reduce its visibility.

4 EXPERIMENTS

We tested the effectiveness of the proposed lists of
difference colour models with component difference off-
sets (5) and (7) with the three methods of determining the
centre of intervals with the maximum number of differ-
ences for their cantering by compressing images of the
well-known ACT test set [17], modifying the en-
coder/decoder codes [6] of the PNG format [13] in the
C++ programming language. Reduced copies of the im-
ages of this set are shown in Figure 3. This particular test
set was chosen due to the availability in open sources of
the results of testing algorithms by other researchers and
the diversity of its images: no. 1, 2 and 7 are artificial, but
the first of them is continuous-tone, and the second and
third are discrete-tone, all other images are photorealistic
with different sizes and numbers of objects. We con-
ducted the testing on a computer with an Intel Pentium 4
processor with a clock speed of 3 GHz and 4Gb RAM.
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5 RESULTS
First, let’s compare the effect on the CR of the ACT
set images in the modified PNG format (Table 1) of
individual colour models from the 16 main alternative
ones (7) with difference offsets of 128 (the middle of the
range of possible values (8), the first method of determin-

by individual colour models. In particular, different col-
our models do not significantly affect the synthesised
images or worsen their compression relative to the RGB
model. Therefore, for each image, you need to choose
the difference colour model that reduces CR (6) as
much as possible or revert to the RGB model if there

is no reduction.

ing the centre of the interval). From the data in this table,
we can see that different images are affected differently

7. Serrano bmp

Figure 3 —Image of the ACT kit

Table 1 — Compression ratios of ACT set images in modified PNG format after applying individual
difference colour models from 16 main alternative ones (7) with difference offsets by 128 (8), bpb

Colour model 1 2 3 t:le no.s 3 7 3 Average CS
0.R,G,B 1.68[0.5394.82|4.16[4.31[5.26]0.56 | 4.60 3.24
1. R, R-G+128, R-B+128 1.69]0.557[4.82|3.56(3.86[4.32|0.57|4.05 2.93
2.R,LR-G+128,B-G+128 | 1.71 | 0.557|4.63 | 3.55|4.15[4.23]0.57 | 3.88 291
3.R, G-B+ 128, R—B+128 | 1.72]0.557|4.84|3.55|3.86[4.37|0.57|3.99 2.93
4. G-R+128,G,G-B+128[1.75/0.557]|4.75[3.56 | 3.82 [ 4.20 | 0.56 | 3.99 2.90
5.6-R+128,G,B—R+128 | 1.74]|0.559 |4.93 |3.57|3.87[4.30|0.57 | 4.16 2.96
6.R-B+128,G,G-B+128 | 1.77]0.559|4.96|3.57|3.88[4.35|0.56 | 4.10 2.97
7.B—R+128,G-R+128,B [1.72]0.557[4.98|3.61|3.89[4.30|0.56 | 4.20 2.98
8.R-G+128,B-G+128,B[1.73|0.554|4.81[3.59|3.84[4.21|0.56|4.03 2.92
9.B—R+128;,B-G+128,B [1.75/0.554]|4.99[3.60|3.90[4.35]0.56 | 4.14 2.98
10.R,G,G-B+ 128 1.71]0.546 [4.70 | 3.89 [4.07 [ 5.00 | 0.57 | 4.24 3.09
11.R,G,R-B + 128 1.70]0.548 [ 4.88|3.89[4.12|5.06|0.57|4.39 3.14
12.R,R-G+128,B 1.67|0.548 [4.75[3.9314.09|4.97]0.574.34 3.11
13.R,B-G +128,B 1.69]0.546 [ 4.763.924.09[5.010.57|4.28 3.11
14.G-R+128,G,B 1.71]0.548 [4.87|3.944.10[4.95]0.56 | 4.43 3.14
15.B—-R+128,G,B 1.73]10.548 5.06|3.934.15]5.05]0.56 | 4.52 3.19

128,G,G-B+ 128and R, R-G + 128, B - G + 128.
The colour model R — G + 128, B — G + 128, B is slightly
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The best results for compression of the ACT image set
are, on average, provided by the colour models G — R +
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worse. An analogue of the first of these models without
difference offsets is used in the WinRAR archiver [12] to
compress RGB images. On average, these colour models
in the ACT set improve compression relative to the RGB
model by 0.32-0.34 bpb for photorealistic images. Each
of these three models has a different carrier component,
so we recommend using them by default in graphic for-
mats as the main alternative to the RGB model when, due
to strict restrictions on encoding time or encoder size, it is
impossible to select a differential colour model from the
lists of alternatives (5) or (7).

Differential colour models reduce the brightness dif-
ferences in the difference components (see, for example,
Figure 4 in comparison with Figure 3) and therefore in-
crease the efficiency of the predictors (4) and, as a result,
reduce the length of the entropy code of the sequence (2).

S <8

. w4l

Figure 4 — Image Lena.bmp in a differential colour model
R R-G+128,B-G+128

Now let’s analyse the effect on the sequential com-
pression performance of the ACT set images in the modi-
fied PNG format (Table 2 — Table 4) of the differential
colour models selected according to (6) from the list of
alternative (5) with shifts of component differences by the
inverse of their median differences (9) (the second way to
determine the centre of the interval). In these experiments,
we returned to the RGB colour model when the predictors
were not applied to at least 75% of the image lines. This
is typical for cumbersome discrete-tone images.

As shown in these tables, as a result of applying dif-
ference colour models with integer coefficients and with
differences in the medians of the components, the CR of
photorealistic images of the ACT set decreased from 0.2
bpb to 1.06 bpb. On average, the set CR decreased by
0.39 bpb (first and second rows of Table 2), which corre-
lates with the effect of these models on CR in the process
of progressive hierarchical traversal [10; 11] with almost
the same average decoding time (Table 4). That is, the
reduction in image CR due to the use of difference
colour models depends not so much on the pixel tra-
versal method as on the type of image and the bright-
ness differences of its components. At the same time,
the contribution of shifts of component differences to the
middle of the range of possible values (just adding 128) to
the CR reduction is only 0.01 bpb on average (third and
fourth rows of Table 2). The contribution of taking into
account the differences in the medians of the components
(9) to the reduction in CR is also 0.01 bpb on average
(second and fourth rows of Table 2). In other words, un-
der strict coding time constraints, it is sufficient to shift
the component brightness differences by 128, as in the
YCbCr colour model (3), without considering the compo-
nent medians or other centring options.

Table 2 — Compression ratios of ACT set images in the modified PNG format after applying
difference colour models with different variants of using differences of medians of components (9), bpb

Colour model ] 2 3 file 4numt5>er c T 718 Average CS
RGB 1.68|0.539(4.82(4.16|4.31|5.26|0.56|4.60 3.24
Difference of 49 alternatives with differences in component medians 1.67[0.541/4.62|3.55|3.81(4.20/0.56|3.89 2.85
Difference from 49 alternatives without difference shifts 1.67]0.539|4.70(3.55|3.82]4.22]0.56(3.89 2.87
Difference of 49 alternative medians without differences with difference shifts of 128|1.67[0.539(4.63|3.55|3.81]|4.20/0.56|3.88 2.86

Table 3 — Time for encoding ACT image files into a modified PNG format using
difference colour models with differences in component medians (9), s

File number .
Colour model TT2T3 145 617713 Average time
RGB 5.42|7.17|2.19|4.53(2.70{3.31{3.06|3.80 4.02
Difference from 49 alternatives |5.69(7.69(2.24(4.99|2.98|4.08|3.22|4.44 4.42

Table 4 — Decoding time of ACT set image files from the modified PNG format encoded using

difference colour models with differences in component medians (9), s
file number :
Colour model TT2T3 1415161713 Average time
RGB 0.58]0.84|0.38]0.41|0.33]0.56|0.22|0.50 0.48
Difference from 49 alternatives [0.56]0.80{0.38]0.48]0.30{0.52{0.34/0.49 0.48
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In these experiments, we determined the difference
colour models for each image based on the results of ap-
plying (6) and the linear predictor LeftPredict [14], for
which, for example, L(A(R - G)) = L(A(G)— A(R)), which
allowed us to take into account the results of applying this
predictor only for individual components without the need
to calculate the frequencies of its use to the differences of
the components and without taking into account the off-
set. Such simplifications reduce the encoding slowdown
by up to 10 % on average due to the need to select the
variant of the difference colour model (Table 3).

Let us also analyse the effect of difference colour
models with the centre of selected intervals of component
differences (the third method of determining the centre of
the interval) on the performance of sequential compres-
sion of ACT images in the modified PNG format (Ta-
ble 5). The encoding and decoding times of images with
these models are similar to those shown in Table 3 — Ta-

ble 4. Comparing the data of the first rows of Table 1 and
Table 5, we can see that as a result of applying difference
colour models with the centre of selected intervals of
component differences, the CR of these images decreased
by 0.39 bpb on average, as well as for difference colour
models with component medians, although for two im-
ages (No. 2 and No. 8) this compression rate was im-
proved. The analysis of symmetric colour models to the
best of the 16 main alternatives did not affect the CR of
the images in this case.

The choice of a difference colour model from 16 al-
ternatives provides on average 0.05 bpb less CR than the
best of the static models G — R + 128, G, G - B + 128
(Table 1), so if the encoding time constraints are not the
most severe, it is advisable to choose a colour model from
the list (7) according to formula (6) with the selected
component difference intervals centred.

Table 5 — Compression ratios of ACT set images in the modified PNG format after applying different variants of forming difference
colour models with the centre of selected intervals of component differences, bpb

Colour model with centring of selected intervals of component differences

file number
1 2 314 |5|61|7]|8

Average CS

Difference from 19 or 16 main alternatives (7)

1.67]0.539/4.62|3.55|3.81]4.20/0.56|3.87 2.85

6 DISCUSSION

In addition to studying the effectiveness of applying
difference colour models with component difference off-
sets, we are also studying the feasibility of using different
difference colour models for individual image fragments.
To date, we have investigated the possibility of using two
types of fragments to solve this problem:

1. Application of differential colour models with in-
teger coefficients to individual MCUs (Minimum Cod-
ing Unit, blocks of 8 x 8 pixels, which are used, among
other things, in JPEG format [1]) with the possibility of
switching to a single differential colour model for the
entire image. The use of such fragments additionally
reduces CR by an average of only 0.02 bpb, but at the
same time slows down encoding by 2.88 times and decod-
ing by 3.39% and therefore is not recommended for use in
graphic formats. It should be noted that the same lumi-
nance differences in different colour models of different
MCUs can cause unequal results of the predictors’ appli-
cation and therefore lead to scattering of element values
after their application, and, as a result, to an increase in
entropy. In addition, when applying difference colour
models to individual MCUs, you also need to store the
numbers of the selected models for each MCU. Therefore,
for the next individual image, both a single difference
colour model and a set of different colour models for in-
dividual MCUs may be more effective.

2. Splitting images into rectangular fragments of
non-overlapping pixels covering the entire image, with
the definition of different difference colour models for
two adjacent rectangles at each splitting. The use of
such fragments, for example, for the ACT set, reduced CR
by an average of only 0.01 bpb, while slowing down the
encoding by 6.18 times. Therefore, just like for MCU, we
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do not recommend splitting images into rectangular pixel
fragments with different difference colour models with
integer coefficients in graphic formats. Differential colour
models should be applied to individual MCUs or rectan-
gular fragments in archivers to ensure maximum lossless
image compression.

Therefore, the issue of finding an effective image frag-
mentation for applying different difference colour models
to individual fragments remains open at this time.

CONCLUSIONS

1. It is possible to reduce the CR of images in three-
component colour models not only by decreasing the data
of individual components, but also by intercomponent
decreasing by switching to difference colour models. It is
advisable to perform intercomponent decoration in such a
way as to enhance the image properties used by preproc-
essing algorithms and direct compression of the selected
graphic format, for example, to minimise the predicted
length of the entropy code (2). To evaluate the effective-
ness of preprocessing algorithms during compression, it is
advisable to calculate this length only for pixels that
should be processed by a context-independent algorithm.

2. For lossless image compression in graphic formats,
it is advisable to use difference colour models with inte-
ger coefficients with difference offsets, as they provide
fast decoding, although their determination slows down
encoding. In order to maximise the reduction of CS due to
the application of the selected colour model, the mid-
points of the difference intervals of the basic components
R, G, B should be shifted to the middle of the range of
possible values (for example, in colour models with a
sampling resolution of § bits — up to 128).
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3. The application of difference colour models with in-
teger coefficients to whole images in the process of loss-
less sequential compression, for example, can reduce the
CR of photorealistic images of the ACT set from 0.19 bpb
to 1.06 bpb. Shifting the differences to the differences of
the medians of individual components or centring the
selected intervals of component differences can further
reduce the CR by an average of 0.01-0.02 bpb. Thus,
difference colour models with integer coefficients and
difference offsets can significantly improve the compres-
sion efficiency of lossless three-component photorealistic
images in formats that use predictors, and therefore can be
implemented in the next versions of these formats at the
standard level.

4. To ensure faster encoding, a difference colour
model with integer coefficients for an entire image should
be selected from a maximum of 19 alternatives (16 basic
alternatives from the list (7) and additionally a maximum
of three with symmetric differences to the one selected
from the basic alternatives), rather than from all possible
49 models (5).

5. In graphic formats, when for photorealistic images,
due to strict encoding time or encoder size limitations, it
is impossible to select a difference colour model from 19
alternative ones, we recommend selecting a difference
colour model among three: G — R + 128, G, G — B + 128;
RLR-G+128,B-G+ 128, orR-G +128,B-G +
128, B, as they provide on average better CRs than other
alternative difference colour models. When this choice is
not possible, we recommend using the G — R + 128, G, G
— B + 128 colour model by default. For synthesised im-
ages, it is usually not advisable to switch to difference
colour models with integer coefficients.

In the future, we plan to officially propose to the de-
velopers of the PNG format to introduce difference colour
models with difference offsets in the next versions of this
format.
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AHOTAIIA

AxTyanbHicTs. Ha cporomsi Juist miBuIneHHs] e()eKTUBHOCTI CTUCHEHHS 300pakeHb Oe3 BTpaT B rpadiunux gopmarax Ta apxi-
BaTOpax BUKOPUCTOBYIOTHCS CTATHYHI Pi3HULECBI KOJIpHI MoJemi 3 uinuMu Koedinientamu. L{i Moneni mokpauiyoTs CTUCHEHHS, ale
HE BPaxOBYIOTh PiBHI MEPEeXpecHO] KOpessii MiXK pi3HUMH MapaMy KOMIIOHEHTIB KOJBOPIB MIiKCENiB KOXKHOTO 300paxeHHs. Tomy
po3poOka MeToniB A GOpPMyBaHHS Ta BUKOPUCTAHHS PI3HUIEBUX KONIPHUX MOJENEH Al OKpeMHX 300pa)KeHb 3 METOI0 IMOKpa-
LICHHS 1X KOMIpecii MIIIX0M Mi>KKOMITOHEHTHOI AEKOPEIIALil € Ha el 4ac akTyalbHUM HayKOBHM 3aBIAaHHIM.

MeTta podoTu — po3poOKa METOIB Ta AITOPUTMIB IIEPEXO/y [0 PI3HUIEBUX KOJIPHUX Mopeneil 3 miaumMu KoedirieHTaMH 1 3Mi-
IIEHHSMH PI3HHIb AT 3MEHIICHHS Koe(ilieHTiB cTHCHEHHs B Tporieci kommpecii RGB-300paxens 6e3 BTpaT y cydacHHX rpadid-
Hux opmaTtax, 30kpema y popmari PNG.

MerTona. 3anexHo BiJ 0OMexeHi Ha 4yac KOAyBaHHS, B poOOTI 3alIpOIIOHOBAaHO BUKOpUCTOBYBATH 4, 16, 19 un 49 anpTepHaTHBHHX
PI3HHIEBUX KOJIPHUX MOZEINEHl 31 3MiLlIEHHSAMH Pi3HULB AJIsi BUOOpY HalleeKTHBHIIIOI MOAENI st KOXKHOTo 300pakenHs. [Iporuo-
3yBaHHs e()eKTUBHOCTI CTUCHEHHSI BHACIIIOK 3aCTOCYBaHHS YepProBOi albTEPHATHBHOI Pi3HUIIEBOI KOJIPHOT MOJIei BHKOHY€ETHCS 32
JOTIOMOTOI0 €HTPOMIi. 3MIIIeHHs Pi3HULE B KOMIPHUX MOJENISIX BUKOHYETHCS TaK, 00 LEHTP IHTEPBAILYy 3 MAKCHMAIBHOIO KiJIBKICTIO
OUX PI3HULB 3MICTUBCS A0 CEpeIUHH [ialla30Hy MOMJIMBUX 3Ha4eHb. J(OCHiIKEHO e(pEeKTHBHICTH TPHOX CHOCOOIB BH3HAUCHHS
LEHTPY I[OTO iHTepBay: 0e3 BpaXyBaHHS BiXMICHb SICKPABOCTEH KOMIIOHCHTIB, 3 BUKOPUCTAHHSIM Pi3HUII MeJiaH KOMIIOHCHTIB Ta
IIIIXOM BU3HAYEHHS IEHTPY IHTEePBAILy 3 MAKCHMAJIBHOIO KUTBKICTIO PI3HUIE KOMITOHSHTIB MICIIS iX HOCIIIIOBHOTO HIepebopy.

Pe3yabTaTn. Harmni ekcriepuMeHTH moKas3aiiu, 10, HAPUKIIA]], 3aCTOCYBaHHS PI3HUIIEBUX KONIPHUX MOJIENEH 3 IIUTMMH Koedilli-
€HTaMH JI0 [ITNX 300paXkeHb B IPOIeci TOCIiJOBHOT KoMIIpecii 6e3 BTpat, 30kpema, B MoudikoBaHOMY Hamu TpadidHOMy (popmarti
PNG, nmae 3mMory 3MeHIIUTH KOe(DIIliEHTH CTUCHEHHs GoTopeanicTHuHuX 300paxkeHb Habopy ACT na 0.19-1.06 bpb. 3mimieHHs pi3-
HULb Ha Pi3HULI MeJliaH OKPEeMUX KOMIIOHEHTIB YU LIGHTPYBaHHs IHTEPBaiB Pi3HHUILb KOMIIOHEHTIB 3a0e31e4yI0Th J0JaTKOBE 3MCH-
LIeHHs KoediuienTta cTucHeHHs B cepenabomy Ha 0.01-0.02 bpb. Takum yrHOM, pi3HULIEBI KOMIpHI MOJENI 3 HUTUMHU KoedilieHTaMu
Ta 3MIOICHHSIMH Pi3HHULE Jal0Th 3MOTY CYTTEBO IMiABHIINTH €(EKTUBHICTD CTHCHEHHS TPUKOMIIOHEHTHUX (poTopeanicThaHuX 300pa-
XKeHb 0e3 BTpaT y opMaTax, [0 BUKOPUCTOBYIOTh MIPEIUKTOPH, 1 TOMY MOXKYTh OyTH BIIPOBaDKEHI B HACTYIIHI Bepcii nux ¢hopmariB
Ha piBHI CTaHAAPTIB.

BucnoBku. B rpadiunnx ¢opmarax Juist 3MeHIIEHHsS KOe(illieHTIB CTUCHEHHS 300paXkeHb 0e3 BTpaT KpiM JIeKOpelsimii JaHux
OKpPEMUX KOMITOHEHTIB JIOIIJIBHO BUKOHYBAaTH MIPKKOMIIOHEHTHY JEKOPEISLIiI0 IUIIXOM MEPeXoy 0 Pi3HULEBUX KONIPHUX MoJeseil
3 ITUMH KoeQillieHTaMu 31 3MIIICHHSAMHU Pi3HUIb, SIKi 3a0€3MEUYyIOTh INBUAKE ICKOAYBaHHS. 3 METOK MaKCHMIi3allil 3MCHIICHHS
KoedilieHTa CTHCHEHHsI BHACIIJOK 3aCTOCYBaHHsI 00paHOi KOJIIPHOT MOJIelTi CepeAnHH IHTEePBaliB Pi3HHUIb 0a30BUX KOMIIOHEHTIB R,
G, B cnig 3mingyBati 10 cepeanHH iana3oHy MOXJIMBHUX 3HaueHb. Komu st GpoTopeasicTHIHUX 300pakeHb Yepes )KOPCTKi ooMe-
JKeHHS Ha Yac KOAyBaHHA a00 Ha po3Mip Kojepa HEMOXKIIMBO BUKOHATH BUOIp pi3HUIIEBOI KOJipHOT Mozeni 3 49, 19 uu 16-tu anbre-
PpHATUBHEX, TO L€l BUOIp CITiZ] BUKOHYBaTH cepen Tppox moneneii: G —R + 128, G, G-B+ 128; R, R- G+ 128,B-G + 128, au R
-G+ 128, B -G + 128, B. /ln1 cunTe30BaHmX 300paKeHb IEPEXOANUTH A0 PI3HUIEBUX KOMIPHUX MOJENeH 3 IiuMu KoedilieHTaMu
HE JIOLiIBHO.

KJIFOUOBI CJIOBA: ctucHeHHs 300paxkeHb 0e3 BTpart, rpadiunuii popmar PNG, pizHuIeBi KonipHi Mozeni 3 ninumu koedi-
LiEHTaMH.
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