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ABSTRACT

The paper defines the conditions for the coefficients of a
linear color transformation that guarantee that after one
cycle of transformation and inverse transformation all
further cycles of transformation do not introduce rounding
errors to sample values. Moreover, the upper limits of the
rounding error can be calculated according to the formulas
given in the paper. The results are very important for
nearly lossless compression of color images. Color
transformations that decorrelate color components allow a
significant increase in compression ratio achieved by use
of standard lossles compression techniques applied
independently to the components. The results of the paper
prove that further cycles of compression and
decompression together with color transformations do not
increase the rounding errors. The experimental results for
the RGB — YCrCg transformation are also included.

1 INTRODUCTION

Lossless image compression is commonly used in medical
imaging as well as for storage and transmission of
astronomical and geodetic images. The basic standards for
lossless compression of continuous tone images are:

JPEG lossless mode (ISO/IEC IS 10918) [1,2],

JPEG-LS (ISO/IEC IS 14495) [3].

Moreover, it has been proven that for images with limited
graylevel range, application of binary image compression
standards for coding of bitplanes can be advantageous [6].
The basic binary image compression standard is JBIG
(ISO/IEC IS 11544) [4] defining more advanced
algorithm than commonly used facsimile
recommendations [5].

For the above mentioned techniques, the obtainable
compression ratio values are about 2 for natural images.
The recently introduced standard JPEG-LS outperforms
its predecessor JPEG lossless mode by 20% at most.

Recently, numerous new techniques for lossless
compression of grayscale and color images have been
developed (see, e.g. [7-11]). The most popular approach
comprises differential pulse code modulation with a great
variety of more or less sophisticated predictors and
variable codeword length encoders.

For its relatively high compression efficiency, the
technique know as CALIC (context-based adaptive
lossless/nearly lossless image coding) [12,13] is
considered as a reference technique for research results in
lossless image compression. A much simpler algorithm
known as LOCO-I (low-complexity context-based lossless
image compression) [14] has been standardized by ISO as
an already mentioned international standard commonly
known as JPEG-LS [3]. Employment of the LOCO-I
technique leads to slightly lower compression ratios but
the difference does not exceed 5% for most of the natural
scene and medical images. The consumption of processor
time is often even few times lower for the LOCO-I
algorithm as compared to the CALIC algorithm.

The principal drawback of lossless techniques is
related to modest compression ratios achieved. Recent
attempts to overcome this disadvantage did not lead to a
turn. Therefore nearly lossless coding has been proposed
to trade off between compression ratio and distortion
which have to be kept very small [e.g. 3,15,16,17]. Both
LOCO-1 and CALIC algorithms offer nearly lossless
modes of operation. By use of nearly lossless compression
methods achievable compression ratio is about 4 to 6
depending on he error limit imposed. A single encoding-
decoding cycle results in graceful degradations that are
not perceivable. Therefore users are unaware of encoding
and decoding an individual image for several times.
Nevertheless each encoding-decoding cycle implies new
degradations introduced into the image. For example,
application of the nearly lossless mode of the LOCO-I
algorithm, i.e. the JPEG-LS international standard results
often in a loss of 10 dB of the peak signal-to-noise ratio
after about 10 cycles of encoding and decoding. Such a
situation is absolutely not acceptable in numerous
applications where a specialist makes vital decisions by
considering images.

2 THE ROLE OF COLOR TRANSFORMATIONS
IN IMAGE COMPRESSION

The R, G and B components are highly correlated,
therefore their straightforward encoding is not efficient.
Decorrelation of components improves the results of
further compression. Theoretically optimal is the adaptive
Karhunen-Loéve transformation, which is rather



sophisticated in application. Employment of the
Karhunen-Loéve transformation matched to average
statistical properties of a whole image leads to results,
which are often even poorer than those obtained by usage
of YCrCg color coordinates [19]. Therefore rough
decorrelation of color components is mostly obtained by a
linear transformation to the YCRrCg color space, opponent
color space or another similar one. Unfortunately those
linear transformations are mostly represented by matrices
with noninteger elements. Therefore application of such
transformations prior to actual compression leads to some
rounding errors. The whole cycle color transformation —
compression — inverse color transformation is not exactly
lossless, i.e. is not exactly reversible.

3 COLOR TRANSFORMATION FOR INTEGER
COMPONENT VALUES

It is assumed that an image is represented by R, G and B
components. For the sake of brevity let us assume 8-bit
representation of component samples. Nevertheless the
considerations given below can be adopted for any
number of bits of pixel representations. A linear color
transformation and the  corresponding  inverse
transformation can be expressed as
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where mostly ¢, = ¢, = ¢z = 0. Nevertheless for the YCgCr
color space, there is D = Y, E= Cg, F = Cr and
c, = 16, ¢, = ¢z = 128 in order to match the dynamic
range defined by ITU-R [18].

In order to simplify the considerations and without
loss of generality, the equations can be simplified to
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The RGB samples are integers from the interval [0,255].
Then the RGB values are transformed to a DEF system
according to Equation 3. After further lossless encoding
and decoding, the D, E and F components have to be
converted back to the R, G and B components by use of
Eq. 4. The exact R, G and B component values obtained
according to Eq. 1 have to be rounded in order to obtain

integers D, E™andF"™  from the interval [0,255].
Therefore there is

D" =D +5,,
EY=E +5;, (5)
FU9=F +¢,

There is: 0<|p), [0k, [6¢|<0.5.

Then again the recovered R, G and B® samples obtained
from Eq. 2 have to be rounded to integers R, G™ and B™
from the interval [0,255]. Let us denote:

o3 =R™ -R ,
5. =G" -G , )
o3 =B™ -B

Therefore &, &, d, denote the differences between the
input R, G, B sample values and those RY, G, B® rounded
after decoding and inverse color transformation. The
values 3g, 3, Og are integer because R, G, B and RY, G°,
B are also integer.

Proposition 1:

Sample errors &, Js, & of the R,G and B components in
the first cycle of forward and backward transformations
are bounded |5;|<Lg,|0|< Lg., [0]< L

where
Lr =round[(|s;, [ +]si2 [ +18151)/2]
L =round[(| sy [ +]s2 [ +15231)/2] (6)

Lg =round[(| s | +[ S5 | +]533 )/ 2]

Proof:
Equation 4 yields

RI0 3, s, $30D+30

%;d E: %21 S22 323%E +0g E ()
%dg Bai S SuHF +0rH

Equation 4 defines a linear transformation, therefore
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Relation |5 ,|0; |,|0; | < 0.5 implies

‘Rd _R‘50-5EQ|511 |+|512 |+|513 D,
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The values of R, G, B are integer, therefore rounding of
R GY and B" to the nearest integer will result in values
R G", B" such that

85| =R = R|< round((|s;, | +1 512 | +115/2).
86| =[R™ ~G| < round(( 551 | #1522 1 #1525 /2),  (10)
8| =R ~ B| < round (155, | + 1552 1 +1 535 ) /2)..

Q.E.D.



The second cycle of encoding and decoding starts with the
component values R™, G™, B™.

Proposition 2:
The conditions:

(1t [+t [+t ) <1,
(It [+t [ +]tp5]) <1, (11)
(Itgr [+t [ +]tgs ) <1

yield the following property:

After the first cycle, all consecutive cycles of forward and

backward transformations do not influence the values R™,
G™, B™ obtained in the first cycle.

Proof:
Equation 3 defines a vector transformation corresponding
to the second cycle
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The integer components D™, E™, F' obtained in the

previous cycle can be transformed according to Equation

4:
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Therefore Equation 3 defines the inverse transformation:
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There is

RY=R"-Ag,

G"=G"-Ag, (15)

BY=B"-Ag.

where |Agl, |Ag) |Ag|<0.5.

Let us denote

Ap,=D®-p"™
Ag =E@-E"™, (16)
Ap =F@ —fr,

Equations (12), (15) and (16) yield the transformation
defined by equation 1.
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Therefore (14) implies
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Therefore
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Conditions (16) implies that the sample values D'?,
E®, F® are rounded to D™, E™, F™ which are

then transformed back to R™, G™ and B™ .
Q.ED.

The latter proposition tells us that further transformation
cycles do not introduce additional rounding errors. Thus
the errors after several cycles of compression and
decompression are the same as those after a single cycle.
A good example of a transformation which exhibits the
following properties is the transformation RGB — YCgCg.

4 EXPERIMENTAL RESULTS
A series of experiments with a set of histological images

has been done. Two of the test images are shown in Fig. 1
and 2.

Figure 1. Exemplary test image: desm/

Figure 2. Exemplary test image: sarco/

Average compression ratio values for two color spaces are
given in Table 1. Lossless compression in the YCgCr color
space leads to lower compression ratios and better quality
than obtained by use of the nearly-lossless mode (Table
2). The limits calculated (Table 3) fit into those set by
Proposition 1.



Table 1. Compression ratio for histological images

LOCO CALIC
RGB 2.37 2.46
YCsCn 3.58 3.64

Table 3. Error histograms (as percent) of RGB images
after one cycle of color transformations.

Pixel error | R G B

0 58.8 72.2 50.2
1 41.2 27.8 49.4
2 0 0 0.4

Table 2. LOCO-I: Comparison of the color transformation technique with nearly lossless mode

Test image Sarco/ Test image Desm/
Technique Kr Ormax PSNR[dB] Kr Ormax PSNR[dB]
G B R G B R G B R G B

Lossless with color| 3.03 1 2 |51.8|54.0|51.0|388| 1 1 2 | 52.054.0 | 50.9
transformation 1
Nearly lossless 3.10 1 1 |499 498|498 |4.71 1 1 1 |49.9 500|499

With Opax = 1

With 8pay = 2 | 4.01 2 2 | 45.1|45.1 | 451|647 | 2 2 2 | 456|455 | 454

With Oy = 3| 4.73 3 3 | 422|421 | 421 (809 | 3 3 3 429|428 | 427

5 CONCLUSIONS

The paper defines the conditions for the coefficients of a
linear color transformation that guarantee that after one
cycle of transformation and inverse transformation all
further cycles of transformation do not introduce rounding
errors to sample values. Moreover, the upper limits of the
rounding error can be calculated according to the formulas
given in the paper. The results are very important for
nearly lossless compression of color images.

The results of the paper prove that further cycles of
compression and decompression together with color
transformations do not increase the rounding errors if the
conditions of Proposition 2 are fulfilled. In the case of
nearly lossless techniques the errors increase in each cycle
of coding and decoding.
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