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Abstract This paper deals with the estimation of the theoretical and practical performance efficiency of a subband

coding system for still images using memoryless quantizers optimized to entropy -and mean-square error con-

straints. An approach with the concept of rate-distortion theory has allowed to derive a function in special form,

which gives the performance gain in terms of signal-to-noise ratio and redundancy reduction. The theoretical upper

bounds on entropy coded bit rate reduction were found to be 1. 10; 1. 51 and 2. 10 bits per pixel for M = 4, 7 and

16 subbands, respectively. Some simulation results concerning practical performance are presented and interpreted

on test images.

1 INTRODUCTION

Digital image compression is concerned with
minimization of the number of bits used to repre-
sent an image. The aim of compression is to mini-
mize the memory for storage or/and bandwidth for
transmission. One of the promising methods for
compression of digital imége data is subband cod-
ing (SBC). The concept of SBC was first intro-
duced in the context of speech coding in 1976.
Since then, SBC technique has received consider-
able attention as an important source coding tech-

nique. The basic idea of SBC is to split up the fre-
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quency band of the signal and to code each subband
separately using a coder and bit rate closely
matched to the statistics of that particular band.
As a result, aliasing will occur in the subbands and
special care has to be taken to reconstruct the sig-
nal in order not to let the reconstruction suffer
from aliasing error effects [1, 2]. Woods and
O’Neil extended the fundamental SBC to the en-
coding of monochrome images in which a fullband
image is split into 16 equally divided subbands by
means of a two-dimensional (2-D) separable
quadrature mirror filter (QMF) bank, each encod-
ed by separate differential pulse code modulation
(DPCM) encoder [3]. A bit allocation procedure
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is used to distribute the encoding bits among sub-
bands in order to minimize the overall reconstruc-
tion mean-squared error (MSE) .

In addition it was established in [ 3] that SBC
has good subjective error properties and is appro-
priate for progressive image transmission (PIT).
These encouraging results have led to a significant
amount of research activity on subband image cod-
ing. In another paper Gharavi and Tabatabai have
introduced a SBC scheme in which a QMF bank is
used to split an image into 7 unequally divided sub-
bands. The lowest frequency subband is encoded
by DPCM and the others by zero-memory quantiz-
ers. Extensions to colour image coding were also
considered in[4]. Results of incorporating vector
quantization (VQ) in an SBC scheme were present-
ed in [5,6]. In [7] the application of VQ to en-
code vectors consisting of samples from different
subbands is presented. The coding gain of VQ over
scalar quantization is computed analytically for the
asymptotic case of high bit rates in [5].

Tanabe and Farvaradin presented two en-
tropy-coded subband image coding schemes differ-
ing in the method of encoding the lowest frequency
subband.

scheme involving rate compatible convolutional

A combined source channel coding

codes is developed to overcome the sensitivity of
two approaches to transmission noise[ 8.

One of the main goal in the image subband
coding is to remove the vast amount of redundancy
which exists in the spatial domain as well as in
temporal direction[3]. Since most image coding
methods are statistical in nature, the distortion cri-
teria usually used are also statistical - the more
commonly used being a normalized mean-squared
error MSE or a signal-to-noise ratio (SNR) .

The goal of this paper is to investigate sub-

band coding technique in order to get an optimal .

coder performance in the sense of an upper bound
on redundancy reduction for digital image applica-
tions when DPCM coding of the subbands is used.
In keeping with this, subband coding strategy and
DPCM as a method to encode subbands will be pre-

sented taking into account bit allocation procedure.

In the second part, in order to obtain a theoretical
lower bound on the bit rate required to encode each
subband, a rate-distortion function R (D) will be
derived for the DPCM case under the assumption
of quantization optimized for Laplacian distributed
noise. The theoretical upper bound of entropy cod-
ed bit rate reduction will be compared to the non-
entropy DPCM coded case for a varying number of
subbands. Finally, some numerical results will be
presented. On the basis of some test images the
validity of the the theory will be demonstrated,

too.

2 SUBBAND CODING IMAGE
COMPRESSION STRATEGY

One of the major advantages of SBC is that
coding each subband separately can be done more
accurately than coding the entire image. The type
of coder for each subband must be determined by
the individual subband statistics, while the actual
bit rate for the coder is determined by the impor-
tance of that particular subband for the image at
hand. Since each subband has a reduced bandwidth
compared to the original fullband image, they may
be decimated. This process of filtering and decima-
tion is termed the analysis stage . Reconstruction
is achieved by interpolation the decoded subbands
applying appropriate filters and adding the recon-
structed subbands together. This is the synthesis
stage. The motivation for this approach is that the
subbands can be encoded more efficiently than the
original image.

The analysis and synthesis are usually accom-
plished by using a QMF bank because it is designed
to eliminate the aliasing effects of bandpass filter-
ing. Furthermore, 2-D QMFs can be separated into
a cascade of two I-D QMF s in each direction which
makes the actual implementation of the filters quite
easy [ 3,4]. The extension to splitting a multidi-
mensional signal into subbands has been made by
Vetterli, who also showed that the multidimen-
sional QMF filtering problem could be solved by
taking separable filters, thus reducing the problem
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again to one dimension [9]. By applying the QMF
bank, we can split the original fullband image into
four equally divided subbands referred to as “11” ,
“12” , “21”and “22” subbands. Here, the first
number refers to row filtering and the second one
pefers to column filtering. Also, “1” and “2” are
used to denote “low” and “high”frequencies, re-
spectively. Each of these subbands can be once
more split into four equally-divided subbands by
using the same QMF bank resulting in a total of 16
equally divided subbands. By parallel appllcation
of a low pass filter and a high pass filter, the input
signal spectrum is split into two overlapping sub-
bands decimated by 2 : 1. An important factor in
subband techniques is the relatively low complexity
of the filters needed to split the signal into useful
subbands .

When an image has been expressed in the
fewest possible bits per pixel (bpp), it is said to be
optimally encoded. In the image SBC advantage is
taken of the nonuniform distribution of energy in
the frequency domain to allocate the bits which
represent the subband images. The division into
frequency components removes the redundancy in
the input and has the advantage that the number of
bits used to encode each frequency band can be dif-
ferent, so that the encoding accuracy is always
maintained at the required frequency bands.

SBC gives some properties like the continuous
frequency analysis and reaches the limit of the rate
distortion theory. These attractive advantages mo-
tivated our investigation of SBC. The distortion al-
location problem is to minimize the encoder output

entropy subject to a constraint on the MSE.

3 A BOUND OF SIGNAL TO
QUANTIZING NOISE RATIO
FOR DPCM SYSTEMS

The general image data compression prob-
lemme is achieving apriori trade-off between an ac-
ceptable level of distortion for a given bit rate.
This trade-off is governed by the rate-distortion

function. In the rate-distortion approach, the max-

imum allowable average distortion is constrained,
while the required bit rate is minimized. On the
other hand, in the distortion-rate approach, the
rate is constrained and the resulting average distor-
tion is minimized. It means that if the source is
stationary, there exists a monotonically non-in-
creasing distortion-rate function which provides a
lower bound on the average distortion for a given
rate, and hence an upper bound on the perfor-
mance of practical image coders [10, 11] .

Assume that an image signal x arising from
the source is expressed by sample values. The re-
striction is that the MSE per signal sample should
not exceed D. When z = (x5 z35...2.) 15 a L-
dimensiona} random variable and has a sufficiently
smooth density function p(x), the rate-distortion
function R(D) is given by [12]

L 1 L
R(D) = Flog, 75 + h(x) — Flog,2me (1)

where A (z) is the differential entropy of x.
The behaviour of R(D) in L-dimensional space is
determined in the first place by the dimension of
the space, whereas the differential entropy A (x)
occurs only in the second term of the expression
for R(D) .

When z is an one-dimensional random variable
having the variance ¢’ and the Laplacian distribu-
tion, putting h(z) = 1/2 log,(2e”) in the equ a-
tion (1), wehave

L

2
R(D) = %logz % - %logz I @)

Consider a DPCM system with entropy coding
marked as EC-DPCM. A block diagram of the EC-
DPCM encoder is shown in Fig. 1. The terms of
the sequence of quantizing levels transmitted are
statistically independent, but they are not equally
likely. Entropy coding is a variable-length coding
procedure. When the symbols to be transmitted
are independent, it is possible to generate codes so
that the average word length of these codes is ap-
proximately equal to the entropy of the symbols.
To realize efficient coding when using entropy cod-
ing, it is necessary to keep the quantizing error

fixed and obtain the quantization characteristics
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Fig.1 DPCM system with entropy coding (EC-DPCM)
that will minimize the entropy. Panter and Dite tion (5) in equation (6), we obtain
have shown that minimum mean-square quantizing C = f.log, % %fi N
q

noise o2 is given by [13]

=L e . ®

where N is the total number of quantizing lev-
els, the range of quantizer is(-v,v), while p(z) is
an even function representing the Laplacian proba-
bility density function (pdf) of the input to the
quantizer. Namely, for an input image,the ampli-
tude density function of the quantizer input is ap-
proximately [14]

1

2o,

where o, is the r. m. s, value of the quantizer

p(x) =

exp

ﬁm) @

€

input. As v in equation (3) becomes large, and
solving the integral, we obtain an approximation
for the mean-square value of the quantizing noise

to be

ol = ZIvzaf (5)

For the DPCM system the quantizer is de-
signed to minimize o?/0? for a fixed number of
quantizing levels N. On the other side, for EC-
DPCM system a quantizer is designed to minimize
o%/0? when the entropy of the quantizer output is
fixed. For both DPCM systems, this results in
minimizing ¢2/0? and therefore maximizing the sig-
nal-to-noise ratio (SNR) for a fixed bit rate in the
channel.

The bit rate C used to transmit the quantizing
levels through a channel for the DPCM system
without entropy coding is

C = 2f,log,N (6)

where 2f, is the sampling rate. Using equa-

For the EC-DPCM system, the bit rate in the
channel is equal to the sampling ratemultiplied by
the first-order entropy of the quantizer output H,
i.e

C,=2f.H

Since the components of the quantizer output
sequence are independent of each other and uncor-
related, the entropy of the quantizer output is

Hz~=H, — H,
where H, and H, are the entropies of the
quantizer input and quantizing noise sequence, re-
spectively. Since the quantizing noise has a uni-

form pdf, it will be
a/2
a,=-
~/2
Thus, when the number of quantizing levels

1/Alog,(1/8)dx = log,A

gets large,
H =~ H, — log,A (8)
where A represents the uniform quantizer’s
step size. For the uniform quantizer,as the number
of levels N gets large, the quantizing noise be-
comes uncorrelatedwith the signal. The mean-
square quantizing error is related to

RS P

¢ 12
For Laplacian quantizer input signals, using e-

quation (4), we obtain
H,=— Jp(x)logzp(x)dx

=log,(~/ 2 ed,) €D
The first-order entropy of the quantizer out-

put is
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4
H = Liog, &% 10
- 2 ng 6 eg
while the bit rate is
e? a?
C, :fml()gz‘s‘e_g an

We set equation (11) equal to equation (7)

giving
9o _ea
2 af 6 €
i.e.
€ 2 0. 2702 (12)

since o? is the same for DPCM systems with
and without entropy coding. Equation (12) gives
the relationship between the quantizing noise pow-
ers, when the two systems operate at the same bit

rate

When the bit rate is large, a quantizing sys-

tem using entropy coding achieves a signal-to-

quantizing noise ratio SQNR of 10 logm%-zz=5. 6 dB

greater than a system without entropy coding.

If we assume a minimal bit rate in R(D) sense
of the coded quantizer output, the bit rate in the
channel is equal to the sampling rate multiplied by
the R(D) of the quantizer output

C,=2f.R(D) a3

Using equation (2) and putting 6=ga,, it will

be

e of
2
T €

Cz = fmlogz (14)

because using uniform quantization gives &= D,

where €Z is the mean-squarequantizing error. To
compare the quantizing noise of the system in

which we assume the minimum bit rate in R (D)

sense of the quantizer output and the system with-
out entropy coding, we set equation (14) equal to

equation (7) giving

9 ol e ol
2 ot T el
or
€2 =< 0. 1902 (15)

Since ¢% is the same for both systems equation
(15) gives the relationship between the quantizing
noise powers when two systems operate on the
same bit

¢ _ome
e 2e of

when the bit rate is large, a quantizing system

using the minimum bit rate in R(D) sense can give

a SQNR of 10 logwg—:=7. 2 dB greater than a sys-

tem without entropy coding [12] .

4 BIT ALLOCATION IN A SUB-
BAND SYSTEM

Our use of DPCM as a method to encode the
subbands is motivated by increased efficiency of a
predictive encoder for a nonwhite power spectral
density. The advantage of such a coding scheme is
that the quantization noise generated in a particular
band is limited largely to that band in reconstruc-
tion and is not allowed to spread to other bands.
The overall subband coding system with DPCM is
shown in Fig. 2. On the other hand, from Fig. 1
we can see that for DPCM, the reconstruction
MSE is equal to the quantizer MSE, i.e

E [ (3:Gm)-3,(m))*]
=E [ (e,(m)-qi(m))]* = o,

where 6%, represents the variance of the recon-

(m) CHANNELS y. (m)
Vs DPCM|—— ————)-‘BEEgDE —~1———>
SUBBAND y (m) . o v (m) INTERPOLATION|
x(m) FILTERING 2 R REE 2 AND x(m)
AND — DPCM > > | DECODE | ——— SUBBAND b
DECIMATION yk(m) — ;k(m) FILTERING
——— | DPCM 3 > | BECODE | ————>

Fig. 2 Subband coding system with DPCM
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struction error
ri(m) = y,(m) — y,(m)
Consider now the case of M subbands of equal
bandwith. If we assign B, bits to subband £, we

have the following average bit rate per subband
_ 13
B=y Z; B, 16)
The overall MSE incurred in a subband coding
scheme with M subbands is given by

M
D = > Du«(By

=1
in which D,(B,) is used to denote the distor-

tion rate performance of the encoder operating in
the k-th subband at B, bits per sample. We have
assumed that all subbands have the same number
of image-sample or picture element-pixels. If this
is not the case,the B’ s should be multiplied by ap-
propriate weighting coefficients to account for the
variability in the number of pixels per subband.
Denoting by g(B,) a slowly varying function of the
number of bits assigned to subband % as well as the
prediction error variance by ¢%;, we have for the-
variance of the reconstruction error to be [15]
Dy(By) = o, = g(By)a} 127 % a7
A bit allocation procedure is used to distribute
the encoding bits among subbands in order to mini-
mize the overall reconstruction MSE. The bit allo-
cation between bands assumes that for a given av-
erage rate, the MSE between the source image and
reconstructed one is minimized. For a given band
spectrum, we achieve this goal by minimizing the
accumulated distortion of all the bands. The value
g(B,) in equation (17) equals 4.5 and is valid for
the Laplacian pdf of the quantizer input. On the
other side, the sum of the error variances of the M

subbands is

M M
Doty = D g(Ba 27 18)
k=1 k=1

In what follows, we should minimize (18)
subject to the constraint of (16). This solution can
be obtained by using Lagrange multipliers. The
MSE optimal bit assignment is [16]

. 2
B,=B+ %-logz[a ],1<k<M (19)

bk
)
dg”'

where

M
/M
2 2
Ogm = ( Hank)

k=1
The minimum overall MSE is obtained to be

[15]
ol = Ma?, €227 20
where € is a constant quantizer performance
factor. The result given by equation (19) assumes
an approximate relationship between the MSE and
the bit rate of each of the predictive quantizers,

while B,' s must be nonnegative and integer.

5 A BOUND OF REDUNDANCY
REDUCTION FOR SBC SYS-
TEM WITH DPCM

In order to achieve image compression as high
as possible, we will use EC-DPCM for encoding
subbands . Firstly , we take into account the first-
order entropy of the quantizer output from the e-
quation (10) and the allocated bit rat e from (19).
It will be

2
» '%logz %2 (—:? =B+ %logz %

Thus, the average bit rate in the EC-DPCM

system becomes
B=Ltiog, & % D
remembering o2=d3 ;.

On the other hand, the minimum overall MSE
obtained from equation (20) equals the mean-
square value of the quantizing noise, i.e

ol = Mo?, 278 @22
To satisfy our demand for high compression, we
have from equations (21) and (22)

1€
219825 e = O
i.e
o> _ 6M o*
E—g o (23)

It can be concluded that using EC-DPCM to
encode the subbands, we can achieve SQNR of
IOIOgIO%l [dB] greater than using PCM fullband

method. The corresponding redundancy reduction

in bits per pixel (sample of the image) is
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The Fig. 3, curve b) represents SQNR gain versus
number of subbands M in EC-DPCM over fullband
PCM coding.

16. 00
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Fig. 3 Signal to quantizing noise ratio (SQNR) gain
versus the number of subbands M in
SBC EC-DPCM coding over fullband DPCM coding :

A— Upper bound in rate-distortion theory R (D)
sense (curve a),

[J— Theoretical result in SBC EC-DPCM coding, as-
suming the Laplacian distribution of subbands
and ideal entropy coding of the independent indi-
vidual pixels in subbands (curve b),

<— Simulation results in SBC EC-DPCM coding of
test image LENA (curve c).

To obtain an upper bound on redundancy re-
duction, we have to assume theminimum bit rate in
R(D) sense of the quantizer output for each sub-
band. Thus, we can write for the MSE optimal bit

assignment using equations (2) and (19) that

1y, €%, _ 1 [fffm
Flos: ¢ 52 = B+ ylog, aim]

B = 110g~—i" 7Y

because o2=0d% ;.
Our redundancy reduction optimization prob-
lem includes the condition
1 e ol
=log, — 375 =0
2 8t M
Thus, we have
o  Mmn o?
2= = (25)
€ e o
It can be seen that for the DPCM system as-
suming the minimum bit rate in R(D)sense of the

quantizer output for each subband, we obtain a

SQNR of 10 logm%r[dB] greater than a system

without entropy coding. This gain is an upper
bound on SQNR for subband entropy coding. The
corresponding upper bound on redundancy reduc-

tion in bits per pixel becomes

_ 1 M=
R=~ Ozlologm - Lbrp]

The Fig. 3, curve a) shows the upper bound
on SQNR gain versus number of subbands M. The
complete numerical values of the gain in SQNR,
redundancy reduction, the upper bound on SQNR
gain as well as the corresponding redundancy re-
duction are easily carried out for 2, 4, 7, 8 and 16
subbands and included in Tab. 1.

As it can be seen, for a given number of sub-

bands 2, 4, 7, 8 and 16, SQNR gain using EC-

Table. 1 Theoretical signal to quatizing noise ratio (SQNR) gain, redundancy

reduction and their upper bounds in EC-DPCM subband image coding

NUMBER OF SQNR GAIN REDUNDANCY UPPER BOUND Ogi’gbﬁ%‘fﬁ&
SUBBANDS REDUCTION ON SQNR GAIN
[dB] REDUCTION

M {bpp] [dB] Tbpp)

2 2.11 0.35 3. 64 0. 60

4 5.12 0.85 6. 65 1.10

7 7.52 1.25 9. 09 1.51

8 8.13 1.35 9. 66 1. 60

16 11.14 1.85 12. 67 2.10
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DPCN to encode subbands increases from 2. 11 dB
to 11. 14 dB over DPCM system. The correspond-
ing bit rate savings are from 0. 35 to 1. 85 bits per
pixel. On the other hand, assuming the minimum
bit rate in R(D) sense of the quantizer output for
each subband, we can achieve SQNR from 3. 64 dB
to 12. 67 dB greater than in a DPCM system. This
is an upper bound on SQNR gain. The correspond-
ing upper bound on redundancy reduction is from

0. 60 bits per pixel to 2. 10 bits per pixel.

6 SIMULATION RESULTS

In order to verify our theoretical results, as
well as to demonstrate practicalperformances con-
cerning subband coding system with EC-DPCM,
some computer simulations are carried out .

In our experiment the monochrome test image
“Lena” with 256 gray scale levels and the resolu-
tion 256 X 256 pixels, shown in Fig. 4 (a), was
used. For this case, the first order entropy can be

calculated as
255

H = — ;Pk log,pr  [bpp] (26)
=0
where p; is the probability of a k-th gray scale level
in an image.

Our major constraints are: memoryless uni-
form quantizer in DPCM loop optimized to en-
tropy, and nonuniform optimal quantizer. The
nonuniform quantizer has equal frequency of oc-
curence for each quantized value in the quantized
digital image [15] . 4

An ideal entropy coder has been assumed.
The independent coding of each pixel has been
done, by an ideal entropy coder, which had the bit
rate equal to the first order entropy of an image.
One can expect a slight performance degradation
when applying realizable entropy coders (Huff-
man, arithmetic, LZW) .

The first group of results includes the fullband
coding (FBC) of the image which will be compared
to the SBC. We designed two types of quantizers in
DPCM loop: a) the optimal quantizers (OQ) sub-
ject to the MSE constraint, and b) the uniform

(b)Subband images (M=4) of test image Lena
Fig. 4

quantizers (UQ), followed by an entropy coder.
Our experiment was carried outunder the condition
that the number of levels of an OQ is the closest
number to the first order entropy of the image at
the uniform quantizer output. Let UQ(N)and OQ
(N) represent an uniform and an optimal quantizer
with N = 2" levels, respectively. The first order
entropies in the case of UQ(8) and UQ(4) are cal-
culatted to be 4. 41 and 2. 07 bpp, respectively.
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That is the reason why we have chosen OQ (5),
0Q(4) and OQ(2).
In order to find the redundancy reduction R
for FBC, the mean-square values of the quantizing
, noise of are calculated for the optimal quantizers
and are given in Tab. 2. The calculation is carried
out as the example for OQ (5). Taking into ac-
count the equation (5), we obtain ¢?= 161. For
Laplacian quantizer input signals, using the equa-
tion (9) H;= 5. 60 bpp, while the uniform quan-
tizer stepsize is A = (28X 2) / 2°=16. Thus, from
the equation (8), the corresponding output en-
tropy will be H = 5.60 - 4 = 1. 60 bpp, while the
redundancy reduction R becomes R = log,n - H =
2.32 - 1. 60 = 0. 72 bpp. The corresponding
SQNR gain is 6. 02 X 0. 72 =4. 33 dB. On the
other hand, the theoretical redundancy reduction
bound equals SQNR gain / 6.02 = 5.6 / 6.02 =
0. 93 bpp.

Table. 2 Simulation results for fullband

EC-DPCM coding of test image lena

QUANTIZER o o SQN[RdI;AIN RIEEI%;IEET?S%Y
0Q(5) 29 161 4.33 0.72
0Q(4) 104 370 4.82 0. 80
0Q(2) 1730 1538 4.65 0.77

The second group of experiments introduces
the 2-D SBC of the test image. The splitting
scheme was used with the QMF filters with 16
taps, depicted as 16A[15]. The QMF bank was
carried out in the separable, parallel structure with
one stage. The filtering was performed in the Dis-
crete Fourier Transform (DFT)frequency domain.
For M = 4 subbands, we have the first-order en-
tropies Hy, Hy,» H, and H,, of the subbands
“11”,“12”,%21”,and“22”respectively. The subim-
ages for M = 4 are shown in Fig. 4b. They are
measured to be 4. 50; 2.55; 3. 36 and 3. 09 bpp in
those subbands. The summary of the redundancy
reduction results for SBC with M = 4 and M = 7
subbands are given in Tab. 3. a, b. respectively.
The similar calculation. as previously stated for
FBC. is carried out for the redundancy reduction in
each subband. Taking into account the obtained
values. R for SBC can be calculated by averaging
the redundancy reduction of all subbands. Hence.
it becomes 0. 80 bpp. while SQNR gain = 4. 82
dB.

The practical case M= 7 has another spectral
subdivision in the lowest subband “11” on 4 new
subbands: “ 11-11 ”, “ 11-12”,“ 11-21” and “ 11-
22”. The entropies H,;, H, and H,, remain the

same like in the former division for M = 4 sub-

Table. 3 Simulation results for subband EC-DPCM coding of test image lena

(a)M=4
SUBBAND  QUANTIZER o o? SQN[%I%AIN R REDUCTION.
[bpp]
11 0Q(5) 54 300 1.63 0. 27
12 0Q(3) 288 576 6. 38 1.06
21 0Q4) 130 462 3.85 0. 64
22 0Q(3) 228 456 7.40 1.23
(b)M=7
SUBBAND  QUANTIZER o of SRS AREDUCTION.
‘ [bpp]
11-11 0Q(6) 0. 62 34.96 14. 99 2.49
11-12 0Q(3) 202 404 7.95 1.32
11-21 0Q(4) 90 320 5.42 0. 90
11-22 0Q(3) 210 420 7.77 1.29
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bands. Hyy 115 Hiazs Hyo and Hyppp are 1. 83 ;
2. 65; 2.52 and 2. 63 bpp, respectively. The ob-
tained values give the redundancy reduction of 1. 10
bpp ,while the SQNR gain is 6. 62 dB.

Also, we carried out the experiments in the
case M = 16 subbands, as previously stated. Fi-
nally, Fig. 4, curve c, represents the SQNR gains
in EC-DPCM subband system for M = 4.7 and 16
subbands of the test image “Lena”. As it can be
seen,the practical SBC performance increament for
the test image “Lena” is slower than the estimated

theoretical upper bound on SQNR gain.

7 CONCLUSIONS

Starting from our previously stated results in
the entropy coded DPCM literature,concerning an
efficient fullband image coding, we have tried to
combine subband coding ideas with entropy coded
DPCM technique. A method for determining a
bound of the coder performance efficiency based on
the concept of the rate-distortion theory is devel-
oped in a new form. The performance results ob-
tained after optimizing the EC-DPCM system pa-
rameters are very encouraging as they suggest per-
formance improvements over DPCM as a method to
encode subbands.

Bits are optimally allocated among the sub-
bands to minimize the MSE for DPCM coding of
the subbands. Optimum quantization is employed
with quantizers matched to the Laplacian distribu-
tion, subject to the MSE constraint in the fullband
DPCM system. In order to obtain the SQNR gain
in a SBC EC-DPCM over fullband DPCM, we take
into account the first-order entropy of the quantiz-
er output and the allocated bit rate.

Finally, to obtain an upper bound on redun-
dancy reduction for SBC system with EC-DPCM,
we have to assume the minimum bit rate in R(D)
sense of the quantizer output for each subband.
We obtained that the ﬁpper bound on redundancy
reduction in the form which depends only on a
number of subbands. As a result, we can achieve
SQNR of 6. 65 dB greater than a DPCM system for

M = 4 subbands, while for M = 16, this gain ex-
ceeds 12 dB. This is an upper bound on SQNR
gain over DPCM. The corresponding upper bound
on redundancy reduction is 1. 10 bits per pixel, as
well as 2. 10 bits per pixel for M = 4 and M=16
subbands, respectively.

Simulation results prove that with subband
number increament the redundancy reduction of
still test image becomes greater. However, this
performance increament for the still test image is
slower than the upper bound on redundancy reduc-
tion, assuming the Laplacian pdf of quantizer In-
put.

Possible avenue for further research includes
the study of an-entropy encoder choice, as well as

the EC-DPCM performance for noisy channels.
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