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ABSTRACT

This paper describes a multiple description coding
(MDC) of images, introducing a phase scrambling with the
adjustable dispersion extent of sample value. Whereas a
phase scrambling gains robustness to transmission errors,
it loses the time-localized information. Consequently, when
this phase scrambling process is combined with a wavelet-
based coder for the MDC, its objective coding performance
is largely dependent on the spread range of phase scram-
bling. In this paper, we propose a novel MDC using phase
scrambling with the variable spread capability of the pixel
value. For the control of the spread range, our design of
the phase scrambling is based on the group delay response,
instead of the phase response. Furthermore, we modify a
quadtree-based wavelet coder according to the spread range
for the proposed MDC with our phase scrambler. Simulation
results show the usefulness of the proposed technique.

1. INTRODUCTION

In recentyears,therehasbeenmuchinterestin transmission
of compressedimagesand video over noisy channels [1]–
[8]. Sincecells in packet-switchednetworks, suchas the
current Internet, canbe lost dueto network congestionand
buffer overflow, it is oneof significantchallengesto makethe
sourcecoderserror-resilient and network-adaptive for pro-
viding satisfactoryvisual quality. Multiple descriptioncod-
ing (MDC) [1] is oneefficient techniqueto protectdatafrom
packet losses,wherea single informationsourceis divided
into severalcodedsubstreamsandtheresultingdescriptions
areindependently transmittedover thenetwork.

Various approachesto generatemultiple descriptions of
animagehavebeenpresented[1]. Thesimplestmethodis to
first partitionthesourcedatainto several setsandthencom-
presseachof them. In [2], Jayantproposeda separation of
odd-andeven-numberedsamplesfor aspeechsignal.At the
decoder, interpolation processis employed to reducetheef-
fect of lost descriptions. This approachcanbe an effective
solutionto robusttransmissionof images.However, it relies
only on the redundancy in the original signal. OtherMDC
schemesintroduce redundancy in different ways: through
multiplequantizers,correlating transformsor lappedorthog-
onal transforms (LOTs) [3]–[6]. Recently, the MDC based
on phasescramblinghasbeenproposedin [7], wherean in-

put imageis passedthrough a cyclic allpassfilter for reduc-
ing the perceptualeffect of transmissionerrors. Note that
the terms“phasescrambling” and “cyclic allpassfiltering”
areusedinterchangeably in this paper. Compared with the
MDC basedon the LOT [6], the MDC usingphasescram-
bling andwavelet-basedcoder is shown to yield excellentre-
constructedimagequalityat low bit rates.However, sincethe
phasescrambling in [7] spreads eachpixel valueall over the
imagesamplesirrespective of error rates,this MDC scheme
with wavelet-basedcoderleadsto a significantdegradation
of theobjectivecoding performance.

In this paper, we presenta generalizedMDC with phase
scrambling, wherethedistribution of thespreadis controlled
via a simple parameter. Phasescrambling is implemented
by adding somerandomized phasespectrumto that of the
input source.Therefore, we cancontrol thespreadrangeof
eachsampleby designingthephasescramblingvia thegroup
delayresponse. As a result,adequatephasescramblingfor
theMDC canbeselectedbasedon channel loss,desiredre-
construction performanceanddesiredcompression. More-
over, weimprovethepartitioning processin aquadtree-based
wavelet coderdepending on the spreadextent of the phase
scrambler. Finally, simulationresultsareshown to demon-
stratethevalidity of theproposedapproach.

2. THE MDC BASED ON PHASE SCRAMBLING

A block diagramof the MDC with phasescrambling [7] is
depictedin Fig. 1. Herean input imageis passedthrough a
cyclic allpassfilter in order to increaserobustnessover the
lossof packets. The resultingimageis thenpartitioned into
several bit-streamsby odd/even separation, andencodedto
be multiple descriptions through embedded wavelet coder.
At thedecoder, thetransmittedimageis reconstructedusing
theinversecyclic allpassfilter, after lost descriptions arere-
placedwith averagesof their availableneighbors.Hereafter,
weconsidertheMDC of L � L imageswith four channelsfor
simplicity.

Thefrequency responseof a cyclic filter h
�
n � with time-

argumentinterpreted modulo L is definedastheL-pointDFT
of theimpulseresponse

H
�
k ��� L � 1

∑
n� 0

h
�
n � W kn

L for k � 0� 1�	�	�
�	� L � 1� (1)
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Figure1: Framework of theMDC with phasescramblingfor low bit rates(Thenumber of descriptionsin this paper is four).

whereWL � e � j2π � L [9]. This is equivalent to samplingthe
typical frequency response∑L � 1

n� 0 h
�
n � e � jωn atL discreteval-

uesof thefrequency ωk � e j2πk� L. For a simpleL-cyclic all-
passfilter A

�
k �� e jφ � k� , theL � L circularmatrix � formed

from the impulseresponsea
�
n � of thecyclic allpassfilter is

givenas[9]
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where
�

L is theDFT matrix with � � L � k � i � W ki
L , for k � i �

0� 1�	�	�
�
� L � 1,Λ is adiagonal matrixwith elementsA
�
k � , i.e.,

Λ � diag e jφ � 0� � e jφ � 1� �	�
�	��� e jφ � L � 1� , andthe superscript †

standsfor the transposeconjugate. The cyclic allpassfilter
a
�
n � , therefore, hasthe input-output relation in the matrix

form:
� T

ps ��� � T � 1
L
� †

LΛ
�

L
� T � (4)

where� and � ps aretheinputandoutput vectorsfor theinput
signalx

�
n � andoutput signalxps

�
n � , respectively,

� � x
�
n � x

�
n � 1���
�	� x

�
n � L � 1 � (5)�

ps � xps
�
n � xps

�
n � 1���
�	� xps

�
n � L � 1 � � (6)

In [7], this allpassfiltering basedon the DFT is referred to
asphasescrambling, becauseit affectstheonly phaseof the
frequency response. For a real input signalx

�
n � , the condi-

tion suchthat the scrambledsignalxps
�
n � will be also real

is thatthephasespectrumφ
�
k � is anodd-symmetryfunction

[7], [8].
The inverse processof phasescrambling is then ex-

pressedas

ˆ� T � � � 1 ˆ� T
ps � 1

L
� †

LΛ† �
L ˆ� T

ps (7)

Λ† � diag e � jφ � 0� � e � jφ � 1� �
�	�	��� e � jφ � L � 1� � (8)

where ˆ� ps and ˆ� are the input and output vectors, defined
similar to (5) and(6), respectively. Hence,theseallpassfil-
teringprocesses,or phasescrambler/unscrambler, canbeef-
ficiently implemented by the L-point (inverse)fast Fourier
transform.

(a) (b)

Figure2: Three-levelswavelettransforms.(a)OriginalLena
image.(b) ScrambledLenaimage.

3. PROPOSED MDC SCHEME

3.1 Phase scrambling design based on the group delay

Subband coding technique canbeutilized for thescrambled
image,sincethephasescrambling does not change themag-
nitude response [7]. However, embedded wavelet coders,
such as EZW [10], SPIHT [11] and SPECK [12], don’t
work well for thefully scrambledimage.Becausethephase
scrambling with a random φ

�
k � [7], [8] completely alter the

phasespectrum.Fig. 2 shows thetransformedimagesof the
512 � 512 Lena imageandits scrambled image(L � 512),
where the wavelet transformwith the 9/7 Daubechies fil-
ter [13] is employed for eachimageandthehigh-frequency
bands have beenenhanced to show detail. Note that the in-
formationon discontinuitiesor edgesin thewavelet-domain
of Fig. 2(b) is thoroughly dispersed.This significantly re-
ducesthe performanceof embeddedcoders. In the follow-
ing, we considerthecontrol of thespreadrangein thephase
scramblerfor adjustingthe trade-off betweencompression
performanceandreconstructionquality.

To accomplish this, we designthe phasescramblingby
meansof thegroupdelayresponse,insteadof the phasere-
sponse.Thegroup delayresponseof theL-cyclic allpassfil-
ter canbedefined as

τ
�
k �����

�
φ
�
k ��� φ

�
k � 1 �	��

2π  L � (9)

This group delayτ
�
k � indicates a time delayat eachdiscrete

frequency ωk � e j2πk� L. Sincetheinputandoutput signalsof
this systemarecyclic with period L, τ

�
k � in (9) is assumed

to be � L  2 ! τ
�
k �"! L  2 without lossof generality. In order

to control the spreadrange of phasescrambling, we restrict
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Figure3: Three-levelswavelettransformsof scrambledLena
imagevia the proposedphasescrambling. (a) d � 1 8. (b)
d � 1 64.

on thegroupdelayresponseτ
�
k � as

#
τ
�
k � # ! L

2
d � k � 0� 1�
�	�
�	� L � 1 (10)

whered is aparameterbetween0 and1. Underthiscondition
in (10), onecan, therefore, constructthe phasescrambling
with the adjustablespreadrangefrom the phaseresponse
φ
�
k � :

φ
�
k ��

0 or π � k � 0 andk � L
2

∑k
i� 1 τ

�
i � 2π

L � φ
�
0 �$� k � 1�
�	�	�
� L

2 � 1

� ∑1
i� L � k τ

�
i � 2π

L � φ
�
0 �$� k � L

2 � 1�	�	�
�	� L � 1
(11)

Herein,φ
�
k � hasthe antisymmetric property for the scram-

bled image to be a real signal. In this paper, we choose
φ
�
0 �%� φ

�
L  2 �&� 0 for simplicity. Fig. 3 shows examples

of wavelet transform for thescrambledLenaimagesby our
designedallpassfilter. It is clear that the proposeddesign
allows thecontrolof spreadrange usingoneparameter d in
(10).

3.2 Embedded image coder for the proposed MDC

To be suitedto the MDC using the proposedphasescram-
bling,wemodify apartitioning processin thequadtree-based
coder. In thequadtree-basedcoder, e.g.,SPECK[12], a sig-
nificant set within eachsubband is recursively partitioned
into thefour subsetsof quad-sizefor findingsignificanttrans-
form coefficients.This procedureexploits a high correlation
in adjacent waveletcoefficientsof animage.However, phase
scramblingalsospreads this correlation property, asshown
in Fig. 3. Assumingthat the group delaysequence τ

�
k � in

(10) is uniformly distributedbetween� � L  2 � d and
�
L  2 � d,

thestandard deviation D
�
d � of thepixel spreadof our phase

scramblingis obtainedas

D
�
d ���

L
2 d

� L
2 d

x2 1
Ld

dx � Ld'
12

� (12)

Therefore, the standard deviation for the separatedfour
subimagesof sizeL  2 � L  2 in theMDC canbeexpressedas

Ds
�
d �(� Ld  � 2 ' 12� . Hence,in thefunctionsProcessS()

andCodeS() of the SPECKalgorithm, we partitiona sig-
nificantsetbelow thesizeof Ds

�
d �$ 2l � Ds

�
d �$ 2l into pixel-

level transform coefficients,wherel
�
l � 1� 2�
�	�
�
� denotesthe

level or scaleof thewavelettransformfor thecorresponding
set.In theproposedMDC, thismodificationof thequadtree-
basedcoder reduces the bits for significant testingof sets
composedof distributedsignificantpixels,dependingon the
spreadparameterd.

4. EXPERIMENTAL RESULTS

Thecompressionperformanceof theMDC with ourdesigned
phasescrambling is evaluatedthrough the comparison with
the counterpart with the conventional phasescrambling [7].
In all cases,we employ a 5-levels wavelet decomposition
with the 9/7 Daubechiesfilter [13] and the quadtree-based
embedded coderSPECK[12] after odd/even separationof
thescrambledimagein order to generatefour descriptionsof
aninput image.

Fig. 4 shows the rate-distortion curvesof various phase
scrambling processesfor theLenaimage,whenonedescrip-
tion andfour descriptions arereceived at the decoder. The
PSNRresultsof imagecodingwithout multiple descriptions
arealsoplottedin Fig. 4(b). Thanks to thecontrolled spread
range, the proposedMDC with a lower value of d yields
higherPSNRs.On the otherhand, Fig. 5 comparesthe re-
construction performanceof the phasescrambling with the
spreadranged � 1 8 andd � 1 64 for theGoldhill image.
Thephasescrambling with widerspreadrange(d � 1 8) pro-
videssmootherreconstructedimage. In addition, thePSNR
valuesfrom usingthe original andmodified SPECKin the
proposedMDC usingphasescrambling with d � 1 8 for the
Lenaimagearetabulatedin Tables1 and2.

5. CONCLUSIONS

In thispaper, wepresentedanefficientMDC basedonphase
scrambling with the adjustablespreadrange. The proposed
design of phasescrambling is basedon the group delay
response in consideration of the following wavelet-based
coder, andthereby ourphasescrambling-basedMDC canex-
change compressionefficiency andperceptual performance
depending on errorrates.Furthermore,we proposeda novel
partitiong algorithm in thequadtree-basedcoderaccording to
the spreadrange of transformedcoefficients in the wavelet-
domain.
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