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Abstract

This paper presents a new, simple, and efficient algorithm for image matching in the compressed domain. The
proposed technique operates directly on transformed frequency-domain data, which makes it a good choice when
dealing with standard-compliant Discrete Cosine Transform (DCT)-based compressed images since it avoids the
large computational overhead associated with the decoding stage. Furthermore, the algorithm itself features a very
low computational complexity and a high matching accuracy. An example of the effectiveness of this algorithm is
illustrated in the frame of a particular content-based image retrieval application. The proposed method exploits
the fact that the phase of the coefficients of a DCT transformed image contains a significant amount of information
of the original image. By processing only the phase part of the DCT coefficients, a simple and yet high matching
accuracy method is achieved. The underlying principle can also be applied in other computer vision applications
and in video processing in the compressed domain.

Categories and Subject Descriptascording to ACM CCS) H.3.3 [Information Search and Retrieval]: Selection
process

1. Introduction 1.1. Previous Work

Most digital images and video sequences today are stored preyious publications have reported methods for indexing
and transmitted in compressed form. This generalized com- 544 retrieval in the compressed DCT domain. The algo-
pressed status of visual information in current multimedia (jthm reported in [6] is based on the computation of the
systems, promotes a large interest in the design and imple- j,aa1 valugy, and the variance? of the DCT coefficients
mentation of image and video processing algorithms that op- of each (8 x 8)-element basic block. By executing some
erate directly in the compressed domain. These algorithms vector-quantization-like process on the two-dimensional (2-
present the advantage of avoiding the allocation of computa- D) (1,0) space, a 28-component vector is produced and
tional and electric power to the heavy decompression mod- ;seq as the corresponding image feature. The same idea, but
ules before executing the specific image processing applica- 5564 or{4 x 4) blocks, has been reported in a previous pa-
tion in the pixel-domain. Several compressed-domain-based per [7]. An energy histogram technigue similar in concept to
_techniques for still image applications have been reported o pixel-domain color histogram method has been proposed
in [1] [2] [3]- in [8]. The histogram is built by counting the number of
times an energy level appears in tf&x 8)-element blocks

In this paper we address the issue of image matching in of DCT coefficients of a transformed image. Since most of
the compressed JPEG domain. The effectiveness of the pro-the energy within sucki8 x 8)-element blocks is generally
posed technique is illustrated in the frame of a particular distributed in the low frequency region, the proposed method
content-based image retrieval (CBIR) [4] application, which reduces the computational complexity by selecting the DC
is exact match queriesn effect, the multiple challenges in  and only few additional low frequency coefficients for creat-
CBIR include the design of minimum retrieval time systems ing the histogram. In [9] a procedure to speed up the gener-
that recognize whether or not an identical copy of a query ation of image features is reported; processing time is saved
image is present in a database [5]. Furthermore, this pres- by adaptively selecting a reduced number of coefficients that
ence should also be identified in case the existing copy has are used as input to the Inverse DCT (IDCT) operation. Fur-
been encoded with a different bit rate, e.g., with a higher ther indexing and retrieval techniques in the DCT-domain
compression ratio [5]. are reported in [10].



The previously cited papers deal with compressed-
domain-baseihdexing methodshatarein generalsuitable
for similarity queriesin CBIR systemsOtherstudiesmore
specificallyrelatedto the exactimage queryissuehave been
proposedin [11] [12] [13] [14]. The latter are all pixel-
domain-basetechniques.

Additional methodsconcerningimage matchingin the
JPEG domain in a non-CBIR application are found
in [15] [16]. Thesetechniquesare appliedin the matching
of compresseghotogrammetriamage data. The authors
claim having obtainedonly a very limited successspecially
with the techniqueexploredin [15]. The latter describesa
compressed-domaisymmetricalcorvolution, which is an
extensionof classiclinear corvolution usedin signal pro-
cessing.The secondcited paper presentsa compressed-
domainleastsquaresnatchingapproachwhich consistsin
takinga mathematidransform,the DCT in this case of the
leastsquaresorrelationmethodreportedn [17].

In this paperwe introducea novel, low compleity, im-
agematchingtechniquethat is basedon the processingof
the phaseof DCT coeficients. Besidesits reducedcompu-
tational requirementsthe proposedalgorithm producesan
excellentmatchingaccurag asit will be demonstratedn
thefollowing sections.

1.2. Organization of the paper

Theremaindeof this paperis organizedasfollows. Section
2 recallsthe underlying principle that motivatedthe study
of theproposednatchingtechniqueSection3 describeshe
compressedomainmatchingalgorithmandintroducesone
low complity implementatiorschemeSection4 presents
theresultsobtainedn theframeof anexactmatchimagere-
trieval application.Section5 summarizeshe computational
resourcesequiredby the matchingalgorithm.Finally, Sec-
tion 6 stateghe conclusions.

2. The DCT-phase of Images

A studyonthesignificanceof the DCT-phasen imageswas
reportedin [18] whereit is shaved that the DCT-phasein
spiteof its reducedinaryvalue{0, Tt} corveys asignificant
amountof informationof its associatedmage.An example
given in [18] is reproducedn Figure 1 andis briefly de-
scribedin thefollowing paragraph.

Figuresl(a)and1(b) shav thetestimagesLenaandBa-
boon, both monochromeand with a spatial resolution of
(512x 512) pixels.By applyinga 512-point 2-D DCT over
theseimages,two setsof transformedcoeficients are ob-
tained.Figures1(c) and 1(d) shav the reconstructiorback
into the spatialdomainafteranIDCT hasbeenappliedover
themagnitudearrayof thetwo setsof transformcoeficients
andwhenthe correspondinghasevalueswereall forcedto
zero.Figuresl(e)and1(f) shawv thereconstructiorwhenthe
IDCT is appliedover only the original binary-valuedphase
arrays,while the value of the magnitudeswvas setto one.
Theselast two figuresput in evidencethe high amountof
information corveyed by the DCT-phase which is further
emphasizedh Figuresl(g)andi(h).
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Figure 1: Examplesof the relevance of the DCT-phase
in images [18]. Original images: (a) Lena; (b) Ba-
boon.IDCT reconstructedmagesfrom: (c) DCT-magnitude
of Lena with DCT-phase=0; (d) DCT-magnitude of
Baboon with DCT-phase= 0; (e) DCT-phase of Lena
with DCT-Magnitude= 1; (f) DCT-phaseof Baboonwith
DCT-magnitude= 1; (g) DCT-phaseof Lena with DCT-
magnitudeof Baboon;(h) DCT-phaseof Baboonwith DCT-
magnitudeof Lena.
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Figure 2: DCT-phase

The reconstructed image in Figure 1(g) is the result of
the IDCT when applied on the magnitude of the DCT coef-
ficients of Baboon combined with the DCT-phase of Lena;
the result of the alternative magnitude-phase combination is
shown in Figure 1(h). It is clear from these images that the
DCT-phase prevails over the magnitude in this reconstruc-
tion process. It is remarked that in order to highlight the con-
tent of the reconstructed images in Figures 1(c) to 1(f), the
result of the IDCT was normalized to the range [0, 255], and
then contrast enhanced by histogram equalization.

3. Image Matching Scheme

Considering the results of the reconstructed images in the
previous section, an image matching algorithm was studied

N~

matching scheme.

guantized DCT coefficients. For the images Lena and Ba-
boon in Figure 1, there were many DCT coefficients with a
magnitude very close to zero, but none was an exact zero
(in the study referred to in [18], the coefficients were repre-
sented as real numbers and a high resolution arithmetic was
used in the software implementation of the DCT and IDCT).
Thus, formally, the DCT-phase was completely represented
with the binary se{0, Tt}.

Lossy image compression is in general characterized by
executing some sort of quantization. The application of the
latter forces many coefficients to become zero. In some
cases, for practical purposes, it might be useful to asso-
ciate the zero-valued coefficients with positive coefficients,
and thus, the original binary-valued status of the DCT

and implemented. The underlying rationale of the algorithm Phase remains unchanged. Alternatively, when the effects
is that given the significant amount of information conveyed Of the quantization should be emphasized, one can con-
by the phase’ a phase_only matching scheme can provide aslder eXtendIng the previous blnary set to a more accurate

reliable metric of correlation between two images. Since the
phase lies in the DCT domain, the method is inherently suit-
able for JPEG compressed images.

Unlike the Fourier phase, which is a real-valued number
that requires expensive (floating-point) arithmetic and mem-
ory for its processing, the phase of a DCT coefficient is sim-
ply represented with the binary s, 1t}. This makes DCT-
phase-based processing algorithms attractive from a compu-
tational complexity perspective.

A general implementation scheme for the matching of two
JPEG compressed images is shown in Figure 2 with related
details being described in this section and in Section 3.2. A
partial entropy decoding is all that is required to extract the
phase information from the file or bitstream in order to pro-
ceed with the image correlation operation. The phase values

ternary set, that would include a particular implementation-
dependent symbol to represent the phase of zero-valued co-
efficients. In the correlation process in Figure 2, the latter
choice was indeed used since it produced a higher matching
accuracy while also contributing to find matching images,
even when they have been encoded with different compres-
sion ratios. Thus, as indicated in Figure 2, the output bi-
nary set{0, 1} produced by the partial entropy decoder was
further mapped to the ternary sgt1,0,1}, which repre-
sents respectively, negative, zero-valued, and positive DCT
coefficients. The mapping operation uses information from
the variable length cod¢LC1 (Section 5) to identify zero-
valued coefficients.

3.2. Correlation metric

produced by the partial entropy decoder belong to the binary once the ternary representation of the phase is available,
set{0,1}, which represent respectively, negative and posi- multiple metrics can be implemented to determine the corre-
tive DCT Coefﬁcients, COnSidering that in JPEG zero-valued lation of two imagesl In this paper we describe an examp|e
DCT coefficients are not explicitly entropy coded, except of a simple correlation metric that proved to be effective in
for the DC values. Depending on the nature of the correla- the context of exact image retrieval.

tion operations, it might be useful to map this binary set into
an alternative application-dependent and/or implementation-
friendly binary or ternary set, as will be illustrated below.

Referring to Figure 2 and Figure 3, for a given compressed
image Q with a horizontal and vertical pixel resolution of
W andH respectively, the output of the mapping unit is a
ternary-valued DCT-phase matiig of (W x H) elements.

In accordance with thé8 x 8)-element block-based pro-
cessing of JPEG, this matrix can also be expresseﬁgﬁs
The reconstructing IDCT operator that produces the re- where the indexesandk identify the correspondin@® x 8)-
sults shown in Figures 1(c) to 1(h) was applied over non- element DCT-phase subblock that compose the complete

3.1. Phase representation of quantized
coefficients
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Figure 3: Indexing schemeusedfor the DCT-phasematrices
GQ and ex.

(W x H)-elemenarray whereh=0,1,2,...,(H/8)—1,and
k=0,1,2,...,(W/8) — 1. By following the samenotation,
theDCT-phasearrayof theimageX canbe@(pressedase?(k.

A simplemeasureof the correlationbetweenthe images
Q andX canbedefinedas:

hkhk
PQX = ;k > 8q6x 1)
]
where,i,j =0,1,2,...,7, representherow andcolumnin-

dexeswithin an(8 x 8)-elemenblockasillustratedin Figure
3. In normalizedform, the previous correlationfunctioncan
beexpresseds:

1
Poxn = awH >ZCF)QXWc (2

Theindex ycciteratesovertheresultingsumin Equation(1)
for eachof the Y, Cb,andCr bandswhenthey areall avail-
able.Accordingly the valuea is usedto adjustthe normal-
izationfactor(W - H) dependingon whetherthecompressed
datacorrespond$o a monochromémage,with o = 1, or to
a color image,in which casea = 1.5 dueto JPEGS 4:2:0
chromasubsamplingatio. This variablecanalsobe usedto
adjustthe normalizationfactor in casethe upperlimits of
the inner sumindexes, i, j, are selectedsuchasto reduce
the numberof matchingswithin the basic (8 x 8)-element
blocks(e.g.,whendiscardingthe contrikution of the highest
frequeny coeficientsfor computationasa/ings purposes).

In words, the correlationvariablepgy in Equation(1) is
incrementeceachtime the phasecomponentf two non-
zero-\aluedDCT coeficientsmatch,anddecrementedhen
they donot. Zero-\aluedcoeficientsdonotcontritute,in the
currentcasestudied to the correlationsum.

4. Results

The performanceof the DCT-phasecorrelationmethodin
exactmatchingretrieval andusingthe selectednetricabove
was testedby running a large numberof exact querieson

a databaseof 6’800 color images.More specifically this
databaseorrespondso a subsebf all the (128 96)-pixel
imagesfrom the 10'000-imageCorel imagecollectionthat
is availablein [19].

Figure 4 shaws the results of some of the launched
gueriesTheimageson theleft columnrepresensimultane-
ously, boththeimagethatwasusedasthe queryimageand
the exact matchingimagethat was found in the database.
The imageson the right columnrepresenfor eachrow the
secondbestmatchingimagesamongthe 6’800 pictures.The
sameidentificationnumberof the picturesgivenin [19] is
indicatedin the captionof the imagesalong with the cor-
respondingnormalizedcorrelation measureobtainedwith
Equation(2). Both luminanceandchrominancevalueswere
consideredor computingthis correlationfunction.

It is worth highlighting the significantdistancebetween
the correlationvaluesof the exact matchingimageandthe
secondbestresult. This was the casefor all the launched
queriescarriedoutin this study which demonstratethe se-
lectivity power of the proposedmethodto matchthe right
image.In this study the highestcorrelationvalue obtained
amongall theimagesidentifiedthe exactcopy of the query
foundin the 6’800 imagesdatabase.

5. Computational Comple xity

The computationalcompleity of the matchingalgorithm
is easily deducedfrom Figure 2 and from Equation (1).
In JPEG the entroy code of the quantized,zigzag re-
orderedandrunlengthcodedDCT coeficientsis composed
of theconcatenationf two variablelengthcodesVLC1and
VLC2[20]. ThebinarycodeVLClis aregularHuffmancode
thathasbeenproperlydefinedin a givenTable.This codeis
chosenin function of the magnituderangeof the quantized
coeficientandonthenumberof precedingero-\aluedcoef-
ficients.VLC2is acodeassociateavith thebinaryrepresen-
tationof the DCT coeficient. Theveryfirst bit of VLC2de-
terminesthe phaseof the quantizedDCT coeficient. Thus,
afterthe detectionof eachVLC1, readingan extra bit from
theJPEGile or bitstreamproduceghephasearray For sim-
plification, the decodingdescriptionabose omits the details
of handlingparticularandinfrequentrregularitiesin thepro-
cessingpipeline.

The just describedphasegeneratiorprocesss executed
by usinglow compleity logic functions.Expensie arith-
metic operationsare not involved. The speedof the phase
extractionprocessanvary dependingon whetherthe VLC1
detectioris madeby scanningnultiple bitsin parallelor one
singlebit in eachclock cycle.

A secondsimplerlogic unit is usedto map,asdescribed
in Section3.1,the binaryset{0,1} producedby the partial
entrofy decodeiinto theset{—1,0,1}. Thelattervaluesare
storedin amemoryarray whosesizedepend®n the spatial
resolution(W x H) of the compressedmage.The correla-
tion unit canbe executedwith anadder/accumulatandan
additionallogic block composedaf afew IF andAND state-
ments/operatorshat carry out the comparisonof the two
ternary-\zslluedphasesymbolsegk andeg‘(k; alternatvely, in-
steadof alogic block, a minimum complexity two-bit mul-
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Figure 4: Resultsof the exact math queries.Theleft col-
umnshowssimultaneousipoth the queriesand their exact
matcing image found in the database The right column
showsthe secondbest matding result. The identification
numberof the images and their related normalizedcorre-
lation measue obtainedfrom Equation(2) are indicated.

tiplier couldalsobeusedasexplicitly expressedn Equation
(1). Theresultspresentedh Sectiord arefor thecasewhere
thei, j indexesaddresshefull 64 coeficientsin an (8 x 8)-

elementblock. As it is well known, andregularly appliedin
mary algorithms the compleity canbereducedy discard-
ing the contribution of the highestfrequeng coeficients.

It is importantto highlight thatwith respecto a generic
CBIR system,a setof pre-computedmagefeaturesis not
presenin thebasicschemeshavn in Figure2. In effect, the
low compleity of the matchingalgorithm allows the fea-
turevector i.e., in this casethe DCT-phaseof theimage,to
be generatedn realtime. All the samethis matchingpro-
cesscanbe largely acceleratedin exchangeof memory if
a phase-baseiinagefeatureis pre-calculatedThis is cur
rently the objectof furtherstudy

6. Conclusions

Be it onthe Internet,in databasesyn consumeeelectronics
andparticularlyin thedigital still imageindustry JPEG[20]
is currently andby far, themostpopularcompresseémage
format.In additionto its industrystandardstatus,oneof its
mainadwantagess its modestomputationatompleity and
its goodimageencodingquality atmediumandespeciallyat
higherbit rates.

This paperintroduceda new, simple, and efficient low
complity imagematchingtechniquethatoperateglirectly
in the compressedPEGdomain.The underlyingmethodis
basedon the exploitation of the rich information corveyed
by the phasecomponentof DCT coeficients. The effec-
tivenessof the proposedtechniquehasbeenillustratedin
the frame of the particularexact matchingretrieval appli-
cation. The resultsof the study carriedout demonstrat¢he
high matchingaccurag of the algorithm, as confirmedby
the systematictrue positve outcomeobtainedfor all the
launchedqueries.Furthermore the proposedmethodfea-
turesahighdiscriminationcapabilityto find therightimage,
asreflectedby the significantdistancebetweerthe correla-
tion valuesobtainedfor the exact matchingimageandthe
secondbestmatchingone. The processingequirementof
the matchingalgorithmare particularly low, beingfulfilled
with the use of threedifferentand simple logic units, and
oneadder/accumulator

Theimagematchingapproactpresentedh this paperep-
resentsa first conceptualschemethat is opento multiple
extensionsandoptimizationsfor renderingit moreversatile
in CBIR andin otherapplications For example,given that
mostISO andITU video compressiorstandardsMPEG-x
and H.26x, are all DCT-based the underlyingprinciple of
the proposedtechniquecould also be appliedin different
kinds of correlationprocessesf video framesin the com-
pressediomain.
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