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GRADIENT FLOW OPTIMIZATION FOR REDUCING BLOCKING EFFECTS
OF TRANSFORM CODING
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This paper addresses the problem of reducing blocking effects in transform coding. A novel optimization approach using
the gradient flow is proposed. Using some properties of the gradient flow on a manifold, an optimized filter design method
for reducing the blocking effects is presented. Based on this method, an image reconstruction algorithm is derived. The
algorithm maintains the fidelity of images while reducing the blocking effects. Experimental tests demonstrate that the
presented algorithm is effective.
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1. Introduction This phenomenon is known as blocking effects. It deteri-
orates the quality of the decoded image. The blocking ef-

The discrete cosine transform (DCT) plays an important fects are encountered when the bit rate is further reduced,
role in image and video compression techniques. With the a5 in the case of a higher compression.

advancement of video communication, DCT has attracted The research of methodologies for reduction of

even further attention. The International Standard Orga‘blocking effects has attracted much attention since the
nization (ISO) uses it as a standard component for image1980s. In (Reeve and Lim, 1984), two methods, the
and video compression in JPEG and MPEG (ISO, 1991; gverlap method and the filtering method, were proposed.
1993). It is well known that the DCT has two main ad- These methods share the same advantage of simplicity
vantages. The first advantage is the feature of its excellentp, computation, but some disadvantages exist in both the
energy compaction for highly correlated data. It has beenmethods. Since then many papers have been published
shown that the DCT is very close to the Karhunan-Loeve on this research. Yanet al. (1993) presented two other
transform for first-order statistic Markov processes which methods, one using projection onto constrained convex
can be used to model most digital images in communica- sets to reconstruct decoded images, and the other using
tion (Jain, 1989). The second advantage is the fact that they constrained least-squares method with a high frequency
computation of the transform is efficient. A fast DCT is filter to recover images. This seminal paper introduced
available as in the fast discrete Fourier transform compu- the optimization idea into the problem of blocking effects.
tation. In turn, the paper (Yangt al, 1995) offered an adaptive
According to transform coding theory and some stan- method for this problem. Local statistical properties and
dards, a given image is divided into smalk ¢ rectangu-  human perception were first introduced in this research.
lar blocks. Generally, the blocks are chosen to be square)n the paper (Minami and Zakhor, 1995) the use of cor-
that is, p = ¢, and we denote the size of each block as relations between the intensity values of boundary pixels
Bx B inthis paper. The processing of the DCT on ablock of neighboring blocks was presented to reduce the block-
is known as the block discrete cosine transform (BDCT). ing effects. More recently, the paper (Kiet al, 2000)
The process of partitioning an entire image into blocks introduced a recognition method used in (Won and De-
provides efficient hardware design and reduced compu-rin, 1992) to reduce blocking effects. The paper (K&
tation time. However, since the BDCT is used block by al., 2000) set forth a restoration filter design method using
block without considering the correlations between any edge direction information, a constrained least-squares fil-
two neighboring blocks, it results in block artifacts which ter and classification with a model fitting criterion.
appear on many edges between two neighboring blocks.
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In this paper, we propose a novel approach to the column direction of X. Define the column edge differ-
problem of reducing blocking effects. Based on the fact ence vectorf..; as
that the location of all block boundaries is known, and
only the pixel values on the block boundaries need to be Jfeea = (f1 — f3)", (f5 = f)", - (fniy — F)D)7,
smoothed, an optimal filter design method is presented on
a constraint manifold. The constraint manifold can be re-
garded as a lower dimensional manifold imbedded into an
N2-dimensional linear spac&””. So our research can In the same manner, lgf ; and g} ; be the first and
be converted into an optimization problem on the con- last rows of the submatrix; ;, respectively. Write
straint manifold. This problem can be solved by using

whose norm|| f..q|| can be used to measure all blocking
effects in the column direction.

; . . gt =(gt,, ¢ gt )
the gradient flow method on the manifold. Based on this J 31295,20 0 Jgm/o
idea, two algebraic differential equations for optimal fil- b (g g »
ter design and optimal reconstruction are proposed for the 95 = 95,195,202 Gjn):

reduction of blocking effects. An algorithm based on al- Then the diﬁerenc@?_g§+1 is a measure of the blocking
gebraic differential equations is derived. Two experiments effects in the row direction ofX. Define the row edge
are given as a test of the proposed algorithm. These experdifference vectorf,.,; as
iments demonstrate that the algorithm is effective.
_ b t b t b t\T

The organization of this paper is as follows: Follow- frea = (97 = 92,92 = 93,- - 9n—1 ~ 9n)
ing Intrqductlon, a m_athemgtlcal descr_|pt|0n qf blocking The norm of f,.4 can be used to measure all blocking
effects is presented in Section 2. Section 3 discusses deéffects in the row direction
sign methods of optimal filtering and reconstruction of de- - o
coded images using gradient flow optimization on a man- Let f be the N=-dimensional vector composed of

ifold. Section 4 describes the proposed algorithm and two &l columns of the decoded image matrX. The ele-
experiments as tests. The conclusion is included in Sec-MeNts of f are arranged such that the first elements
tion 5. form the first column ofX, the next N elements form

the second column ok, and so on. Heref is called the
image vector ofX. It is easy to design two matricel,
and R, such that

2. Mathematical Description of Blocking
EffeCtS Rcf = fceda er = fred' (2)

After the BDCT transform, a decoded’ x N image  For the image matrixX, we can also define the corre-
X with blocking effects can be expressed in a submatrix sponding block edge vectof. as

form as

fe = ((flT)Tv (fé)T’ (f2T)T’ ) ( Ti*l)T’ (ffz)Ta

X1 X2 o0 Xy .

bt b t
X2,1 X272 X2,n glvg%uwgnflvgn)
X = ; 1)
It is also easy to design two matricé€g. and @, such
Xn,l Xn,Q e Xn,n that

che = fceda Qrfe = f'red- (3)

where X; ; is a B x B submatrix,i,j = 1,2,...,n,

and n = N/B is an integer. EveryX;; is called a
block. There exist blocking artifacts between every adja-
cent block boundaries. Such artifacts are called blocking
effects.

The image vectorf and the matricesk. and R,
will be used for optimal filter design for the decoded im-
age X. The block edge vectof. and the matrices).

and @Q,- will be used for the optimal reconstruction of the
Let f/; and ff}j be respectively the last and first decoded image¥.

columns of the submatriX; ; for every i, j and write

=AU )T, 3. Optimal Reconstruction Design Method

Fo= (LT (LT (fL YT Generally, from Section 2, we can see thfat; and f..q
! A A ’ provide all the information of edge differences between
whereT' denotes the transpose. Then the difference vec-any two neighboring blocks of the decoded image ma-

tor f; — f}H is a measure of the blocking effects in the trix X. Therefore, || feeq|| @nd || freq|| can be used to
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measure the blocking effects. The larggf,.q| and Y3(H) = (R Hf)'(R.Hf)
|| fecall, the greater the blocking effects. Here, we propose T
a method to design an optimal filted such that, when = tr[(R.H[f)(R-Hf)"],
the image vectorf of X passes through the filtelf, the

corresponding edge differencélg..q| %' |R.Hf| and ~ Wheretr (X) denotes the trace ok
def def

| freall = ||R.Hf]| of the new image vectof = Hf We have

can be kept to two given real parameters and e, re-

spectively, that |As A awal}(IH) —oHf— f)fT = 20T — 2T, (8)
”fced” = €1, ||fred|| = €2. (4)

Note that (4) constitutes a lower manifold in the linear Ova(H) _ RTR.Hff" + RTR.HffT

spaceR™ * which we call the constraint manifold. There- OH

fore, the problem of reducing blocking effects is converted — QRZRCHffT7 (9)

into the optimization problem: Design an optimal filt&r

on the constraint manifold. We then solve this problem us- O3 (H) — oRTR HffT (10)

ing the gradient flow optimization method on the manifold OH r '

hereafter.

Given a decoded imag& with blocking effects, let L€t ¥(H) = Y1 (H) + Mit2(H) + Ax¢p3(H), where A,
f be its image vector. We design an optimal matrix filter @Nd A2 are indeterminates. We have
H such that the new image vectg§r: H f isclosetothe
old image vectorf with the property of making the block Oy(H) — 0y (H) + )\181/)2(H) TNy 93(H)
boundaries smooth and improving the quality of the de- ~ 0H OH OH oH
coded im_ageX. Itis egpected .that oncé/ is designed, = 9(H — I+ M RTR.H + Mo RTR, H)ff7,
the new image vectoy is obtained, and the new recon-
structed imageX is close to the old decoded imagé
with an improved peak signal to noise ratio (PSNR).

where I is the identity matrix of the appropriate dimen-

sions.
We can formulate the above idea as a typical op-
timization problem: Given a decoded imagé and f So we can take the gradient flow & as
as its corresponding image vector, find a matrix filfér
such that dH T T T
— =-2(H-T+ A\ CH 4\ -H . (11
mbl{nHHf_fHQ (5) dt ( + 1R(:R4 + 2RrR )ff ( )
subject to Next, let us determine what conditionls and A\, satisfy.
2 _ 2
1RHFI" = ei, (6) Since H satisfiesyy(H) = €2 and y3(H) = €3,
IR HF|? = €2, @) taking the derivatives ofyy (H) and ¢5(H) with respect
) ) to ¢, we have
where R. and R, are the same matrices as in (2), and
€1 and e; should be chosen properly so that the original Do (H) T Al
image information is retained and the blocking effects are [ 82H } Fr 0, (12)
reduced. t
Note that the constraints in the above formulation os(H) T dH
mean that for the new image vectgr = Hf, its col- By T = (13)

umn edge difference vectof.cq (feea = R.Hf) and

row edge difference vectofrea (frea = By H[) MUSL g poiviting (9)~(11) into (12) and (13), we get
satisfy some smoothness conditions.

Let us start solving the problem (5)—(7). Define foTHTRZ“RC( —2(H — I+ MRYR.H
Ui(H) = (Hf = )T (Hf ~ [)
=te[(Hf - /) Hf - )T,
V2(H) = (RH )T (RH )
= tr[(RH f)(RH f)"],

+ARIRH)ffT) =0,
2ff"H"RI'R,(—2(H — I+ MR R.H

+XRIRH)ffT) = 0.
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It follows that
MffPHY(RER:)PH Y
+ X f(HATRTR.RTR, HffT
= fITH'RIR.FIT = E1fT, (14)
Mf(HF)TRY R R RHf '
+ X ffTHY(RIR,)PHf [T
= ffTHTRI R, ffT — e ffT. (15)

Multiplying (14) and (15) by f7 from the right and f
from the left, and noting thaf” f = || ||, we have

MIFIFCH )T (RER:)?H f)

+ X2 fIIM(H )T RS RR R H )
= [IFI*(HNHTRE RS — €| fII*, (16)
MIFIFH )T R R RS RHf)
+ Xl fIM(H N (RER)TH f)
= [IFI*(H TR R, f — 3| FII*. (A7)

Defining R. < RTR., R, ¥ RTR, H
HTRTR, and H, © HTRTR,, and noting that gen-
erally || f|| # 0, (16) and (17) are reduced to

VEFIZ A+ S, g %0 = 1%, — &, (18)

VEFI% o M+ IH T2 = 171, — €. (19)

where || f||% ef fTX f. The gradient flow dynamic sys-
tem is (11) with (18) and (19), which is an algebraic dif-
ferential equation.

From the theory of gradient flows on manifolds

where R, = RTR., R, = R'R,, H, = H' R R. and
H, = HTRTR,.

The advantage of Theorem 1 is that it converts an
optimization problem into that of solving an algebraic
differential equation. But, generally, this theorem is more
important in a theoretical sense than in real applications.
With the high dimensionality of the matrix filterH,
solving (20) with (21) and (22) is complex and time
consuming.

In applications, we are more interested in the opti-

mal reconstruction of the image vectg?rdéf Hf thanin
obtaining the optimal filterH. Let f. denote the block
edge vector off, which is defined in the same way as the
block edge vectorf. of f in Section 2, and Ietfé de-
note the vector whose components are the same ds in
but not in f.. Similarly, let vector f. be the vector whose
components are the same asfirbut not in f.. From

min |Hf — f||* = min || fo — fel|* + min || fe — fe||?,

taking account of the constraints (6) and (7), we know that
we just need to Ietfé = fz in the above equation and
minimize || f. — f.||2. This means that we only need to
minimize || f. — /.|| and to let the other components jn
be equal to their corresponding componentgin

For theyectorfe, similar to (2) and (3) in Section 2,
we havchfe = ]Eced = R(’f and Qrfe = fred = eri
where@Q., @, R. and R,. are the same matrices as in (2)
and (3). So we have the following result:

Theorem 2. Let an image vectorf, and two matrices
R. and R, of proper dimensions be given. If there is an
image vectorf which satisfies the constraints

IBf = €1, IRl = e2

(Rapcsak, 1997; Helmke and Moore, 1994), we know that and minimizes| f — f|, then the components ¢f that are

the dynamics of (11) tend to a constant matfix on the
manifold || feeall = €1, || freall = €2. This constant ma-
trix H is the optimal filter in the sense of (5) with (6) and

).

Theorem 1. Let an image vectoyf and two matricesR,.
and R, of proper dimensions be given. If a matriX on

the constraint manifold of (6) and (7) optimizes (5), then

H is the solution of the following algebraic differential

equation:
dH R R .
o = 2H =T+ MRH + R H)FFT, - (20)
I 1B + 1A g A2 = 117, — € (D)
IHFI% 5 M+ HHfII%LgAg =flI5 — (22

not boundary components are equal to the corresponding
non-boundary components ¢f and the block edge vec-
tor f. of f are determined by the following algebraic
differential equation:

dfe A . .

e o ofe fok M M), (23)
erHgg)‘le”fe”éch)‘Q:feTchefei (24)
el o 0+ I felfore = fEQufe — €3, (25)

def

A def
where Q. = S

QZQC?QT - QZQT

Proof. Note that minimizing||H f — f||*> is equivalent
to minimizing || fo — f.||?, and constraintg| R, f|| = €
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and ||R,f|| = e, are equivalent to|Q.f.|| = e and Defining Q. % Q7Q.. ), © QTQ,, we obtain

Q. fell = €2, respectively, as has previously been dis- R A R
CUSSGd. ”feHzAg/\l + ||fe||%CQT)\2 = chcfe - 6%7 (34)
Define o X o
() = (o= £ (. = 1), I7clG. 0.7+ Iellgphe = JeQrfe ez (39)
Ua(fe) = (Qcfe)"(Qcfe), The gradient flow dynamic system is (29) with (34) and
. . . (35), which constitutes an algebraic differential equa-
¥3(fe) = (Qrfe)T (Qrfe)- ton. m
We have A The optimal block edge vectof. can substitute the
o1(fe) 26 old block edge vectorf. as we reconstruct the decoded
af. =2(fe = fe), (26) image X with the hope of having a higher PSNR.
. Since the number of components g¢f is much
8%(]2) =207Q.f., 27) smaller than the number of the entries of the matrix fil-
Ofe ¢ ter H, the computation off, has much less complexity
- (f ) than the computation in Theorem 1.
3\Je T A
=22 = 2Q7 Qp fe- 28
o7, QrQrf (28)

Let w(f.) = 1 (f.) + Mt (f) + Aatss(f.), where 4 Algorithm and Experiments
A1 and )\, are indeterminates. We have

. . . . 4.1. Algorithm Description
Oufe) _ Onlfe) |\ Obalfe) |\ Bus(fe)

of. af, of, af, In this section, we propose a nu_merical f_;llgorithm_ based
on (23)—(25). Given a decoded imagé with blocking
=2(fe — fo + MQTQ.f. + 2207 Q, f). effects, we properly choose two numbers > 0 and
eo > 0, an initial vector f, with ||Q.fol] = €1 and

So we can compute the gradient flow ff as Q- foll = €2, and an appropriate iteration stepsize
df. . T T 2 first. Then we design the following numerical algorithm
FT “2(fe = fe + Qe Qefe + X2Qr Qr fe). (29) with the inputs, X, fo, Qc, @r, €1, €2 and h, and the out-

Next, in the same way as in the proof of Theorem 1, we PUt: X, whichis a reconstructed image matrix.
determine); and \,.

Since f. satisfiesis(f.) = €2 and ¢3(f.) = 2,  Algorithm:
we have 2(Je) ' slfe) ? Compute the block edge vectof. of the decoded im-
age X. Let f. = fp as an initial vector. Compute the

N T N
oa(fe)| dfe 0 (30) optimal reconstructed edge vectgr from the following
of. a7 iteration:
. 1T . Iteration
6¢3€f )| dfe —0. (31) do {solve\; and )\, first from the subsystem of
of. dt algebraic equations:

Substiting (27)—(29) into (30) and (31), we get
(Qchfe)T(fe - fe + AlQZche + )\2QZQTJEP) = O,
(Q?Qrfe)T(fe - fe + Aleche + A2Q;Qrfe) =0.
It follows that then
Alfg(Qch)2fe + AngQchQerfe Ae = fe - Qh(fe - fe + /\1che + >\2QArfAe)
= fIQrQcf. — Q.S (32)

FIQIQQIQcfe + 2 f1(QT Q) fe P
. . Compute the reconstructed imag& using f. in-
= fIQTQ. f. — 1Q-f.|>. (33) stead of f,..

Ifeleh + 1 fellf, o, A2 = f2 Qefe — €,

1Felld, o, + 1Fell2ohe = F7Qu e — &,

Jwhile f. is not a constant vector.
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4.2. Experiments rithm with €; = 8.0503 and e; = 5.9053, the PSNR is

) ) ) 30.9547 dB with an improvement of 0.5617 dB. The im-
As almost all algorithms reported in the literature for re- proved visual quality can be seen in Fig. 3, which is an

ducing blocking effects are applied to highly compressed ;95 « 193 subimage of the processed?2 x 512 Lena

images where blocking effects are better evidenced, Wejmage, corresponding to the unprocessed image Fig. 2.
also conduct our experiments in highly compressed image\we ajso compute the percentage of the processing time
CASES. for deblocking over the processing time for JPEG decom-
pression. The percentage is 0.16%. It is satisfactory from

Experiment 1. We use a typicab12 x 512 Lenaimage. the viewpoint of applications.

The image is divided int@® x 8 blocks and compressed
using the JPEG standard with a compression rate of 32:1.
Figure 1 is the512 x 512 compressed Lena image. The
PSNR of Fig. 1 is 30.3930 dB. Figure 2 isl28 x 128
subimage of Fig. 1. It is re-scaled to show the blocking
effects. The blocking effects are more clearly visible in
Fig. 2. After processing the image by the proposed algo-

Lena after DCT

Fig. 3. Subimage of the image processed in Experiment 1.

Note that since the block edge vectgy includes
information from all block boundaries, the proposed algo-
rithm is to reduce the blocking effects between any adja-
cent block boundaries simultaneously. We can also define
the block edge vectof,. for every adjacent block and re-
duce them sequentially. That is, for every subimage ma-
trix (X; ;, X; j+1) of the decoded image matriX in (1)
in Section 2, we defing. = ((f7;)", (f!;,1)")", where

;; and f}7j+1 are the same as in Section 2, and design a
proper matrix@Q such that||Q | = Ilf7; — fl; 1l =€

We can obtain a new corresponding block edge vegtor
betweenX; ; and X; ;. using the above algorithm with
Q. = Q,¢e1 = ¢,Q, being the zero matrix and, = 0.
Using f. instead of f., we can reduce the blocking ef-
fects between the block matrices; ; and X; ;41 in all
vertical directions. Similarly, we can reduce the blocking
effects sequentially in all horizontal directions. Based on
this idea, we design the second experiment with a better
PSNR. ¢

Experiment 2: We use the same Lena image as in Ex-
periment 1 as a test. All the edge difference vector norms
of any two adjacent blocks in the original image are cal-
culated and transmitted to the reconstruction enck.as
Fig. 2. A subimage extracted from Fig. 1. The processed image has an improved PSNR. The PSNR
is 31.1339 dB and the improvement value of PSNR is
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Fig. 4. Subimage of the image processed in Experiment 2.

0.7401 dB. Figure 4 is ari28 x 128 subimage of the
processedb12 x 512 Lena image, corresponding to the
unprocessed image of Fig. 2. We can see from it the
improved reduction of blocking effects. Compared with
Fig. 2, Fig. 4 has a much better visual quality. From Fig. 4
we also notice that when the new block edge vector

replaces the old one, the new blocking artifacts around the
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