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ABSTRACT

An image recovery algorithm based on alternating pro-
jections onto convex sets (POCS) is proposed for block-
based coding. In the proposed algorithm, vectors are
extracted from the surrounding neighborhood of a miss-
ing block to make a convex hull for the reference of
recovery. The recovery vectors including both known
and lost pixels are used for the projections to find op-
timal spectrum coefficients for the missing pixels. The
convex hull and two other convex sets are formulated
for application of POCS. Simulation results show that
the proposed algorithm recovers spatial structure both
at low and high frequencies.

Index Terms—image recovery, convex hull, POCS,
JPEG, MPEG

1. INTRODUCTION

Many transform coding schemes such as JPEG and
MPEG standards are based on block coding technique
[1][2]. We consider the interpolation restoration of a
plurality of blocks of pixels lost due to transmission
error or other reason.

Many spatial interpolation techniques for restoring
missing blocks of images have been proposed. Wang
et al. [3] propose an optimization technique using the
smoothness property of images, which recovers dam-
aged blocks by minimizing the differences of the blocks
and boundaries, and subsequently generates smooth
images. Hemami and Meng [4] propose an image recon-
struction algorithm exploiting interblock correlation.
Sun and Kwok [5] suggest use of a spatial interpo-
lation algorithm using projections onto convex sets
(POCS) [6]. The performance of Sun and Kwok’s al-
gorithm depends significantly on the result of an edge
orientation detector. It also limits recovery of certain
spectral bands due to the use of a band pass filter. A
fast DCT-based spatial domain interpolation technique
is reported by Alkachouh and Bellanger [7] wherein
a missing block and border pixels are transformed by
DCT, high frequency coefficients are set to zero, and a
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missing block is subsequently restored.

Building on this previous work, we propose a spec-
trally robust interpolative image restoration method
based on POCS. A convex hull is formed from sur-
rounding pixel vectors. Two additional convex sets are
defined for the constraints of dynamic range and gra-
dient. Vectors which include both known and miss-
ing pixels are projected onto the vertices of the convex
hull in the DCT domain and onto convex sets in the
spatial domain, Missing pixels are restored iteratively
using POCS. The algorithm enables restored pixels to
sustain spectrum and edge structures of surrounding
blocks, and consequently to have continuity, similarity,
and smoothness with neighborhood pixels.

2. LINE DETECTION AND VECTOR FORMING

In this section, image conditioning for missing pixel
interpolation is discussed. In Figure 1 (a), a missing
block, M, with surrounding neighborhood, S, is shown.
The orientation of edges in the surrounding neighbor-
hood, S, is assumed to extend its spatial structure to
the missing block, M. The structure in the missing
block is dictated by the orientation of lines and edges
in the surrounding pixels. Vectors are extracted from
the surrounding blocks, and two recovery vectors are
calculated in the surrounding and missing blocks.

2.1. Line Detection

Line detection in the spatial domain is applied to de-
termine edge orientation. Line masks are applied to
the surrounding blocks, Sg, Sw, Sn, and Ss, shown
in Figure 1 (a). The responses R, and R, are com-
puted at all ¢, j coordinates in the blocks. Line masks
(8] are defined as

-1-1-1 -1 2 -1
Le=| 2 2 2|, Ly=|-12-1]|. (1)
-1-1-1 -1 2 -1

The magnitudes of responses R, and R, at all 4, j
coordinates in the blocks are computed as
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Th= Y. |R), Tu= >,

Se,Sw,Sn,Ss Se,.Sw,SN,Ss

If T} is larger, the missing block is considered as a
horizontal line dominating block. Otherwise, it is con-
sidered as a vertical line dominating block. In the pro-
posed algorithm, line detection is related to setting the
initial point of projections.

2.2. Surrounding Vector

Since the surrounding neighborhood of a missing block
is assumed to have spatial and spectral similarity with
the missing block, the neighborhood area can be seg-
mented into several blocks each of which has its own
spatial and spectral characteristics. The segmentation
of the neighborhood and the extraction of vectors are
made by shifting an N x N window on every grid of
pixels in the surrounding neighborhood, S, in Figure 1
(a). This yields an N x N vector, sg, on that posi-
tion, as shown in Figure 1 (b). We thereby generate
sk ={z:2(i,7), (i,j) € W}, where Wisan N x N
window. The possible number of the surrounding vec-
tors, sk, is 8V, where N is the dimension of the missing
block.

2.3. Recovery Vector

To restore missing blocks, a recovery window and vec-
tors, {r;|i = 1,2}, are introduced. The vectors include
both known and missing pixels. Two positions for the
recovery vectors are possible according to the domi-
nating line in the surrounding blocks as shown in Fig-
ures 1 (c) and (d). The recovery windows in Figure 1
(c) are for a vertical line dominating area, and those
in Figure 1 (d) are for a horizontal line dominating
area. In each case, two N x N recovery vectors are
made from the windows, and each vector consists of
(N —1) x N known and 1 x N missing pixels. Af-
ter the missing pixels in a recovery vector are restored,
each recovery window slides towards the other to re-
cover next 1 x N missing pixels as shown by the ar-
rows in Figures 1 (c) and (d). We thereby generate
ry = {z : z(i,5), (i,7) € W}, where W isa N x N
window and k = 1,2.

3. PROJECTIONS AND CONVEX SETS

In this section, projection operators and corresponding
convex sets are formulated. Recovery vectors are al-
ternately projected onto vertices of a convex hull and
convex sets. Missing pixels are thereby restored itera-
tively.

3.1. Projection Operator Py

The surrounding vectors, s;, extracted from surround-
ing blocks, are used to form a convex hull in an N x N
dimensional space. Recovery vectors, r;, then, are pro-
jected onto the closest vertex of the convex hull in the
DCT domain in mean-square sense.

Let r; and sj, (1 <4< 2, 1 <37 <8N), be recovery
and surrounding vectors, respectively. The s vectors
form a convex hull and, since there are 8N points in
a N? dimensional space where N > 8, each vector, s;,
becomes a vertex of the convex hull.

The closest vertex, {sq,|¢ = 1,2}, of the convex hull
to the recovery vectors, {r;|t = 1,2}, are found in the
mean-square sense as d; = arg min; ||r; — s;j|| for 1 <
i1 <2, 1< j<8N. Orequivalently, d; = arg min; || R;—
Sl for1 <i<2, 1<j <8N, where R; = Tr; and
S; = Ts;, and where T is 2-D DCT kernel.

The recovery vectors in the DCT domain, {R;fi =
1,2} are then orthogonally projected onto the selected
vertex as :

<Ry, Sq;, >
Psdi(Ri)=—”“S‘;ﬁ‘2—-‘

where < -, > is the inner product of two vectors, and
[| - 1] is the £2 vector norm.

Consequently, the projection operator P; translated
to the DCT domain is

-S4 1=1,2 3)

i

.R. _ | Ps, (Ri(u,v)) foru,v#0
PRl v) = { Ri(u,v) " otherwise

To preserve the DC level, the DC value in the recovery
vectors, {r;|i = 1,2}, is not changed.}

(4)

3.2. Projection Operator P,

The convex set for the second projection operator P,
onto the set Cb, is

| £ Fnin <fp < Fnaz fornel
C2= { f: £ otherwise } (5)

where n is the pixel index, L is the set of missing pix-
els, f, is original known value, and Fp.in, and Fipez
are the minimum and maximum intensity of an image,
respectively. Corresponding projection operator P; is,

LRigorously, P; is not a projection onto a convex set. To truly
project, the hull’s skin must be computed and the corresponding
projection onto it evaluated. Not only does Pj require less com-
putation, our experience shows the results are superior to the
case where the true projection onto the convex hull is used.
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. Fmin

for zx(i,7) < Fmin, (1,7) € L
.o Fmacz: for fl)k(l,]) > Fma:m ("'7.7) €L
Py - zi(iyj) = zx(i,j) otherwise and (4,5) € L
ck(i,7) otherwise

(6)

where (i,7) is the pixel index, ci(4,7) is the known
pixel value, and L is the missing pixels of the recovery
vectors, {rglk =1,2}.

3.3. Projection Operator P3

We consider a range constraint for the continuity with
surroundings neighborhood of a restored block, described
similar as [9]. Let f,, be the vector of missing pixels
in a recovery vector, ﬁ) be the vector of adjacent pix-
els to the missing line in the same vector, and § be
1 x N vector of fm — ﬁ). Vector g is illustrated as
g = [(fmo = f0,0); -y (fm,n — fo,n)]. By setting the
vector § as a bounded signal with a constant, a, the
convex set for the third projection operator P is ob-
tained as

Cs={§1 l§n|§a} (M

where n is the pixel index and « is a constant. The
value of v can be set to the maximum value of differ-
ences between pixels which are adjacent to the missing
block in the surrounding neighborhood. Consequently,
the projection operator Pj is, -

fon—a forg,<-o,mel
[Ps: flan={ fomn+a forgn>a melL
fmn otherwise

(8)

where n and m are the pixel indices, and L is the miss-
ing pixels of the recovery vectors, {rx|k = 1,2}.

3.4. Iterative Algorithm for Pixel Interpolations

Missing pixels in recovery vectors are restored by it-
erative algorithm of alternating projections [6], fi+1 =
Py-P,-Ps. f;, where i is the iteration index, f is restored
signal at iteration %, and P; is 4 projection operator.
Our experience shows i = 2 suffices for robust results.

4. SIMULATION RESULTS

To illustrate the effectiveness, the proposed algorithm
is tested on the “Lena” (512 x 512 pixels) and first

frame of “Foreman” (176 x 144 pixels). A block size of
8 x 8 pixels are applied to “Lena” for JPEG image and
the size of 16 x 16 pixels are applied to “Foreman” for
MPEG. Throughout the simulation, the initial point,
fo, of the missing pixels of recovery vector, r, is set to
the adjacent value of the known pixels.

The algorithm was compared with the interblock
correlation interpolation scheme by Hemami and Meng
[4] and fast DCT-based spatial domain interpolation
technique by Alkachouh and Bellanger [7]. For the
objective measure of the restored image quality, the
peak signal-to-noise ratio (PSNR) is used [10], given

_ N-M. 2552

by PSNR = 10log (z:iil MG~ TEDPR
is the original image and f is the restored image of N x
M pixels. Table 1 shows the PSNR of restored images
by the different algorithms. The proposed restoration
outperforms the other procedures here and in other ex-
amples we tried. Restored images in Figure 2 show
that the proposed scheme restores both monotone and
complex textures faithfully.

, where f

Table 1. PSNR comparison among algorithms for dif-
ferent cases

Lena | Lena(row missing) | Foreman
Hemami | 31.86 26.86 -
Alkachouh | 31.57 - 25.65
Proposed | 34.22 29.51 30.10
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1. (a) a missing block M, and surrounding blocks

S. (b) N x N window move to make surrounding vec-
tors. (c), (d) recovery window for vertical and horizon-
tal edge orientation blocks, respectively.

Fig. 2. (a), (f) damaged Lena.; (b), (e), and (g) re-
stored Lena by the proposed algorithm.; (c), (d) re-
stored Lena by Hemami’s and Alkachouh’s, respec-
tively; (h), (i) damaged and restored Foreman by the
proposed algorithm, respectively.
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