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Transactions Letters

A Unified Approach to Restoration, Deinterlacing and Resolution Enhancement
in Decoding MPEG-2 Video

Bo Martins and Sgren Forchhammer

~ Abstract—The quality and spatial resolution of video can be At these bit rates, a sequence decoded from an MPEG-2 bit-
improved by combining multiple pictures to form a single super- stream is of lower quality than the original digital sequence in

resolution picture. We address the special problems associated tarmg of sharpness and color resolution but still acceptable (ex-
with pictures of variable but somehow parameterized quality

such as MPEG-decoded video. Our algorithm provides a unified Cept_ for very demaqding material). This overall reductior_1 of
approach to restoration, chrominance upsampling, deinterlacing, quality is less annoying to a human observer than the artifacts
and resolution enhancement. A decoded MPEG-2 sequence fortypically found in compressed video. The most annoying ar-

interlaced standard definition television (SDTV) in 4:2:0 is tifacts areringing artifacts and in particulamosquito noise,

converted to: 1) improved quality interlaced SDTV in 4:2:0; 2) : T
interlaced SDTV in 4:4:4: 3) progressive SDTV in 4-4:4: 4) which occurs when the appearance of the ringing changes from

interlaced high-definition TV (HDTV) in 4:2:0; and 5) progres- picture tq picture. . . .

sive HDTV in 4:2:0. These conversions also provide features as 1he primary goal of this paper is to improve MPEG-2 de-
freeze frame and zoom. The algorithm is mainly targeted at bit coding, or rather to postprocess the decoded sequence re-using
rates of 4-8 Mb/s. The algorithm is based on motion-compen- information in the MPEG-2 bitstream to obtain a sequence of
sated spatial upsampling from multiple images and decimation ‘pigher fidelity, especially with regard to the artifacts. The re-
to the desired format. The processing involves an estimated . . . .
quality of individual pixels based on MPEG image type and local sulting output is a sequence In the_ same format as the dlrec'_tly
quantization value. The mean_squared error (MSE) is reduced’ decoded one, which in our case is interlaced standard TV in
compared to the directly decoded sequence, and annoying ringing 4 : 2 : 0. Inaddition, we demonstrate how the approach can be
artifacts including mosquito noise are effectively suppressed. The ysed to obtain progressive (deinterlaced) or high-definition TV
superresolution pictures obtained by the algorithm are of much  (ypTv) from the same bitstream. This also facilitates features
higher visual quality and have lower MSE than superresolution

pictures obtained by simple spatial interpolation. such as frame freeze and zoom. o .

Previous work on postprocessing includes projections onto
convex sets (POCS) [3] and regularization [4]. For low-bit-rate
(high compression) JPEG-compressed still images and
MPEG-1-coded moving pictures, the main artifacbiscking,

i.e., visible discontinuities at coding block boundaries. This
. INTRODUCTION artifact can be dealt with efficiently using the POCS frame-
PEG-2 [1]is currently the most popular method for com0rk [5], as well as by other methods [6]. By regularization,
M pressing digital video. It is used for storing video o’ OCS constraints can be combined with “soft” assumptions
digital versatile disks (DVDs) and it is used in the contribu@Pout the sequence. Thus, Credial. [4] restored very-low
tion and distribution of video for TV. We base this paper on thigit-rate video encoded by H.261 and H.263 according to the
MPEG reference software encoder [2] for which a bit rate é@llowing desired (soft) properties: 1) smoothness across block
5-7 MbJs yields a quality which is equivalent to (analog) distriRoundaries; 2) small distance between the directly decoded
bution phase alternating line (PAL) TV quality. Lower bit rate§equence and the reconstructed sequence; and 3) smoothness
are also used in TV distribution to save bandwidth and becai@@ng motion trajectories. Elad and Feuer [7] presented a
professional encoders may provide better quality than the refépified methodology for superresolution restoration requiring
ence software. explicit knowledge of parameters as warping and blurring. As
this knowledge is not available in our case, we do not take the
risk of processing based on estimating such parametersePatti

. . . , al. [8] also addressed the superresolution problem in a general
Manuscript received December 1, 1999; revised May 2, 2002. This work was

supported in part by The Danish National Centre for IT Research. This paﬁ@ttmg r_nOde“ng the system components. They applled.POCS
was recommended by Associate Editor A. Tabatabai. performing projections for each pixel of each reference image

B. Martins was with the Department of Telecommunication, Technicgh egch iteration. Recently [g] this approach was modified to
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Index Terms—Peinterlacing, enhanced decoding, motion-com-
pensated processing, MPEG-2, SDTV to HDTV conversion, video
decoding.
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out in the transform domain. Our goal is to develop simplek. Quality Measure for Pixels in an MPEG Sequence

techniques (which could be combined with POCS). From the MPEG code stream, the type (I, P, or B) and the

The starting point of our work is the sequence decoded By antization step size are extracted for each macroblock. Based
an ordinary MPEG-2 decoder [2]. The material to be processgg s information, we shall estimate a quality parameter for

in this paper is of higher quality than MPEG-1 material or thg -, pixel which is used in a motion-compensated (MC) fil-

low-bit-rate material of [4]. Consequently, there is a higher rislléring. MPEG specifies the code-stream syntax but not the en-
of degrading the material. Enforcing assumptions of smoothnesgyer itself. Our work is based on the reference MPEG-2 soft-
of the material will aimost surely lead to a decrease of sharpnegsye encoder [2], for which the quantizers may be character-
The basic idea of our restoration scheme is to apply a consgkq as follows. The nonintra quantizer used for DCT coefficient
vative form of filtering along motion trajectories utilizing theC(i, j) is (very close to) a uniform quantizer with quantization
assumed quality of the pixels on each trajectory. The assurgqués and a deadzone @f, around zero. The intra quantizer
quality of each pixel in the decoded sequence is given by t)€aq for DCT coefficien€(4, ;) has a deadzone of 5¢4(i, 5)
MPEG picture structure (i.e., what type of motion compensatio,ng zero. For larger values, it is a uniform quantizer with

is applied) and the quantization step size for the CO”eSpondE@antization ste (4, 7), and the dequantizer reconstruction

macroblock. _ point has a bias of 1/8,(:, 5) toward zero. In [2], as is usually
The algorithm has two steps. In the first step, a superresfa case, all DCT coefficients in all blocks are being quantized
lution version (default is quadruple resolution) of each d'reCthdependentIy as scalars.

decoded pictureis constructed. In the second step, the super- 14 mean-squared error (MSE) caused by the quantization
resolution picture is d.ecirr_1ated to the desir_ed format. Dep(_andiggpends on the distribution 61(i, 7). This distribution varies

on the degree of decimation of the chrominance and luminanggy, the image content and is hard to estimate accurately. We
in the second step, the problem addressed is one of restoratigly annroximate the expected error by the expression for a uni-
chrominance upsampling, deinterlacing, or resolution enhanggqy, yistribution of errors, within each quantization interval, re-

ment, e.g., conve_rsion to_HDTV. The aimin res_toration is to eQUIting from a uniform quantizer with quantization stgpap-
hance the decoding quality. For the other applications, the reﬁcﬂéd 0 C(4, §)

lution is also enhanced.

In the first part of the upsampling, directly decoded pixels are o s A\ 2 1,
placed very accurately in a superresolution picture before fur- E {(C('Lv H-c (z, J)) } =12 % )
ther processing. This approach is motivated by the fact that the
individual pictures of the original sequence are undersampledThis expression may underestimate the error as it neglects the
[9], [10]. We do not want to trade resolution for improved peainfluence of the dead zone, and it may overestimate the error as
signal-to-noise ratio (PSNR) by spatial filtering at this stage she distribution ofC(z, 7) is usually quite peaked around zero,
the noise reducing filtering is deferred to the decimation stepespecially for the high frequencies.

The paper is organized as follows. In Section Il, a quality The DCT transform is unitary (when appropriate scaling is
value is assigned to each pixel in the decoded sequence. Bpyilied). Thus, the sum of squares over a block is the same in
one (upsampling) of our enhancement algorithm is describedtie DCT and spatial domains. Applying this to the quantization
Section Ill. The second part (decimation) is described in Seerrors and introducing the expected values gives the following
tion IV. Results on a number of test sequences are presenteceiationship for each DCT block:

Section V.
m=7,n=7 . 5
Il. PROCESSINGBASED ONMPEG-QUALITY _%: _OE {(‘X (m, n) — X(m, ”)) }
MPEG-2 [1] partitions a picture into 2616 blocks of picture 7 i=7,j=7 )
material (nacroblocks A macroblock is usually predicted from = E {(C(i, §) = C(, j)) } )
one or more reference pictures. The different types of pictures i=0, j=0

are referred to as |, P, and B pictures. | pictures are intracoded,
i.e., no temporal prediction. Macroblocks in P pictures may bihere the DCT coefficientS'(¢, j) are scaled as specified in [1]
unidirectionally predicted and macroblocks in B pictures maAnnex A) andX (m, n) denotes the pixel value variables. As
be uni- or bidirectionally predicted. (Macroblocks in B and Rn approximation, we assume that the expected squared quan-
pictures may also be intracoded as macroblocks in I-picturedigation errors are the same for all the pixel positigns n)

The error block, resulting from the prediction, is partitionewithin the DCT block. Based on this assumption, the expected
into four luminance and two, four, or eight chrominance block&lue of the squared error for pixe{m, n) is given by
of 8 x 8 pixels, depending on the format. For the2 : Oformat, )
each macroblock has two chrominance blocks. The discrete @{(X(m, n) — X (m, n)) }
sine transform (DCT) is applied to eachx88 block. The DCT

coefficients are subjected to scalar quantization before being ] =La=T N
coded to form the bitstream. =& E {(C('L, J) = C(, J)) } 3)
=0, j=0
2In this paper, all pictures are field pictures. for all n, m within the DCT block having coefficient§'(z, 7).
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Fig. 1. MSE measured for sequenableas a function of the quantization step
sizeq, (depicted using natural logarithms). For intra picturgsis defined as
the quantization step size for the DCT coefficient at (1, 1).

Decimation
(11-15)

Fig. 1 depicts the logarithm of the MSE as a function of
log(gs) for the luminance component of I, B, and P picturesig. 2. overview block diagram. MC upsampling alternates between doubling
The figure reflects the fact that bidirectional prediction is bettétre resolution vertically and horizontally. Then final step is decimation to the
than unidirectional prediction, and that intra pictures and no esired format. Equation numbers are given in (). Dashed line marks control
. . : . ow.
intra pictures are different. It is noted that we can use the ex-
pression (1) as a general approximation for the MSE of picture

typey as long as we replacg with ¢,r,, wherer, is a constant termsuperresolution pictures used to refer to the initial MC up-
which depends on the picture type, i.e. sampled high-resolution image. An overview of the algorithm is

given in Fig. 2.
5 2 1 A The motion field, relative to one of the reference pictures, is
E X —X = — 2 = QsTy- 4 i 1 K I
{( (m, n) (m, n)) } 2% 1=y (4 determined on the directly decoded sequence by block-based
motion estimation using blocks of sizex88. This block size

From the data in Fig. 1, we measurg = 1, »p = 1.2, and . .
X . is,our compromise between larger blocks for robustness and
rr = 0.9. These values are used in all the experiments reported.

The intra and nonintra quantization matrices used [2] are dsf[naller blocks for accuracy, e.g., at object boundaries. A mo-

ferent. This is, in part, addressed by the values,ofThe value lon vector is calculated at subpixel accuracy for each pixel

of r; was measured with, defined as the quantization step sizgf the current picture relative to the reference field picture con-

’ o . Sidered. Based on the position:af and the associated motion
for C'(1, 1).] The normalized quantization parameters (4) ¥]ector, one pixek’, shallpbe chosen in the reference picture.

are used as the quallt.y value we assign to_each p|er_W|th|n t e\'I'he motion vector is found by searching the reference picture
block. This measure is only used for relative comparisons a]nd

not as an absolute measure. It could be improved by takin ﬁ(rathe best match of the-8 block, which has;, positioned as

o . P y 9 E € lower-right of the four center pixels. The displacements are
specific frequency content into account, as well as the precise. ied by(m + Am, n + An), where(m, n) is the integer
quantization for each coefficient. ! ' ’ 9

In general, pixels in the interior of anx8 8 DCT block have ar}:gﬁ;% ﬁz) tgseit(igzsiglzﬁé fgl?frzz?aligti;oitge dilss?rllzc\?g_ent
a smaller MSE than pixels on the border. We could assign a i P P Tam

ferent value ofr, for interior pixels and pixels on the border. ical displacement. For a given candidate ve¢tor Am, n +

. S . ) - An), each pixelz of the 8«8 block is matched against an esti-
Experiments lead to our decision of ignoring the small differ- PN o . .

: . 2 mated value: which is formed by bilinear interpolation of four
ence at our (high) bit rates and as an approximation use the same

: : : neighboring pixels:,.(m, n), z.(m+1, n), z.(m, n+1), and
quality value (4) for all pixels in a block. z.(m + 1, n + 1) in the reference picture

I1l. UPSAMPLING TO SUPERRESOLUTIONUSING & = (1—-Am)(1—An) zp(m, n) + (1— Am)An z,.(m, n + 1)
MOTION COMPENSATION
+Am(l1-An)z,.(m+1,n)+AmAnz.(m+1,n+1)] (5)
To process a given (directly decoded) picture we combine the

information from the current frame and thé previous frames wherez,.(m, n) is the pixel in the reference picture displaced
and theN; subsequent frames, whefé; is a parameter and (m, n) relative to the pixel: in the current picture. (The co-
each frame consists of two field pictures. We first describe hawdinate systems of the two pictures are aligned such that the
to align pixels of the current picture at timavith pixels of one positions of the pixels coincide with the lattice given by the in-
of the reference pictures using motion estimation. Section Ill-#&ger coordinates.) The subpixel resolution of the motion field,
then describes how to combine the information from all the respecified vertically by and horizontally by, determines the
erence pictures to form a single superresolution pictutefdte  allowed values of\m andAn: Am =0, 1/V, ..., (V-1)/V

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 10,2010 at 05:25:35 EST from IEEE Xplore. Restrictions apply.
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andAn =0, 1/H, ..., (H — 1)/H. The best motion vector maps to the same superresolution pixel, the superresolution
(m' + Am/, n’ + An') is defined as the candidate vector thapixel is assigned the value of the reference pixel having the
minimizes the sum of the absolute differencks+ Z|) taken smallest value of the normalized quantization parameter
over the 64 pixels of the block. (How the set of candidate veobtained fromq, and the picture type (4). If the pixels are
tors is determined is described in Section IlI-C.) Let, n!) of equal quality(¢), the superresolution pixel is set equal to
be the absolute coordinate of pixél in the reference picture their average value. We do not define a MC superresolution
obtained by displacing the position of the current pixglby pixel if the best (i.e., smallest)is significantly larger than the
the integer par{m’, n’) of the best motion vector. The pixelnormalized quantization value of the current macroblock in the
value ofz’. is now perceived as a (quantized) sample value oftirectly decoded picture.

pixel at position((m/. —m’ — Am/)V, (n). —n' — An/)H)ina Pixels of the current directly decoded pictar@riori have a
superresolution picture at timtevhich hasl” times the number higher validity than the reference pixels because the exact lo-
of pixels vertically andH times the number horizontally rela-cation in the current picture is known. Let be a pixel of the

tive to the directly decoded picture. directly decoded picture at timeandx; a pixel from a refer-

It is not sufficient, though, to find the best motion vector acence picture aligned with; within the uncertainty of the motion
cording to the matching criterion as there is no guarantee thic@mpensation. To estimate a new (superresolution) pixel value
agoodmatch. The following criteria is used to decide for each at the original sample position af,, we calculate a weighted
x). whether it shall actually be placed in the superresolution piealuei: of x; andzs by
ture. We may look at the problem as a lossless data compression
problem (inspired by the minimum description length principle & = hiwy + hows. (7)
[11]). Let there be two alternative predictive descriptions of the ) o ) ) ) o
pixels of the current 88 block, one utilizing a block of the ref- 1 he filter coefficients in (7) may be estimated in a training

erence picture and one which does not. If the best compressi¥Sion using original data. The (MSE) optimal linear filter is
method that utilizes the reference block is better than the b@en by solving the Wiener—Hopf equations

method which does not, then we rely on_the match. In pra_lctice, E{X, X1} E{X1X2}\[h, E{XX,}

we do not know the best data compression scheme, but instea . . he ) = o (8)
some of the best compression schemes in the literature may be B{X1 X} B{XpXo) 2 E{X X}

used. For lossless still-image coding, we use JPEG-LS [12]. Rierex, X, andX, are the stochastic variables of the pixels in
lossless compression ut|.I|2|ng motion comper!satlon, we chq$8 The variablest; and X represent quantized pixel values,
the technique in [13], which may be characterized as JPEG-lihereast represents a (superresolution) pixel at a sample posi-
with motion compensation. For simplicity, the comparison igyp, in the picture with the original resolution. The Wiener filter

based on the sum of absolute differences. The JPEG-LS Rigefficients could, alternatively, be computed under the con-
dictor [12] is given by straint thath, + ho = 1 in order to preserve the mean value. In

our experiments on actual data applying (8);+ »» was fairly
min(a, b), if ¢ > max(a, b) close to 1, so we just proceeded with these estimates. Given
# = ¢ max(a, b), if ¢ < min(a, b) (6) €enough _tr_aining data, the s_econd-order_mean values in (8) could
be conditioned on the quality ¢&1, =2), i.e.,(¢1, ¢2), and on
the types of the pictures af, andx, as well as other MPEG pa-

wherea denotes the pixel to the left af b denotes the pixel on rameters. In this paper, the picture type is reflected by (4) and the
top of z, ande the top-left pixel. number of free parameters is reduced by fitting a smooth func-

We compare the (intra picture) JPEG-LS predictor and tHign t0 the sample#. (g2/q.). We choose the function below
best MC bilinear predictor (5). If the former yields a better pre?S it is monotonically increasing i /¢, from O to 1 and as its
diction of the pixels of the 88 surrounding block, we leave theP€havior can be adjusted by just two parameters as follows:
superresolution pixel undefined (or unchanged) by notinserting he =1 (1 — o) @/’ 9
(or modifying) a MC pixel at the positiof(rm). —m’ — Am/)V, 1= 1-a) ©)
(nl. —n' — An/)H). hy =1—hy. (10)

Checking the match reduces the risk of errors in the motion

compensation process, e.g., at occlusions. Occlusions are 4186 Parameten specifies thea priori weight thatz; should
handled by performing the motion compensation in both df&m- The parametet specifies how much the difference in the

rections time wise, and by performing motion compensation ¢alities ofz: andz, should influencer. The filter (9) has the
rty thatfol0 < o < 1,8 > 0 andqy, ¢o > 0, we have

pixel level. This leads to a fairly robust handling of occlusiongripe

to within 3—4 pixels of the edge. Shi <1 , , ) o .
The MC superresolution pixels, which do not coincide with

the sample positions in the current image, maintain the quality

value they were assigned in the reference picture. Pixels in the
The superresolution picture is initially formed by mappin@riginal sample positiongz, = x(m, n)), determined by (7),

pixels from each of the reference pictures as described aboy assigned the quality value

The implemented block-based motion-compensation scheme

is described in Section IlI-C. If more than one reference pixel glm, n) = h1 q1 + ha qo. (12)

a+b—c, otherwise

A. Forming the Superresolution Picture
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nLD filter h. used in the software coder [2] fdr: 2:2—-4: 4 : 4con-
version
Motion Estimation
(V.H) @ he=(...,0,0.082, —0.203,0.621, 0.621, —0.203,0.082,0, .. .).
(12)
eteron o _ anh pixel of thg resulting super_resolution pic_tqn(d/, H) _
rajectory? is assigned the attribute of whether it was determined by motion
compensatiom,,,.(V, H) or interpolationp;(V, H). The MC
Yes pixels also maintain their quality value determined by (4) [and
WV/2H) possibly modified by (11)] as an attribute.
Is the match No p(V,?-;/ 2 . .
cood?  (5) — C. Speedup of Motion Compensation
The following scheme is applied to speed up the estimation
Yes of the4N; + 1 high-resolution motion fields that are required
for the 4/V; + 1 reference pictures relative to the current pic-
Calculate Interpolate ture. The very first motion field (estimating the displacement
auality B pirels of pixels of the other field of the current frame relative to the
current field picture) is found by an exhaustive search within a

small rectangular windowd{3 vertically and=7 horizontally).

Insert best pixel For each of the remaining/V; reference pictures, we initially
in ppcand p * predictthe motion field before actually estimating the field by
Rnc B a search over a reduced set of candidate motion vectors. The

motion field is initially predicted from the previously estimated
Inset p, piel for motion fields using linear prediction, simply extrapolating the
undefined g, pixels motion based on two motion vectors taken from two previous
fields. (The offset in relative pixel positions between fields of
different parity is taken into account in the extrapolation. After
Fig. 3. Block diagram of MC upsampling doubling the vertical or horizontathis the motion vectors implicitly takes care of the parity issue.)
'gso';’gon- eql’a“%” ”“”&bers are given in {fverages as expressed bypaying the predicted motion field (truncated to integer preci-
(B)-(10) may also be used. sion), we collect a list over thé most common motion vectors
appearing in the predicted motion field. Thereafter, the search is
restricted to the small set of this list for the integer patt ()

A block diagram of the MC upsampling is given in Fig. 3f the motion vector in (5). Al - V fractional values of a mo-
Letpmc(V, H) denote a superresolution picture created by Mfion vector are combined with thé integer vectors on the list.
upsampling as described previously.and H specify the res- consequently, the final motion vector search consists of trying
olution of the motion compensation (5). Usually, some of thgt 7. 7.V vectors. This way, we hope to track the motion vec-
pixels of p.(V, H) are undefined because there was no agys at picture level without requiring the tracking locally. Thus,
curate match (of adequate quality) in any of the reference pigzen with a small initial search area, between the two fields of
tures. These pixels are assigned values from an interpolaeftame. the magnitude of the motion vectors on the list may
superresolution picturg;(V, ) having the same resolutionjncrease considerably with no explicit limit to the magnitude.
aspuc(V, H). The resulting image is denotgelV, H). The vy fast motion, exceeding the initial search area between two
picture p;(V, H) is created by a 2: 1 spatial interpolation ofjg|gs of the same frame, is not captured though. In the exper-
the high-resolution picture(V/2, H) (if V' = 2H) or the jments, we use a fixed-size/ (= 35) candidate list. The size
high-resolution picturep(V, H/2) (if V' = H). This upsam- of the list can be adjusted according to different criterias. As
pling alternates between horizontal and vertical 2:1 upsagh example, including all motion vectors on the list with an oc-
pling. currence count greater than some threstolid the predicted

The upsampling process is first initialized by settifd, 1)  motion field reduces the risk of overlooking the motion vector
equal to the directly decoded picture which has the original resg g object composed of more th#rpixels, as a motion vector
olution. Thereafter, the initialization is completed by definings estimated for each pixel. An additional increase in speed for
P(2, 1) = pi(2, 1), wherep,(2, 1) is created by spatial inter- higher-resolution motion fieldéH > 2V V > 2) is obtained
polation of p(1, 1). Hereafterp(2, 2), p(4, 2), andp(4, 4)* py letting them be simple subpixel refinements of the motion
may be created in turn building up the resolution, alternatigg|q found for& = V = 2. The processing time for creating
between horizontal and vertical 2: 1 upsampling. the high-resolution motion field is proportional fo 4+ H - V

The odd samples being interpolated in the upsampled pictiyigiead of/ - H - V, i.e., approximately a reduction by a factor
are obtained with a symmetric finite-impulse response (FIR} four for the usual resolutionH = V = 4). As the size of

3The block-based motion-estimation method applied does not warrant higﬁ'@p list \_Nith the updated vectorg is fixed, the. F:omplexity is also
precision of the motion field. proportional to the number of pictures specified/By.

* PV,H)

B. Completing the Superresolution Picture by Interpolation
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In order to keep the algorithmic complexity down, we base th€m, n). If one of the pixels is obtained by interpolation, a con-
decisions in the enhancement algorithm on analysis of the luratant is used for the weight
nance component only, always performing the same operations
on a chrominance pixel as the corresponding luminance pixel. w ,
Additionally, no special action is taken at the picture boundaries =2 ylalm, m)/a(ma, n0))
apart from zero padding. The original motion vectors coming v
with the bit stream were disregarded as a higher resolution isw(m, n) =
desired. They could be used though, e.g., by including them on L, p(m, n) & Pmc,
the list of predicted motion vectors. wo,  p(Mm, n) € Pme, P(Mo, 10) & Pme

17)

p(m, 7’L), p(m07 TLO) € Pmec

wherewy, 6, andy are parameters.

The parameterwy(=w(mog, no)) specifies thea priori

The upsampling procedure only performed quality-basegbrth of a MC (p,,.) pixel compared to an interpolated
filtering for pixels located on the same motion trajectoryp; = p,;(V, H)) pixel. The last case in (17), where there
(within our accuracy). In this section, we state a downsampliig no MC superresolutiorip,,,.) pixel at the output sample
scheme applying quality based spatial filtering of the supggesition (mg, no), may occur in conversion to HDTV and in
resolution pictures. The filter coefficient for each pixel shouldhrominance upsampling. Restoring SDTV there will always
reflect the quality and the spatial distance of the pixel. THse the directly decoded pixel étng, no) ensuring a defined
quality attributes are dependent on the MPEG quantization (@xel in p,,. at(mg, ng).
and whether the pixel is MC or interpolated. For all possible The parametet is a global parameter (set to 0.5) whereas
combinations of quality attributes within the filter window,§ is inversely proportional to a local estimate [within a region
the optimal filter could be determined given enough trainingf size (H + 1)(V + 1)] of the variance of the superresolu-
data. Instead, we take the simpler approach of first assignitign picture at(mo, no). wo is set to 6. The structurally simple
individual weights to each pixel depending on its attributesownsampling filter specified by (13)-(17) only has the four
relative to the current pixel and then normalizing the filteparametersa, ~, 8, wo). The downsampling filter also attenu-
coefficients. ates noise, e.g., from (small) inaccuracies in the motion com-

A two-dimensional linear filtely is applied to the samples pensation. (Larger inaccuracies in the motion compensation are
of the superresolution pictuge (=p(V, H)) in the vicinity of largely avoided by checking the matches and only operating on
each sample positiofing, n) in the resulting output image of a reduced list of candidate motion vectors.)
lower resolution. The filter is a product of a symmetric vertical
filter, a symmetric horizontal filter and a function reflecting the

IV. DECIMATION

quality. The weight of the pixed(m, n) at(m, n) in p is V. REsuLTS
Four sequences were encodthble, mobcal, tambour-sdtv,
g(m, n; mo, no, V, H) andtambour-hdtv The extremely completamboursequence
= K gy (|m —mo|) gur([n — no|) w(m, n). (13) has been used both as interlaced SDTV and in HDTV format.

For SDTV, the format is4:2:0 PAL TV, i.e., the luminance
In this expression, the weight(m, n) is a function of the frame size is 726 576 and the frame rate is 25 frames/sec. For

quahty attributes of the p|)(qb(7zn7 7’L) andK is a norma]izing HDTYV, the resolution is doubled horizontally and Vertica"y.

factor (3. ¢ = 1). The 1-D filtersg, and gy, reflecting the ~ The parameterée, 3) of the filter expression (9) are esti-
spatial distance, are defined as follows: mated using a small number of frames of the sequemziecal

Calculating the Wiener filter (8), we assume implicitly that
g1=(..,00,1,0,0--) (14) the “original” pi.x.els of the superresolut.io_n picture taken. at
the sample positions are equal to the original (low-resolution)
92=(...,0,a,1,a,0-) (15) pixels of the SDTV test sequence. This yields the curve
ga=g2%g2 = (..., a% 2a, 1 +2a%, 2a,a®---). (16) h(qg2/q.) depicted in Fig. 4. Fitting the filter parameters of (9)
to this curve yieldsy = 0.25 andg = 0.5. These parameters
It is noticed that the support of the low-pass filte(#8 + 1) - are used in the processing of all the test sequences. Besides the
(V +1) superresolution pixels or approximately the area of orwirve 1 (g2 /g1 ) based on average values overall curves of
low-resolution pixel. This very small region of support is chosel; (¢2/¢1 ) were recorded for different fixed values@f. These
to reduce the risk of blurring across edges in the decimatioorves differ from the average in shape, as well as in level, e.g.,
process. Furthermore, the valueaw$hould be quite small be- expressed by the value for = ¢, i.e.,;(1). For most of the
cause very often the individual pictures are undersampled.docurrencesy:/q; was close to 1. The irregular shape of the
the experiments, we use the parameter value0.1. curves for larger values aof,/q; reflects the sparse statistics
The functionw(m, n) (13), reflecting the quality, depends orand due to this the dependency on the specific data that was
whetherp(m, n) andp(mg, ng) are MC superresolution pixelsused for estimating the Wiener filter. The overall level/of
or whether they were found through interpolation. When bothas observed to increase with increasifngreflecting the fact
pixels are MC [i.e., defined bp,,. = pm(V, H)], their rel- that the motion estimation inaccuracy becomes less important
ative quality parameters are used to determine the weightvafien the quantization error is large.
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v-g hl(q2/ql)
o-o ql=12
—— alpha=0.25, beta=0.5
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Improvement (dB)

q2/q1

Fig.4. Wienerfilter coefficient, as a function ofi»/ ¢, for a piece ofmobcal

The smooth function is the filter expression obtained by fitingnd 3. The  Fig. 6.  Average improvementin PSNR for luminance and chrominance for all

curves areh (g2/q1) for all ¢ and for a small fixed value of; (=12). sequences (res) using parametBirs= V' = 4 and N; = 5. The result of
increasing the bit rate by 1 Mb/g-() is given for comparison.
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Fig. 5. PSNR of directly decoded sequences as a function of the bit rate.
Fig. 7.  PSNR measured for sequetaile (luminance). The GOP consists of
24 pictures.

A. MSE Results

Fig. 5 shows the PSNR of the directly decoded sequences (fwited during MPEG-2 coding. Consequently, the largest im-
the first 33 frames in each sequence, which is the part beipgpvement (upto 1.7 dB) is recorded for the | picturesiobcal
used in the tests). The average PSNR improvement for the $he P-pictures ofmobcalbeing relatively poor and only unidi-
quences using our algorithm is depicted in Fig. 6. For compaectionally predicted also display high improvement (about 1
ison, the improvement obtained by increasing the coded bit rat®). The B pictures ofable being much worse than the cor-
by 1 Mb/s is also shown. Over these sequences, the averageriesponding P pictures display the highest improvement (about
provement achieved by our algorithm is roughly the same as thelB) for this sequence. Whereas the algorithm generally im-
improvement obtained by increasing the bit rate by 1 Mb/s. proves poor pictures the most, some areas may be so poor (e.g.,
Figs. 7-9 show the PSNR for the individual pictures in théue to occlusions), that the algorithm fails to improve them. This
sequence. (The group of picture (GOP) structure consists ofisa consequence of the conservative strategy of requiring a good
frames and thereby 24 pictures: I/P, B/B, B/B, P/P, B/B, B/B, P#ock match in the reference picture in order for it to influence
---). Itis remarkable that the directly decoded sequences disptag current picture. This is also the reason wambourdisplays
such different characteristics: ftableandtambour the P pic- a relatively modest improvement and wiapleat 7 Mb/s has a
tures have much better PSNR than B pictures, whilerfobcal larger improvement thatableat 5 Mb/s.
this is not so. The restoration algorithm improves all pictures, In Fig. 10, the influence of the upsampling factéfsandV,
regardless of their directly decoded quality. The magnitude a$ well asiV;, is depicted. The superresolution picture is con-
the improvement depends on two factors: 1) the relative qualétructed using foutV; + 2 field pictures, namely the current
of the directly decoded picture compared to the surrounding pield and the foutV; + 1 reference field pictures. The results are
tures and 2) to which degree the temporal redundancy was exaluated by the average improvement in PSNR reconstructing
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P ' ' ! ' ' ' ' ' "] tant at these bit rates. It is also noticed that the improvement

- ordinary decoding, 5 Mbits/s - increases with the number of reference pictures. /Fpr= 5,

— restored, 5 Mbits/s 11 full frames are used, i.e., almost half a second of video in

the restoration of each picture. In this relatively large span of

time, the scene is geometrically warped to some extent. The fact

that far-away pictures can contribute to the improvementimplies

that our mechanism for excluding bad matches (see Section Il1)

works satisfactorily.

The algorithm is almost progressive My, as it starts with

the nearby reference pictures and works its way to the far-away
pictures. We can get the benefit of the restoration little by little,

- VALY 1 actually traversing along the curves in Fig. 10. This might be

PSNR (dB)

s h | useful for freeze-frame applications. The only increase in algo-
27— : — ' — ’ rithmic complexity is that we have to perform the decimation
ield mumber multiple times, which only accounts for a minor part of the pro-
cessing time.

Fig. 8. PSNR measured for sequemeebcal(luminance). The GOP consists )
of 24 pictures. Fortambour we can measure the performance of restoration

to HDTV. The PSNR is only measured for the even fields. (This
is in order to exclude the effect of a resampling in the measure-
ments.) Fotambourcoded at 7 Mb/s, the restoration method
gave a 0.76-dB PSNR improvement for the luminance in com-
parison to simple spatial upsampling of the directly decoded pic-
tures. For the latter method, the upsampling filter of (12) was
used for calculating odd samples of the even field.

29 T T T T T T T g
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B. Panel Tests

[
=
n

The sequences were presented for a panel of eight (PAL TV)
expert viewers. Each viewer was seated at a fixed distance be-
tween two and six screen heights. The sequences were displayed

[~
=

2551 58 restored - on a50-Hz interlaced high-fidelity TV using split screen in 20
- | | 1 tests in all. The viewers made blind pair-wise comparisons of
B a s the directly decoded, the restored, and the original sequence. In

field number each pair-wise comparison, they scored ( 0,+1) indicating
Fig. 9. PSNR measured for sequeta@mbour(luminance). The GOP consists the best{1) and the WOI’S_'[—( 1) of the two or eql_"al quality (0).
of 24 pictures. They were also asked to judge sharpness, artifacts, etc.
The reconstructed sequences were overall rated as equally

! ' ' ‘ ‘ ' good or better than the corresponding directly decoded sequence

- o—ol-2. V=2 1 (with an average overall score of 0.5 on th&to+1 scale). The
- oo Hot, Vot {1 overall evaluation was highly correlated with the degree the ar-

L | tifacts were evaluated to be reduced in the restored sequences.
The sharpness was also evaluated to be improved by the restora-
tion but less noticeable.

In a comparison between a directly decodedhle) sequence
coded at 7 Mb/s and a restored sequence coded at 5 Mb/s, the
panel judged the sequences to be of equal quality overall. Some
viewers observed that the 7 Mb/s sequence was sharper.

Using our method for upsampling a decoded sequence to
HDTV produced acceptable results fmobcalandtable The
restored HDTV sequence of the very complambourwas too
b i L 3 7 5 bleak and lacked details though. For all sequences, our results
were visually significantly better than simple spatial upsam-

improvement (dB)

Nf

Fig. 10. Average PSNR improvement of the luminance for a GORatical plmg'. . . . L
(pictures 24-47) encoded at 5 Mb/s as a functiodVgfand the upsampling ~ Deinterlacing was tested in a frame-freeze setting viewing

factors(V, H). single images of a progressive sequence. The images obtained
by our enhancement algorithm were also evaluated as being of
SDTV measured over one GOP wiobcal It is noted that, in acceptable quality. Figs. 11-13 show part of an image of mobcal
this test, the improvement increases with the upsampling factaasulting from deinterlacing to progressive format. Fig. 11 de-
implying that the accuracy of the motion field is very imporpicts the result of using simple upsampling of a directly decoded
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pictures and decimation to the desired format. The processing
involves an estimated quality of individual pixels. The quality
is estimated from MPEG-2 code streams in our work. Improved
MPEG-2 decoding and MPEG-2 SDTV to HDTV conversion
were demonstrated. The quality is improved both for moving
pictures and for the individual still pictures. Measured by MSE,
the improvement roughly corresponds to the improvement ob-
tained by incrementing the bit rate by 1 Mb/s. Subjective tests
suggest that the performance of the algorithm is even better than

Fig. 11. Direct progressive SDTV. Mobcal at 5 Mbs/s. Part of the I-picturthiS because it efficiently suppresses mosquito noise, the main

(frame 24, top field). PSNR- 28.5 dB.

it
wilia FIEN

Fig. 12. Enhanced to progressive SDTV. Mobcal at 5 Mb/s. Part of the

I-picture (frame 24, top field). PSNR 30.1 dB.

Fig. 13. Enhanced to progressive HDTV in 4:2:0. Mobcal at 5 Mb/s. Part of

artifact at the bit rates used in these tests. The algorithm is con-
ceptually simple but the computational demand is high as it is
based on high-accuracy estimation of a dense motion field. An
initial application could be progressive improvement of frame
freeze for displaying and printing single images based on dein-
terlacing and possibly upsampling. For these applications, the
technigue could be combined with POCS.
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