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ABSTRACT
The application of multidimensional adaptive non-linear fil- | XX X X XXX
ters for interpolation of interlaced imagery is investigated. |O O O O O
Moreover, a new scheme for combination of several data | < X X XX
estimates by weighting based on one-sample correlation is| © O O O O
proposed. This technique achieves superior performance| X X X X X
when combining vertical and temporal signals at a mod- |O O O O O

erate complexity increase. In the spatial domain, one-di-
mensional non-adaptive Lagrange interpolators are found to
provide sufficient objective and subjective image quality as (@) Left: Frame picture (progressive  (b) (16 x 16) Subblock
compared to two-dimensional linear and non-linear filters, ~ Sca): Right: Two field pictures (in- of & picture; lost bot-

. ; terlaced scan) tom field
and median-type filters. ) .
Fig. 1. Interlaced picture/block

1. INTRODUCTION AND OUTLINE investigated whether and how these schemes can be extend-
ed to two- and three-dimensional filters. Finally, the devel-

Natural digital video comes mostly in interlaced form. In- ©Ped techniques are compared in performance to median-
terlacing a single picture/frame of a video means to split the tyPe filters.

lines of samples/pixels into two fields. Odd-indexed lines 5 |\NTERPOLATION BY MULTIDIMENSIONAL

are usually assigned to the top field, and lines of even index FILTERS
are counted belonging to the bottom field [1, 2]; see also
Fig. 1(a). Fig. 1(b) shows a block of a picture in interlaced coding

When top and bottom fields are independently transmit- mode after complete loss of the bottom field. All even num-
ted —e.g. with IP or ATM packet-based networks, by putting pered lines belong to the lost bottom field and are zero,
each field into a single packet —their high correlation can be whijle odd numbered lines belong to the correctly received
exploited for error concealment in case of packet loss. Theand decoded top field. This scenario is — not only for a
task is then to estimate/interpolate the lost fle'd(S) such thatsing|e block but the whole picture — considered to evaluate
the quallty of the reconstructed picture is closest possible tOdifferent approaches to efficient error concealment. Com-
its corresponding original. The worst-case scenario is Whenparisons of different concealment schemes are exemplified
information of both the current frame’s two fields is com- py means of a subset of luminance pictures from Ste-
pletely lost due to packet deletion. Then, temporal COﬂCQa'-fan sequence. The PSNR values quantify the error made by
ment is the only possibility for estimation of lost data. In  the respective concealment method with respect to the orig-

case only one field is lost but the other one is preserved (segnal video sequence. These methods depend strongly on the
Fig. 1(b)), the signal of the lost field is estimated from the assumed underlying signal model.

correctly received field by smart filtering. Several methods
are developed in the subsequent sections and compared t
each other with respect to objective and subjective perfor-
mance. A simple concealment approach is to assume vertical pixel
The paper is organized as follows. First, various one- correlation. Then, concealment is identical to upsampling
dimensional interpolation methods are discussed. It is thenthe columns of pixels of the top field by a factor of 2. A

91. 1D spatial filtering



trivial but efficient solution is nearest-neighbor interpolation 2.2. 2-D spatial filtering

(pixel line replication/copy). This achieves a PSNR of 23.08

dB for the test picture. In this section, the simple 1-D model is extended to a spatial
A better but also somewhat more complex solution is the 2-D model to exploit horizontal pixel correlation as well.

use of Lagrange interpolators [3]. In finite-length Lagrange According to a widely accepted spatial-correlation model,

interpolation, & N — 1)th-order polynomial through known @ natural_ image can pe well .modeled as a first-order AR

N data points is defined, which allows to obtain arbitrary Process in both directions, with the nearest-sample corre-

points on the curve defined by this polynomial. Assuming lation coefficientp ~ 0.95. The AR(1) model advocates

discrete-time uniform samples, a digital interpolator for the that a second-order filter provide sufficient gain. The filter
signalz (i) is accomplished as is applied vertically first, according to the 1-D case, which

results in a vertical estimate for each missing row; see Fig.
3(a). Then, a horizontal Lagrange filter is employed to these

N N . N . . . .
B n—j N (Ln-1) . rows, providing a second estimate. Assuming equal pixel
y(n) = z_; 111 i—j 2(i) = 2—31 2 (n)x (@), correlation in both picture dimensions, both estimates are
R = finally averaged arithmetically.
whereg; is the set of linearly independent basis functions, X

(symbolized by the superscrip). -

here chosen to be discrete Lagrange interpolation functions ><‘><‘>7<T§<T>i‘ H 1
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By this method, a symmetric FIR filter is derived, indi- Fyf L -

. . . . ! |
cating linear phase. To achieve continuitymust be even, AN XXX 2y X. o
which gives odd filter length. The interpolated sampleisal- ), | |O ) 1)
ways obtained from the middle of the polynomial fitdue to 1\ /', XXX TS 1 -
the curve’s highest accuracy around this point. A realization = -+~ o P
of a sliding Lagrange filter is depicted in Fig. 2. Thefilter _ . _ . _ . t

. . . . . |
coefficients for a second-order Lagrange interpolation filter . >7<}7>7<7} X}}g }7>7<l>7<7} X}
arehX1)(n) = (0.5, 1, 0.5). Such a filter is very simple to
realize in FIR structures by' bit shifts. prever, the filter's (@) Spatial interpolation  (b) Vertical and temporal
frequency respongéf (¢’)| is far from being an ideal low- by second-order (solid-line  second-order interpolation;
pass filter; it should thus only be used if the variation from  rectangle) and sixth-order  dark-shaded: pixel to be
one vertical sample to the other is small or, in other words, ~(dashed-line rectangle)  estimated; light-shaded: used
Lagrange filters for estimation

if the signal’s bandwidth is small compared to the sampling

frequency. However, its performance is with a 27.68 dB Fig. 3. 1-D, 2-D and 3-D signal models; the location of the
PSNR quite fair. The signal has been mirrored at its borderspixel to estimate is illustrated by a solid-line circle
beforehand to minimize edge effects.

The approach of horizontal and vertical filtering results
in a PSNR of 27.12 dB, which is worse than the result ob-
tained for the same filter and a vertical correlation model.
The reason for this is that, e.g. at edges and in regions of
high picture activity, low correlation 'overrides’ high corre-
lation. It is therefore a better solution for computation of
the desired estimate to weight the models of vertical and

Fig. 2. Moving-window sixth-order FIR filter horizontal correlation differently according to their actual
amounts. The assumption of vertical and horizontal corre-

A discrete sixth-order Lagrange interpolation filter has lation mirrors hereby quite nicely the statistics of real-word
the impulse responsk(“s)(n) = ( -0.0625, 0, 0.5625, 1, Vvideo material, i.e. vertical and horizontal edges. The cor-
...). All coefficient multiplications (except one and zero) relation in both dimensions is in a simple but efficient man-
are easily implemented by 4 bit right shifts and additional ner approximated by the absolute difference of neighboring
fixed-point multiplications by 9 fon(/2)(3,5). This re-  field samples.
sults in a PSNR of 28.09 dB. Our simulations show that As seen above, the 2-D case produces vertical and hori-
the sixth-order filter performs generally best with the test zontal estimates for lost samplgs; from the received field
images (listed in Sec. 2.3). It is further noted that bit shifts samplesz; ;, denoted by, ande, respectively. A new
cannot be employed for the coefficients (0.0117, 0, -0.0977,estimatee for one sampley is now defined as the weighted
0, 0.5859, 1, ..) of the tenth-order filter. sum of estimates = w, - e, + wy, - ey, With the weight-




2-D filtering method | 2-D Gain || 3-D filtering method | 3-D Gain |

Vert. near.-neighbor 16.24 || Temp. near.-neighbor 20.31
Vert. 2nd-o. Lagr. 20.25|| Temp. 2nd-o. Lagr. 23.91
Vert. 6th-o. Lagr. 20.45 || Weig. temp. 2nd-o. + vert. 2nd-o. Lagr. 25.60
Vert. 10th-o. Lagr. 20.42 || Sw. temp. 2nd-o0.+ vert. 2nd-o. Lagr. 25.03
Vert. + hor. 2nd-o. Lagr. 19.47 || Weig. temp. 2nd-o0.+ vert. 6th-o. Lagr. 25.83
Weig. vert.+ hor. 2nd-o. Lagr. 19.56 || Sw. temp. 2nd-o.+ vert. 6th-o. Lagr. 25.15
Switched vert.+ hor. 2nd-o. Lagr.  19.31 || Weig. temp. 2nd-o. + vert. 10th-o. Lagr. 25.86
MED1 19.36 || Sw. temp. 2nd-o.+ vert. 10th-o. Lagr. 25.13
MED3 20.08

Table 1. Gain of interpolation techniques averaged over all testimages

ing factorsw; = 0,...,1. Vertical and horizontal distance function has to be calculated (one addition per pixel). Be-

variablesd; are further defined ag, = |z11 — z21] and sides normal filtering in each dimensidf, the weighting

dy = |z1,1 — x1,2|, and according to the distorted image factors require additionall)” additions and one multiplica-
tion per pixel. Finally, the total estimate demandsaddi-

T T2 tions andK multiplications per pixel.
Y1 42 Finally, we compare the performance of vertical inter-
To1 - polation to two median-type filters [4]. The filters are sim-

ilar to the ones in [5] but differ in that they account for

treating a one-sample distance along arow and a two-sampléne interlaced subsampling lattice. The first one is a pure
distance along a column equally. By means of these defi-megian filter withy™=®) = MEDIAN (Tim1 {i—1.7j41)
1,] —L,uu—LJ, ’

nitions, d is invers_ely proportional to t_he actual correlation. Zi11.(j-14,+1)) (based on 6 samples), and the second one
d, = 0 means a high vertical correlation. Henedas to be ED3) _
chosen close te,, e = e,, which in turn requiresv, = 1 FROY
andw, = 0. d, = 0 means a high horizontal correlation, MEDIAN (xi‘l’{j—lnfvj“}’xi“’{j‘l&{g’fl}’zivﬂ' Tv), Ty

¢ = en, andw, = 1 as well asw, = 0. The relation- =, (Zi-1j + Zit1,;)/2, and wherer7;" is the sample ob-
ship between the two estimates is therefope= 1 — w,.  @ined b¥f|lter|nw(n) with [y, ha, ha, hu], h% =[0,-1/8,
The only way to satisfy these given requirements is to set,_l/&o] ' andh; = [~1/8,1/2,1/2, ~1/8]". Both meq-

wy = dj—— andwy, = dy,—L—. In order to evaluate, ian-type filters show, though more complex, subjectively

v = Ohd, 1d; - ' g

, U dy+dn . X
and herebyu, . the original field matrix has in practice to be the same quality as tenth- or even second-order vertical La-

extended (mirrored) by one row at the bottom and one col- 9r2nge interpolators. Objectively=>Y) performs, aver-

umn at the right side, hereby minimizing edge effects. There @9€d Over all\l/léggt images as specified in Sec. 2.3, 1.06 dB
is the special case where bath = 0 andd, = 0. Thenone  WOrSe, and/MEDP3) 0.34 dB worse than vertical tenth-order

estimate (naturally the vertical one) is chosen to be best byflters:

assigning the maximum possible distance to the horizontal

estimate, e.g. 255 for 8-bit pixel representation. Applied to 2.3. 3-D filtering (Spatial and temporal filtering)

the reference picture, a PSNR of 27.04 dB is yielded. The

reason for this is that the horizontal estimates are based onn natural video material with high picture rates, temporal

the vertical estimates, which in turn means a more inaccu-correlation is often higher than spatial correlation. This

rate result. As a last strategy, estimate weighting is replacedmeans that, in addition to the 2-D case, also information

by simply switching between the vertical and horizontal es- in temporally preceding and/or succeeding pictures can be

timates according to which distance variable is smaller. The used for error concealment. For this, Beefanstill image

PSNR here computes to 26.83 dB. example is extended to a short sequence of three pictures.
The multiple-estimate model can easily be further ex- The first simple strategy is temporal nearest-neighbor in-

tended to any desired numbér of directions, e.g. utiliz-  terpolation. The PSNR value of 24.15 dB shows that this

ing diagonal estimates/filtering additionally, by defining the method performs better than the vertical nearest-neighbor

is a recursive linear median hybrid filter define

sumD = Zszl dj, and the weighting factors; = DE)d‘] ) scheme. However, sequences with much motion are hereby
Itis stressed that the filtering process for both weighting and poorly predicted. Temporal Lagrange interpolation of sec-
switching is adaptive and thus non-linear. ond order, based on the pixels of the adjacent two frames

Multiple estimation means a higher complexity than e.g. at the same spatial position, achieves 28.17 dB in PSNR.
plain vertical filtering. For every added direction, a distance Larger number of frames, as e.g. necessary for sixth- and



(a) Vert.copy (b) Vert.2nd-o. (c) V.+.h.2nd-o. (d) Temp.copy (e) Temp.2nd-o. (f) T.+.v.2nd-o.

Fig. 4. Visual comparison of various concealment methods

tenth-order Lagrange filtering are not investigated due to thewith almost all test images. The use of median-type filters
inherent latency of the algorithm and possible delay con- can therefore not be recommended because of their high
straints. complexity. Many-tap vertical interpolators yield usually

The computational complexity can be increased further better results than short-tap filter, but this depends strongly
by allowing two estimates, a vertical and a temporal one, on the source statistics. Visually, second-order filters pro-
which are weighted or switched to form the total estimate as vide satisfactory results.
described above in Sec. 2.2. For illustration, see Fig. 3(b).  Considering the three-dimensional case, a combination
In the special casd, = 0 andd, = 0, the temporal esti-  of vertical and temporal filtering is best for the interpolation
mate is chosen to be optimum. The vertical second-, sixth-,0f video. The use of spatial filters of higher orders is advan-
and tenth-order Lagrange interpolators lead (with weighted tageous. Especially tenth-order filters yield the best results
estimates) to the PSNRs 30.41 dB, 30.74 dB, and 30.83 dB when weighted with temporal estimates. The use of tempo-
respectively. Switching does not improve the PSNR of the ral information for interpolation increases the performance
reconstructed picture. Tab. 1 lists the filtering gain/differ- typically by 3—6 dB as compared to spatial filtering.
ence (in dB) with regard to the unfiltered picture, averaged The application of adaptive non-linear filters is of course
over the 30-fps CIF subsequences (with picture indfexg- not limited to error concealment; the filters proposed here
man(40), Mobile (99), Container(10), News(10), Tempete ~ may also be used for e.g. data compression, sampling rate
(150), Bus (51), Flower (4), Hall Monitor (26), Salesman  alterations, image zooming, and video scan conversion.
(11), Silent(51), andStefan(106). In the 3-D case, both
previous and next picture are used additionally, considering 4. REFERENCES
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