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In this paper we derive a frequency selective extrapolatiethod N
for three-dimensional signals. Extending a signal beyolichiéed -
number of known samples is commonly referred to as signedpxt -]
olation. We provide an extrapolation technique which eesitib
estimate image areas by exploiting simultaneously spatiditem- 1]

poral correlations of the video signal. Lost areas causetlans- ]

mission errors are concealed by extrapolation from thesading. T gl g gl pnE e g EuE ey
The missing areas in the video sequence are estimated ¢mmen [T | g8 g g8 g8
ally from either the spatial or temporal surrounding. Ouprapch T— T— T— T T+ T+ T+
approximates the known signal by a weighted linear comtainaif m’ \ Missing areaZ \ \ Support areay \
3-D basis functions from spatial as well as temporal dicectind
extrapolates it into the missing area. The algorithm is &blex-

trapolate smooth and structured areas and to inherentipeosate
motion and changes in luminance from frame to frame.

\
\

\
\

Figure 1: Image areas used for 3-D extrapolation consistfrige
area to be estimated and its known surrounding.

1. INTRODUCTION , ,
o o B the BMA algorithm. As test vectors all motion vectors of thar-c
Estimating image areas from the surrounding image or vidgw®b  rectly received neighbouring blocks are used. A MB can bi spl
is an important topic of various applications in image andewi  jnto several blocks down to a size of4 which is rate-distortion
communications. The surrounding consists of spatial médion,  optimised. Thus, multiple vectors per MB can be transmitfagt-
i.e. within the image, or temporal data, i.e. previous olofeing  ther, five reference frames can be used for prediction. Hewyéve

frames. _ . prediction error signal is lost and the surrounding préalicerror
_ Extending a signal beyond a limited number of known samplesignals are not used for the motion vector selection.
is commonly referred to as signal extrapolation. For examible In [4], missing image areas are estimated from the surround-

problem of concealing corrupted video data caused by tr&sgn  jng with help of 2-D frequency selective extrapolation apglto
errors in mobile video communications can be seen as anpextraconcealment problems in image communications. In [5] tesuk
olation of the surrounding available video signal into thissing  shown for uncoded data comparing the performance of diffezle
area. In hybrid video coding, prediction of the video sigisap-  gorithms known from literature (amongst others [6], [7]ur@igo-
plied in order to increase coding efficiency. This step cao & rithm showed superior results due to its ability to extrapsmooth
interpreted as extrapolation of the known signal in ordepremlict  areas, as well as edges and noise-like areas. This abifiytieer
the following pixels. . ) ) used to remove TV logos [8].

_Commonly, the unknown signal areas are either predicted spa  However, conventional techniques (either spatialor tempo-
tially or temporally. In case of spatial prediction the thae pre- 5| information. Encouraged by the excellent extrapotafoop-
dicted from surrounding data within the image. Motion compe grties for two dimensions, we developed the 3-D algorithme W
sated prediction exploits the similarity of subsequentiea. For  introduce a mathematical description of the video signaiiatial
block based techniques, the displacement for each blodledft- 514 temporatdirectionat the same timeTherefore, we provide an
age from one frame to the next one is described by a motiolrect extrapolation technique which enables to estimate imagasaboy
In[1] an overview of different spatial as well as temporabercon-  exploiting simultaneouslyspatialand temporal correlations of the

cealment methods is given. , video signal. We apply this principle to concealment in videm-
The Boundary Matching Algorithm (BMA) [2] takes advantage munications.

of temporal information in order to conceal lost blocks. Hneor

across block boundaries for the block compensated witlereifft 2. SPATIO-TEMPORAL EXTRAPOLATION

motion vectors and its neighbouring correctly receivedckdois

measured. The zero motion vector, the vector of the blockén t The method of spatio-temporal extrapolation is appliedht@e-

previous frame, the vectors of the neighbouring blocksptiedian  dimensional signals in order to gain additional informatioom

and the average of the neighbouring vectors are tested. 8dterv  previous and following frames about the image content tostie e

which results in a minimum boundary error is selected. The Exmated. In contrary to the two-dimensional approach [4], w&adkt

tended Boundary Matching Algorithm (EBMA) is applied, isal  only exploit the surrounding image content within the imagée

the prediction error signal is lost. Additionally to the noot vec-  signal to be predicted but also the image content of pregeatid/or

tors the prediction error signals of the neighbouring btoekd an  proceeding frames.

assumed zero prediction error are used. The combinatiomesf p Fig. 1 shows a possible sequence of seven frames where the

diction error and motion vector is selected which is miningshe  spatial dimensions are depictedimyn and the temporal dimension

boundary error. byt. The block# shaded gray in imageis to be extrapolated from
The temporal concealment method of the reference softwiare dhe areawz. The support areaZ ranges from the three previous to

the most recent video coding standard H.264/AVC [3] is based the three subsequent frames including the surroundingeofitba
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isotrop

m n
Figure 3: Volume of a 3-D isotropic function for 7 imaggs=0.8).

the residual error signal in the support area is calculatekis step

r<")[m, n,t] = bm,n,t]- (f[m,n,t] — g<")[m,n,t]> . (6)

Assuming an appropriate basis functigy,w[m, n.t] is already se-

Figure 2: Red: Search area for 3-D-DFT basis functions. @ree lected, the residual error signal is further approximated b

conjugate complex values.
rV D mnt] = r™[mn,t]—bjmn,t] (Ac- dyyw[m n,t])(7)

to be estimated in the actual frame. Only the respectivesavbich ~ Per iteration, we choose that basis functiy,w[m,n,t] which
are used for the reconstruction of the missing area are shotm  leads to a maximum reduction of the residual error criterion

entire region - consisting of the region to be estimatedand the W) 2

support area - is described by a volume. AEY) = % wmn,t](Ac- duyw[mn.t]) (8)
The known pixelsf [m, n,t] are approximated by the parametric (mnt)es

modelg[m,n,t]. The spatio-temporal description loym, n,t] ap- —  (uv,w)=arg maAE (V) ©)

proximates the support area by a linear combination of Hasis Y k) 7

tions m, n,t] weighted by expansion coefficie
¢k"’p[ ] g yexp mkc:"p Then, the respective coefficient is computed by minimisi)g (

gmnt] = Y Cip G pmntl. ) s wimntrV[mnt] ¢uywmn,t]
(k1. p)e. (mnt)e.? '
fe= t m, N, t] ¢y vw[m, n,t] (10)
The set  describes the basis functions used. The basis functions (m n%egw[m, 1] Guvalm. 0, Guwlm
are defined in the entire area and its number of basis functions '
M x N x T equals the number of pixels in . Here, the principle is and subsequently updated
described for real valued basis functions and expansidificeats.

In order to determine the expansion coefficients, the weijht <‘7’V7+\,\}) = <‘7’V7+\,\}) +Ac. (11)
error energy between the original signal and its approdonaty ) ) L )
the parametric model is evaluated with respect to the stjapea The index of the selected basis function is included in thefe
used basis functions
fr . — 2 .
Ey= (mn%ea;/W[m,mt] (flm,n,t] —g[m,n,t])*, 2 vi1= vU uvw if uvwe¢ . (12)

The algorithm terminates if the reduction of the residuabier
where the weighting functiow[m, n,t] has only positive amplitudes energy drops below a pre-specified threshold.

in the support area and is zero elsewhere Summarising the main points of the algorithm, the image con-
tent in the spatio-temporal volume is describgithultaneously
wim,n,] _{ pmnt], (mnjt)e .o/ 3) in spatio-temporaldirection by dominant features in terms of
oH T 0, (mn,t) € B weighted basis functions.

The basis functions are defined in the entire volume, thezefo

Generallyw|m, n, ] allows to emphasise pixels which are more im- €ach approximation provides at the same time an estimatitireo
portant for the extrapolation and is specified for the appiom of ~ Missing samples. Finally, the extrapolated area is cut btie

concealment in Sec. 4. parametric model.
The weighted error criterion is minimised by taking the deri
tive with respect to the unknown coefficients and setting iero. 3. 3-D FREQUENCY SELECTIVE EXTRAPOLATION

We approximate the known area successively because tha€ons
ered problem is underdetermined. The coefficients are rodxday
an iterative algorithm. The approximation in iteratieiis given by

We use 3-D DFT basis functions for the approximation sineg th
are especially suited to extrapolate monotonous areagseatyd
noise-like areas

2

gV mnt = ; o b pmnt. (4 9y ) plmn.t] = el iimk. el Nl I Ftp, (13)
(k1,p)e. A,

For real valued video signals the expansion coefficientsFéF Eo-
The set , consists of all basis functions used for the approxima-efficients, respectively, fulfil the following conjugateraplex sym-

tion so far. With help of the window functioojm, n, t] metry
1, (mnt)eo vty = G aswellas (14)
bimnt] =4 o (mn,t) e 4 ®) n N
o Pr—nor T Mt = Gy [mnt]. (15)
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Sequence Flower Flower Crew Crew | [[ Flower | Foreman [ TableTennis | Crew |
Param. set A B A B TR 17.79dB | 2877 dB 19.75dB 19.55 dB
AE.;,=011 2794dB | 26.03dB | 3240dB | 30.82dB BMA 28.99dB | 3640dB 2519 dB 26.46 dB
177801t | 17724 1t. | 147401t. | 14872 It. EBMA || 2295dB | 3213 dB 22.25dB 2444 dB
AE.;,=10 | 27.35dB | 2548dB | 3150dB | 30.60dB 2-D 17.04dB | 27.43dB 19.94 dB 27.62 dB
11668 1t. | 10396 It. | 30.0 It. 30.76 It. 3-D 2794 dB | 37.06 dB 30.07 dB 3240 dB
AE.;,=20 || 2657dB | 2484 dB | 30.98dB | 30.19dB
738 It. 66481t. | 17441t | 17401t | || Flower | Foreman [ TableTennis | Crew |
TR 17.99dB | 2864 dB 2040 dB 19.25 dB
Table 1: PSNR results and average number of iterations pekbl [BMA 2616 dB | 3322 dB 2516 dB 2589dB
for block losses. Parameter set A: 2 previous and 2 subsequemMEBMA || 25.22 dB | 33.46 dB 24.06 dB 24.02 dB
frames. Parameter set B: 2 previous frames. 2D 1612 dB | 2247 dB 19.75 dB 26.15 dB
3-D 2860dB | 36.11dB 3056 dB 32.09 dB

Taking the symmetry properties into account, we can revthite
parametric model to

1
2MNT (k’lge/%

+C§\/‘I/)7K,N7I.T7p “On_knt7_plmn,t]) (16)

gV [mn,t] (cf("’l)’p “yy plmn.t]

Using 3-D DFT basis functions allows us to express the coaput
tionally expensive equations as (10 in the frequency doniBliis
enables an efficient implementation of the extrapolatigo@hm.
The multiplication of the weighting function with the coreglex-
ponentialdyyw([m, n,t] is equivalent to a shift of its DFT by, v,w

% wlm,nt]gy ;oM n,tduyw[m n,t] = W*k+u,l +v, p+w]
(mnbes '

Hence, the update equation fhe (10) can be expressed with help
of rtiV [mn,t] = wim,n,t]-r)[m,n,t] by

V) [u,v,w] .
A { . MNT - RVA\;[O,O(,OJ] if (u,v,w) e
- V) [u,v,w]-W[0,0,0] —RY)* [u,v,w]-W[2u,2v,2w]
2MNT- S W[O,O,O]Zf\SVN[Zu,ZV,ZWHZ , else
7

with a real-valued spectrum for the set consisting of the dis-
crete frequencie$0,0,0), (*.0,0), (0,%,0), (0,0,%), (45.,0),
(%,0,5), (0,5, %) and (¥,%, %) resuling from symmetry re-
quirements (14),(15) and the definitiong?)[m,n,t]. ForAc* we
obtain a conjugate complex equation.

We select that basis function which is maximising

AEM™)

i |Ac|2-W[0,0,0] + O {Ac2 W [2u, 2V, 2w] })

(18)

:2M2—i|2T2<

Due to the symmetry properties of the DFT the search areaiieh
to approximately half of the volume as illustrated in red ig.R.
This holds also for the number of expansion coefficients whave
to be updated.

The residual error signal can then be expressed by

RV lk1,pl =Ry [k,I,pl - (19)

1 .
MNT (Ac-W[k—u,l —v,p—w] +Ac* -W[k+u,l +V, p+Ww])
Finally, the parametric model is obtained by an inverse DFT

gmnt]=IDFTy yt Gk I, p] (20)

and the missing block cut out. Since all equations are egptem
the frequency domain, there is only one DFT transform regliin
the beginning and an inverse DFT in the end.

Table 2: Comparison of different concealment techniquesp: T
Isolated block losses. Bottom: Consecutive block losses.

4. WEIGHTING OF THE ERROR CRITERION

As already mentioned, the weighting function (3) allows rigphia-
sise important regions for the extrapolation by weighting €rror
criterion in (2). We incorporate a model taking pixels cloethe
missing area more into account as more distant pixels. Hevmee
choose a radial symmetric decaying isotropic 3-D model

2
Pauaplmn.t] = pV/ (=) (0= p<1 (21)
where the loci of constant correlation are globes as depittea

cut-out of 7 frames in Fig. 3.

5. RESULTSFOR CONCEALMENT

The application of 3-D extrapolation to concealment of MBdk
losses is investigated for uncoded YUV-sequences. The PSNR
evaluated only for the lost areas. First of all, the impaditierent
parameters is analysed for images of the sequences Fladerga
Foreman, Table Tennis and Crew in CIF-format (35288 pixels).
We simulated isolated and consecutive MB losses. In thevell
ing, we only show the analysis of a few parameters, the ucait
parameters are kept fixed.

The correlation coefficient of the 3-D windowing function in
(21) showed for all sequences a similar behaviour and wasftire
set top = 0.8. The support area consists of 13 pixels in spatial di-
rection surrounding the block to be estimated which coiegidith
the results reported in [5]. In spatial direction the nexgiéa FFT
size of 64x 64 was applied. The FFT size in temporal direction is
set to 32 but could be reduced to 16 at the sacrifice of a mdrgina
loss in PSNR. Hence, the FFT size was chosen te 64x 32. If a
maximum number of 200 iterations is reached the algorithmite
nates in order to limit the computational cost.

The iterative algorithm terminates if either the reductidthe
residual error energy drops below a prespecified threshB|g
per pixel or the maximum number of 200 iterations is exceetﬂad
the following, we evaluate the effect of the paramégy ;. on the
performance and the average number of iterations per blBek.
rameter set A takes two previoll = 2 and two subsequent frames
Ny = 2 into account and parameter set B only two previous frames
Ny = 2 in case no following frames are available in order to estma
the parametric model. Table 1 shows the PSNR result and #re av
age number of iterations f&€_; =0.1,1.0,2.0. The PSNR is the
better the lower the threshold is because more iteraticad tie a
better approximation of the parametric model. In the fiestaition,
the DC component is chosen. Then, subsequently higherdrequ
cies are selected with respect to the image content. Thagwer
number of iterations per block depends on the image confdr.
detailed flowering meadow needs more iterations than sreoath
eas. For our further investigations, we cho in = 0.1. How-
ever, reducing the number of iterations and thus the loadiges
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Figure 4: PSNR with respect to involved number of frames.

still satisfying results. Obviously, PSNR increases if ooty the
causal previous but also subsequent frames are involved.

Hence, we take a closer look at the impact of the number of pre-

vious and/or subsequent frames involved for extrapolatfig. 4
depicts on the left hand side the results for the sequenceeiFo
garden evaluated for block losses and on the right hand sidbd
sequence Crew evaluated for consecutive losses. The lsedtsre

is lost and not reconstructed. Otherwise, the concealmeniomp
mance of 3-D extrapolation outperforms the other algorithup to
several dBs in PSNR. The performance of 3-D extrapolati@sdo
not decrease for consecutive losses even if less data Ialaiesfor
estimation.

Next, we want to confirm the gained insights subjectivelyhwit
Fig. 6 and Fig. 7, respectively. Fig. 6 depicts on top the eated
image Flowergarden by EBMA and on bottom by 3-D extrapotatio
for isolated block losses shown in Fig. 5. Obviously, the EBM
algorithm is not able to compensate the motion which is agrgaat
the right edge of the tree. In contrary to the 3-D extrapotatvhich
inherently compensates the motion. Also details like trenbines
of the tree or the flowers in the meadow can be extrapolated.

The top image of Fig. 7 shows the concealment of consecutive
losses of Fig. 5, right hand side, by BMA. The algorithm is not
able to compensate the change in luminance to the previaowefr
caused by a flash of a camera. Therefore, wrong motion veaters
found. As opposed to the spatio-temporal extrapolatiorckvban
compensate the variations in luminance and additionatignstruct
detailed areas like badges on the uniforms proven by th@rott
image of Fig. 7.

6. CONCLUSION

We derived a 3-D extrapolation algorithm which allows to lexp
spatial and temporatorrelations of the video signalt the same
time The algorithm was applied to the extrapolation problem-con
cealment in video communications and showed excellerapata-
tion performance. In order to finally evaluate the perforoggrhe
method has to be integrated in a video coder like H.264/AV@- C
rent research focusses further on applying the extrapaolgtiinci-
ple to prediction having the advantage that no motion vedtare

to be transmitted.
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Figure 5: MB losses. Left: Isolated losses. Right: Congeelbsses.

3-D extrapolation.

Figure 6: Concealed isolated MB losses. Top: EBMA. BottoAR 3 Figure 7: Concealed consecutive MB losses. Top: BMA. Bottom

extrapolation.



