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ABSTRACT displacement vector used for motion compensation and transmis-
sion. The displacement vector field can never be completely accu-

This paper discusses the efficiency of a compression scheme forrate since it has to be transmitted as side information with a limited

video sequences that jointly encodes groups of pictu_res. Our aPpjt-rate. For simplicity, we assume that all motion-compensated
proach, motion-compensated transform coding, applies a KLT to pictures are shifted versions of the “clean” video signalind dis-

decorrelate a set of motion-compensated pictures for efficient en-; rted by independent additive white Gaussian naiseThe shift

_codlng. tThe t?eoretlcal |nvet§,t|gat|czjn Ut'l'%es a 5|g?al mode for is determined by the vector-valued displacement efxqrof the
inaccurate motion compensation and provides a performance coms, y, motion-compensated picture. For that, the ideal reconstruc-

parison to motion-compensated prediction. We discuss the inﬂu-tion of the band-limited signav|i] is shifted by the continuous

elnce of m;)tlon acguracy(,j reilduet\:]nmse, Snd tfhe (ijor(;ela_ltlton ofdis-ya1ued displacement error and re-sampled on the original orthog-
placement errors dependent on the number of coded pictures. 5 grid. The noise signals,, andn, are mutually statistically

independent fop # v.
1. INTRODUCTION

o1
Today'’s video coding schemes utilize DPCM with motion-com- v ci Y1
pensated prediction (MCP) for efficient compression. Such com- ® A D—e —>
pression schemes require sequential processing of video signals
which makes it difficult to achieve efficient embedded represen- o 12
tations of video sequences. This paper investigates the efficiency . v2
of motion-compensated transform coding, a compression scheme A, ©—e | e
which jointly encodes groups of pictures (GOP). For that, we uti-
lize a powerful model for inaccurate motion compensation with ’
additive residual noise. This model has proven to be useful to
characterize motion-compensated prediction [1] and multihypoth-
esis motion-compensated prediction [2]. Our approach for jointly
encoding groups of pictures applies the KLT to decorrelate a set
of motion-compensated pictures. To evaluate the performance of ng
motion-compensated transform coding, we assume compression at l cx Vi
high bit-rates and determine the rate difference to optimum intra- L Ak D—e | e
frame coding of individual motion-compensated pictures. In the

following, Section 2 introduces the model for motion-compensated
transform coding. Section 3 and 4 discuss respectively uncorre-

lated and correlated displacement errors, and provide numerical Fig. 1. Model for a group ofk” motion-compensated pictures.
results.

Fig. 1 depicts the model fak” motion-compensated pictures
2. MODEL FOR MOTION-COMPENSATED cx[l] which are jointly transformed b§" with K output signals
TRANSFORM CODING y[l]. We assume th& is linear, unitary, and decorrelating.
Assume thatv and c, are generated by a jointly wide-
Let v[l] andck[l] be scalar two-dimensional signals sampled on sense stationary random process with the real-valued scalar two-
an orthogonal grid with horizontal and vertical spacing of 1. The dimensional power spectral densitiésy (w) and®c,,c, (w). The
vectorl = (z,y)” denotes the location of the sample. We interpret power spectral densitiéb., ., (w) are elements in the power spec-
cx as thek-th of K motion-compensated pictures to be coded. tral density matrix of the motion-compensated pictutes. The
Obviously, motion compensation should work best if we com- power spectral density matrix of the decorrelated sighg} is
pensate the true displacement of the scene exactly. Less accugdiven by®.. and the transforrf’,
lri?rtﬁec;r;’lcpcir;ztlon will _degrade the pgrformance. T_o capture thc_a Byy(w) = T(w)Peo (w)TH (), 1)
y of motion compensation, we associate a vector
valued displacement errak;, with the k-th motion-compensated ~ where T denotes the Hermitian 6f andw = (w.,wy)” the
picturecy. The displacement error reflects the inaccuracy of the vector-valued frequency.
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We adopt the expressions for the cross spectral densities  For T, we assume an energy preserving and decorrelating
®c,c, from [2], where the displacement errafs;, are interpreted  transform: the KLT. The eigenvalues of the power spectral den-
as random variables which are statistically independent from sity matrix ®ec ared; = [1 + a(w) + (K — 1)P(w,0?)|®yy

7 andX2 3.k = [1 + a(w) — P(w,0?)]®yy. The power spectral
Pcpe, (W) =F {e‘]w (Au=av) }cbvv (W) + ®npyn, (W) (2 density matrix of the transformed signals is diagonal.

Like in [2], we assume a power spectruby., that corresponds to M =
an exponentially decaying isotropic autocorrelation function with Dyv(w)
a correlation coefficient, = 0.93. l+a+(K-1)P 0 o 0
For the k-th displacement erroA, a 2-D normal distribu- 0 l1+a—-P --- 0
tion with variances% and zero mean is assumed whereithand . .
y-components are statistically independent. The displacement er- .
ror variance is the same for ali motion-compensated pictures. 0 0 o lt+a-P
This is reasonable because all pictures are compensated with the 9
same accuracy. Further, the pafrd,, A,) are assumed to be

jointly Gaussian random variables [3]. For simplicity, we assume The first eigenvector just adds all components and scales with

1/v K. For the remaining eigenvectors, any orthonormal basis

that the correlation coefﬁmerpA between two dlsplacemen_t €™ can be used that is orthogonal to the first eigenvector. That is, the
ror component\ ., andA ., is the same for all pairs of motion-
KLT for our signal model is not dependent on

compensgted plcturfas. The_above assumptions are summarized by The rate difference [5], [2] is used to measure the improved
the covariance matrix of a displacement error component.
compression efficiency for each motion-compensated piéture

1 pa - pa o
ra 1 o PA _ L 1 CD)’kYk(w)

Ca.a. =04 : S : ®) ARy =1 // 3 %82 <<I>CM (w) o (10)
pa pa - 1 T

It represents the maximum bit-rate reduction (in bit/sample) possi-
Since the covariance matrix is non-negative definite [4], the corre- ble by optimum encoding of the transformed sigpal compared

lation coefficientpa in (3) has the limited range to optimum intra-frame encoding of the signal for Gaussian
wide-sense stationary signals for the same mean squared recon-
TR <pa<1l for K=234,..., 4) struction error. A negativé R, corresponds to a reduced bit-rate

compared to optimum intra-frame coding. The maximum bit-rate
which is dependent on the number of motion-compensated pic-reduction can be fully realized at high bit-rates, while for low bit-
tureskK. rates the actual gain is smaller [2]. The overall rate differehdée

These assumptions allow us to express the expected value iris the average over all motion-compensated pictures and is used to
(2) in terms of the 2-D Fourier transfori of the continuous 2-D evaluate the efficiency of motion-compensated transform coding.
probability density function of the displacement ergsy,.

T 1.7, 2 H Pypyy (W)
E{eﬂw A’“} = P(w,0A) =€ ¥ “7a (5) s // <Hz 11 D, ¢, ( w)) do (1)

The expected value contains differences of jointly Gaussian ran-

dom variables. The difference of two jointly Gaussian random Assuming the KLT, we obtain for the overall rate difference with

variables is also Gaussian. As the two random variables have(g)

equal variancer , the variance of the difference signal is given p 5

by 0% = 204 (1 — pa). Therefore, we obtain for the expected 1— Pw,0%) +

; 4 4r? 1
value in (2) u + a(w)
. T
E {eﬂw <A“7A”)} =P (w 204 (1 — pA)) for u#v. 1 P(w,0?)
’ —1 1+(K—-1)————= | dw. 12

For u = v, the expected value in (2) is equal to one. With that
we obtain for the power spectral density matrix of the motion-
compensated pictures:

' The case of a very large number of motion-compensated pictures
is of special interest for the comparison to DPCM with motion-
compensated prediction.

, ) )
‘I’cc(uJ): P(w',UQ) 1+fxw) P(w',UQ) @ ARKHOO: // log2< - i (w)))dw (13)

b b . :
P(w,0%) Pw,0%) -+ l4a(w) According to [1], the performance of motion-compensated predic-
a(w) is the normalized spectral density of the noiBg, n, (w) tion with optimum Wiener filter achieves a rate difference of

with respect to the spectral density of the “clean” video signal.

P*(w,04)
A 0gs - —= | dw.
a(w):%’zg) for k=1,2,....K @8) Fmep = // log ( T ()]z)d (14)
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Assuming uncorrelated displacement errasd (= 20%), the Figs. 2 and 3 depict the overall rate difference over the dis-
performance of motion-compensated transform coding and MCP placement inaccuracy for motion-compensated transform coding
differs only in the influence of the residual noise power spec- with 2, 8, and 32 pictures. The residual noise RNL is -100 dB
trum a(w). That is, assuming no residual noise, both approachesand -30 dB, respectively. A residual noise level of -100 dB can be

demonstrate identical performance. regarded as the noiseless case, whereas -30 dB reflects the noise
level of compressed video. The limit of a very large number of
3. UNCORRELATED DISPLACEMENT ERRORS pictures and the performance of motion-compensated prediction

according to (14) is also plotted. The horizontal axis in Fig. 2 is
In the following, we investigate motion-compensated transform Calibrated byd = log,(v1204). Itis assumed that the displace-

coding and provide numerical results for comparison. ment error is entirely due to rounding and is uniformly distributed
g P P in the interval[—2°~1, 2771 x [-2°~1 2771 whereg = 0 for
0 integer-pel accuracyj = —1 for half-pel accuracy = —2 for
- lgEEe quarter-pel accuracy, etc [2]. The displacement error variance is
9 s ol , 9% s
=1F : . . : ”,’ : . //’ : . . . B UA - 12 *
g—l.s- e nl : AR T SR We investigate the slope of the rate difference (13) in the noise-
§ ol.o-7l ,/ ] less casex — 0 for K — oo by applying a Taylor series expan-
E I : P : : : sion of first order for the functior®.
8-25F ) (IR ST RPN HTNIR PRI Plw,0?)
5 Ay _ Plw,o”) 2 T _ 2
% =3F ,“,’ [REEES [EEERRRREES [REES [RTTETRRRITRION 1 1 —|—a(w) ~oaAw w(l pA) for oa — 0,pa 75 1
2 a5l o7 A N N S S (16)
S LT S When inserting this in (13), we obtain a slope of 1 bit per inaccu-
B A S R IR ITRIINTNITS U, racy step for motion-compensated transform coding.
7 7 7 [ PP K=32
—ABL G Koo ] ARk oo ~ B+ const. for oca —0,pa £ 1 a7
9 -~ MCP
=5, 3 - 1 0 1 2 With this assumptions, motion-compensated transform coding and
displacement inaccuracy f motion-compensated prediction show the same behavior in the

noiseless case. This can also be observed in Fig. 2, where the
Fig. 2. Rate difference to intra-frame coding vs. displacement residual noise is negligible.
inaccuracy for a group of< pictures. The displacement errors If residual noise is present, motion-compensated transform
are uncorrelated and the residual noise is -100 dB. For referencecoding outperforms motion-compensated prediction by at most 0.5
the performance of motion-compensated prediction with optimum bit/sample for very accurate motion compensation. This can be ob-
Wiener filter is also plotted. served in Fig. 3 and by comparing (13) with (14).

4. CORRELATED DISPLACEMENT ERRORS

So far, we assumed uncorrelated displacement errors for motion
compensation. In the following, we investigate the influence of the
displacement error correlation coefficiggt on the performance

of motion-compensated transform coding.

Fig. 4 depicts rate difference over displacement error corre-
lation coefficientpa for a group of 2, 8, and 32 pictures at a
residual noise level of -50 dB. The limit of a very large number
of pictures and the performance of motion-compensated predic-
tion according to (14) is also plotted. We assume that for motion-
compensated prediction the displacement errors are uncorrelated.
We observe that for increasing correlation coefficient the perfor-
mance of motion-compensated transform coding improves and
outperforms motion-compensated prediction for a large number
of pictures. Maximally negatively correlated displacement errors

s : ; ; ; - cause an inferior performance.

-4 -3 -2 -1 0 1 2 Figs. 5 and 6 capture rate difference over displacement inac-

displacement inaccuracy curacy for a group of 2, 8, and 32 pictures at a residual noise level
of -30 dB. The displacement error correlation coefficieatis 0.5
Fig. 3. Rate difference to intra-frame coding vs. displacement and 1, respectively. The limit of a very large number of pictures
inaccuracy for a group o pictures. The displacement errors  and the performance of motion-compensated prediction according
are uncorrelated and the residual noise is -30 dB. For referenceyo (14) is also plotted. Comparing Fig. 3, 5, and 6 with = 0,
the performance of motion-compensated prediction with optimum ,, = 0.5, andpa = 1, respectively, we observe that the in-
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Wiener filter is also plotted. fluence of motion accuracy on the rate difference is reduced for
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Fig. 6. Rate difference to intra-frame coding vs. displacement in-
accuracy for a group oK pictures. The displacement errors are
maximally correlated{» = 1) and the residual noise is -30 dB.
gFor reference, the performance of motion-compensated prediction
with optimum Wiener filter is also plotted.

Fig. 4. Rate difference to intra-frame coding vs. displacement er-
ror correlation coefficient for a group &f pictures. Very accurate
motion compensation is assumeti£ —4) and the residual noise
is -50 dB. For reference, the performance of motion-compensate
prediction with optimum Wiener filter is also plotted.

Further, we decorrelate tifé motion-compensated pictures by the
KLT and determine the maximum bit-rate reduction possible by
optimum encoding of the transformed signal, compared to opti-
mum intra-frame encoding of the motion-compensated signal. We
show that the performance for uncorrelated displacement errors in
the noiseless case is identical to motion-compensated prediction.
In the presence of residual noise, the presented scheme demon-
strates an improvement of at most 0.5 bit/sample. In the case of
correlated displacement errors, we pointed out that compression
efficiency improves for positively correlated displacement errors
and that the performance is only limited by the residual noise.
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