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ABSTRACT
A precise motion estimation is necessary, in motion-cosgted

wavelet based video coders (MCWT), in order to minimize the

wavelet coefficients energy. Nevertheless, a motion efiedd of
high precision is expensive in binary resources comparesieelet
subbands and it is thus necessary to optimize the ratertimto
trade-off between motion information and wavelet coefiisie To

this end, we have proposed in previous works to quantize te m

tion vectors using a scalable and open-loop lossy coder fid,a
to evaluate the impact of this lossy motion coding on the diedo
sequence, we have established a theoretical distortiorehaidhe
motion coding error [2]. We present in this paper an approdch
realize an optimal model-based bit-rate allocation betwe®otion
and wavelet subbands. This method is based on the totaltitisto
model of coding error on several decomposition levels,Lidiclg
both motion information and subbands quantization noisgef-
mental validations are satisfactory.

1. INTRODUCTION

Video compression is an essential element in multimediantelo-
gies, like high-definition television (HDTV), video conéarces,
digital cinema and internet-related applications. Regeats have
seen the impressive growth in performance of video codigg-al
rithms, such as the hybrid coders of the latest standardsGAPE
and H.264/AVC [3, 4]. Moreover, wavelet-based video colers]
with motion-compensateith- 2D lifting schemes [7] have been de-
veloped and have shown their efficiency, while allowing abdity
[8], and while remaining close to the performances of theridyb
coders [9]. However, improvement is still possible. Esaki it

is necessary to improve the motion vectors processing angtto
mize the rate-distortion trade-off between motion infotioa and
wavelet coefficients in order to ameliorate the video codffg
ciency at low bit-rates. The problem of the processing ofiomot
vectors was explored in [10, 11]. But, today, in most of thdea
coders, the rate-distortion trade-off for a given rate isimjzed
by varying the motion estimation parameters, which is noli-we
adapted at low bit-rates, makes the scalability difficulbtiain,

and remains expensive in terms of CPU time. We have present

in a previous work [1] a new scalable approach of motion imi@r
tion coding which consists in introducing losses on motientors
of high subpixelic precision, while optimizing a rate-digion cri-
terion. This open-loop method of lossy motion coding alldas
reduce the motion cost with good coding performances at ibw b
rates. Obviously, the introduction of loss on the motion &asm-
pact on the decoded sequence.

In [2], in order to evaluate analytically this impact, weast
lished, for a MCWT video coder on one decomposition levetea t
oretical input/output distortion model of motion codingar In
this paper, we improve this model by introducing the wavetetf-
ficients quantization error and by generalizing the modsketceral
temporal decomposition levels.

The proposed input/output distortion model is then usedgo d
patch in an optimal way the binary resources between theomoti
vectors and the temporal wavelet coefficients. For thatgeepwe
introduce in this paper a model-based bit allocation precdshe
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Figure 1. General structure of the encodegs is the bit-rate of the
subbandsR, the one of the motion vectors aRgdthe total bit-rate).

proposed approach is based on the search of the minimum of a
model-based criteriod and allows to choose the optimal values
for the motion and subbands bit-rates at a given targegbd-r
Section 2 briefly presents the general principle of the nmotio
coding approach. Section 3 deals with the distortion mofi¢h®
coding error orN temporal decomposition levels. We propose in
section 4 an approach for the bit allocation between motibori
mation and wavelet subbands. Finally, section 5 preseategults
of the allocation process. Conclusion and further workspaee
sented in section 6.

2. MOTIONINFORMATION CODING INA MCWT
VIDEO CODER

Fully scalable, our video encoder is based on a lifted metion
compensated wavelet transform (figure 1). In this type o&cdatthe
cost of the motion vectors can be very significant comparetig¢o
wavelet coefficients. To reduce this cost, we quantize vagsés
precise motion vectors, while controlling the rate-distor trade-
off between the original and the decoded sequence.

The vectors are encoded in open-loop [1], which allows full
scalability and a good quality for the motion-compensatedpto-

| analysis. Motion vectors are first quantized using arfionmi

scalar quantizer whose quantization sgggontrols the motion rate-
distortion trade-off and, then, the quantized vectors aoeded us-
ing the MQ-Coder of an EBCOT encoder [9] and embedded in a
JPEG2000-compliant bitstream.

This approach presents interesting performances on ClBand
SD sequences. Indeed, at low bit-rates, we show in previauk w
[1] that quantizing precise motion vectors with lossesvedioo ob-
tain better coding performances than lossless motion godin

3. DISTORTION MODEL OF MOTION AND SUBBANDS
CODING ERROR

In a recent work [2], we established an expression for thiadien
model on one temporal decomposition level including onéyrifo-
tion coding error. This result is briefly presented in sett®l.
Here, we include to this model the subbands quantizatiosenoi
(section 3.2) and an extension to several decompositiozidés



14th European Signal Processing Conference (EUSIPCO 2006), Florence, Italy, September 4-8, 2006, copyright by EURASIP

NN N
5 R

Figure 2: (2,0) lifting scheme for two temporal wavelet deposi-
tion levels.

proposed in section 3.3. Finally, section 3.4 presents paranen-
tal validation of the distortion model for the coding error.

3.1 Motion vectorsdistortion model

Our model is based on the computation of the input-outpubdis
tion D (MSE between input signaland output signak) expressed
by (with Pn the signal power an{ the size of the sequence):

[NF

-1

(P (Xok41 — Xokr1) + P (Xok — Xox) )
&

D=

Xl

We assume that for one temporal wavelet decomposition, ldwel
second part of this equation is equal to zero for a (2,0htificheme
(figure 2).

Thus, the distortio®, which expresses the reconstruction error

due to the motion quantization on one decomposition lesed, e
written as [2]:

[NF

1

-1
2K [

D= Pn (Xok) — My (’7sz+1) +Pn (X1 2) = My (r’sz+1)]
k=0

wherePn (Xok) andPn (Xx2) are the power of imagesy and
Xok4+2; xa(NMBye1) @NATxy ., (NF,.,) the autocorrelation function
of imagesxok and Xox42, With ng, ., and ng,,, the quantization
error on the “Backward” and “Forward” motion vectors.

3.2 Including the subbands quantization noise

The high and low frequency temporal subbands are also qeahti
We have thus to include the subbands quantization noisettieto
previous model.

If we denote byh(p) = h(p) + &x, (p) the quantized high fre-
quency temporal subband, with, (p) the subband quantization
noise, the (2,0) lifting scheme analysis equation for thghtie-
guencies on one decomposition level becomes:

= 1 B F.
M () = X1 (P) = 5 0™ +X54(73) + &n, (P) 1)
The synthesis equation is then given by:
= =~ 1 B, ~Fa
Xok+1(P) = P (p) + 5 (R +%ak2) @

with respectively %' = X(p + Byi1(p)) and X' =

%(p + F1(p)) the “Backward” and “Forward” motion
compensated pixels with quantized motion vectors.

We have to take also into account the low frequency temporal

subbands coding noise introduced on the imaggsndxy. 2 and
denoted respectively bsp andepy,2:

Kok (P) = Xok(P) + €2 (P) andXoi+ 2(p) = Xok42(P) + E2k42(P)

Therefore, the synthesized pixel with quantized motiontamsc
(“Backward” and “Forward”) and with coding error on the low
frequency subbands can be written as:

Bac Bac1 | Ban Fact ot | =P
Yo =X & andXpi o = X5+ Ex¢i 2

By using equations (1) and (2), we obtain the following rielat

= 1/ 8 B B
Xok+1(P) — Xokr1(P) = > ((Xzﬁk+1 — Rt — e Y)

Foii1 *ﬁ2k+1 ~|§2k+1
+ 0%k 2 = %ok — £2k+2)) — &,

The distortionD becomes therefore:
Boki1  oBac1  zBacit
(Pt =Xt —£307)

Fa HFa ~F
+Pn<x2kﬁafx2ktafe2k:+;>>+Pn<shk>}

By introducing the scalar products defined for the “Backwanet-
tors as (with similar notation for the “Forward” vectors):

Boi1 oBacii\ _ 1 Baci1 _ B
<sz 1%k > =NM PR TR
3
and by developing, we obtain:

1t 1. & L .
B B 8
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B B,
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Baki1 Boki1 oBoci1 =Bai1
X e ) = (R Eg )

— (k20 %ok 2) — (Ko 20 Eaicia) — (Ko 2 Eak 2

Assuming that the signal and the different quantizatiorsemiare
mutually decorrelated, the crossed scalar prodé&fﬁ"“,?ﬁfm>,

Koot Bt ), (G Eph) and (Rgih.Exech) are equal to
zero. Then, high bit-rate assumptions involve:

Pn (igﬁk“> ~Pn (Xgik“> ~ Pn (Xx)

Pn ()@"IE) ~Pn (XZZ("IE) ~ Pn (Xoki2),
and the distortiol® can be simplified as:

K-1

1 2= 1 ~B,
D= K k; {Pn (sz) — My (’7sz+1) + EPn (£2k2k+1)

=P

1
+ Pn (X2k+2) - rx2k+2 (nF2k+1) + EPn (£2k+2) + 2Pn(8hk):|

with, erk(r’sz+1) =

Xok+2)-
Moreover, thanks to the high-rate assumption, we also have:

Boki1 oBokr1
<X2k Yok

> (similar notations for image

Pn (ngk“> ~Pn (Egkz'(“> ~ Pn (&%)

~Foi1 - Fai1)
Pn (Z2:1) ~Pn (£h3) ~ Pn(ea2)
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The distortionD, which represents the reconstruction error due tc

the motion and the subbands quantization on one decongositi
level, can thus be expressed as:

1
+ =Pn(&x)

z P (Xo) — gy (’7sz+1) 2

k=0

1
+ =Pn(ex.2)+ 2Pn(£hk)

+Pn (Xok12) — Mgy 2 (nF2k+1) 2

3.3 Generalization to N decomposition levels

The expression of the input/output distortiDrcan be easily gener-
alized to several temporal decomposition levels (Wtthe number
of levels):

1 N-17m 1
D=— Z}
2K n= kZO

+ P (XN onn) — rsz*nk+2N*n (anankJFsznA )}

)

{Pn (Xon-ny) — rsz—nk(nBzN—nk+2N—n—1)

®)

Xl

1 N, N i
i=

with IlﬁN) the low frequency subband amﬁ) the high frequency
subband at thé" decomposition level.

3.4 Validation of thedistortion model

To validate the proposed model, we compare the resultsrtaix-
perimentaly for the input-output distortion of the codetiwihose
obtained by applying the theoretical distortion formula (B fig-
ure 3, we present the results of the distortion for the Clriseqge
“Foreman” on two decomposition levels with a (2,0) liftincheme
at 500 Kbps, for different motion bit-raté®,, where both quarter-
pixel motion vectors and wavelet subbands are quantizedidBe
the theoretical curve is approximated using SmoothingiBag.
These results show that the theoretical and experimentetsu

are close and follow the same progression. We observe no mor
than 5 % on average for the errors between theory and experime

tation. Therefore, the proposed theoretical distortiomlehdor the
coding error provides a good approximation.

4. MODEL-BASED BIT-RATE ALLOCATION

The input/output distortion model being defined by the prasi
equation, the problem is now to find the optimal bit-ratestfar
motion vectors and for the temporal wavelet coefficientsr@deoto
minimize the total distortion. The proposed method is dbscrin
the following section.

4.1 Optimization problem

The problem(P) of bit allocation between motion information and
wavelet coefficients can be formulated as:

minD(Ry, Re)

(P){ RuRe

under constrain®, + Rc = R

1R, the wavelet coeffi-

whereRy is the motion bit-rateR. = 2| v | f
n order to solve problem

cients bit-rate, ané; the target bit-rate.
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Figure 3: Validation of the theoretical distortion modeloiib
quarter-pixel vectors and wavelet subbands are quantmedhe
sequence “Foreman” at 500 Kbps, on two decomposition levels

the following system:

Ri(A,Re) = argmind, (Ry, Re) for all Re
Ry
R: = ar%cminJ,\ (Rv,Ro)[R =R (A Ry) -

Varying the value ofA in an efficient way (for example by using
dichotomy) permits to meet the constraint.

4.2 Bit allocation algorithm
The proposed allocation algorithm works as follows:

L A = Ainit

8. For each value oR;, find the valueR’(A,R.) that minimizes
the criterionJ) (Ry, Re)

Find the valudR; that minimizes the criteriod, (R} (A,Re), Rc)
If R} + R = R then stop, else change the valuero&nd go to
step 2.

3.
4.

5. EXPERIMENTAL RESULTS

We present the results of the bit allocation algorithm fag He-
quence CIF “Foreman” with quarter-pixel motion vectors dnel
sequence SD “City” with pixel motion vectors, on two decorsipo
tion levels with a (2,0) lifting scheme. Figure 4 shows tygbicurves
for J,, for sequence “City”. Curve 4(a) represents, for a fixethe
criterion J, (Ry,Re) as a function of the motion bit-raf, for one
subbands bit-ratB:: whenJ, is minimum, we deduce the optimal
motion bit-rateR; for this Rc; whereas curve 4(b) represents, also
for a fixed A, the criterionJ, (R} (A,Rc),Rc) as a function of the
subbands bit-ratB;. According to the value ok, we have thus the
optimal couple R,R?).

Figure 5presents, for the two sequences, the performanoes c
parison between the curve obtained by applying this bitcation
algorithm (with optimal value® and R presented in table 1 for
each total rat&; given by the value of, for “City”) and the curve

(P), we use the Lagrange multipliers and we introduce the follow without allocation (triangular markers: for same targétratesr,

ing convex criterion:
I (R,Re) =D(R,,Re) +A(Ry +Rc —Ry).

The optimal solution(R},R%) is then obtained by minimizing
Jy (Ry,Re). For fixedA, we can find the optimal solution by solving

Ry = 126.6 Kbps for “Foreman” ani&, = 160.4 Kbps for “City”,
lossless motion coding). These curves represent the oygptit
distortion as a function of the target bit-ra&e It appears that using
the optimal bit-rates allows to improve the quality of theaded
sequence. These results show that the proposed approaphi-of o
mal bit-rate allocation gives satisfactory results.
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Figure 4: Bit-rate allocation on “City”, pixel motion vect
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Figure 5: Performances comparison, (a) Sequence ‘Foreman”

temporal decomposition levels at = 0.004: (a) Criterion

J) (Ry,Re) function of R, with Ry = 230 Kbps; (b) Criterion
Iy (Ry(A,Re), Re) function of Re.

quarter-pixel motion vectors, two temporal decompositievels;
(b) Sequence ‘City”, pixel motion vectors, two temporal ai@po-
sition levels: Approach with bit allocation algorithm coarpd to

R 220 | 270 | 300 350 480 640 830
Ry | 59.2| 89 | 94.8 | 120.8 | 160.4 | 160.4 | 160.4
R¢ | 160 | 180 | 200 230 320 480 670

Table 1: Optimal bit-rateR andRg for different target bit-rateR;
for “City” on two decomposition levels, with pixel motion gtrs
(bit-rates in Kbps).

6. CONCLUSION

approach without allocation and with lossless motion cgdin

(3]
(4]

(5]

In this paper, we have proposed a theoretical model for the in

put/output quantization distortion where both motion westand
temporal wavelet coefficients are lossy quantized in th@émaork

of MCWT video coder. This model has been established on akve
temporal decomposition levels and takes into account thiomo

quantization error as well as the wavelet coefficients deatibn
error.

r (6]

Furthermore, using this model, we have derived an efficient

bit allocation algorithm to dispatch the binary resourcesaeen
motion and wavelet coefficients. Indeed, it is well knownt thig-
timizing the rate-distortion trade-off between motionamhation
and wavelet coefficients is a crucial problem. The proposedah
based approach permits to find analytically, for a targerdii,
which optimal rates to choose for the motion vectors and et
coefficients in order to have a minimal distortion at decgdin
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