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Abstract—This paper investigates linearly combined mo- Bidirectional prediction for B-frames, as they are employed
tion-compensated signals for video compression. In particular, in H.263 [3] or MPEG [4], is an example of multihypothesis
we discuss multiple motion-compensated signals that are jointly MCP where two motion-compensated signals are superimposed
estimated for efficient prediction and video coding. First, we . .
extend the wide-sense stationary theory of motion-compensatedto reduce the bit 'fate of a_\/_'deo codec. But the .B-_frame con-
prediction (MCP) for the case of jointly estimated prediction Ce€pt has to deal with a significant drawback: prediction uses the
signals. Our theory suggests that the gain by multihypothesis reference pictures before and after the B-picture. The associ-
MCP is limited and that two jointly estimated hypotheses provide ated delay may be unacceptable for interactive applications. To
a major portion of this achievable gain. In addition, the analysis overcome this problem, the authors have previously proposed

reveals a property of the displacement error of jointly estimated o X . . .
hypothesez. pSegond, we Sresent a comple{e myultihypothesisoredICtIon algorithms [5]-[7] which superimpose multiple pre-

codec which is based on the ITU-T Recommendation H.263 with diction signals from past frames only.

multiframe capability. Multiframe motion compensation chooses Selecting hypotheses from several past reference frames can
one prediction signal from a set of reference frames, whereas pe accomplished with the concept of long-term memory MCP
multihypothesis prediction chooses more than one for the linear [8] by extending each motion vector by a picture reference pa-
combination. With our scheme, the time delay associated with . . .

B-frames is avoided by choosing more than one prediction signal ram.e.ter' This concept is also called multiframe MCP [9]' The
from previously decoded pictures. Experimental results show additional reference parameter overcomes the restriction that a
that multihypothesis prediction improves significantly coding specific hypothesis has to be chosen from a certain reference
efficiency by utilizing variable block size and multiframe motion  frame and enables the multihypothesis motion estimator to find
compensation. We show that variable block size and multihy- an efficient set of prediction signals employing any of the ref-

pothesis prediction provide gains for different scenarios and that f We will sh that th t of ltiol f
multiframe motion compensation enhances the multihypothesis Sr€NC€ frames. vve will show that the concept of muitiple ref-

gain. For example, the presented multihypothesis codec with ten €rence frames also enhances the efficiency of multinypothesis
reference frames improves coding efficiency by up to 2.7 dB when video compression algorithms [10].

compared to the reference codec with one reference frame for the  For bidirectional prediction, a joint estimation of forward and
set of investigated test sequences. backward motion vectors is proposed in [11]. In that study, an
Index Terms—Entropy-constrained vector —quantization, jterative search procedure was used to estimates two motion vec-
linear prediction, motion-compensated prediction, multiframe 5,5 her plock, but without a rate constraint. As the two motion
prediction, multihypothesis motion-compensated prediction, ] .
rate-constrained motion estimation, video coding. vectors always pomt_to the previous and subsequent frameg, the
advantage of the variable picture reference cannot be exploited.
We generalize the joint estimation approach to several predic-
. INTRODUCTION tion signals, incorporate a rate constraint, and extend the motion

ODAY’S state-of-the-art video codecs incorporate motectors by picture reference parameters. Joint estimation is very
T tion-compensated prediction (MCP). Some of thegfficient not only for bidirectional prediction but also for multi-
codecs employ more than one MCP signal simultaneousiyPothesis prediction with multiple reference frames [S].
The term “multinypothesis motion compensation” has beenMultihypothesis prediction allows the linear combination of
coined for this approach [1]. A linear combination of multiplén arbitrary number of prediction signals. In [2], the linear com-
prediction hypotheses is formed to arrive at the actual predRination of MCP signals with statistically independent displace-
tion signal. Theoretical investigations in [2] show that a linedP€nt errors is analyzed with the wide-sense stationary theory

combination of multiple prediction hypotheses can improve tfd MCP for hybrid video codecs. In this paper, we extend the
performance of motion compensated prediction. wide-sense stationary theory to discuss the class of jointly es-
timated motion-compensated signals, their impact on displace-
. . _ ) ment error correlation, and their performance bounds for arith-
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recommended by Associate Editor J. W. Woods. metic averaging. The joint estimation provides a set of com-
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is derived in [13] as a linear estimator of each pixel intensity,
given that the only motion information available to the decoder
is a set of block-based vectors. OBMC predicts the frame by
overlapping shifted blocks of pixels from the reference frame,
each weighted by an appropriate window. OBMC uses more
than one motion vector for predicting the same pixel but does . -
not increase the number of vectors per block. In contrast, our time —

new scheme also uses more than one motion vector for the same _ _ , _
pixel but also assigns more than one motion vector per bloj . MUUPatels MCP il iee upothescs Thes ok ofrevioss
We adopt the proposed design of the predictor coefficients fime.

linear filtering, add a rate constraint, and relate the design to

rate-constrained vector quantization [14], [15]. For OBMC, [1scsses syntax extensions and coder control issues. Section V
and [13] propose also an iterative estimation search procedyfgiges experimental results and demonstrates the efficiency
for c_)ptlmlzed motion estimation. Mult_|hypotheS|s_ motlon_ estiy¢ multihypothesis MCP for video coding. Further, the impact
mation can be regarded as a generalization of this algorithmy 4 rjapie block size and multiple reference prediction on the
MCP with blocks of variable size improves the efficiency ofyytihypothesis codec is investigated.
video compression algorithms by adapting spatially displace-
ment infprmation [16]-[18]. Varia_ble block size (VBS) predic- Il. MULTIHYPOTHESISMCP
tion assigns more than one motion vector per macroblock but ) ) ) )
it uses just one motion vector for a particular pixel. We caft- Multihypothesis Motion Compensation
improve this scheme and use more than one motion vector foiStandard block-based motion compensation approximates
the same pixel by utilizing multihypothesis MCP for blocks oéach block in the current frame by a spatially displaced block
any size. We will show that multihypothesis MCP with variablghosen from the previous frame. As an extension, long-term
block size improves compression efficiency of VBS schemesemory motion compensation chooses the block from several
[19]. previously decoded frames [8]. The motion-compensated
ITU-T Recommendation H.263 utilizes a hybrid videsignal is chosen by the transmitted motion vector and picture
coding concept with block-based MCP and DCT-based transference parameter.
form coding of the prediction error. P-frame coding of H.263 Now, let us considetN motion-compensated signals. We
employs INTRA and INTER coding modes. Multihypothesisvill refer to them as hypotheses. The multihypothesis predic-
MCP for P-frame coding is enabled by new coding modd®n signal is the linear superposition of theSehypotheses.
that are derived from H.263 INTER coding modes. Annex Qonstant scalar coefficients determine the weight of each
of ITU-T Rec. H.263 allows multiframe MCP but does nohypothesis for the predicted block. We will use oi¥yscalar
provide multihypothesis capability. A combination of H.26%oefficients where each coefficient is applied to all pixel values
Annex U with B-frames leads to the concept of multihypothesif the corresponding hypothesis. That is, spatial filtering of
multiframe prediction. In this paper, we do not use H.26Bypotheses and OBMC are not employed.
B-frames as we discuss interpolative prediction for in-order Fig. 1 shows three hypotheses from previous decoded frames
encoding of sequences. H.263 B-frames can only be used ¥drich are linearly combined to form the multihypothesis pre-
out-of-order encoding of sequences. Further, the presentiction signal for the current frame. Please note that a hypoth-
concept of multihypothesis multiframe prediction is much moresis can be chosen from any reference frame. Therefore, each
general than the B-frames in H.263. ITU-T Rec. H.263 aldoypothesis has to be assigned an individual picture reference
provides OBMC capability. As discussed previously, OBM@arameter.
uses more than one motion vector for predicting the sameThe proposed scheme differs from the concept of B-frame
pixel but those motion vectors are also used by neighboripgediction in three significant ways. First, all reference frames
blocks. In this work, a block predicted by multihypothesis maare chosen from the past. No reference is made to a subsequent
tion-compensation has its individual set of motion vectors. Weame, as with B-frames, and hence no extra delay is incurred.
do not overlap shifted blocks that might be obtained by utilizinecond, hypotheses are not restricted to stem from particular
spatially neighboring motion vectors. The INTER4V codingeference frames due to the picture reference parameter. This
mode of H.263 utilizes VBS prediction with either OBMC orenables the encoder to find a much more accurate set of predic-
an in-loop deblocking filter. An extension of H.263 OBMC ottion signals, at the expense of a minor increase in the number of
in-loop deblocking filter for multihypothesis prediction will gobits needed to select them. Third, it is possible to combine more
beyond the scope of this paper. than two motion-compensated signals. As will be shown later,
The outline of this paper is as follows. In Section II, théhese three properties of multihypothesis motion compensation
concept of multihypothesis MCP is presented. Section Il dignprove the coding efficiency of a H.263 codec without incur-
cusses a model for multihypothesis MCP and incorporates apg the delay that would be caused by using B pictures.
timal multihypothesis motion estimation. This analysis provides We strive to design the multihypothesis motion-compensated
insight about the number of hypotheses that have to be copnedictor in such a way that mean-squared prediction error is
bined for an efficient video compression algorithm. Section Ivhinimized while limiting the bit rate consumed by the motion
integrates multihypothesis MCP into a H.263 video codec andctors and picture reference parameters. With variable length
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coding of the side information, the best choice of hypothest
will depend on the code tables used, while the best cot 34}
tables depend on the probabilities of choosing certain motic
vector/reference parameter combinations. Further, the b
choice of hypotheses also depends on the linear coefficier 33
used to weight each hypothesis, while the best coefficien _ao5
depend on the covariance matrix of the hypotheses. g

To solve this design problem, we find it useful to interpre £ 32r
multihypothesis MCP as a vector quantization problem. Tr&’31 5
Generalized Lloyd Algorithm [20] in conjunction with Entropy
Constrained Vector Quantization [14], [21], [22] is employec 31
to solve the design problem iteratively. For the interpretatior 4, 5
we argue that a block in the current frame is quantized. Tt
output index of the quantizer is the index of the displaceme! : :
vector. Each displacement vector is represented by a unig 295 s . :
entropy codeword. Further, the codebook used for quantizati ! 2 berof hyp3c>theses N 8
contains motion-compensated blocks chosen from previous
frames. This codebook is adaptive as the reference franf@s 2. Quality of the prediction signal and the number of hypothééder
change with the current frame. For multihypothesis predictiofte sequenceoreman(QCIF, 10 fps, 10 s), 1& 16 blocks, half-pel accuracy,

. . anld no rate constraind/ indicates the number of reference frames.

the codebook contain¥ -tuple of motion-compensated blocks
whose components are linearly combined. This interpretation is
sufficient to motivate a cost function for multihypothesis MCHhe iterative algorithms keep¥ — 1 hypotheses fixed and op-

Rate-constrained multihypothesis motion estimation utilizénizes the remaining one by minimizing the multihypothesis
a Lagrangian cost function. The costs are calculated by addﬁ@t function. The algorithm continues to determine these con-
the mean-squared prediction error to a rate term for the motiéitional optimal hypotheses until the multihypothesis cost func-
information, which is weighted by a Lagrange multiplier [23]tion has converged. The iterative process employs conditional
The estimator minimizes this cost function on a block basis &ptimization to each of thév hypotheses. Further, a' hy-
determine multiple displacement parameters. This correspofi@heses are compensated with the same motion accuracy and
to the biased nearest neighbor condition familiar from vect§glected from the same search space. Consequently, there is no
quantization with rate constraint. The multihypothesis decodeieference among th& hypotheses and all contribute equally.
combines linearly more than one motion-compensated signaFig. 2 demonstrates the performance of HSA for equally
which are determined by multiple displacement parameter. TH@ighted hypotheses and without a rate constraint, i.e., the
centroid condition determines the weighting coefficients if mul-agrange multiplier is set to zero. The quality of the prediction
tiple motion-compensated signals are linearly combined. In [jignal is plotted over the number of hypothes¥swhen
several video sequences are encoded to show that the centb@flicting 16x 16 blocks from past frames of the noncoded
condition asks for averaging the multiple hypotheses. More dggquenc&oreman The quality of the prediction signal is given

34.5 T T T

33.5F

30

tails are given in [5]. as average peak SNR (PSNR) in decibels. Half-pel accuracy
is obtained by spatial bilinear interpolatio® is the number
B. Multihypothesis Motion Estimation of frames that precede the current frame and are used for

Multihypothesis motion compensation requires the estim@gérence. It can be observed that increasing the number of
tion of multiple motion vectors and picture reference paramBYPotheses improves the quality of the prediction signal. Eight
ters. The best prediction performance is obtained wherthe"YPOtheses on the previous reference frathe= 1) improve
motion vectors and picture reference parameters are jointly eZ§€ Prediction signal approximately by 2 dB. The same number
mated. This joint estimation would be computationally very d& hyPotheses on ten previous reference frarfles = 10)
manding. Complexity can be reduced by an iterative algorithfi€ve approximately 3 dB over single-hypothesis MCP with
which improves conditionally optimal solutions step by step [5]// = 10- Remarkably, multihypothesis MCP benefits from
[24]. multlfram_e MCP such that the PSNR prediction gain is more

The Hypothesis Selection Algorithm (HSA) in [10] is suct{han additive.
an iterative algorithm. The HSA minimizes the instantaneous . .

Lagrangian costs for each block in the current frame and thefe- Rate-Distortion Performance

fore performs rate-constrained multinypothesis motion estima-It is important to note that aiv-hypothesis use®&/ motion

tion. The performance of the HSA depends on its initializarectors and picture reference parameters to form the prediction
tion. The initial V-hypothesis is generated by repeating the ogignal. Applying a product code for thesereferences will ap-
timal 1-hypothesisV times. This optimal 1-hypothesis is de{proximately increase the motion vector bit rate férhypoth-
termined by rate-constrained motion estimation and minimizesis MCP by a factor oiV. This higher rate has to be justified
the Lagrangian cost function. The initidl-hypothesis causes by the improved prediction quality.

the same prediction error than the optimal 1-hypothesis but re+ig. 3 depicts the quality of the prediction signal over the rate
quires a higher bit rate due to multiple displacements. Nowaf the multihypothesis cod®\mc when predicting 16 16
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34 ! ! ! ! s[/]
ask. Cé[l]
_325F-
T co[l]
T 320 ¢
&
o : : : : Fig. 4. Multihypothesis MCP with two hypotheses. The current fraffieis
L Y A N A A S predicted by averaging two hypothesag!] andc.[l].
Y] AU " Com—— T . S— it
2 : : i —w— N=4 A. Power Spectral Model for Inaccurate Multihypothesis
30.5 : : : 1 e Neo Motion Compensation
0 ; ; ; (L= N=t Let s[/] andc,[l] be scalar two-dimensional (2-D) signals
0 10 20 30 40 50

sampled on an orthogonal grid with horizontal and vertical
spacing of 1. The vectdr= (z,y)” denotes the location of the
Fig. 3. Quality of the prediction signal versus rate of thehypothesis sample. For the problem of multihypothesis motion compen-

code for the sequendereman(QCIF, 10 fps, 10 s), 16 16 blocks, half-pel Sation, we interpret, as theuth of N motion-compensated
accuracy, and/ = 10. signals available for prediction, asdas the current frame to be

predicted. We calt,, also theuth hypothesis.
Obviously, multihnypothesis MCP should work best if we

past frames of the original sequerf@reman The rate of the compensate the true displacement of the scene exactly for each

multihypothesis code is the number of bits used to code motigﬁndm(ljatehpredlcftlon 3|gnaI;rLess accur:tel_cqmgensanon W'I:c
vectors and reference frame parameters. Half-pel accurate Iﬂgg_ra e the per ormance. 10 ca_pture the |m|te| agcg_ra(iy 0
tion compensation is employed and utilizes spatial bilinear iff?0tlon compensation, we associate a vector-valued displace-

terpolation. The rate-PSNR points on each curve are obtaineorﬂgnt errorA,, with the uth hypothesis,,. The displacement

varying the Lagrange multiplier. The quality without rate cong"or re_flects the Inaccuracy of the d_|sp_lacement yector used
r motion compensation and transmission. The displacement

straint (top right of each curve) is also depicted in Fig. 2 wit ) . .
M = 10. It can be observed that each predictor on its own is nggctor field can never be completely accurate since it has to

the best one in the rate-distortion sense: for the same predic%trgn.sm'tted as side information with a limited .b't rate. Eor
quality, the one-hypothesis predictor provides always the low: plicity, we assume .that all hypot.he.ses are S_h'ftEd Versions
bit rate. On the other hand, improved prediction quality can on the current fr_ame signal. The shift is determined by the
be obtained for increasing number of hypotheses. It is shown Rctor valued displacement errak,, of the uth hypotheses.

Section V that adaptively switching among the multihypothes‘:lr_thar:’_ﬁth(;a b'deﬁl recopstructlonl of dt?f bland-||m|ted S|gnalj
predictors improves the overall rate-distortion efficiency. s[!] is shifted by the cqn_tmuous valued disp a"e”.‘e”t error an
resampled on the original orthogonal grid. This translatory

displacement model omits “noisy” signal components which
are also included in [27].
Fig. 4 depicts the predictor which averages two hypotheses

An efficient video compression algorithm should trade off1[/] @ndez[l] in order to predict the current fransg]. In gen-
between complexity and achievable gain. The analysis in t§&}: the prediction error for each pel at locatibrs the dif-
section investigates this tradeoff for multihypothesis predictiofrence between the current frame signal ahaveraged hy-

We show that, first, the gain by multihypothesis MCP with a2Otheses

eraged hypotheses is theoretically limited even if the number of N

hypotheses grows infinitely large and, second, two jointly es- _ 1

. ; . . , . e[l] = s[l] > el (1)
timated hypotheses provide a major portion of this achievable N ]

gain. The analysis is based on a power spectral model for in-

accurate motion compensation [25], [26]. The work on multi- Assume thas andc,, are generated by a jointly wide-sense
hypothesis prediction in [2] limits the discussion to statisticallgtationary random process with the real-valued scalar 2-D power
independent displacement errors between hypotheses. In thedpkctral densitybs;(w) as well as the cross spectral densities
lowing, we extend this theory and allow statistically dependem. ,(w) and®., ., (w). Power spectra and cross spectra are de-
displacement errors. We discuss the class of jointly estimatfited according to

motion-compensated signals and their prediction performance

bounds for arithmetic averaging. In particular, we focus on the Qan(w) = Fu {E{allo + ]b*[lo]} } (2)
dependency between multihypothesis prediction performance

and displacement error correlation. A more detailed discussimherea andb are complex signalg* is the complex con-

of this theory is provided in [27]. jugate ofb, and! € TI are the sampling locationga.p[l] =

Ry [KbIS]

blocks with N = 1, 2, 3, or 4 hypotheses from/ = 10

I1l. EFFICIENT NUMBER OF HYPOTHESES
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E {allyp + l]b*[lp]} is the scalar space-discrete cross correlatidrhe covariance matrix of the displacement error forgtoam-
function between the signadsandb which (for wide-sense sta- ponent is identical to that of thecomponent. It is well known
tionary random processes) does not depenid bat only onthe that the covariance matrix is nonnegative definite [28]. As a con-
relative 2-D shiftl. Finally, 7.{-} is the 2-D band-limited dis- sequence, the correlation coefficigrk in (7) has the limited

crete-space Fourier transform range
.o 1
FiA{ ban[l]} =Z¢ab[l]e‘f“’ ! T Srac<l for N =2,3.4, ... (8)
le
Vwe]—m, x| — 7, 7] (3) which is dependent on the number of hypotheSedo obtain

this result, we solveet(Ca,a,) = 0 as the covariance matrix
wherew? = (w,,w,) is the transpose of the vector valued freis singular for the lower bound. In contrast to the work in [2],
quencyw. we do not assume that the displacement ertojsandA,, are
The power spectral density of the prediction error in (1) iswtually independent fo # v.
determined by the power spectrum of the current frame and theThese assumptions allow us to express the expected values

cross spectra of the hypotheses in (5) and (6) in terms of the 2-D Fourier transforfhof the
N continuous 2-D probability density function of the displacement
2 error A
Peo(w) = Pas(w) = v D R{Pe,s(w)} g
=1 T T
l L NN E{e ’ Au}:/nszu(A)e TR dA
+ﬁ Z Z (Dc#c,, (W) (4) 267(1/2)(./.2TUJ0'2A

p=1lv=1
=P(w,0%). 9
whereR{-} denotes the real component of the, in general, com- ) ) ) )
plex valued cross spectral densitis, (). We adopt the ex- The expect_ed value_|n (6) contains dlfferen_ces of Gaussian
pressions for the cross spectra from [2], where the displacemEidom variables. It is well known that the difference of two
errorsA,, are interpreted as random variables which are statfgaussian random variables is also Gaussian. As the two random

tically independent frons as variables have equal varianeg , the variance of the difference
signal results as? = 203 (1 — pa). Therefore, we obtain for
By o(w) =Pus(w)E {e—ijAH} (5) the expected value in (6)
B o, (0) =Pus(w) E {efij(A,ﬁAu)} ) (6) E {e‘ij(A“_A”)} =P (w,204(1 — pa)) for p # v.
(10)

As in [2], we will assume a power spectrufn that corre- Foru = v, the expected value in (6) is equal to one. With that,
sponds to an exponentially decaying isotropic autocorrelatig@ obtain for the power spectrum of the prediction error in (5)

function with a correlation coefficients. as

cbee(w) N +1 N -1
B. Model for the Probability Density Function of the Polw) . N _2P(w702A)+TP (w, 207 (1= pa)) -
Displacement Error > (12)

For A, a 2-D stationary normal distribution with varianceSettingpa = 0 provides a result which is presented in [2].
o4 and zero mean is assumed where thendy components
are statistically independent. The displacement error varianc&'s
the same for allV hypotheses. This is reasonable because allThe displacement error correlation coefficient influences the
hypotheses are compensated with the same accuracy. Furtpeiformance of multihypothesis motion compensation. An op-
the pairs(A ., A, ) are assumed to be jointly Gaussian randotimal multihypothesis motion estimator will select sets of hy-
variables. The predictor design in [5] showed that there is motheses that optimize the performance of multihypothesis mo-
preference among th&¥ hypotheses. Consequently, the corrgion compensation. In the following, we focus on the relation-
lation coefficientpa between two displacement error compoship between the prediction error variance
nentsA., andA_, is the same for all pairs of hypotheses. We

Optimal Multihypothesis Motion Estimation

arrange theV individual displacement error compones,,, — 41—2/ / Dee(w)dw (12)
with p = 1,2,..., N to the vector of displacement errors for ™ Jom
thez-component according tA, = (A,1, Ao, ..., A.n)?. and the displacement error correlation coefficient. The predic-
With that, the above assumptions lead to the covariance mation error variance is a useful measure because it is related to
of the displacement error for thecomponent the minimum achievable transmission bit rate [2].
Fig. 5 depicts the functional dependency of the normalized
Lpa - pa prediction error variance from the displacement error correla-
Can =i P.A 1 P.A . @ tion coefficientpa within the range (8). The dependency is

: : : plotted forN = 2, 4, 8, andx for very accurate motion com-
oA pa - 1 pensation(ci = 1/3072). The correlation coefficient of the
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Fig. 5. Normalized prediction error variance for multihypothesis MCRig. 6. Rate difference for multihypothesis MCP over the displacement
over the displacement error correlation coefficignk. Reference is the jnaccuracys for statistically independent displacement error. The hypotheses
single-hypothesis predictor. The hypotheses are averaged and no resigualyyeraged and no residual noise is assumed.

noise is assumed. The variance of the displacement error is set very small to

o3 = 1/3072.

values we will get closer to the signal value at spatial location
x = 0. Interpreting this as a random experiment, we get for the
random variabled\; = —A,. This results irpa = —1.

Fig. 6 depicts the rate difference for multihypothesis MCP

frame signalps = 0.93 [2]. Reference is the prediction error
variance of the single-hypothesis predictgr, . We observe that

a dgcreasing cqrrelation_coe_fficient Iovyefs the prqdiction €8er the displacement inaccuragyor statistically independent
variance. Equation (11) implies that this observation holds f I placement errors according to [2]. The rate difference [2]
any displacement error variance. Fig. 5 shows also that identi ] '

displacement errorya = 1), and consequently, identical hy-

potheses will not reduce the prediction error variance compared 1 T Pee(w)

to single-hypothesis motion compensation. AR= ¢35 /_W /_ﬂ log, (@Ss(w)> d
Without rate constraint, the optimal multihypothesis motion

estimator minimizes not only the summed squared error but al§presents the maximum bit-rate reduction (in bits/sample) pos-

its expected value [5]. If a stationary error signal is assumed, t&i§le by optimum encoding of the prediction eregrcompared

optimal estimator minimizes the prediction error variangg. to optimum intraframe encoding of the signafor Gaussian

increases monotonically for increasipg . This is a property wide-sense stationary signals for the same mean squared recon-

of (11) which is also depicted in Fig. 5. The minimum of thétruction error. A negativA R corresponds to a reduced bit rate

prediction error variance is achieved for the lower boundof ~compared to optimum intraframe coding. The maximum bit-rate

Thatis, an optimal multihypothesis motion estimator minimize§duction can be fully realized at high bit rates, while for low bit

the prediction error variance by minimizing the displacemeftes the actual gain is smaller [2]. The horizontal axis in Fig. 6

error correlation coefficient. Its minimum is given by the loweis calibrated by3 = log,(v/1204). It is assumed that the dis-

(14)

bound of the range (8) as placement error is entirely due to rounding and is uniformly dis-
tributed in the interva]—2°-1, 28-1] x [-28-1 28-1] where
B = 0 for integer-pel accuracyj = —1 for half-pel accuracy,

PA=T"N forN'=234,.... (13) B = —2 for quarter-pel accuracy, etc. [2]. The displacement

error variance is
This insight implies an interesting result for the cdée= 2:

two jointly estimated hypotheses show the property that their ol =,
displacement errors are maximally negatively correlated. The 12

combination of two complementary hypotheses is more efficieffe observe in Fig. 6 that doubling the number of hypotheses

than two hypotheses with independent displacement errors. gecreases the bit rate up to 0.5 bits/sample and the slope reaches
Letus consider the following one-dimensional (1-D) exampligp to 1 bits/sample and inaccuracy step. The ciise» oo

where the intenSity Signal is a continuous function of the Spata‘;hieves a S|0pe up to 2 bits/samp|e and inaccuracy Step_ This

locationz. A signal value that we want to use for predictiortan also be observed in (11) f&f — oo when we apply a

is given at spatial locatiom = 0. Due to an inaccurate dis- Taylor series expansion of second order for the function
placement, only the signal value at spatial locatios A; is

: : S ; oo 1
available. We assume that the intensity S|gn_al is sm(_)oth arourfBlee (w) ~ok — (wTw)27 foro% — 0, N — oo, pa =0.
x = 0 and not spatially constant. When we pick the signal valuePss (w) 4

at spatial locatiom: = A, = —A; and average the two signal (16)

220
(15)
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The coding efficiency is improved at the expense of increased
computational complexity for motion estimation at the encoder.
But this disadvantage can be tackled by efficient estimation
strategies like successive elimination [30]. At the decoder,
a minor complexity increase is caused by the selection and
combination of multiple prediction signals. Please note that not
all macroblocks utilize multihypothesis MCP.

A. Syntax Extensions

The syntax of H.263 is extended such that multihypothesis mo-
tion compensation is possible. On the macroblock level, two new
modes, INTER2H and INTER4H, are added which allow two or
four hypotheses per macroblock, respectively. These modes are
: similartothe INTER mode of H.263. The INTER2H mode addi-
i _é - - 1 (‘) ; 5 tionally includes an extra motion vector and frame reference pa-

displacement inaccuracy f rameter for the second hypothesis. The INTER4H mode incorpo-
rates three extra motion vectors and frame reference parameters.
Fig. 7. Rate difference for multihypothesis MCP over the displacemefor variable block size prediction, the INTER4V mode of H.263
l?vaecr‘;%?(ffngoﬁgﬁﬂglﬂ ﬂ';g?fsegses'grﬁggf correlation. The hypotheses g o tanded by a multihypothesis block pattern. This pattern indi-
cates the number of motion vectors and frame reference parame-
tersforeach & 8block. Thismodeis called INTER4VMH. The
Inserting this result in (14) supports the observation in Fig. 6 f@fultihypothesis block pattern has the advantage that the number
N — o0 of hypotheses can be indicated individually for each®block.
This allows the important case that just one 8 block can be

AR ~ 2f3 + const., forcy — 0, N — oo, pa =0 (17) codedwith more than one motion vector and frame reference pa-

rameter. The INTER4VMH mode includes the INTER4V mode

Fig. 7 depicts the rate difference for multihypothesis MCRhenthe multinypothesis block patternindicates justone hypoth-
over the displacement inaccuraéyor optimized displacement esis for all 8x 8 blocks.
error correlation according to (13). We observe for accurate
motion compensation that the slope of the rate difference o82 Coder Control

bits/sample and inaccuracy step is already reached/fer 2. The coder control for the multihypothesis video codec uti-
Foranincreasing number of hypotheses, the rate difference cgfies rate-distortion optimization by Lagrangian methods. For
verges to the cas¥ — oo at constant slope. This suggests thahat, the average Lagrangian costs of a macroblock, given the

a practical video coding algorithm should utilize two jointly esprevious encoded macroblocks, are minimized as
timated hypotheses. Experimental results in Fig. 2 also suggest

that the gain by multihypothesis prediction is limited and that J =D+ \R. (18)
two jointly estimated hypotheses provide a major portion of this
achievable gain. The average costg are constituted by the average distortion
D and the weighted average bit rdte The weight, also called
IV. INTEGRATION INTO H.263 Lagrangian multiplier\, is tied to the macroblock quantization

parameter) by the relationship [31]
The presented multihypothesis video codec is based on a stan-

dard hybrid video codec as proposed in ITU-T Recommenda- A = 0.85Q%. (19)

tion H.263 [3]. Such a codec utilizes MCP to generate a predic-

tion signal from previous reconstructed frames in order to r&his generic optimization method provides the encoding

duce the bit rate of the residual encoder. For block-based MGRategy for the multihypothesis encoder: minimizing the

one motion vector and one picture reference parameter whiostantaneous Lagrangian costs for each macroblock will
address the reference block in a previous reconstructed frami@imize the average Lagrangian costs, given the previous
are assigned to each block in the current frame. encoded macroblocks.

The multihypothesis video codec additionally reduces the bitH.263 allows several encoding modes for each macroblock.
rate of the residual encoder by improving the prediction signdlhe one with the lowest Lagrangian costs will be selected for
The improvement is achieved by combining linearly more thahe encoding. This strategy is also called rate-constrained mode
one MCP signal. For block-based multihypothesis MCP, modecision [31], [32].
than one motion vector and picture reference parameter, whictthe new multihypothesis modes include both multihypoth-
address a reference block in previous reconstructed framesgsss prediction and prediction error encoding. The Lagrangian
assigned to each block in the current frame. These multiple rebsts of the new multihypothesis modes have to be evaluated
erence blocks are linearly combined to form the block-baséar rate-constrained mode decision. The distortion of the re-
multihypothesis prediction signal. constructed macroblock is determined by the summed squared

rate difference [bit/sample]
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error. The macroblock bit rate includes also the rate of all m¢ 40 T T T T T T T T T T
tion vectors and picture reference parameters. This @llows t 30F i bbb 20 R
best tradeoff between multihypothesis MCP rate and predictit 55|
error rate [33].

As already mentioned, multihypothesis MCP improves th
prediction signal by spending more bits for the side-infor
mation associated with the motion-compensating predict(§35- : : :
But the encoding of the prediction error and its associated I 34f . iooi
rate also determines the quality of the reconstructed bIoc§33_
A joint optimization of multihypothesis motion estimation
and prediction error encoding is far too demanding. Bt :
multihypothesis motion estimation—independent of predictio 31f i/,
error encoding—is an efficient and practical solution. Thi 3o

36| e

o S : ) X ) : ; ; 7| == M=10, BL
solution is efficient if rate-constrained multinypothesis motiol ; : 5 .....| = M=10, BL+INTER2H

estimation, as explained before, is applied. 28 g i |-s M=10 BL+INTER2H+INTER4H
For example, the encoding strategies for the INTER ar 0 20 40 60 80 100 120 140 160 180 200 220
INTER2H modes are as follows: testing the INTER mode, the R [ibitis]
encoder performs successively rate-constrained motion eg .'. 8. Average luminance PSNR over total rate for the sequEorEman
mation for integer-pel positions and rate-constrained half-papicting the performance of the multihypothesis coding scheme for constant
refinement. Rate-constrained motion estimation incorporat@eck size.M = 10 reference pictures are utilized for prediction.
the prediction error of the video signal as well as the bit rate
for the motion vector and picture reference parameter. Testi 38 I L L T L
the INTER2H mode, the encoder performs rate-constrain: 37« ivii N~
multihypothesis motion estimation. Rate-constrained multihy 36f
pothesis motion estimation incorporates the multinypothes 35
prediction error of the video signal as well as the bit rate fc  34f-: : R P2
two motion vectors and picture reference parameters. Rate-ci 33} it g
strained multihypothesis motion estimation is performed k&@aaf ...ioii Lo
the HSA which utilizes in each iteration step rate-constrainec g1} i ioooi f-
motion estimation to determine a conditional rate—constrain(czg,o...v. E N
motion estimate. Given the obtained motion vectors and pictu ogl....0....... f. /27
reference parameters for the INTER and INTER2H modes, t| gl ...
resulting prediction errors are encoded to evaluate the mo ,,

1 -e-M=1,BL

costs. The encoding strategy for the INTER4H mode is simile 5| S ] Ze Met0, BL
For the INTER4VMH mode, the number of hypotheses fa sl AL L —— M=10, BL+INTER2H I
each 8x 8 block is determined after encoding its residual erro © o1 [ —e= M=10, BL+INTER2H+INTER4H
0 50 100 150 200 250 300 350 400 450 500 550 600
R [Kbit/s]

V. EXPERIMENTAL RESULTS

. . . ig. 9. Average luminance PSNR over total rate for the sequitutsle &
The multlhypotheS|s codec is based on the ITU-T RecorJéé\lendardepicting the performance of the multihypothesis coding scheme for

mendation H.263 [3] with unrestricted motion vector mode, fowbnstant block sizeld = 10 reference pictures are utilized for prediction.
motion vectors per macroblock, and enhanced reference pic-

ture selec_tlpn in sliding window buf_fenng mode. In.contras'F t?rom reconstructed frames over the overall bit rate for the
H.263, a joint entropy code for horizontal and vertical motion

vector dat well N entr de for the picture refer ﬁc,equenceEoremanandMobiIe&Calendar The performance
ecto tagas Z _?; a ﬁe ropy Cfothe of € pictu 3 ClereNt€he codec with baseline prediction (BL), multihypothesis
parameter is used. The efficiency of the reference codec is com- Ji vion with two hypothese@L, + INTER2H), and four

e ek T poiesesbL. 4 INTERaIL  INTERi) i shown. I sch
qu Q uti PS. case,M = 10 reference pictures are utilized for prediction.

guence has a length of ten seconds. For comparison PUrPOSES, |~ seline performance for single frame predictibh— 1)
the PSNR values of the luminance component are measured an lided for reference

plotted over the total bit rate for quantizer values of 4,5, 7, 1 ' Multihypothesis prediction is enabled by allowing the

_15_, and_ 25._The data of t_he firstintraframe coded picture, Whi?IQTERZH mode on the macroblock level. A gain of up to 1

is identical in all cases, is excluded from the results. dB for the sequenc&oremanand 1.4 dB for the sequence

Mobile & Calendaris achieved by the INTER2H mode. Multi-

hypothesis prediction with up to four hypotheses is adaptively
We will investigate the coding efficiency of multihypothesismplemented. A rate-distortion efficient codec should utilize

(MH) prediction with two and four hypotheses for constarfour hypotheses only when their coding gain is justified by

block size. Figs. 8 and 9 depict the average luminance PSKiR associated bit rate. In the case that four hypotheses are not

A. Multiple Hypotheses for Constant Block Size
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40 e ¥——T—— T T T T T T T T T
R T T a Y % N 74 RN RN AN TN MRNES RN ME E R
34f

535 : ! ‘ : : : : : 532. ....... R
o 34} i A : : : : [raRck || RETTEREINTROOS

29F o

: M=10, BL+MHP(2) o5k L i M=10, BL+MHP(2) |
g : : ¢ | =— M=10, BL+VBS+MHP(2) 2l : : : —e— M=10, BL+VBS+MHP(2)
28 ; ; ; ; ; r ; : : ; R - V=10, BLVBS+ VI
0 20 40 60 80 100 120 140 160 180 200 220 24050 100 150 200 250 300 350 400 450 500 550 600
R [kbit/s] R [kbit/s]

Fig. 10. Average luminance PSNR over total rate for the sequemeenan  Fig. 11. Average luminance PSNR over total rate for the sequigiobile &
Multihypothesis and VBS prediction can be successfully combined f@alendar Multihypothesis and VBS prediction can be successfully combined
compressionM = 10 reference pictures are utilized for prediction. for compressioni{ = 10 reference pictures are utilized for prediction.

efficient, the codec should be able to select two hypotheses aid= 10 reduces the bit rate to 334 kbit/s. We save about 17%
choose the INTER2H mode. The additional INTER4H modef the bit rate for MH prediction on macroblocks. Performing
gains just up to 0.1 dB for the sequerk@emanand 0.3 dB for MH prediction additionally on & 8 blocks, the rate of the
the sequencMobile & Calendar This results also support thestream is 290 kbits/s in contrast to 358 kbits/s for the codec with
finding in Section IIl that two hypotheses provide the largeMBS. MH prediction saves about 19% of the bit rate produced
relative gain. Consequently, we will restrict our multihypothby our codec with VBS prediction. Similar observations can be
esis coding scheme to two hypotheses also considering thade for the sequend®remanat 120 kbits/s. MH prediction

associated complexity for estimating four hypotheses. on macroblocks gains about 1 dB over baseline prediction for
M = 10 (See Fig. 10). Performing MH prediction additionally
B. Multiple Hypotheses for Variable Block Size on 8x 8 blocks, the gain is about 0.9 dB compared to the codec
In this section, we investigate the influence of variable blockith VBS andM = 10 reference pictures.
size (VBS) prediction on multihypothesis prediction faf = Please note that the coding efficiency for the sequences

10 reference pictures. VBS prediction in H.263 is enabled gypreman(Fig. 10) andMobile & Calendar(Fig. 11) is compa-
the INTER4V mode which utilizes four motion vectors per madable for VBS predictiof BL + VBS) and MH prediction with
roblock. VBS prediction is related to MH prediction in the wayWo hypothesesBL + MHP(2)) over the range of bit rates
that more than one motion vector per macroblock is transmitté@nsidered. MH prediction utilizes just two motion vectors
to the decoder. But both concepts provide gains for different s@?d picture reference parameters compared to four for the
narios. This can be verified by applying MH prediction to block§NTER4V mode. _ o .
of size 16x 16 (INTER2H) as well as & 8 (INTER4VMH). For variable block size prediction, four hypotheses provide
As we permit a maximum of two hypotheses per block, one ;#so no significant improvement over two hypotheses. For
is sufficient to signal whether one or two prediction signals afxample, the multihypothesis codec with VBS and four hy-
used. potheses achieves just up to 0.3-dB gain over the codec with

Figs. 10 and 11 depict the average luminance PSNR frdi#{0 hypotheses for the sequeridebile & Calendar
reconstructed frames over the overall bit rate for the se-In summary, MH prediction works efficiently for both
quencesForemanand Mobile & Calendar The performance 16> 16 and 8« 8 blocks. The savings due to MH prediction
of the codec with baseline prediction (BL), VBS predictioit® observed in the baseline mode as well as in the VBS
(BL + VBS), multihypothesis prediction with two hypothese®rediction mode. Hence, our hypothesis selection algorithm is
(BL + MHP(2)), and multihypothesis prediction with variable2bl€ to find two prediction signals aif = 10 reference frames
block size(BL + VBS + MHP(2)) is shown. In each case,V‘{h'Ch are combined more efficiently than just one prediction
M = 10 reference pictures are utilized for prediction. Th&ignal from these reference frames.
baseline performance for single frame predictidd = 1) is ) ) )
added for reference. C. Multiple Hypotheses and Multiple Reference Pictures

The combination of multihypothesis and VBS prediction The results presented so far are obtained for multihypothesis
yields superior compression efficiency. For example, to achieMCP with M = 10 reference pictures in sliding window
areconstruction quality of 35 dB in PSNR, the sequevoeile buffering mode. In this section, the influence of long-term
& Calendar is coded in baseline mode with 403 kbit/s formemory on the multihypothesis codec is investigated. It is
M = 10 (see Fig. 11). Correspondingly, MH prediction withdemonstrated that two hypotheses chosen only from the prior
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Fig. 12. Bit-rate savings at 35-dB PSNR over a number of reference pictufd§- 14. Average luminance PSNR over total rate for the sequéftceman
for the sequencBoreman The performance of the multihypothesis codec withl he performance of the multihypothesis codec with VBS is depictediffier 1

VBS is depicted for a variable number of reference frates andM = 20 reference frames.
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Fig. 15. Average luminance PSNR over total rate for the sequéviobde &
Fig. 13. Bit-rate savings at 35-dB PSNR over number of reference pictur@alendar The performance of the multihypothesis codec with VBS is depicted
for the sequenc®lobile & Calendar The performance of the multihypothesisfor A1 = 1 andM = 20 reference frames.
codec with VBS is depicted for a variable number of reference frahies

sequenc&oremanand 9% for the sequendéobile & Calendar

decoded frame also improve coding efficiency. Additionallywhen compared to the VBS codec with one reference frame.
the use of multiple reference frames enhances the efficiencyrafr M > 1, more than one reference frame is allowed for each
the multihypothesis codec. prediction signal. The reference frames for both hypotheses are

Figs. 12 and 13 show the bit-rate savings at 35 dB of the dselected by the rate-constrained multinypothesis motion estima-
coded luminance signal over the number of reference framésm algorithm. The picture reference parameter allows also the
M for the sequenceBoremanand Mobile & Calendar We special case that both hypotheses are chosen from the same ref-
compute PSNR versus bit rate curves by varying the quantizzence frame. The rate constraint is responsible for the trade-off
tion parameter and interpolate intermediate points by a culhietween prediction quality and bit rate. Going from one refer-
spline. The performance of the codec with VBS prediction isnce frame ta/ = 20, the multihypothesis codec with VBS
compared to the multihypothesis codec with two hypothessaves 25% for the sequenearemanand 31% for the sequence
(VBS+MHP(2)). Results are depicted for frame memaddy= Mobile & Calendarwhen compared to the VBS codec with one
1, 2, 5, 10, and 20. reference frame. For the same number of reference frames, the

The multihypothesis codec with/ = 1 reference frame has VBS codec saves about 15% for both sequences. The multihy-
to choose both prediction signals from the previous decodpdthesis codec with VBS benefits when being combined with
frame. The multihypothesis codec with VBS saves 7% for tHeng-term memory prediction so that the savings are more than
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Fig. 16. Average luminance PSNR over total rate for the sequdfazeman(top left), Mobile & Calendar(top right), Sean(bottom left), and/\Veather(bottom
right). The performance of the multihypothesis codec with VBS and long-term memory motion compensation is shown.

additive. The bit-rate savings saturate for 20 reference frameminance PSNR is depicted over the total bit rate. The multihy-
pothesis codec with long-term memory motion compensation
Figs. 14 and 15 depict the average luminance PSNR over thieves coding gains up to 1.8 dB feoreman 2.7 dB for
Mobile & Calendar 1.6 dB forSean and 1.5 dB foWVeather

for both sequences.

total bit rate for the sequencEsremanandMobile & Calendar
The multihypothesis codec with variable block si2éBS +
MHP(2)) is compared to the VBS codec fof = 1 andM =

compared to the reference codec with frame menidry= 1.
The gain by long-term memory and multihypothesis prediction

20 reference frames. We can observe in these figures that maleomparable for the presented sequences.
tihypothesis prediction in combination with long-term memory
motion compensation achieves coding gains up to 1.8 dB for

Foremanand 2.8 dB foiMobile & Calendatr It is also observed VI CoNcCLUSION

that the use of multiple reference frames enhances the efficiencfCP with multiple hypotheses improves the coding effi-
of multihypothesis prediction for video compression. ciency of state-of-the-art video compression algorithms by
Finally, Figs. 12 and 13 suggest that a frame memory dafilizing more than one motion vector and picture reference
M = 10 provides a good tradeoff between encoder complexiparameter per block to address multiple prediction signals.
and compression efficiency for our multihypothesis codethese signals are linearly combined with constant coefficients
Fig. 16 compares the multihypothesis codec with VBS ard form the prediction signal. Rate-constrained multihypothesis
frame memoryM = 10 to the reference codec with framemotion estimation is performed by the HSA.
memoryM = 1 andM = 10 for the sequenceBoreman We have extended the wide-sense stationary theory of MCP
(top left), Mobile & Calendar(top right), Sean(bottom left), by introducing correlated displacement error. Further, we
and Weather(bottom right). For each sequence, the averadmve provided improved performance bounds for averaging
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multiple hypotheses. The theory suggests that the gain bjg5] A. Gersho, “Optimal nonlinear interpolative vector quantizatidBEE

multihypothesis MCP with averaged hypotheses is limited even
if the number of hypotheses is infinite. Two jointly estimate
hypotheses provide a major portion of this achievable gain. The
two hypotheses should possess respective displacement err
which are negatively correlated. Experimental results suppo

this theoretical finding.

We present a complete multihypothesis codec which
based on the ITU-T Recommendation H.263 with VBS an
long-term memory motion compensation. In our experiments,
we observe that VBS and multihypothesis prediction providd1®]

gains for different scenarios. Multihypothesis prediction works
efficiently for both 16x 16 and 8x 8 blocks. Long-term

memory enhances the efficiency of multihypothesis predictionl20]
The multihypothesis gain and the long-term memory gain do

not only add up; multihypothesis prediction benefits from hy-[21]
potheses which can be chosen from different reference frames.
Multihypothesis prediction with two hypotheses and Iong-term[22
memory of ten frames achieves coding gains up to 2.7 dB,

or equivalently, bit-rate savings up to 30% for the sequencé&?3l

Mobile & Calendarwhen compared to the reference codec with

one frame memory. Therefore, multihypothesis prediction with24]
long-term memory and VBS is a very promising combination[25

for efficient video compression.
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