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Abstract - Multihypothesis motion-compensated prediction (MHMCP) ap-
proach has shown significant gain in terms of coding efficiency both in theory and
practice. However, the fact that it also enhances the error resilience of a codec has
not been fully realized. This paper analyzes the error resilience gain of MHMCP.
Models for the decoder distortion induced by transmission errors and the rate-
distortion function of the encoder in a codec using MHMCP are presented and
their accuracy is validated by simulation studies. Using these models, we show
how to design the multihypothesis predictor to jointly consider the coding gain
and the error resilience gain for given channel error characteristics.

INTRODUCTION

Today'’s state-of-the-art video techniques incorporate motion-compensated
prediction (MCP) to exploit the temporal correlations of video signals. Some
of these techniques, for example, B-frames, employ multihypothesis motion
compensation approach in which a linear superposition of more than one MCP
signals is used to predict the current macroblock. Multihypothisis MCP (MHMCP)
has shown significant coding gains in combination with multiple reference pic-
tures both in theory and in practice [1, 2, 3].

Although the original objective of multihypothesis pictures is to improve
the coding efficiency, it can also improve the robustness of coded bit streams.
The underlying reason of the error resilience gain in a MHMCP system is that
the linear combination of prediction signals acts as a loop filter, which is a well-
known technique to increase the robustness of DPCM system by suppressing
the error propagation [4, 5, 6]. The advantages of using MHMCP are anal-
ogous with half-pixel motion estimation: both can improve coding efficiency
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and both have the effect of mitigating error propagation. In practice, error re-
silience gain by MHMCP was recently reported in several papers. In [7], a
double-vector motion compensation technique, which essentially is the same
as two-hypothesis prediction except that the hypothesis is limited to the previ-
ous two frames, was proposed to improve the robustness of the coded streams.
In [8], we proposed a coding scheme which also uses two-hypothesis predic-
tion to enhance error resilience. Although our idea is originally developed
for multiple description coding, it is found to be also applicable in traditional
single description coding.

A critical issue in designing a MHMCP codec is what predictor to use.
The optimal linear predictor was derived in terms of coding efficiency in [1].

In [7], the influence of the predictor on the error propagation in the proposed
algorithm was discussed. The discussion, however, did not consider the coding
efficiency. Furthermore, it was only developed for that specific algorithm and
gave only an upper bound for the propagated error, which cannot capture the
dynamic behavior of the errors.

We argue that the predictor in a MHMCP codec for video transmission over
error prone channels should be designed to achieve a good trade-off between
error resilience and coding efficiency. In this paper, we develop a model for the
decoder distortion due to transmission errors, and a model for the encoder R-D
performance, both for a codec using two-hypothesis prediction. Using these
models, the optimal predictor can be derived numerically for a given channel
loss rate.

The paper is organized as follows: In section 2, we describe the codec using
MHMCP and derive a model for the distortion induced by transmission errors.
A simple model for the encoder’s R-D performance is given in section 3. In
section 4 the developed models are tested for video transmission over error
prone channels. Conclusions are given in section 5.

MULTIHYPOTHESIS PICTURES AND DECODER DISTORTION
MODEL FOR TWO-HYPOTHESIS PICTURES

A compressed video signal is vulnerable to transmission errors. One of the
key challenges in combating video transmission errors is how to mitigate error
propagations caused by the MCP scheme in a video codec. In this section, we
will give the concept of MHMCP and discuss how the MHMCP can help the
decoder reduce the error propagations.

In this paper, the MHMCP technigue we consider is only for multihypothe-
sis pictures, as defined in [9], which are pictures whose macroblocks are com-



pensated by a linear combination of motion-compensated macroblocks. They
are like B-pictures except that their reference frames are temporally previous
pictures. Because of such a difference, there is no extra decoding delay and
multihypothesis pictures can also be used as reference frames.

A general multihypothesis picturg(n) can be predicted by

b) =3 hitho(n — k). o
k=1

with @Er(n — k) being a motion-compensated prediction from khth previ-

ous reconstructed picture ahg being the corresponding predictor coefficient.
The set{h;} satisfy} ;- hy = 1 andh;, > 0, £k =1,2,3.... To make the
notations simple, the spatial locations of the signals are ignored. Notice if h =
[1,0,0,..], the predictor becomes conventional “single hypothesis”.

Let us first discuss the error propagation in a “single hypothesis” codec.
Assume the information of frame(n) is lost during transmission. The er-
ror between the decoded framg(n) and the encoded frameé.(n), which
depends on the error concealment method, is given by

€de(n) = Ya(n) — Ye(n). 2

If the information for all the remaining frames are received correctly, and if
we don’t consider the other mismatch mitigation methods such as intra update
or explicit and implicit spatial loop filters, it is easily shown that the mismatch
error for frames + £ is the same as that for frame i.e.

ede(n—i—k) :ede(n). k=1,2,.... (3)

This means that there is no error suppression effect in a conventional MCP
scheme. In a multihypothesis codec, the mismatch errop o) is the same

as in (2) if the previous frames are transmission error-free and the error con-
cealment method for frame(n) is identical to that in the single hypothesis
codec. However, the errors for the following frames are different:

Ede(n + 1) = hlede(n)v (4)
€de(n +2) = hi€ge(n + 1) + hacge(n) = (hi + ha)ege(n), (5)

If hyy >0, k=1,2,3...,itis easily shown thdkg.(n+k)| < |ege(n)|. £k =1,2,3....
So the multihypothesis picture can recover from the errors more quickly than
conventional single hypothesis codec. Furthermore, from above equations, it is



obvious that the error resilience gain depends on the predigjdrused. No-

tice the selection of the predictor also influence the coding efficiency. Hence
the predictor should be designed to achieve a good trade-off between error
robustness and coding efficiency.

In general, given a video signal, the coding efficiency theory of a MHMCP
codec depends on the number of the hypothesis, the predictor parameters and
the motion estimation algorithm. All of the above factors are intensively inves-
tigated in [1, 10]. The focus of this paper, however, is not the coding efficiency
but the error resilience property of MHMCP. So, in the rest of this paper, we
assume the codec uses only two hypotheses, which means previous two frames
are used as references, and the whole sequence except I-frames are encoded as
multihypothesis pictures. The influence of the predictor on the coding effi-
ciency and the error resilience will be studied in this kind of codec.

Assume the information of frame(n) is lost during transmission and the
other information is received correctly. Then we have

€de(n) = Ya(n) —e(n) = €, (6)
ede(n + 1) = hle(), (7)
ede(n + 2) = hlede(n + 1) + hQGde(n) = (h% + h2)60, (8)
€ge(n+k) = hiege(n+k—1)+ haege(n + k — 2). 9)

From above equations, we can obtain

1— (hl _ 1)k+1

ede(n + k?) = 5 I

€0- (10)

The function in (10) is an oscillation function with a decreasing envelop.
The smalleth, is, the smaller the error converges to, but at the expense of more
severe oscillation. Note that (7) and (8) assume the lost frame is still used in
decoding the frames followed. The results and conclusions in this section and
the following sections are based on this decoding assumption.

Above error propagation analysis does not take into account the effects of
the spatial filtering due to the use of half-pixel motion-compensated prediction.
In [6], the error attenuation effects of the spatial filtering is modeled by

2 2
2 _ 6de(n) _ €0
6zit2(7ﬂL_+'k) - 1+7dk - 1+'7dk', (11)

where, to make the notation simple, we u%g(n + k) to denote the mean
square error (MSE) for frame+k ande3 to denote the variance of the samples
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Figure 1: Decoder model verificationg is 0.3.

in the error frame,. Combining (10) and (11) generates

1— (hy — DR\ g 2
2— I 14 ygk @

e2(n+k)= ( (12)

The new parametét is a constant larger than 1, which is due to the fact that
the strength of the decay from (11) is reduced a little by the multihypothesis.
In our experiments, we found it is about 1.3.

Figure 1 displays the error propagation decay effect in one of our simula-
tions. The QCIF video sequence ‘Foreman” (frames 1-200) is coded at 15fps
and 128kbps. The codec is h.263+ codec from [11]. TMN8.0 rate control
method is used but the frame layer rate control is disabled. Two motion vec-
tors for two hypotheses are estimated separately since our focus is not coding
efficiency. No other options are used except annex E (arithmetic coding). The
copy-previous-frame method is used for error concealment. In figure 1 one



frame in the sequence is randomly chosen to be lost and the transmission dis-
tortion after that frame is plotted. The distortion estimated by (12) is also
shown. From this figure, we can see that the model describes the decoder be-
havior very accurately. The oscillation phenomenon is also clearly observed
whenh, is small, as can be expected from (9). Overall, a sfaals superior
to a largeh; in terms of error robustness.

To compute time average distortion per frasielet us assume an I-frame
is encoded every frames. Then the error propagation extends at most over
N frames. Assume the frame loss ratePisFor framen, the probability that
its £-th previous frame is lost i and its effect on this frame is, according to
(12),

E(k) = 3((1— (h1 — 1*1)20) /(2 — ha)2(1 +7ak)).

The average distortion for this frame is thus

€2,(n)=P> BE(k),n=0,1,...,N — 1. (13)
k=0

Hence the average distortion is:

B 1 N-1 p N1
e = 2 (M) =5 D (N = k)E(k). (14)
n=0 k=0

The verification of this average distortion model will be shown in section 4.

ENCODER DISTORTION MODEL FOR TWO-HYPOTHESIS PIC-
TURES

In the last section, we noted that the selection of the predictor should jointly
consider the coding performance and transmission robustness. Therefore, in
addition to the model for transmission distortions, we need to establish a model
for the predictor’s influence on the R-D performance of the encoder. Although
a general model was given in [1], here we can use a simpler model since we
only have two hypotheses.

Assume the predictor is; andh, = 1 — hy , the mean square prediction
error is

op = E{(¥(n) — mthe(n — 1) — hatle(n — 2))*}
20°(1-f—(1+a—B—y)h+(1-7)hi).  (15)

inwhicho® = E{u2(n)} = E{u2(n)}, a = E{b(n)d.(n — 1)}/o?, =
E{p(n)e(n—2)}/0? andy = E{we(n—1)1b.(n—2)}/o?. To find a simple
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Figure 2: Encoder model verification: The parameterss and~ for se-
quences “mother and Daughter” and “Foreman” @90, 0.985,0.990} and
{0.980,0.975,0.980} respectively.

rate distortion model for the video encoder, we assume the encoding distortion
is proportional to the prediction errors, i.e2 o af,. Then, the encoding
distortion can be expressed as

2 _ 2 _2
E—EO'p

= 2*(1-pB—(1+a-B—yh+(1—7)hi),  (16)

wheree? represents the factors that do not change with the predictors (it de-

pends on the bit rate and the probability distribution of the prediction error).

From (16), we can see that the influence of the predictor on the coding effi-

ciency depends on the correlation coefficients, -, which in turn depend on

the similarity of the successive frames and the motion estimation accuracy.
Computer simulations are conducted to verify this model. The experiment

condition is the same as used in the last section. To see the effect that differ-



ent signals prefer different predictors, a lower motion sequence “Mother and
Daughter” is also coded at the same frame rate and bit rate as “Foreman”. The
average PSNRs for frames 1-200 for different predictors are given in figure 2.
When calculating the distortion according to the model, wes$etccording

to the simulation results of “single hypothesis”, i.e., wher= {1,0}. The
correlation coefficients:, 5 and~ are determined from the actual coded se-
quence. From figure 2, we can see the model matches the test results quite
closely. Also, we can see “Mother and Daughter” has a larger opfimgdan
“Foreman”.

SIMULATION OF CODED VIDEO OVER ERROR PRONE CHAN-
NELS

Having both the encoder distortion function and the transmission distortion
function, we can express the total distortion in the decoder as

D=é+é. (17)

For a given sequence and frame loss fatéhe optimal predictor can be found
numerically by findingh; that minimizes the total distortiaP. In this section,
we present experiment results to verify the accuracy of the above models.
Sequence “Foreman” is encoded as explained in section 2. The encoded bit
stream is transmitted through a packet lossy channel. We assume each packet
contains the data from an entire frame and the packet loss rate (equals to the
frame loss rate) is set & = 1%, 3%, 5% respectively. The encoded stream
is transmitted 30 times and the frames are randomly dropped according to the
specified loss rat®. The average PSNR using different predictors under dif-
ferent packet loss rates are plotted in Figure 3. From this figure, it can be seeni)
there is 1-3dB performance differences for different predictors. The worse the
channel is, the higher difference it makes; ii) the optimal predictor for coding
efficiency, which ishy = 0.7 according to figure 2, has 0.2-1.5dB performance
loss compared with the jointly optimal predictors; iii) when the channel is bad,
the robustness is the dominant factor determining the total distortion, so the
optimal h; goes to a small number; when the channel is good, the coding ef-
ficiency becomes more important and the optiragls larger. Also, we can
see the model developed is accurate and the optimal predictor determined from
the model curve is quite close to that determined from the experimental data.
Note that the experiments and the above observations are based on the simple
copy-previous-frame error concealment technique. If more sophisticated error
concealment technique is used, all formulas are still valid although the value
of optimal predictor might be different.
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Figure 3: Total distortion for “Foreman” under different packet loss rates.

CONCLUSION

Multihypothesis motion-compensated prediction can improve robustness as
well as efficiency of a video codec for video transmission. The predictor se-
lection in a MHMCP codec should jointly consider coding efficiency and error
resilience. Two models were developed which can measure accurately how
the predictors influence transmission distortion and R-D performance of a two-
hypothesis codec. The optimal predictor can be obtained numerically based on
these models, given the bit rate and the channel packet loss rate.
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