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ABSTRACT

The relationship between the error propagation effect
and the hypothesis coeffcients of the multi-hypothesis mo-
tion compensated prediction (MHMCP) is analyzed in this
work. MHMCP enhances the error resilience of compressed
video but demands a higher bit rate for the motion informa-
tion. We study the rate-distortion performance of MHMCP
in an error prone environment and then perform extensive
experiments to confrm the analytical results. Several de-
sign guidelines for MHMCP coders are drawn based on the
analytical and experimental results.

1. INTRODUCTION

In an MHMCP coder, a macroblock (MB) can contain more
than one motion vectors (MVs). Each MV specifes a ref-
erence MB, which is called a hypothesis. Then, the target
MB is estimated by linearly combining all hypotheses. By
carefully selecting the hypotheses and their weighting co-
effcients, a coding gain can be achieved. The coding eff-
ciency of MHMCP was analyzed in [1].

Although MHMCP was originally proposed to improve
coding effciency, it has been observed recently that it can

also enhance the error resilient property of compressed video.

One application is to adopt the multi-hypothesis (MH) tech-
nique for error concealment at the decoder. In [2], we de-
veloped a multi-hypothesis error concealment method with
adaptive weighting coef£cients to lower concealment errors
as well as suppress propagating errors. An iterative MH
error concealment algorithm for the latest standard H.26L
was proposed in [3]. It is worthwhile to point out that the
above methods work well even without MHMCP in the en-
coder. Actually, they did not address the error resilience
of MHMCP at the encoder side. In [4], we discussed the
general relationship between the error propagation effect
and the hypothesis number. It was shown that MHMCP
performs effciently in the rate-distortion (R-D) sense, only
when the hypothesis number is small. In this work, we in-
vestigate the impact of hypothesis coeffcients on the R-D
performance while £xing the hypothesis number to 3.
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The rest of this paper is organized as follows. The prob-
lem is formulated in Section 2. Then, we discuss the impact
of the hypothesis coeffcients on the propagation error and
the bit rate in Sections 3 and 4, respectively. The overall
R-D tradeoff is discussed in Section 5. The performance
of MHMCP is compared with that of the random intra-MB
refreshing method in Section 6.

2. PROBLEM FORMULATION

Let us consider the effect of transmission errors in MHMCP.
Suppose that a frame is corrupted during the transmission.
The [-th frame after the erroneous one contains the propa-
gation error, which can be written as

€= Z hiei—i, )
i1

where n denotes the hypothesis number and h; denotes the
hypothesis coeffcient corresponding to the previous i-th ref-
erence frame. This relation can be repeatedly applied to
measure the error propagation effect quantitatively. It is ob-
vious that the hypothesis number n and the hypothesis co-
effcients h;’s, = = 1,...,n, determine the amount of the
propagating error. In this work, we focus on the effect of
the hypothesis coeffcients hj, hy and hs, when n = 3.
The sum of the hypothesis coeffcients is equal to 1 (i.e.
Z?:1 h; = 1) so that no bias error occurs in ;.

3. IMPACT ON PROPAGATION ERROR
Let £¢ denote the initial error in the Oth frame. Then, from

(1), we can derive its error propagation to the following
frames, given by
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where A = /(1 — hy)?2 —4hs, a = w and 8 =

(hi—1)—A
R

Transmission errors tend to attenuate as they propagate
as a result of low pass £ltering operations in the prediction
loop such as half-pixel motion compensation. By adopt-
ing the loop £lter model in [5], we can approximate the
mean square error (MSE) of the [-th frame after the cor-
rupted frame by

9 12
1+~
where v is a parameter that describes the effectiveness of
the loop £lter to attenuate errors.

The H.264 reference codec of version JM6.1e has been
modifed to provide the MHMCP functionality. We have
tested the effect of a burst error with several combinations
of hypothesis coeffcients and confrmed that the estimated
MSEs match simulated MSEs well in every combination.
Fig. 1(a) demonstrates one example of error propagation ef-
fect when (hq, ho, hg) = (0.1, 0.45, 0.45). Note that the
propagation error oscillates with a decreasing amplitude and
£nally converges to a non-zero value.

To further investigate the relationship between MSE and
the hypothesis coeffcients, Fig. 1(b) depicts the average
MSE:s after a burst error, where the averaging range is 100
frames for the “Foreman” test sequence. The average MSEs
are normalized with respect to the initial MSE (= &2) of
the concealed frame. The two horizontal axes in Fig. 1(b)
denote h; and ho, respectively. Note that hg is given by
1 — hy — hs. The “stars” represent the estimated MSE val-
ues, while the lines represent the simulated MSE values.
The largest MSE is observed when (hy, ha, h3) = (1,0,0),
which is the conventional single-hypothesis motion com-
pensated prediction (SHMCP). Also, the other two extreme
cases, (h1,ho,h3) = (0,1,0) and (0,0, 1), provide rela-
tively large MSEs. This indicates that MHMCP alleviates
the propagation errors by mixing more than one prediction
blocks. The minimum MSE is achieved around the point
(h1,he, h3) = (0,0.18,0.82). However, the hypothesis co-
effcients also affect the prediction performance and, hence,
the bit rate. The minimum MSE point results in a high bit
rate due to less effcient motion prediction with zero value
of h;. The effects of hypothesis coeffcients on the bit rate
are discussed in the next section.

MSE, = )

4. IMPACT ON BIT RATE

Assume that the prediction error of the ¢-th hypothesis is
given by a Gaussian random variable with variance o7, i =
1,2,3. Then, the overall prediction error of MHMCP can
be expressed as [4]
3 3
Ohm = Z(h?(’? + h; Z pijhioio;),  (3)
i=1 G=1,57i
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Fig. 1. The impact of different hypothesis coeffcients on
the propagation error.

where p; ; is a correlation coeffcient between the i-th and
the j-th hypotheses. We can simplify the problem by as-
suming that p; ; = p for all 4 and j. Furthermore, we found
experimentally from training sequences that 03 = 1.1807
and 03 = 1.38507%.

Then, the overall change of the bit rate, as compared to
the conventional SHMCP, can be expressed as the sum of
the reduced bit rate due to the smaller prediction error and
the increased bit rate due to two additional motion vectors
[4], i.e.

2c

AR = Liog, T, 2 @)
T2 %% T s

where c is the average number of bits to represent an addi-
tional motion vector as well as the corresponding reference
frame number. Parameter ¢ depends on the coding method
of the motion information. In this work, we predictively en-
code the motion vectors to exploit the correlation between
motion vectors. First, the motion vector of each hypothe-
sis is predicted from that of the corresponding hypothesis
for the previous MB. Then, the predicted motion vectors of
hypotheses 2 and 3 are further predicted from that of hy-
pothesis 1. In our simulation, c is about 13.
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Bit Rate v.s. Hypothesis Coefficient

Fig. 2. The bit rate (bits per pixel) as a function of the hy-
pothesis coeffcients.

Fig. 2 compares the simulated bit rates with the esti-
mated bit rates. The stars represent the estimated bit rates
while the lines represent the simulated bit rates. We can see
that the formula in (4) approximates the experimental data
well.

5. RATE-DISTORTION ANALYSIS

Using the MSE and bit rate models, we can plot the esti-
mated R-D points in Fig. 3. Each point corresponds to a
combination of (hy, ha, h3). The three spikes are observed
in the three extreme cases: (h1,hs,h3) = (1,0,0), and
(0,1,0) and (0,0, 1). We can see that the choice of hypoth-
esis coeffcients affects the R-D performance considerably.
From these data, it is found that the optimum R-D points on
the convex hull have similar A5 values, which are concen-
trated around 1/3. The red curve corresponds to the combi-
nations, in which ho is £xed to 1/3. This indicates that for
a video codec with triple-hypothesis motion compensation,
we can £x ho to 1/3 and change only h; and hs to meet the
overall rate or distortion requirement. The adaptation of the
hypothesis coeffcients can be made at the sequence or the
frame level. However, due to the variation of video content
and channel conditions, the performance of MHMCP can be
further improved if the hypothesis coeffcients are adapted
at the MB level.

We have modifed the H.264 codec to include the MH
option and the MB level adaptation. The Lagrangian method
is employed for greedy R-D optimization. Specifcally, given
the previously encoded MBs, we minimize the Lagrangian
cost of a current MB, given by

J =D, +D.+ MR+ AR), (5)

where A = 0.85Q? [6], D, is the source distortion caused
by the quantization of prediction residuals, D, is the chan-
nel distortion caused by the concealment of erroneous MBs
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Fig. 3. The rate-distortion performance after a burst error.

and the accumulated propagation from previous frames, IR
is the bit rate for the original SH, and AR is the increased
bit rate due to the MH option.

Let p; denote the MB loss rate of the previous ¢-th MB.
Then, D, can be expressed as

3
D.=Y pMSE,,
i=1

where MSE,; denotes the mean square error of the ¢-th MB.
Also, AR is given in (4). Thus, we can easily obtain the
R-D pair for MHMCP, if we have the R-D pair for SHMCP
that has been extensively studied.

When encoding each MB, the cost given by (5) is eval-
uated for various combinations of hypothesis coeffcients,
and the optimal combination yielding the lowest cost is se-
lected, where h; varies from 0 to 1 with a step 0.2. Then,
the index for the optimum combination is encoded as the
header information for the MB.

Fig. 4 shows the PSNR performance of the proposed
MB level adaptation scheme when 10% of video packets
are randomly lost. We can see that the adaptive scheme
provides up to 2.5 dB better performances than the £xed
scheme with (hq, ha, hg) = (0.33,0.33,0.34).

6. COMPARISON WITH RANDOM INTRA-MB
REFRESHING

Random intra-MB refreshing (RIR) [7] is a well known er-
ror resilient tool used in the video encoder to stop error
propagation. In this section, we compare its error resilient
capability with that of MHMCP.

In RIR, the amount of propagation error can be con-
trolled by varying the refreshing rate 0 < p < 1, which
means the p percent of MBs in a frame should be intra-
coded. Unlike ¢; in MHMCP, which converges to a non-
zero value, €; in RIR converges to 0. Therefore, in the long
run, RIR is better than MHMCP since RIR can stop the error
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Fig. 4. The performance of the proposed adaptive coeff-
cient scheme compared with a £xed coeffcient scheme.

entirely. However, MHMCP suppresses error propagation
more rapidly.

In Fig. 5, we compare MHMCP and RIR in terms of
the PSNR of the reconstructed video and the bit rates. For
MHMCP, we £x ho to 0.33 and change h; from 0.1 to 0.6.
For comparison, random intra refreshing algorithm is also
simulated. The refreshing rates are selected so that it gener-
ates the similar bit rate as MHMCP. To achieve fair compar-
ison, the encoding parameters such as quantization parame-
ters are set to be the same in both cases. The H.264 standard
enforces the intra prediction, which reduces bit rates but de-
teriorates the error resilient capability. Both RIR with and
without intra prediction are tested and depicted as red and
green curves in Fig. 5.

The PSNR values in Fig. 5(a) are averaged in the short
term (i.e. only the £rst 10 frames after an erroneous one)
while the PSNR values in Fig. 5(b) are averaged in the long
term (consisting of 100 frames in the average after an erro-
neous frame). MHMCP signif£cantly outperforms both RIR
algorithms in the short term. In the long term, MHMCRP still
performs better than RIR with intra prediction, but achieves
lower PSNR values than RIR without intra prediction. There-
fore, MHMCP could be considered as a good error resilient
tool in the H.264 codec. Also, even for H.263 and MPEG4
codecs without the enforced intra prediction, MHMCP may
have its advantage provided that I-frames are regularly in-
serted.

7. CONCLUSION

In this work, we investigated the effect of error propaga-
tion in MHMCP and analyzed the rate-distortion perfor-
mance in an error-prone environment in terms of hypoth-
esis coeffcients (hy, hs, h3). It was observed that the case
hs = 1/3 provides the optimum R-D performance for the
3-HMCP codec. Also, it was shown that the performance
of the proposed algorithm can be improved further, if the
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Fig. 5. Error suppression comparison between MHMCP
(with various h; values) and RIR after a burst error.

coeffcients are adapted at the MB level. Simulation results
demonstrated that the proposed algorithm can suppress the
short-term error propagation more effectively than the ran-
dom intra refreshing method.
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