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Abstract

Robustness to packet loss is a critical requirement in
video coding for transmission over the Internet. We propose
an intra/inter mode switching scheme to stop error propa-
gation, while optimizing compression efficiency. The en-
coder computes the expected distortion at the decoder pre-
cisely per pixel, while accounting for quantization, packet
loss rate, and effect of error concealment. The distortion
estimate is incorporated within an overall rate-distortion
framework to optimally select the coding mode of each mac-
roblock. Simulation results demonstrate the accuracy of the
estimate, and show that substantial gains in PSNR can be
achieved over state-of-the-art RD and non-RD based mode-
switching approaches for transmission over networks with
packet loss.

1. Introduction

In packet-switched networks, packets may be discard-
ed due to buffer overflow at intermediate nodes, or be con-
sidered lost due to long queuing delays. For example, the
packet loss rate in Internet communications may reach the
level of 20% [1]. The problem is exacerbated in the case
of (standard) predictive video coding where the prediction
loop propagates errors and causes substantial, and some-
times catastrophic, deterioration of the received video sig-
nal.

Intra-coding is an important tool for mitigating the ef-
fects of packet loss. By switching off the prediction for
certain macro-blocks, error propagation is stopped. Intra-
coding requires no modification to the bitstream syntax, and
is, hence, standard-compatible. However, intra-coding typ-
ically costs more in rate than inter-coding. An important
open problem is that of mode switching for each MB, so as
to optimize the tradeoff between the compression efficiency
and robustness. Periodic intra-coding of whole frames [2],
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contiguous blocks [1], or random blocks [3] using a heuris-
tic refresh frequency have been proposed. Other methods
apply frequent intra-update to regions that undergo signifi-
cant changes (4], or where a rough estimate of the decoder
error exceeds a given threshold [S]{6]. A more direct so-
lution incorporates mode selection within an overall rate-
distortion framework. An early proposal of rate-distortion
(RD) based mode selection to combat packet loss appeared
in [7]. A significant improvement to RD based mode selec-
tion was proposed in [3][8] where the the encoder takes into
account the effects of error concealment. Referto [11] fora
more general discussion of RD frameworks that incorporate
channel error.

Although RD based mode selection methods [3]{7])[8]
represent a significant advance over heuristic mode switch-
ing strategies, they suffer from a severe drawback. The en-
coders in these schemes do not possess the capability to ac-
curately estimate the overall distortion (due to quantization,
concealment and error propagation) in the decoder frame
reconstruction. In [7] simple approximative distortion es-
timation is suggested, while the encoder in [3][8] ignores
error propagation beyond one frame and approximates the
total block distortion as a sum of the quantization distor-
tion of that block, and weighted concealment distortion of
corresponding blocks in the previous frame.

The main contribution of our work is a method to opti-
mally estimate, at the encoder, the overall distortion of the
decoder. The method uses a recursive algorithm to estimate
the total distortion at pixel level precision, and thus accu-
rately account for error propagation along both the temporal
and spatial axes. We demonstrate the accuracy of the esti-
mate through simulation results and, further, provide com-
pelling experimental evidence that incorporation of the op-
timal estimator within an RD based mode switching algo-
rithm achieves substantial performance gains over state-of-
the-art RD and non-RD based mode switching algorithms.

In section 2, we derive an algorithm that computes the
optimal estimate of the overall distortion of decoder recon-
struction precisely per pixel. We incorporate the estimator
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within an RD framework for optimal mode switching in sec-
tion 3. Section 4 presents simulation results to demonstrate
the performance of the method.

2. Recursive Optimal Per-Pixel Estimate of De-
coder Distortion

The standard video coder employs inter-frame prediction
to remove temporal redundancies, and transform coding to
exploit spatial redundancies. The video frame is segmented
into “macroblocks” (MBs) that are encoded either in inter-
mode or intra-mode. In inter-mode, the MB is “predicted”
from the previously decoded frame via motion compensa-
tion, and the prediction error is coded. In intra-mode, the o-
riginal MB data is coded directly. Although inter-mode gen-
erally achieves better compression, it promotes error propa-
gation. Note that motion compensation leads to spatial error
propagation beyond MB boundaries. Hence, only by com-
puting the distortion per pixel can we accurately account for
error propagation, and truly optimize the mode switching s-
trategy. Further, note that the distortion due to quantization
and concealment are not simply additive. Instead, they are
combined ina highly complex fashion to produce the over-
all distortion. We now derive a method to optimally esti-
mate the total decoder distortion for the given rate, packet
loss condition and error concealment method.

We assume that the group of blocks(GOB) in each row
are carried in a separate packet. The packets are indepen-
dently decodable and the pixel loss rate equals the packet
loss rate. We model the channel as a Bernoulli process with
packet loss rate p. If a packet is lost, the decoder perform-
s temporal replacement for error concealment as follows:
The motion vector of a lost MB is estimated as the median
of the motion vectors of the nearest three MBs in the pre-
vious GOB (above). When the previous GOB is also lost,
the estimated motion vector is set to zero. The missing pix-
els are replaced by the corresponding pixels in the previous
frame.” =

Let f! denote the original value of pixel ¢ in frame n
and A,", denote its encoder reconstruction. The reconstructed
value at the decoder, possibly after error concealment, is
denoted by fi. For the encoder, f! is a random variable.
Using the mean square error as distortion metric, the overall
expected distortion for this pixel is

& = E{(fi - £} = (2 = 21B{fi} + B{( 2o
We observe that the computation of d, requires the first and
second moments of each random variable in the sequence
fi. We develop recursion functions to sequentially compute
these two moments. We consider two cases depending on
whether the pixel belongs to an intra-coded MB or an inter-
coded MB.

Pixel in an intra-coded () MB: If the packet containing
this MB received correctly, we have fi = fi. The proba-
bility of this event is 1 — p. If packet is lost and the previous
GOB is available, the median motion vector of the nearest
three MBs is calculated and used to associate pixel ¢ in the
current frame with pixel k in the previous frame. We thus
have fi = f%_, with probability p(1 — p). If the previous
GOB is also lost, the motion vector estimate is set to zero,
and we have fi = fi_, with probability p*. Thus,

1-pfl) _

+ p(l-p)E{fi_1}+P°E{fi_1}, )
(1 -p)(fi)’

+ p(L-pE{(f )} + P E{(fi_))}.

Pixel in an inter-coded (/) MB: Let the motion vector
of the MB be such that pixel i is predicted from pixel j in
the previous frame. Thus the encoder prediction is f,{_x.
Let the quantized prediction error be denoted by é. S-
ince the encoder reconstruction of this pixel, f,’l, is obtained
by adding the quantized residue to the prediction, we have
é = fi — fI_ . If the packet is currently received, the
decoder has access to both é%, and the motion vector. But,
it must use for prediction the decoder's reconstruction' of
pixel j in the previous frame, ffl_‘. Thus the decoder re-
construction of pixel i is given by fi = & + f/_, with
probability 1 — p. This explains how the error propagates
even if the packet is received currently. If the packet is lost,
the error concealment is performed in a manner identical to
intra-coded MB. Thus,

E{fi}(1)

E{(f1)°}D)

Il

E{fi}P) = (1-p)& +E{fi_}
+ p(1-p)E{ff_,} +PPE{fi_,},
E{(f)’NP) = (1-pE{E +_)")
+ p1-p)E{(f£)")
+ PE{(fiL)’}. 3)

We reemphasize that these recursions are performed at
the encoder in order to calculate the expected distortion at
the decoder precisely per pixel. The estimate is precise for
integer-pixel motion estimation. For the half-pixel case, the
bilinear interpolation makes the exact computation of the
second moment highly complex. However, we found the
estimate is well approximated by the simpler recursion of
integer-pixel motion compensation and, although strictly s-
peaking it is sub-optimal, substantial gains are maintained.

We now discuss the accuracy of the proposed “recursive
optimal per-pixel estimate”(ROPE) . We compare our esti-
mate with the approach recently proposed in [3]{8], which
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we will refer to as the “block-weighted distortion esti-
mate”(BWDE). BWDE estimates the decoder distortion via
the formula D = pD. + (1 — p) D,, where D, of a block is
defined as the weighted average of concealment distortion
of the previous frame blocks that are mapped to it by mo-
tion compensation, and D, is the quantization distortion of
the current block [12]. Note that this approach assumes that
the distortion is additive in its concealment and quantization
components. As an additional reference, we use the simplis-
tic estimate based only on the quantization distortion, which
we call the “quantization distortion estimate™(QDE).

We implemented the three approaches by modifying the
H.263 codec [14]. In the simulation, we select MBs for
intra-updates at period intervals and estimate the decoder
frame distortion by the above three methods. Figure 1 com-
pares these estimates with the actual decoder distortion av-
eraged over 30 channel realizations (with different packet
loss patterns). It is evident that the proposed ROPE mod-
el provides a highly accurate estimate of the decoder dis-
tortion, and substantially outperforms its competitors. This
advantage is obtained at the cost of a modest increase in
computational complexity of the encoder.
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Figare 1. Comparison between actual and
estimated decoder PSNR in the integer
pixel motion compensation case. Com-
peting estimators: ROPE (proposed), B-
WDE ({3][8], QDE. “carphone”, r=100kbps,
f=10fps, p=10%

3. RD based Mode Switching Algorithm

The ROPE-RD system incorporates the distortion esti-
mate computed by the ROPE model into an RD framework,
and thus selects the coding mode of each MB to minimize
the overall distortion for the given bit rate.

The “classical” rate-distortion problem is that of switch-
ing between the coding modes per MB to minimize the to-
tal distortion, D, subject to a given rate constraint, R. E-
quivalently, we may recast the problem as an unconstrained
Lagrange minimization, .J = D + AR, where ) is the La-
grangian multiplier. Note that individual MB contributions
to this cost are additive and, hence, the cost can be inde-
pendently minimized for each MB. Therefore, the optimal
encoding mode for each MB is chosen by a simple mini-
mization:

min (Jyg) = min(Dyp + ARMB), 4)
mode mode
where the distortion of the MB is the sum of the distortion
contributions of the individual pixels:

Dys =Y di. &)

iEMB

Note that we use the ROPE model to calculate the distortion
per pixel, while the coding mode is selected per MB via (4).
The rate is controlled by using the “buffer status” to update
Avia

At =M1+ a(} R —nRiager)). (6

i=1
where « is given by

o= 1
5Rtargel .

)

For each MB, the mode and the quantization step size are
selected to minimize the rate-distortion Lagrangian.
Extension to Motion Vector Optimization: As is the
case for error free channels [13], the performance of the
ROPE-RD system can be further improved by incorporat-
ing the selection of motion vectors within the RD frame-
work. A small number of motion vector candidates are pre-
selected from the conventional motion estimation step via
block matching. From these candidates, the motion vector
for the MB is selected jointly along with the coding mode
and the quantization step size by optimizing equation 4.

4. Simulation Results

We implemented the ROPE-RD mode switching strat-
egy by appropriately modifying the Telenor H.263 codec
[14]. The RTP payload format [15] is used for packetiza-
tion. A random packet loss generator is used to drop packets
at the specified loss rate. We compare the proposed ROPE-
RD mode switching algorithm with three known schemes:
BWDE-RD (3](8], “Scattered-Block Intra Update” (SB-IU)
and “Contiguous-Block Intra Update(CB-IU)” [1]. BWDE-
RD [3][8] incorporates BWDE into an RD framework. The
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SB-IU method assigns the MBs to 1/p groups, and updates
one group per frame so that the intra updating frequency
for each MB is 1/p [3]. The CB-1U method follows the
suggestion in {1], where contiguous-block patterns are rec-
ommended depending on the packet loss rate. Temporal-
replacement is used for error concealment in all the cod-
ing methods. The average PSNR of the decoder reconstruc-
tion is computed over 30 channel realizations (with differ-
ent packet loss patterns).

packet loss rate

Figure 2. PSNR vs. packet loss rate. Meth-
ods: ROPE-RD (proposed), BWDE-RD [3][8],
SB-IU {3], CB-lU [1].“salesman”, half pixel
motion compensation, r=300kbps, f=30fps.

Table 1 and Table 2 summarize the simulation results of
encoding 6 QCIF sequences. We use 150 frames in mis-
s-america and 250 frames in the other sequences. Table 1
shows the results for the case of bit rate of 100kbps and
frame rate of 10fps, while table 2 presents the correspond-
ing results for bit rate of 300kbps and frame rate of 30fps.
The packet loss rate is 10% in both cases. Figure 2 shows
the performance versus packet loss rate for all the methods
on the salesman sequence. The results demonstrate that pre-
cise distortion estimation enables the ROPE-RD algorithm
to achieve consistent and significant gains over known RD
and non-RD based mode switching algorithms.

Figure 3 illustrates the advantage of incorporating the s-
election of motion vectors within the RD framework. P-
SNR versus packet loss rate at different bit rates is shown
for ROPE-RD method without motion vector optimization
(1 motion vector candidate), and ROPE-RD method with
motion vector optimization (3 motion vector candidates).
Motion vector optimization is seen to yield small additional
improvements (0.2-0.5dB) in performance at very low bit
rates.
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Figure 3. PSNR vs. packet loss rate at dif-
ferent bit rate. Methods: ROPE-RD without
motion vector optimization (1 MV candidate),
ROPE-RD with motion vector optimization (3
MV candidates). ‘“carphone”, integer pixel
motion compensation, f=10fps.

5. Conclusion

We proposed a method for rate distortion optimized in-
tra/inter mode switching, which enhances the robustness
of video coders to packet loss. The method accurately
estimates the total decoder distortion at pixel-level preci-
sion by accounting for quantization, concealment and er-
ror propagation. Simulation results show that the proposed
method substantially and consistently outperforms state-of-
the-art RD and non-RD based mode switching methods.
Motion vector optimization within RD framework yields s-
mall additional gains. The proposed method is standard-
compatible.
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