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Abstract—Transmission of hybrid-coded video including motion compensation and spatial predic-
tion over error-prone channelsresultsin the well-known problem of spatio-temporal error propa-
gation at the decoder because of drift in the reference frames between encoder and decoder. A
widely accepted and standard-compliant technique to significantly enhance the quality of the de-
coded video is the intr oduction of mor e intra-coded infor mation on a macroblock basis. However,
intra-coded information in general requires more bit rate. Therefore, a careful selection of intra-
updatesin terms of rate and distortion is necessary. A flexible and robust rate-distortion optimiza-
tion technique for JVT/H.26L Coding isintroduced and discussed to select coding mode and refer -
ence frame for each macroblock. The channel statistics are included in the optimization process.
Wederive a method to obtain an estimate of the decoder pixel distortion at the encoder. Addition-
ally, we discuss a new method on how to choose the Lagrange parameter in packet loss environ-
ments when using a rate-control. For that, we have analytically investigated the problem. The pre-
sented techniques ar e verified within the new H.26L video coding standard.

|. INTRODUCTION

Bit-streams generated by hybrid video coders including JVT/H.26L [1], [3] are extremely vulnerable to
transmission errors. Transmission errors can be reduced by appropriate channel coding techniques. For
channels without memory, such as the AWGN channel, channel-coding techniques provide very signifi-
cant reductions of transmission errors at a comparably moderate bit-rate overhead. For the mobile fading
channel and the Internet, however, the effective use of forward error correction and re-transmission is
limited when assuming a small end-to-end delay. Here, the use of error resilience techniques in the
source codec becomes important.

When the bit-stream is received in error, the decoder cannot or should not reconstruct the affected parts
of the current frame. Rather concealment is invoked and the decoding result at the decoder differs from
that at the encoder. In Inter mode, i.e., when motion-compensated prediction (MCP) is utilized, the loss
of information in one frame has a considerable impact on the quality of the following frames if the con-
cealed image content is referenced for motion compensation. As a result, spatio-temporal error propaga-
tion isatypical transmission error effect for predictive coding. Because errors remain visible for alonger
period, the resulting artifacts are particularly annoying to end-users. To some extent, the impairment
caused by transmission errors decays over time due to leakage in the prediction loop. However, the leak-
age in standardized video decoders like H.26L is not very strong, and quick recovery can only be
achieved when image regions are encoded in Intra mode, i.e., without reference to a previously coded
frame. The Intra mode, however, is not selected very frequently during normal encoding and completely
Intra coded frames are not usually inserted in real-time encoded video as is done for storage or broadcast
applications. Instead, only single macroblocks are encoded in Intra mode for regions that cannot be pre-
dicted efficiently.

The Error Tracking approach [17] utilizes the Intra mode to stop inter-frame error propagation but limits
its use to severely impaired image regions only. During error-free transmission, the more effective Inter
mode is utilized, and the system therefore adapts to varying channel conditions. Note that this approach



requires that the encoder has knowledge of the location and extent of erroneous image regions at the de-
coder. This can be achieved by utilizing a feedback channe from the receiver to the transmitter. The
feedback channd is used to send NACKSs back to the encoder. NACKSs report the temporal and spatial
location of image content that could not be decoded successfully and had to be concealed. Based on the
information of a NACK, the encoder can reconstruct the resulting error distribution in the current frame,
i.e, track the error from the original occurrence to the current frame. Then, the impaired macroblocks
are determined and Intra coding these macroblocks can terminate error propagation. This method has the
disadvantage that with an increasing round trip delay, the duration over which error propagation is visi-
ble increases and therefore only works when a small number of transmission errors occurs.

A more conservative approach is to transmit a number of Intra coded macroblocks anticipating transmis-
sion errors. In this situation, the selection of Intra coded macroblocks can be done either randomly or
preferably in a certain update pattern. For example, Zhu [20] has investigated update patterns of different
shape, such as 9 randomly distributed macroblocks, 1x9, or 3x3 groups of macroblocks. Although the
shape of different patterns slightly influences the performance, the selection of the correct Intra percent-
age has a significantly higher influence. In [21] and [22], it is shown that it is advantageous to consider
the image content when deciding on the frequency of Intra coding. For example, image regions that can-
not be concealed very well should be refreshed more often, whereas no Intra coding is necessary for
completely static background.

More recent work considers the use of Lagrangian macroblock mode decision [18] when assigning Intra
macroblocks [12][13][14] with significant improvements in rate distortion performance. In [12][13][14],
random reconstruction results at the decoder side are considered which depend on the statistics of the
transmission errors that cause a concealment and the motion compensation that determines the inter-
frame error propagation. The reconstruction quality at the decoder, i.e., the average decoding distortion,
is determined by the source coding distortion, which quantifies the error between the original signal and
the reconstructed signal at the encoder, and the divergence between encoder and decoder.

Lagrangian macroblock mode decision has been adopted by the ITU-T VCEG for their recommended
encoder operation [9] together with the choice of the Lagrange parameter closely tied to the quantization
parameter ¢ viatheformula[11]

0.85- ¢°, for H.263 L)

*10.85. 293, for H.26L

Note that the quantizer istwo times the distance between two reproduction levelsA , i.e. ¢ = A2,

In this paper, we discuss a new method on how to choose the Lagrange versus the quantization parame-
ter in approaches like [12][13][14]. For that, we have analytically investigated the problem. Moreover,
the method is tested within the new H.26L video coding standard. Based on the results presented here,
our contribution to VCEG has been adopted, where in contrast to [12][13][14], we also present a new
generic technique to model the average decoding resullt.



1. PRELIMINARIES

A. Notations and Formalization

Video encoding is based on a sequential encoding of frames denoted with the index
n,n =1...,Nwith /N the total number of frames to be encoded. In most existing video coding stan-
dards including JVT/H.26L, within each frame video encoding is typically based on sequential encoding
of macroblocks denoted with index m, m = 1,..., M where M is total number of macroblocksin one
frame and depends on the spatial resolution of the video sequence. Macro-blocks are with size
T x /T pixel, i.e. one macroblock contains I pixel (with I being 256 in H.263 and VT/H.26L) and
the position is denoted with ¢ where: = 1,..., I . The pixel vaue in the origina sequence in frame n
and macroblock m at macroblock position ¢ is denoted ass .

We continue by formalization of the channel behavior. In the case of packet losses, the channel behavior

¢ when transmitting frame 7 is defined by a binary sequence {0, 1}”(”) with 7 (n) the number of pack-
ets necessary to transmit framel,...,n. A “0” in the channel sequence indicates a correct received
packet whereas a“ 1” indicates alost packet. We denote the binary channel loss sequence up to frame n
as ¢, .. indicating the length of this sequence 7 (n)in the index. We can assume that the decoder is
aware of the channel behavior as appropriate error detection mechanisms as block check sequences and
sequence numbering are applied in common transport protocols. Additionally, let us assume that the de-
coder after decoding the received sequence of packets represents the pixd at positionz in macroblock
m and frame nwith the pixel values i We define the distortion d by representing this pixel at
the specified position as quadratic error o

d =ls -z [ 2

The reconstructed value § i ~ depends on coding option selection of the encoder, the channel behavior
¢ and, in case of error-prone channel behavior, the error concealment in the decoder. However, as
common video coding schemes are hybrid and employ inter-frame prediction, the encoder includes a
decoder. To avoid the problem of drift and error propagation, both encoder and decoder have to access
identical reference frames with pixel valuess, i . Therefore, to fulfill this requirement in an error-prone
environment, the encoder has to know not onIy the encoding options but also the channel behavior ¢
and the error concealment applied in the decoder. Whereas the applied concealment is negotiable in a
setup procedure, the channel is in general unknown at the encoder as packet losses occur randomly. We
define the channel as arandom variable channel denoted asC’ |

B. Problem Formulation

Although mechanisms applying feedback in the video transmission system can be used [17], the feed-
back is in general not instantaneous and, therefore, usually only a delayed version of the channel C o)
with d > 1 is available at the encoder when encoding frame n . However, in the following we assume
thatd > 1, i.e. the channel is not known at the encoder. Therefore, the inherent problem of drift be-
tween reference frames in encoder and decoder cannot be avoided. Means to reduce or eiminate the drift
are necessary. A very common approach is the introduction of regular I-frames especially in cases where
random access to the sequence is necessary. However, in terms of bit rate and delay this is a rather un-
skillful solution. Therefore, to reduce the instantaneous bit-rate caused by an entire I-frame, common
video standards allow introducing intra-updates on macroblock basis. By switching off the inter-frame



prediction loop for certain macroblocks the error propagation can be stopped. The obvious question is
now when to insert an intra macroblock. Too many intra macroblocks will degrade the compression effi-
ciency significantly whereas too little intra macroblocks degrade the error robustness of the video se-
guence. A detailed summary of available algorithms is presented in [12]. We will discuss a general rate-
distortion optimized approach and show a very robust but flexible method to an RD based mode and ref-
erence frame selection.

[11. OPTIMIZED ENCODER CONTROL

A. RD based Macroblock and Reference Frame Selection

Hybrid video coding consists of the motion compensation and the residual coding stage. The task of
residual coding isto refine signal parts that are not sufficiently well represented by motion-compensated
prediction. From the viewpoint of bit allocation strategies, the various modes relate to various bit rate
partitions. The concept of selecting appropriate coding options in many source-coding standards is based
on rate-distortion based algorithms. The two cost terms “rate” and “distortion” are linearly combined and
the mode is selected such that the total cost is minimized. This can be formalized by defining the set of
selectable coding options for one macroblock as£7. In hybrid video coding systems the macroblock
mode can be selected from the set of macroblock modes 277 . In the following, we assume that we only
transmit one |-picture at the beginning of the video sequence and P-pictures for the remainder. However,
the presented algorithm can be extended easily to other picture types like B or multi-hypothesis pictures.
Therefore, we assume that the set of macroblock modes consists of two subsets, one including macrob-
lock modes, which employ temporal prediction, denoted as .’Z?ZP and one including pure intra coding
without any prediction denoted as )7 .- Obviously, for I-pictures the macroblock mode can only be se-
lected from .’Z}'ZI . In advanced video coding schemes like H.263++ [2] and H.26L, not only the mode of
the macroblock can be selected but aso the reference frame from the set of accessible reference frames
1 can be chosen [15][16]. The cardinality of set of reference frames | 97| specifies the maximum num-
ber of reference frames. The set of accessible coding options for P-frames is defined as all possible com-
binations of macroblock modes and reference frames, i.e. £ = {.’272’1,.’272’P X ,’%’}. Therefore, rate-
constrained mode decision selects the coding option o, . for macroblock m in frame n such that the
Lagrangian cost functional is minimized, i.e. 7

o, =arg min(Dmm 0+ AR, (0)). (3

777
0c D

The remaining problems in this approach are now the computation of the resulting distor-
tionD (o)and the resulting rate R (o) when encoding with o and the proper selection of A. The
rateis éimply obtained by encoding with mode o and in the error-free case, the encoder also can easily
compute the introduced distortion

1< 1<
Dnm(o):_ dnmi(o):_z
7 <= I3

(4)

2
S - Sn,m,i (0) ?

n,m,i

where 8 (0) is the reconstructed pixel value at the decoder in frame n and MB rmn at position 1
when encoding with mode o . The appropriate selection of \ is presented in [11]. However, in case of



error-prone transmission and resulting packet losses neither the Lagrangian multiplier selection is known
nor the computation of the distortion is straightforward. Both issues will be discussed in the following.

B. Estimate of Decoder Distortion

We will start addressing the problem how to compute the distortion D, (o). In the following, we will
skip the dependency on the coding mode o as the computation is identical for each coding mode. We
will focus on the computation of the pixel distortion ¢ asthe distortion of the macroblock is easily
obtained by averaging over all pixel positions within the macroblock. As discussed previously, the pixe
distortion ¢ s not known at the encoder as it depends on the reconstructed pixel value § = and,
therefore, on the random channel behavior. We emphasize this dependency by defining s m’(@ﬂ(n) .
However, assuming the encoder has knowledge on the expectation values of ' . Then we can get an
estimate at the encoder of the reconstructed value at the decoder, and, therefore of the distortion d -

the expectation

2 (5)

Y

n,m,i Crom

s =8 (C)
n,m,i nm,i m(n)

where the expectation is over the channel C .., The computation of the expectation in based on the
mean F{s + andthevariance F s o of the expected pixel value is presented in [12]. Though in
[12] itis tated that the introduction of additional coding features like de-blocking filters or advanced
concealment methods are possible, the extension is not straightforward to more advanced coding
schemes like H.26L. The in-loop filter and the sub-pd motion accuracy require taking into account the
expectation of products of pixels at different positions. Additionally, the use of advanced error conceal-
ment techniques further complicates the application of [12]. Therefore, the computational complexity
and the storage requirement to keep track of all expectations are significant. In this paper, the focusis on
the investigation of performance bounds. Therefore, we have chosen a different method for approximat-
ing the expected decoding distortion without attempting to provide a comparison of the complexity of
the two methods, which is subject to future work.

Let us assume that we have K copies of the random variable channel behavior at the encoder, denoted as

C. ., (k). Additionally, assume that the set of random variables C, , (k), k =1,..., K areidentically
and independently distributed (iid). Then, as K — oo, it follows by the strong law of large numbers
that

2 (6)

s .~ —8 .(C’ )
T,1M,1 7,m,% w(n)

n,m,i’

Smi §n7m,i (Oﬁ(n) (k>)|2 = EC

1K
K&

holds with probability 1. An interpretation of the left hand side leads to a simple solution of the previ-
ously stated problem to estimate d . In the encoder K copies of the random variable channel behav-
ior and the decoder are operated. The reconstructlon of the pixel value depends on the channel behavior
C o (k) and the decoder including error concealment. The K copies of channel and decoder pairs in
the encoder operate independently. Therefore, the expected distortion at the decoder can be estimated
accurately in the encoder if K is chosen large enough. Obvioudly, the method is rather complex as K
times the complexity and the memory requirement of decoder is necessary in the encoder. However, due
to the simplicity, robustness, and flexibility of the approach and the good converging properties for even
low K this approach is very suitable to obtain performance bounds.



C. Lagrange Multiplier Selection in Packet-Loss Environment

The sdlection of the Lagrangian multiplier for the macroblock mode for error-free transmission has been
discussed in details in [9] and [11]. It is known that the Lagrangian multiplier corresponds to the nega-
tive slope of the distortion-rate function. We will use similar arguments as in [9] and [11] to derive an
appropriate selection for \ .

Additionally, it is simple to show that if the distortion-rate function D (R) is strictly convex then the
functional J(R)= D(R)+ AR is aso drictly convex. Assuming D(R) to be differentiable every-
where, the minimum of the functional J (R) can be derived by the setting the derivative to zero, i.e.

dD(R) ()
dR

A=—

Therefore, to derive an appropriate A an expression of the distortion D (R) is necessary. If we assume
high-resolution quantization it is well known [23] that the source distortion D, (R) depends on the rate
as

DS (R) =p: 270‘R7 (8)
with 8 being a constant depending on the variance of the source. However, in contrast to the error-free
case in addition to the source distortion we also have to consider the distortion incurred if the source data
is lost. Obvioudly, this distortion depends on the error concealment in general. We will provide some
arguments on how to select the Lagrange multiplier in error-prone environment. The expected overall
distortion D (R) can be estimated as

D(R) = (1 - p) pCDS (R) + pD(ec) + (1 - p) (]_ - pC)D(ep) (9)

with p the loss probability of the current macroblock, p, the probability that the referenced image part
is correct, D the error concealment distortion if this macroblock is lost, and D) the expected error
propagation (ep) distortion in the case that this macroblock is received correctly but the reference frames
are erroneous.

Similar to [11] it is assumed for the distortion-to-quantizer relation that at sufficiently high rates, the
source probability distribution can be gpproximated as uniform within each quantization interval [23]
yielding

i 10
D(A):(l—p)pc%+pl)(ec) +(1_p)(1_pc)D(ep) ( )

with A being the quantizer step size, or, equivalently the distance of the quantizer reproduction levels.
Therefore, with (6), (7) and (8) we can solvefor R (A) as

1 B3 )_1 3 (11)
e e ]

By combining the derivatives for A in(8) and (9) in (5) we obtain
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(12)

A =— A (1—p)p. = (1= p)p.N,

with A, the Lagrange multiplier for error-free transmission according to (1). Although the assumptions
may not be completely realistic, the derivation yields some insight in the selection of the Lagrange pa-
rameter in error-prone transmission environment. Additionally, the estimation of p, is not straightfor-
ward. However, in general the probability p, that a certain image part is correct, decreases with increas-
ing distance to aintra refresh of a certain region and also depends on the macroblock loss rate p. There-
fore, with p increasing A decreases and, therefore, the rate has less weight in mode selection.

D. Implementation of Mode Selection Algorithm

We will now combine the results from the previous three subsections to obtain a simple and straightfor-
ward decoder distortion estimation and mode selection in the encoder. Therefore, let us have a closer
look at the expected macroblock distortion D), (o). According to (9) D, . (o) consists of three parts.
L et us denote the source distortion D, as error- free (ef) distortion D (o) the error concealment dis-
tortion as D(e‘” (0) and the error propagatlon distortion as DeP 0). Whereas D (o) and Dep (0)
depend on the codi ng option o, the error concealment distortion is independent of the coding optlon i.e
D (0) = D Therefore, the mode selection according to (3) can be reformulated as

n,m

0;,, = argmin((1— p)p, D) (0 + (1= p)(1 — p,) D) () + pD2 + A (1= p)p,R, . ) (13)

X<

= argm_ln
X<

(-
= arg mm(p DY (o) -I— l D, )D(ep) @+ A\pR, . (0))
(2.

c n,m

P)p.DY 0 + (1= p)(1—p,) D 0+ (1- p)p.R, , (0)

¢ n,m
(X<}

= argmln
o€

c n,m

m O+ ADR (0)).

with DW (0) = pchm o+ (1 - pc) fofn) (0) the expected distortion of the macroblock m in frame
n encoded with mode o. Dd (0) iscomputed as the average over the K distortions by decoding this
macroblock based on the erroheous reference frames n —|R|,...,n —1 ineach decoder k£ =1,..., K .
Obvioudy, this distortion strongly depends on the coding mode o as for example an intra mode stops
the error propagation in this macroblock. After encoding the entire frame n the reference frame buffer
in each decoder £ =1,..., K is updated by decoding this frame n based on the channel statistics
C o (k). A remaining problem is an appropriate selection of p,. In our implementation, we apply a
very smple model. We assume that the motion vectors for all cases are zero and that choosing an intra
mode always stops error propagation. Therefore, assuming that this macroblock has been coded in Inter
mode for the past r reference frames and in Intra mode in frame n — » — 1 we obtain as estimate for
p, = (1—p)". This means, that with increasing r and increasing loss probability p the probability p,
that the referenced image part is correct, decreases. Better models are subject of future work.



V. EXPERIMENTAL RESULTS

A. Smulation Conditions and Evaluation Criteria

Several experiments have been carried out to show the performance of different intra update strategies as
well as the performance of H.26L in packet lossy environments. The following evaluation criteria are
defined to illustrate the performance of the different strategies. The average distortion in frame n in
channel-decoder pair % isdefined as

2 (14)

D, (k) = ﬁ]ii(sﬂml — Snms (Oﬂ(n) (k)>>

m=1 1=1

and the corresponding PSNR for frame 7 in channel-decoder pair & isdefined as

9552 ] (15)

The experimental average of the PSNR averaged over K decodersis defined as

1 & (16)
Hy 0 =—=D Q. ()
k=1

and the statistical expectation is defined as p, (n) = lim ,LL(K) (n). The experimental standard devia-
tion of the decoder quality assuming to have decoderS i€ defined as

(17)

ag() n) = \/i(Qﬂ (k) — n, (m>2

k=1

and the statistical standard deviation is defined as o, (n) = lim ag() (n). This value expresses the
variance of the estimate in the encoder if only one decoder is opKer_’é’f)ed. However, if K’ decoders are run
in the encoder the standard deviation decreases with 1 \/F . We define the standard deviation in case
of K' decodersin the encoder as 0, 0 (W) =0, () JK'.

For all experiments the test sequence “foreman” (300 frames, 30 frames per second, QCIF) is encoded at
7.5 frames per second with the H.26L test mode encoder IM1.4. Each row of 16 x 16 macroblocks is
transmitted in a separate packet, i.e. 11 macroblocks per packet. Packets are assumed to be lost inde-
pendently with lossrate p = 0.1. In the encoder in complete K = 500 pairs of channel and decoder
are operated. It is assumed that this results in sufficient statistical significance and we assume that the
statistical expectations are identical to the experimental averages, ie. p,(n) = =0 () and
7, n) = a5 =0 (n) The quantization parameter for all experimentsis chosento ¢ = 20 unless state
otherwise. T%e optimized macroblock mode and reference frame selection is compared to two different
strategies intra update strategies. Intra updates can be selected randomly or regularly whereby the num-
ber of forced intra-updates n per frame can be specified. In the random mode 7 randomly chosen posi-
tions in one frame are intra updated. For each frame the intra update position are randomly picked inde-
pendent for each frame. In the regular mode the 7 intra update positions are chosen sequentially. In the



first frame the macroblock positions m =1,...,7, in the second frame the macroblock positions
m=mn+1...,21, and so on, are intra updated. If all macroblocks have been updated once, the first
positions are intra updated again. The starting position is shifted such that each frame has 7 intra up-
dates. Therefore, for some positions macroblocks in the lower right corner as well in the upper left cor-
ner are intra-updated. Both intra update modes are combined with the RD optimized mode selection and
reference frame selection based on the error-free reference frames according to [9]. As this mode selec-
tion also might choose an intra update the actual number of intra updates per frame might be higher than
7. In addition, in case of multiple reference frames a restriction on the reference frames in combination
with error-resilient intra macroblock updates can be applied. The set of selectable reference frames in the
rate-distortion optimized reference frame and macroblock selection is restricted such that no pixels are
used for prediction which have been intra refreshed for error resilience in later frames. This restriction
can be used in combination with any intra update mode. For details of this algorithm, we refer to [4]. The
error concealment in K decoders in the encoder is simple previous frame concealment. An extension to
more advanced error concealment strategies [10] not only in the test model decoder but also in the pixée
distortion estimation in the encoder remains work to be conducted.

B. Decoder Distortion Estimation in Encoder

In the first experiment, we show the influence of the number of decoders K in the encoder on the esti-
mated decoder distortion. Therefore, the test sequence “foreman” was encoded according to the condi-
tions presented in subsection IV.A. The optimized macroblock mode selection according to subsection
[11.D has been applied and the number of reference frames is limited to 1 for this experiment. Figure 1
shows for each encoded frame n the average PSNR 1 (n) = p5= (n)and standard deviation
f, () + Ty x (n) for K/ =1 and K’ = 30 channel and decoder pairs. Although the quantization
parameter is constant, the average PSNR varies over the frame number. This is as losses have different
effects on different sequence parts. The standard deviation for K’ = 1 allows judging the variance of the
quality at the receiver. Not only the average PSNR should be high but also the variance should be low.
Especially in the area with the camera pan (frame number 45 to 55), losses can have significant influence
on the distortion and the variance. However, it is also obvious that a quick recovery from losses is ob-
tained due to the optimized intra update. In addition, the variance of the results can be reduced with ad-
vanced error concealment. For K’ = 30 we obtain an estimate on the quality and the variation on the
quality in the decoder in case of operating K’ = 30 decoders. It can be seen that using only 30 decod-
ers reduces the variance of the decoder quality estimate at the encoder significantly. The standard devia-
tion is reduced significantly to about 0.5 dB for aimost all frames. The maximum standard deviation is
about 1 dB. Therefore, in general it is good enough to operate about K’ = 30 decoders in the encoder.

C. Comparison of Encoder Strategies

We will now compare different intra coding strategies, the influence of multiple reference frames and the
selection of the Lagran%e multiplier. The simulation conditions are according to subsection IV.A. The
average PSNR 1/NZ I (n) aswell asthe bit-rate for different settings is shown in Table 1. The
bit-rate is computed by onIy takl ng into account the slice header. The packet overhead (e.g. IP headers,
etc.) isignored. However, as for all experiments the same number of packets 7w (N) = 675 is transmit-
ted, the bit-rates and results are comparable.
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Figure 1 Average PSNR i, (n) = Mgc:som (n) and standard deviation 4, (n) + o, (n) for

K’ =1 and K’ = 30 channd and decoder pairs over frame number n for simulation conditions ac-
cording to subsection IV .A.

Let us first compare different intra update modes. For regular and random intra update modes, the intra-
update parameter 77 is chosen such that the bit-rate is comparable to the optimized case. For all settings,
it is obvious that the random intra-update is inferior to the regular update. This is as in the random up-
date some image parts might not be refreshed for along period. The optimized intra update, however, is
significantly better than any regular or random update. For the random and regular intra update, it is
beneficial to introduce multiple reference frames but restrict the selection of reference frames according
to [4]. In this case, gains up to 1 dB in average PSNR are visible (see experiment Reg3) compared to
only 1 reference frame. The non-restricted mode performs significantly worse as the error propagation is
not necessarily stopped even with a forced intra update. We will now focus on the optimized mode. For
the optimized mode, the restriction of reference frames is ailmost negligible as the mode and reference
selection inherently chooses the appropriate mode (compare experiment Opt5 and Opt 6). Compared to
only one reference frame (Opt3) the bit-rate when using 5 reference frames can be reduced by about 3%.
These relatively low gains are obvious as reference frames further in the past are not chosen if an intra-
update has been introduced due to the possible error-propagation. Intra-updates for the “foreman” se-
guence at 10% error rate occur quite frequently. Finally, we look at the selection of the Lagrange pa-
rameter. The differences are not very significant. With the Lagrange parameter according to (13) the rate
is slightly increased for the same QP but the quality is also increased. For linear interpolation of experi-
ments Optl and Opt2 in the PSNR-rate plane, we obtain dightly better result by experiment Opt3 with
using the adapted Lagrange parameter. For 5 reference frames it can be seen that a bit-rate increase of
about 5% results in an average PSNR gain of 0.17 dB. Although some justification is provided, that
changing the Lagrange parameter in error-prone environment might be beneficial, the gains are very in-
significant. Therefore, unless significantly different results with a better model on the error propagation



can be obtained, it is reasonable to use the same Lagrange parameter for error-prone transmission as
used in the mode selection processin the error-free case.

Table 1 Average PSNR and bit-rate for different intra-update modes, different number of reference
frames, different quantization parameters and different restriction modes according to test conditions in
subsection IV .A.

Experi- Lagrange QP .
ment Intra-update Reference parame- R&.stnc Av. PSNR Bit-rate
mode frames tion
Ranl 1 - 20 - 27.09dB | 103.94 kbit/s
random
Ran2 _ 46 5 - 20 Off 2658dB | 103.31 khit/s
Ran3 K 5 - 20 On 27.39dB | 104.35 khit/s
Regl 1 - 20 - 2746 dB | 102.92 kbit/s
regular
Reg2 _ 50 5 - 20 Off 2725dB | 102.19 khbit/s
Reg3 g 5 - 20 On 28.37dB | 103.23 khit/s
Optl 1 (13 21 - 28.61dB 92.52 kbit/s
Opt2 o 1 (13 20 - 29.04dB | 104.97 kbit/s
Opt3 optimized 1 @ 20 2890dB | 101.30 khit/
- . . it/s
i K = 500
Opt4 p=01 5 (13) 20 On 29.05dB | 103.74 kbit/s
Opt5 ' 5 1) 20 | oOff 2888dB | 99.89 kbit/s
Opt6 5 @ 20 On 28.88 dB 98.55 khit/s

Additional results on the performance of H.26L when using the optimized mode selection based on K
decoder in the encoder have been investigated for standardized test conditions for RTP/IP over fixed
Internet [5][6] and for RTP/IP over mobilein [7] and [8].

V. CONCLUSIONSAND OUTLOOK

A flexible and robug rate-distortion optimization technique was introduced and discussed to select cod-
ing mode and reference frame for each macroblock. The channd statistics are included in the optimiza-
tion process. We have presented a method to obtain an estimate of the decoder pixed distortion at the en-
coder. Additionally, we have discussed a new method on how to choose the Lagrange parameter in
packet loss environment when using a rate-control. For that, we have analytically investigated the prob-
lem. The presented techniques have been verified within the new H.26L video coding standard. Future
work includes the combination of the work with advanced error concealment strategies [10], combina-
tion with appropriate rate control schemes, a comparison with complexity-reduced algorithms to esti-
mate the decoder distortion in the encoder, and, finally, the inclusions of feedback information in the
mode sel ection.
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