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Video Coding with Optimal Inter/Intra-Mode
Switching for Packet Loss Resilience

Rui Zhang Student Member, IEEEShankar L. RegunathaStudent Member, IEEEBNnd Kenneth Roséember, IEEE

Abstract—Resilience to packet loss is a critical requirement in case of (standard) predictive video coding where the prediction
predictive video coding for transmission over packet-switched net- |oop propagates errors and causes substantial, and sometimes
works, since the prediction loop propagates errors and causes sub- catastrophic, deterioration of the received video signal.

stantial degradation in video quality. This work proposes an algo- . .

rithm to op?imally estimate thg oveélldistortion F())f dpecoder fran?e A variety of technlques have b‘?e”_pfoposed to enhance the
reconstruction due to quantization, error propagation, and error  fobustness of the video communication system to packet loss
concealment. The methodecursivelycomputes the total decoder [2]-[11]. It is widely recognized that intra-coding is an impor-
distortion at pixel level precisionto accurately account for spa- tant tool for mitigating the effects of packet loss. By switching
tial and temporal error propagation. The accuracy of the estimate ¢ ine inter-frame prediction loop for certain macroblocks

is demonstrated via simulation results. The estimate is integrated MB'S). th d d block | d dent t
into a rate-distortion (RD)-based framework for optimal switching ( s), the reproduced blocks are no longer dependent on pas

between intra-coding and inter-coding modes per macroblock. The frames and error propagation is stopped. Further, intra-coding
cost in computational complexity is modest. The framework is fur- requires no modification to the bit stream syntax and is, hence,
ther extended to optimally exploit feedback/acknowledgment in- compatible with standards such as H.263However, the ro-

formation from the receiver/network. Simulation results both with bustness provided by intra-coding may be costly, as it typically

and without a feedback channel demonstrate that precise distor- . hiaher bit rate than int di ith dicti
tion estimation enables the coder to achieve substantial and consis-'€duIrés a higher bit rate than inter-coding (with prediction).

tent gains in PSNR over known state-of-the-art RD- and non-RD- T00 many intra-coded MB’s will significantly degrade the
based mode switching methods. compression performance. Thus, the problem of switching

Index Terms—intra-mode, intra-refresh, packet loss, packet petween intra-coding and inter'(?Oding{ .SO as to achieve the
video, rate-distortion, video coding. right balance between compression efficiency and robustness,
is very important and has been widely addressed. Periodic
intra-coding of whole frames [12], or contiguous blocks [1],
or random blocks [13] has been proposed. These methods use

IDEO signals have traditionally been transmitted over ned heuristic relationship between the packet loss rate and the

works that provide a guaranteed Quality of Service (Qo®gfresh frequency, but apply intra-coding uniformly to all the
for the connection. Therefore, the focus of video coding h#egions of the frame. “Content adaptive” methods apply fre-
been almost exclusively concerned with compression efficiengjuent intra-update to regions that undergo significant changes
In recent years, however, packet-switched networks such asffh#, or where a rough estimate of decoder error exceeds a
Internet have become overwhelmingly important. Some of thegiwen threshold [15], [16]. A more direct and complete solution
networks currently provide limited or no end-to-end QoS guaincorporates mode selection within an overall rate-distortion
antees. Further, it is anticipated that wireless extensions to {RD) framework so as to directly optimize the performance.
wired backbone will result in additional QoS bottlenecks. CorAn early proposal of mode selection based on an RD frame-
sequently, research on video coder design for packet-switchveerk to combat packet loss appeared in [17]. A significant
networks is facing major new challenges. improvement to RD based mode selection was proposed in

In packet-switched networks, packets may be discarded d&8g] and [18] where the encoder takes into account the effects
to buffer overflow at intermediate nodes of the network, or mayf error concealment. Here, the encoder can give priority to
be considered lost due to long queuing delays. This problénira-coding of regions where the effect of packet loss is more
is severe, and the packet loss rate in Internet communicatioggyere. Incorporation of error concealment in computation of
for example, may reach 20% [1]. Clearly, robustness to packigcoder distortion at the encoder has also been described in
loss is a crucial requirement. The problem is exacerbated in {48, Appendix 1, Error Tracking], [16], and [19]. Refer also

to [20] for a more general discussion of RD frameworks that
incorporate channel error.
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Fig. 1. Predictive video coding with inter/intra-mode switches. (MC: motion compensation, EC: error concealment.)

and [18] ignores error propagation beyond one frame and, fu - o L
ther, approximates the total block distortion as a simple sum i P "al Tl
the quantization distortion of that block, and weighted concea -7 " - P L g
ment distortion of corresponding blocks in the previous frame | g -1 #5-7 o 7 A }” A e

The main contribution of our work is a method dptimally i—ﬁ-’.' . 'r"[ 'I,' F"y - "' A
estimateat the encoder the overall distortion of the decode rﬂﬁ“‘, o Et LT
for the given rate, packet loss, and error concealment methc 1 .1 J,#' rlr:-“'-. & s
The method uses eecursivealgorithm to estimate the total i,-“i_g' i,-’J ¥ % s

distortion atpixel level precisionand thus accurately account
for error propagation along both the temporal and spatial (du..
to mOtlon_ compensatlon)_ axes_. We demonstrate the accurg%y 2. Origins of pixels in a current block, and the effect of motion
of the estimate through simulation results and, further, providempensation on spatial and temporal error propagation.

compelling experimental evidence that incorporation of the op-

timal estimator within an RD based mode switching algorithieviously decoded frame via motion compensation. Then the
achieves substantial performance gains over state-of-the-art RRyiction error. or residue. is transform-coded. In intra-mode

[13], [18] and non-RD-based mode [1], [16] switching alg0ge qriginal MB data are transform-coded directly without

nthm_s. . . i recourse to prediction. Although operation in inter-mode gener-
This paper is organized as follows. In Section II, we analyzamy achieves higher compression efficiency, it is more sensitive

the error propagation problem in video coding, and descr"?(?_channel errors as it promotes error propagation. To further

the necessary conditions for an accurate decoder distortion Silistrate this point, let us refer to the video communication
mate. In Section lll, we derive an algorithm that computes, att@?stem of Fig. 1

encoder, the optimal estimate of the overall distortion of decoder,
reconstruction gpixel level precisionThe accuracy of the esti- i
ma.te IS derlno.nstrated v!a sm_1u|at|on result_s -We mcorporate.rg%arly, the resulting reconstruction at the decoder is different
estimate within a rate-distortion based optimal mode switchi Lo} . o
. . m the reconstruction at the encoder. Now, if inter-mode
coder in Section IV, and present results to demonstrate the per-,. . .
. oding is employed to encode the next frame, errors will
formance of the method. In Section V, we extend our framewo‘r:k oo L .
. : . J)ropagate to it via the prediction step. Whenever the motion
to the scenario where a feedback channel is available. The supe- _~. .
o \(/]ector is nonzero, the error propagates in both the temporal
riority of the proposed approach over other state-of-the-art modé L . . : .
L ) ) and the spatial directions. Such propagation will continue until
switching techniques that use feedback is demonstrated by sim-. S ) .
ulation an intra-coded block, which is independent of prior frames, is
' correctly received.
As shown in Fig. 2, the pixels in the current MB may have
been motion compensated from pixels in different MB’s in the
The common video coding scheme is hybrid and employsevious frame, each with potentially different error propaga-
inter-frame prediction to remove temporal redundancieson history. Clearly, motion compensation leads to spatial error
and (typically, discrete cosine) transform coding to explofiropagation beyond MB boundaries. Hence, only by computing
spatial redundancies. The video frame is segmented inke estimate of the decoder reconstruction of each individual
“macroblocks” (MB's) that are sequentially encoded. Each MBixel can we accurately account for error propagation, and truly
may be encoded in one of two coding modes: inter-mode aagtimize the mode switching strategy. Further, note that for vir-

intra-mode. In inter-mode, the MB is first “predicted” from thetually all useful distortion measures, including the mean square

Frose: &-2 Frmere: -1 Uil Froe &

Let a packet containing data from the current frame be lost
the channel, and let the decoder perform error concealment.

Il. ERRORPROPAGATION AND OVERALL DISTORTION
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error criterion, the distortion due to quantization and the dig? . Recall that for the encodef! is a random variable. Using
tortion due to concealment are not additive. Instead, they dh® mean square error as distortion metric, the overall expected
combined in a highly complex fashion to produce the overalistortion for this pixel is

distortion. In the next section, we derive a method to optimally

estimate the total decoder distortion for the given rate, packet d :E{ (f; — f;)Q}

loss condition and error concealment method. The distortion is

calculated foreach pixeln a frame via a simple recursion to ac- —(fi)?— 2fﬁE{fﬁ} + E{ (ﬁl)Q} _ 1)
curately account for both spatial and temporal error propagation.

The optimal estimate is incorporated within an RD framework L . ,
for optimal switching between inter-coding and intra-coding per We observe that the computauond:’;;‘_ requires the first and
MB. We show that performance of RD-based mode switchingslecond moments of each random variable in the sequgnce
substantially improved by the use of the precise distortion e

mate.

Ve develop recursion functions to sequentially compute these

S[R}\_IO moments. For the recursion step, we consider two cases

depending on whether the pixel belongs to an intra-coded MB

or an inter-coded MB.

lll. RECURSIVE OPTIMAL PER-PIXEL ESTIMATE OF 1) Pixelin an Intra-Coded MB:Let us first assume that the

DECODERDISTORTION packet containing the intra-coded MB to which the pikéle-

longs is received correctly. We thus heﬂg: f;, and the prob-

) ) ] ~_ability of this eventisl — p. If the packet is lost, the decoder first
The packet video system we consider is shown in Fig. dhecksif the previous GOB (above) has been received correctly.

Framen of the original video signal, denoted K, is com- |t the previous GOB is available, the median motion vector of

pressed and thencoderreconstruction igf,,. The bits are pack- he nearest three MB's is calculated and used to associate pixel

etized and transmitted over the network. The packets are cgine current frame with pixet in the previous frame. We thus

structed such that each packet can be independently decocﬂ%q,ef; _ };_17 and the probability of this eventjg1—p). On

and, hence, the loss of one packet does not prevent the decogipGyiher hand, if the previous GOB was lost as well, we set the

of other packets (of course, the_ reconstruction_ may still suffg{otion vector estimate to zero. Thus, we hgii{e: f; _,, with

from inter-frame error propagation). In our coding system, W& qhapility »2. Combining the three cases, the first and second

form a group of blocks (GOB) from all the MB's in a particular,oments offi for a pixel in an intra-coded MB are given by

row (slice), and assume that each GOB is carried in a Separﬁ‘ﬁ?ra-mode denoted by)

packet. In this setting, the loss rate of a pixel equals the packet

A. Preliminaries

loss ratep. ALy = — pi 1 _pEd

We assume that the packet loss ratie available at the en- {f"’} (H=0-p) (f"’) +r(l-p) { "’_1}
coder. This can be either specified as part of the initial negoti- +p2E{ 271} 2)
ations, or adaptively calculated from information provided by ) ) )
the transmission protocol. For example, the real time_contr@{ f;) } (H)=(1-p) (f;) +p(1 - p)E{ ( N,,‘/_l) }
protocol (RTCP) [2] provides the encoder with information for

calculation of packet loss rate, packet delay, and delay jitter. + sz{ ( 7 1)2} . 3)
The packets are decoded at the receiver. When a packet is T

lost, an error concealment technique is used for estimating the o o

missing video segment. We denote the decoded (and possiblg) Pixelin an Inter-Coded MB:The derivation of the mo-

error-concealed) reconstruction of frameat the receiver by MENtS is more complex if the pixel belongs to an inter-coded

.. Note that the encoder does not have access to the valud4ft Let us assume that the true motion vector of the MB is

7. and must treat it as a random variable. such that pixet is predlcte.:d.from plxgj |n'the previous frame.
Any of the error concealment techniques that have been prdlus: the encoder prediction of this pixel J3_,. The pre-

posed in the literature (see [8]) may be used at the decoder. HiON error,c;,, is compressed, and we denote the quantized

temporal-replacement method is relatively simple and efficiefSidue bye,,. The encoder reconstruction of this pixgl,, is

[13], [14]. We used the temporal-replacement method in our Qptained by adding the quantized residue to the prediction. Thus
periments as follows. The motion vector of a missing MB is esti- N oM 4
mated as the median of motion vectors of the nearest three MB’s e =tn=Faca )

in the preceding GOB (above). If the previous GOB is lost, too, What is actually transmitted over the network is the com-

the estimated motion vector is set to zero. The pixels in the prer_essed residué and the motion vector. If the current packet
vious frame, that are pointed to by the estimated motion vectBf e, ' P

o . . IS ‘correctly received, the decoder has access to &ptind the
are used to replace the missing pixels in the current frame. X . " ;
motion vector. But, it must use for prediction tlecoder’sre-
construction of pixelj in the previous framef?, ,, which is
‘ potentially different from the value used by the encoder. Thus
_Let £ denote the original value of pixein framen, and let  the decoder reconstruction of pixels given by
fi denote itsencoderreconstruction. The reconstructed value

at thedecoder possibly after error concealment, is denoted by fio=é +f_.. (5)

B. Expected Decoder Distortion per Pixel
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(Note that the valuef? _,, is unknown to, and therefore mod-incur if it were lost and concealed,. of a block in the current
eled as arandom variable by, the encoder.) This explains how tfeame is defined as the weighted average of the concealment
error propagates in time even when subsequent frames are distortion of the previous frame blocks that are mapped to it by
rectly received. The probability of the packet correctly reachingotion compensation (where the weights correspond to their
the receiver isl — p. If the packet containing the inter-codedrelative coverage of the block area) to which we add the quan-
MB is lost, the decoder performs error concealment in a manriation distortion of the current block residudl, consists
identical to that of an intra-coded MB. The first and second monly of the quantization distortion of the current residual. Note
ments offjl for a pixel in an inter-coded MB are then given bythat this approach assumes that the current block is received
(inter-mode denoted b¥) correctly and considers two cases depending on whether or not
corresponding previous frame blocks were lost and concealed.
Note further that it assumes that the distortion is additive in its

E{f;} (P) concealment and quantization components. As an additional
—(1-p) (ez n E{ = }) reference approach, we use the simplistic estimate based only

" n—l on the quantization distortion, which we call the “quantization

Fp(l— p)E{ Nﬁ_l} +p2E{ N;‘L_l} (6) distortion estimate” (QDE).

) We implemented the distortion estimation algorithm by

E{ (f;) }(p) appropriately modifying the Telenor H.263 codec [26]. Each
packet was assumed to contain one GOB and a random packet
_ (1—p)E{(éi +f7j )2} loss generator is used to drop packets at a specified loss
" n—l rate. The temporal-replacement method was used for error

a5 \2 ) = 2 concealment in all the cases. In the simulation, MB's are
+p(1 _p)E{( n—l) }+p E{( n—l) } randomly selected for intra-updates. Color QCIF sequences

=(1-p) <(e;)2 + Ze;E{ 1_1} + E{ ( Vn_l luminancecomponent is estimated by the above three methods.
) ) The estimates are compared to the actual decoder distortion
Fp(l— p)E{ ( Nﬁ_l) } +p2E{ ( N;_l) } . (7) averaged over 30 different channel realizations (with different
packet loss patterns).
In Fig. 3(a) the sequenaarphoneof 250 frames is encoded

We reemphasize that these recursions are performed at\mfﬁ integer motion compensation at bit rate of 100 kps, frame

encoderin order to calculate the expected distortion at diee rate of 10 f/s (a total of 84 frames encoded), and packet loss
coder. The encoder can exploit this result directly in its e”COdi“,%te of 10%. In Fig. 3(b) the sequermn:lesmaréf 150 frames
del?smns”, andilln pqrjucular, E’r mocli'e sywtchmg. | q is coded at bit rate 300 kps, frame rate 30 f/s, and packet loss

small nonlinearities such as clipping are neglected, tr}ﬁte 10%. It is evident that the proposed ROPE model provides

above deriyation Is precise _in the case of integer-pixel mOti%\r'highly accurate estimate of the decoder distortion. We also
compensation. In the half-pixel motion compensation case, W6nducted similar experiments for the half pixel motion com-

need to take into account the bilinear interpolation performE nsation case. Fig. 4 gives a typical result, and we can see that

for mq'uon compensated prediction. The first-order mome e ROPE model still provides good estimates and substantially
can still be computed exactly, but the second-order momecmtperforms the other competitors

involves computing the correlation of large matrices, and
appears impractical to implement in systems of reasonable
complexity. However, we will show that the optimal estimate
for this case is well approximated by the simpler recursion Mode switching within a rate-distortion framework is a
of integer-pixel motion and, although strictly speaking it inown efficient tool for video compression in error-free
suboptimal, substantial gains are maintained. It should brannels [22], [23]. In our approach, we incorporate the overall
noted that when coding options such as OBMC (Annex éxpected distortion as computed by the ROPE model within the
of H.263+) or deblocking filter (Annex J of H.268), or rate-distortion framework in order to automatically choose the
more sophisticated error concealment techniques are usednamberand thelocation of the intra-coded MB’s. This enables

)2}> are encoded, and the total decoder frame distortion of the

IV. RD-BASED MODE SWITCHING ALGORITHM

appropriate modification should be made to our model. minimization of the overall distortion (including compression
and concealment) for the given packet loss rate and bit rate. We
C. Simulation Results refer to the resulting technique as ROPE-RD. In this section,

We now discuss the accuracy of the proposed srecursivié consider the basic system where no feedback information is

optimal per-pixel estimate’ (ROPE). We will compare oufvailable at the encoder. The ROPE-RD algorithm is extended
Section V to the case of a communication system with a

estimate to the approach recently proposed in [13] and [1§],

which we will refer to as the “block-weighted distortionﬂedbac;k channel.
estimate” (BWDE), and briefly specify next. BWDE estimates o ) ) )
the decoder distortion via the formui = pD, + (1 — »)D,. A. Mode Switching Within a Rate-Distortion Framework

This formula should be interpreted as follows [21]: for each The “classical” rate-distortion problem in video coding is that
block of the previous frame, compute the distortion we wouldf switching between the coding modes per MB to minimize the
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100 150
frame no

(b)

ditive and, hence, the cost can be independently minimized for
each MB. Therefore, the optimal encoding mode for each MB
is chosen by a simple minimization

min (JuB) = min (Dyvp + ARuB) ®)
where the distortion of the MB is the sum of the distortion con-
tributions of the individual pixels

Dys = Z d,. ©)

tcMB

The ROPE model is used to calculate the distorpen pixel
and then decide on the coding mqgoer MBvia (8).

Note that this overall rate-distortion framework 1) subsumes
the standard rate-distortion case [22] where packet-loss is ig-
nored; and 2) encompasses all sources of distortion. The rate can
be controlled by varying the Lagrange multipligr A simple
rate control scheme for rate-distortion optimized video coding
in an error-free environment can be found in [22]. However,
we observed that in our error-prone environment, this method
doesn’'t work well. Instead, we performed rate-control by using
the “buffer status” to updat& as in [23] and [24]. We update
per frame via

)\n-l—l = )\n <1 + a <Z Rz - nRtarget)) (10)
=1

whereq is given by

1
o= —-.
=
ORtarget

(11)

For each MB, thenodeand thequantization step sizare se-

Fig. 3. Comparison between actual and estimated decoder PSNR in Jagted to minimize the rate-distortion Lagrangian. More sophis-

integer-pixel motion compensation case. Competing estimators: RO
(proposed), BWDE [13], [18], QDE. (&Jarphoner = 100 kb/s, f = 10 f/s,

p = 10%. (b) Salesmanr = 300 kb/s, f = 30 f/s,p = 10%.
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fitated rate control methods are expected to achieve better per-
formance, but this issue is peripheral to the central contribution
of this paper.

The algorithm can be extended to incorporate the choice of
motion vector within the rate-distortion optimization as in [25].

B. Complexity Considerations

An important aspect of the proposed ROPE-RD approach is
that the expected distortion is precisely computed for each pixel.
The superiority of this approach over other known methods,
which calculate the distortion approximately at the MB level
[13], [16], [18], will be demonstrated by the simulation results.
This advantage is obtained at the cost of a modest increase in
computational complexity as is explained next.

In the ROPE-RD approach, we need to compute the distor-
tion and two moments of,, for the cases of intra-mode and
inter-mode, for each pixel. This task forms most of the compu-

Fig. 4. Comparison between actual and estimated decoder PSNR in taéional burden. From (1) to (7), it is easy to see that error con-
half-pixel motion compensation case. Competing estimators: ROPE (proposealment is identical regardless of the coding mode of the MB,
BWDE [13], [18], QDE.Salesmayr = 300 kb/s, f = 30 f/s, p = 10%.

and this fact reduces the computational complexity. For each
pixel in an intra-coded MB, we need 11 addition/multiplication

total distortionD subject to a given rate constraiRt Equiva- operations to calculate the momentsfgf A pixel belonging
lently, we may recast the problem as an unconstrained Lagrangan inter-coded MB requires 16 addition/multiplication oper-
minimization,J = D + AR, whereA is the Lagrangian multi- ations for this calculation. This is comparable to the number of
plier. Note that individual MB contributions to this cost are adeperations needed for performing the DCT operation. (For ex-
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ample, in the Telenor H.263 codec [26], the average number ¢ 34 T T
addition/multiplication operations per pixel for DCT is about
24.) Further, the error concealment algorithm has to be imple
mented at the encoder for each block. The temporal replaceme 30
method that we use in our simulations requires negligible addi

32

m

o
tional complexity. More sophisticated concealment algorithms & 28 . 1
could result in additional encoder complexity. Note that all the % )
additional complexity is incurrednly at the encoder A26 K T

Finally we note that we also need to store the momentsastw | e, ROPBRD e

floating-point numbers per pixel. This additional storage com- .wx- QDE-RD *
plexity should not pose significant difficulties in most applica- 2 L 1
tions. 5% 10% 15% 20%

) . packet loss rate

C. Simulation Results
We implemented the ROPE-RD mode switching strategy by (a)

appropriately modifying the Telenor H.263 codec [26]. We as-
sume the RTP payload format for packetizing the H.263 videc
stream [27], and that each packet contains only one GOB (othe 38 L ]
packetization formats may also be used with minor to no modifi-
cation to the distortion model). A random packet loss generatoa 36 Foeen .

is used to drop packets at a specified loss rate. The temporal-n2 Ko
placement method for error concealment stated in Section III—AE‘ ¥y T
is used in all simulations, and the rate control scheme of Sec@

tion IV-Ais used in all RD approaches (ROPE-RD, BWDE-RD, - e 7
and QDE-RD). The color QCIF sequence is encoded atthe spec 3¢ | - BWDE-RD e i
ified bit rate by the H.263 baseline encoder. The peak signal-to - QDE-RD e
noise ratio (PSNR) of the decodeiminancereconstruction is 28 L L
computed for each frame and averaged over the whole sequenc 5% 10% 15% 20%
We average the PSNR over 30 different channel realization: packet loss rate
(with different packet loss patterns).

We first demonstrate that the accurate distortion estimats (b)

provided by the ROPE model translates into substantial gains
rjlg. 5. PSNR versus packet loss rate for RD methods with different distortion

in PSNR. We mcorporateq ,the three distortion esumatld(:stimates. Methods: ROPE-RD (proposed), BWDE-RD [13], [18], QDE-RD.
methods of Section IlI-C within the RD framework for modga) carphone integer pixel motion compensation,= 100 kb/s, f = 10 f/s.
selection. Fig. 5(a) shows the performance of the three RB) Salesmaphalf-pixel motion compensation,= 300 kb/s, f = 30 f/s.
optimized mode selection schemes versus packet loss rate
for the carphonesequence encoded with integer pixel mo- Tables I-lll summarize simulation results for QCIF se-
tion estimation. In Fig. 5(b), we present the results on squences miss_america grandma salesman mother and
quencesalesmanwith half pixel motion compensation. Thedaughter carphone and foreman We use 150 frames in
results clearly show that precise distortion estimation enabl@éss_americand 250 frames in the other sequences. Tables |
ROPE-RD mode selection to achieve significant performaneead Il show the results for the case of frame rate of 10 f/s, with
gains over the other methods. bit rate of 64 and 100 kb/s, respectively. Results for bit rate of
We then compare the proposed ROPE-RD mode switching 8B0 kb/s and frame rate of 30 f/s are provided in Table Ill. The
gorithm to three known mode selection schemes for packet Igecket loss rate is 10% in all tables.
networks: BWDE-RD [13], [18], “Scattered-Block Intra Up- The tables strongly support the claim that the proposed
date” (SB-IU), and “Contiguous-Block Intra Update (CB-IU)’"ROPE-RD algorithm yields consistent and significant gains
[1]. BWDE-RD of [13] and [18] estimates the overall decodeover the other methods. Note that the relative performance of
distortion as explained in Section IlI-C [21] and incorporates ththe other approaches depends on the simulation conditions. In
distortion into an RD framework. The SB-1U method arbitrarilyarticular, it is noteworthy that BWDE-RD works better than
assigns MB's tal /p groups, and cycles through the groups ugSB-IU and CB-IU in sequences that exhibit substantial motion
dating one group per frame so that the intra-updating frequencarphoneandforemar) at low frame rates (where the motion
for each MB isl /p (such a method was proposed in [13] besiddsetween the encoded frames is accentuated). However, this ad-
BWDE-RD). The CB-IU method follows the suggestion in [1]yantage diminishes and it may even become counterproductive
where contiguous-block patterns are recommended dependivith increased frame rate and less motion.
on the packet loss rate. Specifically, we use sizes gf 2 for Fig. 6 shows the performance versus packet loss rate for the
p = 5%, 3x 3forp = 10%, 4 x 4 forp = 15%, and 5x 5 proposed ROPE-RD and the three competing methods. Re-
for p = 20%. The results under various bit rates and packet losslts are given for the cases of integer pixel motion compen-
rates are presented. sation and half-pixel motion compensation. On gaesman
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TABLE | 40 T T
PERFORMANCE COMPARISON ONQCIF SEQUENCES (INTEGERPIXEL MOTION
COMPENSATION, 1 = 64 Kb/s, f = 10 f/s, p = 10%) 39 r ]
Sequence ROPE-RD | BWDE-RD | SB-IU | CB-1U @
Miss America 37.78dB 37.156dB | 37.56dB | 35.70dB E’
Grandma 35.41dB 34.17dB | 33.99dB | 33.65dB &
Salesman 33.63dB 31.56dB 31.04dB | 30.94dB
Mother/Daughter || 32.76dB 30.66dB | 31.73dB | 31.29dB
Carphone 29.89dB 28.09dB 28.02dB | 27.60dB
Foreman 26.73dB | 25.03dB | 24.47dB | 24.14dB 5% 10% 15% 20%
packet loss rate
TABLE I (a)
PERFORMANCE COMPARISON ONQCIF SEQUENCES (INTEGERPIXEL MOTION
COMPENSATION r = 100 kb/s, f = 10 f/s, p = 10%) 40 " .
Sequence ROPE-RD | BWDE-RD | SB-IU | CB-1U
Miss America 38.96dB 38.05dB | 38.38dB | 36.23dB -
Grandma 36.94dB 35.48dB | 35.20dB | 34.93dB %
Salesman 35.36dB 33.35dB 32.28dB | 32.30dB %
Mother/Daughter 34.10dB 31.62dB 32.51dB | 31.96dB A
Carphone 31.49dB 30.18dB | 28.89dB | 28.25dB
Foreman 27.98dB 26.90dB | 25.02dB | 24.61dB
TABLE Il packet loss rate

PERFORMANCE COMPARISON ONQCIF SEQUENCES (INTEGERPIXEL MOTION
COMPENSATION r = 300 kb/s, f = 30 f/s,p = 10%)

(b)

Sequence ROPE-RD | BWDE-RD | SB-IU | CB-IU 34 T .
Miss America | 42.44dB | 39.65dB | 39.17dB | 39.21dB
Grandma 40.20dB | 36.23dB | 38.64dB | 38.99dB
Salesman 38.54dB | 34.43dB | 36.16dB | 36.63dB )
Mother/Daughter | 37.59dB | 31.66dB | 36.86dB | 36.98dB E"
Carphone 33.81dB | 30.68dB | 32.99dB | 32.71dB g
—+— ROPE-RD
Foreman 31.58dB | 28.88dB | 30.83dB | 30.52dB ---x--- BWDE-RD
28 5T S
sequence, ROPE-RD outperforms the other three methods b 275% 10'%

1.9~4.8 dB in the integer-pixel motion compensation case,
and by 1.5-4.2 dB for half-pixel motion compensation case. packet loss rate
We believe that the greater gains in the integer pixel motion
compensation case are mainly due to the fact that the dis (C)

tortion computation is exact. Fig. 7 shows the performance

bit rat theal f ket | tF|g. 6. PSNR versus packet loss rate. Methods: ROPE-RD (proposed),
Versus bit rate on thealesmarsequence Tor packet 10ss ralgyype-rp [13], [18], SB-IU [13], CB-IU [1]. (a)Salesmaninteger pixel

of 10% at frame rate 30 f/s. Fig. 8 gives the frame-by-frameotion compensation; = 300 kb/s, f = 30 f/s. (b) Salesmanhalf-pixel
evolution of the average PSNR for thearphone sequence motion compensation; = 300 kb/s,‘f = 30 f/s. (c) Carphone half-pixel
when encoded at 100 kb/s and 10 f/s with packet loss rate"fo" compensation, = 100 kbfs, /= 10 fis.
10%.

It is possible to encounter mismatch between the packet loases are 10%, 15%, or 20%. Packet loss mismatch degrades the
rate assumed by the encoder in its optimization, and the actpatformance of all the methods, but the proposed ROPE-RD ex-
packet loss rate in the network. Fig. 9 depicts the performanuibits a somewhat better robustness to mismatch, and increases

when the encoders assume- 5% while the actual packet lossits gains over the competing approaches.
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40 T

38

36

34

PSNR(dB)

100 200
bit rate (kbps)

backward channel from the receiver to the transmitter is avail-

able. Through this channel, the receiver can signal to the trans-
mitter which packets were lost. We next extend the proposed
algorithm to naturally incorporate such feedback information.

A. Estimate Refinement with Feedback Information

We assume that a backward channel can indicate lost packets
via acknowledgment (ACK) or negative-acknowledgment
(NAK). For example, RTCP [2] allows such feedback informa-
tion. The feedback information is assumed to arrive error free
at the encoder but with some delay. After the encoder finishes
encoding thenth frame, it receives feedback information of
the (n — d)th frame, wherel is the number of frames encoded
during the round trip delay. In this case, the encoder has access

Fig. 7. PSNR versus bit rate. Methods: ROPE-RD (proposed), BWDE-Rfg the exact, albeit delayed, status of the decoder. Thus, the

[13], [18], SB-IU [13], CB-IU [1]. Salesmanhalf-pixel motion compensation,

f=301s,p=10%.

38 T T
36
34
32
30

PSNR(dB)

28
26

24

frame no

Fig. 8. PSNR versus time. Methods: ROPE-RD (proposed), BWDE-RD [1
[18], SB-1U [13], CB-IU [1]. Carphong half-pixelr = 100 kb/s, f = 10 f/s,

34 - '
32
g 30
z g
4 28 B
—+— ROPE-R
26 k"~ BWDL-RD
----%---- SB-1U
e CB-1U
2% : '
5% 10% 15%

packet loss rate

Fig. 9. Performance for mismatch in packet loss rate. Methods: ROPE-RD
(proposed), BWDE-RD [13], [18], SB-IU [13], CB-IU [1arphonghalf-pixel
motion compensation, assumgd= 5%, r = 100 kb/s, f = 10 f/s.

V. INCORPORATING INFORMATION FROM A

FEEDBACK CHANNEL

encoder can now exactly compute the decoder reconstruction
at, and prior to, framén — d). However, the packet loss history
from frame(n — d + 1) to framen remains unknown at this
point. The decoder reconstruction of frames — d + 1),
(n—d+2),---,nmuststill be treated as a sequence of random
signals by the encoder.

We now extend the ROPE estimate to the feedback case. After
getting the acknowledgment with deldythe encoder first com-
putes exactly thén — d)th frame of decoder reconstruction,
by employing error concealment whenever there was loss. Then
this reconstructed frame is used to initialize the recursion for-
mulas to compute the first and second moments of random vari-
ables through framegs — d+ 1), (n —d+2),---,n. Thus, the
information obtained via feedback is utilized in refining the esti-
mate of the overall distortion at the decoder precisely at the pixel
level. Possible losses from frarfye— d+1) to framen are taken
into account in the expectation. This refined estimate is then in-
3éorporated into the rate-distortion Lagrangian cost and used to
optimize mode selection as is explained in the next subsection.
Moreover, besides tracking the decoder status, the encoder can
also adapt to variations in packet loss rateaccording to the
available feedback information. This helps to track the network
condition and decreases the possibility of mismatch in packet
loss rate.

The computational complexity in this case is higher than that
of the previous (no-feedback) case since we need to retrack the
moments of the previousframes off in order to refine the ex-
pected distortion of the current frame. Febin the range of G~
15 (equivalently, 8500 ms for 30 f/s), this complexity is still
modest. Furthermore, when the round trip delay is large, we will
see that mode switching may ignore the feedback information,
thereby reducing complexity, with only minimal penalty in per-
formance.

B. Simulation Results

As before, the approach is implemented by modifying the
H.263 coder. We compressed 200 frames from each of the two
QCIF video sequencesrphoneandgrandma We compare the
proposed ROPE-RD method with the current state-of-the-art
“error tracking” method proposed in [16] for mode switching
over channels with feedback. The error tracking method

So far, we have assumed that there is no feedback informatintra-updates the MB’s whose “error energy” is greater than
from the decoder. However, in certain practical applicationstiae threshold. The “error energy” of the MB is initialized as



974 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 18, NO. 6, JUNE 2000

36 T T 35 T
—+— ROPE-RD —+— ROPE-RD
35 --=%---- Error Tracking 34 | -~ Emor Tracking
. %= Same GOB
- . S ~
834 ga3t )
g - | e -3
g 33 t g U J
e I & 32
2t T 1 31 1
-_-"““az g
31 ' : —3 30 £ : -
5% 10% 15% 20% 100 200 300
packet loss rate bit rate (kbps)
(a) Fig.11. PSNR versus bit rate for channels with a feedback detay00 ms.
Methods: ROPE-RD (proposed), Error Tracking [16], Same GO&phone
38 T T half-pixel motion compensatiotf, = 30 f/s, p = 10%,d = 500 ms.
37 T 1
A ] —+— ROPE-RD
% 36 N ---%--- Error Tracking 1
nz_a‘ ~~~~~ ‘ .:}> oo Waenn SameGOB
@M RV ’ 835 |
A M e =
33 [ —+— ROPERD e T §
3 b T Error Tracking Y & 34 r
----%---- Same GOB
31 4 L 33 |
5% 10% 15% 20%
packet loss rate 30 . L
0 5 10 15
(b) round trip delay of frames at 30fps
Fig. 10. PSNR versus packet loss rate for channels with a feedbackilelay (a')
500 ms. Methods: ROPE-RD (proposed), Error Tracking [16], Same GOB. (a) 39
Carphone half-pixel motion compensatiom, = 300 kb/s, f = 30 f/s. (b) ' '
Grandma half-pixel motion compensation,= 300 kb/s, f = 30 f/s. ROPE-RD
38 r ~~-%---- Error Tracking T

i L. ----%---- Same GOB

the sum of absolute differences between the original block ancg

the reconstructed block whenever the MB is reported as lost 2 37 \*\.\'
and updated through temporal and spatial propagation giveriz,
the motion vectors [16]. In our simulation, we use the threshold &

of 200. For additional reference, we provide the performance
of the “same GOB” method mentioned in [16]. In this method, 35 feocoooeeeee e . ]

36 .

MB'’s of the current frame at the location of MB’s that are Wt Heomroransesssena s 1
reported as lost (in a prior frame) are intra-coded. The “same 34 : L

GOB” scheme does not consider spatial error propagation. 0 5 10 15
While the “error tracking” method takes this into account, the round trip delay of frames at 30fps
estimate is imprecise, the updates are at the MB level, and

heuristic threshold is used. Further, both these methods ignor (b)

the effects of potential packet loss from frame- d + 1to 12 PSNR feedback delay. Methods: ROPE-RD ( o,
. . . ig. 12. versus feedback delay. Methods: - proposed), Error

framen. The temporal-replacement described in Section III-K_“%kingJ [16], Same GOB. ()arphone hal-pixel motion compensation,—

is used for error concealment by all the competing methodssign kb/s, 7 = 30 f/s,p = 10%. (b)Grandma half-pixel motion compensation,

the simulations. The results under various bit rates, packet Igss 100 kb/s, f = 30 fis, p = 10%.
rates, and feedback delays are presented and discussed.

Fig. 10 shows the performance versus packet loss rate fopxadence for the superiority of ROPE-RD, which outperforms
feedback channel with a delay of 500 ms. Fig. 11 presents the best of the other two methods by 6-3.6 dB.
performance versus bit rate on tterphonesequence for packet  In Fig. 12, we present the performance versus feedback delay
loss rate of 10% and delay of 500 ms. The figures provide ampepacket loss rate of 10%. The frame rate is fixed at 30 f/s, and
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374 T T v T

37.2 1 —+— ROPE-RD With Feedback i
’ ROPE-RD Without Feedback

370 |
368
36.6 |

PSNR(dB)

36.4 - [1]

362 F 3

(2]
(3]

36.0 ] 1 ] L
0 5 10 15 20

round trip delay of frames at 30fps

25

Fig. 13. Performance of ROPE-RD without feedback and with various 4]
feedback delaysGrandma half-pixel motion compensation;, 100 kb/s,
f =30fls,p = 10%.

[5]
the delay is expressed in terms of the number of framies,0
implies that packet loss information for théh frame is received
right after it is encoded. Note that ROPE-RD achieves larger
gains as the delay increases. This is because we account for theg
possibility of further packet losses between the last frame, for
which acknowledgment was received, and the current frame. 8]

As is seen from Fig. 13, the performance advantage of in-
corporating feedback information is diminishing as the delay [9]
increases. Hence, when the delay is long enough, we can use
ROPE-RD without feedback and thereby decrease the compyiy)
tational complexity at negligible loss in performance.

(6]

(11]

VI. CONCLUSION
12
A method is proposed for optimal intra/inter-mode switching,[ ]

which enhances the robustness of video coders to packet log&3]
The encoder computes an optimal estimate of the total distor-
tion of decoder frame reconstruction for the given rate, packet4]
loss condition, and error concealment method. The algorithm
recursively computes the total distortion at pixel-level preci-
sion to accurately account for both temporal and spatial errgfis;
propagation. The accuracy of the estimate is demonstrated via
simulation results. We incorporate the esimate within an Rq16]
framework to optimally select the coding mode for each MB.
Simulation results show that our method substantially and con-
sistently outperforms state-of-the-art RD- and non-RD-base
mode switching methods, at the cost of modest additional com-
plexity. We further extended this framework to allow for natural [18]
incorporation of feedback information from the receiver. We
showed that the extended algorithm achieves considerable gains
in PSNR over known mode switching techniques that use feed19]
back. The proposed method only requires modification of the
encoder decisions, and is thus standard-compatible (althougjg;
strictly speaking, such compatibility may be formally claimed
only once some error concealment technique has been includﬁq]
in the standard). [22]
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