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ABSTRACT Forward Error Correction (FEC) schemes to recover from

A video coding paradigm called PRISM (Power-efficient, loss. ARQ schemes also require a feedback channel and

Robust, high compression, Syndrome-based Multimedia Co(i\_re ill-suited to multicast/broadcast scenarios. FEC-based

ing) built on distributed source coding principles has been chemes can mitigate the probability of error but can never
9 : ) gp P guarantee error-free operation: when errors do occur, they
recently proposed in [1]. In this paper, we study a scal-

able version of PRISM which addresses both spatial andpropagate annoyingly through the video until the nextintra-

temporal scalability. The proposed codec inherits the ma.nframe is received. Delay and latency constraints may also
attr'E tesi)f the II!’I)R/’.ISM a?chﬁeit e nam(IaI 'nlcfeased r(')_limit the blocklength (and therefore coding strength) of the
busltntcj—:‘ss to channel losses ar|1d mli)re' flexibleyslharin of comFECS’ limiting their usefulness. Even when FECs are used,

. . 9 .. _therefore, there is need to mitigate the effects of error prop-
putational complexity between encoder and decoder, while ; .

: o " . agation (the so-called drift problem).

adding scalability as an additional feature. In this paper, ) .
we show the efficacy of enhancing a standards-compliant N résponse to the challenge of overcoming the fragility

base layer codec (H.264/AVC) with a PRISM refinement bit Of Predictive video coding based frameworks, a number of
stream, resulting in an overall robust spatio-temporal scal-S0!Utions have been proposed recently [1, 5, 6, 10]. While

able video codec that is backward-compatible with the ex- the codecs proposed in[1, 5, 6, 10] differ quite considerably,
isting standards-based baseline codec. they are all _based on varl_ants o_f the pr|n_0|ples of distributed
source coding from multi-user information theory [17]. In
this work, we will use the PRISM [1] video coder from the
1. INTRODUCTION above class, as the basis for building our proposed scalable
video coding solution. A key attribute of PRISM [1] is to
Robust scalable video coding has become an important probgtfect intra-frame coding, while approaching the coding ef-
lem in light of the recent proliferation of multimedia ap- ficiency of motion-compensated inter-frame coding. Rate
plications over wireless networks. The wireless medium sayings are achieved in PRISM over pure intra-frame-based
requires robustness to channel losses. At the same timeggging (such as M-JPEG) through carefully exploiting the
scalability is important in many applications like multicast, correlated side-information (in the form of previous tem-
surveillance, and browsing. Spatial and temporal scalabil- pora| video frames) present at the decoder. PRISM differs
ity, together with superior resilience to packet losses, can befrom classical inter-frame video codecs in two ways in that
useful for example in broadcasting to a set of heterogeneoust allows for flexible sharing of the motion-search complex-
mobile receivers having varying computational and display ity hetween encoder and decoder. Since PRISM allows for
capabilities and/or channel capacities. the concept of a motion search at the decoder, multiple pre-
While there has been significant interest in scalable videqjictors can be used to decode a video block, unlike as in
coding in the research community, there is relatively less MpEG, where decoding is tied to a specific predictor. As
work on achieving scalability while being additionally ro-  pR|SM is not attached to any specific predictor, it enjoys
bust to channel IOSSth is this combination that movitates Superior error-resilience propertieS, and has an intra-frame-
this work. Classical motion-compensated prediction basedjike character with regard to error propagation. The PRISM
video codecs (of the MPEGx/H.26x variety) are inherently codec has been found to significantly outperform standard
fragile in the face of channel losses, since the loss of the pre-yigeo coders, such as H.263+ for transmission over packet
dictor leads to errors in subsequent frames. The delay andgss channels.
and I_atgncy constraints of the video application may fur- Building on the PRISM framework, we propose a cod-
ther limit the use of Automatic Repeat Request (ARQ) and ing scheme to provide spatial and temporal scalability based

This work was funded in part by NSF grant CCR-021-9722. on the principles of distributed video coding. This scalable
LExceptions are the recent works of [11, 12]. video coder is designed specifically to provide good per-




formance in the face of channel losses. While the PRISM search, as it searches over the space of candidate predictors
framework allows for a flexible distribution of the motion one-by-one to decode a sequence from the set labeled by the
search task between encoder and decoder, in this work wesyndrome. When the decoded sequence matches the CRC
will focus on the case when the encoder does very little mo- check, decoding is declared to be successful. For further
tion estimation and most of the motion compensation task isdetails please refer to [2].
performed at the decoder. This is of particular relevance to  Robustness Characteristics of PRISM: The key as-
emerging “uplink” multimedia applications (such as users pect here is that PRISM does not use the exact realization
streaming video from their cellphones). of frame (N — 1) while encoding blocks in framé/, but
Recently, video codecs based on distributed source cod-only the correlation statistics. Note that if the decoder does
ing and with scalability properties have been proposed in [11not have framé N — 1) (or a part of it) due to channel loss,
12]. However, both these codecs target SNR scalability. Onit might still have blocks from framéN — 2). If the correla-
the other hand, in this paper, we target spatio-temporal scaltion noise between any of these blocks and the current block
ability. Further, our scalable codec relies heavily on the con- is within the noise margin for which the syndrome code
cept of motion search at the decoder, unlike [11, 12]. was designed the current block can be decoded. Informally
speaking, PRISM sends specific bit-planes (or partial bit-
planes) of the current block, unlike predictive coders which
send information about thafferencebetween the block and
its predictor. Consequently, in the PRISM framework, ev-
ery time a block can be decoded, it has the same effect as an
“intra-refresh” (irrespective of any errors that may have oc-
cured in the past). On the other hand, for predictive coders,
once an error occurs, the only way to recover is through an
intra-refresh.

2. BACKGROUND ON PRISM

The PRISM video coder is based on a modification to the
source coding with side-information paradigm, where there
is inherent uncertainty in the state of nature characterizing
the side information (a sort of “universal” Wyner-Ziv frame-
work, see [9] for details). The Wyner-Ziv Theorem [7] deals
with the problem of source coding with side-information.
The encoder needs to compress a sodfcerhen the de-
coder has access to a soufice X andY are correlated 3. CODEC DETAILS: GOP STRUCTURE
sources and” is available only at the decoder. From in-
formation theory we know that for the MSE distortion mea- In order to achieve scalability within the PRISM frame-
sure andX =Y + N whereN has a Gaussian distribution, work, spatio-temporal enhancement layers are encoded on
the rate - distortion performance for codingis the same  top of a base layer following the guidelines that have re-
whether or not the encoder has access {8]. cently emerged within the MPEG Ad-Hoc group on Scal-
For the problem of source coding with side information, able Video Coding (MPEG-SVC). Figure 1 depicts the GOP
the encoder needs to encode the source within a distortiorstructure adopted in our codec, which has been chosen to
constraint, while the decoder needs to be able to decode theonform with the scalability layers defined in [3] by the
encoded codeword subject to the correlation noise (betweerMPEG-SVC community. No assumptions are made about
the source and the side-information). While, the results the encoding strategy at the base layer. This allows any ex-
of Wyner and Ziv [7] are non-constructive and asymptotic isting standard, e.g. the state-of-the-art H.264/AVC codec,
in nature, a number of constructive methods to solve thisto be used at the base layer. In this work we have used
problem have since been proposed (such as in [14, 15, 16]H.264/AVC to encode the base layer with an IBPBP struc-
wherein the source codebook is partitioned into cosets of ature so that the first temporal scalability layer is supported.
channel code. For example, if the full spatio-temporal resolution sequence
For the PRISM video coder [1], the video frame to be is CIF@30fps, then by decoding the base layer only, we ob-
encoded is first divided into non-overlapping spatial blocks tain a sequence at QCIF@15fps or QCIF@7.5fps (by skip-
of size 8x8. The sourcX is the current block to be en- ping the B frames). The enhancement layers are encoded
coded. The side-informatio¥ is the best (motion-compensatemt) top of the base layer with the proposed distributed source
predictor forX in the previous frame and & = Y + N. coding based codec. The frames labeled IP, BP and PP form
We first encodeX in the intra-coding mode to come up the spatial enhancement layer (achieving CIF@15fps) and
with the quantized codeword f&. Now, we do the syn-  these frames can leverage the base layer as a spatial predic-
drome encoding, i.e., we find a channel code that is matchedor. Subsequently the temporal enhancement layer is added
to the “correlation noise’N, and use that to partition the (frames TP1, TP2) in order to obtain the full resolution ver-
source codebook into cosets of that channel code. The ension of the sequence - CIF@30fps. In both cases, the motion
coder transmits the syndrome (indicating the cosefXyr information available in the base layer is exploited to build
and a CRC check of the quantized sequence. In contrasthe temporal predictor as will be detailed in the following
to MPEG, H.26x, etc., it is the decoder’s task to do motion sections.



tors of the base layer. Then, the best predictor is cho-
sen according to a MSE metric (other metrics may
also be used) and the correlation noise is estimated
based on the statistics collected offline. The block is

Motion vectors

L + Spatial prediction then quantized and encoded as described in [4], send-
‘ ’ " | eeees Temporal predition ing only the least significant bits of the DCT coeffi-
cients as the most significant ones will be recovered
BP TP2 PP . PP ;
using the side information.
4
------- e Frame BP The encoding algorithm is similar to that
Fig. 1. GOP structure. First, the base layer (I, B and P frames) of the PP frame, except for the fact that the temporal
is encoded. Then, a spatial enhancement layer (IP, BP and PP predictor can use the forward and/or backward mo-
frames) is built on top of the base layer. Lastly,.a temporal en- tion vectors (bi-directional prediction). The predic-
hancement layer is added (TP1 and TP2). Solid arrows repre- tion mode as well as the motion vectors are the same

sent the motion vectors estimated at the base layer, which are
also used as coarse motion information at the enhancement layer.
Dashed/dotted arrows point to the frame used as reference to build
the spatial/temporal predictor.

used in the base layer.

At the decoder, the algorithm tests different predictors un-

til it finds one that is good enough to correctly decode the
4. SPATIAL ENHANCEMENT LAYER ENCODING block. As in [1], a CRC of sufficient strength is used to de-

termine when the block is correctly decoded. A CRC hash
In the proposed codec, each blddk encoded indepen- s computed from the quantized DCT coefficients and trans-
dently with the previously decoded blocks at the decoder mitted to the decoder. For each candidate predictor the de-
serving as the side-information. Since the enhancement layafoder decodes the block. If the CRC of the decoded block
encoder is not allowed to perform any motion search, the matches the one computed at the encoder side, a decoding
correlation noise between the current block and the unknownsyccess is declared. The decoder is allowed to use any pre-
best predictor, that will be revealed only during decoding, dictor - spatial, temporal and spatiotemporal - for the pur-
needs to be computed in a computationally efficient man- pose of decoding the encoded block.

ner. To this end, in the original (non-scalable) version of . .
As mentioned above, the correlation between the block

PRISM [1], each block is classified according to the mean . : :
square error computed using as a predictor the block in thel© P& éncoded and the (unknown) best predictor (which will

reference frame at the same spatial location, i.e. assumingfe found_at the dechgr after a full motion Sef”?“?h) needs
zero motion. An offline training scheme provides an esti- ©© Pe estimated. This is the task of the classifier. At the
mate of the correlation noise for each DCT coefficient based €¢0der, only the motion information available at the base
on the measured MSE. Unfortunately this method is likely '2Yer (termed the “coarse” motion vector) is used to provide
to fail when there is significant, yet simple, motion such as an estimate of the correlation. Three different prediction

camera panning. The proposed solution takes advantage of/P€S are allowed - spatial, temporal and spatio-temporal
the existence of the base layer in two different aspects: as’ an:j the b?St among these choices 'S computed ‘?ased on
a spatial predictor for those blocks that cannot be properlythe coarse” motion vector. The classifier works offline on

temporally predicted, e.g. because of occlusions, as well adraining sequences. Using the data collected offline, the
using the motion vectors available at the coarser resolutiondass'f'er estimates the correlation statistics for each type of

to provide a better estimate of the correlation noise. The en-Predictor that can be selected at the encoder (spatial, tem-
coding process for the three types of frames are as follows: POral and spatio-temporal). See Figure 2 for more details.
i ) ) ) Although only two levels are considered in the current
¢ Fram_e IP. A Spa“"’?' predictor is computed by inter- implementation, the proposed scheme supports any number
polating the quantized | frame of the base layer. The |0\ e5 of spatial scalability. In fact, the same concepts can
pred|ct|on residual is quantized and entropy coded as be extended to a multi-layer architecture, where each layer
in H.263+. can use the upper layer as a spatial predictor. Furthermore
the ratio between the resolutions of two succeeding layers
is not constrained to be 2:1. All that is needed is an interpo-
lating algorithm that is able to build the spatial predictor of
28x8 blocks were used in this implementation the appropriate size starting from the base layer.

e Frame PP Spatial, temporal and spatiotemporal
predictors are built using only the coarse motion vec-




Prediction type using the best motion vector Frame TP1

Frame TP1 superimposed with the Frame BP
spatial temporal Spatio-temporal projections of frame BP
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& né& e, ] lected for each type of frame. This is due to the fact that the

distance between the current frame and its temporal refer-

i _ ) - ) ence is different for each type of frame. Hence the accuracy
Fig. 2. Working offline, the classifier computes a mapping be- of the estimated coarse motion field varies with frame type
tween the residue computed using the “coarse” predictor and the(typically the motion fields estimated for the frames of type

rcsndue computed using the best predictor obtalr_led fr_om a full mo- BP and PP are more precise than for the frames of type TP1
tion search. Each block is represented by a circle in one of the and TP2)

nine scatter plots, according to the prediction type computed using
the coarse motion vector available at the encoder (determining the
row) and the best motion vector (determining the column). In each 6. EXPERIMENTAL RESULTS
scatter plot, the x-axis is the MSE computed using the coarse mo-
tion vector (MSE), while the y-axis the MSE computed with the e carried out several experiments in order to assess the
best motion vector (MS§. performance of the proposed solution. In our simulations
we encoded the base layer using H.264/AVC with a IBPBP
5 TEMPORAL ENHANCEMENT LAYER structure and a GOP of size 8. In the currentimplementation
ENCODING we force H.264/AVC to work with fixed block sizes of 8x8,
as this way it is easier to compute the coarse motion field es-
The encoding of the temporal enhancement layer is morelimate for the enhancement layer. The spat.ial and temporal
involved since we can rely only partially on the information €nhancement layers are encoded as described in Sections 4
available at the base layer. Specifically, we have neither@nd 5 respectively. Figure 5 shows the PSNR as a function
a spatial predictor available nor a motion field that covers Of the bitrate for the Football sequence. We can observe that
completely the frame to be encoded. For these reasons wdhe scalable version outperforms the previous implementa-

allow only temporal prediction. The motion field is inferred  tion of PRISM when working at full spatio-temporal resolu-
by that available at the base layer. In our current imple- tion- This can be attributed to the base layer being encoded

mentation, the estimation of the coarse motion field for TP1 USing the highly efficient H.264/AVC coder and the avail-
frames (see Figure 1) proceeds as follows. First, the motion@pility of the motion information in the base layer allowing
field of frame BP is extracted from the base layer by simply for better classification of the blocks than using a simple

scaling the motion vectors in order to match the spatial res-Z€ro-motion predictor. This is especially true in case of se-
olution of the enhancement layerThen, the motion field ~ duences characterized by significant camera panning. In the
of frame TP1 is estimated by “projecting” the blocks along event of a decoding failure, conventional error concealment
the motion trajectories from BP to IP (or PP). Figure 3 gives t€chniques can be used. The current block can be substi-
a pictorial representation of the different scenarios that cantuted with its spatial predictor (for BP and PP frames) or its
0CCUT. temporal predictor, using the coarse motion vector extracted

The estimation of the motion field of frame TP2 follows Tom the base layer. .
the same algorithm as that for frame TP1. In this case we APartfrom pure compression performance, we also tested

can leverage either the backward motion field from PP to the robustness characteristics of three schemes: the pro-
IP (or PP) or the forward motion field from BP to PP. We posed scalable video codec, H.264/AVC, and H.264/AVC

note that separate statistics of the correlation noise are colProtected with Forward Error Correcting (FEC) codes us-
ing a wireless channel simulator obtained from Qualcomm,
3More sophisticated methods may also be used for this operation Inc. For the H.264/AVC codec protected with FECs, Reed-
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Fig. 5. Performance comparison of proposed scalable codec,
Fig. 4. PSNR results for the Football sequence(15fps) at CIF res- H.264/AVC, and H.264/AVC protected with FECs (Reed-Solomon
olution. codes used0% of the total rate used for parity bits) for the Foot-
ball sequence (CIF, 15fps, 1800 kbps).

Solomon codes were used with% of the total rate used for

parity bits. This simulator adds packet errors to multimedia Posed scalable PRISM codec is far more resilient to packet
data streams transmitted over wireless networks conform-losses than conventional predictive codecs and even outper-
ing to the CDMA2000 1X standard [13]. As can be seen forms, by a significant margin, predictive coded bit-streams
from Figures 5 and 6, the scalable PSNR implementation protected with Forward Error Correcting codes under rea-
clearly out-performs H.264/AVC and even H.264/AVC pro- Sonable latency constraints.
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Fig. 8. Comparison of Frame 8 of the Stefan sequence (15fps,
1800 kbps) reconstructed by our proposed codec and H.264/AVC
at a channel error rate equal to 8%. Here we have only shown the
results for spatial scalability.



