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Abstract

We consider multiview video compression: the problem of jointly compressing
multiple views of a scene recorded by different cameras. To take advantage of the
correlation between views, we propose using disparity compensated view prediction
and view synthesis and describe how these features can be implemented by extending
the H.264/AV C compression standard. Finally, we discuss experimenta results on the
test sequences from the MPEG Call for Proposals on multiview video.
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ABSTRACT

We consider multiview video compression: the problef jointly

compressing multiple views of a scene recorded Hferdnt

cameras. To take advantage of the correlation legtweews, we
propose using disparity compensated view predictod view
synthesis and describe how these features can flenranted by
extending the H.264/AVC compression standard. Kinalve

discuss experimental results on the test sequdrarasthe MPEG
Call for Proposals on multiview video.

1. INTRODUCTION

Advances in display and camera technology makerdew a
single scene with multiple video signals attracti¢hile there are
many applications of such multiview video sequenicetuding
free viewpoint video [1], three dimensional dis@d], [3], and
high performance imaging [4], the dramatic increasethe
bandwidth of such data makes compression espedmpprtant.
Consequently, there is increasing interest in alipfpthe inherent
correlation in multiview video through disparity rapensated
prediction [5], mesh-based view prediction [6], what
transforms, and related techniques. In responsecent advances
in coding technology and the emerging applicatifmmamultiview
video, MPEG has recently issued a Call for Promosah
multiview video coding [7].

We describe a novel extension of the H.264/AVC caad for
multiview video compression. The proposed systehieaes gains
of up to 2 dB in PSNR over independent coding bfvedws. In
addition to existing temporal prediction and wellokvn disparity
compensated prediction, our system adds a novel sismthesis
prediction technique. To maintain compatibility kvithe existing
standards and enable reuse of macroblock layeasyaot coding
multiple views, we also describe a multiview refere picture
management scheme.

The rest of this paper is organized as follows. pBigy
compensated view prediction and view synthesis iptied are
presented in Section 2. In section 3, we describe lthese
prediction tools can be incorporated into the éxisH.264/AVC
compression standard with the proposed multiviederemce
picture management scheme. Random access for raultiideo
is discussed in section 4. We present experimemsiilts in
Section 5, and close with some concluding remari&eiction 6.

2. PREDICTION TOOLS

This section describes two prediction tools: digpartompensated
view prediction as well as view synthesis predittio

2.1. Disparity Compensated View Prediction

In the following we describe the disparity compdadaview
prediction (DCVP) method that is used in our syst¥vie define
I[c,t,x,}} as the intensity of the pixel in camerat timet at pixel
coordinatesX,y). With conventional temporal prediction for each
camerac, framet in sequence is typically predicted only from
other frames in sequence With DCVP, for eactlt, the value of
I[c,tx,)) may also be predicted from clft,x-m,y-m] where
(my,m,) is a disparity vector computed in a blockwise mamand
¢’ is a frame from an already encoded sequence froothar
camera. One natural camera prediction structutbessequential
structure where g;t,x,)] is predicted from K-1,t,x,J, which is
analogous to the IPPP Group of Pictures (GG@Rcture in
conventional temporal coding. Other camera pregficttructures
are also possible and may be better depending encdimera
geometry.

2.2. View Synthesis Prediction

While DCVP provides improvements over pure temporal
prediction, it does not take advantage of somentisééeatures of
multiview video. First, while temporal motion cae laccurately
modeled using translational motion compensatioe,differences
between multiple views of a scene usually canifrair example, in
moving from one camera to another the disparitythi@ screen
pixel coordinates of an object between camerasdeitiend on the
depth of the object. Objects closer to the cameéllamove much
more than objects that are far from the camerao,Adffects such
as rotations, zooms, or different intrinsic cameraperties are
often difficult to model using pure translational otion
compensation. Finally, since many applications aftiview video
such as 3D displays or free viewpoint video requaczurate
camera parameters, this information is often akkglat encoding
time and should ideally be used to improve comjoass

As llustrated in Figure 1, we exploit these featurof
multiview video by synthesizing a virtual view fropreviously
encoded views and then performing predictive codismg the
synthesized views. Specifically, for eachwe first synthesize a
virtual frame I'[c,t,x,)] based on the on the unstructured lumigraph
rendering technique of Buehlet al. [8] (described in more detail
shortly) and then use disparity compensated viegdiption as
described in Section 2.1 to predicatively encode turrent
sequence using the synthesized view.

To synthesize I§,t,x,)], we require a depth map &f,x,)] that
describes how far the object corresponding to pixg) is from
camerac at timet, as well as an intrinsic matri&(c), rotation
matrix R(c), and a translation vectdi(c) describing the location of
camerac relative to some global coordinate system. Ushepée
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Figure 1 Prediction using view synthesis.

quantities, we can apply the well-known pinhole esanmodel to
project the pixel locatiorx(y) into world coordinatesufv,w via

@

Next, the world coordinates are mapped into thegetar
coordinatesf',y’,z'] of the frame in camere’ which we wish to
predict from via

[uvw] = R(c) - Ac) - [x.y,1] - D[c,txy] + T(c)

[x.y.,2]= AC) - RY(©) - {luvw] = T(C)} @

Finally, to obtain a pixel location, the target odioates are
converted to homogenous forxi/g’,y’/z’,1] and the intensity for
pixel location ky) in the synthesized frame s
I'Tc,txyl=I[c,t,x/z’,y'/z']. Finally, we note that while A(c), R(c),
and T(c) must be communicated from the encodehéodecoder,
the amount of information required to describe ¢hearameters is
very small and thus the associated coding overfseaggligible.

An important issue in view synthesis is computioaging, and
transmitting accurate depth maps. In many scenatich as free
viewpoint video and 3D displays, such depths mamsy rhe
required as part of the application itself and tarefore be used
in the compression process without requiring anyraexoding
overhead or computational effort. In general, hoevewne must
both obtain the required depth maps and define thadefor the
encoder to convey them to the decoder.

For our tests, we used two methods of obtainingeanubding
the depth maps. First, some sequences (i.e., takdancers test
sequences from Microsoft Research [9]) provide llepaps that
were extracted using computer vision techniquest Bach
sequences, we simply use H.264/AVC to compressi¢pth map.
Based on ad hoc testing, we found that devotin@%-bf the total
bit rate to encoding the depth map produced acbkptasults.

For sequences without depth maps, we used a blaskdb
depth search algorithm to extract the optimal defitecifically,
we define minimum, maximum, and incremental dep#iues
Dimins Dmaw Dstep and a block siz®y0c. Then, for each block &
pixels in the frame that we wish to predict, we at®the depth to
minimize the error for the synthesized block:

D(ctx,y =
(3)

argmin || Etxy-I[ctx/ZyiZ’] |

where the minimization is carried out over the &et {Dmin, Dmin

+ Dstep Dmin+2Dstep Ty Iqnax} and ” I E:,t,X,}] =1 [c’,t,x’/z’,y’/z’] ”
denotes the average error between the block ofyjzg centered
at (x,y) in camerac at timet and the corresponding block that we
are predicting from. Note, that the depth influentlee error by
affecting the coordinateé<’,y’) of the block we are predicting
from.

Figure 2 presents a visual comparison of the twdkiof depth
maps for the breakdancers sequence. In generalddpéth as
computed in (3) yields a smaller error in the sgsthed view (and
hence a higher PSNR after compression) than déytined from
classic methods of computer vision, but the depimf(3) is also
harder to compress. We believe this is because deygth from
stereo algorithms proposed by computer vision rebess
incorporate regularization constraints to producsoah depth
maps, while (3) does not include any explicit srhow and is
specifically aimed at minimizing prediction error.

Figure 2 Comparison of depth maps. (a) Depth maps obtained
from computer vision algorithms (courtesy of MiaftsResearch
[9]); (b) Depth maps obtained from block based deggarch as
defined by equation (3) and using 4x4 block size.

Ideally, one should modify existing depth from ster
algorithms with the goal of producing high qualifigw synthesis
and multiview compression while also making thetdepap easy
to compress. Due to time constraints, however, e bt
implement a depth extraction algorithm, which proghl smooth
enough depth maps to enable efficient coding ofdapth map
itself. Instead, for sequences where we used vigwhssis and
depth maps were unavailable, we compute depth dicgpto (3)
as a proxy and code the sequences at 5% belowartet hit rate.



Thus assuming that it is possible to produce defaths that can be
compressed at this rate and provide good view segigh(an
assumption that is validated for the breakdancetpiance), we
believe our results provide an accurate estimatheoperformance
of view synthesis.

Also, we note that not all of the macro-blocks emeled using
VSP. In particular, for some macroblocks tempon&dgction is
best, while for others DCVP is best, and sometimaga macro-
blocks are best. Consequently, a more efficieniémpntation of
VSP would only encode the depth for macro-blocla tise view
synthesis prediction. In ad hoc tests, we found &P was used
in at about 10% of macro-blocks and so the overleadlepth
maps could be reduced even further than reportemealpy
sending only a partial depth map from the encodéhé¢ decoder.
Of course, some additional syntax may need to limete for a
decoder to properly interpret a partial depth map.

3. MULTIVIEW REFERENCE PICTURE
MANAGEMENT

Essentially, VSP can be considered as a special ch®CVP.
Specifically, DCVP involves coding the video sequeenfrom
camerac using predictive coding from another video seqeenc
from camerac’. In VSP, we simply synthesize a virtual camera
sequence and apply DCVP to predict from the syithds
sequence. Consequently, both VSP and DCVP requoirenaoder
and decoder that can use reference frames outs&eurrent
sequence being compressed. While this is concdptual
straightforward, some care is required to achiewe eéicient
implementation of this feature.

As illustrated in Figure 3, we implement DCVP by difging
the H.264/AVC reference software (version JM 9H)][ One of
the main advantages of this approach is that wer@ase most of
the existing bitstream syntax. Specifically, H.284C defines a
Decoded Picture Buffer (DPB) where previously cottadgnes for
the current sequence are stored so they may beasseferences
for predictive coding. To allow prediction from ethcameras, we
use a sequence level configuration to define a @otion for
inserting and deleting previously coded frames failrer cameras
into the DPB.

Before encoding begins, the user specifies a fishaltiview
reference sequences. Then for eqdbefore frame is processed,
the encoder and decoder read in framiom each multiview
reference sequence and place it into a multiviereace picture
list. Then, the contents of this list are insertef the DPB, the
usual H.264/AVC coding loop is entered, and after frame has
been processed, each picture in the multiview eafe picture list
is removed from the DPB. Since both the encoder @ewbder
modify the DPB in the same way, they remain syncized and
whenever the encoder uses multiview referencepredicatively
encoding other frames, this information is signatedhe decoder
using the existing H.264/AVC syntax. Thus, our o$enultiview
references frames uses exactly the same motiorchsearode
decision, entropy coding, etc., of the underlying24/AVC
compression engine.

The multiview reference picture list is requiredtiis process
for a number of reasons. First, since the encodimgj decoding
processes modify the DPB, the multiview referenasupe list
provides a way to tell which pictures are multiviesferences that
should be removed. Second, the entropy coding engidM 9.5
requires more bits when using references towardsettd of the

DPB. As a result, we also use the multiview refeeepicture list
manager to reorder the multiview references so thay are
ordered by increasing correlation (specified by theer or
determined automatically) and come after the temdpaference
pictures in the DPB. In ad hoc testing, we obseed properly
ordering the reference pictures in the DPB couldprove
performance by 0.25-0.5 dB in some cases.

Multiview Ref 1 o
> Multiview Reference
Multiview Ref 2 Picture List Manager
»-
Multiview Ref C I
y A
Insert Remove
Pictures Pictures

Decoded Picture Buffer (DPB)

Figure 3 Reference picture management for multiview coding.

4. RANDOM ACCESS

In order to provide temporal random access to aigtpn a video

sequence, I-frames are usually spaced througheuseétjuence at
regular intervals, because I-frames can be decoukgbendently
of other frames. In multiview coding, however, gt possible to
obtain temporal random access using a new typeaaid, which

we call a “V-frame” or “V Picture”. Specifically, ¥-frame is like

an I-frame in the sense that it is encoded witremy temporal

prediction but it differs from an I-frame in that allows for

prediction from other cameras. By placing a V fraateperiodic

intervals (e.g., every second or half-second) fidssible to obtain
the same temporal random as with I-frames, buteaehbetter
coding efficiency since the V-frames can use DCYN8P.

5. RESULTS

The rate-distortion performance results for a sulmdethe test
sequence&n the MPEG Call for Proposals on multiview video
coding [7] are shown in Figure 4. For the Break@éassequence,
we used view synthesis prediction with the depttpsnarovided
by Microsoft Research compressed at the encodengusi
H.264/AVC at rates of 30, 50, and 50 kb/s. For Badlroom,
Flamenco2, and Rena sequences, we used view sinthes
prediction with our own block based depth maps asoay since
high quality depth maps were unavailable. Spedificave added

a 5% overhead to the bit rate for each of theseies®gs to
account for the rate that would have been requimecbmpress a
depth map if it had been available.

From the plot, we see that view synthesis predicfioovides
gains over independent coding for each of theseesems. The
gains range from about 0.2 dB for the highest &ii¢ iof the Rena
sequence to almost 2 dB for the lowest rate of Badiroom
sequence. Evidently, view synthesis can be a usefol in
multiview video compression.
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Figure 4 Performance results for several MPEG test sequences.

6. CONCLUDING REMARKS

We proposed a new multiview video compression systehich
has also been submitted in response to MPEG QaRraposal on
Multiview Video Coding) and showed that it achiexgggns of up
to 2 dB in PSNR over independent coding of all \ae®ur main
contributions include a novel view synthesis prédittechnique,
a buffer management method that extends the existin64/AVC
compression standard to allow disparity compensatezv
prediction and view synthesis prediction, and ttesv rvV-frame
picture type.

There are a variety of opportunities for future kvdfirst, high
quality, compressible depth maps are essentialiéw synthesis.
Classical methods of computing depth maps do et séalvantage
of the fact that a multiview encoder always haga wersion of
the view to synthesize and can use this groundh treitproduce
more accurate depth maps. Thus, new depth extmaatgorithms
could potentially yield significantly better perfoance. We are
currently developing such depth extraction algonghas well as
associated compression techniques to efficientljnroanicate
depth. Second, we have observed that adding a Hegist
correction vector” to the view synthesis process campensate
for inaccuracies in camera parameters resultingpetter view
synthesis [11]. Finally, the proposed multiview goesSion
system can be further improved by taking tools firavide gains
in single view video compression, e.g., Open-GOPd an
hierarchical B-frames, and adapting them to explut properties
of multiview video.
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