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ABSTRA CT

Automultiscopic (no glassesmultiview) displays are becominga viable alternative to 3-D displays with glasses.
Howewer, since these displays require multiple views the neededtransmission bit rate as well as storage space
are of concern. In this paper, we describe results of our researd on the compressionof still multiview images
for display on lenticular or parallax-barrier screens. In one approad, we examine compressionof multiplexed

imagesthat, unfortunately, have relatively low spatial correlation and thus are dicult to compress. We also
study compression/decompressiomf individual views followed by multiplexing at the receiver. Howewer, instead

of using full-resolution views, we apply compressionto band-limited and downsampledviewsin the so-called\ N -

tile format". Using lower resolution imagesis acceptablesincemultiplexing at the receiver involvesdownsampling

from full view resolution anyway. We usethree standard compressiontechniques: JPEG, JPEG-2000and H.264.
While both JPEG standardswork with still imagesand can be applied directly to an N -tile image, H.264, a video
compressionstandard, requiresN imagesof the N -tile format to be treated asa short video sequence We presen

numerousexperimertal results indicating that the H.264 approach achievessigni cantly better performancethan

the other three approacesstudied.

Keyw ords: multiview compression,multiview multiplexing, 3-D automultiscopic displays

1. INTR ODUCTION

A newtype of 3-D display introducedon the market in the last few yearsholds great promisefor the future of 3-D

visualization, communication and entertainment. >  This so-called automultiscopic display has two important

characteristics: it requiresno glassesand can deliver multiple views. Forgoing glassesmakesthis type of display

a very tempting alternative to current technologies using glasses. Additionally , by displaying multiple views,

automultiscopic displays permit limited \lo ok-around" (correct motion parallax) in one of two ways. In one
approad, two views (left and right) are spatially multiplexed and then displayed on an autostereoscopicscreen
(two views only). Then, headtracking is usedto identify viewer headlocation and to display the corresponding

view. As the viewer head moves, di erent image pairs are displayed on the screen. An alternativ e is to display

multiple views simultaneously (spatially multiplexed) and rely on display's directional properties (viewer sees
di erent subsetsof pixels from di erent positions in front of the screen). This approad is usedin lenticular and

parallax-barrier 3-D displays. Central to thesetechnologiesis the processof multiplexing sewral views into a
single viewable image. This multiplexing is a complex processinvolving irregular subsampling of the original

views that must be precededby suitable lowpass ltering in order to prevent aliasing (e.g., \jaggies", cross-
color e ects).%® |t is the latter approad, basedexclusively on spatial view multiplexing (head tracking can be
thought of asirregular temporal multiplexing), that is beingactively pursuedby a number of manufacturers. The

main bene t of exclusively spatial multiplexing is that multiple viewerscan enjoy 3-D perception simultaneously.

This is unlike in autostereoscopidaisplays employing headtracking where only oneviewer can experiencecorrect
motion parallax at any given time.

A correct motion parallax perception doescome, howewer, at the cost of increasedtransmission and storage
requiremerts for multiple views. For example, a 9-view display implies 4.5-fold increasein data transmis-
sion/storage requiremerts (comparedto stereoscopicdisplay). Clearly, someform of compressionis needed.

Although there is an ongoing multiview video coding standardization activity within MPEG,® there is no
multiview still-image compressionstandardization e ort to date and, to the best of our knowledge, there is no



concerrated e ort in this direction at the momert. Certainly, there has been activity in the general area of
multiview image compressiort®!® but thesee orts have not translated into a wider standardization process.

In this paper, we describe results of our researd on the compressionof still multiview imagesfor display on
lenticular or parallax-barrier 3-D screens. We opt for simple techniques that require no explicit estimation of
depth, adi cult andcomputationally-complex problemin itself. In particular, we usethree standard compression
methods: JPEG, JPEG-2000 and H.264.

There are two fundamental approacesto such compression. In one approad, multiview imagesare rst
multiplexed and then compressedjransmitted/stored, decompressednd displayed. The obvious benet of this
approad is that after decompressiorat the receiwer, the imageis ready for display (no multiplexing is required).
However, a relatively poor compressionperformancecan be expected since neighboring pixels in the multiplexed
image are relatively uncorrelated due to the fact that they are derived from di erent views during multiplexing.

An alternativ e approad is to apply compressiorto individual views, followed by transmission/storage, decom-
pression, multiplexing and display. This requires real-time multiplexing at the receiver but e cien t algorithms
exploiting the power of modern graphical processingunits (GPUs) exist. Note that compressingN screen-
resolution views would be hardly competitive comparedto compressinga multiplexed image, and, moreover, it
is unnecessary It would not be competitiv e sincefor N views there would be N times more data to compress
compared to the compressionof a single screen-resolutionmultiplexed image. It is also unnecessarysince, as
we pointed out earlier, any image multiplexing for a lenticular or parallax-barrier screeninvolves subsampling
and thus must be precededby anti-alias lowpass ltering. Sincea signi cant amount of information is \thro wn
away" at the receiver prior to display, why transmit it? A reasonablecompromiseis the so-called\ N -tile format"
proposedby StereoGraphicsCorp. For example,in caseof N =9, ead original view is downsized(pre ltered and
then subsampled)in eat dimensionby 3; arrangedin a3 3 array theseimagesform a 9-tile imagethat hasthe
sameresolution as ead original view aswell asthe screen.The ltering implicit in downsizing servesthe role of
anti-alias Itering, and, although sub-optimal, it is a reasonable rst-order approximation®; a superior solution
to not performing Itering at all. Thus, the secondapproac we investigate is the compressionof 9-tile images
where information is \thro wn away" already at the transmitter, prior to compression.

We usethree standard compressiontechniques: JPEG, JPEG-2000 and H.264. While both JPEG standards
work with still imagesand can be applied directly to an N-tile image, H.264, a video compressionstandard,
requires N imagesof the N -tile format to be treated as a short video sequence.As rst examine JPEG com-
pressionon multiplexed images. This experiment sernesonly to show how poor a compressionperformancecan
be expected on multiplexed data (similarly poor performancecan be expected from JPEG-2000 and H.264 due
to the mertioned lack of correlation). We examine all three compressionstandards on 9-tile images. We also
proposea \mirrored N -tile format" whereindividual tiles are transposedsoasto assuremaximum cortinuity in
the N -tile image and thus improve compressionperformance.

The paper is organized as follows. We rst explain the spatial multiplexing processin automultiscopic
displays, show examplesof multiplexed imagesand introduce the 9-tile format. Next, we elaborate on possible
compressionscenarios. We then briey summarizethe compressionalgorithms used, and presen experimental
results to measurethe performanceof eat scenario.

2. SPATIAL MUL TIPLEXING IN PARALLAX-BARRIER
AND LENTICULAR DISPLA YS

Automultiscopic displays with no head tracking, whether lenticular or parallax-barrier, achieve motion parallax
by displaying a multiplexed image generatedfrom se\eral views. Fig. 1.a-billustrates the principle of operation
of both parallax-barrier and lenticular stereo (two-view) displays.

Parallax barrier, shown in Fig. 1.a,is athin opaquesheetwith a seriesof regularly-spacedvertical slits placed
in front of a pixel-addressablescreent* Each slit acts asa window to the strip e of the image behind the parallax
barrier. The visibility of a strip depends on the horizontal viewing angle. A stereoscopicimage is displayed
by interleaving columns of the left and right images. If a viewer is positioned at appropriate distance from the
screen,the left and right eyeswill seedi erent imagesand, therefore, depth will be perceived.
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Figure 1. Schematic illustration of the principles of operation of: (a-b) autostereoscopicand (c) automultiscopic displays.
The numbers above RGB pixels identify views perceived by human eye suitably positioned in front of the screen.

On the other hand, lenticular displays use lenticular sheets(sometimes called lens sheetsor micro lenses)
which can be regardedas many miniature lensesarrayed on a at sheet(Fig. 1.b). This sheetcoversthe surface
of a at-panel monitor. The screenand the lenticular sheetare preciselyaligned sothat at a speci ¢ position of
the viewer, the left and right views are properly projected to the viewer's eyes.

In caseof multiview, rather than stereoscopic,displays the spatial multiplexing is more complex. As shavn
in Fig. 1.c, RGB sub-pixels of the samepixel can belongto di erent views. This assignmen of color sub-pixels
to individual views can be regardedas subsampling of full-size sourceimagesand, thus, necessitatespre Itering
to avoid aliasing artifacts.® The sub-pixel assignmem processwas mathematically formulated by Van Berkel
et al..’> An example sampling grid for one color componert (sub-pixel) of one view is shown in Fig 2.a for
SynthaGram™ SG222displays.

Since multiplexing involvesa subsampling step, there is no needto transmit full-size imagesto the receiwer;
anti-alias pre Itering and subsamplingwill remove a signi cant amourt of information anyway. For example,in
the caseof 9 views (as usedby SynthaGram™ monitors) approximately 1/9-th of ead view is extracted while
8/9-ths is discarded. Instead, in the \9-tile format" the original views are downsampledand arrangedin a3 3
matrix. After transmission/storage, the \9-tile" image is used for multiplexing (under suitable interpolation
since screenpixels do not correspond directly to \9-tile" pixels). The Itering implicit in downsizing servesthe
role of anti-alias Itering; although sub-optimal, it is a reasonable rst-order approximation. Clearly, even prior
to compressionthe use of 9-tile format instead of 9 full-size imagessavesa signi cant number of bits, while the
visual quality is largely presened, comparedto multiplexing from full-resolution images.

An example of the multiplexing processis shawn in Fig. 2. A single view from 9-view data set and its 9-tile
image are shown in Figs. 2.b and c, respectively. The multiplexed image and a close-upof rectangular region in
the middle are showvn in Figs. 2.d and e, respectively. Note the lack of spatial smoothnessin the multiplexed
image becauseneighboring pixels are derived from di erent views during multiplexing.

3. CONSIDERED SCENARIOS FOR MUL TIVIEW  STILL-IMA  GE COMPRESSION

We consider the following compressionscenariosfor multiview still-image coding. We concerirate on 9 views
and the 9-tile format, but the proposedapproadescan be applied to other valuesof N aswell.

1. Compressionof 9 full-resolution images
As discussed,this would be the most straightforward but the least e cient way to compressmultiview
images. Since perceptual di erence between multiplexing basedon 9 full-resolution imagesas opposedto
one\9-tile image" is minimal, this approac is not practical.

2. Compressionof multiplexed image

Although only one full-resolution image undergoescompressionthis method is not expectedto be e cien t.

As shown in Fig. 2.e, multiplexed imageslack spatial smoothness and, therefore, compressionis not as
e cien t on them. Should one attempt a stronger compression,artifacts causedby the used compression
algorithm (for example, blocking artifacts) will likely lead to a distorted depth perception becausethe
multiplexed imagesencale depth information by using pixels from di erent views.
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Figure 2. (a) Example of sampling grid for color componert of one view (small areais magni ed for clarity); (b) single
view from a 9-view image set; (c) corresponding 9-tile image; (d) nal multiplexed image; (e) close-up of rectangular
region from (d). The original stereo pair Flower is property of NHK, Japan. The intermediate 7 views shown here and
in Fig. 9 were computed using a view reconstruction algorithm developed by Mancini and Konrad !¢ that is based on
disparit y-compensated interp olation.

3. Compressionof 9-tile image

As discussedn previous section, 9-tile imagesare obtained by downsizing the original images. It is possible
to handle this image as a single ertity and apply standard sill-image compressionto it. Since spatial
smoothnessis presened in the images(excepttile boundaries), standard image compressionalgorithms are
expected to yield satisfactory results.

4. Compressionof video sequencecomposedof tile images

As shaown in Fig.2.c, the individual tiles of a 9-tile image are highly correlated. When applying still-image
compressionstandardsto a 9-tile image, the correlation betweentiles is largely unexploited (it is exploited
to a degreeonly if a JPEG block straddles tile boundary). In order to take advantage of the inter-image
correlation, it is possibleto create an image sequencecomposedof tile imagesand apply video compression
to it. The motion estimation/comp ensation inherert in video coding will exploit the redundancy between
individual tiles.

4. COMPRESSION  ALGORITHMS TESTED
We focus on compressionof multiplexed and 9-tile imagesusing well-known compressionstandards. We brie y
summarize these compressionalgorithms below.

4.1. JPEG

JPEG?Y’ is both a losslessand lossy image compressionstandard. Standardized in 1990, JPEG has been very
successfulever since. Its main three stepsare described below.

Spatial transformation: The input image is divided into 8 8 blocks and the discrete cosine transform
(DCT) is applied to ead block in order to decorrelateimage pixels.



Quantization: The resulting DCT coe cien ts are quantized using a quartization table. Quantization tables
assurethat quantization error is minimal in visually-imp ortant details (i.e., low frequency componerts)
while discarding lesssigni cant information (i.e., high frequencycomponerts). Thus, compressione ciency
is increasedwith little visual distortion, usually unnoticed by human eye.

Entropy coding: Quantized DCT coe cien ts are rst orderedto create a one dimensional stream, a step
called zig-zag scanning. The zig-zag scanning placeslow-frequency coe cien ts before high-frequency co-
e cien ts, which are likely to be zero due to quantization. This is followed by run-length encaling of the
guantized coe cien ts to create intermediate symbols that are subsequetly coded using either Hu man or
arithmetic coding.

More information on JPEG can be found in the review paper by Wallace!® In our experimerts, we useda
JPEG encader included in the Image ProcessingToolbox of Matlab " .*°

4.2. JPEG-2000

JPEG-20002% 2! the successorto JPEG, was standardized in 2000. Although the basic 3-elemet structure
of JPEG is retained, the individual elemens are quite dierent. First, and most importantly, the discrete
cosinetransform is replacedby the discrete wavelet transform (DWT). Secondly the quartization is performed
by meansof successie approximation which permits to achieve target le size with great precision. Thirdly,
context-adaptiv e binary arithmetic coding (CABA C) is usedas ertropy coder.

Among many desirablefeatures, JPEG-2000 supports spatial and SNR scalability, region of interest coding,
and error resilienceoptions. JPEG-2000 producesbetter results than JPEG, both subjectively and objectively.

More information on JPEG-2000can be found in the review paper by Skodras et al.?> We tested a number of
freely available JPEG-2000 codecsand found that a codec from Kakadu Software?® givesthe best performance.
Therefore, we usedthe Kakadu Software JPEG-2000 codecin our experimens.

4.3. H.264

H.264* is the newest video compressionstandard developed by MPEG and ITU. It o ers excelleri subjective
and objective video quality while permitting high compressionratios. There are two types of pictures used
in H.264; intra and inter pictures. Intra pictures are encaled in a way very similar to JPEG. However, there
are additional featuresimplemented in the advancedintra coding options, suc as prediction from neighboring
blocks. Therefore, even in intra-picture mode, H.264 o ers better compressionthan JPEG. Since the coding
of intra pictures is not dependert on other frames of the sequencethese imagescan be decaded without any
additional information. Due to this property, they are usedas anchor frames.

The inter pictures, on the other hand, are predicted from other frames of the sequence.Instead of encading
a complete frame, an inter picture is predicted using motion estimation/comp ensation and only the residual
betweenthe frame and its prediction is encaded by a schemesimilar to JPEG. Additionally , motion vectors that
will be used by the decader are also encaded into the bit stream. Sophisticated motion estimation algorithms
usually create very good prediction, and, therefore, the residual frames carry little information. Overall, the
main sourceof high performanceof H.264 is the e cien t motion estimation/comp ensation of inter pictures.

More information on H.264 canbe found in the review paper by Wiegand et al.?®> We usedthe freely-available
H.264/AVC ReferenceSoftware?® in our experimerts.

5. EXPERIMENT AL RESUL TS

In order to measure compressionperformance of the scenariosdiscussedin Section 3, we conducted experi-
mernts on seweral multiview image sets. We presen results for three such sets: Sammlung Castle, and Queen;
one view from ead set is showvn in Fig. 3. First, we compute the mean-squaredcoding error "y sg between



(a) One view from Sammlung data set (b) One view from Queen data set (c) One view from Castle data set

Figure 3. Example views of three multiview data setsusedin the experiments. Original Sammlung and Queen monoscopic
imagesare property of The Walt Disney Company, while Castle is property of David G. Burder. Monoscopic to multiview
conversion of all three sets performed by David G. Burder.

the multiplexed image| created using uncompressedsourceimagesand image b obtained either from the com-
pressed/decompressedultiplexed image or from the multiplexed image created using compressed/decompressed
sourceimages. Subsequetly, we expressthis error as Peak-Signal-to-Noise-Ratio(PSNR) as follows:

. B 1 %x %V
MSE = o
Nx Y x=1y=1

ly) Py PSNRzlolog(%); 1)

where Ny and Ny are horizontal and vertical dimensionsof the images. As it can be seenfrom this equation,
higher PSNR valuesindicate smaller reconstruction error and, therefore, higher quality images.
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Figure 4. Rate-distortion performance of JPEG compressionon images multiplexed for SynthaGram ™ SG222display.

Since the rst approac discussedin Section 3, compressingfull-resolution images separately cannot be
competitiv e for its excessie data rate it is not consideredin the experiments. We start with the secondapproad,
namely the compressionof multiplexed images. We tested the JPEG compressionstandard on imagesmultiplexed
for the SynthaGram™ SG222automultiscopic display (9 views). The results for various compressionratios are
shown in Fig. 4. The results are, as expected, unsatisfactory; even for low compressionratios of 10:1to 20:1,
the PSNR values are below 25dB, which meansthat a human obsener can seesigni cant di erences between
original and compressed/decompressednultiplexed images. This is illustrated in Fig. 5. When preseried on
a SynthaGram™ SG222screenthis results in objectionable texture and depth distortions. In fact, for higher
compressionratios with PSNR below 20dB the depth distortions are so strong that the scenestructure is
perceived as a patchwork of xed-depth segmems. As mertioned earlier, all thesedi culties stem from the lack
of smoothnessin the multiplexed images.

Next, we focus on the compressionof 9-tile images using JPEG and JPEG-2000 still-image compression
standards and H.264 video compressionstandard. Again the multiplexing is performed for the SynthaGram ™
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Figure 5. Closeup of rectangular region from multiplexed image in Fig. 2.d: (a) original before compressionand (b)
JPEG-compressed with a compressionratio of 40:1. Note numerous artifacts in the compressedimage; displayed on a
SynthaGram ™ SG222 screen, these artifacts result in objectionable texture and depth distortions.

SG222display. A note on H.264 compressionis in order here. Traditionally, video coding standards accept
individual framesrepresened in the YUV color space(luminance and two chrominances,or di erence signals).
Our sourceimagesare, however, RGB data sets. Although we could corvert theseimagesto the YUV color space,
compressthe result and then cornvert the decaded framesbadk to the RGB color space,numerical approximations
preser in such a corversion would lead to data loss. Fortunately, H.264 also supports compressionof data in
the RGB color space,and we usedthis option. Resultsfor ead compressionmethod, nhamely JPEG, JPEG2000
and H.264, are shawn in Figs. 6-8 for the three data setstested.

Clearly, JPEG applied to 9-tile imagesoutperforms JPEG applied to multiplexed imagesby a wide margin,
howewer it is outperformed on 9-tile imagesby JPEG-2000which, in turn, is outperformedby H.264 compression.
The results for Queen are consisterily better using all compressionstandards becausethe imageshave smooth
texture, which can be compressece cien tly.

We can draw the following conclusionsfrom our experimental results:

1. JPEG applied to multiplexed imagesperforms poorly, and is visually acceptableonly at lowest compression
ratios; at higher compressionratios not only photometric attributes are distorted but also geometric ones
(signi cant distortions of depth),

2. JPEG applied to the 9-tile format outperforms its application to multiplexed imagesby huge margins:
5.5-9.1dB at lower compressionratios (10:1), and by 2.4-3.8dB at higher compressionratios (50:1),

3. JPEG-2000outperforms JPEG on 9-tile imagesby a large margin of 2.2-3.8dB at lower compressionratios
(10:1), and by 0.8-1.7dB at higher compressionratios (50:1).

4. H.264 outperforms JPEG-2000 on 9-tile imagesalso by a large margin of 2.5-5.1dB at lower compression
ratios (10:1) and by 1.4-2.9dB at higher compressionratios (50:1).

Clearly, H.264 outperforms other alternativ estested. This is due to the fact that H.264 reducesinter-picture
redundancy by using motion estimation/comp ensation. Moreover, advanced prediction options in intra pictures
increasethe compressione ciency even more. Finally, H.264 achieves a balance betweenimage quality and bit
rate through rate-distortion optimization. With the current developmert of the AVC compressionstandard, that
improves over H.264, one can expect somefurther gainsin the future. An additional advantage of using H.264
is the fact that main video card manufacturers have already started to hardware-support H.264 decading.
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Figure 6. Rate-distortion performance of JPEG, JPEG-2000 and H.264 compressionon 9-tile images (Sammlung data
set).
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Figure 7. Rate-distortion performance of JPEG, JPEG-2000 and H.264 compressionon 9-tile images (Queen data set).
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Figure 8. Rate-distortion performance of JPEG, JPEG-2000 and H.264 compressionon 9-tile images (Castle data set).
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10:1 31.60 3171 +0.11 35.10 35.37 +0.27
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Figure 9. (a) Original 9-tile image and (b) mirrored 9-tile image for Flower. Note that intensity discontin uities at tile
boundaries in the original 9-tile image are not presen in the mirrored image. (c) PSNR values of original and mirrored
9-tile images after JPEG and JPEG-2000 compression.

6. MIRR ORED N-TILE FORMA T

Although results preseried in the preceding section are quite represenativ e of JPEG and JPEG-2000 compres-
sion, slight additional improvemerts are possibleby rearranging individual tiles in the 9-tile image. As can be
seenin Fig. 9.a, intensity discortin uities are present at the tile boundaries. Thesediscortin uities stem from the
fact that, in general,imagesexhibit di erent photometric characteristics (intensity, color) at the left, right, top
and bottom boundaries. The presenceof these discortin uities reducesthe e ciency of JPEG and JPEG-2000
coders that, unlike H.264, operate on this single full-resolution image (H.264 operates on a sequenceof lower-
resolution tiles). Mirroring the individual tiles, sudh that the sametile boundaries are adjacert to ead other,
can alleviate this problem (Fig. 9.b). This incurs small computational cost but results in a slight increase of
PSNR. For example, PSNR of the mirrored 9-tile image shown in Fig. 9.b shavs improvemert of up to 0.40dB
over the non-mirrored version (Fig. 9.a), as evidencedin Fig. 9.c.

On Castle, however, the averageimprovemern of only 0.04dB was obsened; all boundariesof Castle are quite
similar when comparedto Flower. Visually, no impact is obsened on someimages,while a slight improvemert
can be seenon other images, especially those with very di erent left/righ t or top/b ottom boundaries.

7. CONCLUSIONS

In this paper, we preseried our work on the compressionof still multiview imagesfor display on lenticular or
parallax-barrier screens.We focusedon two approaces: compressingmultiplexed imagesand compressing9-tile
images. Wetestedthree image/video compressiorstandards: JPEG, JPEG-2000,and H.264. Our resultsindicate
that compressing9-tile imagesgivesbetter results than compressingmultiplexed images,and that H.264 applied
to 9-tile imagesgivesthe best performance. In the future, intermediate view reconstruction can be incorporated
sothat certain views are reconstructed rather than transmitted. Also, extensionof this work to multi-view video
can be investigated.
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