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ABSTRACT

3D video can be represent@ by color 2D video sequence
acompaniel by gray-scde densedepth map (deth image)
sequenceln this pape, we desdbe a novel method for intra-
frame compresen of the dept modaity of suchrepresentaion.
Our method takesinto accountspedfi c featiresof dept images
i.e. the presenceof large snooth regions delineated by sharp
disconinuities (@ges).For such imagesonventionatransform-
basel codes produe undesirableartifacs which impede the
subequent rendeing of virtual views. Insteal of block
transforms, the proposedmethod employs horizontaverticd
anisotropic pattition schene which yields a tree-structure
demmpostion of nonovelapping rectangular blocksadated to
the deph map content Each blodk in the demmposition is
approximateddy plane descibed by the block cornerpixels The
codestrem consistsof the coded patition schene and thecoded
error of predidion of quanized corner pixels. The schene
subgantially reduce the amountof artifacs arand edgesand
yields an improvementof severd dB in PINR for typical
compres®n ratios compare with the best transform-base
coders Otheradvantagesof the desgned code areits sinplicity
and fast decompresson, and thepossbility to contol the rate
distorion performance.
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1. INTRODUCTION

Processingf 3D video is anadive areaof reseach with 3DTV
and free view-point TV (FTV) being the most appeahg
appications[12]. Amongrepresentdion formats of 3D video, the
socdled video+dpth representdion has attraced a specih
attention. In thi representdion, each frame of a conventional 2D
color video sequencdas augmenté with per-pixé deph of the
scanerepresental by gray-scde imageof certain precision. At the
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display end,virtual views can be renderedby imagewarping out
of the given video and depht provided the camerapamametes are
also known(so-cdled deph-imagebasel rendeiing). This format
has been consideed broalcast-friendly as previous studies
demongrated tha compressd deph takes a reldively small

fraction of the total bit budget

Depth imagesequencean be compressd sinilarly to othertypes
of video, i.e. by combining inta-frame and inter-frame dat
compres®n. Regading intra-frame compregsn, deph images
are quite different from conventional color (photo)images.Depth
mgps arecommnonly representel by gray-scde imagescomprising
snooth segmentseparatd by highcontast edgeq13]. Textures
hadly exist. For such image structures, cami@nal transform-
basel codersarerather indfective. In the vicinity of edges, they
produe blocking andbr ringing artifacs which degade the
qualty of the rendered vigvs [14]. This fact has stimuléed the
devdopmentof alternaive compres®n techniques béér adgted
to the pealiarities of deph images In paticular, basis sgtems
for representaion of smooth regions separaté by sharp edge
have been explorad. Among them, Bandelet [1], Wedgelés [2]
and Platles [3] havegotattention. In [4], theplatelets system has
been combined with quad-theeimage demmposition to achieve
effedive loal approximaion of object surfaces.Four different
approximationhavebean testedat each nodeof thefull quad-tree
demmposition and thebest ondn rate-distorion sensehasbeen
assigned.The tree has bean prundal in a similar rate-distorion
manne&. The method yields an improvemenbf up to 4 dB
compare to JPEGfor prectical bit rates. It providesalso fast
demding. A drawbad is its complex quartation procedue
guad-tregpatition schene optimization.

The method proposedn this pape also addesses pediarities of
deph maps It utilizes anisotropicpatition schemes in tree-
structurel seting and plane approximath ofimage blocksThe
bitstrean includes pattition schene dat and codel predidion of
guanized parametersof approximatng planes

Therearethe following distincions ofthe proposedmethod with
respectto thetechniquedescibed in [4]:

1) Instea of quad-tree, we suggest usg an anisotropic
(horizonta-verticd) pattition scheane (PS). It posessesbetter
adaptivity and eliminates the neal of fitting different
approximatbns tothe given image blo&.
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2) In contastto [4], whereeachplane or gradient is deseibed by
three plane codficients (parameters): a constat and slopesfor x
andy directions in our appoad planesare descibed by three
corner pixels of the image block. This allows for a beter
guanization andprediction andsubgquently, for effedive coding
of planes.

3) The PS optimization procedue provides an easy contol over
rate vs distorion. It allows achieving minimal bit rate for desirel
quaity or maximizing the qualty for a given bit rate.

2. DETERMINATION AND CODING
PLANE PARAMETERSFOR A GIVEN

IMAGE BLOCK

The proposedmethod is basel on pattitioning the given deph
imageinto rectangubr blocks andappioximatng each blod by a
plane. Consideran imageblock deerminedby its left upperand
right lower cornes (X;, y1) and (X, ¥»). The intensites of pixels
within the block are approximatd by plane appioximation

asz(xy) lkxlik.ylk (v lk.v]lx.y.]. The plane

slope parametes k;, k,, and k; are deerminedby leastsquars
fitting minimizing the error:

vt I _x. VY,
vl A

where N = (y>-y1+1)(%-X;+1), and I(x,y) denoges the original
imagepixel with coodinaes (x,y).

After fitting planes to all image blocks, a straghtforwad
appioad for compresi®n is to quanize the plane parametes k;,
ko, and ks, and to andyze for some remaining inter-block
correlations and to compensat them eg. by predictive codng.
This is the appioad suggestedn [4]. Howeve, working with
plane slope pammetes imposes problens related with
quanizaton and predictive codng. The parametes k; and k,
exhibit different behavior than the pamamete k; and haveto be
quantzed differently. Predi¢cion of these pamametes using
neighborblocks is dso problematic.

In our appoad, we suggestworking with blodk corner pixels
instead of plane pammetes. Our argument is base on the fact
that a plane isuniqudy descibed and can be reconstruted by
three distinct plane points. Figure 1, shows an image block for
which a plane withparametesk;, k, andk; has beenfitted.

x1,yl

Z1 Z2

Z3

x2,y2

Figure 1. An example of a compressed image block
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The valuesof the three cornerpixels Z;, Z,, andZ; arecdculated
as:

le(lxll(zyl .(3;
ZZ.(J.X2.(2y1.(3; (2
Z3.<1X1.(2Y2 .(3-

Having thesethree pixels at the demding stageis sufficient to
reconstrut the plane. Working with pixels instead of plane
parametes facilitates the quanization and prediction as pixels
exhibit similar behavior andcan be quanized by the sane means.

While any three distinct plane pixelswould codethe plane, the
three corner points offer sevea advaitages. (1) Any othe
seletion of distinct points would require transmitting ther
coodinaes. In the case of comers,ther coodinaes are anyway
transnitted by the patition scheme. (2) Corner pixels form the
maximum-area triangk within the block. This is benefigal for the
quanization, whereonewould like to haveleastinfluenceof the
guanization stepon the reconstrution quaity. (3) Cornerpixels
are easily predicted by pixels from neighboring (and already
codd) blocks. In the case of a usualrow-wise scaning from the
upperleft most corner the valuesof the cornerpixels Z;, Z,, and
Z3 shown in Figure 1 can bepredicted by already codal image
blocks placedaboveandleft to the block being coded.

In sunmary: for each imageblock, valuesof cornerpixels Z;, Z,,
and Z; are cdculated from the fitted plane. These values are
quanized and then predicted as quanized values of neaest
neighbor pixels from already coded and reconstruted image
blocks. Predidion errors of Z;, Z,, andZ; for all imageblocks are
groupel togeher and passedo an arithmetc code for handing
anyremaining staisticd dependeng.

3. PARTITION SCHEME OPTIMIZATION
In our appoad, we favor the use of an anisotropic horizonta-
vetticd block-pattition schene (PS, asthe one suggestedn [6].
In contast to the quadtree PS it dividesa given blodk into only
two subblocks either verticdly or horizontdly. Thus, it offers
beter adaptivity to anisotropicimagefeatures. We speailate tha
by using this PS thee is no neal to use four different
appoximationsasin [4]. Insteal, we useonly plane fitting to a
block andrely othe PSto adat toimageedges.

In geneal, the pattitioning could take the enire imageasinitial
block. This, howeve, will lead to many unne@ssarysplitting
opemtions andresult in lengthily processof geting the final PS
In order to accderate the procedue, we suggeststaring with
imagedivision into rather large equa-size squareblocks. In our
implementéion, we useinitial blocks of size 128x128pixels.

Theprocedue of block pattitioningworksasfoll ows

1) For each image blok, the optimal valuesof the cornerpixels
Z;, Z,, and Zz; are deermined and the comesponding
reconstrution error Ey; is cdculated. Then, two possble
pattitions of this block by horizontd or vetticd spliting are
checkel. For each pattition, the valuesz,, Z,, and Z; of the new
formed subblocks are deermined and the comesponding
reconstrution errors E; and E, for these blocks are cdculated.
The pattition providing the minimal value E,,;, of the sumE;+E,
is found.



2) A bendit P dueto partitioninga given block into two newsub
blocks is cdculated as P = Ej,-Emin- All bendits at the curent
stageof pattitioning are comparel andthe patitioning continues
with division d theblock with Py,

Each new division of a chose block leads to beter
reconstrution, as it deaeases the total reconstrution error.
Simultaneously, the size of the codal daia also increases due to
more nodesaddel to the expandedtreeandmore quanizedvalues
Z,, Z,, and Zz. The PS optimizaton can be stoppedif either a
required (pre-determined) quaity of image reconstrution is
provided or if a pre-deerminedbit budgetis reached.

ThePSdatis saval in thefollowing format
1) A flag showing that a given block is furthe subdivided

2) A flag showing if the subdivided block is patitioned
horizontdly or vetticdly.

3) For divided blocks, one neals log,(y,-y:1-2) bits for horizonta
divisionandlog,(x,-X;-2) bits for vertica divisionin orde to code
indices of a block row or column depending on which division
hasbeen done.

At each pattitioningstage it is poséble to determine theotal size
ocaupied by PSdata and bits spentfor prediction errors of codel
valuesZ,, Z,, and Z; for the cument tree. That is, the total codel
imagesizeis knownat each stageof patitioning (tree expasion)
This allows contolling the bit-budgetallocated for intra-frame
dept map codng.

4. CODING ALGORITHM ASA WHOLE

The genea block-diagram of the proposedcompres®n method
is presentel in Figure 2.

Image (depth mep)

v

ﬁ‘ Initia partition scheme
Cdculation ofZ1, 22 r Patit.ioln scheme
and Z3 for each blodk < optimizaion

+ Image
Quantizaion [—»f reconstruction
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L Partition scheme
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Figure 2. Block-diagram of intra-frame depth map
compression method
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The compressd fil e contains quanized and codel block corner
pixels originaing from fitted planesto the blocks of the PS
together with the obtaned horizontad-verticd PS dat. At each
stepof PSoptimizaton, new imageblocks arereconstruted and
taken into account in contoling the demmpressed
(reconstruted) imagequaity. The obtaned block appioximation
dat and PS data are taken into aacountin contolling the total
size of compressd image. The achieved quaity of the
compressd imageandtotal bit-size are usedfor stoppingcriteria
in the PSoptimization procedue. Thisis illustraed by the dashe
linesin Figure 2.

PS dat is coddl first and passedto the total bit-strean. Then
plane appioximation dat is coded (cf. Secton 2) andalso passed
to the bit-strean. The decoding andreconstrution stars with PS
data demding. The deading stageis quite fag mainly dueto two
reasons: 1) the arithmetic dewmding is fast and 2) linea
appioximation of surfae@s by planesdefined by ther pamametes
is very simple.

5. PERFORMANCE TESTING AND
CODER PARAMETER SETTING

The pefformance andysis of the proposeccode hasbeen caried
out using the comnonly usedimage sequace Ballet [7] (Figure
3).

In the first expeiment, we haveaddessedhe importantissueof
seting the quanization step QS for the corner pixels. The
obtaned resultsin terms of PNR for different QSs and bits per
pixel (bpp) are presentel in Table 1. While different QSs are
optimal for different bpp, for practicaly importantcompres®n
ratios (bpp of about 0.025...0.05) it is expedient to use QS= 2, 3,
or 4. Seting a constait QS=4 deaease the PR by only 0.08
dB andis afeasibk choice.

Table 1. Compression efficiency for the proposed method for
different quantization steps of quantizing the values plane
reference points 21, Z2, and Z3, PSNR, dB

Proposed Bpp
method |0.005/0.01{0.015/0.025/0.05/0.075| 0.1 |0.15| 0.2

QS=1 | 29.4|325| 34.3| 37.1|41.5| 43.1|43.5|43.8|43.8

QS=2 | 29.7|32.7| 34.7| 37.5|41.9| 43.1 |43.4/43.6|43.6

QS=3 | 29.9(33.0| 34.9| 37.9|41.8| 42.9|43.2/43.3|43.3

QS=4 |30.1(33.2| 35.1| 38.1 {41.8| 42.8 |43.0[43.1{43.1

QS=8 | 30.3|33.3| 352 |37.8|40.7| 41.0|41.041.0/41.0

In the seond expegiment, the code performane has bea
compare with the JFEG [8] and JFEG2000[9] standads aswell
as one of the stae-of-the-art reseach codes ADCTC [10]
intendel for lossy compres®n of photoimages.The comparson
hasbeen donein terms of PANR andbppwith resped to the gray-
scde representdion of the original dat. Theresultsare presentel
in Table 2. As sea in the table, for typical compres®n ratios
(bpp of about 0.05 or smaller) our method is clealy beter.
Conparedto JFEG2000 the relative improvenent by our method
is similar to oneby the compres®n methodin [4].



Figure 3. Thetest sequence Ballet, cam3, frame 98. Top: RGB
component of the frame; bottom: corresponding depth map.

For snaller compresmn ratios, i.e. bpp=01 or highe, our method
is not tha effedive compare to ADCTC or JFEG2000. The
reasonis that for suchcompresmn ratios, linea appoximation is
not benefidal for presening finer detils. Howeve, for bpp>01
the achieved PS\R is higherthan 43dB andsuchreconstrution
quaity is comnonly not necessaary. Among the compare
techniques,JFEG is clealy worg, unabk to compresswith less
than 0.05 bpp.

Table 2. Comparison of JPEG, JPEG2000, ADCTC, and the
proposed coder for different bpp, PSNR, dB

Bpp
Method
0.005/0.01/0.015/0.025 0.05|0.075 0.1 |0.15| 0.2
JFEG - - - - |27.6] 34.3|36.240.6/43.3

JAEG2000 26.3|30.0) 31.7 | 34.3|38.2| 40.7 |42.7|45.6/47.5
ADCTC | 25.5(29.7| 32.8| 35.8|39. 8 42.5|44.7|47.7|49.6

than 008), the proposedcode is superiorwith up to 2.3 times
beter pefformance.
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Figure 4. The dependencies of the ratios Sy/Sp and Sa/Sp on
bpp under condition of providing the same PSNR (for
convenience of comparison, Sp/Sp=1 is shown by horizontal

solid line).
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Figure 5. Comparison of the proposed method to the
compression methods [4] for thetest sequence Breakdancing,
camO, frame 0.

Proposd | 30.3 [33.3] 35.2 | 38.1 |41.9| 43.1 |43.5/43.8/43.8

Figure 4 illustraes the relative compres®n pefformance of the
proposednethodin terms of size (bpp),denoed by Sy, compatel
to the JFEG2000 andADCTC compres®n results,denoed by S;
and S,, respetively. For high compres®n ratios (bpp smaller
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Figure 6. Example of PS obtained for 0.05 bpp (test sequence
Ballet). There are 1780 blocks in the scheme.



We havealso caried out comparsonsfor the test deph image
Breddandng. For thisimage it is possble to compareour results
with thosepresentel in ref. [4] (cf. Figure 3bin [4]). The rate-
distorion curves for our method (‘Proposed) and two methods
descibed in [4] (‘Piecwise linea funcions with codficient
prediction’ and ‘Piecewiselinea fundions) are given in Figure
5. As sea, our method performs beter, espeially for large
compres®n ratios.

An exanple of PSobtéaned by the proposedcompres®n method
is shown in Figure 6. As see in the figure, sharpdiscontnuities

are well localized by small-size blocks with anisotropic
configuraions adgted to the disconinuity doninant orientdion.
Dueto this, suchdisconinuitiesare preservel consideably beter
than by othe codes basedn orthogonatransforms [11].

Finaly, in Figure 7, we presentexamples of reconstruted dept
mapscompressd with fixed bpp=005. The imageresulting from
the proposedmethod is chaacterized by beter preservdion of
sharpedges.

I IH

Figure 7. Comparison of compression methods, image compressed with 0.05 bpp. Clockwise from top to bottom: Fragment of
depth imagein Figure 3; JPEG2000; ADCTC; JPEG,; proposed method; partition schemefor the fragment
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6. CONCLUSIONS

Images representng deph maps diffe from standad imagesand
spedfic appioades are nealed for ther compres®n. The
proposedcompres®n method takes into account and exploits
spedfic features of deph maps. It suggestsinding anisotropic
tree demmposition (P§ and appling simple linea
appoximation to the blocks at the treenodes.The designe code
provides high qualty of compresed depih maps whichis beter
then for JFEG2000 andADCTC codes for typical bpp. The
resultsare comparéle with the methodin [4]. The advantagesof
the proposedcode consistin providing fast and computationfly
simple demding and offering posshility to optionaly contol
either qualty or bit-rate.

Future studies might ded with more efficient compres®n of
plane appoximation dat in blocks andwith using nonruniform
quanization depending uponblock size It seens possle to find
more effedive ways for descibing object shaps than to apply
horizontd-verticd PS In this pape, no effortshavebeen spentto
compresdSdat (treetopology). Typically, it ocaupies up to 30-
35% of thetotal bit-rate. It is alsoworth studying how to combine
the proposedmethod with motion compensadn for inter-frame
coding. We also plan to thoroughy andyze the effed of the
proposedieph compres®n method onview synthesis.
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