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Abstract—The virtual view synthesis reference software 
offered by the MPEG standard committee adopts the 
forward warping technique in projecting the depth map 
from the reference view to the target (virtual) view location. 
Often, this warping process results in many artifacts, holes 
and cracks, due to quantization errors and occlusion. In this 
study, we propose a backward warping process to replace 
the forward warping process, and the artifacts (particularly 
the ones produced by quantization) are significantly reduced. 
The subjective quality of the synthesized virtual view images 
is thus much improved. 

I. INTRODUCTION 

In recent years, 3D video technology advances very 
fast and its applications are becoming more popular [1][2]. 
The MPEG (ISO/IEC Moving Picture Expert Group) 
committee kicked off a 3DAV (3D audio-visual) [3] 
standardization work item a few years ago. This on-going 
activity is going to define the virtual-view (free-viewpoint) 
video formats and their associated operations.  

There are several elements in a complete 
virtual-view video system, such as camera calibration, 
depth estimation, multi-view video coding, virtual-view 
view synthesis [4], and 2D/3D multiview display. This 
study focuses only on the technique inside the 
view-synthesis component.  

Roughly, the image synthesis techniques are 
classified into two categories: model-based rendering 
(MBR), and image-based rendering (IBR) [5,6]. The IBR 
technique is adopted by the MPEG/ITU committee 
(JVC-3V) for new view synthesis in the standard, and 
thus it becomes our focus in this study. In the depth 
image-based rendering (DIBR) scheme adopted by the 
JVC-3V group needs the depth information. The left-view 
and right-view images together with their depth maps are 
assumed available. The target (virtual) viewpoint image is 
synthesized in three steps. In the first step, the depth map 
at the target viewpoint is created based on the left-view 

depth map using the forward warping technique. 
Similarly, the right-view depth map is also projected to 
the target viewpoint using forward warping. In the second 
step, the left-view color image is mapped to the target 
viewpoint using the left-view warped depth map. 
Similarly, the right-view image is mapped to the target 
viewpoint. The final step is to combine these two mapped 
images into one image. The detailed procedure will be 
described in Section 2.  

In this paper, we replace the forward warping 
technique in the first step described in the above by the 
backward warping technique. The reason for doing this is 
that the forward warped depth map often contains 
artifacts. The artifacts are becoming more serious when 
the left and right cameras are farther apart. However, 
there is no simple formula to calculate the backward 
warping. Because the depth map is typically quantized 
into 256 levels, it is thus possible to design a fast 
divide-and-conquer method to produce the warped depth 
map.  

In the rest of this paper, the mathematical 
expressions of forward warping and its shortcomings are 
discussed in Section 2. In Section 3, we formulate our 
backward warping scheme. Section 4 shows some initial 
results. Some concluding remarks and future work are 
given in Section 5.  

II. VIRTUAL VIEW SYNTHESIS SYSTEMS 

The dataflow of the DIBR virtual view synthesis 
procedure is drawn in Figure 1. The two input (reference) 
depth maps are projected, respectively, to a target (virtual) 
viewpoint by using the 3D warping technique. The 3D 
warping procedure is mainly divided into two steps. 
Firstly, Eq. (1) is used to project the reference view depth 
into the 3D world space. Secondly, Eq. (2) is used to 
project the 3D world space into the virtual view image 

plane. In Eq. (1) and Eq. (2), the matrix ܳ represents 

205978-1-4799-0294-1/13/$31.00 ©2013 IEEE PCS 2013



 

the camera in
transform 3D

coordinates. T

vector ܿ௩  co
The function 
world coordin


ܺ
ܻ
ܼ
൩ ൌ

In Eq. (1), 
coordinates an

object point. 

view, ݖ  rep

location (ݑ, ݒ

௩ݖ ቈ
௩ݑ
௩ݒ
1


In Eq. (2), the

F

If we m
transformatio
It becomes as

௩ݖ ቈ
௩ݑ
௩ݒ
1


A ൌ ܳ௩

Assuming th
parallel horizo
In this case,

between the l
We adopt the
(3) can be s
coordinate: 

nternal param
D camera coo

The rotation 

onsist of the 
of the extern

nates into the 

ܳݖ
ିଵ ቈ

ݑ
ݒ
1
 

ሺݑ, ሻݒ  and ሺ
nd the world 

The subscri

presents the r

 .(ݒ

ൌ ܳ௩ ൭
ܺ
ܻ
ܼ
൩ െ

e subscript ݒ 

Figure 1. Virtu

merge Eq. (1)
n between pix

s follows. 

ൌ ܣݖ ቈ
ݑ
ݒ
1
 

ܳ
ିଵ, b ൌ ܳ௩

at these two 
ontally, and tw
, only a hor

left and the r
e ideal pinhole
simplified to 

meters. The fun
ordinates into 

matrix ܳ௩ an

camera exte
nal parameters
camera coord

 ܿ  

ሺܺ, ܻ, ܼሻ  repr
coordinates, r

ipt ݎ  represen

reference view

െ ܿ௩൱  

represents th

ual view synth

) and Eq. (2
xels on these t

 ܾ,	

௩ሺܿ െ ܿ௩ሻ   

cameras are
wo camera im
rizontal shift 

right cameras.
e camera mod

Eq. (4) at t

nction of ܳ
the image p

nd the transla

ernal parame
s is to convert
dinate system.

 

resent the im
respectively, o

nts the refer

w depth valu

  

e virtual view

hesis. 

2), we derive
two image pla

           

 identical an
mages are recti

(baseline) ex

. Hence, ݖ௩ ൌ
el assumption
the same ver

is to 
plane 

ation 

eters. 
rt the 

(1) 

mage 
of an 

rence 

ue at 

(2) 

w.  

 

e the 
anes. 

  (3) 

nd in 
ified. 
xists 

ൌ  .ݖ
n; Eq. 
rtical 

whe

whe
two
pixe
qua
Eq.(

dep
we 
view
clos
valu

Eq.(
2 th

crac
alth
che
qua
Bec
one
is n
used

(a) D

F

disp
the 
size
dep
leav

Fi

௩ݑ ൌ ݑ 

erein ݀ሺݖሻ i

݀ሺݖሻ ൌ
∙

௭ೝ

ere f is the cam
o cameras. In t
els, which ar

antified (or rou
(6). 

௩෦ݑ ൌ ݑ 

In the warp
th values map
will select th

w (virtual vie
sest to the cam
ue.  

A typical fo
(6) is illustrat
hat after warp

cks. That is, t
hough all th
cked. This p

antization and
cause the dep
e-to-one corre
needed, these 
d interchangea

Depth map of th
image 

Figure 2. A de

Fig.3 shows
parity values m

right camera
e is stretched
th values are 

ving one-pixel

igure 3. An ex

݀ሺݖሻ      

s disparity. Id

          

mera focal len
the actual case
e integers. So
unded); that is

ሻݖሼ݀ሺ݀݊ݑݎ

ping process, 
pped to the sa

he minimum d
w) depth; tha

mera as the fin

orward warpin
ed by Fig. 2. I
ping, the dept

the new depth
e possible u

phenomenon i
d discontinui
th value and 
spondence rel
two terms (di
ably in the res

 

he left b)

epth (disparity

s an example
mapped from 
a (Cam_R). In

from Cam_L
quantized, th

l gaps on the s

xample of disp

           

deally,  

           

ngth and B is t
es, images are
o, the dispar
s, Eq.(4) is app

ሻሽ          

if there are 
ame virtual im
depth value to
at is, select th
nal virtual vie

ng on the dep
It can be obse

pth map conta

h value zv at 
ur coordinate
is due to the
ity (includin
the disparity

lationship, if 
disparity and d
st of text.  

) The forwardly
map to a midd

y) map warpin

e of mapping
the left came

In this examp
L to Cam_R

hey are shifted
stretched (targ

parity map wa

        (4)

        (5)

the baseline o
e in the unit o
ity values are
proximated by

         (6

two or more
mage location
o be the targe
he object poin
ew image pixe

pth map using
erved from Fig
ains holes and

௩෦ is missingݑ
es have been
e depth value

ng occlusion)
y value have a

no distinction
depth) may be

y warped depth 
dle viewpoint

ng example.

g one line o
ra (Cam_L) to

ple, the image
. Because the
d by one pixe
get) line.   

arping errors.

 

) 

of 
of 
e 
y 

6) 

e 
n, 
et 
nt 
el 

g 
g. 
d 

g 
n 
e 
). 
a 
n 
e 

of 
o 
e 
e 

el 

 

206



 

III

The forw
artifacts, whic
develop a 
significantly r
map. The p
Conceptually
(disparity) va
layer is calc
procedure (to
all layers to fo

Figure 

Accordin
specified by M

ݖ ൌ ݎ

In the above

the minimum 

map, ݖ  and 

value and the

number of qu
bits). Typicall

Use the 
plug it into 
obtain the foll

ቈ
௩ݑ
௩ݒ
1
~ܪ

wherein ܪ൫ݖ

൯ݖ൫ܪ ൌ

ିଵ൯ݖ

In the ab
the vector in 

pictures are 

product. If ۯ
then the Kron
matrix given b

۰⊗ۯ

Eq. (9) define
the world co
images, and 
between thes

I. DEPTH MAP

ward depth w
ch can be diff
backward d
reduce the sm

proposed proc
, we break 
alues into ma
culated using

o be described
orm the final (

4. Backward d

ng to the 
Microsoft: 

݀݊ݑ ൜ሺܰ െ 1

e formula, ݖ
m and the maxi

ݖ  are, res

e quantized de

uantization le
ly, N is 256 (=

depth quanti
Eq. (3) and 
lowing equati

൯ݖ൫ܪ ቈ
ݑ
ݒ
1
   

 ൯ isݖ

ൌ ܣ  ሾ0 0

൯  ିଵቁݖ ∙ ܾ

bove formula
Eq. (3) unde

rectified. An

is an m × n m ۯ

necker produc
below, 

ൌ 
ܽଵଵ۰ ⋯
⋮ ⋱

ܽଵ۰ ⋯

es a homograp
oordinates is

there exists
se two corres

P BACKWARD W

warping often
ficult to remo

depth warpin
mall cracks in 
cedure is sh

the warped
any layers. E
g the HIP 
d). Then, we 
(target) depth 

depth warping

depth quan

1ሻ ∙
௭షభି௭ೌೝ

ష

௭ೌೝషభି௭ೌ

 and ݖ
imum depth v

spectively, th

epth value, and

evels (represe
=8 bits). 

ization formu
do some sim

ion.  

          

1ሿ ⊗ ቀ
௭
ேିଵ

ܾ           

a, ܣ and ܾ a
er the assump

nd ⊗  denote

matrix and ۰
ct ۰⊗ۯ is t

⋯ ܽଵ۰
⋱ ⋮
⋯ ܽ۰

൩  . 

phy. In other 
s projected o
s a homogra
sponding ima

WARPING 

n results in m
ve. Therefore

ng algorithm
the warped d

hown in Fig
d (target) d
Each target d
inverse map
combine (me
map. 

g algorithm.

ntization form

షభ

ೌೝ
షభൠ        

 are respecti

alues of the en

he original d

d N represents

ented by ڿlog

la of Eq. (7) 
mplifications,

          

∙ ൫ݖିଵ െ

          

re the matrix 
ption that the 

es the Krone

 is a p × q m

the mp × nq b

          

words, a plan
onto two cam
aphy relation
age patches.

many 
e, we 

m to 
depth 
g. 4. 
depth 
depth 
pping 
erge) 

 

mula 

 (7) 

ively 

ntire 

depth 

s the 

gଶ  ۀܰ

and 
, we 

 (8) 

 (9) 

x and 
two 

ecker 

marix, 

block 

(10) 

ne in 
mera 
nship 
This 

tran
plan
into
corr

hom

sepa

ଵିܪ

coo

coo

If th

it is
Afte
sepa
into
dep
earl
Alg

plat
are 
map
DER
dep
war
cam
usin
sect
bett
crac
can 
map
war

(a) l

nsformation is
ne (HIP) [7].
o N planes o
responds to a 

mography of 

arately. That 
ଵ൫ݖ൯, for ea

rdinate ሺݑ௩, ݒ
rdinate ሺݑ, ݒ

ቈ
ݑ
ݒ
1
~ିܪ

he depth valu

s assigned to 
er the depth
arately, then, 

o one depth m
th values, the
lier. The algor
gorithm with N

IV

We implem
tform. The res
the original l

p is calculate
RS (Depth E
th map in Fig

rping techniqu
mera position. 
ng the BDW
tion. It is clea
ter quality de
cks. If we exa
find a neares

pped to Cam_
rping process. 

left reference im

s called the h
We decompo

or layers (usu
homography 

each layer w

is, we calcu

ach layer. Th

௩ሻ, we compuݒ

 ሻ by usingݒ

ଵ൫ݖ൯ ቈ
௩ݑ
௩ݒ
1
.  

e in the neigh

be the depth 
h assignments

we merge th
map. When the
e smallest dep
rithm is called
N planes (BDW

V. EXPERIME

ent the entire
sults are show
left image and
ed using the M
stimation Ref
g.5(c) is prod
ue to map the 

Fig.5(d) is th
N-256 techni

ar that the bac
epth map, wh
mine Fig.3, ev

st pixel on Ca
_L. This is n

  

 

mage 

homography 
ose a quantiz
ually, N=256
in Eq. (9). W

with its quanti

ulate the inver

hen, for each

pute its referen

 

           

hborhood of ሺ

value at loca
s of all lay

hese N warped
e same locatio
pth is adopted
d Backward D
WA-N). 

ENTAL RESULT

e synthesis sy
wn in Fig.5. Fi
d its depth m
MPEG refere
ference Softw

duced by usin
e left depth m
he depth map
ique describe
ckward warpi

which has few
very target pix

am-L when it 
not the case i

(b) left referenc

induced by a
zed depth map
6), each plane
e calculate the

ized depth ݖ
rse of ܪ൫ݖ൯

h target pixe

nce depth map

       (11)

ሺݑ, ݖ ሻ isݒ
ation ሺݑ௩, ௩ሻݒ

yers are done
d depth layer
n has multiple
d as discussed

Depth Warping

TS 

ystem on a PC
ig.5(a) and (b

map. The depth
ence software
ware) [8]. The
ng the forward
ap to the righ
p produced by
ed in the las
ing produces a
wer holes and
xel on Cam_R
is backwardly

in the forward

ce depth map

a 
p 
e 
e 

, 

൯, 

el 

p 

, 

ሻ. 
e 

rs 
e 
d 
g 

C 
b) 
h 
e, 
e 
d 

ht 
y 
st 
a 
d 
R 
y 
d 

207



 

(c) FDW 

(e) virtual view
( FDW ) 

Figure 5. T
a

When th
original left im
the BDWN-2
quality image
portions of im

In this 
algorithm for
view to the ta
method reduc
Consequently
subjective vis
However, its 
In the case of
mapping of E
plane is not in

 

ROI 1 

ROI 2 

w synthesis 

The impacts o
algorithm on s

hese two de
mage are used
256 depth ma
e as shown in
mages are enla

V. C

paper, we p
r mapping the
arget view. Ge
ces the artifact
y, the synthesi
sual quality wi

computation
f 256 planes, w
Eq.(8) on every
n use and thus

Ground 
Truth 

 

 

 

(d) BDWA-2

 

(f) virtual v
( BDWA-2

f forward/bac
ynthesized im

epth maps to
d to synthesiz
ap leads to a 
n Fig.5 (e) and
arged and disp

CONCLUSIONS 

propose a ba
e depth map fr
enerally, this b
ts during the w
ized images c
ith fewer post
al complexity
we need to cal
y plane. (In fa
s, there are onl

FDW 

 

 

256 

view synthesis 
256 ) 

kward warpin
mages. 

ogether with 
ze the right im

better subjec
d (f). The deta
played in Fig.6

ackward war
from the refer
backward war
warping proce
can achieve b
t-processing st
y is much hig
lculate the inv
act, the zero-v
ly 255 planes.

BDWA-25

ng 

the 
mage, 
ctive 
ailed 
6. 

rping 
rence 
rping 
esses. 
better 
teps.  
gher. 
verse 
value 
.)  

56 

 

 

R

Fi
im

com
typi
whe
diff
repr
dist
und

Taiw
the 
Tun

[1]

[2]

[3]

[4]

[5] 

[6]

[7] 

[8] M
R

ROI 3

igure 6. Enlarg
mages using th

We can th
mputations. Th
ical depth ma
en the origin
ferent depth v
resented by 
tortion. The fa
der developme

This work 
wan under G
Aim for the T

ng University,

M. Tanimoto, 
“Free-Viewpoi
vol. 28, Issue 1

A. Smolic, “3
capture to disp
1968, 2011. 

K. Muller, “D
Coding,” Proc.
Technology, D

 ISO/IEC JTC
“View synth
performance,“ 

P. Kauff, et 
rendering for
interoperability
Communication

R. Szeliski, “I
Algorithms and

R. Hartley and
Computer Visi
2004. 

M. Tanimoto, T
Reference Soft
Oct. 2009. 

 

ged portions o
he forward/ba

ink of sever
he number of 
ap is much sm
nal depth ma
alues, similar 
one single 

ast backward w
ent.   

ACKNOWLE

was support
Grants 98-222
Top University

Taiwan. 

REFEREN

M.P. Tehran
nt TV,” IEEE 
, pp. 67-76, Jan

D video and F
lay,” Pattern R

Developments in
International W

ec. 2013. 

C1/SC29/WG11
esis software
July 2008. 

al., “Depth m
r advanced 
y and scalabil
n, pp. 217-234, 

Image-Based R
d Applications, 

d A. Zisserman
ion, 2nd ed., 

T. Fujii, and M.
tware DERS 5.

 

of virtual view
ackward depth

ral ways to 
f different dep
maller than 25
ap contains 

r values may b
value witho

warping algor

EDGMENT 

ted in part 
21-E-009-087-
ty Project of N

ENCES 

ni, T. Fujii, a
Signal Proces

nuary 2011. 

Free-viewpoint
Recognition, vol

n Depth-Enhan
Workshop on A

1, MPEG docu
e and asses

map creation an
3DTV servi

lity,” Signal P
, Feb. 2007. 

Rendering,” Co
chap. 13, Augu

n, Multiple Vie
Cambridge Un

. Panahpour, D
5.0, ISO/IEC M

w synthesized 
h wrappings.

speed up the
pth values in a
55. Also, even
a number o

be merged and
out noticeable
rithms are now

by the NSC
-MY3 and by
National Chiao

and T. Yendo
ssing Magazine

t Video - From
l. 44 , pp.1958–

nced 3D Video
Advanced Imag

ument M15672
sment of it

nd image-based
ices providing
Process: Imag

omputer Vision
ust 2010. 

ew Geometry in
niversity Press

Depth Estimation
MPEG M16923

e 
a 
n 

of 
d 
e 

w 

C, 
y 
o 

o, 
e, 

m 
–

o 
e 

2, 
ts 

d 
g 

ge 

n 

n 
s, 

n 
3, 

208


