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Abstract This paper presents a novel method for virtual view synthesis using an image recovery scheme based
on energy minimization. The presented method first synthesizes multiple virtual views at the same position based
on multiple depth layers by using the conventional view interpolation method. The interpolated views suffer from
blurring and ghosting artifacts due to the pixel mis-correspondence. Secondly, the multiple views are integrated
into a novel view in which all regions are focused. In this paper, we formulate the integration problem as the image
recovery problem of minimizing energy that consists of data-fidelity and regularization terms. This integration
method effectively recovers the all-focused view, avoiding problems of feature correspondence and scene geometry

reconstruction.

Key words image-based rendering, view synthesis, image recovery, variational method, total variation

mate the information about the scene structure such as fea-

1. Introduction

View synthesis problem using multiple views has recently
attracted further interest in the fields of signal/image pro-
cessing, computer vision and graphics. The problem is to
synthesize a novel view from arbitrary position using a set
of images (views) taken from different positions for an un-
known scene. Two main approaches to solving the prob-
lem have been studied; one is image-based modeling and
rendering (IBMR) [14], the other is image-based rendering
(IBR) [12},]13].

IBMR. approach reconstructs the scene structure or esti-

ture correspondence. Once the scene structure is obtained,
it is easy to synthesize a novel view. This approach is natu-
ral in the sense that the view synthesis problem is originally
ill-posed because no information about the scene structure
is available beforehand. It is however generally hard to esti-
mate scene geometry in precise. This is an essential problem
in IBMR.

In contrast to IBMR, IBR approach treats the view syn-
thesis problem as a sampling problem [16]: to sample light
rays flowing in the viewing space such that one can resam-
ple new light rays (i.e., a novel view) from the sampled rays
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(i-e., given multiple views) without artifacts. Therefore sam-
pling theorem gives us the answer to how many samples are
needed [19]. The required number of samples is, however,
quite many in practical. This is an essential problem in IBR.

In this paper, we formulate the view synthesis problem as
a problem of image recovery. The presented method con-
sists of two steps. In the first step, multiple views at a given
virtual point are generated by the traditional view interpola-
tion method based on multiple planes we assume in the scene.
The interpolated views suffer from blurring and ghosting ar-
tifacts due to the pixel mis-correspondence. In the second
step, the multiple views are integrated into a novel view in
which all regions are focused. In this paper, we formulate the
integration problem as the image recovery problem of mini-
mizing energy that consists of data-fidelity and regularization
terms. This energy minimization method effectively recovers
the all-focused view, avoiding problems of feature correspon-
dence and scene geometry reconstruction. We show that our
approach is effective for the case when there are not huge oc-
clusions. Basic strategy is the same as that presented in [21],
but the method ignores the regularization in the second step.
In the presented method in this paper, we use regularization
using a smooth constraint that has an effect to suppress the
artifacts caused in occluded boundaries.

2. Problem formulation

We set a XY Z world coordinate system in a 3D space.
In this paper, we assume that Z axis represents depth in
the space and all the cameras including a virtual camera are
directed to Z axis.

The view synthesis problem that we deal with in this pa-
per is formulated as follows. We are given a set of reference
images {l,:(z,y)} taken with a 2-D camera array, each cam-
era Cs,; of which is located at a 2-D grid position (X;,Y;)
regularly sampled on the XY plane with equal interval of
As (ie, As = Xe41 — Xs = Yeqy1 — Y3) in both X and YV
direction, where (s,t) € [0,1,...,8§ - 1] ® [0,1,...,T — 1] is
index for both the reference images and the capturing cam-
eras. S x T represents the total number of the capturing
cameras. The problem is, given a virtual camera C, at an
arbitrary position (Xy, Yy, Zy), to reconstruct a virtual view
I, at the virtual camera C, by processing the given set of
reference images {l,,:(z,y)} for an unknown scene. In our
problem setting, the scene geometry is not known, but we
assume that the depth range [Zmin, Zmae) is known.

3. Plane-sweeping view interpolation

In the first step of our method, given a virtual camera
position (X,,Ys, Z,), we interpolate multiple virtual views
from the same position based on multiple planes at different
depths. This processing is achieved by performing the con-
ventional view interpolation method based on different plane.
At every time, the plane is swept along Z axis. An efficient
arrangement of multiple planes in terms of both computation
and quality was discussed in[19],{?] and we follow the pre-
sented arrangement. We call this processing Plane-Sweeping
View Interpolation in this paper. We also call the assumed
plane focal plane.

The idea of using multiple planes, alternative to the tra-
ditional stereo matching [15], is mainly used in a number of
methods [5]~[11] for depth estimation or its application to
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[% 1: View interpolation based on the focal plane at Z;

view synthesis. In those methods, a color consistency is eval-
uated among corresponding pixels (or voxels) with respect to
the multiple planes or depths; thus the multiple views are not
usually generated. In our method, we use the interpolated
multiple views as the inputs in the second step, not comput-
ing a color consistency.

The multiple interpolated views can be obtained by plane-
sweeping view interpolation as follows. The algorithm is es-
sentially the same as the one presented in [17], [18]. For sim-
plicity, consider the case where Y and y are fixed, as shown
in fig. 1. Let L be the number of the virtual views, which is
the same number of the focal planes we assume. Let g;(z)
(i = 1,...,L) be a virtual view that we interpolate from a
point P, = (X, Z,) based on the focal plane at Z; (the
plane is referred to as F; ). The virtual view g;(z) is com-
puted as the weighted average of the shifted two reference
images:

9i(2) = we - Ls(@ = db) + w1 o1 (7 — dipn). (1)

The three pixel coordinates in the above equation, , z — d’
and x — d’, are the corresponding pixel positions with re-
spect to the point F; on the focal plane F; (see fig. 1). The
displacement d is determined to be

di(z) = Zi(xs Xy + Zoz). @)

(3
‘We use the two reference images I, and lc1 at the two cam-
eras Cs and Cs41 near the position X, that is the intersection
of the line P, P; with the X axis. Coefficients w; and ws+1
are weighting values that are determined from | X, — X | and

{Xs+1 — X4]- ws is represented by

X X
= 3

Note that ws +wsy1 = 1 holds.

Obviously, none of the obtained multiple views {g:} is the
desired view [, since we assume the scene geometry is just a
plane that is different from the correct one. The regions
appear in focus when the depth of the focal plane is on
their corresponding depth. Aliasing artifacts are observed
in the regions not in the plane. (For example, see images in
fig. 3 (a)-(c).) In the second step of the presented method,
we try to integrate the obtained multiple views into an all-
focused view I, where artifacts are significantly suppressed.

ws =1
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4. Multiple depth-layer model

Before describing the second step of our method, we in-
troduce a multiple depth-layer model for the multiple views
obtained in the first step and model the artifacts caused in
these views. This modeling was first presented in[21], but
we derive the model of the artifacts in detail.

4.1 Linear image formation model

‘We assume that the desired all focused view [, is composed
of a sum of L components {p;} ( =1,...,L):

L
ly = Z (22 4)

The component ¢; is defined as texture lying on the focal
plane F;, but is not known. We also assume that the multiple
views g; (¢ = 1, ..., L) obtained in the first step is modeled as

g1 = hunoprthizopa+- -+ hipopr

go = haopi+hamopa+ -+ haropr )
. 5

gL = hpiopi+hraopa+---+hrropr.

where h;; denotes ghosting artifacts caused in texture ¢; in
gi. For i = j, hi; becomes an identity operation. Model of
ghosting artifact is described in the next subsection.

There are not any other assumptions on ¢y, if they simul-
taneously satisfy the above models in (4) and (5). This is
because there are many possibilities on the existence of such
{¢;}. For instance, p; can be considered as a segment of
each layer at depth Z;. We may say that ¢; contains dom-
inant features or edges lying at depth Z; much more than
other @;4;.

4.2 Model of ghosting artifact

We analyze the aliasing artifacts and model them as spa-
tially varying filters. Consider the case when the scene con-
tains one plane object at depth Z; whose surface is lamber-
tian. In this case, the model in (5) is represented by

{ 9;i(2) = (=),

0:(2) = hj 0 p5(x), for i % . (©)

We derive the model of the operation of ;. It is found that
the following relationship is held:

0;(@) = ls(z — df) = Log1 (@~ d,4), (7)

because surface property of the object plane is lambertian
and because the focal plane F; is the same as the scene ge-
ometry itself. From equations (1) and (7), the interpolated
virtual view g; can be represented by

9i(2) = wsls(x — db) + werrlsy1(z — dipy),
=wep;(—di+dl) + wo10;(z—diy+dl ). (8)

Comparison of the resultant equation in eq. (6) indicates
that the operation of h;; can be modcled as a filter whose
coefficients are the weighting values w, and ws41. This filter
is also the model of aliasing artifacts. It should be noted
that this filter is linear but shift varying (i.e., it changes de-
pending on the pixel coordinate ), since di and d? change
with z, as shown in eq. (2). The filter varies with the virtual
view point and the depth of the focal plane as well.

5. Variational method for recovering an
all-focused virtual view

The reconstruction problem in the second step of our
method is formulated as the problem of solving a set of lin-
ear equations in eq. (5) for {y;} and reconstructing l, in
eq. (4), given {g;} and {hs;}. One simple way to solve those
equations is to use the conventional solution of simultaneous
equation such as the substitution method and the iterative
method. However, their solutions will be unstable, since the
problem is ill-posed. This can be explained by the proper-
ties of the operators h;;; they are linear but space-variant
(in addition not commutative), a pseudo-inverse operation
of the operator is generally unstable and sensitive to noise,
which would cause undesirable ringing artifacts. Moreover,
one can not also use Fourler transform based approach to
the problem.

Therefore, a regularized spatial-domain approach is re-
quired for solving the eq. (5) as the well-posed problem. We
present a regularized variational method in this paper. In
this section, we define the energy functional to be minimized
and present its minimization algorithm using time-evolution
nonlinear-diffusion process.

5.1 Energy functional

We employ the energy functional of textures {y;} that
consists of two terms, the data-fidelity energy term and the
regularization energy term, as follows:

Efpr, o1 = / /Q (Ivel +§ SEel)dady,  (9)

where ) denotes the domain of the image space and X is a
positive parameter.

The first term in the energy functional is the regularization
term that evaluates the total variation (TV) of the desired
view l,. ||V, is written by

190 = @1+ F0rpr) + Byt + Oy

where 0, and 8y is a differential operator in z and y direc-
tion, respectively. TV term imposes smoothness constraint
on the desired view l,. Other effects or advantages of using
TV term was studied in both practical and mathematical;
TV-based image restoration/enhancement approaches have
been presented for many application such as image zoom-
ing [3] and noise removal [4].

The second term in the energy functional is the data-
fidelity term that evaluates the square error of e; on the
difference between the interpolated view g; and its forma-
tion model in eq. (5):

ei=(haopr+ - +@i+---+hiropr)—g.

5.2 Energy minimization

Euler-Lagrange equation minimizing the energy functional
E[p1, ..., 1] with respect to ¢; is given as a partial differen-
tial equation (PDE) as follows:

L
div [—“2?3“] - AZ(hzj oe;) =0, (10)
v i=1

where operator hj; denotes an adjoint operator of hy;.
‘We solve the solution of the PDE as the steady-state solu-
tion of the following time-evolution PDE:
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L

)\Z jioes), (11)

=1

c(z,y; 7) = min(1, 1/|| VL),
v;(x,9;0) = g;/L,

Oripj =div [c(z,y;7) Vs —

where 7 is an artificial time-variable and the Neumann
boundary condition is applied. The final solution of the de-
sired view [, is given as the sum of the obtained solutions of
@1, ., PL.

The time-evolution PDE in eq. (11) acts as a nonlinear dif-
fusion process [1] with the conduction coefficient of ¢ if A = 0.
In addition, if ¢ is a constant, it reduces to the isotropic
heat diffusion, which equals to the blurring process by Gaus-
sian kernel. To prevent a much large diffusion that causes
blur in the solution, we use the conduction coefficient ¢ as
min(1,1/|VL||) such that the maximum is not larger than
1, instead of use of 1/|[VI,||. This is a similar idea used in
robust anisotropic diffusion [2]. The second term in eq. (11)
acts as a pseudo-inverse process, i.e., a back projection image
recovery.

Notably, in the presented recovering process, neither depth
map estimation nor feature matching is explicitly performed
pixel by pixel. In this paper, we try to find the combina-
tion of textures ¢; that gives the minimum of the energy
functional we define.

6. Experimental results on synthesized
images and discussion

6.1 Numerical implementation

From the discrete version of the PDE in (11), we derive

the iterative numerical scheme as the following up-date equa-
tions:
(r+1) (r)
Pilmam) = P3(mum)

z (T} () Ed
+e {(C(mm A%y = ity Ay

AV o0

(7) v, ,(7)
+<C(m n) Pitmm) ~ Cmmn—1y " A W;(m,n—1)>

L
Z( Z Rij(m—tk n—1 57 17) GE(T,),I,,C,YHJ,))} (12)

(k',1)e®

z (7) (r) (7)
A%y Pitmmy = Pitmttn) — Pitmny
() () ()
Ay%(m ny  Pifmnt1) ~ Pitmn)

cE;? ny = min(l, 1/|VI, ]%2 )

IVlUIE:rZ,n) = \/(Zf:leS”E(T;,n))z"' (Z’f:lAysoz('Er)n,n) g

() _
€itmym) = < Zhil(””»n;kyl)wgzzn+k,n+l) +o
(klee

()
+ ZhiL(m,";kvl)soL(m+k,n+l)) ~ Gi(mmn)»
(K.Ded

where (m,n) is the sampled pixel position, 7 is now time
steps (iterations), a constant e is a positive parameter that
determines the rate of update. In all the experimeénts, we
set € = 0.05. The operator h;; is expressed by space-variant
filter Ayjgm,nik,yy where (k1) € @, its kernel support in the

4

130 Background

Slanted foreground
45 deg.

0.5
Camera array :

pa=—y X
1 ]
Virtual point

2: Configuration of the scene geometry and the
camera array

discrete form. The all-focused view at iteration 7 is given by

the sum of the obtained solutions {Lp]")} l(") (1’) R
+ <p(7).
6.2 Results

We test the performance of the presented algorithm on
two different synthetic scenes. Using Pov-Ray, a ray trac-
ing software, we synthetically created a set of 9x9 reference
images {ls,+} (which are 24 bits color images of 320x240 pix-
els). The assumed capturing cameras are regularly arranged
on the XY plane with equal spacing of As = 1 in parallel
with Z axis.

The first test scene consists of two planes; a slanted fore-
ground plane on which “lena” image is mapped, and a back-
ground plane on which a painting image is mapped. The
depth range of the scene is [65, 130]. The configuration of
the scene geometry and the camera array is illustrated in
fig. 2. This scene is simple but contains depth discontinuity
between the two planes.

‘We assumed three focal planes at 65, 87 and 130 in depth
and generated three virtual views g1, g2 and gz from a posi-
tion (0.5, 0.5, -1) by plane-sweeping view interpolation. The
generated multiple views are shown in (a), (b) and (¢) in
fig. 3. In each generated view, the regions near the focal
plane appear in-focus, while the regions not in the focal plane
appear blurry and contain ghosting artifacts. Figure 3 (d)
and (e) shows the initial solution 1 and the all-focused
view 1$%% recovered from these three views by the presented
method after 300 iterations. A was set to 2 in this experi-
ment. Although the initial solution suffers from blur in all
the regions, the final solution was recovered in-focus. Fig-
ure 3 (f) shows the true virtual view that we synthetically
created from the given virtual position with Pov-Ray as the
ground truth. Comparison with the ground truth shows that
the final solution was recovered with adequate quality.

‘We evaluate the performance of the presented method un-
der various parameters settings of A and L, and under condi-
tions when Gaussian noise is added to the reference images,
for the same test scene. Magnified region of the ground truth
and the all-focused view recovered by the presented method
after 300 iterations are shown in fig. 4. As a quantitative
performance measure, peak signal-to-noise ratio (PNSR) is
plotted for each case along with iteration as shown in fig. 5.

First, we tested the effect of choosing parameter A. In
fig. 4 (b), the recovered views when A was set to 0.2, 2 and
4 are compared. In the case using A=0.2, the fine textures
are diffused and disappeared, although dominant edges still
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@ 1

(f) The ground truth

3: Simulation on the synthesized test images for a scene that contains two planes; the foreground is a
slanted plane on which “lena” image is mapped, the background plane on which a paint image is mapped.

(a)-(c) show the views obtained through plane-sweeping view interpolation. (d) is the initial solution ls,o),
which is the averaged image of the multiple views in (a)-(c). (f) is the obtained solution after 300 iterations

300 . . . .
11(, ), (e) is the ground truth synthetically created from the same view position.
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Iteration
(a) Effect of choosing parameter A
(L=3)

lteration
(b) Effect of the number of the focal
planes, L (A=2)

Iteratian
(c) Effect of Gaussian noise with S.D. o
(A=2 and L=3)

[ 5: The update characteristics of the measured PSNR in green channel of the recovered view under various paramcter

settings and noise conditions.

remain preserved. The results using A=2 and 4 are sharper
than the result of A=0.2, but look a little blurry compared
with the ground truth in fig. 4 (a). Figure 5 (a) shows the
update characteristics of the measured PSNR when various
A values was set. It indicates the tendency that the faster
and the higher PSNR is increased, the larger X is set. This
is because the pseudo inverse process that acts de-blurring
(or say de-ghosting) process is performed stronger than the
diffusion process for the case of large A\. However, for the
case of A=4, 2, and 1, the values of PSNR reached almost
the same value around 31.6 [dB] at 300 iterations; no visible
difference in quality is observed between the recovered views
in this case.

Second, we tested the effect of L, the number of focal
planes, when we fixed X at 2. Figure 4 (¢) shows the re-
covered views when L is set to 2, 3 and 4. The result of L=4
is the most sharply recovered view and the result of L=2

appears blurry due to the lack of the number of focal planes,
which observations on the image quality are quantitatively
followed by the PSNR characteristics in fig. 5 (b).

Now two important issues are how many focal planes
are needed and how the planes are arranged such that our
method recovers the virtual view with the best quality.
Based on the theory in [19], [20], we arranged the focal planes
in such a way that their depth of fields [20] together cover the
most efficiently as larger depth range as possible, given the
scene range and the number of the planes. However, this ar-
rangement may not be necessarily the best for the presented
method to recover the virtual view with the best quality. It
is important in both practical and theoretical to investigate
those issues as a future work.

Third, the robustness of the presented method against
noise was tested using the reference images to which Gaus-
sian noise with zero mean and standard deviation o is added.
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(e) 1

1

6: Virtual views synthesized by plane-sweeping view interpolation from a view point (0.5, 0.5,-1) for a scenc whose depth

(d) g4

(g) The ground truth

range of [65, 100]. (e)-(g) show comparison between the initial solution 11(10)7 the obtained solution after 300 iterations 11(,300),

and the ground truth.

(a) v1 (b) @2

Figure 4 (d) shows the recovered virtual view when o is 3,
5 and 10 for fixed parameters of A=2 and L=3. The PSNR
characteristics are measured as shown in fig. 5 (¢). Those
results clearly shows that the presented method is robust to
noise. This is one of advantages of the presented method.
Almost no visible artifacts can be recognized in the recov-
ered view for the case of 0 = 3 and 5. Moreover, even in
the most noisy case of o = 10, which is a huge noise level,
the noise amplification is not so visible and the loss of PSNR.
compared with the noise free case (¢ = 0) was measured to
be 1.7 [dB].

Finally, we show the result for the other scene that is more
complex than the first scene. The scene consists of a specular
sphere and a pole in front of reflective two walls, involving
reflections, shadows and occlusions, as you can see fig. 6. Al-
though the depth range of the scene is [65, 100], taking into
account the reflected textures on the back wall, we used four
focal planes at 65, 78, 98, and 130 in depth. Four virtual
views generated by plane-sweeping view interpolation from
a view point (0.5, 0.5,-1) are shown in (a)-(d) fig. 6. Note
that the reflected textures of the sphere is in-focus in the
view g¢a.

The initial solution lq()o) and the finally recovered view [
is shown in fig. 6 (d) and (e), respectively. Parameter \ was
set to 2. From comparison of the recovered view l1(]300) and
the ground truth in fig. 6 (f), it can be seen that the pre-
sented method effectively integrates the focused regions of

(300)

(d) ¢4

(c) 3
7: Obtained texture components ¢; after 300 iterations. Intensity values are multiplied by 4 for visibility.

four views into the all-focused view. The recovered view
seems to be slightly blurry, but it does not contain visible
artifacts and reconstructed with sufficient quality.

Figure 7 shows obtained texture components ;. The re-
sults indicates that no precise segmentation is needed for the
case when there are not so huge occlutions in a scene. The
depth estimation in IBMR approaches corresponds to finding
; as a segmented layer. From the results in fig 7, it is not
necessary for ¢; to be segmented region at the corresponding
layer. The obtained ¢; contains dominant texture that exits
at the corresponding depth.

Our method does not use any explicit constraints on the
depth so there is the limitation of the depth range in which
the presented method can recover the virtual view with suf-
ficient quality. The limitation will be analyzed in future.

7. Summary

In this paper, we have presented a novel view synthesis
method that consists of two steps. We interpolate multiple
views by plane-sweeping view interpolation, then use them
as initial estimate and recover the desired view by regular-
ized variational method. The presented method does not
require depth estimation or feature matching. For the case
when there are not huge occlusions, the method can generate
virtual view with adequate quality.
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(a) Ground truth

-

A=0.2
(b) Effect of choosing parameter A. (fixed parameter: L=3)

AT AW

(c) Effect of the number of the focal planes, L.
(fixed parameter: A=2.)

o=3

o=10

(d) Effect of Gaussian noise with standard deviation of o.
(fixed parameters: A=2 and L=3)

[ 4: Comparison of magnified regions between the ground

truth and the view recovered after 300 iterations under var-

ious parameters settings and noise conditions.
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