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Abstract—A free viewpoint application has been developed
that yields an immersive user experience. The free viewpoint
approach called the “billboard methodis” suitable for displaying
a synthesized 3D view in a mobile device, but it suffers from the
limitation that a billboard cannot present an accurate impression
of depth for a foreground object, and it gives users an unaccept-
able impression from certain virtual viewpoints. To solve this
problem, we propose the optimal deformation of the billboard.
The deformation is designed as a mapping of grid points in the
input billboard silhouette to produce an optimal silhouette from
an accurate voxel model of the object. We formulate and solve
this procedure as a nonlinear optimization problem based on a
grid-point constraint and some a priori information. Our results
show that the optimal deformation is produced by the proposed
method, which generates a synthesized virtual image having a
natural appearance.

I. INTRODUCTION

In recent years, free viewpoint navigation systems from a
multi camera environment [1], [2] have been among the hottest
topics in computer vision. In the navigation system, users
can select their viewpoint freely (not limited to actual camera
positions), and the selected scene is synthesized by using multi
camera videos and several additional items of information.
This makes the free viewpoint system very useful to improve
user understanding of the scene, and creates an immersive and
ultra-realistic user experience, especially when viewing sports.
Naturally, the demand for free viewpoint in mobile devices has
also increased and this means contents needs to be streamed
using a wireless network.

Some conventional famous free-viewpoint synthesis ap-
proaches, for example, the “visual hull method [3]–[6]”,
generate a highly accurate 3D voxel model of the scene
by using information from multiple cameras. However, with
these methods, viewing the model in a mobile device incurs
a high computational cost and they are not suitable for
streaming because they have too much fine detail to display
and the amount of data is generally huge. In addition, these
methods also have the drawback that they require numerous
cameras and highly accurate camera parameters because the
core idea is utilizing intersection and blending of information
from multiple cameras. Even if this was not the case, the
synthesized model still might have some undesirable artifacts
like a missing part or blurred texture of the target model.

On the other hand, methods based on simple 3D models like
the “billboard model method [7]–[9]”, have been proposed.
The method extracts the texture of a foreground object and

uses it as a billboard model (a simple 3D plane), placing the
plane model perpendicularly on a 3D ground and rotating it to
face towards virtual viewpoints. From this simple framework,
the method has the advantage reducing the computational
cost of display and the amount of data while keeping quality
of the model texture. Furthermore, since the billboard is
independently represented on each camera, the method has
some robustness in terms of combining multi camera settings.
Conversely, the method has difficulty to detect and represent
where the billboard model is in 3D space. To be specific, if
we can calculate a contact point between an object and the
ground in an image, we can find actual position by projecting
the point to 3D ground and the texture of object is copied as
the model at the position in free viewpoint synthesis. Normally
speaking, the contact point is calculated along the bottom
line of a bounding box that is used to represent the position
information of the object in an image, because we assume
the object touches on the ground at a lowest point like feet
even in the image. However, in some case where an object
(a player) in an image touches the ground at multiple points
(e.g. hands and feet) as shown in Fig.1 (a), there will be an
ambiguity to calculate the contact point because the bottom
line of the bounding box cannot be uniquely determined
and it is difficult to represent multiple touch points only by
one extracted texture. Consequently, as shown in Fig.1 (b),
a synthesized virtual scene in the vertical direction shows
unnatural appearance as if the player were flying in the air. We
call this the “touch points problem” and conventional billboard
methods can neither detect nor solve it.

The “Microfacet-billboarding method [10], [11]” has been
proposed as a hybrid of the two methods described above. This
method represents a person in the foreground as an aggregate
of small billboards that is constructed from a finely subdivided
image of the person and his actual position by using the visual
hull technique and voxels. This can solve the unnatural touch
points problem affecting the billboard model method. Nev-
ertheless, microfacet-billboarding causes undesirable artifacts
along the boundaries in the synthesized model due to the large
number of small rectangles that comprise it.

From the above discussion, we propose a hybrid billboard
method that uses 3D voxel as support information to solve
the touch points problem, preserving the advantages of the
billboard. Our method is designed to generate a standard
(single plane) billboard model, but appropriately deformed for
different virtual viewpoints. The deformation is represented as
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Fig. 1. Example of our target “touch points problem” in the conventional
billboard method: (a) natural synthesis from the camera viewpoint, (b)
unnatural synthesis from a lower virtual viewpoint (the input is shown as
Fig.4 Scene 1 (a)).

a mapping of grid points that are obtained by separating the
elements of the initial foreground texture. We determine the
optimal mapping by using the silhouette of the voxels because
we assume that the voxel model can generate the optimal
human silhouette from any virtual viewpoint. The optimal
mapping of grid points can be obtained using a conventional
constrained nonlinear optimization tool, the projected gradient
method [12], and the billboard will then be generated accord-
ing to the points using texture mapping. Our experimental
results show that our optimal deformation can generate a
billboard representation having a natural appearance and also
solve the touch points problem.

II. PROPOSED METHOD

A. Overview

We assume that the human target (player) is surrounded
by K cameras (in our experiments, K = 8), each camera
position is fixed and the camera parameter should be known.
The time synchronization between all cameras is adjusted in
advance. Throughout this paper, we discuss how to synthesize
a billboard from a virtual viewpoint in only one frame (the
time t), but our method can easily be applied to all video
sequences because the procedure is independent frame by
frame. To simplify the problem, we assume a single target
player, but our algorithm can easily be extended to deal with
multiple players individually.

The conventional billboard method [7]–[9] is composed of
three parts, “silhouette mask extraction”, “billboard informa-
tion creation” and “synthesizing (locating the billboard on the
3D ground in viewer)”. Let S be an input image and M be
the extracted binary silhouette mask of the player (camera
silhouette) obtained by “silhouette mask extraction”, and the
method simply constructs a billboard (plane) from the texture
of the nearest camera image extracted by M . This fact means
viewer needs to know only the S and M to generate billboard.
Then the view of the billboard model is synthesized by putting
the billboard on its 3D ground according to the 3D position
that estimated to be the projection of the bottom point of the
billboard.

Our method is fundamentally based on the conventional
billboard scheme, with the key difference being the “billboard
information creation” part. A flowchart of our algorithm
is shown in Fig. 2. First, we obtain camera silhouettes in

multiple cameras using the same approach as the conventional
billboard method. Then, we can generate a voxel model via the
conventional visual hull method [3]. When we select a virtual
viewpoint, we can get the optimal silhouette of the player Mopt

by projecting the voxels onto the camera image plane and
choose the silhouette of the nearest camera as a target camera
silhouette M . In our “billboard information creation” part, we
consider M as a set of small regions (patches) separated by a
constant interval grid. After obtaining Mopt and the grid, the
correspondences between M and Mopt are calculated by block
matching each patch on the edge of the silhouette. Using these
correspondences and several a priori assumptions, we can
formulate and solve the optimization problem related to the
coordinate mapping of the patches. In our viewer, to generate
a billboard, we only have to know the mapping, camera image
and silhouette M . According to this flow, the key task is
to find the mapping of the coordinates that correspond to a
selected virtual viewpoint. In this paper, we discuss a case in
which the selected viewpoint differs from the camera position
only on the vertical axis, because the touch points problem
arises only if the viewpoint moves vertically. If the viewpoint
moves horizontally, our method simply rotates the generated
billboard, just as the conventional method does.

B. Voxel Model Construction and Optimal Silhouette Projec-
tion

To find the optimal mapping of patches, we refer to the
optimal silhouette Mopt generated by the voxel model. The
voxel model provides a 3D outline of the player, and is
constructed by the visual hull technique using the intersection
of the mask of the player in voxel (3D) space [4]. Obtaining
the 3D model, we can find the actual shape of the player from
any virtual viewpoint. Therefore, by projecting the model back
onto the camera image plane, we can get the optimal binary
silhouette Mopt of the player from a virtual viewpoint (Fig. 3
(b)).

C. Initial Grid Definition and Edge Patch Matching

As a preliminary, we define a patch pi = {pi,1,pi,2,pi,3,
pi,4}T ∈ R

8 that is the small region in the camera silhouette
M , where the vector pi,j is a corner point of pi and has the
coordinates (xi,j , yi,j) on the image axes. We can obtain a set
of coordinates for the patch p = {pT

1 ,p
T
2 , . . . ,p

T
m}T ∈ R

8m

by separating the M at periodic intervals on the grid (see
Fig.3 (a)), where m is the number of patches in a player.
Please note that some pi share the same corner point because
of the structure of the grid, and we call such a set of points a
“common vertex set”.

Next, we calculate a rough correspondence between M and
Mopt. Both are specific player regions in the binary image
corresponding to each viewpoint. Since the color image is too
sensitive to permit finding the correspondence of each patch
by block matching, and the voxel model might generate a
blurred color image even if the cameras deliver high resolution
texture, we use only patches on the edge of each binary camera
silhouette (edge patch).
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Fig. 2. Flowchart of proposed method.

Fig. 3. Edge patch matching to the optimal silhouette and optimal mapping
of grid.

An edge patch is defined by the proportion of silhouette
pixels in the patch, as in

τi =
∑

ppix∈M(p
i
)

ppix/N(pi), (1)

where the functions M() and N() return a set of binary
pixel values and the number of pixels in each image patch,
respectively. If th1 < τi < th2, we define the patch pi as an
edge patch qi.

Furthermore, we find matched edge patches for the optimal
silhouette by block matching as follows:

g∗
i ∈ arg min

gi∈WMopt (qi)

MAD(Mopt(gi),M(qi)), (2)

where the function WMopt() returns a set of patches in Mopt

included in a search window which center is qi’s center

position (the window size is defined as Wsize), and the
size of returned patch gi is the same as qi. Therefore the
gi means a patch which should be compared with qi. In
addition, the function calculate Mean Absolute Difference
(MAD) between Mopt(gi) and M(qi) by block matching
(the Mopt() returns binary pixel value in the same manner
as M()). Finally, we obtain a set g = {g∗

1, g
∗
2, . . . , g

∗
k :

k is the number of edge patches qi}, as the matched edge
patches in Mopt. It should be noted that the corner point in a
common vertex set has different coordinates in this state, as
in Fig.3 (c).

D. Optimal Grid Mapping Calculation

To find the optimal mapping of p, we define a constrained
energy function as follows:

x∗∈arg min
x∈R8m

λ1

2
‖Ex−Ep‖22+

λ2

2
‖Hx−g‖22 s.t. x∈C, (3)

where the function ‖x‖2 is L2 norm for a vector x ∈ R
n.

The first term is a “structure coherence term” that works
to preserve the entire structure of p, and the matrix E is
designed to calculate the distance between the corner points
of the p. For example, if the p has only one patch p1 =
{p1,1,p1,2,p1,3,p1,4}T and these points are connected as
Fig.3 (e), the matrix E is designed as follows:

E =

⎡
⎢⎢⎣
1 −1 0 0
1 0 −1 0
0 1 0 −1
0 0 1 −1

⎤
⎥⎥⎦ . (4)

Please note this example describes only one (x) dimension of
p1 for the sake of brevity, but the matrix is simply extended in
the case of two dimensions (x, y). The second term is a “edge
patch term”, and the matrix H just extracts the coordinates
of x corresponding to the edge patches g. In other words, the
matrix H shorten the length of x from 8m to 8k ignoring non-
edge patch coordinates in x. This term has the effect of making
the camera silhouette similar to the optimal one. The set C is a
set of vectors x in which the corner points in a common vertex
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set have the same coordinates, so this constraint guarantees
connectivity between patches.

To solve Eq.(3), we use a conventional constrained nonlinear
optimization tool, the projected gradient method [12]. The
procedure is described in Algorithm 1. Since projCx is a
projection onto the closed convex set C from x, it is easily
calculated by averaging the coordinates of vertices that occupy
the same position in the initial state. Clearly, the averaged
vertices also belong to the common vertex set. In this paper,
we continue to iterate the procedure until |xt+1 − xt| < 0.1.
Deformed silhouette and texture are acquired by using texture
mapping according to x∗ (Fig.3 (d)).

Algorithm 1 Specialized projected gradient method for solv-
ing Eq.(3)

1: Set t = 0, and choose γ > 0,x0 ∈ R
8m.

2: repeat
3: xt+1 = projC(xt − γ(λ1E

TE(x− p) + λ2H
T(Hx−

g)))
4: t← t+ 1
5: until some stopping criterion is satisfied.

All the optimal mappings can be calculated before transmis-
sion by network in advance (Fig. 2). If it is difficult to calculate
the mapping from all viewpoints, it can be obtained by linear
interpolation from discrete sample mapping. Therefore, the
computational cost to display these billboards is almost the
same as in the conventional billboard method because the only
added overhead is the cost of texture mapping each patch.
Moreover, the total amount of data in the generated result is
also close to that in the conventional billboard method because
the only additional information is the mapping data of each
grid point from all viewpoints.

III. EXPERIMENTS

We examined the performance of the proposed method by
comparing it to the conventional billboard method [9]. The
results are shown in Fig. 4. The background images without
the subject camera image are synthesized from the same virtual
viewpoint, and the ground truth is given by using the standard
visual hull method [4]. In this experiment, we use Full HD
input images and the size of the patch is 50× 50 [pixel]. The
parameters of our method are defined as th1 = 0.5, th2 =
0.95, μ = 1.0, λ1 = 0.5, λ2 = 0.5,Wsize = 50 [pixel]. Our
method can generate views that are better able to represent
the ground truth than the conventional method, confirming that
our proposed method solves the “touch points problem”. For
example, in scene 1-1, the conventional method generates a
view that makes it appear as if he is standing only his hands
(his feet are over horizontal line), but our method can deform
the shape of the man in a way that makes it similar to the
outline of the ground truth and his feet in our synthesis appear
to be under the horizontal line. However, the model can still
be considered a billboard. In scene 2, the shape of women’s
head is slightly different from the ground truth. This is because
the 3D voxel is represented only by 2D information and the

balancing of the weights, λx. Even in this case, compared with
the conventional method, it seems our method can preserve the
outline of the ground truth and solve the touch points problem.

To examine the similarity between the silhouette of the
ground truth and the product of each method objectively, we
define the similarity κ by

κ =
∑

(x,y)∈{X∪Mopt}
1− |X(x, y)−Mopt(x, y)|

N(X ∪Mopt)
, (5)

where the matrix X is an input binary silhouette of the
comparison, namely, the camera silhouette produced by the
conventional method and the silhouette output of the proposed
method, and the (x, y) returns pixel value in each image region
(if the pixel is not detected, the value defined as 0). In the case
where the κ is 1, the input silhouette is identical to the optimal
one. The score κ is shown in Table I, which shows that the
silhouette generated by our method is similar to the ground
truth, according to an objective evaluation. Furthermore, we
examine the quality of the synthesized image. The most
important feature of our method is its ability to preserve
both the player’s shape and structure in the synthesis process.
For the sake of verifying this feature, we use a well-known
structure evaluation method related to human perception, Mean
Structured SIMilarity (MSSIM) [13]. The input synthesized
image for this evaluation is also shown in Fig. 4 and we
calculate MSSIM as for luminance between the ground truth
(the voxel synthesis) and each method. A higher value is better
in MSSIM, and the range of that is from 0 to 1. The results
of MSSIM are also shown in Table I and the score shows our
method can preserve not only the silhouette of the player but
also the structure of the synthesized image.

TABLE I
COMPARISON BY OBJECTIVE SCORE

Silhouette similarity κ MSSIM
[9] Proposed [9] Proposed

Scene 1-1 0.81 0.95 0.69 0.84
Scene 1-2 0.86 0.95 0.68 0.84
Scene 2 0.90 0.95 0.75 0.88

Since our method is dependent on the accuracy of the voxel
model, we show result of ours in a case where the generation
of the voxel fails as shown Fig. 5. Being different from Fig.
4, the voxel result is generated by a mask threshold value
that is too high in several cameras (except the nearest one
from a virtual viewpoint) and it causes part of the left hand
to be missing. Even in a case like this one, our method is not
affected by the accuracy of other cameras and can recover the
missing part and improve synthesis. This means our method is
robust against some voxel artifacts, because we use a simple
silhouette feature, a connected grid and formulate a structure
coherence term in our optimization.

IV. CONCLUSION

We have proposed an optimal billboard deformation method
to overcome the “touch points problem” that arises in the
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Fig. 4. Comparisons with conventional billboard method (The overlapping blue line represents horizontal line).

Fig. 5. Example of robustness of proposed method.

conventional billboard method. The key point of the proposed
method is that a rough silhouette correspondence between
the input and the optimal modification can be calculated by
block matching of the patches on the edge of the silhouette.
Additionally, based on the correspondence and some a priori
information, we have formulated the constrained nonlinear
optimization problem and solved it to generate a suitably
deformed texture. Our experiments show that the proposed
method can generate a silhouette similar to that from the
voxel model, but is more useful as it solves the touch points
problem in a way that preserves the structure while retaining
the advantages of billboard.

We plan to investigate techniques for adaptive deformation
that preserve specific features of the player, for instance by
preserving faces, the goal being to improve the subjective
quality of the deformed texture and to accelerate solving
the nonlinear problem so that the method can find wide
commercial use.
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