Abstract

Image-based view synthesis is an emerging research topic,
With numerous applications. The ability to synthesize new
Views from existing images, enables the generation of en-
hanced and synthetic environments. Approaches for view
Synthesis relay upon dense or sparse matching of the views.
Inboth cases, some parts of the images are inevitably un-
maiched. Triangulation of sparsely matched points present
apossible solution for the handling of those unmatched re-
gions. However, such triangulation should respect the un-
derlying geometry of the scene.

In this paper, a novel approach is proposed for physi-
tlly valid triangulation of sparsely matched points. The
proposed approach is based on the maximization of a physi-
Gl validity criterion which is supported by textured regions
inthe images. The produced triangulation is such that each
Iriangle corresponds approximately to a planar surface in
lhe scene. Given an arbitrary initial triangulation, the pro-
posed approach refines it by Slipping the edges of triangles.
Furthermore, since missing matched points may preclude
e correct triangulation of the scene, an additional stage
liandles the addition of matched points inside low score tri-
ungles. Inherent to our approach, the support region which
IS used for the evaluation of the correctness of the added
matches is normally much larger than the one used in a local
naich evaluation. The paper contains examples of image-
based view synthesis of real and virtual scenes, produced by
Ihe proposed approach.

1 Introduction

Il recent years, image-based view synthesis has become
I focus of intensive research for applications that range
irom the efficient photo-realistic rendering of complex vir-
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tual or real scenes to the efficient compression of video se-
quences. The different approaches to image-based view syn-
thesis could be classified into methods that include an ex-
plicit 3D reconstruction or some other complete represen-
tation, and methods that do so only implicitly. The various
methods differ in their calibration needs, the required num-
ber and closeness of the input views, the density and ac-
curacy of required matched points between the views, and
the way in which the information is re-projected to create
new views. When the input views are strongly calibrated
and densely matched, a complete 3D model of the scene
can be estimated and used to generate arbitrary new views.
Arbitrary views may also be produced from a voxel [11]
or plenoptic [8] representations, which could be generated
based upon a dense set of calibrated and densely matched
input views. With three densely matched input views, the
trilinear tensor can be retrieved to generate new views by
either reconstructing a 3D model or re-projecting the input
views directly [2]. With two densely matched input views,
the fundamental matrix can be computed and used to gener-
ate new views by re-projecting the pixels of the input views
onto a new image plane [6]. Finally, without calibration,
by using only a set of matched points between two images,
view interpolation and view morphing techniques [4, 10, 12]
can be used to generate new images. A thorough review and
classification of image-based view synthesis techniques may
be found in [1].

While many methods for image-based view synthesis are
based upon the establishment of dense matchings between
corresponding views, the sole reliance on densely matched
points is sensitive to local match errors and cannot produce
results for uniform (non-textured) regions in which dense
matching cannot be reliably obtained. Consequently, such
methods do not necessarily guarantee improved results with
respect to methods which are based on a sparse, cleverly se-
lected set of matched points. Moreover, sparse matchings
may be obtained more efficiently and with greater reliability
by using robust techniques. Scenes, particularly man-made

233



ones, can often be successfully approximated by a set of rel-
atively small planar surfaces in image space. For instance,
a relatively flat object seen from far away can safely be ap-
proximated by a single planar surface. Hence, a correct tri-
angulation of a carefully selected set of sparsely matched
points can be sufficient for view synthesis.

A triangulation approach to image-based view synthesis
is capable of handling unmatched regions by representing
them with a set of triangles where the vertices of the trian-
gles lie on the boundaries of the unmatched regions. More-
over, a triangulation approach is considerably more efficient
in terms of number of operations and memory utilization,
and may be accelerated by standard graphics hardware. Ex-
isting approaches for joint triangulation of matched views,
such as the one described in [7], are based on an initial
dense set of matched points which are grouped into trian-
gles by merging neighboring matched points that respect the
same planar homography. The disadvantage of such meth-
ods lie, again, in their reliance on dense matchings, which
are inherently unreliable. The joint triangulation of a sparse
set of matched points, constrained by linear segments cor-
responding to boundaries of planar surfaces in the image, is
described in [5, 3]. The correctness of the produced triangu-
lation, in this approach, depends upon the correct and com-
plete identification of linear segments at the boundaries of
planar surfaces in the image. However, since an automated
algorithm can hardly distinguish between edges inside tex-
tured surfaces and edges which bound them, and since some
surface boundaries may be missing, the approach resorts to
the manual specification of constraints by the user.

Contrary to the approaches described above, our pro-
posed method is based on the direct triangulation of a sparse
set of matched points using a texture-based triangulation
constraint. The sparse set of matched points is automati-
cally triangulated to produce triangles approximating planar
surfaces in the scene where the evaluation of the approxi-
mation correctness is based upon the texture inside the tri-
angles. Since the support region used to evaluate the cor-
rectness of a triangle is normally much larger than the one
used for evaluating a match between individual points, the
results are less sensitive to local ambiguities in the data and
local match errors are eliminated.

Figure 1 presents the flow chart of the proposed ap-
proach. Given a sparse set of matched points in two views, a
Delaunay triangulation is used as an initial approximation of
the correct triangulation. This initial triangulation is then re-
fined based on an evaluation of the correspondence of each
triangle to a planar surface in the scene. This evaluation
is obtained by measuring the correlation between the tex-
tures of matched triangles after rectifying them to a common
viewpoint where one can expect triangles relating to a real
planar surface in the scene to have a large correlation value.
Since the initial set of matched points could lack some points
precluding a correct triangulation in some regions, an addi-
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tional stage targets the extraction of new matched points in
triangles with low texture correlation. A global verification
for the added matched points is obtained through the estima:
tion of the ensuing triangulation, thus reducing the suscepti
bility to match errors.

The following sections provide further details of the pro-
posed approach. The process of rectifying matched triangles:
in order to assess the validity of the planarity assumption
for the corresponding scene surface is described in Section
2. The actual evaluation of the planarity assumption is dis-
cussed in Section 3. The algorithms for modifying the trian-
gulation are detailed in Section 4. Results and conclusions
are provided in Section 5.

2 Triangles Rectification ‘
Given matched triangles in two views, it is possible to ver-
ify that they correspond to a planar surface in the scene by
rectifying them to a common viewpoint and measuring i
correlation between them. Since the rectification process
assumes that the matched triangles represent a planar sur-
face, it will create discrepancies if this assumption is incor
rect. The rectification of the triangles may be obtained by
an affine or perspective mapping. Different mapping ap:
proaches are discussed in Section 2.1, and their evaluation
is presented in Section 2.2.

2.1 Warping the triangles

Given matched triangles in two views, their rectificationtod
common viewpoint is obtained by mapping the texture from
one triangle to the other, which may be obtained by well
known affine or perspective warping techniques [13].

Representing the three vertices of a triangle in homoge=
neous coordinates A = (A,,A4,,1)T, B = (B,,By,1]"
and C = (C,,C,,1)7T, apoint P = (P,, P,,1)" withinit
may be expressed by a linear combination of its vertices:
P = aA + BB +~vC = M(a,B,7)T, where M isa
3 x 3 matrix having A, B, and C as its columns. Us
ing the linear combination coefficients (o, 3, 7T, the oor-.
responding point P’ in the second triangle is obtained by:
P'= M'(a, 8,7)T = M'M ' P where M is composedof
the vertices of the second triangle. Hence, in the affine case,
the transformation of a point is given by: H = M'M 198

The perspective transformation relates two differentpro-
jections of a planar region. It is defined as a one to one:
mapping such that: AP’ = HP where H is a 3 x 3 not:
singular matrix. Since the plane homography H is kHOWIf
only up to a scale factor ), it has only 8 degrees of freedom:
Hence, four matched pairs of points are needed in order (¢
solve the linear system. 1

Since images are perspective projections of a scene, tie
perspective transformation is expected to produce more real:
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istic results with respect to the affine transformation. Since
it least four pairs of points are required to uniquely deter-
mine the perspective transformation, a possibility consists
of pairing neighboring triangles in order to have four points.
Another possibility consists of using the epipoles of the im-
age planes as the fourth pair of points. Any planar homog-
raphy will map the epipole of one image onto the epipole of
the second image [9, Chapter 5.

The first approach to selecting four pairs of points con-
- Sists of selecting a pair of triangles, assuming it corresponds
1o the same plane in the scene. The three triangles adjacent
10 each triangle should be considered as pairing candidate.
The evaluation of the correctness of the assumption that two
idjacent triangles correspond to the same 3D plane, may be
oblained by using an affine transformation to map the texture
within the pair of triangles onto the second image, and mea-
suring the match between them using equation 3 in section
31, In addition to its increased computational complexity,
asecond drawback of this approach is the imposed need to
pair the triangles again whenever their confi guration is mod-
ified during the re-triangulation process.

~ The second approach to that problem, assumes that the
epipolar geometry between the images has been recovered
{hrough the computation of the fundamental matrix. Since
matching points between the two views are available, this
nay be accomplished by using one of the methods described
in[14]. Nevertheless, depending on the configuration of the
tameras, small inaccuracies in matched points may lead to
large errors in the epipole positions. Furthermore, since the
épipoles may be far from the triangles, the perspective tex-
© mapping may become highly sensitive to numerical in-
ities. Particularly, as the images become co-planar, the
pipoles migrate to infinity, thus precluding their use.

Consequently, affine transformations should be consid-
60 25 an approximation to the rectification of the trian-
%, despite the fact that they do not describe the real planar
nsformation. A comparison between rectification results
ed by affine and perspective mappings are described
bthe following section.
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Figure 1: Flow chart of the proposed approach.

2.2 Evaluating affine and perspective map-
pings

In order to evaluate the validity of affine warping with re-
spect to perspective warping, a controlled test has been con-
ducted on several sequences of images. Each test sequence
contained 6 images of an object rotated by about 10 degrees
per images. Hence, there is a rotation of about 50 degrees
between the first and last images in each sequence. Five
triangles, corresponding to the same planar surface of the
object, were defined in the first image and tracked in the
consequent images. The triangles of each image in the se-
quence were warped to their corresponding ones in the first
image and a normalized zero-mean correlation was applied
to measure their similarity. The compared methods include
affine warping and perspective warping which is based on
the pairing of triangles.

Figure 2-a presents the 6 images from one of the test se-
quences. Figure 2-b shows the triangles used. The left and
right graphs in Figure 3 show the texture correlation results
for affine and perspective warping respectively. The triangle
pairing algorithm used in perspective warping tries the pair-
ing of each triangle with each of its neighbors and selects the
one that produces the highest texture correlation after affine
warping. As may be observed, the results of the two tex-
ture mapping approaches are very similar. The effect of the
perspective correction is mostly noticeable around a rotation
of 30 and 40 degrees. The fact that the perspective warping
does not produce much higher correlation with respect to the
affine warping when the rotation is large is due to the large
difference in resolution of the triangles. For instance, trian-
gle #1 in the first image of the sequence has 3395 pixels,
and only 950 pixels in the last image of the sequence. The
above experiment shows, as expected, that the distortions
introduced by the affine warping are significantly smaller
compared to the large differences in areas of corresponding
triangles.

3 Planarity Evaluation

Based upon the rectification process detailed in the previous
section, the validity of the planar approximation assumption
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Figure 2: (a) The 6 frames of the rotated box scene used in
the perspective correction test. (b) The triangle configura-
tion used for the perspective correction test.
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Figure 3: The left and right graphs show texture correlation
results for the affine and perspective warpings respectively.

may be verified by measuring the correlation between the
rectified triangles in one image and the triangles in the sec-
ond image. It is expected that the correlation between trian-
gles belonging to an actual planar surface in the scene will
be high whereas, otherwise, the rectification process would
produce discrepancies which reduce the correlation between
the triangles. The approach for measuring triangle match-
ings is discussed in Section 3.1 and a detailed assessment
of the influence of 3D rotation on the match evaluation is
outlined in Section 3.2.

3.1 Measuring triangles match

Given two views, Iy and I, the rectification process pro-
duces a third image, |, containing all the rectified triangles
warped from I to I;. The evaluation of the texture cor-
relation is performed between I, and I;. The zero-mean
normalized cross-correlation measure (ZNCC) is used. The
ZNCC measure, between images [, and I;, over a window
of (2n + 1) x (2n + 1) centered at (u, v), is defined by:

ZNCC,,(u,v) = Z Z (Ho(u+i,v+7) —

I=—ngj=—mn

Io(u,v)] - [ (w4 4,0+ 5) — i (u,)]) /
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where I (u,v) and o} (u,v) are the brightness mean and
variance, respectively, within the same window.

The information content of quasi-uniform regions is,;
small and, therefore, the reliability of matching evaluation:
in such regions is low. Since the ZNCC may produce good
correlation results for such regions, an additional measure,:
called Normalized Joint Variance (NJV), is introduced. The:
NJV at point (u,v) is based on the local variance overa
(2n+1) x (2n 4+ 1) window around that point. It is defined:
as:
ax(o2 (u,v), 0} (u,v)) (2'

2
Om

NIV (u,v) = -

ages. The normalization by o2, guarantees that NJV (u, 1)
[0, 1].
The NJV measure is used to weight the ZNCC corre:

pixels contained in the triangle formed by vertices A, B and
C. The matching score that measures the similarity betwet 3
the textures of that triangle in images I} and Iy, is defined

as:
Eluvierine ZNCCHNT - NIV{u,1)

Match(T =
atc. ( ABC) Z(U1U)ETABC NJV(U,’U)

0
The matching score is normalized by the total amount of
activity in the triangle. Since Z(u,u)eTABc NIV (u,v) 2
s o) Tanis NIV(u,v) - ZNCC,(u,v), we get thal
Match(Tapc) € [0,1]. The matching score, as defined
here, gives a good assessment of matching for highly cor=
related textured regions only. 1

Finally, an additional confidence measure of the reliabil
ity of the information contained in a triangle is defined &
the average NJV over that triangle: ;

Z(va)ETABC NJV(U"U) o

Conf(Tapc) = B

The original views I and I; are presented in Figures
and 4-b, respectively. The warp I}, created by rectifyinghe
triangles of I, is presented in Figure 4-c. The discrepan

rect triangles are clearly visible. Figures 4-d and 4-¢ sho
the result of the NJV and weighted ZNCC between I; and
I, respectively. As can be observed, the weighted ZNCC
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figure 4: (a)=(b) The two views with the initial Delaunay
fiangulation. (c) The result of warping the triangles of the
list image. (d) The result of the NJV measure. (e) The
tesult of the NJV - ZNCC» measure.

measure is lower in the regions corresponding to incorrect
friangles.

The matching measure defined in equation 3 is sensitive
10 small misalignments between the triangles. Due to nu-
merical errors in the rectification process, even small cor-
ndence errors between triangle vertices may system-
ically diminish the correlation results. In order to cope
this problem, it is not assumed that T ¢(u,v) is in exact
spondence with Iy (u,v). Instead, the ZNCC measure
evaluated between I} (u,v) and I (u + k,v + [), where
Ik, l| < m. The maximum ZNCC result, obtained in the
(m+1) x (2m + 1) search region around (u, v), replaces
ﬂ NCC,,(u, v) in equation 3.

W2 Evaluating the influence of 3D rotations

iicorrect results obtained by the texture similarity measure
lefined in equation 3 could mislead the triangulation pro-
%55, Therefore, an evaluation of its robustness to scene
sformations such as 3D rotation, is essential.

In order to evaluate the performance of the measure un-
er3D scene rotations, several tests where conducted on real
irtual scenes. In each test, several images of a gradu-
fotated scene were taken. The goal of the tests was to
laluate the behavior of physically valid triangles with re-
o invalid ones. The images used in one of the tests
esented in Figure 5. Figure S-a, shows 4 out of the
frames in the sequence. The triangles used in the test
illustrated in Figure 5-b. The simplicity of the scene
tilitates the tracking of the various types of triangles in
tsequence. The different types of triangles in this scene

(b)

Figure 5: (a) Some frames of the test sequence.
triangles used in the test.
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Figure 6: Results of the similarity measure of the four trian-
gles shown in Figure 5-b.

are: Tp — a vertically rotated physically valid triangle; T'; —a
horizontally rotated physically valid triangle; 7', — an invalid
triangle connecting objects by a plane over the scene: Ty -
an invalid triangle connecting objects by a plane through the
scene.

The results of the similarity measure for the four trian-
gles tracked in the 13 images are shown in Figure 6. Figure
6-a shows the similarity measure obtained without a search
region, whereas Figure 6-b presents the measure obtained
with a search region 5 x 5 pixels. As could be observed, the
separation between the physically valid and invalid triangles
is increased with the increase of the search region. Addi-
tionally, when using a search region, the matching scores
of the triangles are globally higher, and the separation be-
tween valid and invalid triangles for very small rotations is
lower. Consequently, the search region should be used only
for views of large rotations. This evaluation demonstrates
the good behavior of the matching measure. Even without
a search region, the score of the invalid triangles is usually
lower than that of the valid ones.

4 Triangulation Update

After ranking the validity of all the triangles in the images,
the next stage of our approach is to modify triangles that do
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Figure 7: (a) The flip operation of an edge e. (b) The edge
e cannot be flipped.

not conform to the planar approximation assumption. In this
stage there are two steps. First, low score triangles are cou-
pled and re-triangulated by edge flipping. Inherently, this
step produces triangles having better conformation to the
planar approximation assumption. Nevertheless, in some
cases missing matched point preclude the determination of
the correct triangulation. Hence, the second step focuses on
the addition of matching points inside low score triangles.
The re-triangulation by edge flipping is described in Section
4.1, and the addition of matching points inside low score
triangles is outlined in Section 4.2.

4.1 Updating the triangulation through edge
flipping

Given an initial Delaunay triangulation of the scene and a
matching score for each of the triangles, an edge flipping re-
triangulation algorithm is used to generate a modified trian-
gulation with an improved total matching score. Edge flip-
ping for re-triangulation is based upon an iterative process in
which edges offending some property are flipped, provided
that the shape formed by the two triangles sharing the edge
is convex. An example of such algorithm is the conversion
of an arbitrary triangulation into a Delaunay triangulation.
The flipping operation is illustrated in Figure 7. In Figure
7-a two neighboring triangles are re-triangulated by flipping
their common edge. In Figure 7-b, the neighboring trian-
gles do not form a convex quadrilateral, so the flipping is
not possible.

Re-triangulation by edge flipping is used here to trans-
form a Delaunay triangulation into a physically valid tri-
angulation by flipping edges that are not physically valid.
The triangles are paired for flipping based on their match-
ing score. Pairs of triangles in which flipping is tested are
the lowest score triangle and its lowest score neighbor, pro-
vided that the quadrilateral formed by them is convex. After
each flip, the matching score of the new triangles is evalu-
ated, and the flip is kept only if the total matching score is
improved. A flagging system is used to mark triangles for
which a tested flip did not improve the matching score and
triangles that do not form a convex quadrilateral. In order
to allow the re-triangulation to propagate properly, flagged
triangles are unflagged if at least one of their neighbors has
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changed. This flagging system guarantees the termination
of the flipping algorithm when all the triangles have been
flagged. The proposed re-triangulation algorithm inherently
guarantees the improvement of the total matching score of
the updated triangulation. Results are provided in Section a

4.2 Adding matching points

The process described in the previous section producesa
set of triangles that maximizes the similarity measure be-
tween corresponding triangles, thus, respecting the scene’s
geometry whenever possible. Nevertheless, some triangles
may still remain physically invalid due to lack of matching
points required for a correct planar approximation. Hence,
a refinement algorithm is used to add new matching points:
inside triangles with low score.
The proposed refinement algorithm begins by selectingd
triangle with low matching score and high confidence score
(see Section 3). The high confidence score is necessary in
order to verify correctly the added match. Let T apc bethe
selected triangle in image Iy and 7’4 pr¢» its corresponding
triangle in image /. A match candidate point D is selected
as a point with high local variance, inside T'apc. A potential
matching point D' is computed by using the warping equi-
tion between T'agc and Tar g:¢+. The point matching D is
searched for in the vicinity of D’. In order to increase ife
likelihood of the prediction D', and to reduce the required:
search in the vicinity of D', the point D is selected in the
proximity of A, B, or C.
The evaluation of the matching between two image:
points, based on their local neighborhood, is ambiguous i d
unreliable. This is particularly true for D and D', since they
were not detected by the initial, robust, feature-based matcl
ing algorithm. The resulting matched pair (D, D')is 7
to split each of the original triangles into three triangles.
The correctness of the match is then verified by measu=
ing the combined matching score of the generated triangles
givenby: F(D, D') = Match(Tapp) + Match(Tacn)
Match(Tgep) -
The measure F(D,D') is then computed for points ind
growing neighborhood of D', until a global maximum o
F(D,D') is found inside the triangle T4 :¢. The cons
straint of looking for the added matched point D' inside
the triangle T'ar /¢ is imposed in order to maintain cof-
sistency with the underlying triangulation. Since the o
main of possible positions of D’ is bounded, it is possibk
to find the maximum value by a systematic exploration. Ut
constrained optimization methods, such as the steepest e
scent approach, can be used to speedup the process. Fig
ure 8 illustrates the process of adding matching points. Figs
ure 8-a presents the original triangulation in which a miss-
ing matched point precludes the correct triangulation of
the sides of the cube. In Figure 8-b, an additional maict
has been added based upon the evaluation of the meas e
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Figure 8: (a) The original triangulation. (b) The new tri-
angulation with the added point. (c) The matching measure
that was used for adding the point.

F(D,D') presented in Figure 8-c. However, because the
matching point D’ is limited to the original triangle, a suit-
able match for D may not exist in T4 g:c. In that case, a
different point is chosen closer to the original vertex of the
friangle.

After adding a new matching point inside an existing tri-
angle, the re-triangulation process described in Section 4.1
i§ applied locally, in order to get the best possible trian-
- gle configuration before proceeding to add new matching
points.

5 Results and Conclusion

Inthis section, some results of the re-triangulation algorithm
arepresented. The examples provided are composed of sim-
ple scenes in order to clearly demonstrate the effect of a
physically valid triangulation. The first scene, shown in Fig-
ures 10-a and 10-b, consists of a pile of boxes with different
lextures, where the matching points between the views are
located at the visible corners of the boxes. The result of
Waping one view into the other based on the initial Delau-
1y triangulation of the matching points is shown in Figure
2. The discrepancies generated by the invalid triangles are
yisible on each of the three large boxes. Figure 9-b presents
i warping results obtained by using the triangulation pro-
duced by the proposed algorithm. As can be observed, the

lion, some of the valid triangles on the small boxes where
thanged to a better configuration. The changes in valid tri-
igles occur due to the fact that the re-triangulation algo-
film managed to increase the matching score. Although
k55 visible, this change in triangulation reduces the affine
Mure mapping distortion. The quantitative improvement
onthe matching scores is presented in the graphs in Figure
% In these graphs each point represents the matching and
tonfidence scores of a triangle. Figures 9-c and 9-d show the

gulation, respectively. As expected, the matching score
ifthe individual triangles is improved.

Further illustration of the effects of correct triangula-
onis presented through the application of the proposed ap-
0ach to image-based view synthesis, in Figure 10. The re-

sults in these figures were synthesized based on a 3D recon-
struction of the scenes. Those 3D models where obtained by
using the stereo disparity as an approximation of the depth
to un-project each matched points and their associated trian-
gles.

Figure 10-c shows a synthesized view which is based
on a reconstruction using a Delaunay triangulation. As can
be observed, the incorrect triangles violate the underlying
geometry of the objects. Figure 10-d shows a synthesized
view which is based on a reconstruction using the physically
valid triangulation of the proposed approach. In this case all
the triangles respect the geometry the scene.

This paper proposed a new method for the physically
valid triangulation of sparsely matched image points. A
Delaunay triangulation is first performed on the matched
points. The planar approximation assumption of each tri-
angle is verified by measuring the similarity between the
corresponding textures in the two images. Then, the trian-
gles with the lowest matching score are iteratively modified
by using the proposed re-triangulation algorithm. Whenever
re-triangulation occurs, the new configuration is evaluated.
The changes are kept only if they improve the overall match-
ing scores. The re-triangulation process stops when a con-
figuration that can no longer be improved is reached. Since
some triangles may still violate the planarity assumption, a
matching refinement algorithm based on the triangle simi-
larity measure is used. Results for real and synthetic scenes
demonstrate the advantages of the proposed approach.

The proposed approach can be adapted to a large number
of view synthesis techniques ranging from simple view in-
terpolation to complete 3D reconstruction. It can be used in
automated or semi-automated 3D CAD modeling systems
and various computer graphics algorithms such as view-
dependent mesh optimization. In augmented reality applica-
tions, where the correct positioning of graphical models in
an image is required, the problem may be considerably sim-
plified by using the proposed approach to generate a view-
dependent mesh of the scene.
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