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Abstract

This paper presents a new algorithm for stereo matching which
makes use of simultaneous matching, surface reconstruction, and
segmentation of world surfaces. By integrating these three phases,
which are traditionally temporally separated, the algorithm can
make use of the current surface information to help disambiguate
the potential matches.

After discussing the required mathematical background, the
paper describes the integrated process of matching, reconstruction
and segmentation. Unlike past attempts at integrating these pro-
cesses, the presented algorithm uses a single smoothness criterion
for both matching, reconstruction and segmentation. The segmen-
tation part of the process is based on estimates of surface bending
energy, and is significantly different from previous segmentation
algorithms. Examples are presented showing results on both syn-
thetic images and camera acquired images. The camera-based ex-
amples include both a traditional type scene with two objects, and
a scene with transparent objects.

1 Introduction

Stereopsis is a technique for computing depth from two disparate
images of a scene. This section discusses the background the prob-
lem which caused us to adopt our integrated approach. The pro-
cesses of feature detection, matching and surface reconstruction
and their inter-relationship are also discussed.

1.1 Background

As stereo vision is very important in many areas, the central task
in stereo is to solve the correspondence problem, i.e., identify fea-
tures in two images that are projections of the same entity in the
three-dimension world. Once this is done, one can compute the
distance to this entity. Ideally, one would like to find the corre-
spondences of every individual pixel in both images of a atereo pair.
However, it is obvious that the information content in the inten-
sity value of a single pixel is too low for unambiguous matching.
In practice, therefore, coherent collection of pixels are matched.
These collections are determined and matched in two distinct ways
([Barnard and Fischler 82]):

(1) Area-based matching tries to match an area of pixels in
one image to another image. A small window is chosen as the
matching unit. A window in one image is matched with a range
of windows in the other image using cross-correlation or similar
measure of the similarity between two windows.

(2) Feature-based matching attempts to match some specific
points, individual edge points, or linear edge segments which con-
sists of chains aligned edge points. However, the feature matching
necessarily leads to a sparse depth map and the rest of surface
must be reconstructed by approximation.

Feature-based matching has been more effective in stereo (see
[Medioni and Nevatia 85]), and the remainder of the paper will
concentrate on an algorithm that uses this approach.

1.2 Motivation

Traditionally, there are a number of constraints that can be used
to prune the possible search space for candidate matches. For
example, many algorithms use the sign of zero crossing, the “ori-
entation” of the feature, epipolar geometry, etc.. These constraints
are heuristically-based on assumptions about the imaging system
and feature detectors. Yet, in general, these constraints are in-
sufficient to remove the matching ambiguity for all features, and
systems must employ more potent assumptions.

Among the most common classes of powerful assumptions is
the imposition of a smoothness constraint. Even before the advent
of computer vision, it was noted in (Gibson 50] that depth usually
varies “smoothly™ across surfaces. Thus, the disparity values de-
rived from matching should also vary “smoothly”.” This smooth-
ness constraint can then be used to further constrain the matching
process, and thus resolve moet of the ambiguities. While this is an
important observation, it leaves the meaning of “smoothly™ up to
the reader.

In vision research there have been many stereopsis models pro-
posed with different “smoothly” varying disparities, such as, the
continuity constraint of [Marr and Poggio 79, figural continuity
in [Mayhew and Frisby 81| (see also [Kim and Bovik 86]), the dis-
parity gradient limit of [Koenderink and vanDoorn 76), (see also
(Pollard, Mayhew and Frisby 85]), the analytic disparity fields of
{Eastman and Waxman 85}, and the local planar/quadric patches

*Note that this constraint does not hold at the boundary of three dimen-
sional objects and therefore the disparity along projections of such discontina-
ities need not be smooth.




of {Hoff and Ahuja 87). All the constraints are intended to enforce
a model of surface smoothness. However, they only partially cap-
ture the desired model. There are several problems in the above
models:

1. It is difficult to translate surface smoothness constraints into
disparity smoothness constraints. Depth is a nonlinear func-
tion of camera geometry, pixel position, and disparity. There-
fore, smoothness assumptions are different in disparity space
and real world. (Most of the above references model smooth-
ness in disparity space). While it may be possible to define a
realistic smoothness assumption in disparity space, it seems
more likely to be able to do so for world surfaces.

2. Obviously, the matching process provides constrains for sur-
face reconstruction. One interpretation of the smoothness
constraint i8 to impose conditions on the matching phase
such that the resulting reconstructed surface is generally
smooth.. Traditionally, matching and surface reconstruc-
tion are two separate and time-sequential processes. Thus,
matching could not make use of information from the recon-
struction stage.

3. There may be multiple surfaces in the image. An edge seg-
ment may crosses different surfaces (e.g. when the contrast
between the boundary of surfaces is not strong enough), and
the disparity will not vary smoothly along the edge segment.
Thus. algorithms that try to use a disparity smoothness over
a window to locate the correct matcher will fail if the window
cross several surfaces. This implies that surface segmenta-
tion must be incorporated into the matching process.

As to the surface segmentation problem, the most common
approach is to determine the “discontinuity boundaries” in sur-
face depth, surface orientation and/or surface curvature. This ap-
proach usually requires some reconstruction of the surface, and this
presents numerous problems. First, in order to correctly recon-
struct a surface, knowledge of the data segmentation is generally
required. This results in a difficult chicken-and-egg problem. To
make matters worse, the quality of the reconstruction in the neigh-
borhood of an unmarked (i.e. as yet undetected) discontinuity is
generally poor. Thus the localization of the discontinuity of it-
erative reconstruct/segment approaches, see e.g. [Terzopoulos 84]
or [Hoff and Ahuja 87}, will be questionable. Furthermore, any
boundary-based segmentation approach will require considerable
post processing to handle extended multiply connected objects (say
behind a picket fence) and may never be able to handle transpar-
ent surfaces where locally there are only a few points on any one
surface.

A final remark about traditional segmentation is related to
the definition of “boundaries”. It is well known that the perceived
“boundaries” of surfaces in depth share many characteristics with
subjective contours, see [Julesz 71), [Marr 81]. This suggests thata
definition of “boundaries” in depth might be accomplished by some
secondary processing which is shared with “boundary” detection
from other visual modalities.

To ameliorate the above mentioned problems with boundary-
based segmentation, this paper proposes that segmentation of 3D
information should simply classify points as belonging to the same

surface. The determination of boundaries will be relegated to some
secondary process which will not be discussed here. !

In computer vision, as well as other domains, researchers have
used minimal surface bending-energy as an assumption to aid in
surface recovery, i.e., the acceptability of a “smooth surface” is in-
versely related to the energy (in term of a regularizing functional)
of the surface, for example, see [Grimson 81], [Terzopoulos 84
[Wahba 84),  [Franke 82],  [Hoff and Ahuja 85],  [Lee 85],
[Choi and Kender 85), [Blake and Zisserman 86]. [Boult 86], and
[Lee and Pavlidis 87). Thus, bending energy appears to be a natu-
ral choice for a “measure” determining if a group of points belong
to the same surface. The bending energy of a surface f is given

(@) o

Of course, the above measure can only be the basis for a practi-
cal measure for segmentation. Qther issues that must be addressed
by a practicable measure include:

s Determination of the threshold for separation of a group or
alternatively defining the tradeoff between the number of sur-
faces and sum of the energy of these surfaces to keep the sys-
tem from segmenting the data into a large number of planar
patches (which have zero energy). (The algorithm presented
herein follows the first approach.)

¢ Careful determination of how to handle surface size or equiv-
alently, the area over which the energy is measured.

o Relation of the energy to the number of data points,

e Determination of which point(s) in a group are the cause of
a surface energy which is too high, i.e., the credit assignment
problem.

¢ Relation of “depth” discontinuities and “orientation” discon-
tinuities and how they effect the energy measure.

The authors acknowledge that there are numerous other mea-
sures of “surface smoothness™ as might be implemented by para-
metric surface patches (e.g. [Allen 85}) or volumetric models (e.g.
see [Rao, Nevatia and Medioni 87}, [Boult and Gross 87}, or
[Bajesy and Solina 87]. These approaches deserve careful consid-
eration in future research efforts.

2 Mathematical Model and Tools

From the above discussion, what we need is a model of smooth
world surfaces. By using such a model and some mathematical
tools, we can simultaneously do matching, surface reconstruction
and segmentation.

2.1 Definition of the Model of World Surfaces

The assumed model of world surface is intimately related to tech-
niques for regularized surface reconstruction, see {Boult 86]. The

1Of course this view cannot be taken too far, there must be some limit to
the number of possible “transparent” surfaces and some limit to the extent of
any “disconnected”® object which will be recognized as connected.
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increasing and segmentation could not proceed with a region
growing method.

can be written in terms of similar to

Because of the above difficulties with the “natural” choices x & Y, 2
for the domain of integration, the algorithm uses the following =1 L=t mu[ L Jy (el yiziowi))", 2 dy)'
heuristic: given the starting basis, the algorithm computes the ) ]
' * o ( T.y:72;, dz d
energy of the surface over a square region which is centered around Ix IY' (s yl)) !
the centroid of the data (including the points not yet considered)
with the length of the side of the rectangle 100 times larger than While the general energy integral has not been computable
the larger dimension of the rectangle bounding all data points. in closed form, the above simpler integral is computable in closed

form. In particular, one can derive:

2.4 Derivation of Bounds on Energy of Surface

Xo Ye 2
/ / (Koo(z, g9, )z dy =
X I

Given the definition of the spline as in equation 3, one can symbol- ( 1y Xu— 9 X X3
ically compute bounds on the energy. To begin, the exact form of 9 |tan™( Y. -¢ ) .(T RS
the energy integral is manipulated to explicitly expand the squar- + 37 X2 -5 X))
ing operation ‘and move the differentiation and integration inside
the sum, to wit: + Mn—l( ..—t) ( —-t-y3
floll pos gt = '5 Y2~ ‘e Yo+ Y(tt - %)
Xo tYe 25~ croy )\ ?
{/ / ((a E.:la.ng.y.z‘.y.)) + (Yu—t)-(X..';‘3-(6-!-}'“—3-(}'3“17))
x v oz + 3 (B X249 (s X0 - 87 Xu)))
+2. (522.-@ iK(z, y‘rny-))
dzdy + xu.(3.y3+g.(¢.y‘3_ﬂ.y“))
L
YL aiK(z. vz %)
+( By ) dz dy + 3-Y..~(3'X3+9-(3-X3—s’-X.,))]
l

{/ /Y- ((h i’f_(‘&l';;ny-))) -9-[tan“(X‘_’) (-7: e XD

i=1
+2'(Z.:("*8 K(z.y;x;.yi)))2 +%.92 X} - X))
. ! 8z 8
i ’ N + tan\(P2t) (G-t V3
(Z(o.———azK z ““”’)))2) dzdy} F3YISB Y W= sY)
(5) b Yem (X g6tV =3-(¥2=8)) (T
TrS ( Yo (aiK oal ) +g (3 X2+ 9 (s- X -9 X0))
izl =i\ Jx, Jy, \@ifles T Y W

(oK eulz,yi 250 y;)) dz dy )

25 T (fx,‘ S (0iK gz vz ) b 3Yee(3-XP40-(s-XP-s? "“”]

+ X-(3-Y2+9-(t-Y2-12.Y,)

+
(oK ey(z i 2,0 u5)) d2 dy) s
, +9-[1an (G2 o Elsxp
Zt.zl ):,.:1 (Ix,' f,:'(a;K,,(z.y;z.'. w)) + ’(, —-s2.X)
+
'(aJ'KII(:-V;zi'yi)) dz dV) + tan~Y( |I_.) (
+30-Y7 - . Y, l(t‘ )
While it would be most appropriate to symbolically integrate 2
the terms in the last of the above equations, the authors (and + (Vi - ‘) (Xi- rlf (6-t-¥-3- (};1 )]
MACSYMA) have been unable to obtain a solution. Fortunately, + 53 B-XP+9-(s- X - s X))
a symbolic solution can be obtained for bounds on the above equa- 2
tions. First note thatif V; > 0,1 =1,...,n then + Xl‘(3'yls+9‘("ylz" 29))
Z 12, 1“: 8; (mm(V,,V)) ) 3 1 _ 43,
=1 g + 3-Y-(3-X2+9-(s- X} -4 X))
(T Tpoyaicai Vs (6) e ’

(2_ z" 180 a, (max(V.,V,)) .

In fact, the upper bound is trivially true even if some of the Vs
are negative. Thus an upper bound on the energy integral above




-9. tan"(%).(XT“. —s-X3
+382-X2-4%. X,)

+ tan N (F2E) - (B -1y
+3. 2 -2+ L - eY)

776t Y =3 (Y2 - 1%)
+ g5 (3 X249 (s- X2 -52. X))

+ X (3-YP2+9-(t-Y2-12-1)

+ 3-Y1-(3-X3+9-(s-.\'3—s’-Xu))]

Similar derivations exists for the two integrals

Xu (Yo 2
/ / (Kzy(z.y:9,1)) dz dy
Xy

and
X. rY. 2
L [ Rtz v 0z ay
X N

(The latter can, in fact, be obtained by a change of variables in
equation 8.)

Combining equations 6 and evaluating the formulas as in 8
one can obtain closed form equations for the upper bound on the
energy of a reproducing kernel-based spline. The lower bound is
a bit more difficult. If the terms K z(z,y:2:, vi), Key(2 320 0i)s
and K, (z.y:z;,p:) were all nonnegative, then the bound from
equation 6 would apply. Unfortunately, the terms may be negative.

For the segmentation process, it is considerably more conve-
nient to use a single number (i.e. if energy £threshold) rather than
developing some technique to handle both upper and lower bounds.
While the upper bound alone could be used, this seems to produce
too conservative an estimate. Thus, throughout this paper. the
phrase “energy” of a surface refers to the heuristic estimate given
by the average of the upper bound and the “lower” bound from
equation 6 divided by the number of points defining the surface.
While this is theoretically a meaningless number, the results in
later sections support this as a reasonable heuristic. When we de-
rive a true lower bound. we believe that the same heuristic will be
appropriate, only it will be more robust.

3 The Integration of Matching, Surface Re-
construction, and Segmentation

Matching, surface reconstruction and segmentation work “coop-
eratively” in this stereo algorithm. The first pass determines the
potential matches for features, and the uniquely matching features
determine initial depth data which is used for surface reconstruc-
tion (and segmentation). The current surface reconstruction pro-
vides the surface smoothness constraint which is used to disam-
biguate the remaining potential matching features, updates the
surface reconstruction/segmentation as it goes.

The algorithm has five phases:

1. image acquisition and camera calibration,

2. feature detection,

3. determination of the potential matches, and the amount of
ambiguity for each feature,

4. initial reconstruction and segmentation of surfaces,

5. disambiguation of the remaining ambiguous features with
continual refinements of the segmented surface reconstruc-
tions.

Each of these phases is described in turn.

3.1 Image Acquisition and Camera Calibration

The stereo images were taken using a single camera at two dif-
ferent positions. Because of the rotation of the camera and lens
distortion, it is difficult to have a horizontal epipolar line. How-
ever, we still can estimate the non-horizontal epipolar geometry
(see the feature detection phase).}

The aim of calibration is to calculate the perspective transfor-
mation matrix between 3-D world coordinates and image coordi-
nates. The algorithm used by the system is based on a procedure
in [Duda and Hart 73], see also [Ballard and Brown 82). Given the
measured 3-D world coordinates of a number of non-coplanar cal-
ibration points and the corresponding 2-D image coordinates, the
coefficients in the perspective transformation matrix can be com-
puted by least square solution. Given the perspective transfor-
mation matrix, the camera parameter can be calculated if needed
(e.g.. see [Ganapathy 84)), and the depth value of features can also
be computed after the matching phase completes.

3.2 Feature Detection

The features used are an interest operator based on [Moravec 79),
and the zero crossings of the Laplacian of the Gaussian (e.g. seee
{Marr and Hildreth 80]). The reasons for using multiple features
are:

1. Since the feature points of interest operator are very sparse,
most of the points are uniquely matched. We can make use
of the already matched pairs to estimate the non-horizontal
epipolar geometry (mainly, the vertical disparity). This is
needed to match the zero-croesings which cannot be easily
distinguished vertically.

2. The zero crossing of the image provide a large number of fea-
tures for matching algorithm, unfortunately the localization
of these features is not highly accurate (especially if there
are errors in vertical disparity). The features from the inter-
est operator are not very dense, however, they provide very
accurate localization of the features. By combining the two
different types of features, we can avoid the problem that
features of the stereo system are too sparse, have poor local-
ization, or are sensitive to noise.

{Although it is not difficult in principle to calculate non-horizontal epipolas
geometry from camera parameters and imaging geometry, most stereo systems
would rather nse a parallel camera model 1o allow the use of the more efficient
scan-line coherency coastraint.
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sparse (and often noisier) near the boundary resulting in a
poor boundary definition. This is a disadvantage because it
requires a secondary process (possibly using ideas borrowed
from work on subjective contour perception or Gestalt psy-
chology) to determine the actual boundary. It is also is a
disadvantage because depth discontinuities induce a region
where no potential matches can exist. Because the algorithm

does not develop boundaries, it cannot make use of this ob-
servation.

+ The algorithm can easily be adapted to different measures of
surface smoothness. This is advantageous because it allows
for greater flexibility, but disadvantageous because determi-
nation of the most appropriate measure is difficult. The mea-
sure used in the experiments presented herein has proved to
be a reasonable one.

+ The algorithm uses reproducing kernel-based splines which are
essentially a global surface reconstruction algorithm and pro-
vide for efficient serial implementation for sparse data (say
< 1000 points per surface). If there are more points then the
algorithm can be extended to use local reproducing kernel-
based splines (loosely based on [Franke 82]), at the cost of
making the surface definition localized to patches. The lo-
cal method has been evaluated and performs reasonably well
on large data sets but very poorly on sparse data (probably
because some of the patches may have little or no data).

% Since the current algorithm segments the depth data by one
pass, the order of processing of points will effect the resul-
tant segmentation, especially when two surfaces come into
direct contact and join in a rather smooth fashion (e.g. the
wedge example above). This may actually be used to help in
the segmentation process by processing the data in multiple
orders and using any difference in data labeling to suggest a
refined segmentation.

+ The linear systems which define the splines are known to be
moderately ill-conditioned, see {Boult 86). This problem is
exacerbated when the data used to define the splines is nearly
linearly dependent. Unfortunately, because of the smooth-
ness assumptions implied by the model, if two points are
very close in z,y, (relative to the size of the area z,y being
considered), and have similar z values, the information be-
comes more linearly dependent (if the Z values are different
they will almost assuredly be segmented). Fortunately, and
directly because it is almost linearly dependent, such infor-
mation does not significantly effect the reconstructed surface.
Thus, the algorithm can determine that such information is
redundant and discard that information. Currently, this is
done heuristically but future work will investigate the useful-
ness of such information in modifying the confidence of those
points which are maintained by the system.

— The algorithm currently uses a heuristic approximation of the
surface energy divided by the number of data points in the
surface as a threshold for the segmentation. This is a hack,
and future work must attempt to redress this issue. Luckily,
this threshold for energy-based segmentation does not seem
as sensitive az say thresholds for segmentation of an image
based on intensity.

— The algorithm assumes one is interested in smooth surfaces and
will most likely fail when this assumption is not satisfied.
Unfortunately, the algorithm cannot gven determine if the

assumptions are satisfied (For example, consider a rough sur-
face similar to a plane covered with a large number of small
densely packed cones. If the data supplied to the algorithm
are points on the background and the peak values of the
cones, the algorithm is hopelessly doomed to predict two
planar surfaces.)

~ The algorithm is surfaced based, and cannot deal with data
from multiple views of a volumetric object. Additionally, it
will often fail if noise is such that a single z,y location is
assigned multiple data values (of the same type).

5 Experimental Result

One set of synthetic images and two set of real images are presented
to illustrate the performance of the algorithm. Both are 512 by 512
with 8 bits of grey scale. The purpose of the synthetic images was
to enable us to obtain some estimates of the error of the system.
The other scene poses more realistic problems.

We first comment on the graphical display of surfaces. The
reproducing-kernel splines (like almost any approximation algo-
rithm) are not extremely good at extrapolation and display of
the surface far from any data would be misleading. Since the re-
construction does not determine boundaries, there are no “clean”
edges for display. Thus, the graphical display shows only the por-
tion of the surface in the convex-hull of the data. The display of
occluding or transparent surface is also difficult (with resorting toa
ray-tracer) and thus, some of the surfaces are presented “floating”
in space.

Figure 1 shows two planes synthetic image. the ¥, y value
are in the range [—.1,2.0] with two synthetic camera locations
at a distance of approximately 40 units. The equations of the
underlying planes are z = 0 when z < 1, and z = 2z when z > 1.
The reconstructed surfaces can be seen in figure 2.

The system uses 2 synthetic images, first for calibration and
then for the stereo processing. In the calibration phase the z value
for the center of each square is assumed known, and the image
coordinates of each square are obtained by thresholding and com-
puting the centroid.

After stereo processing, the estimated depth values were com-
pared with the underlying plane equations, assuming the error was
in the direction of left-camera position. The RMS of error is 0.049
with variance 0.045. The maximum value of the error was .111 on
the plane z = 0 and .45 on z = 2z.

Figure 3 shows a stereo pair of images of a cup and a playing
card. The range of depth values is 90 mm to 140 mm (measured
in z direction), and the camera location was at about 300mm (left
camera on the z axis). Figure 4 shows some of the output of two
feature detectors. In this example, the algorithm found 264 unique
matches and 923 ambiguous points which could be disambiguated.
The remaining 230 points were rejected (declared unmatchable)
either because they had too many potential matchesor no potential
matches with similar features. Figure 5 shows reconstructions after
the algorithm has successfully performed matching, reconstruction
and segmentation on the two surfaces in the scene.

The third example shows that the algorithm can work well
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[igure 3: Left and

Figure 4: The left i:nage is the output of interest aperator. and ¢
right image is the zero crossing of the Laplacian of the Gaussia

Figure 31 Reconstrichion of two segment
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Figure 7 The left image is the ontput of interost operator, and the
right image is the zero erossing of the [aplacian of the Gaussian.

Figure ¢ Reconstraction of two segmented surfaces
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