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An Approach to 3D Object Localization Based
on Monocular Vision

Sunghoon Jung*, Dowon Jang", Minhwan Kim'™"

ABSTRACT

Reconstruction of 3D objects from a single view image is generally an ill-posed problem because
of the projection distortion. A monocular vision based 3D object localization method is proposed in this
paper, which approximates an object on the ground to a simple bounding solid and works automatically
without any prior information about the object. A spherical or cylindrical object determined based on
a circularity measure is approximated to a bounding cylinder, while the other general free-shaped objects
to a bounding box or a bounding cylinder appropriately. For a general object, its silhouette on the ground
is first computed by back-projecting its projected image in image plane onto the ground plane and then
a base rectangle on the ground is determined by using the intuition that touched parts of the object
on the ground should appear at lower part of the silhouette. The base rectangle is adjusted and extended
until a derived bounding box from it can enclose the general object sufficiently. Height of the bounding
box is also determined enough to enclose the general object. When the general object looks like a
round-shaped object, a bounding cylinder that encloses the bounding box minimally is selected instead
of the bounding box. A bounding solid can be utilized to localize a 3D object on the ground and to
roughly estimate its volume. Usefulness of our approach is presented with experimental results on real
image objects and limitations of our approach are discussed.
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3D scene creation for entertainment, intelligent

1. INTRODUCTION

surveillance, and autonomous navigation. There is

3D object reconstruction from images is an at-
tractive and challenging research area in computer

vision. It has many applications such as realistic
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extensive research on 3D object reconstruction
from multiple views [1,2]. However, in most cases,
only one view of an object or a scene is given.
Inference of 3D shapes from a single image is gen-
erally under-constrained since depth information
of a 3D object is lost through its projection onto
the image plane. Thus the 3D object reconstruction
from a single view is obviously a harder problem
than that from multiple views. Many 3D re-
construction methods [3-8] from a single image
have been proposed. In order to resolve the lack
of constraints, their applications are confined to
piecewise planar objects [5,6], surface of revolution
[7], or rectilinear buildings [8] and lots of user in-
teractions are used.

In this paper, we focus on localization of 3D
free-shaped objects from a single image without
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any prior information about the objects and user
interaction. Automatic localization and volume es-
timation of moving or stationary 3D objects in real
3D world is very useful for intelligent surveillance
in autonomous work space. It should be noted that
we are interested in only localizing the 3D objects
instead of reconstructing them accurately.

An approximation method of an object in a sin-
gle image to a 3D bounding solid in real 3D world
is proposed in this paper, which works automati-
cally when the object is on the ground. The bound-
ing solid such as cylinder or box enclosing a real
3D object can be considered as the simplest and
useful representation for estimating its 3D location
and volume roughly. The assumption that the ob—
ject is on the ground is not so strict in real world.

A projected object in input image is first classi-
fied automatically into a spheric, cylindric, or gen-
eral free-shaped object. A bounding cylinder is fit-
ted to a spheric or cylindric object. For a general
free—shaped object, its silhouette on the ground is
first computed by back-projecting it onto the
ground and a base rectangle on the ground is de-
termined by using intuition that touched parts of
the object on the ground should appear at lower
part of the silhouette. Then a bounding box related
to the base rectangle is determined enough to en-
close the object. A bounding cylinder is also de-
termined, which encloses the bounding box. The
bounding box or the bounding cylinder is selected
as the final bounding solid by considering effec—
tiveness and safety of bounding. Usefulness of
bounding solids is analyzed through experiments
with real 3D objects.

2. APPROACH TO PROBLEM SOLVING

Figure 1 shows general pose of a surveillance
camera and relationship between the camera and
an object. The 3D work space is represented with
the world coordinate system X, Y..Z., while the 2D

image space with the screen coordinate system

X

w

Fig. 1. A camera pose and definition of world,
camera, and screen coordinate systems.

X.Ys. We assume that the 3D object is on the
ground (X,,Y,.—plane) and the camera is allowed to
rotate around the X. axis (tilting) and Y. axis
(panning) at arbitrary location in the work space.
The intrinsic parameters of camera {(focal length
£, principal point (u, v), x- and y- directional effec-
tive pixel size Sy and S,) and the extrinsic ones
(tilt angle © and height A of the camera) are com-
puted by using the camera calibration method
[9,101. Our goal is to determine a 3D bounding solid
enclosing the object and its location in the work
space by using information about the projected ob-
ject in the image space. We assume that area of
the projected object is already extracted from an

input image.

2.1 Lack of Constraints in a Single Image

Let assume that a rectangular parallelepiped ob—
ject as shown in Figure 1 is projected on the image
plane. Then the projected object may be shown as
one of three cases in Figure 2. The boundaries (red
bold lines) of the projected object corresponding to
the object’s boundaries lying on the ground are
called base edges in this paper. The base edges
can be easily determined and the base shape (blue
rectangle) corresponding to the object’s bottom
plane on the ground also with the calibrated
camera. Then the height of the rectangular paral-

lelepiped object can be computed with coordinate
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Fig. 2. Three cases of the projected shape for a
rectangular parallelepiped object. Red
bold lines represent base edges and blue
bottom rectangles base shapes.

$

Fig. 3. 3D location ambiguity due to projection.

values of a known point {e.g., the point p in Figure
3) on the ground. The coordinate values of p can
be easily computed by back-projecting the corre—
sponding point p’ in image space onto the ground,
because p’ is a base edge. However there is no
simple way to estimate height of a non-base point
because of the 3D location ambiguity due to
projection. For example, the yellow floating point
of a doll image in Figure 3 is not a base edge point,
so its coordinate values in the work space cannot
be determined.

2.2 Classification of Object Types

To determine a bounding solid for a 3D object,
we first need to estimate the base edges and the
base shapes as discussed in previous section. Two
types of base shape, circle and rectangle, are suit-
able for representing the bottom shape of the
bounding solid. A circular base is good for a spher-
ic object or a cylindric one, while a rectangular
base for a box-like object. For a general
free-shaped object, an appropriate base need to be
selected because the bottom shape of the general
object tends to be irregular complex shape. In this

paper, a rectangular base is first estimated for a
general free-shaped object and then it will be
changed to a circular one if the rectangular base
looks like an elongated shape.

A bounding cylinder or a bounding box will be
used as a hounding solid which encloses a 3D ob-
ject on the ground. The former is good for a spheric
object or a cylindric one, while the latter for the
other objects basically. Therefore, we need a clas-
sification method that distinguishes a spheric ob~
ject and a cylindric one from other types of objects.

Algorithm OBJECT_CLASSIFICATION (a projected
object O in image space)
Compute circalarity C from the boundary of O ;
If C > T then determine O as a spheric object and
exit ;
Determine the silhouette of O by back—projecting O
onto the ground ;
Determine a circle most well fitted to lower part of
the silhouette ;
Compute fitness F between lower half of the fitting
circle and lower part of the silthouette ;
Determine width w of O and diameter d of the pro-
jected fitting circle in image space;
¥ F > Tyand d > w/2, then determine O as a cylin-
dric object ;
else determine O as a general free-shaped object ;

The circularity C of a projected object is defined
as 4% x area / pen'meterZ, whose value is normal-
ized form 0 to 1. A silhouette in work space for
the projected object is determined by back-projec-
ting the object onto the ground. Figure 4 shows

SR

Fig. 4. Examples of silhouette for five different
projected obijects.
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silhouettes for several different projected objects.

The most well fitted circle is determined iter—
atively by changing the diameter, whose lowest
point keeps touching the lowest point of the
silhouette. Figure 5 shows examples of determin—
ing the circle for two sithouettes. The fitness F' is
defined as a ratio, (no. of object’s boundary pixels
overlapped with lower half of the projected fitting
circle) / (total no. of pixels corresponding to lower
half of the projected fitting circle), as shown in

Figure 5. Here we can see that the fitting circle

to the water pail is suitable as a circular base while

one of the doll is not. Thus another condition for
suitability of size, d > w/2, is tested.

Fig. 5. Examples of determining the most well
fitted circle and computing the fitness and
the size suitability.

Table 1. An example of determining object type.

Through test with several real object images,
two thresholds T and T; are selected as 0.9 and
0.7, respectively. Table 1 shows an example of de~
termining object type for three different image

objects.

3. CONSTRUCTION OF 3D BOUNDING
SOLIDS

Spheric and cylindric objects are approximated
to 3D bounding cylinders, while general free—shap-

ed objects to 3D bounding boxes or cylinders.

3.1 Bounding Cylinders for Spheric Objects

A spheric object is touched to the ground at a
point p whose coordinate values are unknown, as
shown in Figure 6. However we can compute coor—
dinate values of pi and p. that are respectively pro—
jected to the known points pi’ and p2’ in image
space. Let lengths of three sides of the triangle &
opip2 be a, b, and ¢. Then area S of the triangle
can be computed from Heron's formula or by using
the radius r of the sphere in work gpace, as shown
in (Eq. 1). On the one hand, the angle & in Figure
6 can be computed by using the tilt angle of camera
and the coordinate values of pi’ in image space.
Then the length / can be determined as in (Eq. 2).

Object
Circularity (O 096 > T. 0.86 < T.
Fitness (F) - 086 > T 082 > Ty
. . . = - = 3 =57, d= 22
Size Suitabilit w =39, d = 32 w = BT, 2
ize Suitability d > wo d < /2
Object Type Spheric Cylindric General
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Fig. 6. Construction of a 3D bounding cylinder for
a spheric object.

Thus we can determine the point p that lies on the
line segment pip2. A bounding cylinder for the
spheric object can be easily determined by using
the radius r, as shown in Figure 6.

S=Vs(s—a)s—b)(s—c)=sr, s=(at+b+c)/2 (Eq. 1)

7r/22—(9)

l:rxtan( (Eq. 2)

3.2 Bounding Cylinders for Cylindric Objects

Sometimes the most well fitted circle determined
in the procedure of classifying object types cannot
be a base circle of bounding cylinder enclosing a
cylindric object, as shown in Figure 7. Radius of
the fitting circle needs to be increased, thereby a
derived cylinder established on it encloses the cy-
lindric object. Note that the center point of the fi-
nally increased circle may be different from origi-
nal center location of the fitting circle.

In the meantime, height of the derived cylinder
on an appropriately adjusted base circle needs to
be carefully determined also. An upper circle fitted
to upper part of the cylindric object is similarly
computed as in the procedure of classifying object

Fig. 7. Procedure of constructing base circles
fitted to cylindric objects.

Fig. 8. Examples of determining height of bound-
ing cylinders.

types. If center of the upper fitting circle lies just
above center of the base circle in image space, then
the height is selected as the center height of the
upper fitting circle in work space as shown in
Figure 8. If not, we can consider the cylindric ob-
ject as a skewed object. There is no simple way
of determining the height of the skewed cylindric
object. In this paper, height of the bounding cylin~
der for a skewed or not-skewed cylindric object
is determined such that center point of the upper
fitting circle and one of the upper circle of the
bounding cylinder appear at the same row in image
space, as shown in Figure 8.

3.3 Bounding Solids for General Free-Shaped
Objects

Determining of base circles for spheric or cylin-
dric objects is relatively easy, because a circle is
a regular shape. However determination of a base
shape for a general free-shaped object is difficult,
because bottom shape of the object is irregular. We
will first determine base edges in image space,
which correspond to points lying on the ground in
work space. Then a base rectangle will be de-
termined based on the base edges such that a de-
rived bounding box established on it can enclose
the general free-shaped object sufficiently. Finally
height of bounding box will be adequately esti-
mated for the object not to penetrate the bounding

box.

3.3.1 Estimation of base edges

Figure 9(a) shows three projected general ob-
jects and their true base edges. Corresponding base
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(a) (b)

Fig. 9. (a) true base edges for three general ob-
jects and corresponding ones on their sil-
houettes; (b) base edges defined in this
paper.

edges on their silhouettes in work space are also
shown in lower row. Here we can see that the cor-
responding true base edges on silhouettes remain
at their own location in work space. On one hand,
the true base edges in image space tend to be at
lower part of the projected general objects.

In this paper, base edges are defined as the edges
in image space, each of which satisfies the follow—
ing constraints.

(1) Tt should lie at lower 1/3 part of the general

object.

(2) 1t should be the lowest point in its own

column,

(3) Tts downward gradient angle should be in

the range of 190° ~ 350"

The constraints (1) and (2) are intuitively de-
termined through experiments with many real
general projected objects. Figure 9(h) shows base
edges defined by the above constraints. We can see
that almost of the true base edges in Figure %a)
are included. On the other hand, there are also some
wrong ones. However the wrong base edges will
not have an effect on what will be done in following

procedures.

3.3.2 Determination of base points and base lines

To construct a base rectangle that becomes bot-
tom shape of a bounding box, three base points are

first selected in this paler. The center base point

major
base line

minor
base line

]‘\

¢ e

]/

/ left /rlgh/‘

Fig. 10. Determining three base points and two
base lines.

p- is selected as the lowest base edge in image
space, as shown in Figure 10. The right and the
left base points, pr and pi, are selected as the first
meeting points when the horizontal line passing
through the center base point rotates in coun-
ter-clockwise and clockwise, respectively, about
the center base point. Additionally, the left base
point should satisfy the constraint lic > ler/2 and
the right one [re > lign/2, for robustness of base
point selection. These constraints prevent a base
edge near the center base point to be another base
point.

A base line is selected as the line passing
through the center and the right base point.
Another one is the line passing through the center
and the left base point. The base line that has lon—
ger length between the center base point and its
own base point is called the major base line, while
the other one the minor base line, as shown in

Figure 10.

3.3.3 Determination of base rectangle

Two base lines need to be adjusted to be perpen—
dicular each other, because they become two ad-
jacent sides of the base rectangle. The minor base
line is rotated about its own base point until the
two corresponding base lines on silhouette hecome
perpendicular each other, as shown in Figure 11.

Then an intial base rectangle can be determined
by using the left, right, and adjusted center base

points, as in Figure 12(a). However it may be too
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Fig. 12. Construction of a base rectangle and a
bounding solid (box or cylinder).

small to enclose the given general object. Thus the
initial base rectangle needs to be extended until the
derived bounding box from a base rectangle does
not encroach upon the object. Figure 12(b) shows
the base rectangle that are finally extended by
translating the left and right base points along their
own base lines as shown in Figure 12(a).

3.3.4 Determination of bounding solid

A bounding box with the base rectangle can be
easily determined in work space by pulling down
the upper rectangle of the bounding box as long
as it does not encroach upon the given general
object. In this paper, the upper rectangle is actually
pulled down until one of its two rear sides meets
the object in image space, as shown in Figure
12(c). A bounding cylinder for the given general
object can be also easily determined. The base cir-
cle for the bounding cylinder is just the circum-
circle of the base rectangle, as in Figure 12(d).

A bounding solid for a 3D object is useful for
determining its location and rough volume in work
space. We can see that, as location of the object,
the center point of the base rectangle or the base
circle in Figure 12(d) is much better than any one
of the three base points. In the meantime, we know

that the bounding box is more compact than the
bounding cylinder. However it is possible that the
bounding box cannot enclose the given general ob-
ject sufficiently. On the one hand, the bounding
cylinder tends to occupy larger work space than
the bounding box, even though the former is more
safe than the latter in enclosing the given general
object. This conflict may be solved by using the
aspect ratio (= length of minor side / that of major
side) of the base rectangle. If the aspect ratio is
greater than a threshold selected by users, then a
bounding cylinder is selected as the bounding solid.
For example, in Figure 12(d), the bounding cylinder
looks more suitable than the bounding box.

4. EXPERIMENTAL RESULTS AND
DISCUSSIONS

Figure 13 shows whole sequence of constructing
the bounding solid for a real projected chair image

e ] e e

Fig. 13. An example sequence for constructing a
bounding solid for a projected chair
image.

Fig. 14. Experimental results for spheric, cylindric,
and general free-shaped objects.
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Fig. 15. Real images superimposed with bounding solids.

according to the procedure described in this paper.
Figure 14 shows several bounding solids for
spheric, cylindric, and general free-shaped objects,
which are determined by the proposed method in
this paper. The threshold for selecting a bounding
solid between a bounding box or cylinder was 0.6
in this experiment. Figure 15 shows four bounding
solids superimposed on real images. We can see
that the bounding solids are suitable for localizing
the objects in Figure 14 and 15.

However we found that the proposed method
was good for non—skewed objects. Three skewed
cylindric objects with the same height was shown
in Figure 16, but their bounding cylinder are differ-
ent each other. This undesired results may occur
similarly in  determining bounding solids for
skewed general objects because of limitations
caused by using a single image.

Figure 17 shows other problems in the proposed
method. The base rectangle tends to be smaller
than its actual size, as shown in truck image of
Figure 17. Especially, this reducing phenomenon
occurs rear sides of a base rectangle. We found
that this phenomenon resulted from rounded left or
right sides of objects in extending initial base rec-
tangle as described with Figure 12(b). Meanwhile,
we can see correct bounding boxes for the paper

box and the rectangular parallelepiped in Figure 14,

Fig. 17. Examples of side effects occurred in proposed method.
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which have perpendicular left and right sides.
Another problem is incorrect base rectangles as
shown in forklift images of Figure 17.

In further research, solutions for these problems
will be studied by using some additional in-
formation about target objects such as their sym-
metric property and major direction of edge lines.

5. CONCLUSIONS

A method for estimating a 3D bounding solid of
an object in a single image is proposed in this pa-
per, which works without any prior information
about the object or user interaction. The 3D bound-
ing solid can be utilized not only to localization of
the object but also to rough volume measurement.
We found that the method is useful for approx-
imating non-skewed objects on the ground
through experiments with various kinds of real 3D
objects. However the method still showed un-
desired results for skewed objects and very com-
plex shaped objects because of limitations of a sin—
gle view image. The proposed method is expected
to be effectively used for navigation of autonomous
vehicles to avoid obstacles and for many other ap-
plications requiring of localizing relatively simple
objects in real 3D work space. In further research,
the method will be improved by using some addi-
tional information or knowledge about application

environment.
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