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Abstract—A new space-mapping method for object location
estimation, which is adaptive to camera setup changes, for use in
various automation applications is proposed. The location of an
object appearing in an image is estimated by mapping image
coordinates of object points to corresponding real-world coordi-
nates using a mapping table, which is constructed in two stages,
with the first stage for establishing a basic table using bilinear
interpolation in the camera manufacturing environment and the
second for adapting the table to changes of camera heights and
orientations in the application field. Analytic equations for table
adaptation are derived by skillful utilization of both image for-
mation and camera geometry properties. Good experimental
results are shown to prove the feasibility of the proposed method.

Index Terms—object location estimation, space mapping, table
adaptation, camera setup changes.

1. INTRODUCTION

Video cameras are used in various automation applications,
including automatic estimations of object locations in indoor
environments using object images acquired by cameras affixed
to walls or ceilings. A conventional solution to the object lo-
cation estimation problem is to conduct camera calibration to
obtain a set of camera parameters, followed by using the pa-
rameters to compute the object location [1-6]. Most camera
calibration methods use landmarks to compute camera para-
meters [4, 5], and the process is generally complicated. A
flexible method based on this approach is proposed recently by
Zhang [6], which only requires the camera to observe a planar
pattern shown in a few different orientations. An alternative
approach to object location estimation is to use a
space-mapping table [7-10] which transforms the image space
into the real-world space, thus avoiding the work of computing
camera parameters. The table is constructed with the aid of a
calibration pattern before the camera is deployed in an appli-
cation environment.
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The space-mapping based approach to object location esti-
mation, however, is sensitive to camera setup changes. That is,
after a space-mapping table is constructed for a specific camera
setup according to a certain camera-environment configuration,
the camera should be used in identical configurations thereafter;
otherwise, the table will not work. This weakness causes in-
convenience in using the camera in various application fields.

To solve such a camera-setup sensitive problem for the
space-mapping approach, one way is to construct a new table
for every new camera-environment configuration. But this is
often difficult to carry out after the camera is delivered to a user
who does not know the mapping table construction process
or/and has no calibration pattern for use in the field. In this
study, we investigate the possibility of automatically modify-
ing the original space-mapping table for use in the new envi-
ronment. Note that this problem of adapting the space-mapping
table to new camera setups has not been studied so far. The
camera is assumed to be general in type with a fixed focal
length and affixed to a ceiling. In case sharpness of taken im-
ages is concerned, a wide-angle camera with a small hyperfocal
length of just a few inches may be used, which always takes
sharp scene images at distances beyond a half of the hyperfocal
length.

In the following, we first describe the idea and the detail of
the proposed method in Sections II and III, respectively. Some
experimental results are given in Section IV, followed by con-
clusions in Section V.

II. IDEA OF PROPOSED METHOD

The proposed method includes two stages, one conducted in
an in-factory environment and the other in an in-field one. The
details are described in the following algorithm. See Fig. 1 for
an illustration.

Algorithm 1. Object location estimation by space-mapping
table construction and modification.

Stage 1. Construction of a basic space-mapping table in the
factory (see Fig. 1(a)).

Step. 1 Affix the camera to the ceiling at a certain height H,
with the optical axis of the camera pointing to the floor
perpendicularly.

Step. 2 Place a calibration pattern O on the ground right under
the camera, take an image of it, extract relevant feature
points from the image, and find the coordinates of them.

Step. 3 Measure the real-world coordinates of those feature



points in the calibration pattern which correspond to the

extracted feature points in the image.

Step. 4 (Coordinate mapping) Use a quadrilateral mapping
technique to construct a basic space-mapping table T,
which maps each image coordinate pair (u;, v)) to a
real-world coordinate pair (x;, ;).

Stage 2. Modifying the basic table for a new environment

(see Fig 1(b)).

Step. 5 (Ceiling-height adaptation) If the new in-field camera
setup to be carried out includes just a change of the
original ceiling height H,, perform the following oper-
ations to modify the basic table T; else, go to the next
step.

5.1 Affix the camera to the ceiling and measure the
new ceiling height H,.

5.2 With H, as input, modify table 7 into a new one 77
by a technique of ceiling height adaptation (de-
scribed later in the next section), and go to Step 7.

Step. 6 (Camera-orientation adaptation) Perform the follow-
ing operations to modify the basic table T.

6.1 Affix the camera to the ceiling, and measure the
ceiling height L and the camera’s orientation 6.

6.2 With L and @ as input, modify table T to be a new
one 7, by a technique of camera orientation
adaptation (described later in the next section).

Step. 7 (Location estimation) Locate an object B in the
real-world space using T in the following way.

7.1 Acquired an image / of B with the camera.

7.2 Detect B in I and find a feature point p on it with
coordinates (u, v).

7.3 Use (u, v) to look up T to get the real-world coor-
dinates (x, y) of the real-world point P corres-
ponding to p as the desired object location result.

Note that in the above algorithm, we assume that the
processed object feature point in Step 7 is on the ground.

IITI. BASIC SPACE-MAPPING TABLE CONSTRUCTION AND
MODIFICATIONS

As mentioned in Step 4 of Algorithm 1, a quadrilateral
mapping technique has been designed in this study to perform
the construction of a space-mapping table 7 by two steps: (1)
finding pairs of corresponding quadrilaterals, one in the cali-
bration pattern in the image and the other in the real world, and
(2) transforming the image and real-world coordinates of cor-
responding points within the quadrilaterals using a bilinear
interpolation technique, as illustrated by Figs. 2 and 3. The
details are omitted due to the page limit.

After the basic table is obtained with the camera affixed to a
ceiling at a certain height H, with respect to a floor Fy, if the
camera is used later at a different ceiling height H, with respect
to a second floor F, then the table is no more applicable and
table content modification is necessary, which we call ceil-
ing-height adaptation, as mentioned in Step 5 in Algorithm 1.
To do this, first note that an image point p is formed in principle
by any of the real-world points which all lie on a light ray R

going into the camera’s lens and then onto the image plane. As
illustrated in Fig. 4(a), suppose that this light ray R intersects
floor Fy at Py and floor F at P;. If the image coordinates of p
are (u, v), then the real-world coordinates (x, yo) in the basic
table corresponding to (u, v) actually are those of Py on Fj
instead of being the desired ones, (xi, y1), of P; on Fy. To cor-
rect this error, we derive first the following equalities according
to the concept of side proportionality in a triangle:

H]
V=Y (1)

HO Hl]
That is, the table lookup result (xg, yo) corresponding to the
image coordinates (u, v) of a real-world point P; on F should
be magnified in proportion to H;/H, to be (x;, y1) as the desired
result. Note that we assume here: (1) the real-world coordinate
system x-y-z is set up at the camera’s lens center, (2) the optical
axis is taken to be the z-axis, and (3) the location of object point

P described by (xi, y;) is measured with respect to this system.
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Fig. 1. Illustration of camera setup. (a) Construction of space-mapping table in
Stage 1 of proposed method. (b) Camera setup changed to be with a new height
of L and an additional tilt angle of 6.

(a) (b)
Fig. 2. Illustration of quadrilateral shape extraction from a grid pattern on floor.
(a) An image of the grid pattern. (b) The lines approximating the grid lines.



(a)

(2, v2)
(uy,v1)

(x1,31)

(%2, y1)

L, P

(xr, yr) 7! (u3,v3)

(u,v4)

(x1,32) (x2,32)

real-world plane image plane

(®)

Fig. 3. Quadrilateral mapping. (a) Mapping of corresponding quadrilaterals in
the image and the calibration pattern. (b) Location estimation of a space point
by inverse bilinear interpolation.

Now, assume that the camera is affixed to the ceiling diffe-
rently with a tilt angle of 6 and a height of L with respect to
floor F;, as shown in Fig. 4(b). Here, the location of object
point P, on F; to be estimated is specified by the real-world
coordinates (x;, y;) with respect to the downward projection
point O of the camera’s lens center onto F'j, where the x-axis is
assumed to be coincident with the projection of the camera’s
optical axis on F. Let the coordinates of P, in the acquired
image be (u, v). Again the basic table is inapplicable here; the
table lookup results, namely, the real-world coordinates (xo, yo),
are actually those of a real-world point on a floor Fj at a dis-
tance H, to the camera’s lens center, instead of being the de-
sired real-world coordinates (x;, y;) of P; on F|. Again, table
modification is necessary here, which is called camera orien-
tation adaptation in Step 6 of Algorithm 1.

To correct the values (xo, yo) into (x;, y;), we rotate F
through an angle of 90° — @ with P, as the rotation pivot point,
such that the resulting plane F;' becomes perpendicular to the
camera’s optical axis and the lateral view of the rotation result
seen from the positive y-axis direction becomes the one shown
in Fig. 5. The original floor F| is also shown in the figure.
Assume that the distance of P; on F' to the camera’s optical
axis is x". Then, according to the concept of side proportionality
again, we have

x, H
el @)
x" H
Also, by geometry and trigonometry we have
. x,
sinf =— ; 3)
M

. L
sinf = ———; “4)
N+H,
x -M
cosf=——; Q)
N+H,
H-(N+H
cosé’zg. (6)
M

From (4) and (5), we get N + Hy = L/sinf = (x; — M)/cos6, or
equivalently,
(x; — M)sin@= Lcosé. @)

Also, from (2) and (3), we get xo/sind = MHy/H,, or equiva-
lently,
H M sin 6
H=—; (3)

X

From (4), (6), and (8), we get
L X
M= X 2 . )
sind H sin@—x, cost

And from (7) and (9), we get one of two desired coordinates:
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Fig. 4. Illustration of camera setup changes. (a) Use of side propor-
tionality to compute coordinates of point P, on a floor F; with a ceiling
height H. (b) A camera with tilt angle 6.

On the other hand, because the x-axis on F; is assumed to be
coincident with the projection of the camera’s optical axis on F



and because the rotation of F| into F)’' is pivoted in the
y-direction, we have y'=y,. Also, according to Egs. (1) we have
V'lyo = Hi/Hy = x'Ixg. Therefore, y; = y' = yo(x'/x0), from which
and (3) and (9), we get the other desired coordinate:
Yo

H sinf - x,cos 6

vi=Lx (11)
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Fig. 5. Lateral view from positive y-axis direction of the rotation result of floor
F in Fig. 4(b) through an angle of 90° — @with P, as the rotation pivot point.

IV. EXPERIMENTAL RESULTS

A series of experiments using a fish-eye camera shown in Fig.

6(a) have been conducted to test the precision of the proposed
method for object location estimation. The camera was attached
to a rotator connected to a rod with an adjustable length, and so
can be tilted arbitrarily and raised to any height. An image
taken with the camera looking downward is shown in Fig. 2.
We show additionally three images in Figs. 6(b) through 6(d)
among those taken with the camera in two distinct categories of
setups: (A) looking downward at the heights of 200cm, 225¢cm,
and 250cm; (B) being tilted for 90°, 70°, and 50 ° at the height of
200cm. The images are all of the resolution of 1280x1024.

The first case of Category-A setups at the height of 200cm
was regarded as the original camera setup for building a basic
space-mapping table. Specifically, after the image of Fig. 6(b)
was taken with the downward-looking camera affixed at the
height of 200cm, all the grid points in the image were extracted
to get their image coordinates, forming a set [.. Also, the
real-world coordinates of each grid point were measured ma-
nually to form a set ... The two sets I. and W, were then used to
construct a basic space-mapping table T.

To test the precision of Table 7, nine non-grid points among
the grid ones, which also appear in Fig. 6(b), were selected, and
their image coordinates were collected to form a set /.. Also,
the real-world coordinates of these non-grid points are meas-
ured manually to form another set 7.". The set /.’ then was used
to obtain their corresponding real-world coordinates by table
lookup using 7, forming a set denoted by W.". Finally, the two
sets W."and W." were compared and two types of error ratio
measures were defined to compute the similarity between them:

(1) type-1 location error ratio €, with respect to the distance from the
real-world point to the camera’s lens center:

e = \/(real x, — estimated x’)2 + (real y, — estimated y,)2
=

\/real x,2 +real yf +L

where real x; and real y; are data in W', and estimated x; and
estimated y; are data in W.",
(2) type-2 location error ratio &, with respect to the effective
field of view of the camera:

_ \/ (real x, — estimated x )’ + (real y, — estimated y )’

€
’ radius of effective camera's field of view
The computed results for the two types of error ratios are
summarized in Table 1, from which we can see that the ratios
are all smaller than 5% which are practical for object location
estimation applications like indoor vehicle guidance.

Next, the cameras, still looking downward, were affixed at
two different heights 225 and 250cm, and the corresponding
error ratios were computed for some images taken by the
camera (an example shown in Fig. 6(c)). The results were also
summarized in Table 1, from which we can see the ratios are all
smaller than 5% as well. Similarly, for Category-B setups
where the cameras were affixed at the height 200cm and tilted
for 90°, 70°, and 50°, an error ratio table, namely, Table 3, was
constructed as well for the images taken by the camera (an
example shown in Fig. 6(d)). From the table, we can see that the
ratios are not all smaller than 5% this time; instead, some are
larger (6.4% and 7.5% in the last row in the table). A reason is
that the object point dealt with is located at (-320, —15) which
is far away from the image center, falls within a dis-
torted-shaped quadrilateral, and so incurs a larger error in the
quadrilateral mapping process. On the other hand, it can be
seen from the two tables that the estimation accuracy decreases
in general as the parameter value of the height, tilt angle, or
object point distance increases.

Although the emphasis of this study is on adaptation of the
space-mapping method to camera setup changes, we made
additionally a comparison of the location estimation accuracy
yielded by our method with those of two other methods [10, 11]
whose accuracy results were reported in the literature. The
comparison result is shown in Table 4, in which the average
distance errors, the approximate vehicle movement range, and
the average error percentage are shown. Some of the data were
computed in this study from the available datain [10, 11]. From
the table, we can see that the proposed method yields better
object location accuracy than the other two methods.

V. CONCLUSIONS

A space-mapping method for object location estimation by
modifying the basic space-mapping table for camera setup
change adaptation has been proposed. The method does not
require camera calibration, and is general for any camera type.
The method estimates object locations by mapping the image
coordinates of object points to the real-world ones using a
space-mapping table. An algorithm is designed to construct the
table in two stages: construction of a basic table using bilinear
interpolation, and adaptation of the table to changes of camera



heights and orientations, which often occur in different appli-

cation environments. Experimental results show that the me- [;

—

thod yields results with error ratios smaller than 5% in most

cases, meaning the practicality of the method for various ap-

plications.
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Fig. 6. Fish-eye camera and images used for experiments. (a) Camera setup.

(b)-(d) Images taken respectively with the camera looking downward at heights

200cm and 250cm, and tilted for 50° at height 200cm.
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TABLE 1
ERROR RATIOS WITH CAMERA LOOKING DOWN AT DIFFERENT CEILING HEIGHT 200CM ©, 225CM, AND 250CM.
real xy (cm) real dis- 200cm 225¢cm 250cm
" tance (cm) estimated (x, y) (cm) error ratios (type-1, type-2) estimated (x, y) (cm) error ratios (type-1, type-2) estimated (x, y) (cm) error ratios (type-1, type-2)
(-7,-24) 25 (-8, -23) (0.7%, 0.4%) (-8, -24) (0.5%, 0.3%) (-9, -23) (0.9%, 0.7%)
(-37, 36) 52 (-36, 36) (0.5%, 0.3%) (-37,35) (0.5%, 0.3%) (-38,37) (0.6%, 0.4%)
(-20, 96) 98 (-20, 94) (0.9%, 0.6%) (-20, 95) (0.4%, 0.3%) (-21,94) (0.8%, 0.7%)
(-45,-107) 116 (-44, -106) (0.6%, 0.4%) (-46, -107) (0.4%, 0.3%) (-48, -109) (1.3%, 1.1%)
(-111, -55) 124 (-112, -56) (0.6%, 0.4%) (-114, -56) (1.3%, 1.0%) (-117,-57) (2.3%, 2.0%)
(-140, 62) 153 (-140, 60) (0.8%, 0.6%) (-143, 61) (1.3%, 1.0%) (-145, 62) (1.7%, 1.6%)
(_-120219)’ 250 (-228, -104) (1.0%, 1.0%) (-233, -106) (2.0%, 2.0%) (-238, -110) (3.6%, 4.0%)
(-253,76) 264 (-257, 82) (2.2%, 2.3%) (-260, 82) (2.8%, 2.9%) (-264, 80) (3.2%, 3.7%)
(-320, -15) 320 (-317, -15) (0.8%, 0.9%) (-331,-14) (2.9%, 3.4%) (-335, -14) (3.9%, 4.7%)
average error ratio (type-1, type-2) (0.9%, 0.7%) (1.4%, 1.3%) (2.0%, 2.1%)
TABLE 2
ERROR RATIOS WITH CAMERA AT CEILING HEIGHT 200CM FOR DIFFERENT TILTED ANGLE 90°, 70°, AND 50°.
real x,y (cm) real dis- Titled for 90° Titled for 70° Titled for 50°
" tance (cm) estimated (x,y) (cm) error ratios (type-1, type-2) estimated (x,y) (cm) error ratios (type-1, type-2) estimated (x,y) (cm) error ratios (type-1, type-2)
(-7,-24) 25 (-8, -23) (0.7%, 0.4%) (-7,-22) (1.0%, 0.6%) (-7,-22) (1.0%, 0.6%)
(-37, 36) 52 (-36, 36) (0.5%, 0.3%) (-37,52) (1.5%, 0.9%) (-38, 34) (1.1%, 0.7%)
(-20, 96) 98 (-20, 94) (0.9%, 0.6%) (-22,94) (1.3%, 0.9%) (-21, 90) (2.7%, 1.9%)
(-45,-107) 116 (-44, -106) (0.6%, 0.4%) (-45,103) (1.7%, 1.2%) (-42,-103) (2.2%, 1.6%)
(-111, -55) 124 (-112, -56) (0.6%, 0.4%) (-115, -58) (2.1%, 1.6%) (-110, -60) (2.2%, 1.6%)
(-140, 62) 153 (-140, 60) (0.8%, 0.6%) (-144, 66) (2.2%, 1.8%) (-141, 58) (1.6%, 1.3%)
(-229, -101) 250 (-228, -104) (1.0%, 1.0%) (-224, -95) (2.4%, 2.4%) (-238,-110) (4.0%, 4.0%)
(-253,76) 264 (-257, 82) (2.2%, 2.3%) (-259, 82) (2.6%, 2.6%) (271, 81) (4.5%, 4.6%)
(-320, -15) 320 (-317, -15) (0.8%, 0.9%) (-330, -16) (2.7%, 3.1%) (-340, -26) (6.0%, 7.1%)
average error ratio (type-1, type-2) (0.9%, 0.7%) (1.9%, 1.7%) (2.8%, 2.6%)
TABLE 3
COMPARASION OF VEHICLE LOCALIZATION ACCURACY
Takeshita et al Park et al. Our Method
Average distance error 4.6cm 26cm 5.8cm
Approximate range of vehicle movement 2.1m 7m 6.4m
Average error percentage 5.6% 3.7% 0.9%




