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Abstract. A new space-mapping method for object location estimation which is
adaptive to camera setup changes in various applications is proposed. The loca-
tion of an object appearing in an image is estimated by mapping image coordi-
nates of object points to corresponding real-world coordinates using a mapping
table, which is constructed in two stages, with the first for establishing a basic
table using bilinear interpolation and the second for adapting it to changes of
camera heights and orientations. Analytic equations for such adaptation are de-
rived based on image formation and camera geometry properties. Good experi-
mental results are shown to prove the feasibility of the proposed method.
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1 Introduction

Video cameras are used in various applications, including automatic estimation of the
location of an object in an indoor environment using an object image acquired by a
camera affixed to a wall or a ceiling. A conventional solution to this problem is to
conduct camera calibration to obtain a set of camera parameters, followed by the use
the parameters to compute the object location [1-5]. Camera calibration methods often
use landmarks to compute camera parameters. The process is generally complicated.
An alternative way is to use a space-mapping table [6-9] which transforms the image
space into the real-world space, thus avoiding camera calibration. The table is con-
structed with the aid of a calibration pattern before the camera is deployed in an ap-
plication environment.

Space-mapping based object location estimation however is sensitive to camera
setup changes. That is, after a space-mapping table is constructed for a specific cam-
era 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 inconvenience in using the camera.
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To solve such a problem, one way is to construct a new table in a 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 table construction process. In this study,
we investigate the possibility of automatically modifying the original space-mapping
table for use in new environments. This is a new topic which has not been studied yet.

In the following, we first describe the idea and the detail of the proposed method in
Sections 2 and 3, respectively. Some experimental results are given in Section 4,
followed by conclusions in Section 5.

2 Idea of Proposed Method

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

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

and modification.

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

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

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

Step. 3 Measure the real-world coordinates of the points in the calibration pattern,
which correspond to the extracted feature points in the image.

Step. 4 (Quadrilateral mapping) Use a quadrilateral mapping technique to construct
a basic space-mapping table T, which maps each image coordinate pair (i;,
v;) to a real-world coordinate pair (x;, y;), that is, T: (u;, v;) = (X3, y;j).

Stage 2. Modifying basic table for a new environment (see Fig 1(b)).

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

5.1 Affix the camera to the ceiling, measure the ceiling height with respec-
tive to the floor, and denote it as H;.

5.2 Modify table T to construct a new one with H; as input by a technique of
ceiling height adaptation described later, and go to Step 7.

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

6.1 Affix the camera to the ceiling, measure the ceiling height and the cam-
era’s orientation, and denote them as L and 6.

6.2 Modify table T with L and as input to be T} by a technique of camera
orientation adaptation described later.

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

7.1 Acquired an image [ of B with the camera.

7.2 Detect B in [ 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 coordinates (x, y) of the
real-world point P corresponding to p as the desired object location.
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Fig. 1. Illustration of camera setup. (a) Construction of space-mapping table in Stage 1 of pro-
posed method. (b) Camera orientation change with a tilt angle of 6.

3 Basic Space-Mapping Table Construction and Modifications

The quadrilateral mapping technique mentioned in Step 4 of Algorithm 1 as proposed
in this study constructs a space-mapping table T by two steps: finding pairs of corre-
sponding quadrilaterals in the calibration pattern in the image and in the real world,
followed by transformations of the image and real-world coordinates of correspond-
ing points within the quadrilaterals based on bilinear interpolation, 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 F), 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 ceiling-height adaptation in
Step 5 in Algorithm 1. To do this, first note that an image point p is formed in princi-
ple by any of the real-world points which all lie on a light ray R going into the cam-
era’s lens and then onto the image plane. As illustrated in Fig. 4(a), suppose that this
light ray R intersects both the floor F at P, and the floor F; at P;. If the image coor-
dinates of p are (u, v), then the real-world coordinates (xo, yo) in the basic table corre-
sponding to (u, v) actually are those of P, on Fj instead of being the desired ones, (x,
y1), of Py on Fy. To correct this error, we derive first the following equalities accord-
ing to the concept of side proportionality in a triangle:
_ B H (1)

X=X Ho’ 1=X Ho.
That is, the table lookup result (x, y) 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;, y;)
as the desired result. Note that we assume here the real-world coordinate system x-y-z
is set up at the camera’s lens center and the optical axis as the z-axis, and that the
location of object point P described by (x;, y;) is measured with respect to this system.

Now, assume that the camera is affixed to the ceiling with a tilt angle of #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
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Fig. 2. Illustration of quadrilateral extraction using a grid pattern on floor. (a) An image of the
grid pattern. (b) The lines approximating the grid lines.
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Fig. 3. Quadrilateral mapping. (a) Mapping of corresponding quadrilaterals in image and in
calibration pattern. (b) Location estimation of a space point by inverse bilinear interpolation.

respect to the downward projection point O of the camera’s lens center onto F;, 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 result, the real-world coordinates (xy, y,), are
actually those of a real-world point on a floor Fj at a distance H, to the camera’s lens
center, instead of being the desired real-world coordinates (x;, y;) of P, on F. Again,
table modification is necessary here, which is called camera orientation adaptation in
Step 6 of Algorithm 1.

To correct the values (xy, 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 perpendicu-
lar 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 Fj 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, )

x'" H,

Also, by geometry and trigonometry we have

'

X
e 3)

L
N+H,

sin@ =

sin@ =

; (€]
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Fig. 4. (a) Use of side proportionality to compute coordinates of point P; on a floor F; with a
ceiling height H;. (b) A tilted camera with angle 6 with respect to the x-axis of the real-world
coordinate system.

cosf = % —M ; (5)
N+H,
H —(N+H,)
9: 1 0/ .
cos —u (6)
From (4) and (5), we get N +H,, = L/sinf= (x; — M)/cos6, or equivalently,
(x; — M)sin@= Lcos@. @)
Also, from (2) and (3), we get x(M/sin@= Hy/H,, or equivalently,
H, = H,sin@ (8)
x,M
From (4), (6) and (8), we get
M: L X# . (9)
sin@ Hsin@—x,cosé
And from (7) and (9), we get
X = LXHocosﬁ+xosin6" (10)

Hsin 6 —x,cos @

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 Eqgs. (1) we have y'/y, =
H\/Hy = x'Ixy. Therefore, y; = y' = yo(x'/xy), from which and (3) and (9), we get

VI = Lx Yo . an
H,sin@-x,cos@

4 Experimental Results

A series of experiments have been conducted to test the precision of the proposed
method for object location estimation. The fish-eye camera used in the experiments is
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Fig. 5. Lateral view (from the positive y-axis direction) of rotation result of floor F in Fig. 4(b)
through an angle of 90° — & with P, as the rotation pivot point

shown in Fig. 6(a), which was attached to a rotator connected to a rod with an adjust-
able length. The camera can so be tilted arbitrarily and raised to any height. An image
taken with the camera looking downward is shown in Fig. 2. We show additionally
here three images (Fig. 6(b) through 6(d)) taken with the camera in three distinct
setups, which are used in our experiments: (1) looking downward at the height of
200cm; (2) looking downward at the height of 250cm; (3) tilted for the angle of 50° at
the height of 200cm. The images are all of the resolution of 1280x1024.

Case (1) is regarded as the original camera setup configuration used for building a
basic space-mapping table. After the image of Fig. 6(b) was taken with the down-
ward-looking camera at the height 200cm, all the grid points in the image are ex-
tracted to get their image coordinates, forming a set denoted by I.. Also, the real-
world coordinates of each grid point are measured manually to form a set denoted by
W.. The two sets I. and W, of coordinate data are then used to construct a basic space-
mapping table T by the process described in Section 3. To test the precision of the
constructed table 7, nine non-grid points among the grid ones, which also appear in
Fig. 6(b), were selected and their image coordinates collected to form a set 1.". Also,
the real-world coordinates of these non-grid points are measured manually to form
another set W,". The set /.’ then is used to obtain their corresponding real-world coor-
dinates by table lookup using 7, forming a set denoted by W.". Finally, the two sets
W, and W." are compared and two types of error ratio measures are defined to com-
pute 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:

\/(real X, —estimated xl.)2 + (real y, —estimated yl.)2

location error ratio = - -
\/real x” +real y + I

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,)’ )

location error ratio = : : - ;
radius of effective camera's field of view
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Fig. 6. Fish-eye camera and images used for experiments. (a) The camera can be tilted and
lifted arbitrarily. (b)-(d) Images taken with the camera looking downward at heights 200cm and
250cm, and tilted for 50° at height 200cm.

Table 1. Error ratios with camera looking downward at ceiling height 200cm

estimated y distance to type-1 error type-2 error
real x (cm) estimated x (cm) real y (cm)
(cm) origin (cm) ratio ratio

-7 -8 -24 -23 25 0.7% 0.4%
-37 -36 36 36 52 0.5% 0.3%
-20 -20 96 94 98 0.9% 0.6%
-45 -44 -107 -106 116 0.6% 0.4%
-111 -112 -55 -56 124 0.6% 0.4%
-140 -140 62 60 153 0.8% 0.6%
-229 -228 -101 -104 250 1.0% 1.0%
-253 -257 76 82 264 2.2% 2.3%
-320 -317 -15 -15 320 0.8% 0.9%

Table 2. Error ratios with camera looking downward at ceiling height 250cm

-7 -9 -24 -23 25 0.9% 0.7%
-37 -38 36 37 52 0.6% 0.4%
-20 -21 96 94 98 0.8% 0.7%
-45 -48 -107 -109 116 1.3% 1.1%
-111 -117 -55 -57 124 2.3% 2.0%
-140 -145 62 62 153 1.7% 1.6%
-229 -238 -101 -110 250 3.6% 4.0%
-253 -264 76 80 264 32% 3.7%
-320 -335 -15 -14 320 3.9% 4.7%

Table 3. Error ratios with camera tilted for 50° at ceiling height 200cm

real x (cm) estimated x (cm) real y (cm) estimated y (cm) distance to origin (cm) type-1 error ratio type-2 error ratio

-7 -4 -24 -20 25 2.5% 1.6%
-37 -34 36 36 52 1.5% 0.9%
-20 -19 96 93 98 1.4% 1.0%
-45 -39 -107 -103 116 3.1% 2.3%
-111 -106 -55 -59 124 2.7% 2.0%
-140 -138 62 57 153 2.1% 1.7%
-229 -234 -101 -116 250 4.9% 4.9%
-253 -265 76 75 264 3.6% 3.8%
-320 -342 -15 -25 320 6.4% 7.5%

The computed results for the two types of error ratios are summarized as a table
shown in Table 1, from which we can see the ratios are all smaller than 5% which is
practical for object location estimation applications like indoor vehicle guidance.

For Case (2), the camera, still looking downward, was affixed at a different height
250cm and the previously-mentioned process of error ratio computation was repeated
after the proposed method was applied to the image of Fig. 6(c). The results were
again summarized as a table shown in Table 2, from which we can see the ratios are
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all smaller than 5% as well. Similarly, for Case (3) where the camera was affixed at
the height 200cm and tilted for 50°, the error ratio table constructed for the image of
Fig. 6(d) is shown in Table 3, from which we see the ratios are not all smaller than
5% this time; some are larger (6.4% and 7.5% for the last row in the table). The rea-
son for this phenomenon is that the object point dealt with is located at (—320, —15)
which is quite far away from the center of the image, falls within a distorted-shaped
quadrilateral, and so incurs a larger error in the quadrilateral mapping process.

5 Conclusions

A general 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 conventional camera calibration, and is general for any
camera type. The method estimates the location of an object by mapping the image
coordinates of object points to the real-world coordinates of the points using a space-
mapping table. An algorithm is designed to construct the table, which consists of two
stages, with the first for constructing a basic table using bilinear interpolation and the
second for modifying the table to adapt it to changes of camera heights and orienta-
tions, which often occur in different application environments. Experimental results
show that the method yields results with error ratios smaller than 5% in most cases,
meaning the practicality of the method for various applications.
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