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Appearance Sphere:
Background Model for Pan-Tilt-Zoom Camera

Toshikazu WADA

Departmrent of Information Techmology.
Okayama University
Tsushima Naka. Okayama 700, JAPAN

Abstract

Background subtraction is « simple and effective
method to detect anomalous regions in images. In
spite of the effectiveness, it cannot be used with an
actwe(moving) camera head. because the background
wmage varies with camera-parameter control. This pa-
per presents @ background subtraction method with pan-
tilt-zoom control.  The proposed method consists of
an omnidirectional background model called appearance
sphere and parallax free seusing. Based on this model.
precise background images can be genervated and back-
ground subtraction can be performed for any combina-
tions of pan-tilt-zoom parameters without restoring 3D
scene anformation.

1. Introduction

Background subtraction is a simple and effective
method to detect anomalous image regions deviating
from the known background image. For this method
to be effective. however. the following conditions must
be satisfied:

1. Background scene is stationary.

2. Camera parameters are fixed.

Tlhese conditions limit the utilities of this method.

In the real world. the stationarity assumption is vi-
olated by the following factors:

o V\ariatious of objects: fluttering leaves and flags
by the wind in outdoor scenes and the flicker of
CRT displays in indoor scenes.

e Variations of the illuminations: suulight fluctua-
tion caused by the sun and cloud movements in
outdoor scenes and the room-light variation in in-
door scenes.

Background subtraction is affected by these variations.
To cancel the variations of objects, we have to augment
the background subtraction so that the known varia-
tions are regarded as normal. To cancel the variations
of illuminations. background image must be renewed
according to the input images.

As for the camera parameter fixation assumptionw.
it disables active sensing. In most of active-vision sys-
tems. camera parameters are dynamically controlled.
This causes the following types of image variations:

o Geometric variation caused by changing the cam-

era location. view direction(pau. rilr% and zoom.

e Photometric variation caused by changing focus',
iris and shutter speed.

'Geometric variation cansed by changing the focus parameter

can easily be calibrated and is negligible in the telecentric lens.

lience, here we simply deseribe that focus control causes the
photometric variation.
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In this paper. we address the problem of hackground
subtraction with camera-parameter control. To realize
a background subtraction with camera-parameter con-
trol. we have to generate precise background images for
any combinations of camera parameters.

In general, complete 3D scene information (i.e.,
depth. optical properties of objects.....ete.) or whole
scene-appearance information (i.e.. observed images for
all possible parameter combinations) is necessary to
gencrate precise images for any combinations of cami-
era paramecters. But. those algorithms restoring 3D
scene information from images do not work for general
scenes. Also. whole scene appearance informartion can-
not be observed and stored. hecause it consists of a
large munber of images.

Many works related to gencrating images of ar-
bitrary camera parameters has been proposed in
Robot Vision[1]. Computer Graphics and Virtual
Reality[2]~[7]. but there is no method to generate pre-
cise images enough for background subtraction.

In thas paper. it is shown that if the observed images
do not involve motion parallax. inage variations caused
by changing pan-tilt-zoom parameters can exactly be
simulated from a limited number of images without
restoring 3D scene information. In our method. pre-
cise background images for arbitrary pan-tilt-zoom pa-
rameters are generated from an omnidirectional iimage
model called appearance sphere which consists of a lim-
ited number of images taken by parallas free sensing.

Our method enables not only the background sub-
traction but also many other vision tasks with camera-
parameter controls: egomotion analysis. target track-
ing. ommuidirectional stereo. ... ete. . Hence. it is con-
sidered as a basic technology in Active Vision.

Detailed method and the experimental results are
described in the following sections.

2. Appearance sphere

In practical lens systems. those rays from objects
which form a projected image always pass through the
frout and rear nodal points?. For the approximation
of the optical projection by the central projection, it
is assumed that the front nodal point is the projection
center and the mages are projected to the nnaginary
screen in front of the lens as shown in Figure 1. Here-
after. we simply call imaginary sereen “screen™,

If the images on different screens are observed with
a fixed front nodal point. they have no parvallax. We

“Principal points[8] and nodal points are equivalent if the

refractive indices of front and rear media are the same.



Lens system

igg i
2 ® Projection =
iT B Center 2
HEE . ®

- -Opucal Axis —-—

N: Front Nodal point
N': Rear Nodal Point

P

Screen

Appearance Sphere

Figure 2. Projections to a screen and appearance
sphere

call such images parallax free images. Sensing method
to obtain parallax free images is described in Section

Parallax free images can be projected to a virtual
screen by the central projection. If the projection cen-
ter aud the front nodal point are coincide. the pro-
jected images are merged without any inconsistencies
and form a scamless image on the sereen.

For the omnidirectional background image descrip-
tion. the virtual screen must be a closed surface. Ap-
pearance sphere is the projected image on a spleri-
cal screen®. Re-projecting the image on the sphere to
arbitrary planar screens. we can generate background
images of arbitrary directions and zoom as described
helow:

A planar screen having a unit normal vector D

(k.1.m) 1s represented as

ke +ly+ms=p. (1)
where p represents the distance from the origin. D and
p correspond to the view direction and the zoowm. respec-
tively.

To approximate the optical projection from 3D point to
the screen. we use the central projection whose center (front
nodal point) is on the coordinate origin. By this projection.
a 3D point P is projected to P, on the screen:

/ :
P, = =P (2)
Here we suppose a virtual spherical screen:
S(p.8) = r(cos pcos.cosysm . sin p). (3)

where r represents the radius of the sphere. and —n/2 <
p<n/2.0<6< 2r.

By the central projection whose center is located on the
origin. a 3D poiut P = (r.y.z) is projected to a point

A The shape of the virtual sereen do not have to be a sphere.
but a star-shaped surface.
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Figure 3. Projection to different screens

S(g”

.8*) ou the spherical screen:

S(p"8%) = H’T'HP. (4)
. A

—1 - ; P
= cos N e and 6 = cos T
A 3D point P is projected to P, on the planar screen
by Equation (2). which can be re-projected to the following
point on the spherical screen by Equation (4):
r r

P, =

where p*

—_— —P. 5

= ©)
This means that as long as the front nodal point and the
spherical projection center are coincide. re-projected point
on the sphere is computed independent of the intermediate
screens (Figure 2). Hence. we can construct a unified om-
nidirectional background model from a limited wmunber of
nages.

As for the image generation. a point P on the sphere
can be re-projected to a point P, on the planar screen.
where P, 1s represented by Equation (2). By substituting
P in Equation (2) by the projected point on the sphere
(r/1P]]) P. we obtain

—_—r ' p__P p
p'—p IPII” ~ D'P
1|21l
This means that the projected points on a planar screen
from a 3D point and a point on the sphere are coincide.
Hence. the mnages on any screens can be generated from
the appearance sphere.

The radius of the appearance sphere don't have to be
constant. That is. its shape can be generalized as

S(p.0) = r(y.0)(cos g cos . cos psinf.sin ). (7)
where r(p.8) > 0. In this case. since the projected points
on a screen from a 3D point P and a point on the general-
ized appearance sphere are coincide, images on any screens
can he generated based on this model.

(6)

3. Parallax free sensing

Parallax free sensing is realized by locating the frout
nodal point on the pan and tilt axes. Under this con-
figuration. the front nodal point does not move by the
camera rotation. The zoom control may shift the front
nodal point from the rotational center. In this case. we
can also adjust the frout nodal point to the rotational
center by sliding the camera body, A method of the
calibration is described in Seetion 5.1.
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Figure 4. Data structure of the polyhedral model

The screen motion with fixed front nodal point
will not cause motion parallax. Under this configura-
tion, images projected to different screens are mutually
transformed by a pair of 2D geometric transformations
independent of the scene depth as described below:

A 3D point P = (x,, yp. 5p) on a screen has a 2D screen-

coordinate value p = (e y,):
o
A\,
p=\ yr |7 (8)
b
where Xp and 17 are the 3D orthogounal basis veetors of the
screen-coordinate system satisfving XY, = Y/ X, = 0,

NI'D =¥YTD =0and [N = ||Y]] = 1. These vectors
are represented by
1 ! m 7

XNy = ——={—k Y= ——
Vv1—m? 0 V1i—m? {2
(rs.ys) in the screen-

Inversely, a 2D poiut p )
coordinate systemn has a 3D world-coordinate value P =

TpYpeTp)t . .

(oot 20) P={( X, Y, )p+pD. (10)

When a 3D poiut P is projected to p, on screen A and

py on screen B (Figure 3), I)F is represented by the follow-
2

g equation from Equation (2).(8) and (10):
Nig . .

p AP {( Nes Yoa Jpy+paDa}
Yig

DE{( Xoa Yuu Ypa+paDs}

where screen A and B have unit 11({1'111&11 vo('torsVD,‘ _an(l

Dy. distances py and pp, and basis veetors (Xp4.Y74)

and (Xys.Y8) respectively.

From Equation (11). it is confirmed that the relation-
ship between the projected points from a 3D point P on
different screens can be represented by 2D transformation
independent of the 3D point P.

. (9)

Pp =

(11)

4. Data structure and algorithm

In the case of analog appearance sphere. observed
nnages are projected onto a sphere. But. in prac-
tice. since digital immages counsist of pixels. pixels on
the sphere should be uniformly distributed and have
the same topology as that of square grid so that the
interpolation can he performed on it. Unfortunately.
we cannot define such sampling points on the sphere.

To construct the generalized model without inter-
polation. we employ a polyhedral appearance model?
wlose facets are the images taken by the parallax free
sensing (Figure 4(a)).

The polyvhedral appearance model consists of ver-
tices and facets. These objects must have the following
attributes:

YPolyhedral model is included in the generalized appearance
sphere in Equation (7).
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vertex: 3D location (r.y. z).

facet: Normal vector D. distance p and the image 1.

The visible vertices projected inside the image frame
can casily be extracted from the model (Figure 4(b)).
To determine the visible facets corresponding to the
visible vertices, each vertex should have links to neigh-
boring facets. Also. to determine the visible area of
cach facet. each facet should have the links to the ver-
tices on its corners. Hence, the set of vertices and facets
form a bidirectional hipartite graph as shown in Figure
4(¢).

Background images are generated by the following
algorithu:

1. Extract the visible vertices.

2. For each extracted vertex. extract neighboring

facets.

3. For each extracted facet, compute the visible area

and compute the pixel values i the area by Equa-
tion (11).

5. Experimental results

Here we show expernmental results of rotational
center calibration, background image generation and
anomalous region detection using SONY 3-CCD cam-
era DXC-325 with Canoun zoow lens VCL-810BX.
5.1. Calibration of the rotational axis

The rotational axes location can be calibrated to be
just on the front nodal point based on the following
properties (Figure 5(a) ):

e If a beam light passes the front nodal point of the
camera, any points on the beam are projected to
the same point on the screen.

If the front nodal point is just on the rotational

axes. a beam light passing the front nodal point

always passes the point while rotating the camera.

For the calibration. we use a linear stage mounted
on a pan stage and a laser heaw oscillator (Figure 6),
and the calibration is done by the following maunner
(Figure 7):

Stepl Set a laser beamm so that it passes the front
nodal point of the camera.

A bright spot appears on a translucent sereen by the
lascr beamn as shown in Figure 5. If the beam passes the
front nodal point. two spots on translucent screens of dif-
ferent depth are projected to the same point on the image
plaunc.

Step2 Rotate the stage to the left side. and measure
the distance hetween beam spots in the observed
images sliding the linear stage. The sane mea-
surewment is performed for the same angle to the
right side.
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Step3 The stage location which minimizes the sum of
the distances is optimal.

Figure 8 shows the 1,1(11)11 of this calibration result
for rotational angle 12°. The horizontal and vertical
axes represent the linear stage location and the dis-
tance between the projected spots respectively. From
this figure, the optimal stage location is (l(‘t('umn(‘d
as 13.5[cm]. With this stage location. Liorizontal view
angle of the camera is determined by measuring the
maximum rotation angle which keeps an object in the
frame. The horizontal view angle measures 34°.

5.2. Image generation and region detection

To construct the polyhedral appearance sphere. 12
images are observed by panning the camera clockwise
from a fixed view point with rotational angle interval
about 30° (Figure 9). Eacli image size is 512 x 480.

The 1st order radial lens distortion coefficient of the
observed image is computed by Tsai's alg()utlnu[f)] and
the image distortion of the observed images are re-
stored based ou this coefficient. The crossing line of
the observed images are determined by the template
matching and the images are pasted into a polyhedral
cylinder (Figure 10).

5.2.1 Calibration of model parameters

In this process. diameter of the model. image center
and rotation angles of observed images are calibrated so
that sum of the rotation angle is equal to 360° and the
total matching score is maximized. In this experiment,
the diameter is determined as 834.416 pixels. The dif-
ference from the predetermined diameter 837.338 is less
than 3 pixels. This means the preciseness of the rota-
tional center calibration.

5.2.2 Calibration of observed image

Figure 11(a) shows an observed image at approxi-
mately 105°. (b) is the generated image at 105°. and
(¢) is the differcnce between (a) and (b). This result
shows that the pan angle 105° is not accurate as the
model parameter.

To determine the correct angle, mean errors of the
pixel values hetween the observed and the geuerated
images are computed by changing the angle parame-
ter. Figure 11 (d) shows the graph of the mean error.
From this graph. the optimal angle is determined as
104.64°.  Generated image at tlns angle is shown in
(e). and the difference between (a) and (e) is shown
in (f). The mean error and the standard deviation of
pixel value are 2.9 and 6.28 respectively. From this
result. we can notice that the accurate angle of the ob-
served image is required to generate accurate image.
While the accurate angle can be found by minimizing
the error, this procedure is computationally expensive.
Fortunately. since a small angle of rotation can be ap-
proximated by the translation. it is enough to find the
optimal horizontal translation minimizing the error.

5.2.3 Anomalous region detection

Figure 12 shows the region detection result. Figure 12
(&) is the observed image at approximately 70° with an
unknown object, (b) is the generated image at at this
angle. and by translating the generated image by 5 pix-
els left side. the region detection result (¢) 1s obtained.
The trauslation is determined by minimizing the dif-
ference hetween the generated and observed 1mage. In
this experiment. to neglect the shadowed regions by the
object. regious are detected by thresholding the cosine
of RGB-color vector angles between the mmages for cach
pixel. The threshold levelis (0.98.
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Figure 10. Polyhedral appearance model

6. Discussions

From the experimental results. it is noticed that
many types of calibrations are necessary for our task.
This distinguishes computer-vision tasks from the
virtual-reality and imaging tasks[2] ~ [7].

These calibration is classified into three types: 1
physical calibration (rotational axis, view angle), 2
model calibration (diameter.image center..... etc.), and
3) observed image calibration (rotation angle).” The
most severe calibration is 3). because in most of the
cases, the distance to the screen is much longer than
the pixel size. and hence a small angular error produces
a crucial geometric error of the generated image. But.
a small angular error can be approximated by transla-
tion. such error can he easily recovered.

The angle resolution 8(.r) corresponding to the pixel
resolution at . on the screen is represented as:

. r . =
M) = ltan"' (I—i‘—(—)—{) —tan™! <l———0—J—> (12)
I R
where R represents the distance to the screen. The
angular error w which produces 1-pixel image distor-
tion satisfies the following equation:

R 4 ) o . 9t <
X {tan § —tan §—w -2 dll(—{z—)

where ¢ represents the view angle of the camera.

In our experiment with fixed zoom. 5(0) = 0.069° at
the image center. 8(256) = 0.062° at the image frame,
and w +0.38° which corresponds to £5.574-pixel
translation. Rotational stages having small angle step
less than 0.06° are conunonly used. Also. if the angular
error less than 0.38° presents, the optimal translation
can be found without generating many images

7. Conclusions

We proposed a background subtraction method for
»an-tilt-zoom cameras. This method consists of paral-
le free sensing and ommidirectional background model
called appearance sphere.  The most distingunishing
property of our 111(‘&10(1 1s that no 3D scene mforma-
tion 1s necessary, 1.e.. the result is not affected by the
geometric and photometric properties of the scene.

The ossontia& idea of the image generation itself hap-
peus to be equivalent to that of 31 ~ [6] in the ﬁo}d
of Computer Graphics and Virtual Reality. But, to
generate precise images enough for Active Vision tasks
analyzing real-world scene, parallax free seusing and
some other calibration techmques described 1n this pa-
per are necessary. That is. ()n[ly the total technology of
our method enables real-image analysis.

Since our method enables not only the background
subtraction but also many other vision tasks with
sensor-parameter control. this method 1s considered
as a platform of Active Vision. Such tasks. egomo-
tion analysis. target tracking. omnidirectional stereo.
.. eteo can be realized based on our method. This
will be done in the future works.

=1, (13)
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