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Range finding algorithm of equidistance stereo catadioptric mirror
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Abstract

Catadioptric mirors are widely used in automnatic surveillance system. The major drawback of catadioptric miror is its unegual
image resolution. Equidistance catadioptric mirror can be the solufion to this problem. Even double panoramic structure can
generdTe stereo images with single camera system. So two images obtained from double panoramic equidistance catadioptric
miror can be used in finding the depth and height values of object’s points. But compared to the single catadioptric mirror, the
image size of double panoramic system is relatively small. This leads fo the severe accuracy problem in estimation. The exact
axial dlignment and the exact mount of miror are the sources that can be avoided but the focal length variation is inevitable,
In this paper, the effects of focal length variation on the computation of depth and height of object’ point are explained and
the effective focal length finding dlgorithm, using the assumption that the object’s viewing angles are almost same in sfereo
images, is presented.

< Keyword : Catadioptic miror, Stereo vision, Image matching

1. Introduction

A catadioptric sensor is a sensor that con-
tains mirrors (catoptrics) and lenses (dioptrics).
For computer vision applications, catadioptric
sensors generally consist of a camera pointed
at a convex mirror. They have found many
applications in robotics, such as navigation
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and localization and in automatic surveillance
system. Additionally, many of the -classical
computer vision problems, such as stereo and
structure from motion are being studied in the
context of these sensors. Furthermore some
stereo catadioptric sensors are proposed recently
as a replacement of a traditional stereo image
acquisition apparatus. In spite of the adv-
antage of full viewing angle, the lack of unif-
ormity of resolution of common traditional
catadioptric sensors, which results in the dist-

orted image, leads to the additional image
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processing endeavor. To overcome this pro-
blem, the studies on the design of equi-
resolution catadioptric sensors have been made
recently [5]. In two projection schemes, ortho-
graphic and perspective, they derived the equi-
resolution catadioptric lens’s profiles and the
former works of Chahl and Srinivasan [2],
Conroy and Moore [3] and Ollis et al.[4] are
compared using their unified approaches on
lens’s resolution. The non-equiresolution catad-
ioptric sensor’s variation of resolution is exp-
lained by the proposed magnification factor.
In fact, equiresolution catadioptric sensors can
be designed in both orthographic projection
scheme and perspective projection scheme.
Recently the equiresolution panoramic catadioptric
lens with perspective projection has been
presented in [1] and furthermore their lens
provides stereo panoramic images that can be
used in structurerelated tasks. That lens in [1]
provides successfully two equiresolution pano-
rama images. But their stereo panorama
images might to be inadequate to compute the
structure information e.g. the depth inform-
ation. The equiresolution lens that has been
designed in orthographic projection scheme
doesn’t need to satisfy the exact focal
distance because of its inherent assumption of
the farapart focal plane from the mirror. But in
real circumstances, the orthographic projection
scheme is not applicable because of its long
distance from the mirror to the camera. The
equiresolution in perspective projection scheme
can be thought to be adequate and its usefulness
has been found easily. In [1], with the very
simple unwrapping image processing the acquired
catadioptric images can be converted to the
realistic panorama images with no severe image

distortions. From that result, the equiresolution
lens with perspective projection can be said to
provide the more superior panorama image
with the minimal additional efforts especially
in the automatic surveillance applications.

But as noted in [1], their equiresolution
catadioptric lens with perspective projection
scheme confronted with the errors in determi-
nation of structure. The sources of errors in
that case can be stated as followings: the
axial misalignment of camera with lens, the
mismatch of the axial distance from the
camera to the mirror and the mismatch of the
distance from the camera nodal point to the
image sensor with the predetermined values in
the design process. Some of the above can be
avoided but the latter problem, the mismatch
of the distance from the camera nodal point
to the image sensor with the predefined
values in the design process, can not be
avoided even the sophisticated endeavors. This
mismatch results from the inherent focusing
process of the conventional camera. To cope
with this problem, the range finding algorithm
has to take account of the variation of camera
nodal point. In this paper, the novel range
finding algorithm that exploits the effect of
camera nodal point’s variation on the depth
calculation is presented. To find out the depth
information of the given point in one image,
the counterpart in the other image is to be
found. The correspondence between two images
has been made by manual selection of points
in [1}. In this paper the correspondence of
two object’s points has been made by iine
matching method. In section 2, equiresolution
catadioptric sensors are explained. In section

3, the stereo equiresolution lens with perspective
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(Fig 1) Catadioptric sensor with orthographic
projection

v

projection scheme is presented. In section 4,
the range finding algorithm - of the proposed
stereo equiresolution lens in ideal circum-
stances is presented. The effect of the nodal
point’s variation is explained and the range
finding algorithm is presented in section 5.
Section 6 shows the experimental results.
Finally, the discussions and conclusions are

mentioned in section 7.

2. Equiresolution Catadioptric
Lens

2.1 Orthographic projection

Fig. 1 depicts the basic form of a catadioptric
sensor modeled by an orthographic projection.
The derivation of equiresolution mirror in
orthographic projection is carried by comput-
ing the infinitesimal magnification factor of
the inverse of the projection from the view
sphere to the image plane in terms of the
crosssection f, and then to require that this
quantity be constant. The magnification factor
at x can be defined as Eq. (1).

_ . 2m(cos@) - cos(g + Ag))
m, () = fim z(x+Ax) -m (D)

v

(Fig 2> Notation in the perspective case

Ap do
Since Axr  ax S Ax— 0, the following

relation can be obtained.

27 cos() - c05(¢+%m)] sin(¢) d¢
my(x)=1lim 7(2xax+ Ax?) GRS

Using the fact that ¢ =2tan” (/'(x)), we have

L)
*(1+ /()Y €)

m(x)=

2.2 Perspective projection

Fig.2 is the notation for deriving the differ-
ential equation in the perspective case. Assume
that the center of projection of the camera is
placed at the origin and that a ray of light

entering the camera is incident with the
mirror at(7:6). Then the slope of the tangent

line at (7.8) is Eq. (4).

m=d_))=5:z=j—;(cose—rsin9)
dx Z—; :—;(sin9+rc059) @)
dr

Solving this equation for gg gives the fol-
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Solving for ¢ in Eq. (6) and substituting

¥ sin@ - cosHtan(
dr

9 (cos G -sind tan( 4

®

[\

into equation (5) gives a differential equation

that may be solved numerically.

3. Stereo Equidistance Catadioptric
Lens

Typically catadioptric panoramic lens is com-
posed of a standard camera lens and a pan-
oramic mirror. As shown in Fig. 3, the sym-
metry axis of the rotationally symmetﬁc pan-
oramic mirror coincides with the optical axis
of the camera and the nodal point of the camera
lens lies at the origin of the coordinate
system. The incident ray with a zenith angle

d is reflected by the panoramic mirror M and

(Fig 3> The schematic diagram of

enters the camera lens with a zenith angle @.
Scenes from full 360° directions are captured
in the image sensor I in a ring shape and this
image can be subsequently unwarped to give

viewerfriendly full 360° panorama scene.

3.1 Equidistance mirror profile derivation.

In [1], a stereo equiresolution catadioptric
sensor is proposed. The design process is same
as the above mentioned approach. The constraint

equation used to model the mirror’ profile is
Eq.(7).

d(tan8) dp
—————==C tan¢ =—

00T ¥
The above Equation can be expressed in

terms of the spherical coordinates,

r’cos@ — rsin8
cot _—

r'sin@ + rcos@ (3
where ’is the derivative with respect to 8.
The radial and the angular coordinates can

be separated as given by,

7 sinf +cot{p(9))cosh

r  cosd- cot(¢(6))sin9

9
The distance to the mirror point is given as

_ oSIng + cot(¢(0’)) cost’
S r(é))“‘{‘”’ cos6l —cotlg(@))sin®

] (10)

where 8iis the lower bound of the integr-

ation with a corresponding distance given as

r=r@,)= pi2+zi2.
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The law of specula reflections is given by

2 an

In the equidistance projection scheme, tanf

is given as a linear function of § as given by
tang = 86 +y (12)

where Band ¥V are constants.

Two constants can be determined as

_ tan#, —tan6,

= _ 6, tan6, - §, tang,

5,-5, and | 8,-9, (13)

The Eq. (10) can be used with Eq. (13) to
obtain the desired mirror profile.

tanf —y + 50

¢©)= 28 (14)

The distinguished aspect of that design is
that the proposed system provides the equire-
solution stereo images with perspective project-
ion scheme. Equiresolution in orthographic
projection eventually provides the non-equire-

2 23

(Fig 4> Schematic diagram illustrating specular
reflections in the panoramic mirror

solution images if the conventional perspective
camera is used as the dioptric component. Fig.
4 shows the schematic diagram illustrating
specular reflections in the panoramic mirror
along with the variables used in analyzing the
mirror profile. Fig. 5 depicts the division of
the image sensor for the inner and outer
panoramic mirrors. The used CCD camera
sensor has a dimension of 15*15mm with a
2048 x 2048 pixels. The distance from the
camera nodal point to the image sensor plane
is approximately equal to the focal length
f=24mm of the
distance from the camera nodal point to the

camera lens. The axial
outer rim of the inner panoramic mirror is set
as 240mm, while the outer radius of the inner
panoramic mirror is set as 40mm.

The profile of the equiresolution stereo pan-
oramic lens with perspective projection scheme
is shown in Fig. 6. The inner and outer mirror
profiles are separately fitted with Nth order
polynomial as given by

Kp)= ;C"p (15)

where H(p)=max()-z

W \d

(Fig 5> Division of image sensor

gk QU Sl (6 63)
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(Table 1) Coefficient of mirror profile

Variable Inner mirror Outer mirror
Q 64.065800 11.785600
a 3423100 0.775000
Q 0.069800 0.001664
G 0.000442 0.000176

In [1], the mirror profiles are chosen as
Table 1.

Fig. 7 shows the calculated input ray dire-
ctions corresponding to a pixel in the sensor.
The distance in the image sensor is calculated
assuming that the distance from the nodal
point to the image plane is identical to the
camera focal length f. As can be seen, the
mirror profile in [1] has a perfect equire-

solution projection scheme.

4. Rangefinder algorithm in Stereo
Equiresolution catadioptric sensor

4.1 In case of known correspondence

Fig. 8 shows a schematic diagram of the
double panoramic imaging system for the
determination of the distance and the height
of an object point;

From Fig. 8 the following relationships can

be derived.

z{mm}

p (mm)

(Fig 6) Equidistance double panoramic
mirror profile

S{degrees)

1 K 2 E] B} 6

Emm

(Fig 7> Projection scheme of Equidistance
double panoramic mirror

r,cosB, = h—dcotd, + p, cotd, (16)
r,cos8, = h—dcotd, + p, cotd, a7

From these two equations, the horizontal dist-

ance and vertical height can be determined as

D= (p, cotd, - p, cotd,)~(z, - z,)
cotd, — cotd, (18)

and

He (z,cotd, — z, cotd, )+ (p, — p,)cotd, cotd,
cot8, —cotd, (19)

The zenith angle for the reflected ray is

given as
6 =tan™ i]
(f (20)
e
-
2550
g 240 230 “‘-

(Fig 8> Schematic diagram illustrating the
depth determination algorithm
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By measuring the two corresponding dista- B
nce &and &, for a common object point in
the image sensor, the position of the object
point can be determined using the above
mentioned equations. The image sensor is
square in shape with one side measuring
15mm and containing 2048%2048 pixels. The
distance from the camera nodal point to the

(Fig 9) Image slice used in line matching

image sensor is assumed the same as the ie. the outer image is larger than the inner
camera focal length. From the pixel position image. Furthermore the inner image’s direction
€, the reflection angle is calculated as is opposite to the outer image. Notice that the
equiresolution property is restricted to the P

9=tan"(2£ﬂj direction. Fig. 9 shows the relationship of two
2f 1024 @D images. The conventional block-based matching

) methods that use the neighborhood pixels in
From the calculatedd, the zenith angle & . . .
finding the correspondence require the additi-

for the incident ray cab be given by . )
onal area transformation process i.e. affine

dz transformation. That results the poor image
_ -1
& =2cot (E;)‘H 22) quality. So we use the line matching method

explained as following. The line matching me-

Using the following relation, 8§ can be thod needs the polar to rectangular coordinate

transform. The search range is confined to the
calculated.

angular direction, because the panoramic mi-

_ rror gives the stereo images that are not dev-
4.2 Finding the correspondence ] g, o & o
iated in angular direction. Image slice in Fig.

9 shows that the required search direction.

4.2.1 Line matching - for a given pixel of inner[outer] image

To calculate the object’s depth and height, - calculate its radius(r) and angle(s) in its
the correspondence of the object’s point ought to image plane
be found. The conventional matching algori- - select the neighborhood pixels according
thms are not applicable to our case because to the predefined Ar and AS around of a
of the difference of two image’s dimension given pixel

z = max(z) - h(p)
_ [ 249.968595 — (64.065800 —3.4231 p + 0.069800 p> —0.000442 p* )= Inner mirror
249.968595 — (~11.785600 + 0.775 p + 0.001664 p> —0.000176 p*)— Outer mirror

dz [ (3.4231-0.1396 p +0.001326 p?) — Inner mirror s
dp  |(~0.775 - 0.003328 p + 0.000528 p* )~ Outer mirror 23)

B QlEU FEES| (B 635) 155
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d(rc’sc) = 2 2 (Iinner(outer](rz t+r, si + S)— Iauter[inner](rc + r, sc + S))z
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re=—— §=——

2 2
- for every candidate location on outer[inner]
image '

- select the neighborhood pixels according
to the Ar and Asaround of that location
- compute the distances on all candidate

locations
- choose the location that gives the minimum

distance value as the correspondence pair

The following distance measure can be used

effectively.

The above mentioned procedure can be
effectively converted by the conventional
rectangular MSE matching procedure on the
unwrapped image. Fig. 10 represents the
parameters used in polar- tortectangular

unwrapping procedure.

5. The Errors in finding the depth

5.1 Misplacing of the nodal point

In [1], it was found that the result is strong-
ly dependent on the exact value of the focal

{Fig 10) The polar-to-rectangular transform

24

length and the axial misalignment. The diffi-
culty of the exact value of the focal length
results from the fact that the focusing pro-
cessing to acquire the more sharpened image
with the problem that

the distance from the

is inevitable. To cope
there is an offset in
the mirror surface, the
on the height of the

camera nodal point to
following modification

mirror was used in [1].

z,=rcosf, +A (25)

But the above modification turns out to be
inappropriate. The error in range finding pro-
cess can not be fully explained by means of
the offset in the distance from the camera nodal
point to the mirror surface. In this paper, the
alternative modeling on the variation of focal
length is presented to acquire the more accu-
rate D and H values from the correspondences
of the object’s points. The Fig. 11 shows the
length variation on the
theta. Although the
location of mirror that relates to the exact z
the focal

effects of focal

calculation of degree
value could be adjusted, length
variation is inevitable. The environmental light
condition is to be changed occasionally and
the lens aperture size is to be adjusted to control
the light intensity. This inevitably results in
the focal

perspective camera system.

length variation in conventional

5.2 Proposed range finding algorithm

Fig. 11 illustrates the schematic diagram for
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the proposed range finding algorithm. Once
the correspondence of the object’s point in
two panoramic images has been found, from
those values the overall depth and height
values are determined by the design stage
formulae. When the focal length is shortened
by 10 percent of the originally assumed focal
length, the value of theta is also decreased by
10 percent approximately. Equidistance mirror
property explains well the above mentioned
relationship. The outer and inner catadioptric
mirrors cover the range of the incident rays
from 70 degree to 180 degree. The error of
10 percent in focal length leads to about 10
percent deviation of the estimated incident ray
from the correct incident ray. In our system,
10 percent deviation of the incident ray means
11 degree deviation. This leads to the severe
error in determination of D and H values.
There are two possible approaches to find out
the exact f value. In the first method, the size
of the actual diameter of the acquired image
can be used to find the exact focal length.
The other method is explained as follows. In
Fig. 11, the correspondences of two object

points are determined using the line matching
algorithm. $u represents the pixel location of
object P; on the inner image plane. € repre-
sents the pixel location object P; .on the outer
image plane. &1 and &:are the correspondence
of object Pi. The pixel distance from & to &,
correspond to the range of the incident ray

originated from object 1 to the incident ray
originated from object 2. Except the special

case, the pixel distance from & to &u is not

equal to the pixel distance £» to .. Only if
the line extending the object point 1 and the

object point 2 is tangent to the tangential
plane of the mirror, the above two pixel dist-
ances can be equal. The equidistance property
can not be applied to the depth and height
determination process directly because of the
randomly chosen objects points. Fig. 12 shows
the detailed view of the image plane and the
estimated object points. Given four object

points, &, &, &» and &», one of the two
image planes with focal length fand f+4f
can be chosen to the more correct image plane
using the object’s view angle criteria. We can
consider the line extending the given two
point Piand ,P;. The rays in this range are
reflected on the inner mirror and the outer
mirror simultaneously. Object’s view angle in
the inner[outer] image plane is defined as Eq. ??

VA, =Bl 6

nner. ]u.v‘ng Socal length f

=l @ ]
outler? oulter Y, ine focal length f

V4

utter

V4

ottter

VA=VA!

nner

nornm{VA
VA ormatizavaiie = )

[ norm(VAL )+ normVA~,.) J

2
where norm(VA) isdefined as follows
norm(VA) = fabs(6' - 6%)

(26)

The above VA reaches at its maximum
value when the correct focal length is chosen.
In fact, this decision is equivalent to find out
the correct boundary between the inner image
plane and the outer image plane. The overall
range finding algorithm is as follows.

- Perform the image matching process bet-
ween the inner and the outer image for the
given object’s two points

- Exact focal length determination

S finat = Jihe vatue determined a design sage , calculate

- let

B2 oleil Awafs (62 62)
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(Fig 11) The schematic diagram showing the
proposed range finding algorithm (Fig 12 Detailed view of Fig. 11
VA pmazainly,, 6. Experiments
- set Af =0.1f

6.1 Image acquisition

- Calculate VAwrmalizalon S tnat A aIld VAM,,M[,-M,M

. set fu., = [ that gives the greatest VA

normalization

Spnat=8

The equidistance catadioptric mirror’s focal

- stop when YAwmaiaion|is decreased.
- Using the modified focal length value, calculate
D and H values

In Fig. 12, a and b is the boundary bet-
ween the inner and outer image. The pixel
distances estimated based on the wrong focal
length, i.e. f-4, results in the wrong estimation

of the pixel distances.

{Fig 13 Captured image (Fig 1b) Stereo equidistance images
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length is 24mm. Fig. 13 is a captured image
using the camera and Fig. 14 is the panorama
image after the unwrapping. Fig. 14 shows
the captured image is stereo and the direction

is opposite.

6.2 Line matching

Fig. 16 shows the correspondence process.
Two arbitrary object’s points are chosen
manually. Fig. 17 shows the matching result.
As seen in Fig. 16 and Fig. 17, the image
resolution is not uniform. This results from
the mirror’s relatively large profile variation to
the distance from camera nodal point to the
mirror surface. For the good matching, the
prominent image points are selected. The pixel
distances of four points form the image center
are 746, 718, 443 and 472 respectively. The
range finding starts from these four estimated
pixel distances. So the accurate pixel location
determination is very important and this dep-
ends on the correct image center localization.
The center of image is located manually. The
used matching criterion is MSE. For a given
pixel point, 10-pixel angular neighborhood and
S-pixel radius neighborhood pixels are used in

calculating MSE criterion on the every search

(Fig 16> Two image-points used in line matching

area pixel location. The search area has been
chosen as 1-pixel angular width and 40-pixel

radius width.

6.4 Focal length modification and range
finding

The experiment has been carried out using
the same configurations as in [1]. The used
value of focal length is 24.0mm and the used
value of delta is 2mm. Within 20 iterations,
the obtained results are better than that of in
[1]. Fig. 5 shows the sample estimation of
depth and height. The following equation is
used to find out theta value corresponding to
the object’s points. From this theta value
respective delta values can be acquired and
the proposed VA(two object’s view range) has
been computed. Finally, the resulting D and H

values are obtained.

9—mn'1(£§_1024]

2f 1024 (26)

Fig. 18 shows the used delta values that
are calculated using the profile function exp-
ressed by the polynomial with 4 coefficients.
Fig. 19 shows the focal length modification
process. In Fig. 19, the normalized VA values

(Fig 17> Matching result

sk QB4 HESk| (6A 63)
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(Fig 18) Delta value

are not readable. This figure shows that the
wrong focal length values can lead to the
wrong determination of D and H. In Fig. 20
the normalized VA values are depicted using
the magnified values by 10000. In Fig. 20,
the starting focal length value was 24mm.
Contrary to the case of Fig. 19, the proposed
focal length modification algorithm confines
the range of useful focal length values to the
interval from 24mm to 27.3mm. Furthermore,
value of 25.1

gives the reasonable D and H values. The

the maximum normalized VA

correct focal length value can be obtained
The real D and H
object’s point were 150mm and 300mm.

easily. values of the

f 22415455 ABUE  BISHE  2565M%  B15MH  BEHMB 215U 2 2815455

-5000

-10000 t

-15000

-20000

-25000

(Fig 19> The variation of D and H values
according to focal length values

(Fig 20) Detailed view of Fig. 19

7. Discussions and Further re-
searches

The proposed doublepanoramic equiresolut-
ion catadioptric lens with the wide vertical field
of view of 110 degrees can determine 3-D location
of the objects when the correspondence has
been determined. But the accuracy depends on

the correct focal length value. In real circum-

~ stances, the focal length often varies to achi-

eve the more focused image acquisition. In
this paper, the new focal length modification
algorithm which uses the characteristics of
variation of the object’s view angles has been
presented. The proposed algorithm provides
the better results than the original rangefinder
algorithm in [1]. From the experiments, we
have concluded that the mirror profile was not
manufactured correctly. So the estimated D
and H values do not coincide with the real D
and H. In this paper, the validity of the
proposed focal length modification method has
been tested using the relative distance of two
object’s point. Furthermore, Equidistance cata-
dioptric mirror don’t have the single view
point property, the single view point mirrors

can be easily applied to many computer
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vision applications with their concise epipolar
geometric structure. So the study and design
of the single view point double panoramic cat-

adioptric mirrors has to be carried out soon.
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