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The studies on omnidirectional cameras usually focus on design and/or development 

of the complicated structure for a wide range of view. However, difficult calibration and 
expensive cost arisen from the complicated structure of omnidirectional cameras are con-
siderable. In this paper, imprecise parameters resulted from missing calibration of the re-
flective mirrors of various profiles in omnidirectional cameras are studied. The relation-
ship between an object surface and an image plane, related to camera parameters, is thus 
derived. In addition, an algorithm of more perfect unwarped images in omnidirectional 
cameras is proposed. In practical, it is difficult and costly to make an omnidirectional 
camera consisted of the reflective mirrors of various profiles. Therefore, a simulator 
based on the derived relationship is designed to compare the omnidirectional camera of 
various profile mirrors influenced by parameter variations. There are five kinds of reflec-
tive mirrors with distinct profiles, spherical, parabolic, conical, tangent and sine, respec-
tively, compared in same size. In addition, the profile to compare the variation of these 
five mirrors is included.   
 
Keywords: catadioptric sensors, parameter calibration, mirror profiles, unwarped images, 
image processing  
 
 

1. INTRODUCTION 
 

The studies on omnidirectional (360 degrees) cameras usually focus on the design 
and/or development of the complicated structure for a wide range of view. The omnidi-
rectional field of view could be applied in a variety of realms such as autonomous navi-
gation, videoconference, virtual reality and remote monitoring. Over the past 15 years, 
researchers have studied a number of papers concerned with omnidirectional cameras 
and their application. The studies for a wide range of view make innovative features de-
veloped in consumer cameras possible for the future. Research about omnidirectional 
cameras becomes popular in the last decade. 

The complicated structure of omnidirectional cameras can be distinguished by two 
types: use of special lenses and use of convex mirrors [1]. There are two kinds of special 
lenses: fish-eye lenses and panoramic annular lenses. Using fish-eye lenses, Morita pro-
posed a motion stereo algorithm for measuring the three dimensional lines by moving a 
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single camera linearly and processing the grabbed sequential multiple images [2]. Re-
searchers at the University of Cincinnati applied a fish-eye camera to position control of 
mobile robots [3, 4]. Fish-eye lenses are a good commercial optics for wide view, but 
unsuitable for computer vision because without a single view point the images are dis-
torted. Therefore, Greguss proposed a Panoramic Annular Lens (PAL) to acquire a dis-
tortion free panoramic image [5, 6]. The complicated structure of PAL makes it difficult 
to increase the view field of tilt angles. 

There are four kinds of convex mirrors used in omnidirectional cameras: conical, 
spherical, hyperboloidal and paraboloidal mirrors. The image captured via a conical 
mirror has severe warp in center regions, but good resolution in rim regions. Yagi de-
veloped the omnidirectional image sensors, named COPIS, together with an image proc-
essing method for robot navigation [7, 8]. Like the fish-eye lens, an image captured by a 
spherical mirror has rather good resolution in the center region but poor resolution in the 
rim regions. A spherical mirror assists to catch all images around it, and the field of its 
view is the widest among sensors with convex mirrors [9, 10]. However, the single cen-
ter projection is not satisfied in the geometrical relation. The hyperboloidal mirror pos-
sesses a focal point, which easily generates any desired image projected on any desig-
nated image plane, such as a perspective image or a panoramic image, from an omnidi-
rectional input. Yamazawa et al. proposed an omnidirectional image sensor using a hy-
perboloidal mirror named HyperOmni Vision [11, 12]. The lower angle of HyperOmni 
Vision like that of a spherical mirror has good resolution, so does the upper angle of 
HyperOmni Vision like that of a conical mirror. In a word, HyperOmni Vision has the 
advantage of both spherical and conical mirrors. A paraboloidal mirror proposed by Peri 
and Nayar [13, 14] is another optic usage which has a single center of projection. The 
view field of the para- boloidal mirror and the resolution of the omnidirectional image 
are just between the hyperboloidal mirror and the spherical mirror. 

Omnidirectional cameras are complicated due to parameter variations, and expen-
sive for precise design and manufacturing. Both block the studies of omnidirectional 
cameras influenced by parameter variations. In this paper, the characteristics of various 
profile mirrors used for omnidirectional cameras are analyzed for studying the influence 
of parameter variations. To investigate the influence of omnidirectional camera perform- 
ance due to missing precise calibration, a new approximation relationship between object 
surfaces and image planes is derived. After that, the derived relationship changed with 
respect to the parameter variation reveals the performance of the omnidirectional camera 
influenced by the mirrors of distinct profiles. 

In addition to spherical, parabolic, and conical mirrors, the study on two new types 
of mirrors, tangent and sine mirrors, are included. Many researches consider that a single 
viewpoint is the primary design goal of omnidirectional cameras [15]. However, many 
applications such robot navigation may not be restricted by having a single viewpoint 
[16]. That is because the image processed for robot is unlike for human who needs clear 
picture. Therefore, the author would like to study the innovative kinds of mirrors, sine 
and tangent shapes. 

It, however, is difficult to produce real reflective mirrors for studying the perform-
ance of omnidirectional cameras with practical experiments. There are at least two diffi-
culties. First is about cost. A reflective mirror is expensive, so it will be a costly study for 
distinct reflective mirrors installed in an omnidirectional camera for comparing. Second 
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is about measurement. Captured image is very sensitive to light conditions, and it is 
complicated to accurately calculate the geometric relationship between the object surface 
and an image sensor. These two difficulties block the study of various reflective mirrors 
used in omnidirectional cameras. In this paper, a simulator for studying various mirrors 
in omnidirectional cameras is designed and implemented. The study focuses on distinct 
geometric profiles of catoptric mirrors. Five mirrors whose profiles are spherical, para-
bolic, conical, tangent and sine are installed in an omnidirectional camera for comparing 
their characteristics. In particular, mirrors of both tangent and sine which are able to re-
sult in distorted images are less revealed in the literature. The image influenced by pa-
rameter variation motivates the study of innovative mirror profiles such as tangent and 
sine. Study results show that both innovative mirror profiles have robust characteristics 
against parameter variation. In this paper, the study paves a way to develop innovative 
features for robot vision in the future. 

The rest of this paper is organized as follows. In section 2, the basic relationship 
between an object surface and an image plane, grounded for a new approximation in sec-
tion 3, is derived. In section 4, the derived relationship implements a simulator summa-
rized by a calculation procedure for researching and developing innovative omnidirec- 
tional cameras. The mirror profiles of the omnidirectional camera influenced by parameter 
variation are studied in section 5. Finally, conclusion and discussions are made in section 6. 

2. PRELIMINARIES 

The studies on omnidirectional cameras usually focus on the linear relationship be-
tween an object surface and an image plane [17]. This linear relationship has the benefit 
that it doesn’t need computation to take an original image, but restricts the application 
realms of omnidirectional cameras. So, Yagi et al. designed a conical projection image 
sensor to extend vision range for robot navigation [8]. Lima et al. designed a mirror con-
sisted of three parts, isometric, constant curvature and planar, so that the captured image 
can cover both far and near range. Stimulated by these researches, it is interesting of the 
application realms of omnidirectional cameras exploited by designing mirror profiles. 

In a study of omnidirectional camera, it is important to solve relationships between 
object surfaces and image planes via a designated mirror surface. Suppose that a fixed 
object surface S ∈ R3 captured by catadioptric sensors is given and an image sensor in a 
camera consists of an image plane I ∈ R2. A given mirror surface M ∈ R3 achieves a 
transformation TM from some subset of I to S. The transformation TM borrows a ray from 
a point q ∈ I until it intersects the mirror at a point r ∈ M. As shown in Fig. 1, the 
physical conduct between object surface and image plane is that image sensor I captures 
the image of S via mirror M. Therefore, the real relationship should be G, but researchers 
usually approximate to TM. 

Lima et al. [18] and Hicks and Bajcsy [17] approached TM to differential equations. 
However, these approach equations don’t involve the parameters of an omnidirectional 
camera. It is inconvenient to study the relationship between object surfaces and image 
planes, influenced by parameter variation. In this paper, the exact relationship, G, ap-
proximated by linear polynomials is derived. For demonstrating its functions, a simulator 
of mnidirectional cameras for studying the mirrors of various shapes is implemented. 
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Fig. 1. The calculation scheme of omnidirectional vision systems. 

3. A NEW APPROXIMATION RELATIONSHIP BETWEEN 
AN OBJECT SURFACE AND AN IMAGE PLANE 

It is intuitive to find the relationship between object surfaces and image planes from 
an image sensor to an object surface. Because the focal length of a camera is fixed, every 
pixel in its image sensor maps to a fixed area of mirror surface. By catoptric principle, a 
given area on a mirror surface maps a fixed scene on an object surface. As shown in Fig. 
2, the ray trace L1 goes through the lens focus from (xr, yr, zr) ∈ M on the mirror surface 
to a point (xq, yq) ∈ I on the image sensor. The ray L1 is come from L4, the ray trace from 
(xs, ys) ∈ S on the object surface to (xr, yr, zr). Instead of TM(q) proposed in literature [17, 
18], G is approximated by linear Eqs. L1 and L4 in this paper. The linear Eqs., as show in 
Fig. 1, are functions FI(q): I → M, and FM(r): M → S as follows 

r = FI(q) (1) 
s = FM(r) (2) 

where q ∈ I, r ∈ M, and s ∈ S are the points on the image sensor, mirror surface, and 
object surface, respectively. 

It should note that by optic principle an omnidirectional camera, however, captures 
an image along the ray from object surface S to image plane I that is different from the 
above mentioned. But, it is difficult to solve a point (xs, ys) ∈ S shot by L4 at (xr, yr, zr) ∈ 
M and then along L1 to reach a pixel cell (xq, yq) ∈ I. Hence, G is usually approximated 
by a relationship from I to S. 

The relationship from the image plane to the object surface is derived by finding L1 
and L4 from xq to xs as shown in Fig. 3. For the sake of simplicity, the following deriva-
tion neglects variable y. Let α be the angle between L1 and the image plane. Then,  
the angle between L1 and V1 is   .

2
−

π α  Let θ be 
1tan ( / )z x− ∂ ∂  (i.e. the curvature of mirror 

surface). Then the angle between V1 and L4 is 2 .
2
π α θ− +  Therefore, the straight lines 

L1 and L4 are 

1 : ,
q

L z x H
x

= +
λ  (3) 
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1
4 1: ( ) ,

tan( 2 )
2

s
s

x x
L z x z

π α θ

−
− =

− +
 (4) 

where x, z ∈ M, xq ∈ I, and xs1 ∈ S. We can obtain the relationship from I to S by the 
following Lemma. 

 
Fig. 2. The relationship between the object surface and the image plane. 

 
Lemma 1  By a catadioptric sensor as shown in Fig. 2, a point xq on the image plane 
and a point xs on the object surface obey the following relationship 

1 1

2 ( )
1 ( )

( ( ) ) ( )
2 ( )1

1 ( )

q r

q r
s s s

q r

r

x z x
x z x

x z x H z x
x z x

z x

′
+

′−
= − +

′
−

′−

λ
λ

λ

 (5) 

where xr ∈ M, z′(xr) = ∂z(xr)/∂xr is the curvature of the mirror surface, λ is focal length, 
and H is camera height from the ground as shown in Fig. 2. 
 
Proof: On the object surface, one point satisfies 

xs = xs1 + xs2. (6) 

xs1 and xs2 can be obtained by solving L1 and L4, respectively. Since L1 reaches the mirror 
surface at (xs1, z(xs1)), Eq. (3) can be rewritten as 

1 1( ( ) ).q
s s

x
x z x H

λ
= −  (7) 

Besides, since L4 reaches the object surface at (xs, 0), manipulating Eq. (4) obtains 
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1 1( ) tan( 2 ).
2s s sx x z x π α θ− = − +  (8) 

After manipulating Eq. (6), substituting it into Eq. (8) obtains 

2 1( ) tan( 2 ).
2s sx z x π α θ= − +  (9) 

Substituting Eqs. (7) and (9) into Eq. (6) obtains 

1 1( ( ) ) ( ) tan( 2 ).
2

q
s s s

x
x z x H z x π α θ

λ
= − + − +  (10) 

Because 

tan( ) ,
2

qxπ α
λ

− = and 

1tan( ) ( ) ( )r sz x z xθ ′ ′= =  

Eq. (10) can be rewritten as 

1 1

2 ( )
1 ( )

( ( ) ) ( )
2 ( )1

1 ( )

q r

q r
s s s

q r

r

x z x
x z x

x z x H z x
x z x

z x

λ
λ

λ

′
+

′−
= − +

′
−

′−

                          

Note that Eq. (5) is also expressed by 

2 ( )
1 ( )

( ( ) ) ( ) .
2 ( )1

1 ( )

q r

q r
s r r

q r

r

x z x
x z x

x z x H z x
x z x

z x

λ
λ

λ

′
+

′−
= − +

′
−

′−

 (11) 

Because xs1 = xr due to V1 on a parallel with z axis as shown in Fig. 2. Eq. (5) is more 
meaningful in expressing the relationship from the image plane to the object surface, 
while Eq. (11) is more convenient to calculate this relationship. 

The relationship from xq to xs concerns with (xr, zr) (i.e. (xs1, z(xs1)), a point on the 
mirror surface. This point is dependent on the mirror profiles. The point (xr, zr) can be 
solved by the intersection between L1 and the mirror surface. The curvature of mirror 
surface decides (xr, zr) how to point (xs, 0) on the object surface from Eq. (11). Therefore, 
the distinct profiles of mirror surface have distinct characteristics. For studying this 
property in detail, five kinds of mirrors are defined with the same height and width as 
follows: 

Mp: 2 2z R L R x= + − −  for |x| ≤ w, and z ≤ h (spherical mirror) (12) 
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Mpa: 2 2z R L R fx= + − −  (parabic mirror) (13) 

Mc: 
hz x L
w

= + (conical mirror) (14) 

Mt: tan( )
4

z h x L
w
π

= × + (tangent mirror) (15) 

Ms: sin( )
2

z h x L
w
π

= × + (sine mirror) (16) 

where R is the radius of the spherical mirror, f is the parameter of the parabolic mirror, 
and L is the distance from mirrors to ground, (xr, yr, zr) ∈ M, w and h are the width and 
height of these five mirrors, respectively. These five mirrors are found based on a 
spherical mirror that is visible by the image sensor of an omnidirectional camera. After 
the visible area of the spherical mirror (i.e. w and h) is found out, the other four mirrors, 
conical, tangent and sine mirrors, are built according to the found w and h. Based on the 
omnidirectional camera parameters, mirror height L = 710mm, camera height H = 
440mm, mirror radius R = 1,200mm, focal length λ = 3mm, Fig. 3 shows the profiles of 
these five mirrors in which the width and height of all mirrors are w = 335.7226 mm and 
h = 47.9191mm, respectively. 

 
Fig. 3. The profiles of five distinct mirrors. 

4. A SIMULATOR OF OMNIDIRECTIONAL CAMERAS 

In this section, a simulator is designed and implemented according to Eq. (11). The 
simulator also demonstrates the derived relationship. The simulator can compare the 
performance of these five mirror profiles mentioned as above. In addition, the simulator 
is utilized for analyzing the parameter variation of an omnidirectional camera in section 
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5. A calculation procedure summarizes the simulator implemented for omnidirectional 
cameras. 

The simulator is implemented according to a perspective mirror model as shown in 
Fig. 2. The simulator colors the pixels of the image sensor with the color of the object 
surface position traced by the rays L1 and L4. The main calculation makes use of the rela-
tionship between xq and xs as expressed by Eq. (11). The calculation of the simulator is 
summarized by the following procedure: 

 
1. Take the calculated pixel position xq, 
2. Get L1 from Eq. (3) according to focus λ and camera height H, 
3. Solve the intersection (xr, zr) between L1 and Eqs. (12)-(15) selected by regarding the 

mirror profiles, 
4. Calculate the curvature of the mirror profile, z′(xr), at (xr, zr), 
5. Calculate xs from Eq. (11). 

 
Exactly, the mirror surface of the omnidirectional camera is a three-dimensional 

space (i.e. xr, yr, zr). As above, the calculation procedure approximates it by two dimen-
sions (xr, zr). Besides, the variables of the image plane and the object surface are ap-
proximated by xq and xs, respectively. The approximation is according to Eq. (11), an 
easy understanding form. The practical calculation of the procedure regards xq and xs as 
the norm of a point in the polar coordinate. By the catadioptric principle, the polar angle 
of xq equals to that of xs. Hence, the beginning calculation only makes use of xq, but re-
serves its polar angle. After solving xs, the polar angle is accompanied to figure out an 
exact point on an object surface. 

The simulator pastes the colors on the object surface on the pixels in the image 
sensor according to Eq. (11). During the calculation for pasting colors on the image 
plane, the central point of a pixel is regarded as xq corresponded with xs solved by the 
calculation procedure. After solving xs, the object surface color on xs is pasted on the 
pixel located at xq. 

The simulator also compares the performance of five mirror profiles installed in the 
omnidirectional camera. In the simulator, the parameters of the omnidirectional camera 
are L = 710mm, H = 440mm, R = 1,200mm, and λ = 3mm. Besides, the pixel dimension 
of the image sensor in the omnidirectional camera are 640 × 480, in which every pixel is 
square at length 0.0099mm. Fig. 4 shows the pixel-distant curve, i.e. the relationship 
between xq and xs, conducted by the omnidirectional camera using the same size of 
spherical, parabolic, conical, tangent and sine mirror profiles, respectively. Notice that 
two parabolic mirrors which parameter f is 0.6 and 0.8, respectively, are compared in the 
study. As shown in Fig. 6, the spherical mirror captures the largest scene, but the sine 
mirror captures the smallest one. 

Fig. 5 shows the images captured by the omnidirectional camera. As shown in Fig. 
5, the image of the colored square smoothly reduces area as it is far away from the cam-
era center. The tangent, conical and sine mirrors get distorted images, but the scene taken 
by the tangent mirror is larger than by the conical and sine mirrors. However, the tangent, 
conical and sine mirrors lose some images around its center so that four colored squares 
placed on the image center are smaller than the others. This phenomenon can be verified  
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Fig. 6. The unwarped images by one point inside one pixel on the image sensor. 

 
Fig. 4. The pixel-distant curves performed by five mirrors. 

 
Fig. 5. The images captured by various mirrors. 
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on Fig. 6 that the unwarped images of the tangent, conical, and sine mirrors have a small 
white circle in the center. The sizes of the small white circles are ordered by the tangent, 
conical, and sine mirrors. As a result, except the spherical mirror, the tangent mirror 
captures the largest scene, and has the smallest area lost as reading. 

As shown in Fig. 6, the retrieved images result in lots of white spots. That is be-
cause the same size pixels in the image sensor capture unequal areas on the object sur-
face. But here we let every pixel image be the same area on the object surface. So, some 
pieces of the object surface can not be retrieved, and miss its colors shown as the white 
spots. For eliminating the white spots, the algorithm of multiple calculation points inside 
one pixel is proposed. If one sensor pixel is separated by n points in vertical and hori-
zontal edges, respectively, then this pixel makes use of n2 calculation points. The un-
warped images retrieved by 16 calculation points inside one pixel are depicted in Fig. 7. 
Fig. 7 shows the algorithm with multiple calculation points captures very nice unwarped 
images. 

 
Fig. 7. The unwarped images by 16 points inside one pixel in an image sensor. 

 

Notice that the algorithm of multiple calculation points used for the unwarped im-
ages exhaust much computation time. Let the object surface be divided into fixed size 
resolution that a user can accept. Then, the unwarped images solved from the object sur-
face to the image plane maybe a good strategy for spending less computation time. 
However, the inverse function of Eq. (5) which is from the image plane to the object 
surface is needed for the strategy. It is difficult to solve the inverse of Eq. (5). To make a 
table based on Eq. (5) for the relationship between the object surface and the image plane 
is another strategy to solve the inverse relationship. To make the table is a good choice 
of solving the unwarped image for short computation time. 

5. ANALYSIS OF IMAGE VARIATION DUE TO IMPRECISE PARAMETERS 

In this section, the performance of the omnidirectional camera influenced by impre-
cise calibration is studied. The study is based on the relationship between xs and xq with 
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respect to the parameter variation. The influence focuses on comparing the performance 
of these five mirrors installed in the omnidirectional camera, respectively. 

Installed with different mirror profiles, an omnidirectional camera has different re-
lationships between xq and xs. Their relationships can be solved by the mirror surface 
equation and Eq. (11). Eqs. (12)-(16) are individually substituted into Eq. (11) as follows 

2 2
1( ) q

s s
x

x L R H R x
λ

= + − − −
2 2

1 12 2
1 2 2

1 1

( 2 ) 2
 ( )

( 2 ) 2
q s s

s
s q s

x R x x
L R R x

R x x x

− +
+ + − −

− −

λ

λ
    (17) 

λ
q

ss
x

fxRHRLx )( 2
1

2 −−−+=
1

2
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2
1

2
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2
2
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2)2(

2)2(
)(

sqs

ssq
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fxxfxR

fxfxRx
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2

(1 ( ) ) 2
( ) ( )

(1 ( ) ) 2
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q

h hxxh h w wx x L H x L
h hw w x
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λ λ

− +
= + − + +

− −
   (19) 

  1 1

2 ( )
1 ( )

( tan( ) ) ( tan( ) )
4 4 2 ( )1

1 ( )

q r

q r
s s s

q r

r

x z x
x z x

x h x L H h x L
xw w z x

z x

′
+

′−
= + − + +

′
−

′−

λπ π
λ

λ

           (20) 

where 2
1 1( ) sec ( )

4 4s s
hz x x

w w
π π′ =  

  1 1

2 ( )
1 ( )

( sin( ) ) ( sin( ) )
2 2 2 ( )1

1 ( )

q r

q r
s s s

q r

r

x z x
x z x

x h x L H h x L
xw w z x
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′
+

′−
= + − + +

′
−

′−

λπ π
λ

λ

 (21) 

where 1 1( ) cos( ).
2 2s s
hz x x

w w
π π′ =  

Eqs. (17)-(21) are the relationships as the omnidirectional camera consisted of 
spherical, conical, tangent and sine mirrors, respectively. 

The various relationships with respect to the variation of mirror height L are said by 
the following Theory. 
 
Theory 1  Let the omnidirectional camera be regarded as a perspective mirror model as 
shown in Fig. 2. Then, the relationships between xq and xs obey Eqs. (17)-(21) as the 
omnidirectional camera installed by the mirrors of spherical, conical, tangent and sine 
profiles, respectively. The variation of these relationships with respect to camera height 
L is respectively said by 

2 2
1 1

2 2
1 1

( 2 ) 2

( 2 ) 2
q q s ss

s q s

x x R x xx
L R x x x

λ
λ λ

− +∂
= +

∂ − −
, (22) 
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′
+

′∂ −
= +

′∂
−
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λ
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where 1 1( ) cos( )
2 2s s
hz x x

w w
π π′ = . 

Proof: As shown in Fig. 2, xs1 << xs. So it is reasonable to neglect the variation of xs1 
with respect to L. Therefore, the variation of xs with respect to L can be approximated by 
the derivative of Eqs. (17)-(21) under considering xs1 as a constant. Then, it is trivial to 
obtain Eqs. (22)-(26) from the derivative of Eqs. (17)-(21) with respect to L.         
 

For pratically comparing these five mirrors with same effective area, Eqs. (22)-(26) 
are figured out by data as shown in Fig. 8. Fig. 8 depicts ∂xs/∂L with respect to the  

 Fig. 8. The comparison of five-mirror variation (∂xs/∂L). 
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Fig. 9. The comparison of the pixel-distance curves as ΔL = 50mm (Solid lines are original, but dot 

lines are variation). 

 
variation of xq. In Fig. 6, the spherical and conical mirrors have linear variation, the sine 
mirror has smooth variation, and the tangent mirror severely increases variation as the 
position moves away from the center of the image sensor. In addition, the relationships 
between xq and xs represented by the pixel-distance curves as shown in Fig. 6, influenced 
by parameter variation are compared in Fig. 9. Fig. 9 compares the variations of various 
mirror profiles as ΔL = 50mm. As shown in Fig. 9, the sine mirror has the best perfor-  
mance as changing L. 

It is easy to derive the influence of camera height variation (i.e. H). The variation is  

the derivative of Eqs. (17)-(21) with respect to H. Then, the result is qs xx
H λ
∂

−
∂

 for all  

mirrors. As a result, all mirrors have the same image variation as missing precise camera 
height. 

6. CONCLUSIONS AND DISCUSSIONS 

In this paper, an omnidiretional camera installed by various mirror profiles was 
analyzed and compared. The relationship between the object surface and the image plane, 
concerned with mirror parameters was derived. The derived relationships including the 
omnidirectional camera consisted of the various mirror profiles benefit to show its per-
formance influenced by paramenter variations in equations. A simulator designed and 
implemented for the omnidirectional camera installed by spherical, parabolic, conical, 
tangent and sine mirrors, respectively, demonstrates the derived results. In addition, the 
simulator compares the performance of various mirrors incluenced by imprecise calibra-
tion. In addition, the algorithm of multiple claculation points inside one pixel is proposed 
to resolve the problem that the white spots result from the object surface grabbed by the 
image sensor in different size. With the simulator, the algorithm retrieved the unwarped 
image very well as shown in Fig. 7. 
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The simulator compares the performance of the omnidirectional camera installed by 
the same size mirrors made of various profiles. There are five mirror profiles, spherical, 
parabolic, conical, tangent and sine, in the comparing study. The spherical mirror grabs 
the largest scene, and doesn’t miss any image in a frame. And the features of parabolic 
mirrors are similar to the spherical mirror. The others, conical, tangent and sine mirrors 
miss a part of the image so that all of their unwarped images have a white circle, but the 
tangent mirror obtains the smallest white circle. i.e. The tangent mirror misses the least 
image. About the variation of missing precise sensor height, the distinct performance of 
five mirror profiles were compared by the designed simultor. The spherical mirror gets 
the linear variation, and its variation scale is smaller than the others. Although the sine 
mirror gets nonliear variation, but the range of its variation is the narrowest. Therefore, 
after changing L, the image captured by the sine mirror is the most similar to before. In 
this paper, the comparison of various mirrors used in the omnidirectional camera is stud-
ied to provide how to choose mirrors for wide application, and to make the development 
of cheap omnidirectional cameras possible. The study of this paper paves a way to de-
velop innovative kinds of omnidirectional camera in the future. In addition, an omnidi-
rectional camera for 3D images is very useful for practical applications. However, in 
practical application, many other parameter variations such as horizotial variation also 
influence the performance of omnidirectional camera. It is also the further research on 
developing the innovative kinds of omnidirectional cameras. 
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