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Abstract5

We present a technique for calibrating digital cameras for stereo photogramme-6

try of cumulus clouds. It has been applied to characterize the formation of summer7

thunderstorms observed duringthe Cumulus Photogrammetric In-Situ and Doppler8

Observations (CuPIDO)project [Damiani et al. (2008)]. Starting from gross mea-9

surements of locations, orientations of cameras, and landmark surveys, accurate10

locations and orientations of the cameras are obtained by minimizing ageometric11

error (GE). Once accurate camera parameters are obtained, 3D positions of cloud-12

feature points are computed by triangulation.13

The main contributions of this paper are as follows. First, we prove that the14

GE has only one minimum in the neighborhood of the real parameters of a cam-15

era. In other words, searching the minimum of the GE enables us to �nd the right16

camera parameters even if there are signi�cant differencesbetween the initial mea-17

surements and their true values. Second, we develop a new coarse-to-�ne itera-18

tive algorithm that minimizes the GE and �nds the camera parameters. Numer-19

ical experiments show that the coarse-to-�ne algorithm is ef�cient and effective.20

Third, we present a new landmark survey based on a geographicinformation sys-21

tem (GIS) rather than �eld measurements. GIS landmark survey is an effective and22

ef�cient way to obtain landmark world coordinates for camera calibrations in our23

experiments. Validation of our technique is achieved by thedata collected by a24

NASA/EOS satellite and an instrumented aircraft. This paper can be viewed as a25

companion paper to Zehnder et al. (2007) and details the calibration and 3D recon-26

structions.27
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1. Introduction28

In meteorological terrestrial photogrammetry, stereo structures of clouds provides useful29

information for understanding their behavior. For example, Orville and Kassander (1961) mea-30

sured the heights of clouds and the vertical velocities and accelerations of cloud outlines using31

terrestrial photogrammetric technology. Warner et al. (1973) examined the details of cloud be-32

havior in a hailstorm using measurement of stereo photogrammetry of cumulus clouds. Holle33

(1982) discusses various aspects of obtaining informationon thunderstorms from cloud pho-34

togrammetric techniques. Rasmussen et al. (2003) also measured the diameter location of the35

opaque cloud debris of tornadoes. Motivation for this paperstems from the CuPIDO project36

designed to measure orographic cumulus cloud development over Mt. Lemmon in the Santa37

Catalina Mountains near Tucson, Arizona, USA. These cumuli are ideal for studying the onset38

and development of convection owing to the regularity of thelocation and timing of the diurnal39

cycle.40

The convection develops over the highest peaks and typically begins at about 9:00am MST.41

This allows cameras to be �xed in position and capture the initial development from clear-sky42

conditions. To examine the details of the cloud developmentin this environment, stereo pairs43

of digital cameras were set on a ground baseline of about 1.5 km. Images were transferred44

every 10 seconds during daylight hours to the server. From the data collected, several days,45

where the convection was suf�ciently isolated, were identi�ed and used in this pilot study.46

The images allowed us to determine the location of the initial convection, and detailed vertical47

evolution of the initial turrets during the transition fromshallow to deep convection [Zehnder48

et al. (2007), Damiani et al. (2008)]. This paper describes astereo photogrammetric technique49

for determining 3D(x; y; z) locations of orographic cumulus clouds. An detailed application of50
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this technique for orographic cumulus clouds can be referred to Zehnder et al. (2007).51

Stereo photogrammetric techniques depend on detailed knowledge of the camera properties,52

which include :intrinsic andextrinsicparameters [Hartley and Zisserman (2003)]. The intrinsic53

parameters of the camera include the focal length, pixel dimensions, principal point offset, and54

skew of the camera. It is relatively easy to obtain the intrinsic camera parameters by a camera55

calibration process [Mohan et al. (1989), Zhang (1998)], and camera manufactures also provide56

this information. The extrinsic parameters of a camera consist of its location and orientation57

in the world coordinate system, and represent 6 degrees of freedom. The orientation of the58

camera in a �eld is determined by three angles:azimuth, elevationandroll and the location by59

longitude, latitude andelevation. In a large scale region1, it is dif�cult to accurately measure60

extrinsic parameters of two cameras that are far apart, especially measurement of the orientation61

of the cameras.2
62

Methods to obtain extrinsic parameters for different cloudobservations have been described63

by Orville and Kassander (1961), Saunders (1963), Warner etal. (1973), Holle (1982) and64

Rasmussen et al. (2003). Orville and Warner and Holle obtained the extrinsic parameters by65

measurements. They assumed that a camera was held perfectlyhorizontally, that is, its roll66

angle was zero. This assumption ensures that correspondingpixels in two images have the67

same image heights and disparity,which is the difference in images from the left and right68

cameras, only occurs along horizontal direction on the image planes. Saunders outlined a more69

general method for �nding the camera orientation based on minimizing the RMS error related70

to azimuth and elevation angles of landmarks. This error wasde�ned by the RMS difference71

1See section 3 for the de�nition of a large scale region in our application.
2Although a survey transit is capable of measuring azimuth and elevation with an accuracy of10(see Rasmussen

et al. (2003)),it is dif�cult to accurately align the direction of a transitwith the optical axis of a camera manually.
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between calculated azimuth (elevation angle) and measuredazimuth (elevation angle) of several72

landmarks in the �eld. However,Saunders found the lens horizon manually. Rasmussen et al.73

expanded Saunders's methodto calibrate cameras inuncontrolled circumstances (i.e., focal74

length, azimuth, elevation angle and roll angle are unknown). Rasmussen et al. assumed that75

the exact locations of all camera centers can be measured in the �eld. Our results (see Eq.(14))76

show that the accuracy of stereo reconstruction not only depends on the camera orientations but77

also on their locations. Furthermore, since the distances between landmarks and the cameras78

were more than several kilometers, it were very dif�cult to access and accurately measure the79

azimuth and elevation angles of these landmarks to satisfy the requirements.80

Besides direct measurements of extrinsic parameters such asin [Orville and Kassander81

(1961), Warner et al. (1973), Holle (1982)], there are also two classes of approaches to ob-82

tain extrinsic parameters of cameras from multiple view geometry. One is based on image-to-83

image correspondences (IIC) [Zhang (1998), Hartley and Zisserman (2003), Pollefeys et al.84

(2004)] and second method is based on world-to-image correspondences (WIC) [Tsai and85

Huang (1984), Tsai (1987), Weng et al. (1992)].There are several IIC methods to compute the86

perspective matrix of a camera, such as 7-point, and 8-point and RANSAC algorithms [Hartley87

and Zisserman (2003)]. These algorithms require that the measured pixel locations are cor-88

rected to correspond exactly to the landmarks, requiring coordinate corrections averaging 0.0289

pixels. However, it is dif�cult to accurately locate the IICpoints in cloud images because clouds90

are far from the cameras and do not have rigid features such assharp edges and corners. Our91

experiments show that ICC-based methods fail to reconstruct 3D clouds accurately.92

The input of the WIC methods isN (� 6) point correspondences3. The existing WIC-based93

3Such world points are also called landmarks, because they are locatedon a terrain. X i $ x i between the

world pointsX i and the image pixelsx i .
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methods of camera calibration can be categorized into two classes: two-step methods [Tsai94

(1987) ,Weng et al. (1992)] and direct nonlinear minimization [Hartley and Zisserman (2003)].95

Saunders's and Rasmussen's methods belong to WIC. But their input is the angles of landmarks96

instead of their coordinates. In addition,two-step methods involve direct solutions for most97

of calibration parameters and some iterative solutions forother parameters. For example, Tsai98

(1987) derived the closed-form solutions for external parameters and focal length based on a99

radial alignment constraint, then used an iterative schemeto estimate distortion coef�cients.100

Weng et al. (1992) proposed a two-step camera calibration procedure. The closed-form solu-101

tions of the parameters were obtained in the �rst step based on the distortion-free camera model,102

and then solutions were improved iteratively through a nonlinear minimization, taking into ac-103

count two major camera distortion models. The parameters obtained by two-step methods were104

solved by linear equations whose matrix depends on the measured coordinates of the landmarks.105

Therefore, in the presence of measurement noise, the intermediate solutions do not satisfy the106

constraints and the accuracy of the �nal solutions is poor (see column in Table 3 ).107

Direct nonlinear minimization methods compute an initial estimate of the projection ma-108

trix using a direct linear transformation (DLT) algorithm,and iteratively optimize the initial109

estimates by minimizing geometric or algebraic error [Hartley and Zisserman (2003)].110

In order to obtain the development of cloud turrets, an accurate camera calibration technique111

is needed. For example, if a roll angle deviates0:5� from its real orientation, the average devi-112

ation of the distance from computed points and their real position will be larger than1000m in113

our application.In this paper, we present a technique similar to direct nonlinear minimization114

methods to compute camera extrinsic parameters for cloud reconstruction. DLT methods can115

not provide proper initial estimations in our experiments,our gross locations and orientations of116
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cameras are measured manually. The discrepancy between measurements and their true values117

may create a GE, which is de�ned by the RMS deviation between measured pixel positions of118

landmarks and their calculated projections on image planes. If extrinsic parameters approxi-119

mate to their true values, the distance between measured image pixel of the landmark and its120

calculated projection should be near zero. This means the global minimum of the GE should121

be at the true values of camera's parameters. However, does GE have multiple local minima?122

How does one approach the global minimum solution? These questions are the motivation for123

our paper. We have devised a new solution in the context of binocular vision in this paper. The124

main contributions of this paper are as follows.125

� We prove that the GE has only oneglobal minimum when the deviations of azimuth,126

elevation and roll angles from their true values areclose enough4, and landmarks are far127

away from cameras.Our analysis also revealed that it is necessary to consider the position128

and orientation of a camera simultaneously in GE minimization problem.129

� We present a coarse-to-�ne algorithm to search for the minimum of GE which does not130

need DLT to obtain an initialmeasurement.131

� We present a new landmark survey based on GIS rather than the previous �eld measure-132

ments by GPS [Rasmussen et al. (2003)]. The new approach is an ef�cient and effective133

landmark survey in our application.134

The proposed cloud photogammetry technique can be used to accurately calibrate camera135

position and orientation in a large scale region where it is dif�cult to perform landmark and/or136

camera site surveys due to accessibility and cost. By using high resolution GIS to make mea-137

surements, our technique is able to provide accurate cloud reconstruction results. On the other138

4In our application, the maximum deviation of angles is0:35(rad) (i.e. 20� ).
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hand, our technique depends on the accuracy of GIS data on theregion. This is a limitation of139

this technique, because there are no high resolution DEMs available for some places. However,140

if the DEM available, a GIS system allows the user to access the landmarks easily. Another141

limitation is that only the facing surface of clouds in both cameras can be measured, and leaves142

other parts 3D detail unknown.143

In the next section we show how our algorithm can achieve the global minimum for reduc-144

ing the geometric error associated with computation of the extrinsic parameters. In section 3,145

we show results of our algorithm on the data collected from the �eld. We also evaluated the pro-146

posed approach using radar data and NASA Multi-angle Imaging SpectroRadiometer (MISR)147

satellite images and aircraft trajectory with liquid watercontent.148

[Table 1 about here.]149

2. Binocular Stereo Photogrammetry for Cloud Observation150

In this section, we �rst brie�y describe the pinhole camera model. Secondly, we analyze151

GE of the pinhole camera model in a large scale scene. Based on the previous analysis, at152

least 6 landmarks are needed to calibrate the cameras. We next de�ne the world coordinate for153

the landmark survey and provide a method to measure the worldcoordinates of the landmarks154

based on GIS rather than �eld measurements. Finally, we present our coarse-to-�ne algorithm155

to �nd the camera parameters iteratively.156
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a. Pinhole Camera Model157

We brie�y present the basic pinhole camera model which is a combination of matrices with158

particular properties that represent the camera mapping (see [Hartley and Zisserman (2003),159

Pollefeys et al. (2004)] for details).A pinhole camera with �nite focus length isa mapping160

between the 3D world and a 2D image. That is, a point in the world coordinate frameE3
161

with coordinatesfX = ( x; y; z)T 5 is mapped to a point on the image plane with coordinates162

ex = ( x̂; ŷ)T , where a line joining the pointX to the center of projection meets the image plane163

(see Fig. 1).164

[Figure 1 about here.]165

In this paper, theX , Y, andZ axes are alongeastward, upward, and northwarddirections in

the world coordinate, respectively.x̂ andŷ are measured in pixels with top-left corner as image

plane origin (see Fig. 1). In three steps, a 3D point can be mapped on the image. These are:

(1) Transform the 3D points to the camera frame; (2) project points on the image plane; and,

(3) map the points on the image plane image coordinates.In the rest of the paper, we represent

the world and image points using their homogeneous coordinates6, i.e. the world pointfX is

X = ( x; y; z; 1)T and a image pointex by x = ( x̂; ŷ; 1)T ,. A pinhole camera model is expressed

as a linear mapping between their homogeneous coordinates as follows:

x = PX (1)

5Transpose of the row vector(x; y; z). In this paper, a bold-face symbol always represents a column vector or

matrix.
6A point (x1; � � � ; xn ) in n dimensional Euclidean space is also a point inn dimensional projective space by

simply adding an + 1 coordinate of 1 at the end:(x1; � � � ; xn ; 1) which is called a homogeneous coordinate of the

point.
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The camera projection matrixP is a set of3 � 4 homogeneous matrices, where the left hand

3� 3 submatrix is non-singular. For a pinhole camera, the projection matrixP can be calculated

by

P = KR [I 3j � C]= KR

0

B
B
B
B
B
B
B
B
@

1 0 0 x0

0 1 0 y0

0 0 1 z0

1

C
C
C
C
C
C
C
C
A

(2)

whereI 3 is the 3 � 3 identity matrix, K is called thecamera calibrationmatrix andC =

(x0; y0; z0)T represents the coordinates of the camera center in the worldcoordinate frame.The

delimiterj denotes that the matrix is composed of two submatrices.R is a3� 3 rotation matrix

representing the orientation of the camera coordinate frame. The calibration matrix of a pinhole

camera is

K =

0

B
B
B
B
B
B
B
B
@

ax sk x̂0

0 ay ŷ0

0 0 1

1

C
C
C
C
C
C
C
C
A

(3)

whereax = fk x anday = fk y. f is the focal length andkx andky are the number of pixels per166

unit distance in image coordinates in thex andy directions respectively, andsk is the skew of167

the image plane,which is the angle between thex andy pixel axes(in our application,sk = 0).168

Similarly, p = ( x̂0; ŷ0)T is the principal point in pixel dimensions. The parameters contained169

in the calibration matrixK are called theintrinsic parameters.170

In E3, rotations about theX , Y, andZ axes are in the counter-clockwise direction when

looking toward the origin. These are:

R x (� ) =

0

B
B
B
B
B
B
B
B
@

1 0 0

0 cos� sin�

0 � sin� cos�

1

C
C
C
C
C
C
C
C
A

; (4)
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R y(� ) =

0

B
B
B
B
B
B
B
B
@

cos� 0 � sin�

0 1 0

sin� 0 cos�

1

C
C
C
C
C
C
C
C
A

; (5)

R z(
 ) =

0

B
B
B
B
B
B
B
B
@

cos
 sin
 0

� sin
 cos
 0

0 0 1

1

C
C
C
C
C
C
C
C
A

: (6)

By Euler's rotation theorem, any rotation can be representedas a composition of rotations about171

the three axes.� , � and
 as explained below.172

In our application, after translation of the origin of the world frame to the camera center,

we �rst rotate they axis counter-clockwise through azimuth angle denoted by� such that the

newz axis is along the azimuth of the principal axis. Since the camera is tilted upward at an

elevation angle denoted by� , we next rotate thex axis counter-clockwise through elevation

angle so that the newz axis is along the principal axis of the camera. Generally, the camera is

set up askew and so the lens horizon is not horizontal. We �nally twist the newz axis through

an angle of roll, denoted by
 , so that the newx andy axes are parallel to the horizontal side

x̂ and vertical sidêy of the image plane of the camera respectively. Now, we have transformed

the world coordinate frame(O; X; Y; Z ) to the camera coordinate frame(C; X cam ; Ycam ; Zcam)

(see Fig. 1). In this case, the rotation matrix in equation (2) can be written as

R = R z(
 )R y(� )R z(� ); (7)

whereR x (� ), R y(� ) andR z(
 ) are de�ned in equations (4), (5) and (6) respectively.173
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b. Geometric Error in a Large Scale Scene174

Suppose that the homogeneous world coordinates ofN � 6 landmarksX i = ( x i ; yi ; zi ; 1)T

and their corresponding image points with homogeneous image coordinatesx i = ( x̂ i ; ŷi ; 1)T

with 1 � i � N are accurately known by some means. We can then estimate the camera

orientation (� , � and
 : roll angle , elevation angle, and azimuth) and locationC = ( x0; y0; z0)T

in world coordinate system by minimizing the GE in the image [Hartley and Zisserman (2003)]:

� = min
P (�;�;
;x 0 ;y0 ;z0 )

1
N

NX

i =1

d2(x i ; PX i ); (8)

wherePX i is the image ofX i under projection matrixP which depends on orientation (3175

degrees of freedom) and location (3 degrees of freedom) of the camera. Therefore, the minimum176

of the GE given by Eq.(8) has 6 degrees of freedom. This computation is time-consuming177

since each search involves several matrixmultiplications. The GE
p

� is the root-mean-square178

(RMS) error in 2D Euclidean distance. Hartley and Zisserman (2003) recommend a Levenberg-179

Marquardt iterative algorithm to �nd the minimum of GE. However, an important drawback of180

standard least-squares algorithms such as Levenberg-Marquardt is that the algorithms require181

that all observations are correct [?)]. It is impossible to accurately survey all landmarks in our182

application, because a pixel in images corresponds to a large square region. Rasmussen et al.183

(2003) made use of the Polak-Ribiere conjugate gradient method to minimize a cost function184

which is similar to Eq.(8) but has 4 only degrees of freedoms (focal lengthf , elevation angle,185

azimuth and roll angle). They assumed that the exact location of the camera center can be186

measured. However, in our case, �nding exact locations of camera centers was not possible.187

In the rest of this subsection, we will discuss the geometricerror generated from the de-188

viation of camera from its true orientation and location andthen present our coarse-to-�ne189

algorithm to minimize the GE (8).190
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In order to calculate the GE resulting from the deviation of orientation and location of the191

camera, we simplify the analysis by applying a rigid transformation to place the world co-192

ordinate in the `true' camera coordinate system. A rigid transformation does not change the193

GE (8). Note thatC = ( x0; y0; z0)T and (� , � , 
 )T represent the initial camera location and194

orientation prior to error correction. LetC t = ( x t ; yt ; zt )T and (� t , � t , 
 t )T represent the195

true location and orientation, then(x0 � x t ; y0 � yt ; z0 � zt )T represents the location error196

vector and(� � � t ; � � � t ; 
 � 
 t )T represents the orientation error vector. Thus, we have197

(x t ; yt ; zt )T = (0 ; 0; 0)T and(� t ; � t ; 
 t )T = (0 ; 0; 0)T . Therefore,(x0; y0; z0)T and(�; �; 
 )T
198

now represents the deviation or error in location and orientation We still denote in the rest of199

subsection the homogeneous world coordinate ofN � 6 landmarks asX i = ( x i ; yi ; zi ; 1)T and200

their corresponding image points with homogeneous image coordinates asx i = ( x̂ i ; ŷi ; 1)T .201

Our assumption is that the initial location and orientation(from measurement) are close to the202

true location and orientation. Hence,x0; y0; z0; �; � , and
 are small scalars.203

If � , � and
 are less than 1rad (i.e. 57� )7, it is useful to rewrite rotation matricesR x (� ),

R y(� ) andR z(
 ), de�ned by (4), (5), and (6) as the lowest order Taylor seriesexpansions:

R x (� ) = I 3 + �

0

B
B
B
B
B
B
B
B
@

0 0 0

0 0 1

0 � 1 0

1

C
C
C
C
C
C
C
C
A

+ O2(� ) � I 3 + � Jx + O2(� ); (9)

R y(� ) = I 3 + �

0

B
B
B
B
B
B
B
B
@

0 0 � 1

0 0 0

1 0 0

1

C
C
C
C
C
C
C
C
A

+ O2(� ) � I 3 + � Jy + O2(� ); (10)

7It is needed to do Taylor expansion ofcosandsin functions in the rotation matrices.
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R z(
 ) = I 3 + 


0

B
B
B
B
B
B
B
B
@

0 1 0

� 1 0 0

0 0 0

1

C
C
C
C
C
C
C
C
A

+ O2(
 ) � I 3 + 
 Jz + O2(
 ); (11)

where the big-O symbols indicates the existence of additional terms of second or higher order

involving � , � and
 . From (2), (7), (9), (10) and (11), we havefor landmarksX i

PX i = K (I 3 + � Jx + � Jy + 
 Jz + O2(�; �; 
 ))([ I 3j � C])X i

= K

0

B
B
B
B
B
B
B
B
@

1 
 � �

� 
 1 �

� � � 1

1

C
C
C
C
C
C
C
C
A

0

B
B
B
B
B
B
B
B
@

x i � x0

yi � y0

zi � z0

1

C
C
C
C
C
C
C
C
A

+ O2(�; �; 
 )

=

0

B
B
B
B
B
B
B
B
@

ax 0 x̂0

0 ay ŷ0

0 0 1

1

C
C
C
C
C
C
C
C
A

0

B
B
B
B
B
B
B
B
@

x �
i + 
y �

i � �z �
i

� 
x �
i + y�

i + �z �
i

�x �
i � �y �

i + z�
i

1

C
C
C
C
C
C
C
C
A

+ O2(�; �; 
 )

=

0

B
B
B
B
B
B
B
B
@

ax (x �
i + 
y �

i � �z �
i ) + x̂0(�x �

i � �y �
i + z�

i )

ay(� 
x �
i + y�

i + �z �
i ) + ŷ0(�x �

i � �y �
i + z�

i )

�x �
i � �y �

i + z�
i

1

C
C
C
C
C
C
C
C
A

+ O2(�; �; 
 ); (12)

wherex �
i � x i � x0, y�

i � yi � y0 andz�
i � zi � z0. Due to the inaccurate estimation of camera's

location and orientation, the image of a reference landmark, X i , will shift away from its true

image. From (12), the shift is given by:

d2(x i ; PX i ) =

 

x̂ i � x̂0 �
ax (x �

i + 
y �
i � �z �

i )
�x �

i � �y �
i + z�

i

! 2

+

 

ŷi � ŷ0 �
ay(� 
x �

i + y�
i + �z �

i )
�x �

i � �y �
i + z�

i

! 2

+ O3(�; �; 
 )

=

 
axx i

zi
�

ax (x �
i + 
y �

i � �z �
i )

�x �
i � �y �

i + z�
i

! 2

+

 
ayyi

zi
�

ay(� 
x �
i + y�

i + �z �
i )

�x �
i � �y �

i + z�
i

! 2

+ O3(�; �; 
 )

=
a2

x

z4
i

�
(x2

i + z2
i )� � x i yi � � yi zi 
 + zi x0 � x i z0

� 2
+
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a2
y

z4
i

�
x i yi � � (y2

i + z2
i )� � x i zi 
 + zi y0 � yi z0

� 2
+ O3

�

�; �; 
;
x0

zi
;
y0

zi
;
z0

zi

�

; (13)

where we make use of the facts that: (i)x i is the true image of landmarkX i , i.e.,x̂ i = ax x i
zi

+ x̂0

andŷi = ay yi

zi
+ ŷ0; (ii) the scenery of clouds is at a very large scale Warner et al. (1973), and

all landmarks selected are far away from the cameras. This means that the amount of deviation

from the true location of the camera is much less than that of the coordinates of all landmarks,

i.e., x0 � x i , y0 � yi andz0 � zi , and so we havex �
i � x i , y�

i � yi andz�
i � zi in Eq. (13)

(1 � i � N ). Therefore, the GE is dominated by the �rst two terms in the formula above, and

total GE in (8) can be rewritten as:

� � min
�;�;
;x 0 ;y0 ;z0

1
N

NX

i =1

a2
x

z4
i

�
(x2

i + z2
i )� � x i yi � � yi zi 
 + zi x0 � x i z0

� 2
+

1
N

NX

i =1

a2
y

z4
i

�
x i yi � � (y2

i + z2
i )� � x i zi 
 + zi y0 � yi z0

� 2

� min
�;�;
;x 0 ;y0 ;z0

E(�; �; 
; x 0; y0; z0): (14)

The minimum ofE(�; �; 
; x 0; y0; z0) can be solved by setting the �rst derivatives@E=@�,204

@E=@�, @E=@
, @E=@x0, @E=@y0, and@E=@z0 to zero. By using Cramer's rule, there is205

only one minimum solution(�; �; 
 )T = (0 ; 0; 0)T , and (x0; y0; z0)T = (0 ; 0; 0)T . Notice206

that (�; �; 
 ) and(x0; y0; z0)T are differences of estimation from true value of orientation and207

location of a camera, respectively, but not orientation andlocation of the camera.Based on the208

above analysis, we concluded that (i) the real location and orientation of camera is the only one209

global minimum solution of the GE given in Eq. (8). Therefore, the real extrinsic parameters210

of a camera in a �eld can be estimated by solving a GE minimization problem. (ii) A deviation211

in camera position causes an error in estimation of orientation of the camera (see Appendix).212

However, a small deviation in angle results in signi�cant error in the cloud stereo reconstruction213

(see Fig. 2). Therefore, it cannot approach the solution for the true orientation if the location214
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is not accurate. This is why we must consider orientation andlocation of camera together to215

minimize the GE in Eq.(8) instead of considering orientation of camera only to minimize a216

cost function and assuming that we can obtain the exact location of camera as Rasmussen et al.217

(2003) did.218

[Figure 2 about here.]219

c. The World Coordinate System220

The camera position and orientation depend on a given coordinate system. A geographic

coordinate system enables a location on Earth to be speci�edby the three coordinates of a

spherical coordinate system(�; '; r ), where�; ' andr are longitude, latitude and radius of

Earth, respectively. However, the pinhole camera model is based on a Cartesian coordinate

system, therefore, it is improper to use the geographic coordinate system as the world coordinate

system to �nd the minima in Eq. (8). On the other hand, at a point O on the Earth sphere there

is a local tangent coordinate, denoted by(O; X; Y; Z ) whereX andY are the directions of the

tangent of the meridian and the latitude line at the pointO, respectively, andZ is the along the

direction of altitude the pointO (see Fig. 3(a)). The local tangent coordinate is regarded asthe

world coordinate system in this paper. The transformation between spherical coordinate and the

local tangent coordinate satis�es the following

dx = ( r0 + z) cos'd� (15)

dy = ( r0 + z)d' (16)

dz = dr (17)
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wherer0 is the radius of the Earth andr0 >> z . Therefore, for a small graticule (e.g.j� 1� � 2j <221

0:5 andj' 1 � ' 2j < 0:5, see Fig. 3(b)),r0 + z in Eq. (16) is nearly constant, denoted bya, so222

is (r0 + z) cos' in Eq. (15), denoted byb. By Eqs. (15) and (16), the local tangent coordinate223

can be obtained byx = b(� � � 1), y = a(' � ' 1) andz = r � r0 = difference of elevations,224

whereb = acos( ' 1+ ' 2 )
2 . In order to determinea, we sample several pairs of points on the �eld225

in the GIS. Each pair of points have the same longitude but different latitudes. The ratio of226

distances in latitudes between the pair of points will approximates thea value.a is obtained by227

the average of these ratios.228

For example, the �eld view in our CuPIDO2006 project is between ' 1 = 32:29� and229

' 2 = 32:50� in latitude and between� 1 = � 110:95� and� 2 = � 110:53� in longitude. The230

transformation constants from the geographic coordinate to the local tangent coordinate are231

a = 110746:35m/degree andb= 93884:5 m/degree.232

[Figure 3 about here.]233

d. GIS Landmarks Survey234

The position of the camera was measured with aglobal positioning system (GPS)instru-235

ment. The orientation was measured with a compass and an elevation scale, which is a weighted236

arm that hangs against an angle scale. GPS accuracy can be as good as a few meters but it varies237

based on various factors, while the accuracy for elevation and azimuth is on the order of few238

tenth of a degree at most. Further, the principal axis and camera center are imaginary, and it is239

generally not possible to know the orientation of true northin the �eld, therefore it is impossible240

to measure the location, azimuth, elevation angle and roll of camera with enough accuracy to241

satisfy the requirements to reconstruct a large scale scene. On the other hand, these data mea-242
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sured by different tools usually are in different coordinates, therefore, it is necessary to bring243

these data into a common coordinate system, i.e. performdata registration[Sourimant et al.244

(2007)], before camera calibration.Therefore, in order to determine earth-relative position and245

orientation of cameras,we �rst locate six or more landmarks. The landmark survey includes246

the following three steps.247

� Step 1: Selection of pixels in the image that correspond to some physical features.248

� Step 2: Mapping the pixels to the corresponding points in theterrain in the physical world.249

� Step 3: Determining the coordinates of the corresponding points by means of help of250

GPS/GIS tools.251

Selected landmarks in the images satisfy two requirements.One is that they are visible252

from both cameras (thus, the cameras can be calibrated in thecommon coordinate system),253

and another is that they correspond to some physical features. All kinds of peaks are good254

candidates. However, an image contains many such peaks. Thethird step is relatively easy255

with the help of a GPS or GIS tools. However, the second step becomes much more dif�cult256

i.e. to match the pixels and its corresponding physical points. In addition, for any given lens257

setting, there is only one distance at which a subject is precisely in focus, and the focus falls258

off gradually on either side of that distance. Especially the region behind the points of focus259

will become smaller and smaller with increasing distance. Thus, the pixels at the region are260

so blurry that �nding their world positions is not easy. Therefore, mapping the pixels to their261

physical points needs to be repeated several times. Unfortunately, it is impractical and not262

easy to identify landmarks by �eld measurements due to lack of roads, and accessibility to Mt.263

Lemmon. Therefore, due to practical reasons including accessibility and cost, we could not264
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survey the landmarks by �eld measurements. Instead we make use of GIS tools to determine265

the location of landmarks.266

Google Earth (earth.google.com) provides a virtual visualization tool which includes high-267

resolution aerial and satellite imagery and elevation datafor the area where our �eld experiment268

was conducted. At the Santa Catalina Mountains, the resolution of the satellite imagery is about269

3m per pixel. The deviation of elevation of the terrain is less than 10m. For example, the Mt.270

Lemmon is 2791m above sea level, and 2785m as measured in Google Earth. Google Earth271

allows a user to locate the landmarks with help of the 3D virtual terrain and texture information272

with high-resolution satellite image (see Fig. 4 ), which inturn provides geographic coordi-273

nates. Although the shortcoming of this approach is that it is dif�cult to automatically match274

landmarks between camera images and Google Earth 3D terrain, the advantages of the method275

is thatall the landmarksare put in the common GIS coordinate system, and high resolution276

imagery and accurate elevation data allow an economic and sometime only way to compute the277

3D structure of cloud accurately.278

[Figure 4 about here.]279

e. Camera Parameter Estimation By Coarse-To-Fine Algorithm280

Based on the discussion above, we present our coarse-to-�ne algorithm to compute the true281

position of a camera.Essentially, we set up a 6D grid centered around the initial measurement282

of the solution, �nding the minimum value of the error, then centering a new �ner grid with a283

smaller extent around the point with minimum error, and repeating this process until the error284

is stable and the grid is re�ned below a speci�ed tolerance.285

Suppose that the initial orientation(� 0; � 0; 
 0) and location(x0; y0; z0) of the camera are286
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close to their true position, i.e., there are tolerances� � , � � , and � 
 for elevation angle,287

azimuth,and roll angle of camera's principal axis such thatthe true elevation angle is� 2288

(� 0 � � �; � 0 + � � ), the true azimuth is� 2 (� 0 � � �; � 0 � � � ), and the roll angle is
 2289

(
 0 � � 
; 
 0 + � 
 ) with a tolerance (� x; � y; � z) such that the true location of camera center290

is located in the cube(x0 � � x; y0 � � y; z0 � � z). The amount of tolerances are determined291

by the accuracy of the equipment used. In practice, the tolerance are usually selected as two292

times as that of error of the equipment Rasmussen et al. (2003). Let initial angle increment be293

� and location increment� . Our coarse-to-�ne algorithm is as follows:294

� Step1: Givena0 > 0, p0 > 0, and� 0 > 0 and� 0 > 0. Set angle tolerances� �; � �; � 
295

initialized bya0 and length tolerances� x; � y; � z by p0. Increment� initialized by� 0, �296

by � 0, and six integer variableskj (j = 1; : : : ; 6), where0 � kj � � 2� � (for � = �; �; 
297

andj = 1; 2; 3), and0 � kj � � 2� � (for � = x; y; z andj = 4; 5; 6) and iterationL = 1.298

� Step2: Set� = � 0 � � � + k1� , � = � 0 � � � + k2� , and
 = 
 0 � � 
 + k3� . Compute299

the rotation matrix (7).300

� Step 3: Setx = x0 � � x + k4�; y = y0 � � y + k5� ,andz = z0 � � z + k6� , and301

calculate projection matrix (2).302

� Step4: Calculate the GE (8), and store the position of camera that minimizes the GE. In-303

creasekj (j = 1; � � � ; 6) by 1 until all parameters of the camera's orientation and location304

reach their maximum;305

� Step 5: If the solution satis�es the requirement of accuracy, then stop; else replace the306

orientation and position of the camera� 0; � 0; 
 0; x0; y0; z0 with the new orientation and307

position with the minimum GE obtained by Step 4, set iteration L = L +1, � � = a0=(L �308
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C0) ( � = �; �; 
 ), � � = p0=(L � C0) ( � = x; y; z), � = � 0=(L � C1); � = � 0=(L � C1).309

Go to Step 2.310

C0 andC1 are positive constants. The purpose in setting� � = a0=(L � C0) ( � = �; �; 
 )311

and� � = p0=(L � C0) ( � = x; y; z) is to decrease the cost of computation and that of setting312

� = � 0=(L � C1), and� = � 0=(L � C1) is to obtain a higher precision as step size becomes313

smaller when searching approaches the minimum error. This is why we call this algorithm314

coarse-to-�ne algorithm. In this paper, we useC0 = 0:5 andC1 = 2, tolerancesa0 is 20� for315

orientation andp0 = 40m for location and initial increments� 0 = 1 and� 0 = 2. To satisfy the316

requirement of accuracy, the typical iterationsL = 20.317

Not only does this algorithm assure that the minimum solution is not local but global and318

computable. It is also more ef�cient than searching the whole space which would cost signi�-319

cant computational time to reach the minimum solution.320

f. 3D Reconstruction321

Once we know the projection matricesP1 andP2 of the two cameras and a set of given

image correspondencesx1
i andx2

i (which come from a set of unknown 3D pointsX i ), the 3D

positions can be solved by linear triangulation methods (see Hartley and Zisserman (2003)).

For each camera, we have a measurementP1X i = x1
i , P2X i = x2

i and these equations can be

combined into the formAX i = 0, which is a linear equation inX i , with

A =

0

B
B
B
B
B
B
B
B
B
B
B
B
B
@
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i p3T
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wherep jT
i are thej th row of P i . The two equations are included from each camera giving a322

total of four equations in four homogeneous unknown coordinates. This is a redundant set of323

equations because the rank is 3 and the solution is determined only up to a scale. The set of324

equations is solved using SVD (Singular Value Decomposition) method. This solution is not in325

the world coordinate system. We apply linear scaling factors obtained from sampling landmark326

points in real world coordinate system.327

3. Experimental Results328

The technique outlined above was applied to data collected during the CuPIDO project329

associated with the North American Monsoon (NAM) in Southern Arizona. Two cameras were330

established southwest of the Santa Catalina mountains in summer of 2006 and denoted by CC6331

and CC7. The straight-line distance between the highest peak and the pair CC6-7 is about 25km.332

The spacing between CC6 and CC7 is about 1.5km. The intersection of the �eld of views of the333

cameras covers an area about 25km deep and 40km wide. Table 2 shows the intrinsic parameters334

of these cameras. The initial measurements for CC6 and CC7 are shown in Table 3.335

[Table 2 about here.]336

In this section, we present camera calibration results and compare with Tsai's and RANSAC337

algorithms. We then provide the accuracy assessment of cloud reconstruction based on the338

difference of computed and measured coordinates of ground landmarks. Finally, we make use339

of four different types of data collected in the experimentsto evaluate cloud reconstructions.340

These data were collected by satellite and an aircraft, respectively.341
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a. Camera Calibration342

Table 3 show the calibration results of cameras CC6 and CC7 using different methods.343

We manually selected 166 matching points which are located at a mountain region viewed344

from CC6 and CC7 and used them to calibrate the camera CC6 and CC7 based on RANSAC345

algorithm. We also surveyed 10 landmarks corresponding to 10 matching points and applied the346

10 landmarks to calibrated the cameras CC6 and CC7 based on our proposed method and Tsai's347

algorithm. Since it is dif�cult to measure roll angle of a camera accurately, it is assumed that the348

initial value is0. Compared with Tsai's and RANSAC algorithms, the calibrated positions of349

the cameras using our method are much closer to the initial guess. The calibrated positions by350

Tsai's and RANSAC algorithms are clearly incorrect, becausethe elevations of CC6 and CC7351

cannot be higher than 1000m. Experiments show that Tsai's and RANSAC algorithms can not352

provide the correct camera extrinsic parameters in our large scale scene. The possible reason is353

that both Tsai' and RANSAC algorithms involve linear equations whose matrix is determined354

by the landmark survey and the selection of matching points.In a short range with clear features355

such as corners, it is easier to get accurate coordinates of landmarks and exactly match points.356

However, it was impractical to obtain these accurate observations in our experiments. Therefore,357

it is impossible to obtain the accurate extrinsic parameters using Tsai's and RANSAC methods358

when the elements of the matrix are contaminated by the errors.359

[Table 3 about here.]360
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b. Accuracy Assessment of 3D Cloud Reconstruction361

The validity of the camera parameters and accuracy of the eventual cloud reconstructions362

are assessed by computing the difference between the calculated coordinates of an additional363

set of landmarks in Eq.(18) and their world coordinates obtained from Google Earth. We se-364

lected additionalN landmarks different from those used to calculate extrinsicparameters. We365

calculate the mean error (ME) between the calculated coordinates ofN landmarks and their366

world coordinates obtained from Google Earth as follows:367

ME (� ) =
1
N

NX

i =1

j� i � �� i j (19)

whereN is the number of landmarks sampled,� i (eitherx i or yi or zi ) denotes coordinates of368

thei th landmarks observed from Google Earth and�� i (either�x i or �yi or �zi )) denotes coordinates369

from computation. In the pair of CC6 and CC7, 10 landmarks were used, and the mean errors370

were 577m inX direction, and 187m inY direction and 68m in elevation,while the worst case371

in X direction was 902m, and 322m inY direction and 104m in elevation. The anisotropy in372

the errors is due to the uncertainty in locating features on the camera images and matching them373

with the digital elevation map. The mountain ridges in the camera's �eld of view are oriented374

essentially in the north-south directions. Points in the vertical and east-west directions are on375

the tops of the ridge, while in the north-south direction they are along the ridge where locating376

a point on GIS uniquely is more dif�cult.In our application, a small error in elevation direction377

is more important. Therefore, these errors in cloud measurement are acceptable..378
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c. Evaluation of Cloud Reconstruction379

We rendered calculated cloud points over the digital elevation model (DEM) of the Santa380

Catalina Mountains and were able to examine the structure of clouds visually. We also evalu-381

ated the cloud reconstruction results by using other different types of data collected during our382

experiments.383

1) MULTI -ANGLE IMAGING SPECTRORADIOMETER (MISR)384

The Multi-angle Imaging SpectroRadiometer (MISR) satellitewas launched aboard the385

Earth Observing System (EOS) spacecraft. MISR provided global, radiometrically calibrated,386

georecti�ed, and spatially coregistered imagery at nine discrete viewing angles and four visible/near-387

infrared spectral bands [Diner and et.al. (1998)]. The MISRcameras in temporal sequence are:388

DF, CF, BF, AF, AN, AA, BA, CA, DA. For a region, these cameras takeimages from nine389

different viewing directions. The AN camera is just perpendicular to the region. Furthermore,390

the MISR red bands for all 9 MISR cameras are at 275m resolution. Only AN camera is at this391

resolution in the blue and green bands. For the other cameras, a regression technique was used392

to produce the RGB images. Therefore, it is possible to use MISR data obtained by the AN393

camera to evaluate the horizontal reconstruction of cloudsat 275m resolution.394

On Aug 10, 2006, the MISR satellite �ew over the Santa CatalinaMountains in southern395

Arizona during our CuPIDO2006 experiment. The data collected by MISR span a time range396

from 18:17:41 UTC (DF Image) to 18:25:05 UTC (DA) image (see Fig. 5). The AN camera397

captured the cloud image over the mountain at 18:20:53 UTC with the central latitude and398

longitude of each pixel. Fig. 6(b) and (c) show the perspective views of cloud reconstruction399
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on DEM with the texture generated from the AN camera data. There are 16 matching points400

selected manually shown in Fig. 6 (a). #13-16 are selected along a cloud edge from side view.401

The perpendicular projections of #13-16 pointson the DEM are along the cloud edge viewed by402

the MISR satellite. Further points #2 and #3 are on a block of cloud observed by CC6. These403

are also on the block observed by MISR AN camera. These show that our stereo reconstruction404

agrees with the horizontal structure of cloud at 275m resolution. Note that #9 and #10 are405

close along the view direction of CC6 camera, but they are actually farther away in the world406

coordinates(see Fig. 6 (b) and (c)).407

[Figure 5 about here.]408

[Figure 6 about here.]409

2) AIRCRAFT TRAJECTORY WITHL IQUID WATER CONTENT410

During CuPIDO2006, the University of Wyoming King Air (WKA) provided an airborne411

platform for in-situ measurements using gust probes, an array of cloud particle probes and high-412

frequency humidity and temperature sensors [Damiani et al.(2008)]. Fig. 7(a) the horizontal413

plan section of stereo point projections(red dots) and a portion of aircraft trajectory with liquid414

water content (LWC). The cluster of the red dots correspond to the red matching points in Fig.415

7(c). The LWC decreases rapidly to zero at the edge of the cloud. Fig. 7(a) shows the LWC416

along a segment of the aircraft trajectory. The point at which the LWC goes to zero indicate417

the position of the edge of the turret in Fig. 7(c). Fig. 7(a) shows that the position of the418

aircraft where the LWC became zero coincides the locations ofthe calculated stereo points.419

The coherence of the cluster of calculated cloud points to the real cloud front edge suggests that420

the proposed algorithm performed well.421
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[Figure 7 about here.]422

During CuPIDO2006, the University of Wyoming King Air (WKA) provided an airborne423

platform for in-situ measurements using gust probes, an array of cloud particle probes and high-424

frequency humidity and temperature sensors [Damiani et al.(2008)]. Fig. 7(a) the horizontal425

plan section of stereo point projections(red dots) and a portion of aircraft trajectory with liquid426

water content (LWC). The cluster of the red dots correspond to the red matching points in Fig.427

7(c). The LWC decreases rapidly to zero at the edge of the cloud. Fig. 7(a) shows the LWC428

along a segment of the aircraft trajectory. The point at which the LWC goes to zero indicate429

the position of the edge of the turret in Fig. 7(c). Fig. 7(a) shows that the position of the430

aircraft where the LWC became zero coincides the locations ofthe calculated stereo points.431

The coherence of the cluster of calculated cloud points to the real cloud front edge suggests that432

the proposed algorithm performed well.433

4. Conclusion434

This paper is a companion to Zehnder et al. (2007) and provides a full description of the435

algorithm for 3D stereo photogrammetric analysis of cumulus clouds. A pinhole camera model436

of multiple view geometry is applied to stereo pairs of cloudimages over a large scale elevated437

region. We derived a computationally ef�cient technique for reconstructing 3D positions of438

clouds. Starting from measured values of orientations and locations of cameras and treating439

these as a �rstmeasurement, we obtained the longitudes, latitudes and elevations of landmarks440

visible in the images from a DEM (Google Earth). An algorithmfor determining improved441

values of the extrinsic camera parameters is used. This algorithm is based on minimizing the442
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geometric error (GE). In some cases such as ours, due to the character of the terrain in the443

target region, a �eld survey may be impossible. GIS landmarksurvey is an alternative way444

to determine the camera parameters ef�ciently and effectively. The algorithm rapidly deduces445

the extrinsic parameters of the camera and then calculates the 3D positions of points based on446

triangulation. Automated stereo matching for clouds in both images needs further work.447
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APPENDIX459

Suppose that the position of a camera is given but has errors(x0; y0; z0). We compute the

deviation of the orientation by minimizing the geometric error in Eq. (14). That is, we have

@E=@�= 0, @E=@�= 0 and@E=@
= 0. Thus, the deviations of the angles can be estimated
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by solving a linear equations
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Generally, if the deviation(x0; y0; z0) is not the zero vector, the right vector in Eq. (20) is not460

the zero vector either. Therefore, the deviation of the position of a camera results in an error461

when we estimate the orientation of the camera.462
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ŷ  

y  

z  

Zcam 

x̂0 

y0ˆ  

FIG. 1. Pinhole camera geometry and transformation between theworld and camera coordinate
frames. (a) The world coordinate system, (b) camera coordinate system, (c) mapping point onto
the image plane, and (d) the image plane.px andpy denote the coordinate of a camera.

33



0

10

20

30

40

50

60

70

-1.9 -1.5 -1.1 -0.7 -0.3 0.1 0.5 0.9 1.3 1.7

A
v.

 d
e

vi
a!

on
 o

f d
is

ta
nc

e(
km

)

Devia!on of angles (deg)

Eleva!on

Azimuth

Roll

FIG. 2. A numerical experiment to show the relationship between angle deviations and average
deviation of cloud stereo reconstructions. In this experiment, we use the calibrated parameters
to reconstruct the matching points. Thus we have a set of dataincluding matching points and
their 3D position as a reference. Secondly, we increase/decrease either azimuth or elevation or
roll angle by 0.1 (deg) at each time, and reconstruct the matching points again, and compute the
average deviation of the current 3D cloud positions from thereferences.

34



r

x

zy

1 1

2 1

1 2

2 2

(a) (b)

O

O x

y
z

FIG. 3. Geographic coordinate. (a) Spherical coordinate, (b) agraticule.

35



0

1

2 3
4

56 7

1

0

2 3

54

6 7

(a) (b)

FIG. 4. Terrain views from Google Earth (left) and our camera snapshot (right). The 8 pairs of
corresponding landmarks are shown.

36



DF 18:17:41 CF 18:18:36 BF 18:19:31

AF 18:20:26 AN 18:21:21 AA 18:22:16

BA 18:23:11 CA 18:24:06 DA 18:25:05

FIG. 5. Nine MISR images on Aug 10, 2006 over the Santa Catalina Mountains.

37



view direction of (c)

N

(a)

(b)

(c)

FIG. 6. Example to show that the projections of computed cloud points match cloud edges on
a MISR image. (a) The view from CC6 which looks toward the north.The red labeled dots
are matching points selected manually, and correspond to the red dots in (b) and (c). (b) The
plan section of all points on DEM of the topography with texture whose color is determined
by MISR red/green/blue channels. The white arrow shows the view direction of (c). (c) A 3D
perspective of 3D cloud points.

38



(a)

(c)

(b)

7500 m

4.00.0
liquid water

FIG. 7. Evaluation of cloud reconstruction using an aircraft trajectory with liquid water.(a) The
plan section of all points superimposed on the aircraft track with LWC. Track segment extents
are from 19:37 to 19:41(UTC) and the color is based on the valueof LWC. The white arrow
shows the view direction of (b). (b) a side view of 3D reconstruction and aircraft trajectory.
(c)The view from CC6 which looks toward tow the north at 19:39:25 (UTC). The red labeled
dots are matching points on clouds and green matching pointsare on the mountain. They are
selected manually, and correspond to the red dots in (a) and (b).

39



List of Tables535

1 Glossary of different notations used in this paper are described here. . . . . . . 41536

2 The intrinsic parameters of the cameras . . . . . . . . . . . . . . . .. . . . . 42537

3 Comparison of camera calibration obtained by our method with that by Tsai's538

and RANSAC algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43539

40



TABLE 1. Glossary of different notations used in this paper are described here.
(O; X; Y; Z ) World coordinate system
(C; X cam ; Ycam ; Zcam) Camera coordinate system
R � , Rotation around axis� (� = X; Y; Z )
t Translation along a vector
P Camera projection matrix
K Camera calibration matrix
I 3 3 � 3 identify matrix
x Pixel on image plane
p = ( x̂0; ŷ0)T Principal point in image plane
X i = ( x i ; yi ; zi ; 1)T Homogeneous coordinates of landmarks
x i = ( x̂ i ; ŷi ; 1)T Homogeneous image coordinates of landmarks
N Number of landmarks
� , � , 
 Elevation angle, azimuth, and roll angle of principal axis
x; y; z World coordinates of a point
f Focal length of camera
kx , ky Number of pixels per meter inx andy directions
� GE for calibrating the camera
� � (� = �; �; 
 ; x; y; z) Tolerance of orientation and position of the camera
� 0 (� = �; �; 
 ; x; y; z) Initial orientation and position of the camera
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TABLE 2. The intrinsic parameters of the cameras

Camera CC6, CC7
type IQeye3

focal length (m) 0.008
pixel size(�m 2) 3:2 � 3:2

resolution 2048� 1536
principal point (1024,768)

skew 0
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TABLE 3. Comparison of camera calibration obtained by our method with that by Tsai's and
RANSAC algorithms

cameras measurements Our method Tsai RANSAC

CC6

latitude 32:232883� 32:232519� 32:365878� 32:365878�

longitude � 110:95765� � 110:95719� � 110:84383� � 110:80114�

elevation (m) 759.3 758.3 3583 1704.76
azimuth� 56 59.7 74.697 77.13

roll � 0 9.9 11.252 36.32
pitch � -13 -10.47 -31.343 -12.87

CC7

latitude 32:2282� 32:229142� 32:220124� 32:365779�

longitude � 110:94275� � 110:94344� � 110:85463� � 110:80099�

elevation (m) 759 800 4046.574 1704
azimuth� 60 66.59 75.682 77.50

roll � 0 11.84 6.621 26.63
pitch � -12 -6.57 -24.52 -12.49
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