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Abstract

We present a technique for calibrating digital camerastire® photogramme-
try of cumulus clouds. It has been applied to characterigédhmation of summer
thunderstorms observed duritige Cumulus Photogrammetric In-Situ and Doppler
Observations (CuPIDQ)roject [Damiani et al. (2008)]. Starting from gross mea-
surements of locations, orientations of cameras, and larkdisurveys, accurate
locations and orientations of the cameras are obtained hymzing ageometric
error (GE). Once accurate camera parameters are obtained, 3ibpssif cloud-
feature points are computed by triangulation.

The main contributions of this paper are as follows. First, pvove that the
GE has only one minimum in the neighborhood of the real patarmm®f a cam-
era. In other words, searching the minimum of the GE enalddas und the right
camera parameters even if there are signi cant differebedween the initial mea-
surements and their true values. Second, we develop a nawectma ne itera-
tive algorithm that minimizes the GE and nds the camera paaters. Numer-
ical experiments show that the coarse-to- ne algorithmfisient and effective.
Third, we present a new landmark survey based on a geogregpbimation sys-
tem (GIS) rather than eld measurements. GIS landmark suivan effective and
ef cient way to obtain landmark world coordinates for camesalibrations in our
experiments. Validation of our technique is achieved bydht& collected by a
NASA/EQOS satellite and an instrumented aircraft. This paja@ be viewed as a
companion paper to Zehnder et al. (2007) and details thieratéibn and 3D recon-

structions.
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1. Introduction

In meteorological terrestrial photogrammetry, stereacitires of clouds provides useful
information for understanding their behavior. For examf@leville and Kassander (1961) mea-
sured the heights of clouds and the vertical velocities aelarations of cloud outlines using
terrestrial photogrammetric technology. Warner et al7@)3®xamined the details of cloud be-
havior in a hailstorm using measurement of stereo photogeetny of cumulus clouds. Holle
(1982) discusses various aspects of obtaining informatiothunderstorms from cloud pho-
togrammetric techniques. Rasmussen et al. (2003) also neebthe diameter location of the
opaque cloud debris of tornadoes. Motivation for this pagtems from the CuPIDO project
designed to measure orographic cumulus cloud developnvent\dt. Lemmon in the Santa
Catalina Mountains near Tucson, Arizona, USA. These cumelideal for studying the onset
and development of convection owing to the regularity ofldmation and timing of the diurnal
cycle.

The convection develops over the highest peaks and typicadiins at about 9:00am MST.
This allows cameras to be xed in position and capture theahdevelopment from clear-sky
conditions. To examine the details of the cloud developnretttis environment, stereo pairs
of digital cameras were set on a ground baseline of about rh.5 lknages were transferred
every 10 seconds during daylight hours to the server. Frard#ia collected, several days,
where the convection was suf ciently isolated, were idedtiand used in this pilot study.
The images allowed us to determine the location of the Irstavection, and detailed vertical
evolution of the initial turrets during the transition frashallow to deep convection [Zehnder
et al. (2007), Damiani et al. (2008)]. This paper describsteeseo photogrammetric technique

for determining 30(x; y; z) locations of orographic cumulus clouds. An detailed agpion of
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this technique for orographic cumulus clouds can be refldw&ehnder et al. (2007).

Stereo photogrammetric techniques depend on detailedlikdge of the camera properties,
which include :intrinsic andextrinsicparameters [Hartley and Zisserman (2003)]. The intrinsic
parameters of the camera include the focal length, pixekdsions, principal point offset, and
skew of the camera. It is relatively easy to obtain the isidrcamera parameters by a camera
calibration process [Mohan et al. (1989), Zhang (1998)j, @amera manufactures also provide
this information. The extrinsic parameters of a cameraisbs its location and orientation
in the world coordinate system, and represent 6 degreeeefildm. The orientation of the
camera in a eld is determined by three anglagimuth elevationandroll and the location by
longitude latitude andelevation In a large scale regidnit is dif cult to accurately measure
extrinsic parameters of two cameras that are far apartceglyeneasurement of the orientation
of the cameras.

Methods to obtain extrinsic parameters for different clobdervations have been described
by Orville and Kassander (1961), Saunders (1963), Warnet. €0973), Holle (1982) and
Rasmussen et al. (2003). Orville and Warner and Holle obdathe extrinsic parameters by
measurements. They assumed that a camera was held pelfecdgntally, that is, its roll
angle was zero. This assumption ensures that correspopdiats in two images have the
same image heights and dispariyhich is the difference in images from the left and right
camerasonly occurs along horizontal direction on the image plaissinders outlined a more
general method for nding the camera orientation based ammizing the RMS error related

to azimuth and elevation angles of landmarks. This errordeased by the RMS difference

1See section 3 for the de nition of a large scale region in qplation.
2Although a survey transit is capable of measuring azimuthed@vation with an accuracy @f (see Rasmussen

et al. (2003))jt is dif cult to accurately align the direction of a transitith the optical axis of a camera manually.
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between calculated azimuth (elevation angle) and measaiedith (elevation angle) of several
landmarks in the eld. HoweveiSaunders found the lens horizon manualasmussen et al.
expanded Saunders's methtml calibrate cameras inncontrolled circumstances (i.e., focal
length, azimuth, elevation angle and roll angle are unkroRasmussen et al. assumed that
the exact locations of all camera centers can be measurbd ielt. Our results (see Eq.(14))
show that the accuracy of stereo reconstruction not onlg@gpon the camera orientations but
also on their locations. Furthermore, since the distaneésden landmarks and the cameras
were more than several kilometers, it were very dif cult twcass and accurately measure the
azimuth and elevation angles of these landmarks to salisfyequirements.

Besides direct measurements of extrinsic parameters such [@sville and Kassander
(1961), Warner et al. (1973), Holle (1982)here are also two classes of approaches to ob-
tain extrinsic parameters of cameras from multiple viewrgetry. One is based on image-to-
image correspondences (IIC) [Zhang (1998), Hartley andeZisan (2003), Pollefeys et al.
(2004)] and second method is based on world-to-image qwyrekences (WIC) [Tsai and
Huang (1984), Tsai (1987), Weng et al. (199)here are several 1IC methods to compute the
perspective matrix of a camersuch as 7-point, and 8-point and RANSAC algorithms [Hartley
and Zisserman (2003)]. These algorithms require that thesared pixel locations are cor-
rected to correspond exactly to the landmarks, requirirggdinate corrections averaging 0.02
pixels. However, it is dif cult to accurately locate the Iiints in cloud images because clouds
are far from the cameras and do not have rigid features sushaap edges and corners. Our
experiments show that ICC-based methods fail to reconstiici@ids accurately.

The input of the WIC methods N (  6) point correspondencésThe existing WIC-based

3Such world points are also called landmarks, because tleeloeatedon a terrain X; $ x; between the

world pointsX; and the image pixels;.
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methods of camera calibration can be categorized into tassels: two-step methods [Tsali
(1987) ,Weng et al. (1992)] and direct nonlinear minimizatjHartley and Zisserman (2003)].
Saunders's and Rasmussen's methods belong to WIC. But thetrisifhe angles of landmarks
instead of their coordinates. In additiomyo-step methods involve direct solutions for most
of calibration parameters and some iterative solution®foer parameters. For example, Tsai
(1987) derived the closed-form solutions for external pagters and focal length based on a
radial alignment constraint, then used an iterative schenestimate distortion coef cients.
Weng et al. (1992) proposed a two-step camera calibratioogpiure. The closed-form solu-
tions of the parameters were obtained in the rst step basd¢d@distortion-free camera model,
and then solutions were improved iteratively through a imaalr minimization, taking into ac-
count two major camera distortion models. The parametdesradd by two-step methods were
solved by linear equations whose matrix depends on the mehsaordinates of the landmarks.
Therefore, in the presence of measurement noise, the iatkabe solutions do not satisfy the
constraints and the accuracy of the nal solutions is poee(solumn in Table 3 ).

Direct nonlinear minimization methods compute an initislimate of the projection ma-
trix using a direct linear transformation (DLT) algorithrand iteratively optimize the initial
estimates by minimizing geometric or algebraic error [Kgrand Zisserman (2003)].

In order to obtain the development of cloud turrets, an ateuzamera calibration technique
is needed. For example, if a roll angle deviddgs from its real orientation, the average devi-
ation of the distance from computed points and their reaitiposwill be larger thanl000n in
our application.In this paper, we present a technique similar to direct meali minimization
methods to compute camera extrinsic parameters for clor@hstruction. DLT methods can

not provide proper initial estimations in our experimenis; gross locations and orientations of
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cameras are measured manually. The discrepancy betweasnmeents and their true values
may create a GE, which is de ned by the RMS deviation betweeasmed pixel positions of
landmarks and their calculated projections on image plaifesxtrinsic parameters approxi-
mate to their true values, the distance between measuragkipigel of the landmark and its
calculated projection should be near zero. This means ttgagminimum of the GE should
be at the true values of camera’s parameters. However, dadsa& multiple local minima?
How does one approach the global minimum solution? Thesstigus are the motivation for
our paper. We have devised a new solution in the context aidoilar vision in this paper. The

main contributions of this paper are as follows.

We prove that the GE has only ogdgobal minimum when the deviations of azimuth,
elevation and roll angles from their true values eli@se enough and landmarks are far
away from camera€ur analysis also revealed that it is necessary to congidgrdsition

and orientation of a camera simultaneously in GE minimaraproblem.

We present a coarse-to- ne algorithm to search for the mummof GE which does not

need DLT to obtain an initialneasurement

We present a new landmark survey based on GIS rather thamahieys eld measure-
ments by GPS [Rasmussen et al. (2003)]. The new approach fxmmeand effective

landmark survey in our application.

The proposed cloud photogammetry technique can be useatoadely calibrate camera
position and orientation in a large scale region where iffisult to perform landmark and/or
camera site surveys due to accessibility and cost. By usijig feisolution GIS to make mea-

surements, our technique is able to provide accurate cleemhstruction results. On the other

“4In our application, the maximum deviation of angle®i35(rad) (i.e. 20 ).

6



13s hand, our technique depends on the accuracy of GIS data oaglu. This is a limitation of

1o this technique, because there are no high resolution DERKitaéle for some places. However,
w1 if the DEM available, a GIS system allows the user to accesdahdmarks easily. Another
12 limitation is that only the facing surface of clouds in bodneeras can be measured, and leaves
13 other parts 3D detail unknown.

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

us ing the geometric error associated with computation of taresic parameters. In section 3,
s We show results of our algorithm on the data collected froenéfd. We also evaluated the pro-
17 posed approach using radar data and NASA Multi-angle Intga§imectroRadiometer (MISR)

s Satellite images and aircraft trajectory with liquid watentent

149 [Table 1 about here.]

= 2. Binocular Stereo Photogrammetry for Cloud Observation

151 In this section, we rst brie y describe the pinhole cameradael. Secondly, we analyze
152 GE of the pinhole camera model in a large scale scene. Basdaeqgorévious analysis, at
13 least 6 landmarks are needed to calibrate the cameras. Wdenar the world coordinate for
1« the landmark survey and provide a method to measure the woddlinates of the landmarks
155 based on GIS rather than eld measurements. Finally, wegnitesur coarse-to- ne algorithm

155 10 nd the camera parameters iteratively.
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a. Pinhole Camera Model

We brie y present the basic pinhole camera model which isral@oation of matrices with
particular properties that represent the camera mappeg [(dartley and Zisserman (2003),
Pollefeys et al. (2004)] for details)A pinhole camera with nite focus length ia mapping
between the 3D world and a 2D image. That is, a point in the dvodordinate framee?3
with coordinatedX = (x;y;z)T 5 is mapped to a point on the image plane with coordinates
e = (X%;¥)T, where a line joining the point to the center of projection meets the image plane

(see Fig. 1).
[Figure 1 about here.]

In this paper, th& , Y, andZ axes are alongastward, upward, and northwatidlections in
the world coordinate, respectivel{.andy are measured in pixels with top-left corner as image
plane origin (see Fig. 1). In three steps, a 3D point can bepedpn the image. These are:
(1) Transform the 3D points to the camera frame; (2) projemts on the image plane; and,
(3) map the points on the image plane image coordin#iethe rest of the paper, we represent
the world and image points using their homogeneous coaetiha.e. the world pointX is
X =(x;y;z;1)" and aimage point by x = (; ¥;1)",. A pinhole camera model is expressed

as a linear mapping between their homogeneous coordinafeiaws:

X = PX (1)

STranspose of the row vect(x;y; z). In this paper, a bold-face symbol always represents a colgutor or

matrix.
6A point (Xx1;  ;Xn) in n dimensional Euclidean space is also a point idimensional projective space by

simply adding ax + 1 coordinate of 1 atthe endx,;  ;Xy; 1) which is called a homogeneous coordinate of the

point.



The camera projection matriR is a set of3 4 homogeneous matrices, where the left hand

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

by 0 1
lOOXo

P=KRI[lsj CI=KRB 0 1 0 vy, (2)
0 01z
wherels is the3 3 identity matrix, K is called thecamera calibrationmatrix andC =
(Xo; Yo; Z0) T represents the coordinates of the camera center in the saoldinate frameThe
delimiterj denotes that the matrix is composed of two submatriReis.a3 3 rotation matrix
representing the orientation of the camera coordinatedrarhe calibration matrix of a pinhole

camera is 0 1

a, Sk Ro
K=E 0 a % 3)

0O 0 1

s Wherea, = fk, anda, = fk. f is the focal length anll, andk, are the number of pixels per
167 UNit distance in image coordinates in thandy directions respectively, argk is the skew of
s the image planayhich is the angle between tikeandy pixel axeq(in our applicationsk = 0).
10 Similarly, p = (%o; ¥o)" is the principal point in pixel dimensions. The parametenstained
170 in the calibration matriK are called thentrinsic parameters
In E3, rotations about th& , Y, andZ axes are in the counter-clockwise direction when

looking toward the origin. These are:

0
1 0 0
Rx( )= éo cos  sin ; 4)
0 sin

COos



cos O sin

(QPIUITIIR O

Ry( )= 0 1 o0 ; (5)
sin 0 cos
0 1
cos sin O
R.()= sin cos 0¢: (6)
0 0

11 By Euler's rotation theorem, any rotation can be represeasesicomposition of rotations about
12 the three axes., and as explained below.

In our application, after translation of the origin of the nabframe to the camera center,
we rst rotate they axis counter-clockwise through azimuth angle denoted Isych that the
newz axis is along the azimuth of the principal axis. Since the eanis tilted upward at an
elevation angle denoted by, we next rotate th& axis counter-clockwise through elevation
angle so that the newaxis is along the principal axis of the camera. Generally,dhmera is
set up askew and so the lens horizon is not horizontal. Wdyrtalist the newz axis through
an angle of roll, denoted by, so that the new andy axes are parallel to the horizontal side
R and vertical sidg of the image plane of the camera respectively. Now, we harstormed
the world coordinate fram@; X; Y; Z) to the camera coordinate frart€; X cam; Ycam; Zcam)

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

R =Rz()Ry( IRz( ); (7)

s WhereR,( ), Ry( ) andR( ) are de ned in equations (4), (5) and (6) respectively.

10
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b. Geometric Error in a Large Scale Scene

Suppose that the homogeneous world coordinatés of 6 landmarksX; = (x;;yi;z;1)"
and their corresponding image points with homogeneouséncagrdinates;; = (%;;%;1)"
with 1 i N are accurately known by some means. We can then estimatexthera
orientation (, and : rollangle, elevation angle, and azimuth) and loca@or ( Xo; Yo; Zo) "

in world coordinate system by minimizing the GE in the imalgaitley and Zisserman (2003)]:

= min 2N @apxo; ®)

P(iix oyoizo) N g
wherePX ; is the image ofX; under projection matri¥> which depends on orientation (3
degrees of freedom) and location (3 degrees of freedomeafdmera. Therefore, the minimum
of the GE given by EQ.(8) has 6 degrees of freedom. This coatiput is time-consuming

since each search involves several matnixitiplications The GEp

" is the root-mean-square
(RMS) error in 2D Euclidean distance. Hartley and Zissern2@98) recommend a Levenberg-
Marquardt iterative algorithm to nd the minimum of GE. Howe, an important drawback of
standard least-squares algorithms such as Levenbergdilialtgs that the algorithms require
that all observations are corre®]. It is impossible to accurately survey all landmarks im ou
application, because a pixel in images corresponds to a Eqgare region. Rasmussen et al.
(2003) made use of the Polak-Ribiere conjugate gradientadett minimize a cost function
which is similar to Eq.(8) but has 4 only degrees of freedoiosa( lengthf , elevation angle,
azimuth and roll angle). They assumed that the exact latatfdhe camera center can be
measured. However, in our case, nding exact locations ofera centers was not possible.

In the rest of this subsection, we will discuss the geomerior generated from the de-
viation of camera from its true orientation and location dhen present our coarse-to- ne

algorithm to minimize the GE (8).

11
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In order to calculate the GE resulting from the deviation wétation and location of the
camera, we simplify the analysis by applying a rigid transfation to place the world co-
ordinate in the “true' camera coordinate system. A rigichdéfarmation does not change the
GE (8). Note thaC = (Xo;V¥0;20)" and (, , )T represent the initial camera location and
orientation prior to error correction. L&, = (X;Vi;z)" and (¢, )" represent the
true location and orientation, thelo  X¢;Yo VYi;Z0 )" represents the location error
vector and( t) t) )T represents the orientation error vector. Thus, we have
(x;¥:z2)" = (0;0;0)" and( ; +; )7 =(0;0,0)". Therefore(xo;Yo;20)" and(; ; )T
now represents the deviation or error in location and oaigoh We still denote in the rest of
subsection the homogeneous world coordinats of 6 landmarks aX; = (Xi;Vi;z;1)" and
their corresponding image points with homogeneous imagedamates ax; = (%;;¥;1)" .
Our assumption is that the initial location and orientaiffsom measurement) are close to the
true location and orientation. Henoe,, yo; Zo; ; , and are small scalars.

If , and arelessthan fad (i.e. 57 )7, it is useful to rewrite rotation matriceé®,( ),

Ry( ) andR,( ), de ned by (4), (5), and (6) as the lowest order Taylor seggsansions:

0 1
0 0 0

Re()=1s+ B0 0 15+0%) Ils+ I+ O%(); (9)
0 10
0 1
00 1

Ry()=1s+ Bo o0 0§&+0%() Ils+ Jy+O%(); (10)
100

"It is needed to do Taylor expansionadsandsin functions in the rotation matrices.

12



0 1

0 1 0
R,()=1s+ 1 0 0F+0%() I+ J,+ 0% ); (11)
0 0O

where the bigd symbols indicates the existence of additional terms of s@@w higher order

involving , and . From (2), (7), (9), (10) and (11), we haf@ landmarksX;

PXi = K(la+ 3o+ Jy+ dlz+02(;1; N([1si  CHXi

1 Xi  Xo

= K 1 yi Yo £* O )
1 Zi Ip
0 10 1

X + y| Zi
_éoay 9Eé Xty 4z, B0 )

0O 0 1 X Z;

X+ yi  zi)*+X(x; Yy;+3z)

a( X, +y +z)*¥%(x, y,+z)e*rO0C: ) (12
Yitz

wherex; Xi Xo,¥; VYi Yoandz; z z. Due totheinaccurate estimation of camera's
location and orientation, the image of a reference landméarkwill shift away from its true

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

|
P'o
20y . N _ (X +y; z;)
d(xlapxl) kl *o Xi yi+Zi |
ay( Xi+yi+zi)'2 3. .
AL Xi Yityz O )
! !

_ axXi  ax(X + Y, z,) 2+ ayi a( x;+y +2z;) 2+03(..
Z; Xi Yityzg Zi Xi Yityzg ”

& .. 5 2
- (X +2z) XiYi Yizi + ZiXo XiZg +

13
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2

g X z
jﬁXiYi ' +2z) xiz +zy Yizo +0O° X0. Y. 20

z'z' z - (13)
where we make use of the facts that:xj)is the true image of landmaibk;, i.e.,®; = % +Xo
andy; = aﬁ—y + %o; (ii) the scenery of clouds is at a very large scale Warnet.€1.873), and
all landmarks selected are far away from the cameras. Thissidat the amount of deviation
from the true location of the camera is much less than thdietoordinates of all landmarks,
i.e,Xo Xi,Yo Viandzy, 7z ,andsowehavg, XY, y; andz; zi in EQ. (13)

(3 i N). Therefore, the GE is dominated by the rst two terms in tharfula above, and

total GE in (8) can be rewritten as:

min 3 (X2+ 2% Xi\VYi  Yizi +ZXo XiZo g
x oyoizo N g Zi4 ! ! H = ' :
1N a2 2
N :_z XiYi Y'+2z) Xz +zYo YiZo
i=1 |
min  E(;; ;X o;Yo Z): (14)
v X 0:Y0:20
The minimum ofE(; ; ;X o;Yo;Z0) can be solved by setting the rst derivativéE=@

@E=@ QE=@ @QE=@Xx@E=@yand @E=@ 20 zero. By using Cramer's rule, there is
only one minimum solutior( ; ; )T = (0;0;0)7, and (Xo;Yo;2)" = (0;0;0)". Notice
that(; ; ) and(xo;Yo; )" are differences of estimation from true value of orientatmd
location of a camera, respectively, but not orientation lagdtion of the cameraBased on the
above analysis, we concluded that (i) the real location aightation of camera is the only one
global minimum solution of the GE given in Eq. (8). Therefailee real extrinsic parameters
of a camerain a eld can be estimated by solving a GE mininmzaproblem. (ii) A deviation
in camera position causes an error in estimation of oriemtaif the camera (see Appendix).
However, a small deviation in angle results in signi canoeiin the cloud stereo reconstruction

(see Fig. 2) Therefore, it cannot approach the solution for the truerdation if the location

14
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is not accurate. This is why we must consider orientationlandtion of camera together to
minimize the GE in Eq.(8) instead of considering orientatad camera only to minimize a
cost function and assuming that we can obtain the exactitocat camera as Rasmussen et al.

(2003) did.

[Figure 2 about here.]

c. The World Coordinate System

The camera position and orientation depend on a given auatelisystem. A geographic
coordinate system enables a location on Earth to be spetiyethe three coordinates of a
spherical coordinate system';r ), where ;' andr are longitude, latitude and radius of
Earth, respectively. However, the pinhole camera modehset) on a Cartesian coordinate
system, therefore, itis improper to use the geographiadioate system as the world coordinate
system to nd the minima in Eqg. (8). On the other hand, at a pGion the Earth sphere there
is a local tangent coordinate, denoted(l®y; X;Y; Z) whereX andY are the directions of the
tangent of the meridian and the latitude line at the p@intespectively, and is the along the
direction of altitude the poinD (see Fig. 3(a)). The local tangent coordinate is regardéideas
world coordinate system in this paper. The transformatetwben spherical coordinate and the

local tangent coordinate satis es the following

dx = (ro+ z)cosd (15)
dy = (ro+ 2)d' (16)
dz = dr a7

15



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

wherer is the radius of the Earth amg >> z . Therefore, for asmall graticule (ejg. 2 <
O5andj' ;1 ', < 05, see Fig. 3(b))ro+ zin Eqg. (16) is nearly constant, denoteddyso
is(ro+ z)cos' in Eqg. (15), denoted bip. By Egs. (15) and (16), the local tangent coordinate
can be obtained by = Iy 1),y=a( ‘'i1andz=r rq= difference of elevations
whereb = acos%. In order to determina, we sample several pairs of points on the eld
in the GIS. Each pair of points have the same longitude béereint latitudes. The ratio of
distances in latitudes between the pair of points will agpnates thea value.a is obtained by
the average of these ratios.

For example, the eld view in our CuPIDO2006 project is betweg = 32:29 and
' 5, = 32:50 in latitude and between; = 11095 and , = 11053 in longitude. The

transformation constants from the geographic coordinatiné local tangent coordinate are

a = 11074635 m/degree anth= 93884:5 m/degree.

[Figure 3 about here.]

d. GIS Landmarks Survey

The position of the camera was measured witjlabal positioning system (GP$)stru-
ment. The orientation was measured with a compass and atielegcale, which is a weighted
arm that hangs against an angle scale. GPS accuracy can@ecbasa few meters but it varies
based on various factors, while the accuracy for elevatr@hazimuth is on the order of few
tenth of a degree at most. Further, the principal axis ancecarenter are imaginary, and it is
generally not possible to know the orientation of true nartthe eld, therefore it is impossible
to measure the location, azimuth, elevation angle and fahmera with enough accuracy to
satisfy the requirements to reconstruct a large scale s&mehe other hand, these data mea-
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sured by different tools usually are in different coordegttherefore, it is necessary to bring
these data into a common coordinate system, i.e. perétata registration[Sourimant et al.
(2007)], before camera calibratiomherefore, in order to determine earth-relative positiod a
orientation of cameragye rst locate six or more landmarks. The landmark survey includes

the following three steps.

Step 1: Selection of pixels in the image that correspond noesphysical features.

Step 2: Mapping the pixels to the corresponding points ingh@in in the physical world.

Step 3: Determining the coordinates of the correspondingtpdy means of help of

GPS/GIS tools.

Selected landmarks in the images satisfy two requireme@tse is that they are visible
from both cameras (thus, the cameras can be calibrated iootienon coordinate system),
and another is that they correspond to some physical featuké kinds of peaks are good
candidates. However, an image contains many such peaksthirtiestep is relatively easy
with the help of a GPS or GIS tools. However, the second steprhes much more dif cult
i.e. to match the pixels and its corresponding physical ggoiin addition, for any given lens
setting, there is only one distance at which a subject isigehcin focus, and the focus falls
off gradually on either side of that distance. Especially tbgion behind the points of focus
will become smaller and smaller with increasing distanclusl the pixels at the region are
so blurry that nding their world positions is not easy. Thtare, mapping the pixels to their
physical points needs to be repeated several times. Ungigly, it is impractical and not
easy to identify landmarks by eld measurements due to ldakads, and accessibility to Mt.

Lemmon. Therefore, due to practical reasons including sssb#ity and cost, we could not

17



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

284

285

286

survey the landmarks by eld measurements. Instead we ma&etiGIS tools to determine
the location of landmarks.

Google Earth (earth.google.com) provides a virtual vigaéibn tool which includes high-
resolution aerial and satellite imagery and elevation ftatthe area where our eld experiment
was conducted. At the Santa Catalina Mountains, the reealofithe satellite imagery is about
3m per pixel. The deviation of elevation of the terrain isslésan 10m. For example, the Mt.
Lemmon is 2791m above sea level, and 2785m as measured irlegGeagh. Google Earth
allows a user to locate the landmarks with help of the 3D wirterrain and texture information
with high-resolution satellite image (see Fig. 4 ), whichtunn provides geographic coordi-
nates. Although the shortcoming of this approach is that dif cult to automatically match
landmarks between camera images and Google Earth 3D tdtraiadvantages of the method
is thatall the landmarksre put in the common GIS coordinate system, and high resolut
imagery and accurate elevation data allow an economic anédtsme only way to compute the

3D structure of cloud accurately.

[Figure 4 about here.]

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

Based on the discussion above, we present our coarse-tdgonatam to compute the true
position of a cameraEssentially, we set up a 6D grid centered around the initedsnrement
of the solution, nding the minimum value of the error, theentering a new ner grid with a
smaller extent around the point with minimum error, and atipg this process until the error
is stable and the grid is re ned below a speci ed tolerance.

Suppose that the initial orientatidno; o; o) and location(Xe; Yo; Zo) of the camera are
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close to their true position, i.e., there are tolerances , and for elevation angle,
azimuth,and roll angle of camera’'s principal axis such that true elevation angle is 2

(o ; ot ), the true azimuth is 2 ( ¢ T0 ), and the roll angle is 2

(o 7 ot ) withatolerance ( x; y; 2z)such thatthe true location of camera center
is located in the cubéxg X; Yo Y; Zo z). The amount of tolerances are determined
by the accuracy of the equipment used. In practice, theaoter are usually selected as two
times as that of error of the equipment Rasmussen et al. (20@8)nitial angle increment be

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

Stepl: Givenay > 0,pp > 0,and o > Oand o > 0. Set angle tolerances ; X
initialized byag and length tolerancesx; y; zbypo. Increment initialized by g,
by o, and six integer variabldg (j = 1;:::;6), where0 Kk; 2 (for = ;;

andj =1;2,3),and0 Kk 2 (for =x;y;zandj =4;5;6)and iteratior. = 1.

Step2: Set = ¢ +ky, = o +k, ,and = + k3 . Compute

the rotation matrix (7).

Step 3: Setx = Xg X+Ks; Y =VYo y + ks ,andz = z z+ kg , and

calculate projection matrix (2).

Step4: Calculate the GE (8), and store the position of camera tidtmzes the GE. In-
creasek; (j =1; ;6)by 1 until all parameters of the camera's orientation andtion

reach their maximum;

Step 5: If the solution satis es the requirement of accuracyntlséop; else replace the
orientation and position of the camerg; o; o;Xo; Yo; Zo With the new orientation and

position with the minimum GE obtained by Step 4, set iteratio= L +1, = ay=(L
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Col =55 ) = po=L Co)( =xy;2), = oL Cy); = oL Cy).

Go to Step 2.
Co andC; are positive constants. The purpose in setting= as=(L Co) ( = ;; )
and = po=(L Co)( = Xx;y;z) is to decrease the cost of computation and that of setting
= oL Cy),and = =L C,) isto obtain a higher precision as step size becomes

smaller when searching approaches the minimum error. Bhighly we call this algorithm
coarse-to- ne algorithm In this paper, we us€, = 0:5andC; = 2, tolerancesy is 20 for
orientation angyy = 40m for location and initial incrementg = 1 and o = 2. To satisfy the
requirement of accuracy, the typical iteratidns 20.

Not only does this algorithm assure that the minimum sofutgonot local but global and
computable. It is also more ef cient than searching the whspace which would cost signi -

cant computational time to reach the minimum solution.

f. 3D Reconstruction

Once we know the projection matricg andP, of the two cameras and a set of given
image correspondence$ andx? (which come from a set of unknown 3D poiris), the 3D
positions can be solved by linear triangulation methode (3artley and Zisserman (2003)).
For each camera, we have a measurerRat; = x!, P,X; = x2 and these equations can be

combined into the formd\X ; = 0, which is a linear equation X, with
0 1

RtpsT pr’
A gpit P g 18)
R%p3T p3’

¥7p3’  p3’
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322 wherep{T are thej " row of P;. The two equations are included from each camera giving a
a3 total of four equations in four homogeneous unknown co@tdis. This is a redundant set of
24 equations because the rank is 3 and the solution is detednoimlg up to a scale. The set of
w5 equations is solved using SVD (Singular Value Decompasjtinethod. This solution is not in

a6 the world coordinate system. We apply linear scaling factditained from sampling landmark

327 points in real world coordinate system.

=» 3. EXperimental Results

329 The technique outlined above was applied to data collecteohgl the CuPIDO project
a0 associated with the North American Monsoon (NAM) in South&rizona. Two cameras were
a1 established southwest of the Santa Catalina mountains imsuiwf 2006 and denoted by CC6
a2 and CC7. The straight-line distance between the highest pehtha pair CC6-7 is about 25km.
a3 The spacing between CC6 and CC7 is about 1.5km. The intersettioa @ld of views of the
;3 Cameras covers an area about 25km deep and 40km wide. Tdlne/2 the intrinsic parameters

a5 Of these cameras. The initial measurements for CC6 and CC7 axe $indable 3.
336 [Table 2 about here.]

337 In this section, we present camera calibration results antpare with Tsai's and RANSAC

ws algorithms. We then provide the accuracy assessment ofl cleeonstruction based on the
a0 difference of computed and measured coordinates of gramihiarks. Finally, we make use
a0 Of four different types of data collected in the experimeotgvaluate cloud reconstructions.

s These data were collected by satellite and an aircraftectsely.
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a. Camera Calibration

Table 3 show the calibration results of cameras CC6 and CC7 ugfiegedt methods.
We manually selected 166 matching points which are locatesl mountain region viewed
from CC6 and CC7 and used them to calibrate the camera CC6 and CC7 InaB&INSAC
algorithm. We also surveyed 10 landmarks correspondin@ tadtching points and applied the
10 landmarks to calibrated the cameras CC6 and CC7 based on posptbmethod and Tsai's
algorithm. Since it is dif cult to measure roll angle of a cara accurately, it is assumed that the
initial value is0. Compared with Tsai's and RANSAC algorithms, the calibratesdifons of
the cameras using our method are much closer to the initedgurhe calibrated positions by
Tsai's and RANSAC algorithms are clearly incorrect, becabseelevations of CC6 and CC7
cannot be higher than 1000m. Experiments show that TsailRNSAC algorithms can not
provide the correct camera extrinsic parameters in ouelacgle scene. The possible reason is
that both Tsai' and RANSAC algorithms involve linear equaiavhose matrix is determined
by the landmark survey and the selection of matching pointa.short range with clear features
such as corners, it is easier to get accurate coordinatesdfilarks and exactly match points.
However, it was impractical to obtain these accurate olagiemns in our experiments. Therefore,
it is impossible to obtain the accurate extrinsic paransaising Tsai's and RANSAC methods

when the elements of the matrix are contaminated by theserror

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

The validity of the camera parameters and accuracy of theteakcloud reconstructions
are assessed by computing the difference between the at@dwloordinates of an additional
set of landmarks in Eq.(18) and their world coordinates iokthfrom Google Earth. We se-
lected additionaN landmarks different from those used to calculate extripsi@ameters. We
calculate the mean error (ME) between the calculated coatels ofN landmarks and their
world coordinates obtained from Google Earth as follows:

1N

ME()ZN i il (19)
i=1

whereN is the number of landmarks samplegd{eitherx; ory; or z;) denotes coordinates of
theith landmarks observed from Google Earth ankitherx; ory; or z)) denotes coordinates
from computation. In the pair of CC6 and CC7, 10 landmarks werd, & the mean errors
were 577m inX direction, and 187m ity direction and 68m in elevatiomhile the worst case
in X direction was 902m, and 322m W direction and 104m in elevationrhe anisotropy in
the errors is due to the uncertainty in locating featuresiercamera images and matching them
with the digital elevation map. The mountain ridges in themeea's eld of view are oriented
essentially in the north-south directions. Points in theieal and east-west directions are on
the tops of the ridge, while in the north-south directionythee along the ridge where locating
a point on GIS uniquely is more dif cultin our application, a small error in elevation direction

is more important. Therefore, these errors in cloud measeméare acceptable.
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c. Evaluation of Cloud Reconstruction

We rendered calculated cloud points over the digital eiemanodel (DEM) of the Santa
Catalina Mountains and were able to examine the structuréoatls visually. We also evalu-
ated the cloud reconstruction results by using other diffetypes of data collected during our

experiments.

1) MULTI-ANGLE IMAGING SPECTRCRADIOMETER (MISR)

The Multi-angle Imaging SpectroRadiometer (MISR) sateNitas launched aboard the
Earth Observing System (EOS) spacecraft. MISR providedatjoadiometrically calibrated,
georecti ed, and spatially coregistered imagery at nirseite viewing angles and four visible/near-
infrared spectral bands [Diner and et.al. (1998)]. The Mt@Rieras in temporal sequence are:
DF, CF, BF, AF, AN, AA, BA, CA, DA. For a region, these cameras takages from nine
different viewing directions. The AN camera is just perpenthr to the region. Furthermore,
the MISR red bands for all 9 MISR cameras are at 275m resolu@mly AN camera is at this
resolution in the blue and green bands. For the other carreeragression technique was used
to produce the RGB images. Therefore, it is possible to useRMi&ta obtained by the AN
camera to evaluate the horizontal reconstruction of cl@@y5m resolution.

On Aug 10, 2006, the MISR satellite ew over the Santa CataMwuntains in southern
Arizona during our CuPIDO2006 experiment. The data colttie MISR span a time range
from 18:17:41 UTC (DF Image) to 18:25:05 UTC (DA) image (ség. ). The AN camera
captured the cloud image over the mountain at 18:20:53 UT@ thie central latitude and

longitude of each pixel. Fig. 6(b) and (c) show the perspectiews of cloud reconstruction
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on DEM with the texture generated from the AN camera data.rd’aee 16 matching points
selected manually shown in Fig. 6 (a). #13-16 are selectatjad cloud edge from side view.
The perpendicular projections of #13-16 poiotsthe DEM are along the cloud edge viewed by
the MISR satellite. Further points #2 and #3 are on a blockamiadobserved by CC6. These
are also on the block observed by MISR AN camera. These shaivatin stereo reconstruction
agrees with the horizontal structure of cloud at 275m rdswiu Note that #9 and #10 are
close along the view direction of CC6 camera, but they are Hgtizather away in the world

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

[Figure 5 about here.]

[Figure 6 about here.]

2) AIRCRAFT TRAJECTORY WITHLIQUID WATER CONTENT

During CuPID0O2006, the University of Wyoming King Air (WKA) pvided an airborne
platform for in-situ measurements using gust probes, ayafrcloud particle probes and high-
frequency humidity and temperature sensors [Damiani €2808)]. Fig. 7(a) the horizontal
plan section of stereo point projectiofred dots) and a portion of aircraft trajectory with liquid
water content (LWC). The cluster of the red dots correspontiéaed matching points in Fig.
7(c). The LWC decreases rapidly to zero at the edge of the cloud. Ka) shows the LWC
along a segment of the aircraft trajectory. The point at White LWC goes to zero indicate
the position of the edge of the turret in Fig. 7(c). Fig. 7(apws that the position of the
aircraft where the LWC became zero coincides the locationtf@fcalculated stereo points.
The coherence of the cluster of calculated cloud pointsdaghl cloud front edge suggests that

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

During CuPID0O2006, the University of Wyoming King Air (WKA) pvided an airborne
platform for in-situ measurements using gust probes, ayafrcloud particle probes and high-
frequency humidity and temperature sensors [Damiani €2@0D8)]. Fig. 7(a) the horizontal
plan section of stereo point projectiofred dots) and a portion of aircraft trajectory with liquid
water content (LWC). The cluster of the red dots corresponbeaed matching points in Fig.
7(c). The LWC decreases rapidly to zero at the edge of the cloud. Kag) shows the LWC
along a segment of the aircraft trajectory. The point at White LWC goes to zero indicate
the position of the edge of the turret in Fig. 7(c). Fig. 7(apws that the position of the
aircraft where the LWC became zero coincides the locatiorthefcalculated stereo points.
The coherence of the cluster of calculated cloud pointsdaehl cloud front edge suggests that

the proposed algorithm performed well.

4. Conclusion

This paper is a companion to Zehnder et al. (2007) and pre\adiill description of the
algorithm for 3D stereo photogrammetric analysis of curawalouds. A pinhole camera model
of multiple view geometry is applied to stereo pairs of clam@ges over a large scale elevated
region. We derived a computationally ef cient technique feconstructing 3D positions of
clouds. Starting from measured values of orientations andtions of cameras and treating
these as a rstmeasurementve obtained the longitudes, latitudes and elevationsrafrtzarks
visible in the images from a DEM (Google Earth). An algoritfion determining improved

values of the extrinsic camera parameters is used. Thisitdgois based on minimizing the
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geometric error (GE). In some cases such as ours, due to #ractér of the terrain in the
target region, a eld survey may be impossible. GIS landmsukvey is an alternative way
to determine the camera parameters ef ciently and effettivThe algorithm rapidly deduces
the extrinsic parameters of the camera and then calculae3D positions of points based on
triangulation. Automated stereo matching for clouds irhbotages needs further work.
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APPENDIX

Suppose that the position of a camera is given but has €xergo; zo). We compute the
deviation of the orientation by minimizing the geometricoerin 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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(20)

w0  Generally, if the deviatiofiXo; Yo; Zo) IS not the zero vector, the right vector in Eq. (20) is not

w1 the zero vector either. Therefore, the deviation of thetmosiof a camera results in an error

w2 When we estimate the orientation of the camera.
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average deviation of cloud stereo reconstructions. Irekperiment, we use the
calibrated parameters to reconstruct the matching poiimss we have a set of
data including matching points and their 3D position as arefce. Secondly,

we increase/decrease either azimuth or elevation or rgllealoy 0.1 (deg) at
each time, and reconstruct the matching points again, amgpete the average
deviation of the current 3D cloud positions from the refees1. . . . . . . . . 34
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the topography with texture whose color is determined byRi&d/green/blue
channels. The white arrow shows the view direction of (Q) ABD perspective
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Evaluation of cloud reconstruction using an aircraftacépry with liquid water.
(a) The plan section of all points superimposed on the dirtrack with LWC.

Track segment extents are from 19:37 to 19:41(UTC) and ther ¢éelbased
on the value of LWC. The white arrow shows the view directionlf ((b) a

side view of 3D reconstruction and aircraft trajectofg) The view from CC6
which looks toward tow the north at 19:39:25 (UTC). The rectlad dots are
matching points on clouds and green matching points areeomtiuntain. They

are selected manually, and correspond to the red dots im¢aog. . . . . . .

32



Y (elevation)

X (east)

(©) (d)

FiG. 1. Pinhole camera geometry and transformation betweendhd and camera coordinate
frames. (a) The world coordinate system, (b) camera coatelisiystem, (c) mapping point onto
the image plane, and (d) the image plapeandpy denote the coordinate of a camera.
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FIG. 2. A numerical experiment to show the relationship betweereatigviations and average
deviation of cloud stereo reconstructions. In this experitmwe use the calibrated parameters
to reconstruct the matching points. Thus we have a set ofidelizding matching points and
their 3D position as a reference. Secondly, we increaseddse either azimuth or elevation or
roll angle by 0.1 (deg) at each time, and reconstruct the mrajgoints again, and compute the
average deviation of the current 3D cloud positions fromréierences.
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FIG. 4. Terrain views from Google Earth (left) and our camergshat (right). The 8 pairs of
corresponding landmarks are shown.
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FIG. 5. Nine MISR images on Aug 10, 2006 over the Santa Catalinanitédns.
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FIG. 6. Example to show that the projections of computed cloud gaimtch cloud edges on
a MISR image. (a) The view from CC6 which looks toward the noifhe red labeled dots
are matching points selected manually, and corresponceteetth dots in (b) and (c). (b) The
plan section of all points on DEM of the topography with teetuvhose color is determined
by MISR red/green/blue channels. The white arrow shows igae direction of (c). (c) A 3D
perspective of 3D cloud points.
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FIG. 7. Evaluation of cloud reconstruction using an aircraggctory with liquid water(a) The
plan section of all points superimposed on the aircraftktmaith LWC. Track segment extents
are from 19:37 to 19:41(UTC) and the color is based on the vailu&VC. The white arrow
shows the view direction of (b). (b) a side view of 3D reconstion and aircraft trajectory.
(c)The view from CC6 which looks toward tow the north at 19:3%(PITC). The red labeled
dots are matching points on clouds and green matching paraten the mountain. They are
selected manually, and correspond to the red dots in (a)@nd (
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TABLE 1. Glossary of different notations used in this paper areritesd here.

,XYZ)

1 Xcam1 cam» anm)

:(’Xoi%)T
=(Xi;Vi;z;1)"
= (X % 1)T

World coordinate system

Camera coordinate system

Rotation around axis( = X;Y;Z)

Translation along a vector

Camera projection matrix

Camera calibration matrix

3 3identify matrix

Pixel on image plane

Principal point in image plane

Homogeneous coordinates of landmarks
Homogeneous image coordinates of landmarks
Number of landmarks

Elevation angle, azimuth, and roll angle of principal axis
World coordinates of a point

Focal length of camera

Number of pixels per meter ix andy directions

GE for calibrating the camera

Tolerance of orientation and position of the camera
Initial orientation and position of the camera
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TABLE 2. The intrinsic parameters of the cameras

Camera CCo, CC7
type IQeye3
focal length (m) 0.008
pixel size(m?) | 32 32
resolution 2048 1536
principal point | (1024,768)
skew 0
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TABLE 3. Comparison of camera calibration obtained by our methald thiat by Tsai's and
RANSAC algorithms

cameras measurements Our method Tsal RANSAC
latitude 32232883 32232519 32365878 32365878
longitude 11095765 11095719 11084383 11080114
CCh 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
latitude 322282 32229142 32220124 32365779
longitude 11094275 11094344 11085463 11080099
cC7 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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