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Abstract

All-sky camera network to track clouds and calculate their spatial

dimensions

The SkyScanner project aims to deploy multiple UAVs to measure cloud micro-physical

properties. So in order to e�ciently guide the UAVs to the desired cloud in real time,

I present a method of specific cloud tracking using a network of All-sky cameras. An

All-sky camera is a camera that is able to view a hemispherical sky (2⇡ steradians).

Such a system currently does not exist and so the plausibility of using this system were

explored. The uncertainties in the deployment of the camera system were characterized

and various techniques developed to calculate the spatial dimensions of the cloud are

detailed. The first spatial parameter that needs to be obtained is the cloud base

altitude. Two types of camera system were proposed to acquire the cloud base altitude:

1-camera system and 2-camera system. The 1-camera system is easy to set up but

it requires inputs from other meteorological instruments. It needs to compare two

images that were taken at a known time interval. The 2-camera system is independent

within itself but requires the two cameras to be placed apart by a known separation

distance. It utilizes the concept of stereographic imaging to triangulate the location of

the desired cloud. With cloud base altitude, the images can be geo-referenced which

allows cloud width and cloud height information to be extracted. Uncertainty analysis

revealed that a higher pixel resolution for the camera sensor is desired and that the

inclination angle of the camera is the most dominant uncertainty. The uncertainty of

the measurements is the lowest at inclination angle of about 45� while the uncertainty

is large at both the zenith (0�) and the horizon (90�). The 2-camera system’s technique

to measure cloud base was also compared to data from a ceilometer. It was able to

measure cloud base altitude to within the same precision as the ceilometer. As a proof

of concept, the All-sky camera system has produced encouraging results to warrant

further development.
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Background

The atmosphere is constantly changing and is spatially and temporally challenging to

measure. There are multiple types of clouds; some clouds exists in high altitudes and

in layers while others are low-lying and precipitating. There could also be di↵erent

aerosols (i.e. suspended particulate material) with the clouds with each having a

di↵erent sources and transport (i.e. biogenic or anthropogenic). These conditions

characterizes the atmospheric structure and spatial and temporal variations. The

e↵ects of aerosols on cloud is widely recognized as the largest source of uncertainty in

our knowledge of the anthropogenic forcing on climate [18]. The methods of observing

and detecting their e↵ects are not well established [17].

To study these atmospheric processes, atmospheric scientists have various tools, sen-

sors and instruments at their disposal. These include ground based instruments (i.e.

cameras, ceilometer, radar, CCN etc.) and sensors on board satellites and in-situ mea-

surements using balloons and unmanned or manned flights. With the advent of minia-

turizing sensors, payloads are becoming cheaper and easier to install; UAVs are becom-

ing popular methods used by atmospheric scientists to obtain significant results [15].

For example, Roberts et al [17] have used an array of 3 UAVs to study aerosol-cloud-

albedo interactions by making observations below, in and above the clouds. UAVs are

complimentary to manned flights. They have several advantages over manned flights

and satellites: low cost, easy deployment and high maneuverability [4].

However, one of the challenges for UAVs to be used e↵ectively to study clouds is

to be able to geolocate clouds (i.e. know the spatial position of the clouds). If the

location of the clouds are known, an optimized trajectory to a specific cloud can be

obtained. The UAV will not be wasting valuable time searching for the cloud which

would otherwise be used to collect data to observe atmospheric phenomena. There are

several techniques already developed to address the geolocation problem. Hasler [6]

has been able to use geosynchronous satellites to obtain stereo height measurements of

clouds by using straightforward geometric relationships. Mahani et al [10] has done a

simplified IR-based stereographic analysis from the GEOS satellites to estimate cloud

top heights while Muller et al [14] used a new stereo matching algorithm to retrieve

cloud top height information from the ERS-2 satellite. Stolle et al [22] has developed

a cloud mapping algorithm to estimate 3D positions of cumulus clouds during an UAV

flight in real time.

This thesis proposes and describes a new technique to geolocate clouds using a network

of All-sky cameras. This technique is developed as an alternative that is easy to install

1
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and use while being computationally and financially cheaper. The technique uses

primarily stereographic observation based on direct geometric properties with simple

image processing tools. The software used for uncertainty analysis is Scilab. The

software used to process the images and calculate the spatial parameters from them is

Matlab and most of the code was written by the author (Appendix A-D).

The work done for this thesis is part of the SkyScanner project, which aims to study

cloud micro-physics, aerodynamics and optimized flight planning and control of the

UAVs [25]. The project plans to use multiple UAVs to fly through cumulus clouds

and obtain data about their micro-physical properties. SkyScanner is a fundamental

research project supported by the STAE Toulouse foundation and the MAV research

center of ISAE. The project commenced in June 2014 and aims to accomplish its goals

by the end of 2016. The work for this project was done at the Centre National de

Recherchés Météorologiques (CNRM). CNRM is the French national meteorological

service Météo France’s main research lab and it manages all of the R&D at Météo

France. The thesis is submitted to fulfill requirements for a Masters course which is

co-funded by the Erasmus Programme of the European Union.

1.1 Computer vision

Computer vision is a discipline that studies how to reconstruct, interpret and under-

stand a 3D scene from its 2D images in terms of the properties of the structures present

in the scene. These properties include the intensity of light and color, their shade and

hue. Human vision is limited by our memory, optical illusions and the visible spectrum

of light. Computer vision uses computer software and hardware to model, replicate

and can even exceed human vision. In this thesis, the software used to process images

is Matlab and all of the description of the various image processes are in the context

of Matlab. Computer images are depicted using pixels.

1.1.1 Image

On computers, an image is an array (i.e. rows and columns) of pixels with values

associated to each pixel. The image that appears depend on the values of the pixel

and the color scheme in which the image is shown. For grayscale images, the value of

each pixel is a single value. Also known for being black-and-white, these images are

composed exclusively of shades of gray, going from black to white. To show grayscale

images on Matlab, the range for black to white goes from 0 - 1 and 0 - 255 for values of

type double and uint8 respectively. Since the pixel only has one value, it only carries

intensity information. A value of 0 will result in a black pixel while a value of 1 or 255

means that the pixel is bright and white.
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1.1.2 Color

Color is the visual perception of electromagnetic radiation in the visible spectrum. In

other words, it is how human brains interpret the light that goes through the eyes. In

order to create a color image, the behavior of colors must first be known.

Figure 1.1: Additive and Subtractive color mixing

Light from the sun shining down on Earth consists of all wavelengths of the visible

spectrum and is therefore white light. The color system here then is additive color as

there is a mixing of light of two or more di↵erent colors. Additive color is in contrast

to subtractive color, in which colors are created by removing or subtracting parts of

the spectrum light from white light. This is done in paints and printer inks. The three

additive primary colors are red, green and blue and adding two of these primary colors

produces the additive secondary color which are cyan, magenta and yellow. These

secondary colors are the primary colors used in subtractive color for printing purposes

as it uses a CMYK (cyan, magenta, yellow and black) color model. For a computer, a

color image is represented by the intensity of each of the primary color. For an 8-bit

pixel, a pixel value of 255-255-255 for red, green and blue respectively gives gives white.

To get red, the pixel will have the value of 255-0-0. A blue point is represented by pixel

values of 0-255-0. This is known as the Red-Green-Blue (RGB) color space. A color

image can be transformed to a grayscale image with the luminance equation

I
GS

= 0.299⇥R+ 0.587⇥G+ 0.114⇥B (1.1)

where R, G and B are the values of the R, G and B channels of the pixel.

Besides the RGB color space, there are also other color spaces. They are the CMYK,

HSV (Hue, Saturation, Value) and the YUV. The conversion from RGB to the other
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color spaces are as follows. For RGB to HSV,

V =max(R,G,B) = MAX (1.2)

S =(
MAX �MIN

MAX
) (1.3)

H =

8
>><

>>:

60�(G�B)
MAX�MIN

if MAX = R
60�(B�R)

MAX�MIN

+ 120� if MAX = G
60�(R�G)

MAX�MIN

+ 240� if MAX = B

(1.4)

H values are between 0� and 360�, while S and V values are between 0 and 1. The

figures below shows an example of HSV space. It is created using Matlab with V value

of 1 (white) and 0.1 (darker) and a gradient in increasing gradient in both H and S.

HSV is then converted into RGB for display. The gradient was created using a simple

for loop for each channels.

(a) H, S gradient, V = 1 in RGB (b) H, S gradient, V = 0.1 in RGB

Figure 1.2: HSV color space

The YUV space contains one luminance component Y (brightness) and two chromi-

nance U and V (color) components. The ranges of values are as follows.

Y 2 [0, 1], U 2 [�0.436, 0.436], V 2 [�0.615, 0.615]. The conversion follows the follow-

ing matrix. 0

BB@

Y

U

V

1

CCA =

0

BB@

0.299 0.587 0.114

�0.147 �0.289 0.436

0.615 �0.515 �0.100

1

CCA •

0

BB@

R

G

B

1

CCA (1.5)

These color space can be used to create di↵erent images that help identify di↵erent

structure in the images. For example, using HSV space may be good for solid unicolor

object tracking since a certain color only has one hue and saturation value. It will be

easier to identify those values in HSV space than the combination of red, green and

blue in RGB space.
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1.2 Stereo vision

Stereo vision is the computer vision process of extracting 3D information from multiple

2D views of a scene, each view acquired from a di↵erent viewpoint in space. It is used in

applications for 3D movie recording and producing, robotic or autonomous navigation

and advance driver assistance system where the technique estimates the actual distance

(depth) from the object of interest to the camera. The 3D information are obtained

from comparing a pair of images, known as the stereo pair. Each of the two images

are separated by a known distance, resulting in two di↵erent viewpoint of the scene.

It is also similar to how the human brain perceives depth with the eyes. Alternatively,

a stereo pair can also be obtained by taking the images from a moving camera.

1.2.1 Stereo imaging

Figure 1.3: Stereovision triangulation

The geometry of stereo vision is shown in figure 1.3. For a single camera at reference R,

both real points P and Q are projected onto the same image point p and q. This occurs

on the image for every point along the same line of sight. With two or more cameras,

depth can be inferred by means of triangulation. However, the corresponding points

in the two images have to be known. Finding pairs of matched points such that each

point in the pair is the projection of the same 3D point is called the correspondence

problem. Finding the solution to it is the first step that has to be addressed in order

to perform the stereo technique. Ambiguous or false correspondence between points

will lead to di↵erent interpretations of the scene. This thesis will not be presenting

solutions for the correspondence problem as it is not within the scope of the project.

There are existing algorithms like edge features and region features that could perform

the stereo matching of the corresponding pairs of points [12]. The thesis will build

upon the concept of stereo vision to perform the geolocation of clouds.
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The orange colored set-up here shows the standard configuration where the cameras

are separated only in the y direction by a baseline distance b. The image planes are

coplanar and the plane passing through the camera centers and the point of interest

P is called the epipolar plane. The epipolar line is then defined by the intersection of

the image plane and the epipolar plane. The epipoles e1 and e2 is defined as the point

of intersection of the baseline with the image planes, or the projection of the other

camera center on the image. The standard form is a simplified case to narrow the

search region for corresponding points from 2D to 1D. In this way, corresponding points

are constrained on the same image scan line. However, even for cameras in arbitrary

orientations, the epipolar constraint is still valid. The image points corresponding to

a feature point lies along the lines of intersection between the image planes and the

epipolar plane containing the feature point and the camera centers as shown in figure

1.3.

1.2.2 Disparity

Figure 1.4: Stereo vision - disparity

Once pairs of correponding points are found, the depths of each feature can be recovered

and the 3D map of the scene can be reconstructed. The standard form in Figure 1.5

depicts geometrical relationships used to recover the depth of a feature. In figure 1.5,

the origin of the cartesian coordinate system is at camera L. The two cameras have

identified P as a feature point and it is at an unknown distance (x,y,z) away from

camera L. x
L

is the x coordinate of P on the image plane of camera L while x
R

is the

x coordinate of P on the image plane of camera R. Using similar triangles PLR and
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PL’R’, the following relation can be obtained:

z

f
=

x

x
L

=
x� b

x
R

(1.6)

Substituting x = x
L

· z

f

into equation 2.3,

z =
b · f

x
L

� x
R

=
b · f
d

(1.7)

where d is defined to be x
L

� x
R

and is called the disparity. The disparity is the

di↵erence in image location of the same feature point when the point is projected under

two di↵erent perspective. The relation shows that depth is inversely proportionate

to disparity. The larger the movement made by the point measured in the second

perspective, the further away from the stereo cameras the point actually is. This is

the basis of the method of measuring distances called triangulation. This method can

be used as long the focal length of the camera and the baseline distance is available.

Both are known constants beforehand along with the experiment set-up. Performing

the technique on every pairs of corresponding points will give an overall disparity map

(fig 1.5), which shows how far away each feature are from the cameras.

Figure 1.5: Left: Original grayscale image - Ground truth. Right: Disparity map
of grayscale image. Image credit:Tsukuba [11]

1.3 All-sky Camera

An all-sky camera is a camera that typically has a wide-angle lens or a fish-eye lens

capable of capturing all or most of the visible hemisphere of the sky in one exposure (i.e.

it has at least a circular 180� or 2⇡ steradian field of view (FOV)). In the 1920s, the first

practical use of an all-sky camera was for a meteorological study on cloud formation

[8]. Ever since, meteorologists have been using them for their research.
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Figure 1.6: Depiction of the maximum angles that light rays can take when hitting
your camera’s sensor. The location where light rays cross is not necessarily equal to
the focal length, but is instead roughly proportional to this distance. The angle of

view still increases.

A lens is considered to be wide-angle if it has a focal length of less than 35 mm and

ultra-wide angle (fish-eye) if its focal length is less than 20-24 mm. The shorter focal

length allows a larger field of view because the the maximum angle of the incoming light

rays has increased (figure 1.6). Producing an image with these lenses that subtends

180� involves projecting a hemisphere onto a flat plate. This can only be done with

distortion.

Figure 1.7: Rectilinear projection representation

From figure 1.7, there is no distortion in the image for a pinhole type camera producing

a rectilinear image if the incoming angle of the light ray outside the camera ✓ is equal

to the angle of the light ray coming inside the camera. The condition to be free from

distortion in the camera lens is that the ratio of the tangent of ✓ and the inside angle

is to remain constant. Under rectilinear projection, the size of the projected image

increases to infinity if the FOV is 180�. This shows that it is physically impossible

for a hemisphere to be projected onto a limited plate without some form of bending

of the light rays. The amount of distortion and the way distortion occurs will be

discussed in the next section regarding the fish-eye projection. The two prevalent

types of distortion e↵ects are barrel distortion and edge distortion. Barrel distortion is

most visibly when looking at lines that should be apparently straight but are instead

bent in the image. The lines are a↵ected if they do not pass through the center of

the image. Edge distortion causes objects at the extreme edge of the frame to appear

stretched in a direction leading away from the image.
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1.3.1 Fish-eye projection

Figure 1.8: Fisheye projection function representations, showing the projection of
the point P to the projection sphere and the reprojection of the point on the projection
sphere to the image plane. (a) equidistant, (b) equisolid-angle, (c) orthographic, (d)

stereographic

The fish-eye lens used in all-sky cameras is able to achieve a hemispherical image using

a large FOV by forgoing the rectilinear perspective of straight lines. In its stead, other

special mapping functions are used to project a sphere onto a plane. Each fish-eye

lens will have di↵erent mapping functions which will distort and project the image

accordingly. There are four main categories of projections: Equidistance projection,

Equisolid-angle projection, Orthographic projection and stereographic projection [16].

Each of di↵erent types of projection has their own properties and characteristics, but

it is still essential to relate them to the rectilinear projection. This is because the

image processing of a stereo pairs requires the images to have rectilinear properties.

(i.e. straight lines in the scene are projected as straight line on the image plane to

preserve the scale and proportion of the scene)

The rectilinear projection mapping function is shown in figure 1.7 and given as [13]

r
u

= f tan ✓ (1.8)

where f is the distance between the principal point and the image plane, ✓ is the

incident angle in radians of the projected ray to the optical axis of the camera, and r
u

is the projected radial distance from the principal point on the image plane.
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The fish-eye lens is designed to capture a greater portion of the scene on the image

plane using spherical projections. These projections are represented in figure 1.8. In

equidistant projection, the radial distance r
d

on the image plane is directly proportional

to the incident angle. It is also equivalent to the length of the arc segment between

the z axis and the projection of the ray at point P on the sphere (figure 1.8a). The

projection function is then

r
d

= f✓ (1.9)

To convert a point that was projected rectilinearly to a point that was projected by

equidistant projection, equation 1.8 and 1.9 are equated in terms of ✓ to obtain the

equation

r
d

= f arctan(
r
u

f
) (1.10)

The inverse of equation 1.10 is

r
u

= f tan(
r
d

f
) (1.11)

With these equations, image coordinates on the equidistant fish-eye image plane can

be converted to image coordinates on a rectilinear image plane.

For equisolid-angle projection, the projected distance is equivalent to the length of the

chord on the projection sphere between the z axis and the projection of the point P

onto the sphere (figure 1.8b). The projection function is

r
d

= 2f sin(
✓

2
) (1.12)

Equating this to equation 1.8 obtains the equisolid-angle distortion function:

r
d

= f sin(
arctan ru

f

2
) (1.13)

with its inverse:

r
u

= f tan(2 arcsin(
r
d

2f
)) (1.14)

Equisolid-angle projection keeps the ratio of incident solid angle and its resulting area

in an image constant.

For orthographic projection, the direct perpendicular projection of the point of the

light ray intersects with the projection of the sphere to the image plane (figure 1.8c).

The projection function is

r
d

= f sin ✓ (1.15)

The orthographic distortion function simplifies to

r
d

=
r
u

(1 + r

2
u

f

2 )
1
2

(1.16)
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with an inverse of

r
u

=
r
d

(1� r

2
d

f

2 )
1
2

(1.17)

Orthographic projection is not frequently used in fish-eye lenses because image points

are unable to be projected onto the image plane if it is beyond 90� to the optical

axis. Compared to equidistant or equisolid-angle projections, orthographic projection

is more a↵ected by radial distortion at the edges of the image.

For stereographic projection, the projection function (figure 1.8) is

r
d

= 2f tan(
✓

2
) (1.18)

which makes the distortion function

r
d

= 2f tan(
arctan( ru

f

)

2
) (1.19)

with an inverse of

r
u

= f tan(2 arctan(
r
d

2f
)) (1.20)

Besides projection functions, there are several other models proposed to obtain the

fish-eye images. These include models like the Fish-eye transform and the Polynomial

Fish-eye transform or the Field-of-View model.

1.4 Uncertainty analysis

The goal of this thesis is to show that the All-sky camera network works as a proof of

concept. An uncertainty analysis is normally performed at the end of an experiment,

but because the concept of using an All-sky camera to extract spatial measurements

has not yet been explored, an uncertainty analysis was first performed to gauge the

plausibility of using such a camera network.

Using the rectilinear projection formula (equation 1.8), the relationship between the

camera and the physical world can be characterized using a spherical coordinate system.

Once the location of the point is known rectilinearly, the fish-eye projection equations

can be used to convert between them. Then assuming that the camera sensor is

exceedingly small compared to the distances in the physical world, it is regarded as a

point in space for the following analysis. Figure 1.9 depicts the spherical coordinate

system used by the camera. The common naming convention for spherical coordinates

is used. The azimuth angle is ✓, � is the zenith angle and the radial distance from the

origin is r.
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Figure 1.9: Spherical coordinate system of camera

Another property that needed to be studied is the resolution of the camera. Assuming

that each pixel of the camera subtends the same angle, the angular resolution of the

camera can be calculated by the following equation.

��
pix

=
FOV

N
(1.21)

where FOV is the field of view (measured in degrees �) of the camera and N is the

number of pixels spanned by the FOV. This assumption is valid as long as there

are no distortion in the lens and on the image plane of the camera sensor. In the

implementation and validation of the system, this assumption is checked for and taken

into account. The angular resolution can also be calculated for both horizontal (x-

axis) and vertical (y-axis) directions. From figure 1.9, if pixel 1 subtends �1 and

pixel 2 subtends �2, then res1 and res2 is the resolution of the pixel 1 and 2. In

this case, �1 and �2 is equal to each other and is expressed here as ��
pix

because

the angular resolution is constant. By knowing the altitude (z), geometry shows that

O1 = z tan(��
pix

) and so O
n

= z tan(n��
pix

). Then res1 is equal to O1 and so the

resolution of each pixel is:

res
n

= O
n

�O
n�1 = z(tan(n��

pix

)� tan((n� 1)��
pix

)) (1.22)

It can be seen from equation 1.22 that the resolution of the pixel is dependent on the

altitude and the angular resolution. Figure 1.10 shows the relationship between the

characteristic resolution as a function of the angle covered by the pixels. The y-axis is

the characteristic resolution and the x-axis is the inclination angle. The characteristic

resolution was obtained by normalizing the resolution with the altitude. Each curve on

the plot is made using di↵erent values of angular resolution. Angular resolution cor-

responding to 320, 640, 960, and 1260 pixel counts were used. As expected, the graph

shows that the resolution increases to infinity as the angle goes to the horizon and that

with a higher number of pixels, better resolution can be obtained. It is worth noting
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that the resolution increase is gradual until about 60�70� before sharply increasing to

infinity. This sets the guideline for choosing the cameras to be used. A camera sensor

with a higher pixel count would be pursued to be used in the system.

Figure 1.10: Graph of characteristic resolution vs angle

The next step is to find the uncertainty of a measurement on the image. Using the

equations for spherical coordinates:

x = ⇢ cos ✓ sin� (1.23a)

y = ⇢ sin ✓ sin� (1.23b)

z = ⇢ cos� (1.23c)

r = x2 + y2 (1.23d)

Rearranging x and y to be functions of z, ✓, �:

x = z cos ✓ tan� (1.24a)

y = z sin ✓ tan� (1.24b)

With O
n

, the distance from the center of the camera is known, and this is used to map

out the x and y coordinate grid, as expressed in equation 1.24. For a general function

of more than one variables F , the uncertainty in F is obtained by taking the partial

derivative of F with respect to each variables, multiplication with the uncertainty in

that variable, and addition of these individual terms in quadrature. This is expressed

in equation 1.25 for a general function F = F (X,Y, . . .):

�2
F

= (
@F

@X
· �

X

)2 + (
@F

@Y
· �

Y

)2 + . . . (1.25)
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Then the uncertainties associated with the coordinates x,y and r are:

�2
x,y

= (�
z

@x, y

@z
)2 + (�

✓

@x, y

@✓
)2 + (�

�

@x, y

@�
)2 (1.26a)

�2
r

= (�
x

@r

@x
)2 + (�

y

@r

@y
)2 = (�

x

cos ✓)2 + (�
y

sin ✓)2 (1.26b)

After expanding out all of the partial derivative terms,

�2
x

= (�
z

cos ✓ tan�)2 + (�z�
✓

sin ✓ tan�)2 + (z�
�

cos ✓ sec2 �)2 (1.27a)

�2
y

= (�
z

sin ✓ tan�)2 + (z�
✓

cos ✓ tan�)2 + (z�
�

sin ✓ sec2 �)2 (1.27b)

Equations 1.27 shows the relationship between the uncertainty in measuring distance

along the azimuth plane (�
x

,�
y

) as a function of the zenith angle �, azimuth angle ✓ and

the altitude z while equation 1.26b shows the relationship between the uncertainty in

measuring distance (�
r

) as a function of the uncertainties in measuring distance along

the azimuth plane (�
x

,�
y

). �
z

, �
✓

and �
�

are the uncertainties in a measurement of

altitude (distance) , orientation (angle) and inclination (angle). �
z

will be determined

by how accurate the altitude of the cloud can be measured. This is determined by

the uncertainty of the ceilometer, which is the principal instrument meteorologists use

to determine cloud base height. �
✓

is the uncertainty in orienting the camera on the

ground in the azimuth plane (x� y plane). This is constrained by the accuracy of the

compass that is used to align the camera. �
�

is the uncertainty in the inclination of the

object that is to be measured. This is somewhat related to the angular resolution of

the camera. Then the relationship between the uncertainties and the variables can be

plotted and is shown with figure 1.11. The graph plots the uncertainty in distance �
r

against the distance from the camera r for a certain value of altitude. Every point away

from the camera at a certain altitude has an orientation and an inclination angle with

respect to the camera (origin). These angular values that makes up r (equations 1.23d

and 1.24), together with the fixed altitude value of 1000 m are inputs to equation 1.27.

The other inputs �
z

, �
✓

and �
�

were fixed at 0.1%, 1% and 10% of each variable (e.g.

at 10%, �
z

= 0.1 ⇥ z). After finding �
x

and �
y

, �
r

can be calculated using equation

1.26b. The value of �
r

was then plotted against the distance from the camera and is

shown in figure 1.11. The values of �
z

, �
✓

and �
�

. For the best guess plot, the values

used for �
z

,�
✓

and �
�

were 0.1% for �
z

and 1� for both �
✓

and �
�

. These best guess

values were chosen because from practical estimations; the orientation of the camera is

accurate to 1� using a digital compass and the accuracy of the ceilometer is about 100

m. The trends in the graph show that the further a point is away from the camera,

the larger the uncertainty in making a measurement at that point. The uncertainty in

the distance r also scales to the uncertainty of the variables z, ✓ and �.
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Figure 1.11: Graph of uncertainty in distance vs distance

A further step was taken to understand which one of the variables altitude (z), orien-

tation (✓) or inclination (�) have the most e↵ect on the overall uncertainty (�
r

). Since

�
r

is related to �
x

and �
y

with equation 1.26b while �
x

and �
y

are related to z, �
z

, ✓,

�
✓

, � and �
�

through equation 1.27, the sensitivity of each variable can be determined

by setting the uncertainty of the other two variables to 0. Equation 1.26b written in

expanded in full is

�2
r

=
⇣
cos ✓

�
(�

z

cos ✓ tan�)2 + (�z�
✓

sin ✓ tan�)2 + (z�
�

cos ✓ sec2 �)2
�⌘2

+
⇣
sin ✓

�
(�

z

sin ✓ tan�)2 + (z�
✓

cos ✓ tan�)2 + (z�
�

sin ✓ sec2 �)2
�⌘2

(1.28)

To see the factors of the uncertainties more easily, this equation can be rearranged

to

�2
r

= �2
z

�
tan2 �(cos4 ✓+sin4 ✓)

�
+�2

✓

�
2z2 sin2 ✓ cos2 ✓ tan2 �

�
+�2

�

�
z2 sec4 �(cos4 ✓+sin4 ✓)

�

(1.29)

To find the sensitivity of z, �
✓

and �
�

was set to 0, leaving only the terms with �
z

remaining. The equation simplifies to

�2
r

= �2
z

�
tan2 �(cos4 ✓ + sin4 ✓)

�
(1.30)

For the sensitivity of ✓, �
z

and �
�

was set to 0 and the equation simplifies to

�2
r

= �2
✓

�
2z2 sin2 ✓ cos2 ✓ tan2 �

�
(1.31)

For the sensitivity of �, �
✓

and �
�

was set to 0 and the equation simplifies to

�2
r

= �2
�

�
z2 sec4 �(cos4 ✓ + sin4 ✓)

�
(1.32)

In order to clearly observe the sensitivity, characteristic variables were used. These
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characteristic variables are used as normalized values for the variables and they are

defined with the following:

�⇤
r

=
�
r

r
(1.33a)

r⇤ =
r

z
(1.33b)

The characteristic uncertainties of distance are obtained by normalizing the uncer-

tainties values with the distance while the characteristic distance was obtained by

normalizing the values with the altitude. �
r

was then calculated for each of the three

case using equations 1.30, 1.31 and 1.32. The uncertainties in z, ✓ and � that were

used to calculate �
r

came from best practical estimations of what the uncertainties

should be. In this case, �
�

= 1�, �
✓

= 1�, and �
z

= 100 m. Then both characteristic

values were calculated from equation 1.33 and plotted as seen in figure 1.12. Figure

1.12 shows the sensitivity graph using the best guess values by plotting characteristic

uncertainty of distance vs the characteristic distance. It can be seen from figure 1.12

that the zenith angle � (marked with red crosses) is the most sensitive variable as the

uncertainty of the whole system follows the trend of the uncertainty in the zenith angle.

Comparing the uncertainties with the resolution, the resolution is always smaller than

the uncertainties until the inclination angle is larger than 65� 75�. The total charac-

teristic uncertainty (Equation 1.26b) is the sum of all of the three uncertainties.

Figure 1.12: Sensitivity graph at best guess values

Figure 1.11 shows that the uncertainty generally increases the further away the object

is from the camera. However, figure 1.12 brings attention to the turning point of the

graph. For objects at the same altitude, the uncertainty of the measurements are at the

lowest when the object is the same distance away. (equivalent to 45� inclination angle)



For angles lower than 45�, the inverse relation to distance (Equation 1.33) causes the

uncertainty to increase. i.e. The center pixels near the focal axis would cover a smaller

distance compared to the altitude than the rest of the image that it becomes harder

to measure the distance accurately.

Methodology

This thesis was conducted to explore the possibility of obtaining spatial information

about clouds using all-sky cameras. With the cloud’s spatial information, the network

of All-sky cameras is envisaged to assist the ground controller to plan flights. For

simplicity, the network of cameras will only consist on 1 or 2 cameras. The 1 or 2

camera system is su�cient to demonstrate proof of concept. Making a few assumptions

about the camera and the clouds, which will be discussed in detail in later sections, the

camera network will be able to give useful cloud spatial parameters like the distance

to the cloud, cloud base altitude, cloud width and cloud height. The UAV’s typical

useful flight time is approximately 1 hour and a maximum altitude of about 3 km.

The actual flight course are dependent on the type of payloads on board. On some

missions, the UAV needs to stay below cloud base in order to make its measurement.

Thus, it is important for the controller to know if the targeted clouds are attainable.

Having cloud base altitude information and approximate distance to di↵erent clouds

will help the controller make a decision on where the UAV should fly in order to obtain

the best possible data. This chapter focuses on the experimental research methods

employed for this thesis and the description of the research design. Included in the

description is the theory of the techniques used and how the measurements are made

(section 2.2).

17
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2.1 Experimental Overview

Figure 2.1: All-sky camera workflow

Figure 2.1 is a workflow chart of the summarized experimental procedure. The detailed

description of each step of the workflow will be discussed in later sections. The network

of cameras in the form of the 1 camera system or the 2 camera system will be set up

to take pictures. The setup will be outlined in chapter 3. The pictures taken by the

cameras will be the raw data for this experiment. The raw data will then be stored on

a memory unit that depends on the camera hardware that will be used. The images

it collects will then be processed by an image processing software to obtain the first

and most crucial spatial parameter - cloud base altitude. Detailed description of how

the image processing software will process the images to make measurements are in

subsection 2.2.1. After obtaining cloud base altitude, the images are then transformed

to a geo-referenced plane by more image processing. The geo-referencing process will

involve transforming image coordinates in the rectilinear projection to coordinates in

the fish-eye projection. After the images are geo-referenced, further image process-

ing can provide other desired spatial parameters like cloud location and width, and

cloud height. The system can also be used to estimate other parameters of interest
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like cloudiness. The techniques to measure these parameters are detailed in subsection

2.2.4, 2.2.3 and 2.2.5 respectively. The measurements made using the all-sky cameras

can also be compared to other proven methods as a test of e↵ectiveness. The compar-

isons will be the validation of the system. Cloud base altitude measurements made

by the camera system will be compared to ground based measurements made by a

ceilometer. A ceilometer is the standard instrument that meteorologists use to mea-

sure cloud base altitude and it works by shooting a laser vertically and measuring the

amount of backscatter. Cloud height measurements can be compared to measurements

made by satellites. The simplified cloudiness estimations made by the author can be

compared to cloudiness estimations made by other researchers.

2.2 Experimental Techniques

2.2.1 Cloud base altitude

Cloud base altitude is the first spatial parameter that must be obtained in order to

calculate the other parameters. The two types of system used to procure cloud base

altitude will be detailed in this section. In both systems, the techniques used are based

on the stereo vision concept. The software implementation and results of the technique

will be discussed in the Implementation and Results chapter respectively.

2.2.1.1 1-camera system

The 1-camera system is the simplest system that can be employed to obtain first

estimates of spatial dimensions quickly. However, there are some limitations to this

system. For example, it is not able to calculate cloud base altitude on its own and

it needs additional inputs from other sources. Cloud base altitude also cannot be

determined with just a single image by itself. That is because the actual point of the

object can lie anywhere along the line in the real world connecting the camera center

and the image point of the object. In order to calculate cloud base altitude, at least

two images with a common reference is needed. For the 1-camera system, the camera

must take and compare at least two images at di↵erent times.
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Figure 2.2: 1-camera system cloud base technique

With figure 2.2 as an illustration, the camera takes one picture when the cloud is at

point A and another when the cloud is at point B. If the wind speed is known,then

the distance (AB) moved by the cloud can be estimated as long as the time when

each image was taken is known. This is under the assumption that wind speed at the

ground is representative of the wind speed at cloud base level. In reality, the wind

speeds at cloud level are usually faster than that at the ground and the measurements

will be underestimated as the cloud base height is supposed to be higher. It is also

assumed that the cloud moves rectilinearly and that the cloud base altitude is the same

for the cloud of interest. This system is not self-su�cient; the wind speed needs to be

available to the controller before hand. Wind speed data can be obtained from either

the cloud radar or from in-situ measurements from the UAV. The images collected

would need to be calibrated such that each image’s angular resolution (degrees per

pixel) is known. With the angular resolution, the inclination angle to the cloud can be

obtained as an inclination map is created whereby as long as the number of pixels away

from the center is known, the inclination angle to the object is also known. Again,

the assumption made here is that each pixel subtends the same angle. With both of

the inclination angles to the cloud (�1 and �2) extracted from the two images and the

distance the cloud has travelled, simple triangular geometry can be used to obtain the

cloud base altitude (z).

cos�1 =
z

OA
, cos�2 =

z

OB
(2.1)

OA

sin(⇡2 � �2)
=

OB

sin(⇡2 � �1)
=

AB

sin(�1 + �2)
(2.2)

2.2.1.2 2-camera system

The 2-camera system employs two cameras taking images at the same time but at a

known separation apart. This system works similarly to the human eyes, producing a

pair of stereographic images that can be compared to obtain spatial dimensions of the

object being looked at. Figure 2.3 illustrates how the system is implemented.
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Figure 2.3: 2-camera system

With the two camera system, an image and the location of each of the two cameras

will be su�cient to triangulate the cloud location and calculate its spatial dimensions.

It is assumed that the cloud base altitude for the same cloud is constant. If the GPS

coordinates of each camera is known, the baseline can be established and the separation

between the two cameras can be calculated. �
L

and �
R

are the angle of elevation to the

cloud for the left camera and right camera respectively. These angles can be obtained

from the calibrated images by knowing the number of pixels away from the camera

center. The important assumption is that each pixel subtends the same amount of

angle as this a↵ects the distances that are calculated in the consequent steps. Both

cameras sees the same point of the cloud in their respective images and the distance

between the cloud and their respective centers can be calculated. This equivalent point

will be used as a reference to translate the point back to find where the other camera is

on the image. The distance to the other camera can then be compared to the camera

separation distance to obtain a proportionality constant which can be then used to

obtain the cloud base. The proportionality constant is derived from similar triangles

relating the physical geometry between the cloud and camera and the image plane on

the sensor (Figure 2.4). However, this relation is only true for rectilinear projections.

The fish-eye projected coordinates must first be transformed to rectilinear projected

coordinates before using the proportionality relation. The cloud base altitude is then

calculated simply with equation 2.3. Section 3.1.2.2 details the implementation of the

technique in the Matlab code.
z
pixel

d
pixel

=
z

d
(2.3)
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Figure 2.4: Geometry of image and cloud

2.2.1.3 A network of all-sky camera

The technique to measure cloud base altitude for a network of all-sky camera has yet

to be established. The techniques proposed in the 1-camera and 2-camera system

has to be demonstrated to be e↵ective before any e↵ort towards an array of cameras

continues. It is foreseen that the methods described by the 2-camera system would be

expanded to fit the requirements of the camera array.

2.2.1.4 Measurement Procedures

The measurement procedures are the same for both the 1-camera and the 2-camera

system. After either systems has collected enough data (i.e. take su�cient pictures),

the software processes the images to make measurements. The software requires two

images and one point in each image for one measurement to be made. This is the

corresponding point that is present in both of the images. As a nascent project, the

points will have to be entered by a human user. In the future, algorithms can take

over to identify the corresponding points which will increase the data sampling rate

and reduce random error. Due to human inputs, human error need to be taken into

account. This can arise from wrongly identifying the corresponding points or just not

being able to input the correct points. Making use of the assumption that cloud base

height is constant within the same cloud, several measurements are to be made for one

cloud and averaged. Thus, several corresponding points on the same cloud needs to be

identified. The user will need to make as many possible measurements for one cloud as

the number of similar features di↵er from one cloud to another. Multiple measurements

can be made with the same pair of images. The measurements are made and averaged

and will be compared to the measurements taken from a ceilometer. And as the

ceilometer works by sending a laser pulse vertically to the sky, it measures the cloud

base altitude of the cloud that is directly above the instrument. When the comparison

is being made, the measurements made by the camera system will have to be aligned

with the measurements made by the ceilometer (i.e. the cloud measured by the camera

system is the same as the cloud measured by the ceilometer). The results are validated

if the measurements falls within the values measured by the ceilometer.
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2.2.2 Geo-referencing

The geo-referencing process done for this thesis is essentially a circular fish-eye image

to perspective rectilinear image conversion. There needs to be a relation between fish-

eye coordinates on the image plane and the actual coordinates of the scene in the

world.

(a) Coordinate frame of camera
(b) Rectilinear coordinate frame of

image

Figure 2.5: Coordinate frames

Figure 2.5 helps visualize the di↵erent coordinate frames involved. Figure 2.5a depicts

the 3-D spherical coordinate system with the camera at the origin while figure 2.5b

shows the 2-D cartesian coordinate system of the image with the focal axis going

through the center. In the coordinate frame of the camera, the camera is at the origin

O, the cloud is at an altitude z spanning its base of length AB. r
A

is the projection of

OA on the ground and it can be visualized on the coordinate frame of the image with

the same symbols. This image frame coordinate is in the rectilinear perspective and a

conversion from fish-eye will have to first be performed. To find the actual coordinates,

the radial distance and the azimuthal angle need to be obtained. The radial distance

can be determined from using the cloud base height and the inclination map provided

by calibration. The actual radial distance away from the center can be computed with

a simple tan� relation. This is possible because the reference in the center of the

image is the same for every image. The actual x and y coordinates is then determined

using the azimuth angle (✓). With all of the 3 values, the actual coordinates that is

represented by the pixel is encompassed within it too. The geo-referenced image is

created by taking the image coordinates of the fish-eye and transforming them into the

rectilinear coordinates of the physical world.
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2.2.3 Cloud top height

After obtaining cloud base height measurements, the data can then be geo-referenced

and other spatial parameters calculated. Cloud top height estimation uses cloud base

information. Figure 2.6 shows a simplification of the geometry used in calculating cloud

height with the 2-camera system. It assumes that the cloud is located in between the

two cameras as a general case where both camera are see cloud base and one camera

can see both the base and the cloud side. There are other combination of di↵erent

orientations that exists but they are not covered in this paper. Also naturally in

reality, clouds are of di↵erent shapes, sizes and location so not all of the features of the

cloud can be seen by the camera. Hopefully however, the technique can at least give

an estimation of the same order of magnitude as the actuality. The technique has not

been tested out in the field yet and the software is not fully developed. The details

given in this section only covers what the author has achieved and had planned for

this technique. The software implementation will be discussed in the Implementation

chapter.

Figure 2.6: Geometry of cloud height calculation

It has already been established that with a geo-referenced image, the coordinates that

each pixel sees is known. This is based on an individual cloud base altitude. Clearly,

the cloud top is at a di↵erent altitude than the cloud base. The coordinate of that

point in the image is the projection of the cloud top onto the cloud base plane. On

figure 2.6, it is the point of intersection between the line from camera L and T and the
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line of cloud base (P1). The cloud top in reality can lie anywhere from P1 to P3. Using

information from camera R, the distance range can be further narrowed by obtaining

P2 from �
R

.

2.2.3.1 Measurement Procedures

The measurement procedures for cloud top height will di↵er slightly from the mea-

surement procedures for cloud base height. The same corresponding points that was

used in the measurement of cloud base height will also be used in the estimation of

cloud top height. The errors that were made in the measurement of cloud base will

be carried forward to the estimation of the cloud top height. With every correspond-

ing point, a measurement and confidence interval is made based on the geometry of

the problem. The measurement can then be compared to measurements taken with

satellite imagery.

2.2.4 Cloud location and width

Once cloud base altitude has been calculated, other spatial parameters like cloud lo-

cation can then be obtained. Additionally, as a consequence of knowing the cloud

location, the cloud width can also be extracted. The geo-referencing process allows

the image to hold true position information. i.e. the coordinates of the image cor-

responds to coordinates in the real world. These coordinates are obtained by using

the cloud base altitude, the inclination map � and the azimuthal angle ✓ expressed by

equation 1.24. The Matlab implementation of the geo-referencing process is further

detailed in the Implementation chapter. Once the cloud location is known, the bearing

and distance to the cloud can be calculated by the ground station controller to plan a

flight trajectory to the cloud. With the coordinates of each pixel, the cloud width can

then be obtained by calculating the distance between the two points that spans the

width of the cloud. There are no plans to analyze the measurement of cloud width.

While the cloud width is important for flight planning, there isn’t a reliable way to

measure every individual cloud for analysis purposes.

w =
p

(x1 � x2)2 + (y1 � y2)2 (2.4)

2.2.5 Cloudiness

Although it is not spatial information that is needed for cloud geolocation, cloudiness

is a parameter that is important in meteorology. It can also be calculated using the

all-sky camera. Cloudiness, or cloud cover is the fraction of the sky that is obscured

by clouds when it is observed at a particular location. Although the exact fraction



is complicated to calculate, it can be more simply defined as the ratio of blue sky to

the whole sky. Other all-sky cameras have already been used to perform cloudiness

analysis [1]. This section presents two simple method of calculating cloudiness with

an all-sky camera. However, a comparison with other cloudiness analysis has not been

done.

2.2.5.1 Cloudiness equations

Cloudiness is simply defined as the ratio of blue sky to white sky. The first method of

calculating cloudiness is to treat the hemispherical sky (2⇡ steradian) as a 2-D image

and simply count the number of blue pixels and white pixels to obtain the cloudiness

ratio.

Cloudiness =
n
blue

n
blue+white

(2.5)

The second method of calculating cloudiness involves using the geo-referenced image

obtained in section 2.2.2. With the geo-referenced image, the coordinates of every

pixel is known. With 4 pixel coordinates, a parallelogram can be bounded. The area

is defined either as blue or white, and their areas are summed. Cloudiness is obtained

by taking the ratio between the area of blue sky to the area of the whole sky.

Cloudiness =
A

blue

A
blue+white

(2.6)

Although the steps outlined to calculate cloudiness is simple, there are several things

that must be considered. Firstly, when the sun is also present in the image, sun glare

needs to be taken into account. The high intensity of light from the sun shows up in

the image as a bright, saturated region. Also, towards the horizon, clouds are always

viewed from its side. The pixels that are covering these clouds are not representative

of the cloud cover as cloud side does not generally contribute to cloudiness. The

calculation of cloudiness can be refined by narrowing its field of view such that it does

not account for the clouds that are near the horizon.

Implementation and results

3.1 Experiment Setup

This thesis was done as a part of a project that had a field campaign at Macehead,

Ireland. All of the measurements for the experiment are also done at Macehead. The

main instruments for the experiment are the all-sky cameras. From figure 1.10, having

a camera with a higher pixel resolution is desired. The camera used for this thesis is the

Kodak Pixpro SP360 camera. The SP360 is a sports HD camera with a 16 Megapixels

26
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MOS sensor and a 190� FOV. This camera was chosen because it was inexpensive,

commercially available, shock and water proof, and had a large pixel count. The

memory storage on this camera is a standard micro SD card. Due to the interface of

this camera, measurements in real time cannot be achieved. Data on the SP360 needed

to be downloaded from the memory card before it can be processed. For the future, a

network camera with similar technical specifications can be chosen instead to enable

real-time processing of the data.

In order to validate the experiment, cloud base height measurements made by the

camera system will be compared to the measurements made by the ceilometer. It is for

this reason that a camera will be placed beside the ceilometer. Both the camera and the

ceilometer’s zenith line will match up. For the 2-camera system, this arrangement will

make it easier to identify the same cloud directly above the instruments which reduces

human error. Also, the second camera was placed about 0.5 km away from the first

camera. This place was chosen primarily because there was a researcher’s workstation

at that location. However, referring back to the resolution and uncertainty graph in

figure 1.10 and 1.11, the uncertainty of a measurement of camera 1 at 0.5 km away

is still less than the characteristic resolution of camera 2 at its zenith. For the future

of the project, the optimal distance between cameras in an array can be thought of

as a circle packing problem(reference). Figure 3.1 shows the location and setup of the

cameras. Camera 2 is located with ground controller at the workstation (figure 3.1a).

Its indicated by the left marker on the map shown by figure 3.1b while the camera 1 is

located at the meteorological station with the ceilometer (3.1c) indicated by the right

marker on the map. To standardized all of the images, the cameras need to be placed

such that the top of the image bears towards the magnetic North and the right side of

the image bears towards East. This is be done by using a digital compass to align the

cameras. In addition, a spirit level was used to ensure that the cameras are mounted

horizontally.

(a) All-sky camera at the
ground controller station

(b) Map indicating location
of cameras

(c) All-sky camera at the
meteorological station

Figure 3.1: All-sky camera setup
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3.1.1 Camera calibration

Calibration is done to enable the camera to measure distance properly. E↵ects like

barrel distortion that occurs in wide angle lenses needs to be reduced as it a↵ects

the angular resolution of the camera. Calibration is also done to find the true zenith

of the camera and is performed before the start of the experiment. The position of

the zenith is important as measurements are made with reference to the zenith. For

the SP360, the field of view is more than 180� which causes the angular resolution

to decrease. Since measurements are also based on how much a pixel subtends, these

e↵ects will a↵ect the measurement of the distance. The first step in the calibration is

done by taking several sample points on the image that correspond to an inclination

angle of 90� (i.e. the horizon). Then using a least-squares fitting of a circle for those

sample points, the full FOV of 180� and a new zenith (image center) is established

for the image. The points that are at the horizon in the image are illustrated by the

red crosses in Figure 3.2a. Calibrating it in this manner, all random and systematic

errors that might occur because of the misplaced level of the camera and its sensor are

eliminated. It would also account for di↵erent cameras being used. It makes use of a

never-changing horizon to establish it as a reference for each set of images taken at the

same period. The image will then be cropped such that the aspect ratio of width to

height is 1:1 while maintaining a diagonal that contains 180� FOV.

3.1.2 Software Implementation

This section details the software implementation of the techniques used to measure the

various spatial parameters. The code was written in Matlab and is attached in the

appendices. Appendix A is the main script where the calculation and measurement

of the parameters are done. Appendices B to F are the di↵erent functions of the

program.

It starts o↵ with the camera calibration as described in section 3.1.1. The all-sky

image is loaded onto the script and camera calibration begins. The user will be asked

to input points that correspond to the horizon (line 10). The least square method for

circles (line 12) will calculate the center of the best fit circle as the new zenith of the

image. This uses the CircleFitByPratt function in appendix F. This function was not

written by the author but downloaded from the Matlab database. It is then resized

into a square with the new zenith in the center and the diagonal spanning 180� (line

14-16). The output of the calibration can be seen in figure 3.2b.
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(a) (b)

Figure 3.2: Figure 3.2a (left) shows the image being calibrated. Red crosses mark
the horizon and the green point marks the zenith. Figure 3.2b (right) shows the
cropped image of figure 3.2a. Yellow line spans the diagonal indicating the 180�

FOV. Azimuth angle denoted by purple line with respect to East direction (dashed
line)

Using the size of the image, the angular resolution (line 22) and the inclination map

(line 26) is calculated. The software is now ready to perform measurements.

3.1.2.1 1-camera system cloud base

The script to process the images is in appendix A and the function that performs

the measurement is in appendix B. The measurement of cloud base height using the

1-camera system starts at line 28. The wind speed and the time elapse between the

two pictures are needed as an input to the function. Figure 3.3 displays two images

taken by 1 minute apart by the 1-camera system. The user is called upon to enter the

corresponding points in both images (line 35 and 37) and the function is called. The

coordinates of the corresponding points are shown in figure 3.3 with red markers and

also used as inputs to the function. Referring back to figure 2.2, the distance moved

by the cloud is calculated (AB) and the inclination angles to both points (�1, �2) is

extracted. The software accounts for three possibilities which will result in slightly

di↵erent triangular geometry. However, the underlying concept still uses the laws of

sine of equation 2.2. Drawing a north-south line through the middle of the image that

divides east and west, the three cases are:

• The cloud observed stays on the west. Both corresponding points stay on the

left side of the image.
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• The cloud moved over the camera from east to the west or vice-versa. The

corresponding points moved from one side of the image to the other.

• The cloud observed stays on the east. Both corresponding points stay on the

right side of the image.

The first and third case is the same situation, but it needed to be coded di↵erently.

The code can be found in appendix B. After the function is called, cloud base altitude

is obtained (line 40).

(a) First image taken by the camera. Red
marker is the corresponding point

(b) Second image taken 1 minute after the first
image. Red marker is the corresponding point

Figure 3.3: Images taken by 1-camera system

3.1.2.2 2-camera system cloud base

The main script is found in appendix A and the function that performs the measure-

ment is in appendix C. In the main script, the line 87 starts the calibration process

for 2-camera system. It is the exact same process as the 1-camera system repeated

twice for the pair of images. The only di↵erence is in the extra step after calibrating

both images. The second image is adjusted to be the same size as the first image,

if it is not already the same size. The angular resolution and the inclination map is

also created and the GPS location of both cameras is entered (line 136, 137). The

baseline distance between the two cameras are calculated using the haversine function

(appendix E. This function was not written by the author but was downloaded from

the Matlab database. The corresponding points in the images are entered as inputs

(line 143, 147) to the function together with the baseline distance and the inclination

map. The calculations in the function is a simplified version based on stereo imaging

and calculation of disparity. In the cldbase2 function, the inclination to the cloud from

both cameras is extracted from the inclination map (line 11,12). Then the distance

from the center of the image to the cloud (line 19,20) is calculated. However, the unit

of this distance is in pixels. With both the distance and the inclination angle, the

height in pixels can be calculated (line 21, 22). Essentially, the software translates the

common point in one of the image by the same distance in the other image to find the
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point where the other camera is with respect to itself. This is illustrated in figure 3.4.

The cloud height can then be calculated by proportionality as written in equation 2.3

(line 28, 29).

(a) Image of left camera (b) Image of right camera

Figure 3.4: Images of the 2-camera system - red marker shows the common point
between the two images, purple circle displays the location of the other camera with

respect to itself

The code here does not include the coordinate transformation from fish-eye to recti-

linear but in its stead, another constant of proportionality is multiplied to the original

equation at lines 21 and 22. Transforming the image from a fish-eye projection to

rectilinear projection was attempted but was ultimately not successful. It is suspected

that it is because the exact projection function that Kodak uses for the SP360 is not

known. Kodak’s customer service was contacted but a Kodak R&D engineer could not

be reached and the exact projection was not disclosed. Hence, an empirical analysis

was done instead to account for the fish-eye projection. This was done by attempting to

relate the actual distance (rectilinear projected) measured with the distance projected

by the camera (fish-eye projected).

The setup was done by taking an image of a grid of a known separation at a known

distance away from the camera. The camera was calibrated and distances to points on

the grid calculated with the software were recorded and compared against the actual

distance of those points. Using rectilinear projection equation, the distance calculation

can be done with a simple tan ✓. The cloud height (z) is already known beforehand

and the inclination angle ✓ is obtained from the camera after calibration.
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(a) (b)

Figure 3.5: Figure 3.5a is a cropped image of the grid calibration. Green point is
the zenith and red points are spaced 4 cm apart. Figure 3.5b shows the results of the
grid calibration - Red series plots % errors vs inclination angle while blue series plots

the % errors corrected for the mean vs inclination angle

Figure 3.5a shows the grid that was used for this analysis. This image is a cropped

image of the grid after the horizon has been calibrated. The green point is the focal axis

(camera center) while the red points are the points with which the distance calculation

were done on. The red points are equally spaced 4 cm apart and the altitude of

the image is 30 cm. Figure 3.5b shows the results after correction for the systematic

bias. Plotted on the y-axis are the percentage errors subtracted by the mean of the

percentage errors. The x-axis is the true inclination angle of the points. The percentage

error is calculated by taking the di↵erence of the calculated distance and the actual

distance. The mean of the all of the percentage errors is 25.8 % with a 2-sigma standard

deviation of 4.7 %. From figure 3.5b, the measured distance is always within ±10% of

the mean and that a consistent bias of about 25-26 % can be seen. This means that for

every distance measurement being calculated by the camera system for this step, the

true distance is actually 25 % more than the calculated value. Hence, a 25 % increase

would be substituted for the fish-eye projection on this calculation step together with

the rectilinear projection in order to account for this consistent bias. This consistency

bias is thought to be related to the fish-eye mapping function. For figure 3.5b, there

was a measurement point that was removed. It was a point next to the focal axis

and the system measured a distance with a 126% error. According to the uncertainty

analysis in figure 1.12, such a large error could be attributed to the distance from

which it was measured. It was trying to measure a small distance as the point is a few

pixels away. The system is not able to resolve that small distance which led to a large

error. The plot also show the same trend as the uncertainty/sensitivity plot in figure

1.12. For distances close to the origin, the errors are larger and they decrease as the

inclination angle increases. An error in the distance of ±10% is acceptable; if a cloud

is measured at 1 km, a uncertainty of 10% results in an uncertainty of 100 m. The

UAV can cover that distance in about 6 seconds with 18 m/s airspeed.
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3.1.3 Results of cloud base altitude from 2-camera system

The techniques described for measuring cloud base altitude with the 2-camera system

in section 2.2.1.2 was performed according to the measuring procedures in section

2.2.1.4. The results are shown in figure 3.6.

Figure 3.6: Results of 2-camera system cloud base altitude

Plotted on the y-axis is the value of the cloud base altitude determined by the 2-camera

system while the values on the x-axis are the values of the cloud base altitude measured

by the ceilometer. The horizontal error bar is the 2-sigma standard deviation of the

ceilometer while the vertical error bar is the 2-sigma standard deviation of the camera

system. Every pair of common points will produce a pair of values of cloud base

altitude for each image and these two values are averaged. To have confidence in the

measurements, The program is performed several times on di↵erent parts of the same

cloud to obtain an average and standard deviation. So each point on figure 3.6 is an

independent measurement set. In this case, the 7 points were obtained from measuring

7 di↵erent clouds at di↵erent cloud base altitude. The blue points producing the solid

line are the values of the 2-camera system compared with the ceilometer. If the 2-

camera system makes the exact same measurements as the ceilometer, it will be the

points in red. Putting them on the same plot shows how the 2-camera system fared

against the ceilometer, which is the standard in cloud base altitude measurements.

The results show that dashed line is within the uncertainties of the 2-camera system

which means that the system is capable of producing measurements like the ceilometer

for clouds in the lower troposphere at the altitudes for UAV flights.
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3.1.4 Geo-referencing

The geo-referencing code created by the author is based upon the fisheye distortion

model [3] and is detailed in appendix A and D. The purpose of this step is to simply

relate the pixels in the image to the actual coordinates in the physical world. In order

to make up for the rank decrease from 3D to 2D, the image plane will be at cloud

base altitude. The assumption made here is that cloud base altitude is constant for a

cloud. The simplification here can be made because clouds do tend to be homogenous

and have a constant cloud base altitude. After obtaining cloud base information as

detailed in section 2.2.1, it is used to create the radial distance map together with the

inclination map (line 46). This radial distance has the fish-eye projected coordinates

of the pixel. The actual fish-eye projection is known, the fish-eye projection equations

listed in the background chapter can be used. However, since this information was not

available to the author, the empirical formula that was obtained in section 3.1.2.2 was

used to transform the fish-eye coordinates to perspective rectilinear coordinates (line

50, 51). So for every pixel in the defished image, the corresponding pixel location in

the fish-eye image is known. The software then calls the function fe2recti to display the

finished geo-referenced image. The function first creates an image array with the same

size as the input image. The software then copies the RGB pixel values in the fish-eye

image location to the defeated image location (lines 19-30). If the fish-eye location is

out of the index of the defished image location, the pixel is left black. As the pixel

coordinates are discretized, there are holes in the new image because the new image

cannot possibly cover all of the original image. This introduces noise to the image. As

a consequence of the transformation, each of the four corners is stretched to infinity

while the middle of the image gets squeezed in. The function crops the image with the

middle of the image as a boundary. The cropping rectangle was chosen in this manner

to optimize the pixel resolution while keeping noise to the minimum. The sequence

can be seen in figure 3.7.

(a) Image before coordinate
transformation

(b) Image after coordinate
transformation

(c) Image after coordinate
transformation and cropped

Figure 3.7: Geo-referencing image process

This new image is created such that every pixel represents an actual unit of length. In

the new geo-referenced image, obtaining distances between two points becomes simple

as the amount of pixel separation provides the actual separation. The user would just

need to specify the point that is of interest and the program calculates the euclidean
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distance and bearing to that point. The ground controller would then be able target

and locate any clouds, and plan a flight trajectory based on the calculated distance

and bearing to the cloud. In the same manner, by specifying two point which spans

the cloud, cloud width can be obtained. A good indicator that the fisheye to rectilinear

conversion works is to look out for straight features being straight after the conversion.

As a result of the fisheye image containing the entire sky on a single frame, which

is physically impossible for a rectilinear image, straight lines appear bent in fisheye

images.

(a) Calibrated fisheye image (b) Geo-referenced rectilinearized image

Figure 3.8: Geo-referencing Process

3.1.5 Cloud top height

The Matlab code to process images for cloud height information has only been used

in the lab and not in the field. The idea behind this technique is to isolate the cloud

side by removing the commonalities in the two image. The assumption made is that

features that can be seen by both cameras are part of the cloud base. Then the part

that remains after exclusion will just be the cloud side. The cloud height can then

be calculated with the geometry as seen in 2.6. The mise-en-scène of the images used

contains white styrofoam boxes of various shapes over a yellow background. These

boxes are the simulated clouds. A two camera system is used and the images taken

are shown in figure 3.9.
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(a) Left image for cloud height calculation (b) Right image for cloud height calculation

Figure 3.9: Cloud height calculation images

Similar to the steps in getting cloud base altitude, the program will ask the user to

input the common point of the two images and calculates the altitude and distance to

the common point. It will also ask the user for a template of the cloud. This can be

done by cropping the cloud itself from the image. A cross-correlation function is then

applied to the image using the template given. To save computational time, the field

of search is limited to the area around the common point. In figure 3.9, the common

point is marked with a red star. The cross-correlation function will provide the point

in the image where the template matches the most with the image. This point will

be used as a reference for the exclusion process. For the exclusion process, Matlab

requires the exclusive or (XOR) comparison to be logical (either 1 or 0). Both the

template image and the base image were first converted to grayscale and then they

were further converted into binary images. Figure 3.10 shows the progression of the

exclusion process.
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(a) Template binary image
of object

(b) Binary image of object
before XOR

(c) Binary image of object
after XOR

Figure 3.10: Cloud height exclusion process

Figure 3.10a shows the template image as a binary image while figure 3.10b shows

the base image as a binary image. The exclusion function is then applied to the base

image with the template and the result is displayed in figure 3.10c.The exclusion is only

done starting at the point provided by the cross-correlation function. The remaining

points on the resulting image that is still white is the cloud side. The cloud height

can then be extracted by marking two points that span the length of the cloud side.

The software was able to give values of cloud height that is within 15% of the actual

height. However, this was performed in a simulated environment with clouds that have

distinctly defined edges and lengths. An extensive study with actual cloud have not

been done yet.

3.1.6 Cloudiness

The implementation of the technique can be found in appendix A. Figure 3.11 shows

the pre-treated image that is used for the cloudiness analysis. The software puts in a

mask to disregard pixels near the horizon. In this case, pixels that have an inclination

angle of more than 70� are blacked out (figure 3.12, line 251). The image is converted

from Red-Green-Blue (RGB) color space to Hue-Saturation-Value (HSV) color space

(line 257). It uses the hue and saturation that is associated with the cloud to locate

all of the pixels that are white (line 274). Currently, the values of hue and saturation

of the clouds are manually chosen. However, improvements can be made to properly

define ranges of value that are definitely blue or definitely white or grey. These pixels

are then blacked out (figure 3.13b, line 272-279). The image that remains will just

contain blue sky (figure 3.13a). The software then calculates the cloudiness according

to the steps outline in the section above (section 2.2.5). Every group of 4 neighboring

pixels makes a parallelogram and the area of it is counted (line 299-302). The area of

blue pixels will be counted while the area of all of the areas are being counted (line

309).



Figure 3.11: Pre-treated image before cloudiness analysis

Figure 3.12: Image with inclination angle mask

(a) Image with only blue sky (b) Overall image mask

Figure 3.13: Image of blue sky with mask
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Discussion

This paper presented a proof of concept method for geolocating clouds using a system

of All-sky cameras. The results have indicated that prospects of developing this system

even further is promising but there were several problems I had encountered in setting

up this system that needs to be addressed. There were a few issues with the camera

that was used; As the Kodak Pixpro is a easy to set-up, commercially available camera,

there isn’t much control over the configuration of the shooting modes of the camera.

For example, for a time-lapse video, there were only 6 pre-defined options for speed.

If I had wanted to input a non-predefined speed, I was not able to do it. Another

feature that was lacking was the capability of taking data from the camera while it was

recording or taking pictures. Once the camera was set-up, I was not able to look into its

data files without stopping its operation. Without this feature, the ground controller

loses the ability to process data in real-time. All of the data had to be post-processed.

The solution here is to have a highly customizable camera that one can access even

though it is constantly taking data. That is relatively easy to accomplish but the

area in which the largest improvement that has to be made, is the automatization of

the software. With the current Matlab code, it relies heavily on the guidance of a

user. For example when it is comparing two images, it has to ask the user to give it

the common point to enable it to calculate the parameters. A better way would be

to use a feature detection algorithm like the Scale-invariant feature transform (SIFT)

algorithm for example. The feature detection algorithm could be used to extract out

all of the common local features of the two images and automatically calculate the

spatial parameters using those points. Furthermore, if I had more time, I would look

into using epipolar geometry to characterize the images from the two cameras with

the fundamental matrix of each image. The cloud geo-locating process can be done

through stereographic triangulation. And even further down the road, a third camera

can be added that may allow the system to perform an initial 3D reconstruction of the

scenery. True reconstruction will require more than three cameras. 3D reconstruction

would be able to capture the shape of the cloud and with the 3D model of the cloud, the

cloud height can be obtained. The spatial measurements would also be more precise

using a 3-camera system.

Conclusion

The All-sky camera system that was envisioned to calculate spatial dimensions of clouds

for cloud targeting has been shown to be promising system to be further developed.
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A consistency bias of 25% was found in the distance measurement during the initial

calibration of the camera. All of the distance measurement taken were at most ±10%

from the actual value once corrected for systematic biases. For the purpose of cloud

targeting, this is an acceptable uncertainty. After taking into account for this bias,

the results from the 2-camera system proves to be comparable to the known standard

of the ceilometer. There are aspects of the system that needs improvement like the

automatization of the software and more cameras can be added to the network to be

able to perform functions like 3D reconstruction. This system is still in its infancy but

there are great prospects in its future application.
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Abbreviations

CNRM Centre National de Recherchés Météorologiques

FOV Field Of View

ISAE Institute Supèrieur de l’Aèronautique et de l’Espace

STAE Science et Technologie pour l’Aèronautique et de l’Espace

UAV Unmanned Aerial Vehicle
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ireland.m

1 %% Ireland

2 %% Load Images

3 clear

4 cam1 = imread('Pics/100 0033.jpg');

5 %cam2 = imread('Pics/100 0053 007.png');

6 %% Calibrate 180 degrees and crop

7 figure

8 imshow(cam1)

9 n = 5;

10 [x y] = ginput(n);

11 XY = [x y];

12 circle = CircleFitByPratt(XY);%least square method for surfaces (circle)

13 % square crop

14 l x = circle(3)/sqrt(2);

15 l y = circle(3)/sqrt(2);

16 cr cam1 = imcrop(cam1,[circle(1)�l y circle(2)�l x 2*l y 2*l x]);

17 %cr cam2 = imcrop(cam2,[circle(1)�l y circle(2)�l x 2*l y 2*l x]);

18

19 %% Parameters

20 res = size(cr cam1);

21 diag = sqrt(res(1)ˆ2+res(2)ˆ2);%diagonal of image in pixels

22 dangle = 180/diag;%180 degrees FOV covering the diagonal of the image � ...

angle per pixels

23 x0 = ones(res(1),1)*(1:res(2))�(round(res(2)/2));%grid of x values from ...

� to +

24 y0 = ((1:res(1))'*ones(1,res(2))�(round(res(1)/2)));%grid of y values ...

from � to +

25 r0 = sqrt((x0.*x0)+(y0.*y0));%grid of r values from grid of x and y

26 inc ang = r0*dangle;%inclination angle for the pixel

27

28 %% Cloud base height 1 camera

29 % Use only if ceilometer data is not available but wind speed is known.

30 v= 10;%m/s

31 t = 130;%seconds

32 res = size(cr cam1);

33 figure

44
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34 imshow(cr cam1)

35 [x1 y1] = ginput(1)

36 figure(3)

37 imshow(cr cam2)

38 [x2 y2] = ginput(1)

39

40 [cld base inc ang] = cldbase1([x1 y1],[x2 y2],v,t,res);

41

42 %% Cloud location

43 %if cloud base is known, enter as input, else use cldbase1.m

44 cb base = 1.573907767e3;

45

46 dist0 = abs(cb base*tand(inc ang));%calculate r from origin using tangent

47 %multiply by 125 because .25 more for systematic error, 100 for resolution

48 %100x resolution will be needed to when calculating distances later

49 CF = 20;

50 x1 = dist0.*x0./r0*1.25/CF;%transformed x grid coordinates

51 y1 = dist0.*�y0./r0*1.25/CF;%transformed y grid coordinates

52

53 %remove singularities

54 [a b] = find(isnan(x1));

55 x1(a,b) = 0;

56 [a b] = find(isnan(y1));

57 y1(a,b) = 0;

58 %%

59 rec img = fe2recti(cr cam1,x1,y1);

60 figure

61 imshow(rec img)

62 rec res = size(rec img);

63 %CF is 100 as 100x was multiplied in transforming the coordinates

64 %%

65 hold on

66 point(rec res,CF)

67

68 %% Cloud width

69 %click two points on rectilinearized image to obtain cloud width

70 [px py] = ginput(2)

71 cld wd = sqrt((px(1)�px(2))ˆ2+(py(1)�py(2))ˆ2)/CF;

72

73

74 %% Cloudiness

75

76 %% Post Processing 1 Camera
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77 % this data range is for square after calibration cropped images

78 loc1 = [ 53.3288634, �9.904048];%GPS location of cottage

79 loc2 = [53.326182,�9.900452];%GPS location of launch site

80 dlat = ...

111132.954�(559.822*cosd(2*clat))+(1.175*cosd(4*clat))�(0.0023*cosd(6*clat));

81 dlon = (111412.84*cosd(clat))�(93.5*cosd(3*clat))�(0.118*cosd(5*clat));

82 lat range = clat+(yg.*dist0(:,round(s crp(2)/2))/dlat);

83 lon range = clon�(xg.*dist0(round(s crp(1)/2),:)/dlon);

84 figure(3)

85 image(cr cam1,'Xdata',lon range,'Ydata',lat range);

86

87 %% 2 Camera system

88 clear

89 %% Cloud Base � calibration step

90 cam1 = imread('Pics/c1 1508 127.png');

91 cam2 = imread('Pics/c2 1508 112.png');

92 %%

93 %calibrate cam1

94 figure(1)

95 imshow(cam1)

96 n = 5;

97 [x y] = ginput(n);

98 XY1 = [x y];

99 circle1 = CircleFitByPratt(XY1);

100 %calibrate cam2

101 figure(2)

102 imshow(cam2)

103 n = 5;

104 [x y] = ginput(n);

105 XY = [x y];

106 circle2 = CircleFitByPratt(XY);

107 %%

108 l x1 = circle1(3)/sqrt(2);

109 l y1 = circle1(3)/sqrt(2);

110 cr cam1 = imcrop(cam1,[circle1(1)�l y1 circle1(2)�l x1 2*l y1 2*l x1]);

111 l x2 = circle2(3)/sqrt(2);

112 l y2 = circle2(3)/sqrt(2);

113 cr cam2 = imcrop(cam2,[circle2(1)�l y2 circle2(2)�l x2 2*l y2 2*l x2]);

114 %%

115 % Adjusting s.t. cr cam2 is the same size as cr cam1

116 cr cam2 = imcrop(cam2,[circle2(1)�l y2�12 circle2(2)�l x2�12 2*l y2+23 ...

2*l x2+23]);

117 %cr cam1 = imcrop(cam1,[circle(1)�l y circle(2)�l x 2*l y 2*l x]);
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118 %% Cloud base � set up

119 res = size(cr cam1);

120 figure(3)

121 imshow(cr cam1)

122 hold on

123 plot(res(2)/2,res(1)/2,'go');

124 figure(4)

125 imshow(cr cam2)

126 hold on

127 plot(res(2)/2,res(1)/2,'go')

128 res = size(cr cam1);

129 diag = sqrt(res(1)ˆ2+res(2)ˆ2);

130 dangle = 180/diag;%180 degrees FOV covering the diagonal of the image � ...

angle per pixels

131 x0 = ones(res(1),1)*(1:res(2))�(round(res(2)/2));

132 y0 = ((1:res(1))'*ones(1,res(2))�(round(res(1)/2)));

133 r0 = sqrt((x0.*x0)+(y0.*y0));

134 inc ang = r0*dangle;

135

136 loc1 = [53.3288634, �9.904048];

137 loc2 = [53.326182,�9.900452];

138 dlat = haversine(loc1,[loc2(1) loc1(2)]);

139 dlong = haversine(loc1,[loc1(1) loc2(2)]);

140 ddist = haversine(loc1,loc2);

141 %%

142 figure(3)

143 [px1 py1] = ginput(1);

144 hold on

145 plot(px1,py1,'rx')

146 figure(4)

147 [px2 py2] = ginput(1);

148 plot(px2,py2,'rx')

149

150 [cb1,cb2] = cldbase2([px1 py1],[px2 py2],ddist,inc ang);

151

152

153 %% Get Ceilometer data

154 clear instream;

155 clear line

156 instream = fopen('CB 20150801.txt','r');

157 i=0;

158 while(¬feof(instream))

159 line = fgets(instream);
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160 if line(1)6='!'&&line(3)==':';

161 i=i+1;

162 year = 2015;

163 month = 08;

164 day = 1;

165 hour = str2num(line(1:2));

166 min = str2num(line(4:5));

167 sec = str2num(line(7:8));

168 date(i) = datenum(year,month,day,hour,min,sec);

169 data(i,:) = str2num(line(9:end));

170 end

171 end

172 ceilo = [date',data];

173

174 %% Plot Ceilometer

175 figure(5)

176 plot(ceilo(:,1),ceilo(:,2))

177 datetick('x','HHPM')

178 %%

179 figure(5)

180 hold on

181 plot(ceilo(:,1),ceilo(:,3),'r')

182 %% Get period

183 debut = datenum(2015,08,1,13,03,52);

184 fin = datenum(2015,08,1,14,18,52);

185 sum = 0;

186 cnt = 0;

187 ind d = find(ceilo(:,1)==debut);

188 ind f = find(ceilo(:,1)==fin);

189 devmat = [];

190 for i = ind d:ind f

191 %if ceilo(i,2)>300

192 sum = sum+ceilo(i,2);

193 cnt = cnt+1;

194 devmat(cnt)=ceilo(i,2);

195 %end

196 end

197 ave cb = sum/cnt;

198

199 %% Finding sytematic error � use calibration code first below to obtain ...

image

200 clear

201 cam1 = imread('100 0051.jpg');
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202 figure

203 imshow(cam1)

204 %%

205 l x = 3/5*circle(3);

206 l y = 4/5*circle(3);

207 cr cam1 = imcrop(cam1,[circle(1)�l y circle(2)�l x 2*l y 2*l x]);

208 figure

209 imshow(cr cam1)

210 res = size(cr cam1); %zoom in before to get better points to pick

211 hold on

212 plot(res(2)/2,res(1)/2,'go')

213 %%

214 n = 8;

215 xx2 = zeros(n,1);

216 yy2 = zeros(n,1);

217 dx2 = zeros(n,1);

218 dy2 = zeros(n,1);

219 r img2 = zeros(n,1);

220 ang inc2 = zeros(n,1);

221 r obj2 = zeros(n,1);

222 %%

223 diag = sqrt(res(1)ˆ2+res(2)ˆ2);

224 dangle = 180/diag;

225 for i = 1:n

226 [x y] = ginput(1);

227 plot(x,y,'ro')

228 xx2(i) = x;

229 yy2(i) = y;

230 dx2(i) = xx2(i)�(res(2)/2);

231 dy2(i) = yy2(i)�(res(1)/2);

232 r img2(i) = sqrt(dx2(i)ˆ2+dy2(i)ˆ2); % distance of center to image ...

object in pixels

233 ang inc2(i) = dangle*r img2(i);

234 cb alt = 0.28;% cloud base altitude in meter.s

235 r obj2(i) = abs(cb alt*tand(ang inc2(i)));%distance of center to ...

object to actual object in m

236 end

237

238 %% Grid calibration

239 a = 0.132155077;

240 b = 0.667844922;

241 c = 0.8;

242
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243 L1 = 9*c;

244 L2 = [(b+(c*[14 11 8 5 2])) (a+(c*[0 3 6 9 12]))];

245

246 L = (sqrt((L2.*L2)+(L1*L1))/100)';

247

248 %% cloudiness

249 %% set up

250 mask = zeros(size(inc ang));

251 mask(find(inc ang<70))=1;

252 m img(:,:,1) = uint8(mask).*cr cam1(:,:,1);

253 m img(:,:,2) = uint8(mask).*cr cam1(:,:,2);

254 m img(:,:,3) = uint8(mask).*cr cam1(:,:,3);

255 figure(5)

256 imshow(m img);

257 hsv = rgb2hsv(cr cam1);

258 h = hsv(:,:,1);

259 s = hsv(:,:,2);

260 v = hsv(:,:,3);

261 figure(6)

262 subplot(2,2,1)

263 imshow(cr cam1)

264 subplot(2,2,2)

265 imshow(h)

266 subplot(2,2,3)

267 imshow(s)

268 subplot(2,2,4)

269 imshow(v)

270 s crp = size(hsv);

271 hsvmask = zeros(s crp(1),s crp(2));

272 for i = 1:s crp(1)

273 for j = 1:s crp(2)

274 if (h(i,j)>0.5)&&(h(i,j)<0.6)&&(s(i,j)>0.35)

275 hsvmask(i,j) = 1;

276 end

277 end

278 end

279 hsvmask = hsvmask.*mask;

280 figure(7)

281 imshow(hsvmask)

282 hsvm img(:,:,1) = uint8(hsvmask).*(cr cam1(:,:,1));

283 hsvm img(:,:,2) = uint8(hsvmask).*(cr cam1(:,:,2));

284 hsvm img(:,:,3) = uint8(hsvmask).*(cr cam1(:,:,3));

285 figure(8)



286 imshow(hsvm img)

287 %% sum of blue sky

288 x1 = dist0.*x0./r0;

289 y1 = dist0.*�y0./r0;

290 [a b] = find(isnan(x1));

291 x1(a,b) = 0;

292 [a b] = find(isnan(y1));

293 y1(a,b) = 0;

294 bluesky = 0;

295 sky = 0;

296 for i = 1:s crp(1)�2

297 for j = 1:s crp(2)�2

298 if inc ang(i,j)<70

299 dA = (x1(i,j)*y1(i,j+1)�x1(i,j+1)*y1(i,j))+ ...

300 (x1(i,j+1)*y1(i+1,j+1)�x1(i+1,j+1)*y1(i,j+1))+...

301 (x1(i+1,j+1)*y1(i+1,j)�x1(i+1,j)*y1(i+1,j+1))+...

302 (x1(i+1,j)*y1(i,j)�x1(i,j)*y1(i+1,j));

303 % if isnan(dA)

304 % i

305 % j

306 % end

307 sky = sky+abs(dA/2);

308 if hsvm img(i,j,2)6=0

309 bluesky=bluesky+abs(dA/2);

310 end

311 end

312 end

313 end

314

315 cloudiness = bluesky/sky*100;

cldbase1.m function

1 function alt = cldbase1(X1,X2,v,t,res,inc ang)

2 % computes the cloud base altitude for a 1 camera system. Wind speed and

3 % time taken between the two images have to be given as inputs. The two

4 % images have to be of the same size. X1 and X2 are 2x1 vector that

5 % contains the image coordinate of the feature that is found on both images

6 % (i.e. the feature that moved and the one that is being compared). res is

7 % the resolution of the image. v is wind speed. t is time.

51
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8 %

9 % e.g.

10 % figure(2)

11 % imshow(cr cam1)

12 % [x1 y1] = ginput(1)

13 % figure(3)

14 % imshow(cr cam2)

15 % [x2 y2] = ginput(1)

16 % alt = cldbase1([x1 y1],[x2 y2],10,130,[1235 1235 3]);

17

18 x1 = X1(1);

19 y1 = X1(2);

20 x2 = X2(1);

21 y2 = X2(2);

22

23

24 % there are three cases where calculation differs.

25 % 1st if statement: both points are on the left side of the image, i.e:left

26 % with N�S as boundary. L/sin(i1�i2)*sin(90�i1) = slant

27 % 2nd: point moved from left to right or vice�versa. This is the case

28 % mentioned in paper. L/sin(i1+i2)*sin(90�i1) = slant. it can also be

29 % sin(90�i2) but the slant height will be the opposite height

30 % 3rd: points are on the right side of the image.

31 % L/sin(i2�i1)*sin(90�il) = slant

32

33 if x1<(res(2)/2)&&x2<(res(2)/2)

34 %1 both points are on east (left) of NS

35 lth = v*t*sind(90�inc ang(round(y1),round(x1)))/...

36 sind(inc ang(round(y1),round(x1))�inc ang(round(y2),round(x2)));

37 cld base ht = lth*cosd(inc ang(round(y2),round(x2)));

38 elseif (x1<(res(2)/2)&&x2>(res(2)/2)) | |(x1>(res(2)/2)&&x2<(res(2)/2))

39 %2 if points moved from one side to another

40 lth = v*t*sind(90�inc ang(round(y1),round(x1)))/...

41 ...

sind(inc ang(round(y1),round(x1))+inc ang(round(y2),round(x2)));

42 lth2 = v*t*sind(90�inc ang(round(y2),round(x2)))/...

43 ...

sind(inc ang(round(y1),round(x1))+inc ang(round(y2),round(x2)));

44 cld base ht = lth*cosd(inc ang(round(y2),round(x2)));

45 cld base ht2 = lth2*cosd(inc ang(round(y1),round(x1)));

46 else

47 %3 if points are on the west (right) of NS

48 lth = v*t*sind(90�inc ang(round(y2),round(x2)))/...



49 ...

sind(inc ang(round(y2),round(x2))�inc ang(round(y1),round(x1)));

50 cld base ht = lth*cosd(inc ang(round(y1),round(x1)));

51 end

52

53 %cld base ht2 to check the cld base ht. they should be the same if it is

54 %used

55 alt = cld base ht;

cldbase2.m function

1 function [cb1,cb2] = cldbase2(p1,p2,act len,inc ang)

2 % calculates cloud base for the 2 camera system. p1,p2 are the points in

3 % the image of camera 1 and camera 2 that corresponds to each other.

4 % act len is the actual distance between the camera and inc ang is the

5 % matrix with inclination angles of each pixel in the image.

6 px1 = p1(1);

7 py1 = p1(2);

8 px2 = p2(1);

9 py2 = p2(2);

10 res = size(inc ang);

11 i1 = inc ang(round(py1),round(px1));

12 i2 = inc ang(round(py2),round(px2));

13

14 dpx1 = px1�(res(2)/2);

15 dpy1 = py1�(res(1)/2);

16 dpx2 = px2�(res(2)/2);

17 dpy2 = py2�(res(1)/2);

18

19 rp1 = sqrt((dpx1)ˆ2+(dpy1)ˆ2);

20 rp2 = sqrt((dpx2)ˆ2+(dpy2)ˆ2);

21 ht1 = 1.25*rp1/tand(i1);

22 ht2 = 1.25*rp2/tand(i2);

23

24 dx = px1�px2;

25 dy = py1�py2;

26

27 dd = sqrt((dx*dx)+(dy*dy));

28 cb1 = ht1*act len/dd;

29 cb2 = ht2*act len/dd;

53



fe2recti.m function

1 function [rec img,mask img] = fe2recti(fe img,x1,y1)

2 % transform fisheye image to rectilinear image. it uses the transformed

3 % grid as inputs. x and y are the transformed grid inputs. This code just

4 % relates the old coordinates to the new coordinates. It assumes that the

5 % behaviour of fe img at the four corners go to infinity and the middle is

6 % the 'lowest' point along the sides. mask img can be viewed to see which

7 % points were actually taken from the fish eye image to produce the

8 % rectilinearized image. any correction factor/zooming/resolution factor

9 % needs to be applied to the transformed grid coordinates before sending

10 % as inputs to this function

11 res = size(fe img);

12 % find the 'lowest' points along the sides

13 [xmn i xmn] = min(x1(:,end));%right

14 [xmx i xmx] = max(x1(:,1));%left

15 [ymn i ymn] = min(y1(1,:));%top

16 [ymx i ymx] = max(y1(end,:));%bottom

17 rec img = zeros(round(ymn�ymx),round(xmn�xmx),3);%prepare rectilinear img

18 mask img = zeros(res(1),res(2));%prepare mask

19 for i = 1:res(1)

20 for j = 1:res(2)

21 if x1(i,j)�xmx && x1(i,j)xmn && y1(i,j)�ymx && y1(i,j)ymn

22 mask img(i,j) = 1;

23 xx = round(x1(i,j)+xmn+1);

24 yy = round(�y1(i,j)+ymn+1);

25 rec img(yy,xx,1) = fe img(i,j,1);

26 rec img(yy,xx,2) = fe img(i,j,2);

27 rec img(yy,xx,3) = fe img(i,j,3);

28 end

29 end

30 end

31 rec img = uint8(rec img);

haversine.m function

54
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1 function [km nmi mi] = haversine(loc1, loc2)

2 % HAVERSINE Compute distance between locations using Haversine formula

3 % KM = HAVERSINE(LOC1, LOC2) returns the distance KM in km between

4 % locations LOC1 and LOC2 using the Haversine formula. LOC1 and LOC2 are

5 % latitude and longitude coordinates that can be expressed as either

6 % strings representing degrees, minutes, and seconds (suffixed with

7 % N/S/E/W), or numeric arrays representing decimal degrees (where

8 % negative indicates West/South).

9 %

10 % [KM, NMI, MI] = HAVERSINE(LOC1, LOC2) returns the computed distance in

11 % kilometers (KM), nautical miles (NMI), and miles (MI).

12 %

13 % Examples

14 % haversine('53 08 50N, 001 50 58W', '52 12 16N, 000 08 26E') returns

15 % 170.2547

16 % haversine([53.1472 �1.8494], '52 12.16N, 000 08.26E') returns

17 % 170.2508

18 % haversine([53.1472 �1.8494], [52.2044 0.1406]) returns 170.2563

19 %

20 % Inputs

21 % LOC must be either a string specifying the location in degrees,

22 % minutes and seconds, or a 2�valued numeric array specifying the

23 % location in decimal degrees. If providing a string, the latitude

24 % and longitude must be separated by a comma.

25 %

26 % The first element indicates the latitude while the second is the

27 % longitude.

28 %

29 % Notes

30 % The Haversine formula is used to calculate the great�circle

31 % distance between two points, which is the shortest distance over

32 % the earth's surface.

33 %

34 % This program was created using equations found on the website

35 % http://www.movable�type.co.uk/scripts/latlong.html

36

37 % Created by Josiah Renfree

38 % May 27, 2010

39

40

41 %% Check user inputs

42
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43 % If two inputs are given, display error

44 if ¬isequal(nargin, 2)

45 error('User must supply two location inputs')

46

47 % If two inputs are given, handle data

48 else

49

50 locs = {loc1 loc2}; % Combine inputs to make checking easier

51

52 % Cycle through to check both inputs

53 for i = 1:length(locs)

54

55 % Check inputs and convert to decimal if needed

56 if ischar(locs{i})

57

58 % Parse lat and long info from current input

59 temp = regexp(locs{i}, ',', 'split');

60 lat = temp{1}; lon = temp{2};

61 clear temp

62 locs{i} = []; % Remove string to make room for array

63

64 % Obtain degrees, minutes, seconds, and hemisphere

65 temp = regexp(lat, '(\d+)\D+(\d+)\D+(\d+)(\w?)', 'tokens');

66 temp = temp{1};

67

68 % Calculate latitude in decimal degrees

69 locs{i}(1) = str2double(temp{1}) + str2double(temp{2})/60 + ...

70 str2double(temp{3})/3600;

71

72 % Make sure hemisphere was given

73 if isempty(temp{4})

74 error('No hemisphere given')

75

76 % If latitude is south, make decimal negative

77 elseif strcmpi(temp{4}, 'S')

78 locs{i}(1) = �locs{i}(1);

79 end

80

81 clear temp

82

83 % Obtain degrees, minutes, seconds, and hemisphere

84 temp = regexp(lon, '(\d+)\D+(\d+)\D+(\d+)(\w?)', 'tokens');

85 temp = temp{1};



86

87 % Calculate longitude in decimal degrees

88 locs{i}(2) = str2double(temp{1}) + str2double(temp{2})/60 + ...

89 str2double(temp{3})/3600;

90

91 % Make sure hemisphere was given

92 if isempty(temp{4})

93 error('No hemisphere given')

94

95 % If longitude is west, make decimal negative

96 elseif strcmpi(temp{4}, 'W')

97 locs{i}(2) = �locs{i}(2);

98 end

99

100 clear temp lat lon

101 end

102 end

103 end

104

105 % Check that both cells are a 2�valued array

106 if any(cellfun(@(x) ¬isequal(length(x),2), locs))

107 error('Incorrect number of input coordinates')

108 end

109

110 % Convert all decimal degrees to radians

111 locs = cellfun(@(x) x .* pi./180, locs, 'UniformOutput', 0);

112

113

114 %% Begin calculation

115

116 R = 6371; % Earth's radius in km

117 � lat = locs{2}(1) � locs{1}(1); % difference in latitude

118 � lon = locs{2}(2) � locs{1}(2); % difference in longitude

119 a = sin(� lat/2)ˆ2 + cos(locs{1}(1)) * cos(locs{2}(1)) * ...

120 sin(� lon/2)ˆ2;

121 c = 2 * atan2(sqrt(a), sqrt(1�a));

122 km = R * c; % distance in km

123

124

125 %% Convert result to nautical miles and miles

126

127 nmi = km * 0.539956803; % nautical miles

128 mi = km * 0.621371192; % miles

57
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CircleFitByPratt.m function

1 function Par = CircleFitByPratt(XY)

2

3 %��������������������������������������������������������������������������

4 %

5 % Circle fit by Pratt

6 % V. Pratt, "Direct least�squares fitting of algebraic surfaces",

7 % Computer Graphics, Vol. 21, pages 145�152 (1987)

8 %

9 % Input: XY(n,2) is the array of coordinates of n points ...

x(i)=XY(i,1), y(i)=XY(i,2)

10 %

11 % Output: Par = [a b R] is the fitting circle:

12 % center (a,b) and radius R

13 %

14 % Note: this fit does not use built�in matrix functions (except ...

"mean"),

15 % so it can be easily programmed in any programming language

16 %

17 %��������������������������������������������������������������������������

18

19 n = size(XY,1); % number of data points

20

21 centroid = mean(XY); % the centroid of the data set

22

23 % computing moments (note: all moments will be normed, i.e. divided ...

by n)

24

25 Mxx=0; Myy=0; Mxy=0; Mxz=0; Myz=0; Mzz=0;

26

27 for i=1:n

28 Xi = XY(i,1) � centroid(1); % centering data

29 Yi = XY(i,2) � centroid(2); % centering data

30 Zi = Xi*Xi + Yi*Yi;

31 Mxy = Mxy + Xi*Yi;

32 Mxx = Mxx + Xi*Xi;

33 Myy = Myy + Yi*Yi;

34 Mxz = Mxz + Xi*Zi;



Appendix 59

35 Myz = Myz + Yi*Zi;

36 Mzz = Mzz + Zi*Zi;

37 end

38

39 Mxx = Mxx/n;

40 Myy = Myy/n;

41 Mxy = Mxy/n;

42 Mxz = Mxz/n;

43 Myz = Myz/n;

44 Mzz = Mzz/n;

45

46 % computing the coefficients of the characteristic polynomial

47

48 Mz = Mxx + Myy;

49 Cov xy = Mxx*Myy � Mxy*Mxy;

50 Mxz2 = Mxz*Mxz;

51 Myz2 = Myz*Myz;

52

53 A2 = 4*Cov xy � 3*Mz*Mz � Mzz;

54 A1 = Mzz*Mz + 4*Cov xy*Mz � Mxz2 � Myz2 � Mz*Mz*Mz;

55 A0 = Mxz2*Myy + Myz2*Mxx � Mzz*Cov xy � 2*Mxz*Myz*Mxy + Mz*Mz*Cov xy;

56 A22 = A2 + A2;

57

58 epsilon=1e�12;

59 ynew=1e+20;

60 IterMax=20;

61 xnew = 0;

62

63 % Newton's method starting at x=0

64

65 for iter=1:IterMax

66 yold = ynew;

67 ynew = A0 + xnew*(A1 + xnew*(A2 + 4.*xnew*xnew));

68 if (abs(ynew)>abs(yold))

69 disp('Newton�Pratt goes wrong direction: |ynew | > |yold |');

70 xnew = 0;

71 break;

72 end

73 Dy = A1 + xnew*(A22 + 16*xnew*xnew);

74 xold = xnew;

75 xnew = xold � ynew/Dy;

76 if (abs((xnew�xold)/xnew) < epsilon), break, end

77 if (iter � IterMax)
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78 disp('Newton�Pratt will not converge');

79 xnew = 0;

80 end

81 if (xnew<0.)

82 fprintf(1,'Newton�Pratt negative root: x=%f\n',xnew);

83 xnew = 0;

84 end

85 end

86

87 % computing the circle parameters

88

89 DET = xnew*xnew � xnew*Mz + Cov xy;

90 Center = [Mxz*(Myy�xnew)�Myz*Mxy , Myz*(Mxx�xnew)�Mxz*Mxy]/DET/2;

91

92 Par = [Center+centroid , sqrt(Center*Center'+Mz+2*xnew)];

93

94 end % CircleFitByPratt


