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Abstract
In this work a computer vision and image processing system capable of analysing the 3 dimensional
shape of a flying sail was developed. The information was acquired by a GoPro camera which is fixed
to the boat. This work was divided in five distinct sections: image acquisition, image pre-treatment,
estimation of feature position, estimation of intrinsic and extrinsic camera calibration, and inverse
problem.
The image acquisition was done on the field using a 420 class dinghy boat and sails. Black horizontal
stripes (which henceforth will know as features) were placed along the sail. These features represent the
three camber lines at different heights along the sail. The goal is to obtain the curvature of the features.
The camera is fixed to the boom and facing up towards the sail, the camera position is assumed to be
fixed in relation to the features. The features are placed 1.42 ± 0.005m, 2.72 ± 0.005m and 3.97 ± 0.005m
from the camera plane and measure 2.080 ± 0.005m, 1.610 ± 0.005m and 1.015 ± 0.005m respectively.
The system can calculate the length of the features with an accuracy of 20% for the first feature, 11%
for the second feature, and 4% for the third feature.
Keywords: Image Processing, Computer Vision, Sail Shape, GoPro.

1. Introduction
This work focuses on a computer vision system capable of determining sail and rig shape using a single digital camera mounted on the deck or mast of a
boat, as schematized in Figure 1. The estimation of
sail and rig shape is instrumental to sail design optimization and manufacture, accurate simulations in
computational fluid dynamics, and to aid sailors in
decision making in race situations [1].
Several techniques have been used to estimate the
rig and flying shape of a sail, namely stereo vision,
which is based on two cameras in different locations to recover the 3D shape of the target, laser
scanning, which scans the object and calculates the
distance from the reflected laser beam, and single
image systems, that rely in a single picture to recover the 3D shape of the object[6][9].
Stereo vision has been shown to give highly accurate results in real time. However, the computational complexity and cost are significant [7]. Laser
scanning is also a highly accurate technique; however, scanning a wide area is time consuming, which
renders it unpractical for a real time application.
This work will focus on the latter technique, which
uses a single picture to infer the 3D shape of the
sail.
Recovering three dimensional information from a
single 2D projection is an under-constrained prob-

Figure 1: Schematic of a 420 dinghy.

lem since different 3D objects can produce the same
projection. To tackle this difficulty, I will exploit
the fact that the geometry of the mast, sail stripes,
and leech is partially known beforehand to make the
inference of the 3D information a well-posed problem.
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2. Background
To completely understand the forces that power a
sailing boat, a deep understanding of fluid mechanics, and more precisely fluid dynamics, is necessary.
Fluid dynamics is a sub-discipline of physics that
studies fluid flow, which has many real world applications such as understanding weather patterns
and describing the motions of fluids around objects
such as air-crafts and boats.
Techniques to understand the behaviour of fluids
include direct visualisation of particles in the fluid
with methods such as Particle Image Velocimetry
and Particle Tracking Velocimetry. Other methods
that rely in direct measurements are for example
hot-wire anemometry.
Theoretical models are also used and can be
solved by numerical methods. Computational fluid
dynamics relies on computer simulations to solve
fluid dynamics problems using boundary conditions. Even though many problems are still partially or completely unresolved in fluid dynamics.
However, a brief overview of accepted fluid dynamic
theories will be discussed.
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(a) While sailing downwind, the position of
the sail is such that
the largest area possible
is perpendicular to the
wind.

(b) While sailing upwind the sail makes an
certain angle so that the
generated lift is maximised.

Figure 2: Two distinct points of sail for a boat.

water is moving from the front to the back of the
boat while the wind can be coming in from the side
to almost the front of the boat, as illustrated in Figure 2 (b). There is a lower limit to the angle a boat
can make with the wind while sailing upwind. This
2.1. Lift and Drag
from boat to boat but is generally
Fluid dynamics is undoubtedly essential to help un- angle will vary
◦
between
40
and
50◦ [5].
derstand the forces involved in the movement of a
Assuming the water is not moving and all velocity
sailing boat. The sail of a sail boat behaves much
vectors
are in relation to the water. The typical
like a wing of a air-plane. However, the boat lies
forces
and
velocity vectors needed to describe the
in the interface between water and air, therefore it
movement
of
a sailing vessel are:
has two fluids to contend with.
Point of sail is the term used to describe the re• Boat speed u: the boat velocity in relation to
lation between the velocity of the boat, and the
the water.
velocity of the wind. For the purpose of this work,
• True wind speed vT : wind velocity in relation
I will consider only two distinct points of sail:
to the water.
1. Downwind Sailing.
• Apparent wind speed vA : wind velocity in re2. Upwind Sailing.
lation to the boat.
The first type of sailing refers simply to a boat
sailing along the same direction of the wind; this
is the simplest form of sailing. The second type is
when the boat’s velocity and the wind velocity form
an angle of 90◦ or less, as illustrated in Figure 2.
Sailing downwind is easier to understand. In reality it is not even necessary to have a sail to travel
downwind. For example, any object attached to a
floating body will be pushed by the wind and travel
along that direction. While sailing downwind, the
boat is propelled forward when the drag force that
the wind exerts in the sail is larger then the drag
force of the water in the hull and centreboard.
Sailing upwind proves to be trickier to explain.
However, sailing upwind is a basic skill, and is
taught to any beginner level sailor, since it is easier
to apply than to understand. It is not possible to
move completely against the wind using only the
wind as a power source. When sailing upwind, the

• Lift on sail L: force generated perpendicular to
vA .
• Drag on sail D: drag force parallel to vA .
• Lift on centreboard LC : force generated perpendicular to u.
• Drag on hull and centreboard DC : drag force
parallel to and opposite to u.
• Apparent wind angle α: angle between u and
vA .
The apparent wind speed, vA , is the wind velocity
as seen from the boat:
vA = vT − u.

(1)

Equation (1) is illustrated in Figure 3. From this
equation it is clear that if the boat is at rest the
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Figure 3: True wind, apparent wind, and boat
speed.
Figure 4: Principle behind upwind sailing. A small
component of the lift generated by the sail propels
the boat forward [8].

apparent wind will be vA = vT , the same as the
true wind. In this work the shape of the sails that
are analysed are always simulating a boat sailing
upwind. To be able to sail upwind, a sailboat must
be able to mobilise wind power to counter the resistance of the water, and the resistance of the wind.
The energy used to propel the sailing boat comes
from the wind, which loses kinetic energy after passing the sail.
While moving in a fluid, an object is affected by
forces that counter its movement. The set of these
forces constitutes the drag. In the case of a sailboat,
the sail is moving through the air, while the centreboard is moving through the water. The drag forces
always have a direction opposite to the movement of
the object immersed in the fluid. An object travelling in a fluid can also feel a different type of force,
in this case perpendicular to the flow of the fluid
where it is immersed. This is called lift[8]. Figure 4
shows the forces in action for a sailboat moving at
constant speed. In these circumstances, the net hydrodynamic force on the centreboard must be equal
and opposite to the net aerodynamic force on the
sail.
Due to the curvature of the sail, it is possible
to generate enough lift so that a small component
of that lift, called driving component, is enough
to counter the drag forces. The amount of lift a
sail can generate is directly related to its shape. In
this work I analyse the sail shape at three different
heights.

is a GoPro Hero 3, which is a very popular, off the
shelve sports camera. The GoPro is a fixed aperture
camera, with a focal ratio of f/2.8. The aspherical
lens of the camera replaces a more complex system
of multi-lenses and allows a wide-angle view of the
world. Both a large depth of fields and wide-angle
view are necessary for this work, so as to contain
all the information in one image.

Figure 5: Image taken with a GoPro Hero3. The
radial distortion is very accentuated due to the aspherical wide angle lens.

The calibration is divided in two steps, calculation of the intrinsic parameters of the camera, and
calculation of the extrinsic parameters of the camera coordinate system. The former have to be cal3. Implementation and Results
This work is divided in several stages, each requiring culated only once per camera, these parameters are
different approaches to solve the general problem. inherent to each camera and account for the camHere is the detailed implementation of each of those era construction and possible deformities in the lens
and body. In Figure 5 a large radial distortion (barstages.
rel distortion[3]) is discernible, the calibration corrects this type of distortion. Once these parame3.1. Camera Calibration
Calibration of the camera is of crucial importance ters are calculated the undistortion can be applied
for this work, where the accuracy of the positions of to any image taken by that camera.
the objects represented is pivotal. The camera used
The parameters to be estimated are the
3

following[4]:

Table 1: Calibration results for the 2nd mode of the
GoPro.

• Intrinsic parameters:

Intrinsic Parameters
Camera Mode
Number of Images
fx (pixels)
fy (pixels)
ox (pixels)
oy (pixels)
kr1
kr2
kr3
kt1
kt2

– Focal length, f .
– Effective pixel size, sx and sy .
– Coordinates of the image centre, ox and
oy .
– Skew coefficient, αc .
– Coefficients for the radial and tangential
distortions, kc .
• Extrinsic parameters:
– Rotation matrix, R.

Calibration
7MP Medium FoV
27
1305 ± 4
1304 ± 4
1488 ± 3
1114 ± 3
-0,2261 ± 0,0021
0,0473 ± 0,0011
-0,0014 ± 0,0003
0,0004 ± 0,0004
0

– Translation vector, t.

sy

Given the dimension of the mainsail, the camber
The schematic in Figure 6 illustrates all intrinsic paline
is measured at three different heights. To aid
rameters except for the coefficients that account for
the
visual
system and facilitate detection, I placed
the radial and tangential distortions. The extrinthree black stripes in the mainsail, parallel to the
Y
foot of the sail, ideally different colours for the
stripes could be tested. However, due to logistical
limitations, there was only access to one sail and
one set of black stripes. The mast and the leech are
X
detected without any added contrast. The detecP(X , Y , Z )
tion algorithm must be robust enough to deal with
o
different light conditions and other such changes in
f
O(X , Y , Z )
contrast and colour of the features.
p(x , y )
Image
Camera
Plane
To mitigate the variations in the surrounding enFrame
Optical
Axis
vironment, such as illumination and atmospheric
conditions, the first step is to do a calibration of
Z
the acquired images. The calibration will improve
the colour constancy of the acquired images under
Figure 6: The pinhole camera model and represen- different lighting conditions[2].
tation of the intrinsic parameters.
The position of the features, highlighted in Figure
1, will fluctuate along time mainly due to the acsic parameters are calculated for each image and
tions of the wind and movement of the boat. Taking
they return the position, t, and rotation, R, of the
advantage of the fact that the changes will be small
camera in relation to some arbitrary world reference
within the field of view of the camera, Regions of
frame.
Interest (ROIs) can be defined beforehand. These
Although the GoPro camera has 4 different workROIs are defined each time the camera is placed
ing modes with different Field of View (FoV) and
and attached.
resolution the final results are only presented for
Using the first image acquired in a sequential set
one mode. The calibration results for that mode
of photographs, the ROI for the mast is defined by
are shown in Table 1.
selecting any number of points along the mast, red
The errors are calculated by averaging the dispoints in Figure 7. These points are fitted with
tance from the position of the detected chessa second order polynomial, yielding a parametric
board corners to the re-projected corners. The rerepresentation of a curve along the major axis of
projected corners are obtained from the calculated
the ROI. For the points shown in red in Figure 7,
extrinsic and intrinsic camera parameters. The erthe obtained curve is shown in blue.
rors for the calibration are comparable to the thickThis parametrization allows for a simple way of
ness of the first stripe (approximately 7 pixels).
describing the ROI of the mast, the blue line being its axis. The width of the ROI is defined by
3.2. Feature Detection
The purpose of feature detection is to obtain the im- the length of scanlines, which will scan the image
age coordinates of the sail and rig features shown in perpendicularly to the previously defined curve.
Let s ∈ Rn×3 represent a uniform sequence of imFigure 1, using appropriate image processing tools.
c

0

im

0

c

c

0

im
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the colour of the surrounding pixels, captured by
the scanline. I then estimate the point where the
feature intersects the scanline by minimising
bi = arg min ksi − ck
i

(3)

(b
x, yb) = coord(bi),
where kxk denotes the Euclidean norm of x. The
colour c is selected in the setting of the system, depending on the feature to be detected. The use of
ROIs and scanlines is a form of prior information
about the location of the features to be detected
that helps a lot. However, as it may perceived from
Figure 8, there are a number of colour outliers that
may degrade the estimates of the location of the
Figure 7: Points manually selected along the mast features. In order to make the estimation robust
are shown in red, fitted with a second order poly- to outliers, a smooth curve y = f (x, β), where β
nomial, shown in blue.
is a vector of parameters, is fitted to the sequence
of estimates (b
xi , yb), for i = 1, . . . , m yielded by (3)
along
m
scanlines.
This type of fitting makes sense
age samples obtained by interpolation along a given
in
all
curves
considered
in this thesis because they
scanline (green line segments in Figure 8). That is,
are
smooth
and
the
sequence
of coordinates xi , for
s = [s1 , . . . , sn ]T , with si ∈ R3×1 and
i = 1, . . . , m is strictly monotone. The vector of pasi = I(xi , yi ), (xi , yi ) = coord(i), i = 1, . . . , n
rameter β is estimated by solving the optimisation,
"
#
m
where
X
2
min
ybi − f (b
xi , β )
(4)
(i − 1)
β
coord(i) = (x1 , y1 ) +
(xn − x1 , yn − y1 ),
i=1
n−1
(2) where a second order polynomial , β = (β , β , β )
0
1
2
i = 1, . . . , n
is adopted as a smooth function and f (x, β) =
β2 x2 + β1 x + β0 . Now the outliers can be detected
and (x1 , y1 ) and (xn , yn ) are the coordinates of the
by measuring the displacements
scanline endpoints. In order to locate the feature in
the scanline, I propose two methods, depending on
devi = ybi − f (b
xi , β ) ; i =, . . . , m
(5)
the difficulty of the problem.
The estimate for which dev above a certain threshold are eliminated. Then a spline, second or third
order curve is fitted, depending on the feature.
Detection by the colour profile of the feature
A method based on the colour profile along the
scanlines is used in situations where the grey world
normalisation did not allow for perfect colour constancy between images. In such cases, the estimate
for the colour c may be too distant from the colour
of the feature in the image.
I start by defining 3 templates, which I will denote by tk for k = 1, 2, 3, corresponding to vectors
of colours acquired along the scanlines shown in Figure 9. t = [t1 , . . . , tn ]T with ti ∈ R3 . These temFigure 8: Region of interest for the detection of the plates are obtained in an initial calibration step, by
mast.
selecting with precision the resting position of the
mast, as shown in Figure 9.
The mast profile for each scanline is shown in
Detection by the colour of the feature
Figure 10. The intensity profile of the mast is idenFor the first method, I assume that the colour of the tical along the length of the mast, changing only its
features to be detected, denoted by c, is far from thickness. To detect the centre of the mast at each
5

ideally, the points where the scanline intersects the
stripe, in this case the colour is a (0.2, 0.2, 0.2) grey.
In Figures 11 (a) and (b) the green scanlines define
the ROI, delineated by the dark blue curve, and the
red points are the points obtained with colour detection. In Figures 11 (c) and (d) a 3rd order curve
is fitted to the red points obtained before in (a) and
(b), in red are the points deemed outliers by being
displaced vertically more than half the length of a
scanline.

(a) Raw points obtained by (b) Raw points obtained by
colour detection of the first colour detection of the second
stripe. There is one visible stripe.
outlier.

Figure 9: Three scanlines centred with the mast are
used as templates to aid detection of the feature.

(c) Third order curve fitted to
the points in the first stripe.

(d) Third order curve fitted to
the points in the second stripe.

(a) Bottom
line.

scan (b) Middle
line.

Figure 11: Results for the detection of the two bottom stripes.

scan (c) Top scan line.

Considering the typical shape of the stripes, the
best way to describe the position of the stripe is
to interpolate a cubic spline to the remaining detected points. The goal is to avoid oversimplifying
the shape of the stripes.
The third stripe, being barely visible with the
naked eye, proved hard to detect with colour detection. Figure 12 shows the results of detecting the
topmost stripe by colour. Here the colour detection

Figure 10: Scan line profiles for the three RGB layers at different heights along the mast.
scan line, bi-dimensional template matching technique was used. I define the cross-correlation between a template t = [t1 , ..., tn ], where, ti ∈ R3×1
and a scanline s as
X
Rts (l) =
tTm sm+n
(6)
m

where tTm denotes the transpose of tm .
Designing a suitable template is challenging due
to the different contrast between the mast and the
sail, and the mast and sky. Several intensity profiles are shown in Figure 10. The correlation between the templates and the profile of the scan line
is maximum when the position of the mast is centred with the mid point of the template. However
when there are other contrasting features, such as
a stripe or a spreader, there can by multiple local
maximums which complicate the detection of the
mast for that line. Running the detection method
yields the following results.
Images in Figure 11 show the results of the detection for the first two stripes. The red points are,

Figure 12: Raw points obtained by colour detection
of the third stripe.
method failed to detect the stripe in places where
the scanlines cross over other elements on the sail,
such as the blue numbers. In Figure 12, the detection algorithm always favours the blue colour of the
numbers on the sail, over the actual stripe. The
approximation of the detected points to a 3rd order curve is no longer appropriate, since about half
6

RT R = RRT = I, with I denoting the identity
matrix of appropriate size. Since R is a rotation
matrix, its degrees of freedom are three. Therefore,
describing the rotation matrix using all nine entries
of R is redundant and not necessary. One possible
parametrization is to use the rotation around the
coordinate axes. In this case, the rotation is described by three consecutive rotations around the
coordinate axes, e1 , e2 , and e3 , by angles α, β, and
γ, respectively. In this particular case, I will consider the camera only has one freedom of rotation
around one axis, therefore β = 0 and γ = 0. The
(a) Raw points obtained by colour detection of the third
rotation matrix R becomes:
stripe.
the points are detected inaccurately. To circumvent
this difficulty, the first solution was to thicken the
stripe by 1 cm. The results for the same colour detection algorithm, after modifying the thickness of
the stripe, can be seen in figure 13. For the 20 scan-


1
R = Rx (α) = 0
0

0
cos(α)
− sin(α)


0
sin(α)  ,
cos(α)

(8)

In equation (7), the position of a point P in world
coordinates is related to its position in camera coordinates, it can be written as follows

(b) Third order curve fitted to the detected points.

X c = r11 X w + r12 Y w + r13 Z w + tx

Figure 13: Colour detection of the 3rd stripe after
increased thickness.

Y c = r21 X w + r22 Y w + r23 Z w + ty
c

w

Z = r31 X + r32 Y

lines used in 13 (a) in only three of them an erroneous detection happened. Fitting the third order
curve, light blue curve in figure 13 (b), the three
outliers are correctly identified (red points).

w

(9)

w

+ r33 Z + tz .

Here the features are represented without distortion
(undistortion was considered in Section 4), therefore this projection can be described using equations for the pinhole model:

4. Undistortion
In order to lighten the amount of data to be proXc
(10)
xim = −fx c + ox
cessed, the undistortion of the images is done afZ
c
ter the detection of the features. At this point all
Y
yim = −fy c + oy ,
(11)
the relevant features in the image are described by
Z
splines, second, and third order polynomials.
The radial and tangential distortions are cor- where fx , fy , ox , and oy are all known since the calrected using the intrinsic parameters calculated in ibration step. Plugging equation (9) into equations
Section 3.1. The undistortion algorithm is then only (10) and (11) gives:
applied to the points describing the shape of the sail
r11 X w + r12 Y w + r13 Z w + tx
xim − ox = −fx
and rig.
r31 X w + r32 Y w + r33 Z w + tz
(12)
5. Inverse Problem
With reference to Figure 6, the camera is located
r21 X w + r22 Y w + r23 Z w + ty
yim − oy = −fy
.
at the origin of the camera coordinate system, with
r31 X w + r32 Y w + r33 Z w + tz
the z-axis perpendicular to the image plane, where
(13)
points with Z > 0 are visible. In real world coordiT
nates, the camera is located at [X0 Y0 Z0 ] .
This system can be solved for X and Y provided
Let P be a point in space with coordinates that the extrinsic parameters, and Z, for all points,
[X w Y w Z w ]T , in the real world reference frame are known. The Z coordinates for the points canand [X c Y c Z c ]T in the camera reference frame. not however be measured directly, so an assumption
These two vectors are related to each other by the must be made about the height of the points. For
following transformation:
the stripes, the first assumption will be that the
 c
 w
points along the stripes are co-planar and the plane
X
X
they belong to is perpendicular to the mast.
Y c  = R Y w  + t
(7)
Assuming that the camera is positioned perpenZc
Zw
dicular to the mast and the boom, the only possiwhere R is an orthogonal matrix, which means that ble rotation is around the x axis. If the angle of
7

rotation α is zero the rotation matrix, R, becomes
the identity matrix, I. This is equivalent to saying
the camera reference frame has the same orientation
as the world reference frame, the camera is facing
straight up. Using these extrinsic parameters:
R=I

(14)
T

t = [1.25 0 0] ,

(15)

the real world coordinates of the detected stripes
shown in Figure 14 can be calculated. Assuming

(a) Results obtained after solving the inverse problem from the top image
of Figure 14.

(b) Results obtained after solving the inverse problem from the bottom
image of Figure 14.

Figure 15: Shape of the three stripes using the measured extrinsic parameters.
Stripe
1
2
3

Measured
Length (m)
2.080 ± 0.005
1.610 ± 0.005
1.015 ± 0.005

Calculated
Length 1 (m)
2.537
1.858
1.089

Calculated
Length 2 (m)
2.458
1.722
1.027

Table 2: Comparison of the real stripe length and
the results from the inverse problem.
and third stripes. The third stripe is located in the
centre of the image where the radial distortions are
less strong and more easily corrected.

Figure 14: Images of the sail after undistortion.
the stripes are contained in a horizontal plane,
the height of the real world points are constant
for each stripe. The measured distances from the
camera plane to each stripe are: 1.43 ± 0.005m,
2.72 ± 0.005m and 3.97 ± 0.005m. These distances
are measured when the sail is resting on a flat surface, therefore I am assuming that these points only
suffer horizontal displacement when the sail is flying. The results can be seen in Figure 15.
Since direct measurement of the shape is not possible, I compared the length of the estimated stripes
with the real measured length. I obtained the results shown in Table 2. The accuracy increases from
the first to the third stripe. However, the calculated length is overestimated in both cases and for
all three stripes. The differences in accuracy may
be explained by the position of the stripes in the image. The first stripe being closer to the edges of the
image may suffer higher distortions than the second

6. Conclusions
In this work I presented the prototype of a system
that uses the images generated by a sports camera
to determine the flying shape of a sail in a sailboat.
The work included the following main components:
• Analysis of the state-of-the-art of existing systems with similar purpose, such as the system
V-Spars. However the mentioned systems are
usually only applied to larger sailboats. Since
most of these systems are commercialised there
is not extended literature to describe the processes used in these systems.
• Delineation of a general method to obtain the
proposed objectives, determination of the sail
shape from single images.
• Application of a camera calibration model,
generally used to correct imperfections and dis8

tortions in images, by calculating the intrinsic [7] S. Nedevschi, R. Danescu, D. Frentiu,
camera parameters. This step is particularly
T. Marita, F. Oniga, C. Pocol, R. Schmidt, and
relevant for this work since the radial distorT. Graf. High accuracy stereo vision system
tions are accentuated in a camera with a wide
for far distance obstacle detection. In IEEE
field of view.
Intelligent Vehicles Symposium, pages 292–297,
2004.
• Implementation of robust detection algorithms, specifically designed to detect the rel- [8] Chapter 14 - aerodynamics. In P. K. Kundu,
I. M. Cohen, and D. R. Dowling, editors, Fluid
evant features, without compromising the simMechanics (Fifth Edition), pages 691 – 728.
plicity required for a fast detection.
Academic Press, Boston, fifth edition edition,
• Implementation of a method to calibrate the
2012.
extrinsic parameters of the camera employing
[9] UKSailmakers. Accumeasure.
a known calibration object.
• Solving the inverse problem using both the calculated or measure extrinsic parameters and a
set of assumptions about the geometry of the
sail.
To aid the development of this work several tools
were designed for this sole purpose such as a simulator that could allow for some in depth analysis
of the error propagation through the various stages
of the work. This is especially relevant given that
the object of study cannot be directly measured and
therefore making it hard to verify the end results. A
robust detection method, specific for this problem.
However can easily be adapted to work with different colours or different camera positioning. And
lastly a GUI that provides an easy an intuitive interface to use each of the above mentioned tools,
either sequentially or separately.
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