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A B S T R A C T

While sailing, sailors solely rely on their eyes to inspect the sail shape and adjust
the sail configurations to achieve an appropriate sail shape that corresponds to the
weather condition. This so-called trimming process requires years of experience.
Hence the visual inspection of sail shape suffers from inaccuracy and communica-
tion difficulties. Therefore, this research proposes a visual analysis tool that presents
an accurate sail shape structure and supports sailors in investigating the optimal sail
shape of certain weather conditions.

In order to achieve our goals, we reconstruct the sail shape using two triangu-
lation methods. For incomplete reconstructed sail shapes caused by the uncertain
image quality, we deform a complete template sail under the constraints of the in-
complete sail shape and use the deformed sail as an estimation of the proper shape
structure. We designed a visualization dashboard for sailors to explore the 3D struc-
ture, 2D profiles and characteristics of the time-varying sail shape and analyze their
relation to boat speed.

The usability of the visualization tool is tested by a qualitative evaluation with
two sailing experts. The result shows that the reconstruction and deformation of
sail shape are valid, and the visualization dashboard has the potential to enhance
sailors’ comprehension of sail shape and provide insights into the optimal sail shape
trimming.
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1 I N T R O D U C T I O N

Thanks to the advances in the sport sensor technology, a large amount of data is
generated, extracted and analyzed for different purposes. For example, Aisch and
Quealy [2014] utilized the record of career touchdown of several famous Nation
Football League players for public entertainment and Lommers [2015] used the
road cycling descending data to aid athletes in achieving better performance. Sport
data analysis also has the potential to innovate the traditional training routine and
helps athletes better understand what factors are related to their performance.

Driven by the irruption of sport sensing technology and the eagerness of the
coaches to have more knowledge on athletes’ performance, a huge amount of data is
collected. Nevertheless, in order to for athletes to understand and gain insights from
the extracted data, appropriate approaches need to be applied and implemented.
Due to the large quantity of the data, sport experts frequently turn to statistics,
which lies at the core of the area known as Sports Analytics. But when athletes
or sport experts do not know what to expect and want to explore the data, the
statistical data can be confusing and misleading as it tends to summarize and show
the overall data features. So, these standard statistics techniques might not apply
to the acquired data and neglect some important features of the data. That is why
statistics analysis are not always appropriate and enough for inspecting spots data.

Therefore the sports experts turn to visual analysis tool for exploring the data,
thus sport data visualization has grown as a field. More and more attention is paid
to this field, which can be proofed by IEEE Computer Graphics and Applications
journal in 2016 (Basole and Saupe [2016]). In sport data visualization, data is pre-
sented to users in a more accessible and exploratory way, enabling users to form
and test hypotheses upon them. Sacha et al. [2014] and Bertin [2015] also shows
that sport visualization can convey more meaning and intriguer more insights than
the traditional statistical measurement.

As one of the Olympics sports, sailing has always been of great interest and
various sources of data are collected in this sport. van Hillegersberg et al. [2017] uses
multiple sensor data like wind speed, boat heel angle to design a sailing analytic
architecture and race evaluation dashboard. Taylor et al. [2016] use video camera
and dinghy motion sensor to record athletes’ motion and position on the sailboat.
Apart from that, an active area of research in the sailing community is the sail shape
analysis (Le Pelley and Modral [2008],Freides [1991],Deparday et al. [2016]) as the
the shape of the sail is one of the key factors of sailing performance. Less optimal
sail configuration might result in an inappropriate sail shape, thus falling behind
during the race. Nevertheless, as will be discussed in this thesis, capturing the sail
shape and analysing it are two very challenging tasks.

In practice, sailors try to set the sail of the boat and have an approximated idea of
the orientation and strength of wind force, this process is called trimming in sailing
terms. During sailing, sailors rely on their naked eyes to check the sail shape as
trimming indication with the help of visual cues, like the stripes on the sail as
shown in Figure 1.1a 1. However, this visual inspection demands years of training
experience from athletes to comprehend and master the control of the sail shape.

Apart from the requirement of years of experience, visual inspection of sail shape
suffers from inaccuracy, as it is almost impossible for humans to have an exact
visual measurement of the shape. Also, while sailing, the sail shape could change

1 https://www.uksailmakers.com/cruising-main-construction-options/draft-stripes
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2 introduction

rapidly due to strong wind or sailor’s control, making it hard to memorize the
shape at different time instances. As a result of lacking accurate inspection of the
sail shape, it becomes difficult for sailors to communicate the shape with other
sailors or coaches and compare shapes to find the ones corresponding to the higher
speed. Therefore, further investigating the relation between sail shape and sailing
performance can lead to higher boat speed.

To address the issues of visual inspection of sail shape and help sailors under-
stand the factors that affect the sailing performance, researches have been conducted
to measure and analyse sail shape. There are two main trends in the sail shape
analysis approach, the first one uses dynamometers to measure the pressure distri-
bution across the sail while measuring the sail shape. Two examples of this trend
are presented by Clauss and Heisen [2006] and Masuyama et al. [2009]. The use
of dynamometer provides reliable sail shape and sailing performance measurement
as the sail forces, sail shapes and wind conditions are acquired. But they mainly
focus on their specific dynamometer boat on the upwind condition, and they do
not provide a user interface for users to further explore and analyze the data.

The other trend is based on photogrammetry programs or image processing tech-
niques to detect the shape of the sail by detecting the stripes of sails. Visual Sail
Position And Rig Shape(VSPARS) which was proposed by Le Pelley and Modral
[2008], combines image recognition technique and perspective-correction algorithm
to visualize the shapes of sail stripes and the position of sail rig.

BSG Developements 2 has also developed their sail shape analysis tool called
SailPack-Vision to visualize and measure the shapes based on the stripes on the
sail using images as input. However, their systems require colored stripes to be
painted or attached on the sail, and these stripes are assumed to be parallel to the
horizon. This assumption may not always be true, Deparday et al. [2016] argues
that the stripes of flying sails on a large range of apparent wind angles are not in a
horizontal plane. Hence, they only define the sail shape based on the position of the
stripes, which could lead to missing information on the complete sail shape. Apart
from these issues, these systems do not analyse sailing performance data therefore
do not relate sail shape to performance.

There is a variation of the second trend, instead of recognizing and recovering
the stripes on the sail, Maciel et al. [2021] attach passive markers on the sailcloth
and achieve sail mean shape during a time interval for sail design and analysis
purposes. Though they could retrieve a complete sail shape, their research focuses
more on the acquisition of sail shape than the analysis tool to aid sailors to improve
their comprehension of sail shape and sailing performance.

An effective visualization for sail shapes and their relation to sailing performance
has great potential to improve the traditional coaching routine, and help sailors gain
more insights into the sail shape corresponds to better trimming in relation to the
weather. Visualizing the sail shape goes beyond just rendering the 3D point cloud or
an extracted surface from the point cloud. This project involves mapping important
characteristics and metrics that might be visualized directly on the 3D sail shape,
and developing abstract visualizations to aid in understanding the relation of the
shape with performance.

In addition, Tahara et al. [2012] argues that the visualization of real-world sail
shape in wind tunnel settings with performance data can also be used to validate
the existing application of numerical simulations to predict sail performances.

The aim of this project is to reconstruct the three-dimensional shape of the sail
for measurement and link it to performance data, so sailors and coaches can carry
out a more informed trimming process. The name of the project is Digital Telltales,
it consists of two parts, the first one is the sail shape data acquisition by using pho-
togrammetry. The acquired sail shape data is in the form of 3D point cloud, these
sail shape point cloud and sailing performance data are then utilized to develop vi-
sual designs to relate sail shape with performance. This thesis concentrates on the

2 http://www.bsgdev.com/CMS3/index.php



1.1 research question 3

(a) Stripe on the Sail (b) Data Acquisition Limitation Example

Figure 1.1: Sail Shape

latter part in collaboration with Geodelta3, a company specialized in photogramme-
try, who conducted the sail shape data acquisition part.

1.1 research question
As mentioned in the previous section, a few sail shape measurement and visualiza-
tion systems exist. But for the research using dynamometer boats, they only provide
databases of the sail shape and sailing performance for their specific boat type with-
out providing any analysis tool for sailors to further inspection of the sail shape and
boat speed. For the research that uses photogrammetry or image processing pro-
gram to measure sail shape, their visualized sail shape suffers from incompleteness
due to only measuring the shape along the stripes. In addition, none of the methods
present a visual analysis tool for sailors to investigate the optimal sail shape in rela-
tion to the weather condition. Therefore, the current sail shape analysis techniques
are insufficient to support athletes to facilitate their sail shape trimming decisions.

This research aims to narrow this gap by designing a visualization tool to in-
vestigate and analyze the sail shape and sailing performance data to answer the
question: What is the optimal sail shape given a certain sailing condition?.

In order to answer this question, we first need to achieve a reliable sail shape
model from the point cloud data and then design an effective visualization dash-
board to present the sail shape and sailing performance data for sailors to explore
and discover which sail shape corresponds to higher boat speed.

To conclude, there are two main research questions we need to answer:

• How to reconstruct the 3D sail shape properly using the point cloud data?

• What visualization methods are perceived most useful for sailors to analyse
the sail shape and sailing performance and enhance their sail shape trimming
process?

1.2 approach overview
As mentioned in the introduction, the Digital Telltales project is formed by two
parts: sail shape data acquisition and visualization.

Figure 1.2 shows the process of data acquisition and specifies the types of data
that are involved, which are the image of the sail and corresponding point cloud

3 https://www.geodelta.com/en



4 introduction

and GPS locations. For obtaining sail shape data, coded markers are attached to
the sailcloth, they are recognized by an image processing system. The position of
the markers in 3D space is calculated by capturing two images of the sail that are
simultaneously from a pair of calibrated cameras (known distance and orientation
between them).

As we are only dealing with one boat, different trimming settings are tested and
compared with their own sailing performance, in this project, the sailing perfor-
mance is considered as the boat speed measured by a GPS.

The part of the project that was developed during this thesis includes two main
parts: geometric data processing of the sail shape and the visualization design of
the sail shape.

Figure 1.3 illustrates the pipeline of the sail shape data processing, the first step is
the reconstruction of the sail shape from the point cloud data. Due to the uncertain
image quality and occlusions from the sailor, it is not always possible to locate all
the markers correctly, as shown in Figure 1.1b. The reconstructed sail shape might
suffer from incompletion and accuracy issues. Therefore, a template sail shape is
specified and it is deformed based on the current point cloud as an indication of
the possible error.

The second step of the sail shape geometric data processing is the extraction of
the sail shape characteristics. As the sail shape is reconstructed or deformed, the
triangulation mesh can be used to extract the sail shape features. Sailors are used
to viewing the sail shape based on the stripes on the sail, which in other words, are
profiles of the sail. We can extract such profiles from the cross-section between the
triangles and a horizontal line at a certain height of the mesh.

Figure 1.2: Data Acquisition

The final step of the research is to design the visualization dashboard to present
different levels of details and show several features of the sail shape in conjunction
with sailing performance data. In Figure 1.4 we can observe the round analysis of
the visualization design dashboard, enabling users to inspect the sail shape and the
sailing performance and context. After a round of training, users can see the boat
speed of this period and explore the sail shape in terms of the 3D sail shape and its
characteristics.

The comparison of the sail shape is shown in Figure 1.5, where the sail shape
visualization and speed line chart are placed side by side (in number 8) and the pro-
files of the two shapes are overlaid (in number 9). By comparing the sail shape and
their speed simultaneously, users have the ability to look into the relation between
sail shape and boat speed.
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Figure 1.3: Geometric Data Processing

Figure 1.4: Sail Shape Round Analysis

1.3 thesis outline
Here we explain the basic structure of this document, Chapter 2 introduces the
essential background knowledge about sailing by first providing the fundamental
physics behind sailing and then the terminology of sail shape and the definition of
trimming.

Chapter 3 describes the data acquisition process and data format of the sail shape
and sailing performance. The main visualization task is analyzed and elaborated
based on the research question and data.

Chapter 4 presents the geometric data processing methods of the sail shape data,
including the processing of the 3D sail shape and the sail shape parameter extrac-
tion.

Chapter 5 describes the proposed visualization approaches of the processed sail
shape data and the sailing performance data.

Chapter 6 provides the evaluation of the visualization methods, including the
user study with sailing experts and the result analysis.
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Figure 1.5: Sail Shape Comparison

Chapter 7 concludes this research and proposes the potential future direction.



2 S A I L I N G B A C KG R O U N D

The necessary sailing background and terminology related to this thesis are intro-
duced in this chapter.

2.1 sail shape terminology
In this work we have acquired data for a Laser sailboat as shown in Figure 2.11. It is
a type of boat in the Olympic dinghy sailing class. Considering the similarity of the
dinghy sails, we assume that the methods and approaches in this thesis can also be
applied to other dingy class sailboats. In Figure 2.1 the basic boat parts are labeled.
The two sides of the sail are the leech and luff, and the luff is connected to the mast
(the vertical pole of the sail). The pole at the bottom of the sail is the boom and the
boat hull is where the sailor sits and controls the sail. Beneath the hull, there is the
keel of the boat.

In Figure 2.2 (Aubin et al. [2016]), a profile curve of the sail shape is detailed, this
would be equivalent to a stripe on the sail, as previously mentioned. The maximal
camber is the largest depth from the curve to the chord (the connection line between
luff and leech), while the draft position locates it on the chord. The entry angle is the
angle between the curve and chord at the luff and the exit angle is the equivalent at
the leech. The twist angle is the angle between the chord and the centerline of the
boat hull. Alternatively, it can also be defined as the angle between the chord and
the boom. In this thesis, we use the latter definition for the twist as we do not have
any data regarding the orientation of the hull.

Figure 2.1: Sail terminology

Figure 2.2: Stripe parameters of the sail

1 https://lasersailingtips.com/introduction/
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8 sailing background

2.2 the physics of sailing
Sails harness wind energy with their aerodynamic shapes in the same way as air-
plane wings. Figure 2.3(c) illustrates how the sail generates lift based on Bernoulli’s
principle (Clancy [1975]). The air particles on the convex side have a longer dis-
tance to travel compared to the ones moving on the concave side. In order to finish
their journey at the same time, the particles on the outer side need to have a rel-
atively higher speed. Therefore, they have more room to spread out, resulting in
lower pressure than the particles on the inner side. The difference between the air
pressure generates the lift for the sail to move the boat.

However, the lift of the sail is pointing to the side of the boat, in order to prevent
the boat from slipping sideways and help it to move in a certain direction, the keel
comes to the stage. As shown in Figure 2.3(a), sail and keel produce lift forces in
opposite directions and the vector sum of these lift forces, as shown in Figure 2.3(b),
determine the moving direction of the boat. When the boat speed and course are
constant the net lift force is balanced by the velocity-dependent drag force on the
boat (Anderson [2008])

Figure 2.3: Physics of sail (modified from Anderson [2008]).

2.3 sail trim
When navigating, sailors use two indicators to determine whether the sail is under
optimal settings (the angle of the sail corresponds to the wind direction): small
strips of fabric that are attached to the sides of the sail, as shown in Figure 2.4, and
stripes on the sail, as shown in Figure 1.1a. (Aubin et al. [2016]).

These fabric strips are called telltales and they are used for observing the wind
flow around the sail. Based on the behaviors of telltales, sailors are able to decide
what kind of sail shape should be applied to achieve higher speed and determine
whether the current sail has achieved the optimal setting. The stripes provide infor-
mation about the shape of the sail, which determines the amount of lift produced at
a fixed angle of attack, which means the strength and position of the main driving
force.

Controlling the sail to obtain the correct shape is called trimming. This process
requires sailors to adjust the tension on the chords attached to the sail at the boom,
luff and leech position, as shown in the Figure 2.1, to achieve a proper sail shape that
corresponds to the sailing condition. For example, when sailors are sailing under
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Figure 2.4: Telltales on the sail

heavy wind conditions, the sail needs to maintain a relatively more consistent and
flat curved shape to catch the airflow when compared to sailing under light wind
conditions.





3 V I S U A L I Z AT I O N DATA A N A LY S I S

In this research, the visualization process follows a four-stage nested framework as
proposed by Munzner Munzner [2014], as shown in Figure 3.1. These levels are
not strictly nested but highly iterative due to the principles of problem-driven visu-
alization design. The first stage specifies the domain situation, which encompasses
a group of target users and their interests or questions.

In this study, the target users are sailors and coaches. They want to improve their
comprehension of the sail trimming process to achieve better sailing performance.
In order to reach this goal, they need to analyse the sail shape and sailing perfor-
mance under different sailing conditions and find out the shape that can lead to a
higher speed. To drill down their problem, they also have an interest in viewing the
change between sail shapes with different trimmings so they can understand how
the sail shape varies due to trimming.

After a set of meetings with sailing experts, we conducted the data abstraction.
In this chapter we explain this process, we focus on explaining the domain question
and elaborating the acquired data and its abstraction.

Figure 3.1: four-stage visualization framework

3.1 sail shape data
While sailing, the sail shape is changing continuously due to various external forces,
which makes the capture and measurement of sail shape challenging. In order to
provide an accurate measurement of the sail shape, a photogrammetry rig was
created by Geodelta to generate a 3D point cloud representation of the sail.

Holle [1982] acclaims that photogrammetry is the science and technology of ob-
taining reliable information about physical objects and the environment through
the process of recording, measuring and interpreting photographic images and pat-
terns of electromagnetic radiant imagery and other phenomena, which is also the
basic concept of photogrammetry. Linder [2009] explains that it is a traditional part
of geodesy and belongs to the field of remote sensing, but photogrammetry can be
used for measuring a large variety of objects, especially when physical contact to
the object is impossible. Photogrammetry can be realized with off-the-shelf cameras,
offering a significant advantage in regards to methods that rely on more high-end
devices. For the same reason, the setup is usually very flexible. Furthermore, fast
moving objects, that are hard to capture with measuring devices that have slower
response time, can be measured through photogrammetry by employing fast cam-

11



12 visualization data analysis

era shutter times. For the above reasons, photogrammetry is a good candidate for
measure flying sail shapes.

Photogrammetry contains various methods from different disciplines. As one
variant of it, triangulation estimates the three-dimensional coordinates of points of
an object based on at least two images of it that are taken at the same time but
from different positions. In the Figure3.2, OL and OR are the focal points of two
cameras. PL and PR are the respective projection of the point P in the images. The
intersection of the line OLPL and the line ORPR, which are rays from the focal point
to the projection point on the image plane of the two cameras, determines the three-
dimensional coordinate of the point P. The premises of this method are the position
and orientation of the two cameras are measured.

Figure 3.2: An example of stereophotogrammetry.

Basing on stereophotogrammetry theory, coded markers are attached to the sail
for identifying the common points on the sail. This is necessary since the sail cloth
is mostly homogeneous and does not have enough texture details to extract points
to be triangulated. As shown in Figure 3.3, two types of the barcodes are used for
the sail shape acquisition experiments. White barcodes, as shown on the left image,
were attached to the sail for the preliminary onshore test and the first offshore
test. However, after the first offshore test, we found the acquisition results were
not satisfying as there were many barcodes that could not be detected. One of the
reasons for the detection failure was the size of barcodes that were too small to
be recognized in the images. Another reason was the strong sunlight reflection on
the white background making the barcodes to be overexposed. Therefore, for the
second offshore test, black background barcodes (shown on the right side) were
glued to the other side of the sail with double the size of the first barcode (120mm
per edge).

For acquiring the flying sail shape, a photogrammetry rig was built, as shown in
Figure 3.5. The two Sony RX0 cameras are identical and the distance between them
is 1.0 meter. Before the tests the camera were calibrated to retrieve their relative
orientation. During the tests on the water, as shown in the Figure 3.6, a sailor
would hold the acquisition devices from the coach boat and take photos of the
training sailboat. In order to ensure the quality of the images, the coach boat needs
to sail parallel to the training boat within 5 meters to achieve a barcode detection
rate of at least 65

During the sail shape acquisition test on water, the acquisition frequency as 1Hz.
If the capture process is automated in the future, the frequency could be controlled
by the coaches. But for our experiments we found that 1Hz was enough to seize the
small changes of the sail shape.
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Figure 3.3: Two types of barcodes setting

In order to compare the performance of the sail shape with different trim settings,
three trim settings were chosen for the test on water as shown in Figure 3.4:

• Loose trim setting, the sail shape has a relatively larger camber than other
settings.

• Medium trim setting, the sail shape has an overall medium curvature.

• Tight trim setting, the sail is relatively flatter.

After the capturing session, the image pairs are processed by the image recogni-
tion program from Geodelta to detect the barcodes and compute their three dimen-
sional coordinates if they are correctly detected in both images. Bundle adjustment
is utilized in this process to improve the accuracy of the calculated coordinate value
of the barcodes. The resulting sail shape data is listed as the barcode identification
number and the X,Y,Z coordinate value of the center of that barcode measured in
millimeters. A direct visualization of the raw sail shape point cloud data is shown
in Figure 3.7.

In our study, the sail shape data (with black barcodes) that are acquired from the
second test on the water are utilized. In total, there are 101 sets of sail shape point
cloud and 59 of them are used as input to our visualizations after the prepossessing
step, the rest are discarded because less than half of the total barcodes are detected.

3.2 sailing performance data
Sailing performance in this study is defined as the boat speed, they are acquired
by the GPS tracker that is placed on the sailboat while training. The resulting GPS
data contains the following information:

• Acquisition time, which includes year, month, day, hour, minute and second
data. The time data is used for the synchronization with the sail photos.

• Boat location, including the longitude and latitude data. They are used for
visualizing the track of the training boat for providing the sailing context of
the sail shape.
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Figure 3.4: Three different trim setting

Figure 3.5: Sail shape acquisition device

Figure 3.6: Sail shape acquisition set-
ting

Figure 3.7: Sail shape point
cloud

• Boat speed, shown as speed over ground (SOG). It is considered as the sailing
performance data.
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As mentioned in Chapter 3, one of the main tasks of the visualization tool is the
inspection of the sail shape, which includes inspecting the three-dimensional sail
shape, the characteristics of the sail shape and the profiles of the shape.

In order to explore the sail shape in 3D space, it needs to be reconstructed from
the sail shape point cloud. In Section 4.1, the process and algorithm for sail shape
reconstruction are elaborated. The methods for extracting the sail shape characteris-
tics are explained in Section 4.2 and the profile curve fitting algorithm is explained
in Section 4.3. Finally, for incomplete sail shape, the extracted points are used as
constraints to deform a template sail, which is proposed in Section 4.4

4.1 3d sail shape reconstruction
For the initial reconstruction of the sail shape from the point cloud, Delaunay tri-
angulation (Delaunay [1934]) is applied as it maximizes the smallest angle in the
resulting mesh, so skinny triangles can be avoided.

For understanding the above-mentioned advantages of Delaunay triangulation,
the construction of it is shown in Figure 4.1(Commons [2020]). For a set of discrete
points on a plane, the corresponding Delaunay triangulation is generated such that
no point sits inside the circumcircle of any triangle. In Figure 4.3, a sail shape
reconstructed using Delaunay triangulation theory is shown, we can see that most
of the triangles tend to be uniform.

Figure 4.1: A Delaunay triangulation
with circumcircles

Figure 4.2: The control points of a trian-
gular Bezier patch

However, when we visualize the three-dimensional sail shape based on the Delau-
nay triangulation reconstruction, the resulting sail shape is coarse and this rough
structure introduces artifacts when color-coded.

Therefore, to improve the visual quality of the mesh while preserving the original
shape, the curved Point-Normal(PN) triangles algorithm proposed by Vlachos et al.
[2001] is implemented, the algorithm refines the visual quality of the triangulation
mesh by smoothing out silhouette edges and generating more sample points for
shading. Each PN triangle replaces one original flat triangle with an approximation

15
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of a curved surface composed of many small (flat) sub triangles. The geometry of
a PN triangle is defined as one cubic Bezier patch, the curved patch also matches
the deformable and curved nature of the sailcloth. The patch matches the point and
normal information at the vertices of the flat triangle.

The geometry of a curved PN triangle is shown in Figure 4.2, where b300,b030 and
b003 are the original vertices of the triangle. The remaining points are the control
points that are connected to form a control net. The calculation of these control
points requires only the position and normal of the input triangle vertices. They are
calculated by projecting two vertices into the tangent planes defined by their normal
respectively. The center control point is moved from the centroid of the triangle to
the average position of all the other six control points until it reaches 1/2 of this
distance. In our study, the normal of a triangle is considered as the linear average
of the normal of all the neighboring vertices.

In Figure 4.4, the PN triangulation based on the Delaunay triangulation result
is shown. We can clearly see that the sail shape mesh becomes much denser and
organic when compared to Figure 4.3. When it comes to the visualization of sail
shapes, the PN triangle mesh also shows great improvement. It precludes the ar-
tifacts introduced by coarse triangulation structure, which is further elaborated in
Section 5.2.

Figure 4.3: Reconstructed sail shape
after Delaunay triangula-
tion

Figure 4.4: Delaunay triangulated
sail shape after PN
triangle

4.2 characteristics extraction

The crucial characteristics of sail shape were introduced in Section 2.1 and illus-
trated in Figure 2.2. In this section, the process of extracting these parameters is
presented.
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Sail shape characteristics calculation mainly consists of three steps: the adjust-
ment of the point cloud coordinates, sail shape projection and intersection, and the
computation of the sail shape parameters.

Coordinate Adjustment aims to rotate and translated the sail shape point cloud
so that the plane enclosed by the edges of the sail is aligned to the XOY plane. This
adjustment serves for intersecting the sail shape in the second step to obtain the sail
profiles. This process contains three steps as listed below. The point cloud after the
coordinate adjustment is shown in Figure 4.5.

1. To reorient the sail shape, the normal of the best fitting plane is calculated
using Single Value Decomposition. The rotation matrix is then calculated to
perform the point cloud rotation from the normal vector of the fitting plane
to the normal vector of XOY plane.

2. In order to make sure that the intersections are horizontal, two barcodes which
are on the edges of a horizontal line are pre-selected to form the reference line
for orientating the sail. The point cloud is rotated around the Z axis by the
angle between the reference line and the Y axis.

3. The minimum x,y and z of the point cloud coordinate values are calculated
and the point cloud is translated by these offsets in the direction of X axis, Y
axis and Z axis respectively.

Figure 4.5: Sail shape point cloud after coordinate adjustment process

Projection and Intersection is applied to the sail shape mesh before applying PN
triangles remesh algorithm as PN triangles introduce many control points for the
sub triangles that might not correspond to the correct sail shape. As the sail shape
parameters require more accuracy than the visualization of the three-dimensional
shape, the triangulation mesh that is solely reconstructed from the sail shape point
cloud is utilized in this step.

In order to acquire the profiles of the sail at a different position, the sail shape
mesh is first projected to XOY plane. As shown in Figure4.6, the blue line is the
chord line which is parallel to the Y axis, its x coordinate value can range from 10%
to 90% (the rest is ignored due to inaccuracy) of the total height of the sail for ob-
taining the cross-sections at these positions. The orange points are the intersections
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between the triangle edges and the chord line. Their x and y coordinate values
can be calculated directly from the intersection. Their z coordinate value is linearly
interpolated from the two endpoints of the triangle edges.

The intersection result is shown in Figure 4.7, the profiles of the sail are on the
YOZ plane and the blue points are the intersection between the triangle edges and
the chord line.

Figure 4.6: Intersection of the sail shape
mesh

Figure 4.7: Intersected profile of the sail
shape mesh

The computation of the sail shape parameters is the last step of the characteris-
tics extraction. The camber and draft position can be easily computed, as illustrated
in Figure 4.7. The camber is the maximal distance between the intersected points to
the chord line and the draft position is the position of the camber on the chord line
in percentage.

There are several definitions of the exit angle and entry angle, in our study, they
are defined as the tangent angles of the profile at two ends based on the interviews
with the sailing experts. In order to compute the tangent angle of the profile curve,
a fourth-degree polynomial is used for fitting the intersected points as shown in
Figure 4.8, the red points are the intersected points and the dark blue curve is the
fitted polynomial. The entry angle is the angle between the tangent line and chord
line at the luff. The exit angle is computed the same way at the leech.

The twist angle in our research is defined as the angle between the tangent line
at the leech and the baseline, as shown in Figure 4.9. The baseline is defined as the
chord line of the profile at 10% height, as shown in Figure 4.8.

Figure 4.8: Fourth degree polynomial fitting
of the profile at 10% height

Figure 4.9: Fourth degree polynomial fitting
of the profile at 38% height

4.3 profile curve fitting
In Section 4.2, when we compute the exit angle and entry angle from the cross-
section of the sail, a fourth-degree polynomial was used for fitting the profile curve.
The reason for using polynomial fitting is that we need a general curve to represent
the shape of the profile, and to be able to calculate the tangent angles of the profile
at both ends. However, in this section we need to visualize the profile for inspection
and analysis, and fourth-degree polynomials may not always match the start and
endpoint of the profiles. Therefore, we employ another curve fitting method to
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visualize the profile. In order to control the endpoints of the fitted curve and have
a smaller residual, we utilized the piecewise cubic Bézier curve fitting algorithm
proposed by Schneider [1990].

This curve fitting method uses cubic Bézier curves as the fitting curve, which
were developed by P.Bézier in 1962 (Rushdi [1997]). An example of the cubic Bézier
curve is shown in Figure 4.10 (Schneider [1990]), Vi are the control points and a
Bézier curve of degree n is defined as:

Q(t) =
n

∑
i=0

ViBn
i (t), t ∈ [0, 1] (4.1)

The Bn
i (t) term in equation 4.1 is the Bernstein polynomial:

Bn
i (t) =

(
n
i

)
ti(1− t)n−i, i = 0, ..., n (4.2)

From the derivative of the Bézier curve, as shown in the equation 4.3, we can see
that at the left end of the cubic Bézier curve, the line segment from V0 to V1 in Figure
4.10 determines the direction of the tangent vector. Note also that V0 would be the
endpoint of another segment when joining many segments together. Therefore, in
order to enforce the continuity of the fitted curve at the joints, the third control point
of one curve needs to be on the same line with the first and second control points of
the adjoining curve. As shown in Figure 4.11(Schneider [1990]), the second control
point of the right adjoining curve, denoted as W1 needs to be on the VW line.

Thus, in order to enforce the continuity of the fitted curve, the second and third
control points are placed in the direction of the tangent vector of the first and last
control points, respectively. Their positions are calculated by minimizing the error
of the fitted curve, that is the sum of the squared distance between the input points
and the fitted curves.

The algorithm starts by fitting a single cubic Bézier curve and computing the error
between the curve to the input points, if the error is smaller than the error specified
by the user, then the algorithm stops. Otherwise, the input points are separated
into two subsets at the point of the largest error, the unit tangent vector at the point
of splitting is calculated and the algorithm recursively fits new cubic Bézier curves
until the error is smaller than a specified error.

The result of the cubic Bézier curve fitting is demonstrated in the profile visual-
ization as shown in Figure 4.11.

dk

dtk Q(0) =
n!

(n− k)!
4kV0 (4.3)

4.4 3d sail shape deformation
As mentioned previously in Section 1.2, due to the uncertain photo quality and the
possible obstacles from the sailors, the acquired sail shape point cloud might miss
some parts. In order to provide a more complete sail, a template sail is deformed
while respecting the known positions of the input point cloud.

The deformation process contains two steps: a rigid transformation of the input
point cloud and deformation of the template sail using the input points as con-
straints. For the first step, the sail shape mesh (Delaunay triangulation) with 96% of
the total barcodes are detected is chosen as the template for the first three runs and
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Figure 4.10: An example of cubic Bézier
curve

Figure 4.11: Piecewise cubic Bézier curve
fitting condition

the template for the last round is a sail shape with 84.5% of the complete barcodes.
A rigid transformation is applied to the input point cloud to better align with the
template point cloud. The common barcodes in the input point cloud and the tem-
plate are used for the corresponding points in the rigid transformation. Then the
rotation matrix and translation vector that are used for transforming the input point
cloud are calculated in the way that the transformed points best approximate the
input points in the least squares sense.

For the next step the template is deformed to match the known part of the input
shape while completing the missing parts. Instead of deforming the absolute coor-
dinates of the vertices in the template mesh, the Laplacian coordinate of the mesh
is deformed. The Laplacian coordinate encodes the difference of a vertex position
from the centroid of its neighbor, thus provides an intrinsic representation of the
surface mesh, where the reconstruction of global coordinates from this representa-
tion always preserve the local geometry as much as possible, given the modeling
constraints (Sorkine et al. [2004]).

The input points are used as constraints to fix the absolute positions of some
vertices from the template mesh. The quadratic program that needed to be solved
for x coordinate(y, z coordinate is solved the same way) is shown in Equation 4.4,
where L is the Laplacian matrix of the template mesh, A is a selector matrix to select
the vertices whose coordinate are specified, vx is the resulting x coordinate vector
for all vertices, l is the Lagrange multiplier vector, δx is the Laplace x coordinates of
the template mesh and ax specifies the x coordinate value for the selected vertices.
This quadratic program is deducted from the Quadratic Programming chapter in
Nocedal and Wright [2006].

[
LT L −AT

A 0

] [
vx
l

]
=

[
LTδx

ax

]
(4.4)

In order the measure the similarity between the deformed sail shape and the orig-
inal one, five tests are conducted by removing 20 barcodes from the top, bottom,
luff, leech part of the original sail and randomly removing 50 barcodes from the
original sail. Then we compare the extracted characteristics between the deformed
sail and the original sail. For a clear comparison, we calculated the average, maxi-
mum and minimum characteristics difference between them as shown in Tables 4.1,
4.2, 4.3, 4.4 and 4.5 for each sail shape parameter respectively. In order to quantify
the error, we present the characteristics of every 10% height of the original point
could as shown in 4.6.

As we can see from the above-mentioned comparison tables, the difference of
the extracted characteristics between the deformed sail and the original sail is very
small, indicating by the average difference for each characteristic. So we could
confirm that the deformation model preserves the geometric structure of the sail
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shape and yields a reliable deformed sail shape that can be used as an estimation
for the incomplete sail.

Removed Part Average Maximum Minimum
Top 1.71 6.1 0

Bottom 0.71 2.3 0

Luff 4.43 11.4 0

Leech 1.72 3.2 0.1
Random 1.63 3.7 0

Table 4.1: Maximum camber comparison.

Removed Part Average Maximum Minimum
Top 0.15 0.5 0

Bottom 0.22 4.5 0

Luff 0.17 0.4 0

Leech 0.10 0.3 0

Random 0.19 0.5 0

Table 4.2: Draft position comparison.

Removed Part Average Maximum Minimum
Top 0.59 5.77 0

Bottom 0.3 2.54 0

Luff 1.15 2.66 0

Leech 0.32 2.46 0

Random 0.45 2.21 0.01

Table 4.3: Entry angle comparison.

Removed Part Average Maximum Minimum
Top 0.22 1.76 0

Bottom 0.1 0.67 0

Luff 0.35 0.83 0

Leech 0.36 1.01 0

Random 0.42 1.25 0.01

Table 4.4: Exit angle comparison.

Removed Part Average Maximum Minimum
Top 0.36 3.0 0.01

Bottom 0.14 0.67 0

Luff 0.32 0.75 0

Leech 0.43 1.2 0.01

Random 0.62 2 0.07

Table 4.5: Twist angle comparison.
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Height Maximum Camber Draft Position Entry Angle Exit Angle Twist Angle
10 259.8 42.6 26.11 17.36 -17.36

20 285.2 46 33.37 18.6 -18.71

30 275.2 41.5 37.81 19.25 -19.51

40 247.9 41.9 39.32 18.36 -19.06

50 212.8 43.1 36.51 16.98 -17.69

60 178.5 46.1 36.56 17.55 -18.57

70 143.3 39.1 31.86 17.96 -19.18

80 100.3 36.8 32.79 17.36 -18.31

90 37.5 41.8 29.89 5.15 -6.21

Table 4.6: The characteristics of the original point cloud
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Before we explain our visualization design, we need to clarify our visualization
tasks, which are transformed and abstracted from the domain-specific language to
a more generic form after understanding our data.

In Section 5.1, we demonstrate the two main tasks for sail shape visualization: vi-
sual inspection of the sail shape and comparison between sail shapes and associated
performance data and their corresponding sub-tasks.

In this chapter, we present and elaborate on our visualization approaches to fulfill
these tasks. The visual inspection of sail shape consists of three parts:

• The exploration of the three-dimensional sail shape, in Section 5.2, we present
the visualization design for exploring the 3D sail shape so the sailors can
understand its structure.

• The inspection of the two-dimensional sail shape profile, in Section 5.3, we
introduce the visualization methods to visualize the sail shape profiles that
aim to help athletes identity the features of the sail.

• The analysis of the derived sail shape characteristics, in Section 5.4 we discuss
the visualization approaches to visualize the sail shape characteristics and
easily spot interesting parts. The characteristics visualization also enables
users to see how these characteristics vary along time.

• The analysis of sailing context, in Section 5.5 we illustrate the visualization
techniques to present the sailing context of the sail shape.

Finally, in Section 5.6 we explain how these visualization components are related
to each other to provide a complete workflow. After introducing the components
of the sail shape visualization tool, we illustrate the visualization techniques that
we apply to visually compare the sail shapes, supporting sailors to form and test
hypotheses about the factors that affect sailing performance in Section 5.7.

5.1 visualization task
The goals and requirements for the visualization program have been discussed iter-
atively during multiple interviews with sailing experts from the Sailing Innovation
Center 1 in The Hague. By designing the visualization tool markup based on these
interviews and iteratively adjusting it based on the feedback from sailing experts,
the requirements from the sailing experts became more concrete and the tasks for
the visualization also became clearer and more detailed. To be more specific, the
two main tasks and their follow-up tasks are listed below:

Main Task 1: Inspect and analyze the sail shape to get a better comprehension of
the sail shape under certain sailing conditions.

• Inspect and explore the three dimensional sail shape to have an overview of
the sail shape.

• Inspect the characteristics of the sail shape to identify the interesting area on
the sail.

1 https://www.sailinginnovationcentre.nl/?lang=en
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• Inspect the profile of the sail at different positions to identify the features of
the shape.

• Analyze the change of the characteristics at the same position along time to
find out their relation with the sailing performance.

• Inspect the sailing context of the corresponding sail shape to identity the sail-
ing conditions.

Main Task 2: Compare sail shapes to find out the characteristics related to sailing
performance

• Identify the changes on the three dimensional sail shape when boat speed
changes to find out how the sail shape affect sailing performance.

• Detect the variance of the characteristics when boat speed change to discover
how these parameters affect sailing performance.

• Compare the profiles at the same positions of different sail shapes to have a
more detailed view of the differences.

5.2 3d sail shape visualization
In this section, we present the visualization design for three-dimensional sail shapes,
aiming to improve the comprehension of the complete sail shape in 3D space, as
sailors usually reason about the sail shape in 3D space.

5.2.1 Sail Visualization Color-Coding

When sailors look at the sail stripes, one of the most important aspects they consider
is their curvatures, which is called camber as shown in Figure 2.2. The sail camber is
the feature that controls the generation of force on the sail. It is important for them
to understand the distribution of the camber on the sail. With this information they
can tell if the trimming is adequate.

In order to present the sail shape with more details and emphasize the camber
parameter, we color the sail shape based on the camber value at each mesh vertex to
provide a general view of the camber on the sail. The reason that we choose to use
the camber value to map colors is to enable sailors to view the camber in a direct
and intuitive way, and because the camber directly reflects the sail shape.

Since camber data is quantitative, a sequential colormap called Viridis is used to
map the camber to the sail shape. The Viridis colormap is created by Van der Walt
and Smith [2015] under the principle of perceptually-uniform and colorblindness
friendly. We choose this bluish to yellowish sequence because we want to provide
more details in the camber difference and humans are much more sensitive to mid-
dle wavelengths of green and yellow than to the outer wavelengths of red and blue
Munzner [2014].

The sail shape color-coding result is shown in Figure 5.1, we can clearly see that
there are several areas of camber on the sail. The lower-middle part has the largest
camber and the outer boundary has a relatively smaller camber, which indicates
the lift’s central area and position. Referring to the colormap, sailors can also be
informed of the strength of the driving force, which is indicated by the value of
camber.

In Section 4.1, we mentioned that we applied the PN Triangle approach on the
Delaunay triangulation since its coarse structure introduces some artifacts in the
visualization. Examples of these artifacts are circled in red in Figure 5.2.

In addition to the PN Triangles, a customized shader is used for addressing the
artifacts issues and to display the color of camber properly. Instead of coloring
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each vertex of the triangle and linearly interpolating these colors to fill the pixels
inside, we use a shader to transfer the camber property to each vertex and linearly
interpolate the camber for each pixel inside the triangle. Then we render the colored
3D sail shape with only white ambient light to avoid the uneven light reflection on
the sail that influences the camber color when the sail is shown on screen. That is
also the reason that we choose to realized our own shader than using illumination
models like the Phong shading model proposed by Phong [1975]. The resulting sail
shape is colored directly based on their camber value and the artifacts disappear, as
shown in Figure 5.1.

Figure 5.1: Color-coding of PN triangle sail shape Figure 5.2: Color-coding of De-
launay triangulated
sail shape

5.2.2 Sail Shape Contour Line

In order to better perceive the different camber regions, we draw contour lines on
the color-coded sail shape, as shown in Figure 5.3. These contour lines represent the
area within 50%, 70% and 90% of the 300.0 m camber value, which is the maximal
of the colormap. The idea is to facilitate the localization of the lift force of the sail
and, therefore, have a better comprehension of the sail structure.

5.2.3 Interactions with Sail Shape

In order to enable sailors to freely explore the sail shape structure, users can rotate,
translate, zoom in and zoom out the sail shape on demand, as shown in Figure 5.4.
There is a small rectangle on the corner of the canvas with X,Y and Z axis indicator,
it moves simultaneously with the sail to demonstrate its orientation so users are less
likely to get lost in the exploration.

One characteristic of the multi-hues colormaps is that they generate structure in
the visualization, as the visual patterns that are revealed in the visualization are
hard to discover in the data. We studied another colormap based on the encoding
of the values based on the luminance. So the user can change it as shown in Figure
5.5, by toggling the buttons beneath the sail shape. We choose the sequential blue
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Figure 5.3: Sail shape with contour line

colormap as it is the same used for the camber in the heatmap visualization, present
in Section 5.4.

In Section 4.4, we performed five tests to find out how accurate is the deformation
model and results indicate that the deformation can preserve the features of the
geometric model. Therefore, we include the deformation in the visualization to
make it clear which parts were missing and filled by the deformation template.

Users can choose to toggle between the plain reconstruction of the point cloud
and the deformed template sail shape. An example is shown in Figure 5.6, the left
part of the sail is missing, therefore, resulting in a potentially misleading structure
and incorrect characteristics. Figure 5.7 shows the template sail shape deformed
version and we can see after filling the right side of the sail, the middle area of the
sail forms a larger camber area. These deeper and layered camber areas match the
sail shape structure pattern as discussed previously. Moreover, users can use this
deformed template to have an estimation of the real sail shape.

5.3 profile visualization
By inspecting the full 3D shape, the sailors can explore the camber of the sail, but
this visualization does not provide them with all the characteristics of the sail. One
way to present a more precise shape of the 3D sail shape model and enable users to
access the characteristics of the sail shape is to extract the cross-section of the sail.
Moreover, the sailing community is used to explore the sail shape by inspecting the
profile of the sail. In this section, we present the approaches to visualize the sail
profile. The method that we utilize for constructing the profile curve is discussed
in previous Section 4.3.

The goals of profile visualization are to help sailors inspect the sail shape in more
detail and identify the relevant features of the shape.

In Figure 5.8, the overall profile visualization is presented. At the top of the figure
a table presents the values of all the parameters related to the profile at 43% height
of the current sail shape. It allows sailors to inspect the profile quantitatively, it also
helps them to compare and record these profile easier.
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Figure 5.4: Control the sail shape Figure 5.5: Color code the sail shape with
sequential blue colormap

Figure 5.6: Incomplete reconstructed sail
shape

Figure 5.7: Template sail shape deformed
by incomplete point cloud

At the middle of the Figure 5.8, there is a plot of the profile. The fitted cubic
Bézier curve and the maximal camber line are drawn in blue, the red points are the
intersected points from the cross-section as described in Section 4.2. The green line
is the chord line and the purple line is the base line of this sail shape (the chord line
of the profile at 10% height). There are different ways the users can interact with
this profile graph to explore it, which includes drag and drop, zoom in and zoom
out, toggle graph overview and reset canvas. By selecting the height slider, the user
can also choose the profiles of the sail at different positions, so they can explore the
entire sail, this interaction mechanism is illustrated in the following Section 5.6.

At the bottom of Figure 5.8, the user can choose the curve fitting error, so he is
able to see the possible wrinkles on the sail shape since the accuracy of the barcodes
detection is from 1.0 cm to 1.5 cm. In this Figure, the error is 10.1, so the fitted curves
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tend to be smooth and not following the points closely. But in Figure 5.9, the error
is set to 1.1 and the fitted curves follow the points more closely. By changing the
error for the curve fitting algorithm, it is possible to adjust the sail shape according
to the sailing conditions to have a more accurate profile curve.

Figure 5.8: Profile visualization
overview.

Figure 5.9: Profile curve fitting with dif-
ferent error.

5.4 characteristics visualization
In this section, we explain the visualization techniques that are used for visualiz-
ing the sail shape characteristics are introduced. These visualization designs aim at
helping sailors to spot their interested area on the sail and support the contextual-
ization with other variables.

5.4.1 Characteristics Heatmap

As shown in Figure 5.10, there are five parameters of the sail shape profile that
are shown in the characteristics Heatmap, the Y axis indicates the position of the
profile. Users can interact with the heatmap by hovering over each rectangle, its
corresponding value is shown in a tooltip.

Since maximal camber, draft position, exit angle and entry angle are all quantita-
tive data, sequential colormap are used for coloring their cells based on the value.
However, for the twist angle, as it has a diverging range, we use blue-to-red diverg-
ing colormap, because the value of twist angle varies from negative to positive and
the position where the twist angle becomes positive is interesting to the sailors.

By viewing the characteristics heatmap, users can get an overview of the sail
shape and find their interesting area on the sail. In the example shown in Figure
5.10, the maximal camber gets larger at lower sail position, the draft potions has
sudden value change at the 85% height, and it could be interesting for users to view
the profile shape at that position. The exit angle is more or less the same along the
sail but the entry angle also changes significantly at 85% height. Viewing the twist
heatmap, we can see that the twist angle becomes positive at 90% height, possibly
another interesting position to further analyze the profile.

5.4.2 Speed And Characteristics Analysis

The dual axis chart is chosen to visualize the speed and characteristics analysis
chart as shown in Figure 5.11. The left vertical axis shows the value of the selected
parameter, which is maximal camber in this case. The right axis indicates the value
of speed.

Figure 5.11 it shows the change of maximal camber value (colored in green) and
derivative (colored in light purple) along time and the average value (colored in
orange) for this time interval. Putting these trends of maximal camber together with
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Figure 5.10: Sail shape characteris-
tics Heatmap.

Figure 5.11: Sail shape characteristics analysis
chart.

the change of boat speed (colored in dark blue) may be useful to test hypothesis of
the relation between maximal camber and sailing speed.

There are several ways users can interact with this chart, users can click on a
point to view the sail shape corresponding to this time instance. The dotted vertical
line indicates the current time. Users can also deactivate some variables in order to
focus on one or a few at a time. As shown in Figure 5.12, only the derivative and
the speed are plotted. Except for deactivating some datasets, users could also zoom
in to analyze the change of the parameter in a specific period of time. As shown in
Figure 5.13, users can choose to visualize the change of all these five characteristics
and analyze their relation with boat speed.

Figure 5.12: Deactivate a trend in sail shape
characteristics analysis chart.

Figure 5.13: Select characteristics in sail
shape characteristics analysis
chart.

5.5 sailing context visualization
In this section, three different methods are applied to visualize the sailing contex-
tualization of the sail shape with the other variables. These approaches include
showing the photo of the corresponding sail to indicate the sailing conditions; vi-
sualizing the boat speed data of the sail shape to provide information about the
sailing performance; visualizing the position of the sail shape in the boat track to
help sailors recall the trim setting and the exercise.
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5.5.1 Speed Line Chart

The speed line chart is shown in Figure 5.14, the X axis is time and the Y axis is
the speed value in Knots units. In addition, this speed line chart also servers as a
selection tool to choose a shape from an instant in time. This interaction is further
explained in the later Section 5.6.

Figure 5.14: Speed line chart.
Figure 5.15: Visualizing the boat track on a map.

5.5.2 Sailing Track Visualization

As shown in Figure 5.15, the trajectory of the boat during the whole training ses-
sion is visualized in blue, the red points means the sail shape at that position is
visualized. By interacting with the red points, users can see the time and speed
data related to it as well as the sail shape.

5.6 round analysis overview

This section describes how the components described above are placed in the dash-
board and are inter-connected. There are two main interactions of round analysis:
the selection of profile position and the selection of sail shape.

In Figure 5.16, the slider labeled with 1 is the height selector that controls the
height and the corresponding profile characteristics data shown in the characteris-
tics table (number 2) and the position of the profile drawn in the canvas (number 3).
By selecting the height via the height selector, users could also change the position
of the shown parameter in the characteristics analysis chart (shown in Figure 5.17

in number 4) to analyze the value, deviation and derived of the same characteristics
at different sail position along the time axis.

The other main interaction is the selection of the sail shape, which would visual-
ize a different sail shape. Shown in Figure 5.16 by selecting the time instance in the
speed line chart (number 5), selecting the position point in the sail track(number
6) and choosing the time in the characteristics chart (shown in Figure 5.17 in num-
ber 4), users can select to view the sail shape corresponding to that time instance
or position. When a new sail shape is selected, the three dimensional sail shape,
characteristics heatmap, profile visualization change correspondingly.
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Figure 5.16: Round analysis with sail track.

Figure 5.17: Round analysis with characteristics analysis chart.

5.7 sail comparison visualization
In the section, we explain the visualization techniques that we apply to visually
compare the sail shape, which includes the side by side comparison of sail shapes
and superimposition of the sail profiles. The goal of the visual comparison is to
find out the sail shape that can lead to a better sailing performance by comparing
the 3D sail shape, characteristics heatmap and profile of the sail along with its boat
speed.

5.7.1 Sail Shape Side by Side Comparison

Separately placing the three-dimensional sail shape, characteristics Heatmap next
to each other together with their corresponding speed line chart can help to see
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the similarity or deviations of these two sail shape and their characteristics easily.
We decided to compare the sail shapes by showing them side by side instead of
overlaying them because overlaying can result in clustered sails and some parts of
the sail structure might be occluded, making it hard to detect the differences.

In Figure 5.18, two sail shapes from the same round with 11 seconds in between,
are shown side by side. Because the time difference between these two sails is
relatively small, the 3D sail shapes are similar. But we can still detect the change
of the sail by viewing the color-coding of the sail and the contour line, the inner
contour line area of the left sail is more stretched vertically compared to the one on
the right, so we can tell that the area of the main sailing force extended. For a more
precise comparison of the sail shape, we can tell the difference of the sail shape in
terms of characteristics by comparing the characteristics heatmap. We can clearly
see that the entry angle and twist angle of the right sail are generally larger the left
one, these differences quantify the variation between these two sail shapes, which
cannot be achieved by looking only at the 3D shapes. We also show a comparison
example of two sails with different trim setting in Figure 5.19, where the distinction
between the two sails becomes more obvious.

Figure 5.18: Side by side comparison of the sail shape from the same round.

Figure 5.19: Side by side comparison of the sail shape from different rounds.
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5.7.2 Profile Overlay Comparison

For the comparison of the profile, we choose to put one profile on top of the other
instead of showing them side by side because it is difficult to memorize the exact
shape and detail of one profile curve and then compare it with another one. In
addition, the side by side comparison cannot indicate slight variations between the
two profiles.

Overlaying the profiles better reveals the differences between the profile curve
as shown in Figure 5.20. The overlay of profiles is done by matching the left edge
of the profile curves and rotating the baseline of the left profile to ensure the two
baselines have the same orientation, so the two profiles are at the same position.

Figure 5.20: Superimposition of the sail profiles.





6 E VA L U AT I O N

In order to evaluate our visualization and interaction design, and to verify whether
it fulfills the tasks of aiding sailors to investigate the relation between sail shape
and sailing performance, we need to evaluate the design.

Apart from the interactions during the design process, a qualitative evaluation
has been conducted at the end. In Section 6.1, the experiment setting and visual-
ization tasks for the evaluation are introduced and in Section 6.2 we present the
evaluation results.

6.1 evaluation design
The test subjects are two sailing experts, one of them is the former World Laser Ra-
dial Champion and the other is a sailing expert from the Sailing Innovation Center
in The Hague.

The experiments start with the initial introduction of the visualization dashboard
and the subjects are required to perform a series of tasks using the visualization
tool and answer some questions related to the usability.

The complete tasks and questions are listed below:

1. 3D Sail Shape Evaluation

Task 1: Inspect and interact with the sailing photo (you are able to drag, zoom
in and out the photo).

• How do you describe the sail shape in the photo?

Task 2: Explore the 3D sail shape model (you are able to rotate, translate,
zoom in and out the 3D sail shape model)

• Does the 3D sail shape model match your expectation of the sail shape
from the sailing photo?

• How would you describe the sail shape in the 3D model?

• Do you think the 3D sail shape helps you to have a better perception of
the overall sail shape structure?

• Do you think the color-coding the sail shape with camber helps you to
see the curvature of the sail?

• Do you think the contour lines on the sail shape are useful for under-
standing the sail shape structure?

2. Characteristics Heatmap Evaluation

Task 1: Inspect the characteristics heatmap together with the 3D sail shape.

• Do you think the heatmap helps you to inspect the characteristics of the
overall sail shape?

• Can you find your interested area on the sail based on the heatmap?

• Would you use it for spotting the point of interest on the sail shape?

3. Profile Visualization Evaluation

Task 1: Choose the position of the profile using the height slider beside the
3D sail shape and inspect the profile curve and characteristics (you are able to
drag, zoom in, and out the profile).
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• Does the profile curve match your expectation of the sail shape?

• Does the characteristics of the profile match your impression?

• what details of the sail shape can you see from the profile visualization?

Task 2: Change the curve fitting parameter using the slider below the profile
(the parameter decides how close the fitted curve to the points, the smaller the
closer).

• Do you think the adjustment function of the profile curve helps you to
have a more accurate sail shape based on the sailing context (sailing
photo) and measurement accuracy?

• How and when would you adjust the profile curve?

4. Speed and Characteristics Analysis Chart Evaluation

Task 1: Choose a characteristic of the sail shape that you want to analyze
and select the profile position that you would like to inspect using the height
slider. Task 2: Compare the change of speed and the change of the selected
characteristic value and its derivative.

• Do you think the speed and characteristics chart helps you to find out
what characteristics of the sail affect the boat speed and how?

5. Selection Evaluation

Task 1: Interact with the sailing map and select a sail on the map (single click
shows the information of that position and double click shows the sail shape
at that position).

• Do you think the sailing map helps you to select the sail with trimming
setting and sailing conditions?

Task 2: Interact with the speed line chart and select a sail on the speed line
chart.

• Do you think the speed line chart helps you to understand the sailing
situation of the selected sail?

• Does speed line chart help you to select the sail that you want to inspect?

6. Deformation Evaluation

Task 1: Choose to view the deformed sail shape on the right side, select the
same sail using the speed line chart on both sides, and compare the recon-
structed sail shape and the deformed sail shape.

• Do you think the deformed sail shape presents a proper sail shape struc-
ture when comparing to the reconstructed sail shape and sailing image?

Task 2: Choose an incomplete sail (for example, the sail shape at 07:24:31)
from the third segment of the speed line chart and compare its reconstructed
sail shape and deformed sail shape.

• Do you think the deformed sail shape presents a proper sail shape struc-
ture when comparing to the reconstructed sail shape and sailing image?

7. Comparison Visualization Evaluation

Task 1: Select the sail on the left side from the second segment (at 07:18:09)
and the sail on the right side from the third segment (at 07:25:06), view the
reconstructed sail on both sides.

• In the second segment, the sail is trimmed with a loose setting and the
sail has a tight trimming setting in the third segment. Can you describe
the difference between these sail shapes?

• Is the difference of boat speed matching your expectation judging from
the wind conditions indicated in the sailing photo?
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• What do you think are the factors that cause the difference in boat speed
basing on the 3D sail shape and characteristics heatmap?

Task 2: Change the height slider to view the profiles of the sail shape at
different positions.

• Can you describe the difference between the profile curves?

• Does the difference match you expectation?

• Based on the visualization, how these differences affect the boat speed?

Task 3: Select left sail (at 07:25:00) and the right sail (at 07:25:06) from the
third segment and compare their sail shape.

• They have the same trim setting, but different sail shape and boat speed.
Can you describe the difference between these sail shapes?

• How do you explain their difference in boat speed?

Apart from the usability questions listed above, the evaluation ends with these
open questions: what would you suggest to improve the sail shape visualization
and how do you envision the coaches and athletes using the visualization tool. The
open questions point out the direction for future research on sail shape visualiza-
tion.

6.2 evaluation result
The evaluation sessions were done by interviewing with the above-mentioned sail-
ing experts following the testing procedure and enabling them to interact with the
visualization tool. During the evaluation, they already gave some advice on the
future improvement of the visualization design, these improvement suggestions
together with their answers and reaction towards the evaluation tasks are noted.
Currently, due to the limitation of accessible data, the sail shape visualization tool
cannot fully convey the goal of supporting sailors to discover the optimal sail shape
of a given sailing condition. Nevertheless, given the generally positive feedback
from the sailing experts, the sail shape visualization has the potential to help the
sailors to have a better comprehension of the sail shape in terms of the 3D structure
of the sail, the sail profile and the characteristics of the sail shape.

In addition, the comparison and the characteristics analysis enable coaches to
form hypothesis about the characteristics and boat speed. In the future, if more
information, like wind condition, is accessible and the accuracy of the extracted
characteristics of the sail shape is further tested, the sailing experts were positive
that the sail shape visualization tool can help sailors to find out the sail shapes that
lead to better sailing performance.

We summarize the reaction and answers of the sailing experts towards the visu-
alization tool and we listed the summarization for each visualization component
separately below.

1. 3D Sail Shape Visualization

For the 3D sail shape visualization, we evaluated the quality of the sail shape
reconstruction, the visualization design and the sail shape deformation.

According to both sailing experts, the reconstructed sail shape matches the
expectation from the sailing photos and gives the right impression. However,
the sailing coach pointed out there was a strange bending on the mast for one
time instance, which might be caused by the joint of the sailcloth, barcode
detection error or the reconstruction. But generally, the 3D reconstructed sail
is a good representation of the sail in the photo in terms of sail depth and
shape.
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As for the color-coding of the sail, they both agreed that coloring the sail
with camber makes it easier to view the depth of the sail and the overall
structure. By viewing the contour line together with the color, they mentioned
that they could locate the deepest area of the sail and have a more detailed
look of this part and where the sail shape is originating. Comparing to the
visual inspection of the sail shape, the 3D sail shape with color-coding and
contour line helps to quantify the maximal camber area thus provides useful
information for fine tuning the boat speed under certain weather conditions.

In addition, the 3D sail shape can be used for training purposes according
to the sailing experts. For a beginner sailor, the 3D sail shape can be used to
visualize the change of the sail shape when they change the boat configuration,
which can be used for explaining the trim process.

When comparing the incomplete reconstructed sail shape with the correspond-
ing deformed sail, they thought that the deformed sail shape is more useful,
because if there is a big part of the sail is missing, the incomplete sail shape
cannot provide useful information. As for the verification of the deformation
model, the sailing experts went through several pairs of the reconstructed sail
and deformed sail, they noticed that if the reconstructed sail is almost com-
plete then the two sail are similar, which is considered a correct deformation.
But there is also cases that the two sails varied and they could not tell if the
deformed sail presents a better representation of the sail shape as both of the
sails seems almost complete. They commented that if they could know where
are the undetected barcodes, it would increase their confidence in verifying
the deformation.

In conclusion, the deformed sail is useful when it comes to incomplete recon-
structed sail as it can be used as an estimation of the complete sail and most
of the time the deformed sail matches their expectation from the image. But
the accuracy of the deformation still needs further research.

2. Characteristics Heatmap

While exploring the characteristics heatmap, they pointed out that it provides
the opportunity to look at the sail shape from a new perspective if they get
used to it. Apart from that, they also commented that they could have a more
precise look at the exit angle, entry angle and twist angle by viewing the
heatmap compared to the 3D sail shape.

For the usability of the heatmap, the sailing coach said that he would use
it to see if the sail shape is consistent and find out where the twist angle
change from a negative value to a positive value, in other words, where the
sail opens up. To conclude, the heatmap presents a more precise overview of
the sail shape from the perspective of the characteristics and it fulfills the task
of supporting sailors to spot interesting areas on the sail.

3. Profile Visualization

The sailing experts gave their approval of the profile as most of the profile
curves and the extracted profile characteristics value could match their expec-
tation. They also agreed that the profile visualization enables them to examine
the sail shape in more details than the 3D sail shape. However, in some cases
the shape of the curve does not exactly correspond to the expectation, but the
maximum camber and draft position of the profile still seems correct. They
appreciated they can view the profile of the sail from 10% to 90% height of the
sail, this gives a lot more information about the sail than viewing only one to
three stripes on the sail. The curve fitting adjustment function enables them to
adjust the shape of the curve and find out the profile that makes most sense.

4. Speed and Characteristics Analysis Chart
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While the 3D sail shape, characteristics heatmap and the profile visualization
only show the sail at one time instance, the speed and characteristics analysis
chart allow the sailors to inspect the characteristics of sail shape for the whole
run. One of the sailing experts commented that if the sail shape characteristics
are accurate and they could view the change for a longer period of time with
additional information about the weather condition, they could discover how
the change of sail shape affects the boat speed.

5. Sail Selection

The sailing experts thought that all three sail selection functions are meaning-
ful as they allow the sailors to select the sail from a different perspective. They
could select the sail that they want to inspect based on speed from the speed
line chart or based on sail location from the sailing context map or based on
characteristics change from the speed and characteristics analysis. As all the
selected components are linked, sailing experts claimed that they could easily
understand the context of the current sail shape and select the sail that they
want to explore.

6. Comparison Visualization

When comparing the 3D sail shape side by side, the sailing experts claimed
that they could inspect the difference between two sail shapes easily by look-
ing at the color on the sail and the position of the contour line. Displaying the
characteristics heatmap besides the 3D sail shape is useful for comparing the
characteristics difference between the two sail, the sailing experts commented
that by looking at the color applied to the characteristics, they could quan-
tify the sail shape differences. As for the profile comparison, they approved
of the overlaying design as they could see the variation between the profiles
straightforward.

One sailing expert commented that it was nice to compare the sail shape with
different trim settings along with the boat speed data, it could help to form an
initial idea of what trim setting would be more suitable for the given sailing
condition. Nevertheless, both experts said that they will need more informa-
tion about the weather and boat condition to be able to further analyze the
sail shape’s influence on the sailing performance as in this research we only
have the data of boat speed and sail shape point cloud, they cannot draw
conclusions on the relation between sail shape and sailing performance be-
cause the external conditions can change rapidly. If the wind conditions and
boat conditions are acquired and included in this project, they are positive
that it is possible to find out the sail shape that corresponds to better sailing
performance with this visualization tool.

7. Future improvement During the evaluation, the sailing experts came up with
several suggestions to improve the visualization design, which are listed be-
low:

• In the speed and characteristics analysis chart, the line of the character-
istics value can be colored based on the trend of the speed line to help
sailors investigate the relation between the sail shape parameter and boat
speed. If the speed goes up at the next time instance, we can color the
characteristics value point at current moment as blue and if the speed
goes down, we color the value point as red. Consequently, the trend of
speed is reflected on the characteristics line and it is more convenient
for the sailors to link the change of characteristics to the change of boat
speed.

• While inspecting the sail shape, we could show the detected barcodes in
some way to indicate the accuracy of the reconstructed sail shape.
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In this research, we aimed at studying how sail shape and sailing performance data
can facilitate the trimming process in the intense sailboat competition by supporting
the sailors in investigating the optimal sail shape in relation to weather conditions.
In order to reach this goal, two main research questions led our work: (1) How
to reconstruct the 3D sail shape properly using the point cloud data; (2) What
visualization methods are perceived most useful for sailors to analyze the sail shape
and sailing performance and enhance their sail shape trimming process.

To achieve a reliable 3D sail shape structure, we first triangulated the sail shape
point cloud and then applied a remesh algorithm to obtain a smoother and more
organic sail shape. Due to the uncertain image quality and the possible occlusion
caused by the sailors when acquiring images, some barcodes cannot be detected
thus, the reconstructed sail is incomplete. To tackle this issue, a complete sail shape
was selected as the template sail to be deformed under the constraints of the input
point cloud.

After recovering the 3D structure of the sail shape, we designed a visualization
dashboard for sailors to explore the 3D structure, 2D profiles and characteristics
of the time-varying sail shape and analyze their relation to the boat speed. The
visualization tool can help sailors to form hypothesis on how sail shape affects boat
speed and discover which sail shape can lead to better sailing performance.

During the evaluation interviews with two sailing experts, they confirmed the
reconstructed sail shapes matches their expectation after examining the photo of
the corresponding sail. They also considered the deformation can be used as a
proper estimation of the incomplete reconstructed sail shape. While exploring the
visualization dashboard, they commented that it provides an opportunity to look
at the sail shape from a new perspective, which has the potential to enhance sailors’
comprehension on sail shape and provide insights of the sail shape trimming. Nev-
ertheless, due to the lack of information on the weather condition, sailing experts
cannot guarantee the causal relation between sail shape and sailing performance.
But they saw this research as the prior work towards a more comprehensive sail
shape visual analysis framework and they saw great potential in using this visual-
ization tool for optimal sail shape research.

For future work, there are three interesting directions:

• Retrieval of the average sail shape during a period of time. According to the
sailing experts, there are many external factors that influence the sail shape,
like wind and waves. These external factors change rapidly, thus instanta-
neous sail shape might be noise and mislead the analysis of sail shapes over a
period. Therefore the implementation of the average sail shape over a certain
time interval would help sailors filter out the noisy sail shapes and focus on
the more reliable ones.

• In our study, the deformation model is based on the Laplacian coordinate of
the template mesh, which yields a reasonable deformation result. Still this
deformation applies to generic mesh and does not consider the physics of sail
shape. In order to achieve a more reliable sail shape deformation method, the
deformation model needs to be based on the physical movement of the flying
sail shape. Realizing the sail shape physics model can also reduce the amount
of barcodes, they are only needed at the areas where the geometric change are
intrinsic.

41



42 conclusions and future work

• As mentioned above and in the evaluation result section, the lack of wind
condition and boat data makes it difficult to draw conclusions on the relation
between sail shape and sailing performance. So in the future, these data need
to be acquired by sensors, and then processed and visualized in the visual-
ization dashboard to fulfill the goal of finding out the optimal sail shape of a
given sailing condition.

To conclude, our research proposed a visualization framework for visualizing the
sail shape and sailing performance aiming to provide insights into the optimal sail
shape in relation to sailing conditions and facilitate sailors’ trimming skill. We be-
lieve that our visualization design, though having limitations and being preliminary,
shows the potential of visual analysis for sail shape and sailing performance.
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