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Abstract

In this study a novel method is presented for automatically measuring the instantaneous velocity
of a swimmer. The method is inspired by two-dimensional particle tracking velocimetry from
the field of fluid dynamics. An experiment is conducted to determine the accuracy and potential
of the method. An array of aligned cameras and an automatic algorithm are used to record
and track the movements of an LED-marker attached to the hip of a swimmer. The swimmer
is simultaneously attached to a speedometer. All four competitive stroke types are performed
by the swimmer and the instantaneous velocity is measured using both techniques. The velocity
profiles from both techniques are compared and it is observed that the LED tracking resembles
the literature most. It is concluded that the novel automatic tracking method has the potential
for robust and fast instantaneous velocity measurements of a swimmer.
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Chapter 1

Introduction

Competitive swimming is an important part of today’s sporting heritage. After years of technical
and training developments the differences in end times are only hundredths of seconds. For this
reason it is not only necessary to be able to accurately measure end times, but also to be able to
train and develop swimming techniques to their full potentials. The search for new and improved
measuring methods can help develop swimming techniques and take those few hundredths of
seconds off of the end time.

Average velocities per lane can be calculated with split times. However, instantaneous velocities
are equally interesting. They can give essential insight in intra-cyclic movements. For example,
at breaststroke, the timing of the actions of the arms and legs plays an important role in the
continuity of the stroke. A relation was found between the coordination of the arms and legs
and the horizontal velocity [1]. With the help of velocity profiles one can accurately assess the
movements of both the arms and the legs separately.

A relation was also found between the intra-cyclic variation of the velocity and the efficiency of
swimming. The power needed for the swimmer P = F · v to bypass the drag resistance F ∝ v2

scales with v3. A positive fluctuation of the velocity results in a greater loss of power than can be
compensated for by a negative fluctuation. It can thus be concluded that a low value of variation
is preferred. The velocity fluctuations can be increased or decreased by specific actions of limbs
during the stroke cycle. For instance, at butterfly stroke, a decrease in variation is shown for
a high velocity of the hands during the upsweep and of the legs during the second kick. The
same holds for a low velocity of the hands during entry into the water. The performance, and
thereby the end time, can thus be improved with specific intra-cyclic training. This stresses the
significance of access to personal and acurate velocity profiles [2, 3].

There are several methods for measuring instantaneous velocities. One method, which is used
by several studies, consists of utilizing a speedometer [4, 5, 6]. A speedometer is a device that
is mounted near the starting platform at the beginning of a swimming lane. It is attached to
the hip of the swimmer with a non-stretching cord. While the swimmer moves away from it in
a straight line, the speedometer measures the velocity with which the cord is unwound. From
this, the instantaneous velocity of the swimmer is determined. Whereas this technique is fairly
accurate, there are several downsides to using it. The velocity it measures is one-dimensional
while the swimmers movement is two-dimensional. It is assumed that the swimmers horizontal
lateral deviation from the center of the lane is negligibly small relative to the length of the
lane. The vertical lateral deviation is more significant and does contribute to the measured
velocity. Additionally, the speedometer is not waterproof and therefore has to be positioned
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above the water surface. Because the mean vertical position of the swimmers hip is below the
water surface it is not possible to unwind the rope in a purely horizontal direction. Besides this,
the cord hinders the swimmer during his performance and because the cord has to rewind, it can
only be used for one lane with a start.

Another method, which seems to be still in its development phase, makes use an accelerometer.
This is a small electromechanical apparatus that can be attached to the swimmers hip. It
measures the acceleration in three dimensions from which the instantaneous horizontal velocity
can be estimated by integration. While the range of this method is not restricted to one lane,
it is rather inaccurate due to the high amount of noise which will be enlarged when integrated
[7, 8].

In this study, a novel video-based technique is tested. This technique uses underwater cameras
and an LED-marker (light emitting diode) attached to the hip of the swimmer. An automatic
tracking algorithm inspired by two-dimensional particle tracking velocimetry (2D-PTV) is used
to measure the instantaneous velocity in a vertical plane along the center of the lane without
hindering the swimmer. Several studies in the field of swimming use this approach as well.
However, the tracking of the marker is generally done manually. This makes the analysis more
time consuming and thus less favorable for (real time) applications [9].

This thesis describes the outcome of a study on the accuracy and potential of LED tracking. First,
an overview of the background is given. This part covers velocity profiles and 2D-PTV. Then,
the algorithm used to track the LED is explained. Hereafter, the experimental setup is given
where it is described how measurements are performed using a speedometer and LED tracking.
Moreover, it is described how the data is analyzed. Finally, the results of the speedometer and
LED tracking method are discussed and a conclusion regarding the accuracy and potential of
LED tracking is presented.
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Chapter 2

Background

2.1 Velocity profiles

The variation of the instantaneous horizontal velocity of the swimmer during a single stroke
can be plotted in a velocity profile. From fig. 2.1 [3], several characteristics can be observed in
the velocity profiles of each of the four competitive swimming strokes (front crawl, backstroke,
breaststroke and butterfly stroke).

Figure 2.1: The intra-cyclic variation of the horizontal velocity for A: front crawl, B: backstroke,
C: breaststroke and D: butterfly stroke. The stroke cycles were measured using a speedometer
[3].

As can be seen in fig. 2.1A, the front crawl shows two broad peaks due to action of each of the
arms. Several narrow peaks are observed on top of the broad peaks, which are due to the action
of the legs. For some individuals the two broad peaks can have a different height which is related
to an asymmetrical application of each arm. This can be due to a difference in arm strength or
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the moment of breathing. The velocity profile of the backstroke is shown in fig. 2.1B. Similar
characteristics as the front crawl are observed. Though, the two broad peaks are less apparent
in the backstroke. In fig. 2.1C, two distinctive peaks can be seen for the breaststroke. The first
peak corresponds to the kicking of the legs while the second is related to the pulling of the arms.
After the first peak a small decrease in velocity is observed. This is called the leg-arm lag phase.
After the second peak the velocity drops more significantly. This is due to the drag resistance
when recovering the arms and legs. As can be seen in fig. 2.1D, the butterfly stroke shows three
characteristic peaks. The first peak corresponds to the first of the two leg kicks. The second peak
is due to the sweeping in of the arms, while the third and highest peak is related to the sweeping
up of the arms combined with the second kick of the legs. After this peak a deceleration due to
the recovery of the arms can be seen [3, 11].

The velocity profiles of fig. 2.1 are measured with a speedometer attached to the hip of a swimmer.
Ideally, it should be measured for the center of mass of the swimmer. The hip is not validated as
an appropriate estimator of the center of mass [3]. To find an appropriate estimate of the center
of mass, a 3D reconstruction of the complete swimmer is needed. Due to inter-limb actions during
the stroke cycle, the position of the center of mass varies constantly and should be calculated
continuously. Therefore, the hip is considered a convenient point for measurements because it is
close the center of mass and it is a relatively stable segment of the swimmer during the stroke
cycle. Moreover, the velocity profiles of the breaststroke as measured from the hip and from the
center of mass show a great amount of resemblances and it can thus be assumed that the velocity
of the hip is an appropriate estimate of the actual velocity [12, 13].

2.2 Two-dimensional particle tracking velocimetry

Two-Dimensional Particle Tracking Velocimetry (2D-PTV) is a commonly used measuring tech-
nique in the field of fluid dynamics. It is used to measure the velocity of a particle that resides in
a fluid. During a prescribed time interval, the displacement of the particle in a two-dimensional
segment of the flow is determined. From this displacement and time interval, the two-dimensional
velocity per measuring point is calculated.

To determine the position of the particle, it is illuminated by a laser. The scattered light is
recorded by a camera and individual successive images are generated to be able to track the
particle frame by frame. Each frame shows a peak in illumination at the position of the particle.
With the use of a threshold level, individual pixels in the frame can be set to represent a part of
a particle or a non-particle to clearly indicate where the particle is positioned. PTV is only used
for low speed fluid flows in which the velocity fluctuations are considered to be relatively small
in comparison with the velocity. It is therefore assumed that the particle cannot deviate far from
its position within the time interval of one frame. Thus, when searching for the next position
of the particle, it is assumed to be in close proximity of its previous position. In this study, the
number of particles to be tracked is small. In this case, a commonly used method for finding the
position of the particle in the next frame is cross-correlation. If the number of particles is large
and their trajectories may cross, cross-correlation is not a suitable method for finding the next
position. Manual tracking may then be an appropriate solution. Provided that the particle is
constantly and sufficiently illuminated, it is possible to track the entire path of the particle [14].

This study utilizes an algorithm inspired by 2D-PTV with cross-correlation to automatically
track an LED-marker.
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Chapter 3

Tracking algorithm

This chapter gives an extensive description of the algorithm used to obtain the velocity profiles.

The raw data of the video recordings are collected in a sequence (.seq) file. A MATLAB script
for reading these binary .seq files is used to select individual frames throughout the tracking
algorithm.

A multi-case algorithm is used to track the LED-marker automatically throughout a video record-
ing (in-house code in MATLAB: developed by J. van Houwelingen and A.P.C. Holten (TU Eind-
hoven) [15]). A schematic of the algorithm is illustrated in fig. 3.1 [15]. A template of the
characteristic light of the LED (13x17 pixels for each RGB component) is created by selecting a
small area around the LED in a frame where the LED is clearly visible and not distorted. One
template is used throughout all recordings. The tracking starts by manually selecting the initial
position of the LED.

The algorithm then continues to case 2, as can be seen in fig. 3.1, where it searches for the
next position in an area of 100 x 100 pixels around the initial position. Three normalized
cross correlations, one for each RGB component, are applied between the search area and the
predefined template of the LED with the standard MATLAB function normxcorr2. To find the
peak in the correlation, a Gaussian peak detection is applied on the product of the three cross
correlation coefficients. The displacement, and thereby the next position, is obtained from the
correlation peak.

In case 3 (fig. 3.1), a similar approach as in case 2 is used to obtain the next position. The
previous two positions are used for a prediction of the next position, given by,

xn+1 = 2xn − xn−1, (3.1)

where xn+1 is the predicted position and xn and xn−1 are the two previous positions. A new
image, centered at the prediction position, is created with the size of the template. A cross
correlation is again applied to find the new position of the LED.

Case 4 (fig. 3.1) is the main part of the algorithm. By using a moving average filter on the last
three positions, the last section of the track is smoothed. A prediction of the next position,

xn+1 = xn +
1

3
(|a|+ 2|b|) d

|d|
, (3.2)

d = 2b
a · b
|b|2
− a, (3.3)
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is based on this smoothed track. Where a = xn−1 − xn−2, b = xn − xn−1 and d a directional
vector that encompasses and continues the curve of the track.

Figure 3.1: Schematic overview of the multi-case tracking algorithm [15].

Provided that the three previous positions are known, every next position is determined by
applying case 4. However, some constraints are added to the algorithm due to the fact that
constant visibility of the LED is not assured for each stroke type. At front crawl, backstroke
and butterfly stroke, the swimmers hand can pass in front of the LED once per stroke, thereby
blocking it. Besides this, due to the rolling of the body at front crawl and backstroke, the LED
can disappear underneath the swimmer or above the water surface. The characteristic vertical
movement of the hip at butterfly stroke can also result in a disappearance of the LED above the
water surface. This means a possible signal loss for several frames. Moreover, if the position of
the LED is close to the water surface, a reflection will appear which can get mistaken for the
actual LED.

A signal-to-noise ratio of the cross correlation is introduced as

SNR =
|cmax|2∑
i, j|ci,j |2

, (3.4)

where cmax is the peak value of the cross correlation and ci,j the value of the cross correlation at
(i, j). In the case that the SNR is below the predefined threshold level of 0.08 it is assumed that
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the LED is not properly detected and the algorithm returns to case 2. The sum of the previous
position and the average horizontal displacement until this point is then used to determine the
new predicted position. To avoid the possibility of the algorithm choosing a reflected image of
the LED as the new predicted position, a small negative vertical displacement is applied. Case
2 will be iterated as long as the SNR is below the threshold level.

Provided that the algorithm has successfully determined the position of the LED in each frame,
an array is created in which the frame numbers and horizontal and vertical pixel positions are
collected. In the case that the LED is not found, the value ’not a number’ (NaN) is substituted
for the position of the LED in that frame.
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Chapter 4

Experimental setup

An experiment is conducted in order to determine the accuracy and potential of the LED tracking
method for measuring the instantaneous velocity of a swimmer. It is compared with a previously
known method which uses a speedometer.

Figure 4.1: A schematic overview of the experimental setup. Four cameras (C) are placed in the
side wall at 2.5, 5, 10 and 15 meters from the starting wall. The speedometer (S) also measures
the velocity (V) of the swimmer [15].

The experiment is conducted in cooperation with Innosportlab de Tongelreep in the 50 m indoor
training pool of the Pieter van den Hoogenband swimming stadium in Eindhoven, The Nether-
lands. An overview of the experimental setup is shown in fig. 4.1 [15]. Four cameras (Basler
sc1400gc, 50 fps, resolution: 788x524) are positioned in the side wall at 2.5, 5, 10 and 15 meters
from the starting wall at a depth of 0.55 m. The video recordings of the swimmer are captured
using the camera software Streampix 5. A speedometer (Swimsportec, cord range: 25 m, velocity
measurement range: 1-3 m/s, 5 V) is mounted on a bench right beside the starting platform.
The data is captured in 31 Hz using Swim Analysis Software V 3.0.4, developed by Swimsportec.
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4.1 Protocol

A female swimmer, competing at the Dutch national level, volunteered for the experiment. The
swimmer was asked to swim a distance of 20 meters with a push off start for 7 times. All four
competitive stroke types were performed twice. Due to the fact that the speedometer did not
function properly during one trial of the butterfly stroke, this run was not analyzed.

During each trial, the cord of the speedometer is attached to the waist of the swimmer near the
lower back. The swimmer is provided with a swimming trunk where, on the side of the hip,
a small plate with a waterproof white LED is attached. Because of the constantly changing
position of the center of mass of the swimmer, the hip is again considered as a convenient point
for measurements. Specifically, the side of the hip where the LED can be easily recorded by the
underwater cameras. The LED is used as a marker to track the horizontal and vertical position
of the swimmer in a vertical plane. This plane is set at 3.75 meters from the side wall, which
corresponds to the center of the second lane. The total horizontal recording range of the cameras
at this distance is approximately 17 meters. This proves to be sufficient for capturing an average
of six complete swimming strokes. It is assumed that the swimmers movement is along the center
of the lane.

4.2 Data analysis

The complete post-processing and analysis of the video recordings and speedometer data is
performed in MATLAB (R2016b).

4.2.1 LED tracking

The pixel position data of the LED is obtained using an automated tracking algorithm (in-house
code in MATLAB: developed by J. van Houwelingen and A.P.C. Holten (TU Eindhoven) [15]).

Pixel positions are converted into real world coordinates (meters) using a calibration, which was
provided by Innosportlab. The horizontal and vertical velocities per frame are calculated using
the relation

Vn+1 = (Xn+1 −Xn) · f, (4.1)

where Vn+1 is the velocity in frame n + 1, Xn+1 and Xn are the positions of the LED in meters
in frames n + 1 and n and f is the frame rate of the camera.

The four datasheets per trial are coupled to obtain a single array with the position and velocity
as a function of the frame number. The ranges of neighbouring cameras display an overlap. At
the positions of overlap the velocity is collected twice. This overlap is used for coupling the
datasheets, where the cutoff of the datasheets is chosen at the frame halfway in the overlap
region. Moreover, if one of the two coupled values in the overlap region is a NaN, the other value
is automatically used in the coupled array. The conversion of frame number to time is performed
by using the value of the frame rate (50 fps).

The velocity value arrays are plotted against time to obtain a velocity profile. An example of the
velocity profile of the horizontal and vertical velocity of the breaststroke of one complete trial is
shown in fig. 4.2A. From this, velocity profiles of an averaged stroke are created to be able to
compare the results of the measuring methods to velocity profiles in the literature. In fig. 4.2B
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an example of the averaged horizontal velocity of the breaststroke as a function of the stroke
duration is shown. The vertical bars on top of the mean profile indicate one standard deviation.

The initial and final time of each full stroke is determined manually. The strokes are cut out of
the array and resampled to a normalized timescale of two seconds (or 100 sample points) with
the standard MATLAB function resample. When resampled, new sample points are added to
the array, the values are determined using interpolation. In the velocity arrays of front crawl,
backstroke and butterfly stroke, several small sequences of NaN values are present as a result
of the disappearance of the LED for a brief moment. The resample function automatically
assigns a NaN value to a new sample point if there exists a NaN value within the interpolation
window. This means that a small sequence of NaN values will expand when resampled. A large
window width will yield more accurate resampled data. The window width is set to eight nearest
neighbours to reduce the amount of newly generated NaN values while still retaining a sufficient
precision. All resampled strokes of the same stroke type are averaged and the standard deviation
per sample point is calculated. The standard MATLAB functions nanmean and nanstd are used
respectively for the mean values and the standard deviations, ignoring NaN values.
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Figure 4.2: Examples of velocity profiles of the breaststroke obtained with tracking a white LED.
A: horizontal and vertical velocity of one complete trial, B: averaged horizontal velocity with one
standard deviation as a function of the stroke duration.

4.2.2 Speedometer

The speedometer data is captured and saved in volts per sample point. The sample points are
divided by the sample rate (31 Hz) to obtain the time. The velocity values are determined by
dividing the volt values by its range (5 V) and multiplying it by the maximum of the measurement
range, set to 0 - 3 m/s.

However, a significant amount of noise is contained in the data. A fourth order Butterworth filter
is applied to filter out this noise. This is a low-pass filter with an as low as possible frequency
response in the passband [16]. With the cutoff frequency set at 5 Hz, frequencies above this
value will be omitted while the remaining frequencies will be left unaltered. The effect of the
Butterworth filter on the raw speedometer data of the breaststroke is illustrated in fig. 4.3A and
fig. 4.3B for one complete trial and three consecutive strokes, respectively.
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An array is created in MATLAB in which the time and filtered velocity values are collected. The
strokes are averaged in a similar approach as the LED tracking data.
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Figure 4.3: Illustration of the effect of a fourth order Butterworth filter on the raw speedometer
data of the breaststroke. A: one complete trial, B: three consecutive strokes.
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Chapter 5

Results and discussion

In this section, the experimental results will be presented and discussed. First, an overview of the
results of the speedometer will be given. Hereafter, the LED tracking results will be presented.
Last, a comparison of the two measuring methods will be given.

5.1 Speedometer

The results of the speedometer are compared with the velocity profiles of the literature as de-
scribed in chapter 2. In fig. 5.1 the filtered velocity data of one complete trial of the breaststroke
is shown. From the filtered velocity data, individual strokes are selected by seeking for a pe-
riodicity with resembling traits as the literature describes. The velocity data of the individual
strokes are resampled on a normalized timescale. The resampled data of individual strokes are
averaged to obtain averaged velocity profiles which are, together with the standard deviation,
shown in fig. 5.2A - fig. 5.2D.
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Figure 5.1: The filtered velocity data of the speedometer of one complete trial of the breaststroke.

The front crawl in fig. 5.2A shows, similarly to fig. 2.1A, two broad peaks, one for the action of
each arm. Narrower peaks can be observed on top of the broad peaks, which can account for
the action of the legs. However, all peaks are less discernible and a large value of the standard
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deviation is observed. This can be due to the accuracy of the measuring method. This will also
explain the large anomalies apparent in the filtered velocity data in fig. 5.1.

0 10 20 30 40 50 60 70 80 90 100

Duration (%)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

V
el

oc
ity

 (
m

/s
)

Velocity swimmer

(A)

0 10 20 30 40 50 60 70 80 90 100

Duration (%)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

V
el

oc
ity

 (
m

/s
)

Velocity swimmer

(B)

0 10 20 30 40 50 60 70 80 90 100

Duration (%)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

V
el

oc
ity

 (
m

/s
)

Velocity swimmer

(C)

0 10 20 30 40 50 60 70 80 90 100

Duration (%)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

V
el

oc
ity

 (
m

/s
)

Velocity swimmer

(D)

Figure 5.2: Averaged velocity profiles with one standard deviation. Obtained with a speedometer
for A: front crawl, B: backstroke, C: breaststroke and D: butterfly stroke.

The velocity profile of the backstroke in fig. 5.2B resembles the velocity profile found in the
literature in fig. 2.1B similar to that of the front crawl. Several narrow peaks are observed
on top of two broad peaks, which can account for the action of the legs and the action of the
arms, respectively. As can be seen in fig. 5.2C, the breaststroke shows strong resemblances to
the literature in fig. 2.1C. Two characteristic peaks can be observed. The first accounts for the
kicking of the legs and the second for the pulling of the arms. After the second peak, a significant
deceleration is seen which is due to the drag resistance when recovering the arms and legs. The
butterfly stroke in fig. 5.2D displays the characteristic peaks of the first kick of the legs and of
the second kick combined with the upsweep of the arms, as in fig. 2.1D. However, the smaller
second peak corresponding to the sweeping in of the arms is not observed which may be due to
the accuracy of the measuring method.

The speedometer presents similar results as found in the literature. However, the peaks of the
front crawl and backstroke are less discernible and the butterfly stroke does not display the
characteristic second peak corresponding to the insweep of the arms. This can be the result of
the accuracy of the measuring method, although results in literature are mostly obtained using
a similar measurement. To reduce the amount of noise contained in the raw data, a Butterworth
filter is applied which may have led to a reduced accuracy.
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5.2 LED tracking

In this section, the results as obtained with tracking the white LED will be presented.

A comparison is made between the results of the LED tracking and the velocity profiles of the
literature as described in chapter 2. The horizontal and vertical velocity data of one complete trial
of the breaststroke is shown in fig. 4.2A. In a similar approach as used for the speedometer data,
individual strokes are selected and resampled on a normalized timescale. The breaststroke and
butterfly strokes are selected by examining the horizontal velocity data. The vertical velocity
data of the front crawl and backstroke show a more distinct periodicity than the horizontal
velocity data and is therefore used to select individual strokes. The resampled data of individual
strokes are averaged to obtain averaged velocity profiles. Together with the standard deviation,
the velocity profiles are shown in fig. 5.3A - fig. 5.3D.
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Figure 5.3: Averaged velocity profiles with one standard deviation. Obtained with tracking a
white LED for A: front crawl, B: backstroke, C: breaststroke and D: butterfly stroke.

The front crawl and backstroke in fig. 5.3A and fig. 5.3B show two broad peaks accounting for
the action of each of the arms as in the literature. However, smaller peaks corresponding to the
action of the legs are less apparent. The deviation at 25% of the duration of the front crawl and
the large values of the standard deviation at 90% imply that at these points the algorithm has
lost track of the LED due to body rolling. In a likewise manner the data gap between 90% and
100% of the duration of the backstroke can be explained. These effects are observed for both the
horizontal and vertical velocity components. The breaststroke shows strong resemblances to the
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literature, as can be seen in fig. 5.3C. The individual actions of the legs and arms are represented
by, respectively, the first and second peaks and a notable deceleration is observed after the second
peak. The intensities of the peaks do not resemble the literature however, for the second peak
is observed to be larger than the first while it is described vice versa in the literature. As the
speedometer results do not show this deviation, it suggests that the relative intensities of the
two peaks are dependent on the measuring method. As can be seen in fig. 5.3D, the butterfly
stroke shows the three characteristic peaks as described in the literature. The peaks correspond
to, respectively, the first kick of the legs, the sweeping in of the arms and the sweeping up of the
arms combined with the second leg kick. The second peak is more apparent than described in
the literature, as opposed to it not being observed in the speedometer results. This again may
imply that the intensity of this peak is dependent on the measuring method.

The LED tracking displays results similar to those found in the literature. The velocity profiles
of the front crawl and backstroke show some aberrations which are due to the disappearance
of the LED or the confusion with its reflection. Moreover, the forward velocities of the front
crawl and backstroke are more constant as opposed to the breaststroke and butterfly stroke
and fluctuations are therefore less distinct. Inaccuracies and deviations of the averaged velocity
will thus be relatively more discernable. Due to the fact that the standard deviation primarily
originates from fluctuations in the performance of the strokes, a conclusion regarding the accuracy
of the LED tracking is not easily made.

5.3 LED tracking versus speedometer

In this section, a comparison is made between the results of the LED tracking and of the
speedometer.

The averaged horizontal velocity profiles obtained with the LED tracking, together with the
averaged velocity profiles obtained with the speedometer, are shown in fig. 5.4A - fig. 5.4D. It
can be observed that the average stroke duration and relative location of the peaks are equivalent
for the front crawl, backstroke and breaststroke. For the butterfly stroke, deviations of the
relative locations of the peaks are seen. This may be due to the accuracy of one or both of the
measuring methods. The intensities of the peaks, and thereby the average velocities, are observed
to be significantly higher for the LED tracking for each stroke type. The average velocities per
measuring method and stroke type are collected in table 5.1.

Table 5.1: Overview of the average velocities of each stroke type for the LED tracking, with
calibration distances of 3.75 and 3.50 meters, and for the speedometer.

LED (m/s) LED (m/s) Speedometer (m/s)
Calibration distance (m) 3.75 3.50 -
Front crawl 1.2954 1.2207 1.1525
Backstroke 1.1553 1.0982 1.0379
Breaststroke 0.9947 0.9340 0.8480
Butterfly stroke 1.3444 1.2609 1.1598
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The calibration assumes the LED’s movement in a vertical plane along the center of the lane at
a distance of 3.75 meters from the cameras. It is assumed that the swimmer attempts to move
in this plane. However, deviations of the swimmers movement from the center of the lane may
occur.
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Figure 5.4: Averaged velocity profiles with one standard deviation. Obtained with LED tracking
and with the speedometer for A: front crawl, B: backstroke, C: breaststroke and D: butterfly
stroke

Moreover, the LED is attached to the side of the swimmers hip and as a result, the movement
of the LED is half the width of the swimmers hip (approximately 25 centimeters) closer to the
cameras. Due to the divergent nature of the camera lenses, it will take less time to travel between
opposite sides of the frame with equal velocity if the 2D movement is closer to the camera. Thus,
if the calibration assumes the LEDs position to be further away than in reality, the LED will
appear to have an increased velocity. This may imply that an incorrect assumption is made
regarding the real distance between the LED and the cameras. The calibration is repeated for
each stroke and the distance is, reduced with half the width of the swimmers hip, set at 3.50
meters. The corrected average velocities are shown in table 5.1. A significant reduction in the
difference with the average velocity as measured by the speedometer is observed for each stroke
type for the calibration at 3.50 meters.

Velocity profiles of three consecutive strokes obtained with LED tracking and the speedometer
are shown in fig. 5.5A - fig. 5.5D. In fig. 5.5A and fig. 5.5B it is observed for the front crawl
and backstroke that the LED tracking yields more distinct periodic broad peaks accounting for
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the action of the arms. Narrow peaks, presumably due to the action of the legs, are primarily
observed in the velocity profiles of the speedometer. The velocity profiles of the breaststroke
in fig. 5.5C are observed to be relatively similar for both measuring techniques. In fig. 5.5D,
the velocity profiles of the butterfly stroke are shown. It can be seen that the first regions of
the strokes are similar, while the remaining sections display some deviations pertaining to the
number of peaks per stroke.
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Figure 5.5: Velocity profiles of three consecutive strokes. Obtained with LED tracking and with
the speedometer for A: front crawl, B: backstroke, C: breaststroke and D: butterfly stroke

As a result of a limited availability of the training pool and functioning equipment, only a small
number of trials have been performed and measured during this experiment. To be able to more
accurately compare the LED tracking data with the speedometer data, the experiment can be
repeated. An increase in the number of performed trials can provide more clearly defined velocity
profiles. To eliminate characteristics in the velocity profiles due to individual stroke performance,
an automated robotic stroke imitator can be used.
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Chapter 6

Conclusion

In this thesis, a study is described regarding the accuracy and potential of a novel technique for
measuring the instantaneous velocity of a swimmer by tracking an LED-marker. An experiment
is conducted in which the instantaneous velocity of a swimmer is measured for all four competitive
stroke types using the LED tracking technique and a speedometer simultaneously. A comparison
is made between the results obtained with both measuring methods by examining the velocity
profiles.

For both methods, the velocity profiles of the front crawl and backstroke show deviations from
the literature. The movements of the arms are less discernible for the speedometer and the
peaks corresponding to the action of the legs are not as apparent for the LED tracking. Due to
characteristic arm movements in front crawl, backstroke and butterfly stroke and body rolling in
front crawl and backstroke, the LED can disappear for a brief moment during the stroke. This
leads to small gaps of missing data. Furthermore, a reflection of the LED can be created if its
position is close to the water surface. The tracking algorithm may mistake the reflection for
the actual LED and yield incorrect data. These aberrations are observed in the velocity profiles
of the LED tracking. The velocity profiles of the breaststroke of both methods appear to be
consistent with the literature. However, the relative intensities of the peaks pertaining to the
action of the legs and of the arms appear to be dependent on the measuring method. For the
butterfly stroke, the velocity profile of the LED tracking is consistent with the literature. For
the velocity profile of the speedometer, only two peaks are observed where the literature dictates
that there should be three. This may be due to the accuracy of the measuring method.

No clear deviations in the average stroke duration and relative location of the peaks are observed
between the two measuring methods for the front crawl, backstroke and breaststroke. However,
some aberrations are observed for the butterfly stroke pertaining to the number of peaks. The
intensity of the peaks, and thereby the average velocity, is found to be significantly higher for
the LED tracking. The ratios of the average velocities of the LED tracking and the speedometer
are found to be 1.124, 1.113, 1.173 and 1.159 for the front crawl, backstroke, breaststroke and
butterfly stroke respectively. This may be due to an incorrect assumption regarding the distance
between the LED marker and the cameras. A new calibration distance is used to recalculate the
average velocity of the LED tracking. Corrected ratios of 1.059, 1.058, 1.101 and 1.087 are found
for the front crawl, backstroke, breaststroke and butterfly stroke respectively.

It is concluded that the LED tracking yields results more consistent with the literature than the
speedometer does for the front crawl, backstroke and butterfly stroke. For the breaststroke it
appears that the relative intensities of the two peaks are dependent on the measuring method.
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However, there may exist differences in individual swimming techniques between the test subjects
from this study and from the literature in chapter 2. Therefore, the results are not easily
compared. For a more accurate comparison of the measuring methods, the experiment can be
repeated with an automated robotic stroke imitator. A conclusion regarding the accuracy of the
LED tracking is not easily made as the standard deviation primarily originates from fluctuations
in the performance of the strokes.

Overall, the LED tracking appears to be a robust and fast method for measuring the instanta-
neous velocity of a swimmer. Apart from a few missing data points in the front crawl, backstroke
and butterfly stroke due to the visibility of the LED. With a proper user interface, this technique
is suitable for a real time application in training for the observation of swimming techniques.
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