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Featured Application: The main component of an information system for coaches to support the
training process for speed sport climbers.

Abstract: The continuously developing project aims to build an informatics system enabling analy-
sis of spatial and temporal parameters of movement activities occurring in the sport of speed climb-
ing. The monitoring system (climbing information speed system — CISS) is to be used for conducting
comprehensive scientific research in the field of speed climbing. The system enables the evaluation
of the training process of climbers at various levels of competition. The study analysis was based on
video. The video recording with a camera positioned at a short distance (10 m) from the wall. The
marker was positioned closest to the centre of mass (gravity) BMC. Results: development of a system
for data collection and analysis of the climbing run based on video recording (application of the
Kanade-Lucas-Tomasi (KLT) algorithm). Our results showed that used devices can measure a wide
range of specific internal and external variables during speed climbing. Some of the analyzed pa-
rameters were significantly correlated with speed climbing time. These results could be a theoretical
basis for future research and for training program’s preparation.

Keywords: speed sport climbing, video analysis, KLT algorithm, Convolutional Neural Network
(CNN), OpenPose, Al, artificial intelligence.

1. Introduction

Sport climbing in the Combined Olympic Format (leading, bouldering, and speed
climbing) debuted at the 2020 Tokyo Olympics, delayed to 2021 due to the Covid19 pan-
demic. At the 2024 Olympics in Paris, speed climbing will be a separate competition with
two sets of medals, while the bouldering and lead competitions will be held as a new
combined (duathlon) format event.

The climbing wall is constructed as a standard panel world record speed wall with a
total height of 15.00 m with a continuous 5° overhang incline equipped with official speed
timers and official master hold provided by the IFSC (International Federation of Sport
Climbing) for 20 identical "red colour” handholds and 11 identical "red colour" footholds
[1]. To increase the attractiveness of the competition — during the Youth Olympic Games
— Buenos Aires 2018, the three handholds (Fig. 1) numbers 7, 18, and 29: were different —
"black" in colour with additional split timing [2] [3]. During the IO in Tokyo, these holds
of a different colour (black) were positioned elsewhere — hold numbers: 9, 19, and 29 (Fig.
1).

Before the Tokyo Olympics, the female world record was 6.964 s (Julia Kaplina, Rus-
sia, 2020). During the Tokyo Olympics Games Aleksandra Mirostaw (Poland) improved
the world record to 6.84 s. Interval times on the specified "black" hold were also presented
[4]. At the moment the world record is: women'’s - 6.53 s (Aleksandra Mirostaw, Poland)
and men’s - 5.00 s (Kiromal Katibin, Indonesia) achieved in 2022 [5].
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2. Review

A review of the scientific literature in the field of kinematic analysis of athlete climb-
ing performance identified several relevant reports in which climber performance was
measured using video devices. The first report, by the team of Legreneur et al. [6] included
a kinematic analysis of climbing runs during the finals of the 2018 Youth Olympic Games
in Rio de Janeiro. These authors, using video footage (Sony RX10 III camera, with a frame
rate of 30 fps — frames per second), presented an analysis of BMC (Body Mass Centre)
velocity changes in the following parts of the run: 1) the acceleration zone (holds nr 01-09),
2) from hold nr 09 to the first dyno (hold nr 18), 3) from hold nr 18 to the second dyno
(hold nr 29), and 4) the final part of the road (Fig. 2).

These authors found differences between boys and girls in terms of total running
time, times needed to reach holds 9, 18 and 29 and geometric entropy index. These authors
(Legreneur et al. [6]) also indicated that the efficiency of athletes may depend on the ability
to limit lateral BMC movements, maintain high speeds during acceleration and minimize
speed loss during acceleration after the dyno moves.

In the context of the development of this competition, it seems reasonable that the
above analyses should be continued and extended in terms of the use of more accurate
devices (higher fps) and in terms of quantitative movement parameters that can be helpful
when analysing the qualitative parameters of a climber's time trial run. An analysis of the
literature on this topic indicates a growing interest in developing effective methods to
measure a climber's time running [6] [7] [8] [9]. Different approaches are presented.

Another study, by Reveret et al. [8], used two video recorders (with a sampling rate
of 30 fps) attempted to analyse the climbing run in three dimensions (3D) by Direct Linear
Transformation (DLT) [8]. Legreneur et al. [6] conducted a study of the changes in the
level of mechanical energy generated by the hip joint during speed-climbing. A video
recorder (frame rate 30 fps) was used as a measurement tool. These authors presented the
changes of potential, kinetic, and total energy in the following parts of the route (but with
customised holds numbering): part 1 - the start (holds nr 1-6), part 2 - the turn (holds nr
6-7), part 3 - the first acceleration phase (holds nr 7-13), part 4 - the first dyno (holds nr
13-16), part 5 - the second acceleration phase (holds nr 16-23), part 6 - the second dyno
(holds nr 23-25), part 7 - the last three holds (holds nr 25-27), and part 8 - the finish (holds
nr 27-28). F. Guo's et al. research team [7] studying members of the Chinese national team
also used a video recorder in assessing climbing speed. However, these authors did not
report the video frame rate of the recorder. Voronov et al. [9], when studying the climbers
of the Russian national team, used a video recorder with a higher frame rate of 50 fps to
assess climbing time.

The above considerations imply that video tools (various types of cameras) are im-
portant measurement tools in this discipline. The use of cameras can have research as well
as a practical dimension. Verification of the results and their analysis, especially against
the background of previous reports (based on video recorders), may open a new area of
research in this discipline of climbing competition. It should be noted that for coaches of
speed climbers, the device in the future may be a valuable tool to diagnose the level of
kinematic parameters of the run and may also have applications in scientific research.

Furthermore, previous studies have tended to analyse the movement of athletes pre-
senting a high sport level and with senior status (with the exception of the work by
Legreneur et al [6]). So, there is a lack of studies in which the subjects were players of
youth sports categories.

Therefore, the aim of the present study is to attempt to analyse the time-climbers'
runs performed under championship competition conditions in terms of previously stud-
ied quantitative parameters (entropy index) and to extend the scope of these parameters
with new ones (e.g.: convex hull, the ratio of the horizontal component to the BMC total
velocity :—i’ - the climber has to avoid lateral movements), which may be useful for quali-

tative analyses of time-climbers' movement activities. The second aim of the study was to
analyse the correlation of the parameters with running time, the aim of which may be to
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provide a theoretical rationale for sports training and further scientific research in this
area.

There are projects like Dartfish [10] [11], American The Beta Angel Project [11], ap-
plications, and tools: open software Kinovea [12] or V1 home software [13] which are used
in video analysis in climbing disputes, but our project aims to propose a dedicated accu-
rate tool for video analysis.

Figure 1. The standard format of foot and handholds with marked key points

The study was based on computer-automated analysis of video recordings. The ob-
tained data were used to compare the tested methods of recording motor data. The
method of measurement was "non-invasive", i.e., the athlete performed climbing activi-
ties without the direct participation of the researcher. Therefore, his/her motor activity
during climbing was not disturbed by external factors (related to the measurement proce-
dure), which enabled the collection of reliable research data (possible application under
any conditions: during training and competition).

The implemented method of measurement: a video recording with a camera posi-
tioned at a short distance (10 m) from the wall. The analysis itself takes place after the run
based on the video recording.

Motor data analysis consisted of measuring and interpreting the following variables,
e.g.: speed of movement, power of movement, time of movement (climbing interceptions),
time and intervals of the climbing run, recording and archiving the climbing run (path of
movement of the body's centre of mass BMC also called Center of Gravity COG), record-
ing and interpreting the kinematics of performative, and exploratory movements during
climbing. The research material was recordings of competitors/climbers presenting a high
level of sporting ability, all participants were members of the national team of the Polish
Mountaineering Association PZA (member of International Federation of Sport Climbing
IFSC).
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3. Equipment selection and digital measurements methodology

Due to the hall, in which the gym wall is located, being used by athletes of other
disciplines (like volleyball), the distance of 10 m was chosen and located on a tripod at a
height of 1.7 m for ease of use, centred in front of the wall. The distance was measured
using a laser distance meter Parkside H606276.

Recording of a climber requires a high number of frames and high image resolution,
which affects the accuracy of the analysis. A high-speed RGB camera (like FLIR Blackfly
S) allows one to make a recording of very high-speed videos (up to 170 fps), but at a mid-
dle of the range resolution (1280x1024), colour depth, and sensitivity. This type of video
camera requires the use of additional strong light sources.

For the first tests, a Sony A7 III camera with a 35 mm full-frame CMOS sensor and a
set of fixed focal length lenses were used. The camera allows one to record videos in Full-
HD resolution and 100 fps. After the tests, video recorder — Sony A7 III (ILCE-7M3)
[14]with camera lens SIGMA Art 24mm F1.4 DG HSM [15], was used for measurements:

Orange colour stickers (as well as kinesio/duck tape) were mounted to a harness and
a T-shirt was chosen to identify reference points for video analysis (Fig. 2).

Figure 2. Markers (two orange rectangles) and software detection (red cross)

The marker was positioned closest to the centre of mass (gravity) BMC. Any other
part of the body is uncharacteristic of running efficiency and rather serves to move the
BMC as fast and as high as possible.

3. Video recording and parameters obtained from computer video analysis

Wall lighting influences the quality of the recorded video. Too much light on the
wall with ceiling lamps (i.e., light from above the wall) causes overexposure of the re-
cording.

The wall illumination was tested and it was concluded that the wall illumination
for the recording equipment used should be approximately 375 lux under the climbing
wall and 175 lux at the camera position. A Sonel LXP-2 (LP-1 probe) lux meter was used
to determine sufficient illumination.

Thanks to the use of a camera with high sensitivity (ISO parameter) optical sensor,
it is possible to record video materials with reduced lighting (lamp away from the wall).
As a result, it obtains a more even illumination of the wall without reducing the quality
of the collected data.
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(a) (b) () (d) (e)

Figure 3. Video data visualisation: BMC trajectory, maximum velocity (star), coloured velocity and
area convex hull, a) 5.96 s, b) 22.42 s, c) run with fault, d) hypothetical ideal running line and area,
e) the analysed part of the course with potential "straightening" sites

Initially, detection of an object (a climber with a marker attached to his climbing har-
ness) was based on colour detection: conversion to greyscale, analysis in RGB (Red, Green,
Blue) colour space, and HSV (Hue, Saturation, Value) colour space proved to be insuffi-
cient, not very accurate and did not allow for marker recognition in all frames of an image
recorded at 100 fps. In the analysed cases, the recognition of round or rectangular objects
in the image proved to be insufficient. It became necessary to use the geometric Kanade-
Lucas-Tomasi (KLT) algorithm (with two markers) [16]. The choice of marker size and
colour also proved to be a problem. After troubleshooting an orange colour marker was
finally chosen. One of the additional possible options in this type of task is to use the
Kalman filter for object tracking.

The selected camera parameters were a frame rate 100 fps, file format of mp4, picture
(frame) resolution of Full HD 1920 x 1080 pixels, and ISO depending on the illumination
of the climbing wall (for example ISO 4000, F 3.4 s 1/250 for average illumination 375 lux
under the climbing wall and 175 lux at the camera position).

To video analyse the parameters of the climbing run, a custom program was writ-
ten in the Matlab (R2020b and 2022a) framework containing the following 2D parame-
ters and functions:

e automatic calculation of running time — detection of the start and end video frame,
e  automatic location of two reference markers (orange colour),
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e the trajectory of the centre of mass (gravity) BMC (drawn on the picture) with the
marker located on the climbing harness,

e analysis of positions BMC x(t) (Fig. 7 ) and y(t), de—noising information (smoothen-
ing), and averaging, i.e., every 10 frames (0.1 s),

e total length of marker (BMC) trajectory d,,

e total and two-axis component velocity: v;, vy, and v,,

e  set picture the total speed of the marker at a given point,

e maximum and minimum climbing velocity: v/*", v*e*,

e  colour marking of the running route with different velocities,

v .
e the ratio of the horizontal component to the total velocity: v—x and v_y’
t t,

ratio video velocity speed v, /v
T

L 1 1 1 1 1 |
o 1 2 3 4 5 & 7

time t [s]
Figure 4. The ratio of the horizontal component to the BMC total velocity Z—y
t

e  accelerations (total, and two-axis) obtained from video analysis: af, ay, ay, tangen-
tial acceleration af, and centripetal acceleration (normal) ay,
¢  minimum and maximum values of all calculated accelerations,

e  theradius of curvature o,
e  convex hull C(s) (area) of the climbing run s(the road travelled by the marker BMC),
e  entropy [17] calculated as Global Index Entropy GIE (1):

_ log(ZS—log(C(s)))
GIE =—"0> 1)
e geometric index of entropy (2):
2s
T c@s) 2)

e  decrease at velocity (linear regression velocity v, = a -t + b — parameters regression
a and b), i.e,, as shown in figures: Fig. 5,and Fig. 10.
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Figure 5. Example of linear regression of speed (video data BMC)

e time to achieve maximum velocity and position (in Fig. 3) when achieving maximum
speed,

e  drawn on the picture (video frame) parameters of velocity and acceleration,

e location (spatial) of the maximum value of velocities/accelerations or radius of cur-
vature o,

e the potential (scaled height position/ location X Fig. 6), kinetic, and total energy of
running,

e  analysis of a fragment of the route taken (Fig. 7),

e  extraction of keypoint detection human body skeleton by CNN OpenPose (Fig. 8)
with angles at the elbow, knee (Fig. 9) or hip joints.

Athlete A-5.95s
~ Athlete B-21.19s

location X [pizels|

time t [s]

Figure 6. Comparison position (by video) of the picture BMC component for Athlete
A “fast” and Athlete B “slow” run
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~Athlete 1
il ~Athlete 2

video velocity speed v,[m /s]

P
time t [s]

Figure 7. A comparison velocity of the BMC speed two climbers for first 11 foot and
handholds (fig. 1)

There are various solutions of (pretrained - Deep Learning) neural networks that
identify body key points of the human. Among the best known are: Darkpose [18], Al-
phaPose [19], OpenPose [20], PosePipe [21] or other Human Pose Estimation (HPE) based
e.g. on MPII Human Pose or Coco [22] photo dataset. The OpenPose model was chosen
for its satisfactory performance and ease of implementation in the Matlab environment
[23] [24]. Access to such information provides the possibility of obtaining additional pa-
rameters useful for analyzing the climber's movement [25] in the biomechanical aspect or
achieving joint mobility [26].

Figure 8. Video frame analysis of the climber's dyno movement to foot/handhold no.
9 by OpenPose CNN network (annotation time X=1.62 s at fig.8 Athlete 1)
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~right elbow joint
left elbow joint
right knee joint

+left knee joint |

Open Pose video joint angles [°]

time t [s]

Figure 9. Open Pose Video analysis joint angles of the climber's (annotation time
X=1.62 s at fig.8 Athlete 1)

9. Statistical analysis of selected parameters

In the statistical analysis, correlation coefficients were used between: 1) running time
measured by the measurement system used during the competition; and 2) running time
measured by the video recorder and the other parameters measured by the devices used.
R Pearson linear correlation coefficients were used in the analysis, the interpretation of
which was based on indications [25]: < 0.1 = trivial, 0.1- 0.3 = small, 0.3 - 0.5 = moderate,
0.5-0.7 =large, 0.7 - 0.9 = very large, > 0.9 = almost perfect. Statistical significance of indi-
vidual coefficients was assumed at p <0.05.

Primary, analysed the number of movies and the total number of athletes 21 climbers
(males group consisted of 9 athletes, females group consisted 12 athletes). Analysis of data
from the system under development was also carried out on world speed climbing cham-
pions. Table 1 and Table 2 contains the statistical characteristics of the analysed variables.
The analysis of the correlation coefficients indicates that most of the studied parameters
are correlated with time-climbing running time. The strength of the correlation varied,
nevertheless these results indicate that the prototype system may have a high diagnostic
value. In this context, two parameters deserve special attention: Regression a (m/s?) and
Regression b (m/s) (Tab. 1, Tab.2). The first one can be defined as an indicator of the pos-
sibility of an unavoidable reduction in the decrease of acceleration capabilities during the
run as the finish line is approached. The second, on the other hand, can be characterised
as a measurement of the upward-facing initial running speed at the start of a climbing
sprint. Both of these parameters are statistically significantly correlated with running
time, with a stronger correlation recorded for the parameter Regression b. This indicates
the high importance of one’s ability to limit the decline in the ability to generate accelera-
tion during a run.

Analysis of the curve showing the BMC velocity of the athlete under study indicates
that it changes in successive parts of the road. The general tendency of the changes is
downward, with significant decreases in speed at the turnaround (after the start), the first
dyno, and the second dyno.

Our results showed that the data measured is largely consistent with previous data
describing speed-climbing runs (Tab. 1, Tab.2). Previous studies [6] [8] [26] that used
video recorders indicated that there are three locations during the run where the climber
loses speed: around holds 7-9 (after the start), holds 13-18 (first dyno), and holds 23-29
(second dyno). After passing each of these locations, the climber must generate large
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amounts of force in a short period to regain speed. Analysis of the changes in running
speed of the climber tested in this study show similar changes in kinematic parameters.
Peaks of speed reduction were noted after the take—off phase and at the first and second
dyno. In addition, a clear acceleration of running speed was noted each time after passing
these locations. Our results indicate that the tested device may have high diagnostic value
in speed—climbing, both in the field of scientific research and in coaching practice. At this
point, in light of the promising results, it should be postulated to continue the research on
a larger group of athlete—climbers.

Table 1. Values of correlation coefficients between studied parameters in the group of male climb-

ers (n=9)
Time Tot. | Area of
Max | Time Max
Time | by Regression | Regression | Entropy distance | volume
Parameters Velocity | to GIE acceleration
T video velocity a | velocity b H of run C(s)
vax Vinax max af
T, deo )
Time T 1.00
Time by
. 0.99 | 1.00
video T,
Max
Velocity -0.52 | -0.42 1.00
v;nax
Time to
0.51 | 0.60 0.13 1.00
vmax
regresion
. 0.62 | 0.66 | -0.04 | 0.66 1.00
velocity a
Regression
. -0.86 | 090 | 026 | -0.77 -0.88 1.00
velocity b
Entropy H | -049 | -052 | 0.04 | -0.36 -0.77 0.65 1.00
GIE 0.43 | 0.50 0.31 0.73 0.73 -0.64 -0.74 | 1.00
Tot.
distance of | 0.42 | 0.50 0.31 0.73 0.73 -0.64 -0.74 | 0.99 1.00
run d;,
Area of
volume 049 | 0.53 0.01 0.47 0.80 -0.68 -0.99 | 0.83 0.83 1.00
C(s)
Max
acceleration | 0.01 | 0.04 0.36 0.02 0.00 0.08 -0.21 | 0.30 0.30 0.22 1.00
max af

Note. Statistically significant correlations coefficients at p <0.05 are shown in bold.

Analyzing the variation in the level of measured variables, no significant differences
were found between female and male athletes. In both groups, high correlation coeffi-
cients were recorded between the time recorded via the camera (video time) and the meas-
urement system (time) used during the competition. In addition, high correlation values
were recorded in both groups between the parameter regression velocity b and running
time. The analysis of the correlation results also showed that in the males group there was
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a higher strength and number of relationships between parameters such as: Entropy H,
GIE, tot. distance of run d;,;av and the parameters regresion velocity a and regresion ve-
locity b. Detailed results are shown in Table 1 and Table 2.

Table 2. Values of correlation coefficients between studied parameters in the group of female
climbers (n=12)

Time Tot. | Area of
Max Time Max
Time | by Regression | Regression | Entropy distance | volume
Parameters Velocity | to GIE acceleration
T video velocity a | velocity b H of run C(s)
pmax Vinax max af
T, dior )
Time T 1.00
Time by
0.99 | 1.00
video T,
Max
Velocity -0.53 | -0.52 1.00
vznux
Time to
-0.18 | -0.18 0.88 1.00
vmax
regresion
0.65 | 0.67 -0.32 -0.16 1.00
velocity a
Regression
-0.88 | -0.90 0.47 0.21 -0.88 1.00
velocity b
Entropy H | -0.51 | -0.55 0.32 0.30 -0.41 0.58 1.00
GIE 027 | 0.24 0.14 0.18 0.41 -0.17 -0.04 1.00
Tot.
distanceof | 0.29 | 0.26 0.17 0.24 0.40 -0.18 -0.05 1.00 1.00
run dy;
Area of
volume 0.58 | 0.60 -0.26 -0.20 0.57 -0.62 -0.91 0.44 0.44 1.00
C(s)
Max
acceleration | -0.08 | -0.10 0.59 0.60 0.24 0.08 0.22 0.75 0.75 0.10 1.00
max af

Note. Statistically significant correlations coefficients at p <0.05 are shown in bold.

10. Conclusion

The present study is the second attempt of its kind to analyse a time-climbing run
under natural conditions for climbers (during a competition). The aim of the study was,
among other things: to try to extend the number of parameters (GIE, H, C(s), max af,
time t0 Vmax, Vmax regression velocity a and regression velocity b) describing a climber's
run compared to previous work that analysed the runs of youth category athletes [6].

The results of the present study showed that: 1) there were no differences in the nu-
merical values of the analysed parameters between male and female athletes participating
in the competition, indicating that, regardless of gender in this age category (and in this
particular population), the motor performance of the athletes may be similar; 2) that the
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two indices of regression velocity a and regression velocity b are strongly correlated with
running time in both genders, and that: 3) indicated a potential intersexual variation in
the correlation of these indices with the other parameters, which may provide an im-
portant rationale for differentiating the training process in this discipline in female and
male speed climbers.

Regression velocity a and regression velocity b describe changes in running speed in
the initial phase of the run (regression velocity a) and in the later phase of the run, as
further metres of the run are covered (regression velocity b). The former, was positively
related to running time in both groups, with the coefficient being statistically significant
in male climbers. This indicates that the higher the initial velocity, the greater the chance
of a worse result at the end of the distance. From the point of view of the characteristics
of this competition (where a better time rewards victory), the potential significance of this
parameter should be approached with caution. The second parameter that seems to be
more important (significantly correlated with time in both groups) regression velocity b
(which can be defined as the ability to maintain speed over distance) seems to be of greater
significance. This may be an indicator of minimizing the climber's loss of speed during
the run, which is consistent with the findings of previous studies in this category [6]. The
question that arises here is whether there are other indicators that can be correlated with
or have an influence on this parameter. This knowledge may allow for a theoretical basis
for training in this discipline.

In this context, as mentioned in the introduction, the starting point for planning the
present study was the work by Legreneur et al. [6] ,which investigated the entropy index
(H) in addition to times. In our study, several new indices (which had not been used in
previous work) were presented, being, as it were, an extension of the work cited above. In
addition, an analysis of the correlation between these indices, running time and regression
velocity b index was carried out taking gender into account. It turned out that in the fe-
males' group, the indices H, GIE, max af, time to Vpqy, Vimay, Were not correlated with
running time or the regression velocity b parameter (compared to the males' group). This
may indicate that, in male climbers, indicators related to climbing fluency will be of high
importance for maintaining speed and achieving short running times. In contrast, these
indicators appear to be of lesser importance in female speed climbers. The differences in
the correlation coefficients analysed may also be a picture of the differences in the way
the climbing route in this competition is completed between males and females. In other
words, the running of female athlete is simply less smooth than that of males and this
difference is due to somatomotoritions (gender differences). This can be confirmed by the
results obtained by Legreneur et al. [6], who reported significant differences in entropy
index (H) when examining athletes at the Youth Olympic Games. A cross-sectional varia-
tion in the correlation results between times obtained on different road sections and time
was also obtained by the team of Chen et al. [27]. This may support the thesis that running
in this climbing competition, despite the similarities in spatial-temporal movement pa-
rameters women's running may be influenced by different coordination processes.

The proposed devices used separately and/or simultaneously enable one to obtain
valuable data in terms of the specific preparation needs of a speed climber (via in vivo
measurement). The obtained results were from previous research in this field. Appropri-
ate use of those devices during diagnostic procedures, especially when other parameters
will be involved (anthropometric data, results of common performance tests, such as ver-
tical jumps, etc.), could provide comprehensive data for coaches and strength and condi-
tioning staff.
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Future perspectives
Future scientific explorations in this field should involve:

1. Development and evaluation of concurrent validity (association performance test vs
competition performance) a new set of parameters (based on those presented in this
study) with bigger sample size. It seems that it should be applied to the climbing
time. It will allow us to investigate relationships between internal variables (e.g.,
GIE, variability of climbing velocity, joint angles) with climbing time.;

2. Evaluation of intra- and between-day reliability. It will allow us to investigate the
typical error and sensitivity of measurements. This may be crucial information for
practitioners in terms of evaluation of training process.
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