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Abstract
Performance feedback can be essential for cyclists to help with
pacing their efforts during competitions and also during standardized performance tests. However, the choice of feedback options
on modern bike computers is limited. Moreover, little research on
the effectiveness of the currently used feedback methods is available. In this study, two novel feedback variants using a bar or a
tacho to visualize targets and deviation from targets were compared to a classic design using only numbers. Participants (6 female and 25 male trained to well-trained athletes) completed a
protocol consisting of three heart rate-based tasks and one powerbased task. The displays were compared with respect to their ability to guide athletes during their trials. Results showed lower root
mean square error (RMSE) of the novel variants, but no significant effect of feedback variant on RMSE was found for both tasks
(p > 0.05). However, when comparing the feedback variants on a
person to person basis, significant differences were found for all
investigated scenarios (p < 0.001). This leads to the conclusion
that novel feedback variants can improve athletes’ ability to follow heart rate-based and power-based protocols, but even better
results might be achieved by individualizing the feedback.
Key words: Feedback, cycling, power, heart rate, accuracy,
PEGASOS

Introduction
The monitoring of athletic performance and recovery status
using standardized tests is essential in high-performance
sports such as cycling. As there are a number of aspects to
both performance and recovery, various tests exist with the
aim of measuring these different components (cf. Coutts et
al., 2007; Taylor et al., 2012 for an overview on existing
tests). In their simplest form they involve performing a
simple movement or exercise. Other tests involve performing a task with a constant load such as time trials over a
fixed distance (e.g. 3km time trial), or at a fixed intensity
(e.g. performing a task at a certain percentage of maximal
heart rate) (Coutts et al., 2007; Taylor et al., 2012). Moreover, some test protocols combine tasks and thus measure
multiple parameters. Interestingly, only a few protocols
capture multiple variables and use these to monitor and
fine-tune training prescription in athletes (Capostagno et
al., 2021). One test that captures multiple variables is the
Lamberts Submaximal Cycling Test (LSCT) (Lamberts,
2011; 2014). This test aims at monitoring training status
(Lamberts, 2011; 2014), finetuning training prescription

(Capostagno et al., 2014; 2021), and detecting early symptoms of overreaching (Decroix et al., 2018; Hammes et al.,
2016, Lamberts et al., 2010). It consists of three stages in
which an athlete is required to perform a cycling task at a
specific submaximal heart rate, which is generally associated with a relatively stable cycling intensity. Upon completing the stages, the heart-rate recovery rate is measured
over a 60 second period (Lamberts et al., 2011).
In order to be useful for monitoring purposes, any
test is required to be objective, reliable, reproducible and
valid. While the athlete’s influence on the objectivity and
validity of the test itself is marginal, reproducibility is dependent on the execution of the test by the athlete. In order
to be reproducible, the test protocol should be followed as
closely as possible. For certain protocols such as power- or
speed-based tests certain tools such as a cycling ergometer
or a motorized treadmill allow athletes to strictly follow the
protocol. Other protocols - such as heart rate-based tests cannot be followed with almost perfect accuracy. For tests
where no such tool as an ergometer or treadmill exists, it is
the responsibility of the athlete to follow the testing protocol as accurately as possible. When using automated tools
for analyzing a test, this aspect is even more important as
these tools usually assume that the test has been performed
correctly, e.g. heart rate was within the prescribed limits.
The LSCT has been shown to be a reliable and valid tool
for monitoring and predicting the performance of athletes
(Capostagno et al., 2014; 2021; Decroix et al., 2018; Lamberts, 2011; 2014). However, this task requires cyclists to
closely monitor their heart rate and adjust their power output to elicit the correct target heart rate. This process is attention demanding and raises the question if alternative
methods could be developed to assist cyclists in this process. Although athletes can usually use devices such as cycling computers to pace their efforts during tests, training
and competition, their usage for conducting standardized
tests can often be cumbersome. For example, programming
timed efforts into such cycling computers can in many
cases be a time-consuming task on its own. Moreover, not
all devices allow coaches to program efforts remotely into
the devices of their athletes. Feedback cannot only originate from different sources but can also be provided in different forms. First, feedback can be differentiated by its
source into intrinsic versus extrinsic feedback (sometimes
also referred to as augmented feedback). Intrinsic feedback
is always present for an athlete as it stems from information
from his or her nervous system (Magill and Anderson,
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2007; Perez et al., 2009). For example, an athlete can see
his or her movement through his or her eyes. Moreover, an
athlete will have intrinsic feedback about the power produced during cycling. However, only very experienced riders will be able to correctly gauge their true effort, and
moreover will be susceptible to factors such as fatigue. Extrinsic feedback on the other hand is provided by an external source such as a cycling computer (Perez et al., 2009;
Salmoni et al., 1984; Sigrist et al., 2013). One example is
to display the heart rate of an athlete. Moreover, feedback
can be distinguished by its timely manner into being either
concurrent (during action) or terminal (after action) (Sigrist
et al., 2013). Additionally, in the context of motor learning
the type of feedback can be categorized as providing
“knowledge of performance” (KP) or “knowledge of result” (KR) (Magill and Anderson, 2007). The former (KP)
relates to feedback about how the task was performed,
while the latter (KR) relates to the outcome of a task. One
example for KP are displaying information about crank
torque or produced power. KR feedback, on the other hand,
would be elapsed time for covering a certain time trial
course.
Several past studies have investigated the effect of
visual feedback on the accuracy in mechanical tasks (Annett, 1959; Broker et al., 1989; Keele and Posner, 1968).
For very rapid hand movements with durations of lower
than 250ms, it has been shown that visual feedback reduces
accuracy (Keele and Posner, 1968). This gives rise to the
hypothesis that feedback could decrease accuracy when its
processing takes longer than the performed action. Moreover, the processing of additional information could also decrease accuracy.
Several studies have shown that the presence of visual feedback can improve the performance of an athlete or
the accuracy with which the task is performed (De Marchis
et al., 2013; Henke, 1998; Holderbaum et al., 1969; Perez
et al., 2009; Szczepan et al., 2018; 2016). In swimming for
example, studies by Szczepan et al. (2018; 2016) and Perez
et al. (2009) found that the pacing of swimmers can be improved by visualizing the prescribed pacing with a strip of
LED lights on the floor of the pool (Szczepan et al., 2018;
2016) or by displaying lap times (Perez et al., 2009). Moreover, pedal efficiency can be improved by displaying it to
the athlete in real time (De Marchis et al., 2013; Henke,
1998; Holderbaum et al., 1969).
In some cases, the presence of certain feedback can
provide opposing effects for participants. In a non-sporting
context, several studies have shown influences of personality traits such as self-efficacy, self-esteem, locus of control and emotional stability on the effects of feedback interventions (Bernichon et al., 2003; Brockner et al., 1987;
Brown, 2010; Heimpel et al., 2002; Krenn et al., 2013; Ray,
Table 1. Characteristics of the participants.
Variable
Male (n = 26)
M ± SD
95% CI
29 ± 9
25 - 32
Age (years)
1.81 ± 0.06
1.78 – 1.83
Height (m)
76.5 ± 7.8
73.4 - 79.6
Mass (kg)
293 ± 62
191 - 394
Pred. Absolute PPO (W)
3.9 ± 0.8
2.4 - 6.1
Pred. Relative PPO (W/kg)
26.3 - 70.9
Pred. VO2max (ml/min/kg) 44.6 ± 10.2

Effects of visual feedback

1974; Shrauger, 1975). Furthermore, narcissism also has
an effect on how feedback is processed by individuals
(Malkin et al., 2011). Moreover, studies focusing on movement have shown differences between subjects in their
ability to adopt to visual feedback. In a study by D’Anna et
al. (2014) participants were presented with “visual bio
feedback” in order to control their center of pressure. For
half the participants the sway path was reduced, while for
the other half it increased. Furthermore, while a certain
type of visual feedback was sufficient for some runners to
aid them in reducing their tibial acceleration, the presence
of the same feedback might induce an increase in one out
of five participants according to a study by Crowell et al.
(2010). Consequently, it can be expected that not all participants will have beneficial reactions to a type of feedback.
In this paper we aim to investigate the effects of
three different types of visual feedback variants. The variants will be analyzed concerning their ability to help athletes perform constant load tests while keeping desired
measures within predefined limits. This study compares
two novel visual feedback variants (providing KP and KR),
with a traditional variant providing only numbers (KR).
We hypothesize that novel variants will allow athletes to
better follow heart rate-based and power-based tasks.

Methods
Participants
A total of 33 recreational trained to well-trained athletes
participated in the study. Their characteristics are listed in
Table 1. Two participants were excluded from the data
analysis since they expressed not having followed the protocol. Therefore, 31 (6 females, 25 males) subjects were
included in the analysis. For the analysis of the powerbased task, a further participant was excluded due to problems with data recording during the power-based task in
one of the trials. One participant reported to exercise for
only one hour per week; five participants reported to be exercising between one and three hours, nine for three to five
hours, eight for five to ten hours and eight to be exercising
between 10 and 15 hours per week. Eighteen participants
reported to have no ambitions (i.e. marked “leisure” in the
questionnaire, see below) and 13 reported to be training for
amateur level sports.
Prior to the testing, subjects had been informed
about the purpose of the study and potential risks or benefits of the participation. All subjects gave written informed
consent before participating in the study. The study was
approved by the university’s Human Ethics Committee and
was conducted in accordance with the Helsinki Declaration.
Female (n = 7)
M ± SD
95% CI
19 ± 36
27 - 13
1.72 ± 0.05
1.68 – 1.76
61.7 ± 3.1
59.2 - 64.2
215 ± 37
170 - 270
3.5 ± 0.7
2.7 - 4.7
39.5 ± 8.6
29.4 - 53.5

All (n= 33)
M ± SD
95% CI
28 ± 9
25 - 32
1.79 ± 0.07
1.76 – 1.81
72.8 ± 8.6
69.6 – 76.0
276 ± 66
170 - 394
3.8 ± 0.8
2.4 - 6.1
43.4 ± 9.9
26.3 - 70.9
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Figure 1. Exemplary trial depiction. The blue solid line visualizes the recorded heart rate. Target heart rate is outlined as the thin solid black line.
The dashed red line shows recorded power during the trial. The target value for the power stage is outlined with the thin dashed black line.
Table 2. Protocol of the test. ‘Load’ denotes the assigned load for each phase/stage. An empty cell denotes that no load
was imposed during this phase of the test. HR60%, HR80% and HR90% represent the according percentage of the selfreported maximal heart rate. ‘Acoustic’ and ‘Visual’ show the signals for the beginning of the start. ‘Timeout’ denotes
that the ‘Time remaining’ (c.f. Figure 1) has exceeded, i.e. displayed ‘00:00.0’ before switching to the next phase.
Duration
Phase
Load
Acoustic
Visual
10 s
Initial
Small chainring
6 min
HR stage 1
HR60% ± 2
Go
6 min
HR stage 2
HR80% ± 1
Large chainring
Timeout
3 min
HR stage 3
HR90% ± 1
Timeout
90 s
Rest stage
Sit up and relax
Timeout
30 s
Start pedaling
Popup open
3 min
Power stage
Avg. power of HR stage 3
Popup close
End
Timeout

Protocol
After an introduction to the study during which the protocol and voice commands of the feedback system were explained, participants completed their trials. Each participant completed a trial with each of the different feedback
variants (see below) in a randomized order. The trials were
completed in a single visit with a rest phase of approximately 20 minutes (Minimum 15 minutes) between each
trial, depending on the fitness of the athlete. Furthermore,
subjects were asked to abstain from caffeine consumption
for at least three hours prior to their trials. Additionally,
questions about the sporting background of the participants
were asked such as their amount of training (1, 1 to 3, 3 5, 5 - 10, 10 - 15, 15 or more hours per week) and ambition
(“leisure”, “amateur”, “professional”).
The test protocol for the trials was a modification of
the LSCT. The main modification to the original test protocol, which is heart rate-based, was an additional (fourth)
power-based stage added to the original LSCT protocol
(Lamberts, 2014, Lamberts et al., 2011). The load for this
stage was calculated for each participant individually as the
average power produced during the third heart rate-based
stage, which is generally associated with about 80 ± 3% of
the cyclists personal PPO (Lamberts, 2014, Lamberts et al.,
2011). This was done in order to replicate variants of the
test where intensity levels of the stages are fixed to a certain power number rather than heart rate. Consequently, the
study protocol should be able to investigate the effect of
feedback on accuracy in both types of tests (fixed to heart
rate or fixed to power) with a single protocol. In order to
have no fatiguing effects to the volume of a single test the

decision of having a single power-based stage rather than
three was taken.
Table 3. Translations of the voice commands used in the
study. Left column lists the commands as used in the paper.
Right column lists the commands as used in the trials.
English
German
Small chainring
Kleines Kettenblatt
Go
Los gehts!
Large chainring
Großes Kettenblatt
Sit up and relax
Aufsetzen und entspannen
Start pedalling
Anfangen zu treten

Figure 1 illustrates one trial which consisted of four
load stages and two rest stages. Duration of phases/stages
of the test and their transitions are outlined in Table 2. After
the participant started the trial on the phone, the app reminded him or her to begin the trial in the small chainring
by using the Text-to-Speech function (command “Small
chainring”, As all participants were either native or fluent
in German, commands were given in German. For ease of
reading all commands are reported in English. See Table 3
for translations). This restriction on gearing was taken from
the instructions for the original LSCT-protocol. After ten
seconds the actual test started, which was signaled to the
athlete by the command “Go”. The participants started with
the first load consisting of six minutes at 60% of their selfreported maximal heart rate (if available: highest HR captured during the last six months during a maximal cycling
effort as reported by the participants; otherwise based on
an estimation using the Karvonen equation). During this
phase, the target was to keep the heart rate within ± two
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heartbeats of the target value. The start of the second stage
was signaled to a participant by the command “Large
chainring”. Switching to the large chainring at this point
was part of the original protocol. During the second load
phase. Consequently, all participants were able to correctly
identify the switch from the second to the third load phase.
This last stage consisted of three minutes with the heart rate
within ± one heartbeat of 90% of their self-reported maximal heart rate. Its end was signaled by “sit up and relax”
which also indicated the beginning of the first rest phase.
During a rest stage of the test participants are asked to sit
up on the bike and relax for 90 seconds. Following this
phase, a pop-up on the screen displayed the target power
(see above) for the fourth load stage for 30 seconds. Then
participants were also instructed to “start pedaling” by the
app. As part of the verbal instructions before the trials, they
were instructed not to start pedaling too hard in order to
avoid fatiguing effects due to excessive pedaling. After
these 30 seconds the pop-up closed itself and the fourth
load phase started automatically. In this phase the target
was to keep the power within ±10W of the assigned target.
Similar to the original protocol of the LSCT participants were asked to report their rating of perceived exertion 30s before the end of each heart rate-base stage (Lamberts et al., 2011). For this purpose, the app displayed a
scale with values from six to 20 where the participant had
to select the value representing his or her perceived exertion by pressing it. Participants reported ratings of perceived exertion of (median ± SD) 7 ± 1.64, 12 ± 1.50 and
16 ± 1.19 for the heart rate-based stages.
The authors would like to point out that the modifications of the LSCT into the protocol used in this study
have no physiological underpinning. The modification was
not done in order to alter the predictive power of the test,
but rather to test for both heart rate and power accuracy
with a single protocol.
Feedback Variants
All variants used in the study are outlined in Figure 2. The
‘Numbers’ variant (Figure 2a) represents the implementation of the traditional feedback variant. It displays current
heart rate, a countdown timer and current power using only
numbers. In the ‘Bars’ version (Figure 2b) the app displays
the target value and its deviation using a vertical bar. In the
middle of the bar the target value is written as a number.
Deviations from the target value are visualized using a red
bar. Additionally, the actual value is displayed on the right
edge of the display. Moreover, a yellow box highlights the
“allowed” deviations from the target value. The ‘Tacho’
feedback (Figure 2c) visualizes the current value using a
needle pointing to values on a semicircle. A red area on this
semicircle highlights the desired range of values; i.e. the
target value at the top position and allowed deviations to
the left and right of it.
Since the evaluation protocol consisted of heart
rate-based and power-based tasks, two versions of each
feedback variant were created. For heart rate-based tasks,
the uppermost part showed the heart rate or its deviation
using the feedback variant (‘Numbers’, ‘Bars’, or ‘Tacho’)
while current power was displayed in the lower part of the
display as a number (c.f. Figure 2). During the power-based

Effects of visual feedback

task the arrangement of feedback was flipped, i.e. power
was displayed in the upper part of the display using the respective feedback variant while heart rate was displayed as
a number in the lower part of the display.

(a) Numbers

(b) Bars

(c) Tacho

Figure 2. Feedback variants used in the study. (a) shows the
‘Numbers’ variant, where information is displayed using only
numbers. (b) uses a horizontal bar to display deviations from
the target values. (c) displays the value using a tacho needle.
All figures show the configuration of the displays for the heart
rate task.

Data Collection
In order to evaluate the feedback variants a custom app was
developed using the PEGASOS framework (Dobiasch and
Baca, 2016, Dobiasch et al., 2019). The app is tailored for
Android-based smart phones. In the study a Samsung A3
device running Android 8.0 was used. This phone has Ant+
(ANT Wireless, Canada) support and is thus capable of collecting data from Ant+ sensors. Heartrate was continuously
monitored (Garmin Soft Strap HRM, Switzerland) at a rate
of 1Hz. Power output was collected with an SRM (Schoberer Rad Messtechnik, Welldorf, Germany) powermeter
at a rate of ∼4Hz. Collected heart rate was expressed in
beats per minute (bpm), while power output was expressed
as Watts.
For the provided feedback the raw values from the
heart-rate monitor were displayed as processed by the sensor (values in bpm). Data from the power meter was
smoothed using a 3s moving average. All visualizations
were updated at a rate of 1Hz.
All trials were performed on a standard racing bike
(Trek, USA) which was mounted on a mechanical stationary roller (Tacx Sirius, Tacx BV, The Netherlands). The
smart phone with the installed app was mounted on the
handlebars of the bike using a standard bike computer
mount. The setup and view for the participants is shown in
Figure 3.
Calculations
RMSE
Root-Mean-Square Error (RMSE) was calculated for the
investigation of deviations from the targets in both tasks
using the following formula:

Where t is the target value for the respective task and yi
denotes a measured value. In the heart rate task, the first
minute of each heart rate stage was removed to account for
heart-rate onset. Between minutes two to six the target
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heart rate was defined as HR60%, between minutes eight to
twelve as HR80% and between minutes 14 and 15 as HR90%
beat, where HR60%, HR80% and HR90% represents the according percentage of the self-reported maximal heart rate.
For the power task the first minute was also excluded from
the analysis in order to allow participants to adjust to the
target power. RMSE was calculated for minutes two and
three using the individually assigned target power (average
power produced during the third heart rate-based stage) as
target value.
Individuality
In order to check the hypothesis that individuals react differently to the feedback variants, the feedback variants
were sorted for each participant individually. This was
done individually for both investigated scenarios (heart

rate or power). Consequently, for each participant the feedback systems were sorted based on the overall RSME during the heart rate-based task and additionally (independent
from heart rate) on the RSME of the power-based task. The
respective three variants were then assigned with the labels
‘Best’, ‘Mid’ and ‘Worst’ based on their order. In this paper, we refer to this computation as individuality category.
Statistical analyses
All calculations were performed with R version 3.4.4 (R
Core Team, 2018). Differences between feedback variants
and participants were assessed by an analysis of variance
(ANOVA) where the sphericity was assessed using Mauchly’s Test. If this criterion was not met, the Greenhouse
Geiser correction was used. Effect sizes were calculated
using partial eta squared (η2).

Figure 3. Experimental setup. The image on the left shows the general setup of the experiments. Located in a quiet room, participants
faced a white wall in order to reduce external stimuli. The picture on the left shows the view of the participants during the experiment.

Results
The results for the heart rate-based task and power-based
task were analyzed independently.
Heart Rate Feedback
For the heart rate-based task, as shown in Figure 4a, no significant effect of feedback variant on RMSE was found:

F(1.52,45.74) = 0.34, p > 0.05, η2 = 0.003. Descriptive statistics for the RMSE are listed in Table 4, where it can be
observed that ‘Numbers’ show the highest mean RMSE in
all scenarios, while ‘Tacho’ shows the lowest values. However, high standard deviations are also observable, e.g.
stage 1 (min-max) 1.84 - 2.79 (c.f. Table 4). Furthermore,
no effects of training amount or ambition on RMSE in the
heart rate-based task were found (both p > 0.05).

Figure 4. RMSE of the systems for the heart-rate task. (a) shows differences in RMSE between the feedback variants for the
heart-rate task on an absolute level, (b) shows differences in RMSE of the systems for the heart-rate task on an individual level
while (c) shows the number of times a variant was sorted into the respective category. *** significant difference (p < 0.001),
** significant difference (p < 0.01)

54

Effects of visual feedback

Table 4. Descriptive statistics of absolute heart-rate RMSE. For ‘all stages’ the RMSE of all stages is calculated as the
weighted average of all stages with the first minute of each stage excluded. Other columns show the RMSE of the individual stage with the first minute removed from analysis.
All stages
Stage 1
Stage 2
Stage 3
3.20 ± 1.50W
3.22 ± 1.84W
3.15 ± 1.84W
2.39 ± 1.41W
Numbers
3.12 ± 1.46W
3.16 ± 1.95W
3.12 ± 1.57W
2.27 ± 1.10W
Bars
3.00 ± 1.83W
3.16 ± 2.79W
2.86 ± 1.41W
1.86 ± 0.91W
Tacho

For further analysis, the feedback systems were
sorted for every participant from best to worst for every
participant individually. The results are shown in Figure
4b. In this scenario a significant effect of feedback variant
was found for RMSE (F(1.19,35.80) = 22.93, p < 0.001,
η2 = 0.108). However, it has to be pointed out that, as can
be observed in Figure 4c, the design of this analysis is unbalanced as the frequency with which feedback is listed in
one of the categories (Best, Mid, Worst) is not the same.
Post hoc analysis revealed significant pair-wise differences
in RMSE between all categories: Best (2.54 ± 0.94) - Mid
(3.00 ± 1.35), Best - Worst (3.79 ± 2.04), and Mid - Worst
(all p ≤ 0.001).
Power Feedback
For the power-based task, as shown in Figure 5a, no signif-

icant effect of feedback on RMSE was found on an absolute level F(1.50,43.58) = 0.01, p > 0.05, η2 = 0.000. The
mean RMSE values for the feedback variants were:
14.32 ± 5.62 (‘Numbers’), 14.39 ± 6.69 (‘Bars’) and
14.31 ± 6.71 (‘Tacho’). Further descriptive statistics are
listed in Table 5. Furthermore, no effects of training
amount or ambition on RMSE in the power-based task
were found (all p > 0.05).
Similar to the analysis of the heart-rate values, the
feedback variants were categorized individually for each
participant. Again, this revealed a significant effect of the
individuality category on RMSE (F(1.32,38.26) = 39.84,
p < 0.001, η2 = 0.068) (Figure 5b) and significant differences between Best (12.28 ± 5.44), Mid (14.50 ± 6.13) and
Worst (16.25 ± 6.80) variants for the participants (for all
combinations p < 0.001).

Figure 5. RMSE of the systems for the power task. (a) shows differences in RMSE between the feedback variants for the power
task on an absolute level, (b) shows differences in RMSE of the systems for the power task on an individual level while (c) shows
the number of times a variant was sorted into the respective category. *** significant difference (p < 0.001).
Table 5. Descriptive statistics of absolute power RMSE. First column shows the RMSE of minutes two and three. Columns
two and three show RMSE over the first 30 and 45 seconds. The last column shows RMSE over the entire three minutes.
RMSE
First 30s
First 45s
Full Stage
14.46 ± 6.73W
21.01 ± 9.27W
19.08 ± 8.11W
15.84 ± 6.42W
Numbers
14.47 ± 5.63W
26.56 ± 11.07W
23.62 ± 8.95W
17.61 ± 5.15W
Bars
14.36 ± 6.74W
22.95 ± 11.60W
20.76 ± 10.54W
16.47 ± 7.48W
Tacho

Discussion
In this study, athletes were presented with two novel designs visualizing instantaneous accuracy as additional information and a traditional design displaying numerical information. Consequently, the novel designs present athletes with more information as they provide both
knowledge of performance and knowledge of result. The
findings of this study suggest that the additional

information provided can be a useful aid for athletes to reduce their deviation from target value. Nevertheless, for
some cases it seems that this additional information might
hinder accuracy, as will be discussed later.
As visual feedback can decrease accuracy in mechanical tasks with rapid movements (Keele and Posner,
1968), significant differences between the systems would
have been expected. For the power-based task the boundaries of ±10W were chosen to be deliberately narrow. Due
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to this restriction, even small or “short term” errors influenced the result. However, the results of this study did not
show significant differences between the feedback variants
on an absolute level. Nevertheless, mean RMSE of the
‘Bars’ variant was higher in the power task for all analyzed
scenarios. Due to the delayed reaction of the heart rate to
singular movements we believe that this aspect of feedback
is not relevant for the heart rate-based task as it cannot be
considered as rapid movement. This is also supported by
our finding that participants had on average higher accuracies with added visual feedback in the heart rate-based task.
Participants reported familiarity with the ‘Tacho’ design
due to its resemblance to a speed gauge. Consequently, participants might have been able to perform the task better,
when using this variant, due to familiarity with the design.
Some participants gave verbal evidence for this during
their trials. However, it has to be pointed out that also a
familiarity with the ‘Numbers’ variant exists since it is integrated in daily life (e.g. display of heart rate on a standard
heart rate monitor, radar speed signs on the street). This
degree of different familiarity could not have been prevented with prior familiarization trials due to the complex
nature of familiarity and the individuality of this aspect.
Future studies should further investigate this effect of individuality.
On an absolute level, no differences between feedback variants with respect to RMSE have been identified
for both tasks. This seems to be in line with other studies
also not identifying differences on an absolute level when
modifying the feedback. For example, Perez et al. (2009)
found no differences in accuracy when comparing feedback given by a display to feedback given by a coach.
However, it has to be pointed out that this study investigated the difference between feedback given by the coach
versus an underwater chronometer (Perez et al., 2009).
Previous studies have shown increased accuracy in
the presence of visual feedback (De Marchis et al., 2013;
Henke, 1998; Holderbaum et al., 1969; Perez et al., 2009;
Szczepan et al., 2018; 2016). However, the variant ‘Numbers’ does not provide feedback in the form of knowledge
of performance (as it does not visualize information on the
deviation from the target during a task where the aim is not
to deviate from a certain target value), while the novel variants do. Consequently, the (not significantly) improved
RMSE of the novel variants compared to the traditional
variant (‘Numbers’) in the heart rate-based task could be
explained. However, since no significant differences between the novel variants and the traditional variant have
been identified for the power-based task, it seems that this
result cannot be generalized.
Although, the insignificantly lower mean RMSE of
the novel feedback variants might suggest that they are
beneficial, even better results in both tasks can be achieved
by individualization. For all analyzed conditions, significant differences were found between the best, mid- and
worst result for the participants. This finding is in line with
research on feedback in non-sporting situations (Bernichon
et al., 2003; Brockner et al., 1987; Brown, 2010; Heimpel
et al., 2002; Krenn et al., 2013; Malkin et al., 2011; Ray,
1974; Shrauger, 1975). Moreover, similar results have

been shown for postural control as well as running (Crowell et al., 2010; D’Anna et al., 2014).
The findings of this study seem to be in contrast to
the conclusions of Perez et al. (2009) who hypothesized
that the lack of a significant interaction between swimmer
and feedback factors suggests that no individual differences exist. However, it has to be pointed out that their
findings in turn are in contradiction to the findings from
studies presented above. Moreover, the design of the study
was not to determine differences between individuals with
respect to feedback.
One limitation of the present study is that participants were tested only once for each feedback variant. Consequently, the question of whether a certain feedback variant will remain the best choice for an athlete cannot be answered. Moreover, this study cannot answer how RMSE
changes over time with repetition of the test. Future studies
would have to investigate changes in test execution over
repeated tests.
Another argument against a one-fits-all solution is
the fact that the feedback variants differ between the heart
rate and power-based task. For example, in the power task
the ‘Bars’ variant achieves a lower mean accuracy than
‘Numbers’ while no such result is observable for the heartrate task. Consequently, we assume that the best feedback
might also be dependent on the task.
When inspecting the data, it seems that the ‘Tacho’
variant might be preferential in case a one-fits-all solution
is desired. In most of the investigated scenarios this variant
has the lowest mean RMSE. However, it has to be kept in
mind that the differences were not significant, and most
values are influenced by high standard deviations. Consequently, the results of our study suggest an individualized
solution should be used when possible.

Conclusion
The aim of this study was to investigate the effects of visual
feedback on the accuracy of athletes during heart rate and
power-based tasks. It provides evidence for the hypothesis
that a one-fits-all solution might not exist as no significant
difference in accuracy between the variants was found for
the power-based task. Furthermore, the effect size for the
difference in accuracy between the feedback for the heart
rate-based task was smaller than the effect size for the differences between the individually categorized feedback.
Additionally, significant differences were found between
the individually categorized feedback in the power-based
task. Consequently, we conclude that the accuracy of testing results can be improved by providing individualized
feedback. However, further research is needed to investigate how these improvements change over time.
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Key points
 Novel visual feedback variants, – different from
traditional number-based displays – might increase
accuracy in testing, i.e. help athletes to reduce
deviations from assigned targets (heart rate or power).
 Individual differences between athletes exist with
regard to the best feed-back variant.
 Best results could be achieved by providing athletes
with individualized feedback.
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