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Abstract

Background: The behaviours of golfers could be interpreted as emergent, resulting from the cyclical relations of perception-action cou-
plings established under the interacting constraints of competitive performance environments. Underpinned by an ecological dynamics
approach, the aim of this study was to investigate how a simple adaptation of task constraints constrained the (re)organization of putting
actions in skilled golfers. Methods: Ten skilled golfers, male and right-handed (42.6 & 14.4 years old) (average handicap of 2.3 + 1.7)
were investigated when putting at different distances from the hole. Results: Our results have revealed how the coupling of perception
and action captures the mutual relationship that emerges between a performance environment and each golfer’s abilities, during task
performance. In this sense, the manipulation of distance constraints selectively constrained movement organization variables in specific
ways. As distance to the hole increased, there was a clear increment in backswing, downswing and follow-through amplitude, speed of
putter impact on the ball and maximum acceleration of the putting movement. Moreover, heart rate (HR) decreased with distance to the
hole, which may have indicated that a golfer was adapting to increasing distance constraints, or that a greater distance from the hole may
require a greater attentional focus. Conclusions: Underpinned by an ecological dynamics approach, these and other findings in our study
suggested some regularities in the behaviour of golfers when environmental constraints (e.g., distance) are manipulated. Thus, golfers’
behaviours can be interpreted as an emergent process resulting from the perception-action coupling relations established during practice
and performance.

Keywords: Ecological dynamics; Perception and action; Affordances; Golf putting performance; Motor control; Biomechanics

1. Introduction

The performance behaviours of golfers could be in-
terpreted as emergent, resulting from the perception-action
couplings established under the interacting constraints of
competitive environments [1-3]. Gibson [4] used the term
“affordances” to refer to opportunities for action relative
to a performance environment, perceived by an individual.
An affordance is an ecological property established by the
goal-directed relationship between an agent (golfer) and the
performance environment [5—7].

Utilization of affordances during golf putting can be
supported by directly detecting patterns of surrounding en-
ergy flows in optic flows, acoustic information from the
wind, haptic information from how the grass feels under
the feet, that unambiguously specify relevant properties of
the environment (properties of a putting green and hole) [7—
9]. Information to regulate putting actions can vary exten-
sively, such as the distance to the hole, the slope, the green

speed, and more [10].

Additionally, Pelz [11] claimed that a golfer who par-
ticipates in the Professional Golf Association (PGA Tour)
faces several constraints, being susceptible to a high vari-
ability of performance conditions that require constant
adaptations, such as multiple possible ball trajectories,
slopes, adverse weather conditions and different greens.
However, despite these claims, data concerning specific
adaptations to golf putting conditions is scarce. Recent
studies, such as those of Dias et al. [10] and Dias and Cou-
ceiro [12], have highlighted the mechanical adaptation of
relevant action variables in golf putting to the distance to
the hole and to the addition of a slope. The results from
these studies indicated that the players changed some per-
formance parameters to adjust to the task constraints, in-
cluding the duration of the backswing phase, the speed of
the club head and acceleration at the moment of impact with
the ball.
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Fig. 1. Sequence executed by the European Champion of Pitch and Putt. (Left) Experimental setup with InPutter. (Right) Kinematic
data with each phase of the putting identified in real-time: (1) Backswing. (2) Downswing and ball impact. (3) Follow-through [12].

During putting performance, it is also important to
consider personal constraints, such as physiological charac-
teristics like arousal level, captured by changes in heart rate
(HR), which can shape a golfer’s performance. For exam-
ple, as the task constraint of distance to the hole changes,
it is possible that the HR of an individual athlete may al-

ter, due to changes in arousal levels [13]. Therefore, the
individual constraints of each golfer are important con-
siderations within ecological dynamics, because they im-
ply unique physical, physiological, cognitive and emotional
features which constrain performance behaviours [14,15].
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The theoretical modelling of athletes as complex adap-
tive systems suggests that, when analysing golf putting
performance, it is important to investigate a large num-
ber of variables that may constrain golfers’ performance
behaviours [16]. Accordingly, ecological dynamics fo-
cuses attention of practitioners on the adaptive relations
that emerge during the coordination of interactions be-
tween each golfer and a specific performance environment
[17]. Contextual information at a green can change in-
stantaneously, and the ecological dynamics framework sug-
gests how skilled golfers can perceive properties of perfor-
mance environments as opportunities to act in unique ways
[1,5,18].

Given the above, the key to interpreting putting per-
formance from an ecological dynamics rationale is to adopt
an individualised approach and understand how each golfer
attempts to satisfy emergent, interacting personal, environ-
mental and task constraints.

In line with these ideas, the aim of this study was to
investigate how skilled golfers satisfied changing task con-
straints when utilising golf putting affordances. We hypoth-
esize that the manipulation of distance constraints forced
the adoption of functional solutions uniquely adjusted to
each player, within tightly coupled perception and action
sub-systems.

2. Methodology
2.1 Participants

We analysed 10 male participants, who were all skilled
(42.6 + 14.4 years old), right-handed golfers, with a consis-
tent skill level (2.3 & 1.7 handicap'). These athletes com-
peted for the Portuguese Golf Federation national cham-
pionship, and included the European national pitch and
putt champion who also joined this study. Therefore, con-
sidering their availability to participate in this study (n =
10), we selected for analysis those golfers who had lower
handicaps and who showed the best performance through-
out the national pitch and putt champion. All participants
were adult, volunteer, right handed males and signed a
university-approved ethical consent form. The tests were
conducted in accordance with the ethical guidelines set by
Polytechnic Institute of Coimbra.

2.2 Materials

A stimpmeter was used to measure the speed of the
golf green, displaying a relatively slow speed of 0.31 m per
second (m s~ !). A smart engineered putter, known as In-
Putter, was used as the data acquisition instrument to record
several process variables at 100 Hz, including HR data due

!'The United States Golf Teachers Federation (USGTF) defines handi-
cap as “a measure of his current ability over an entire round of golf, sig-
nified by a number. The lower the number, the better the golfer is.” The
handicap essentially represents a golfer’s potential playing ability based
on the tees played for a given course.

&% IMR Press

to its included heartbeat radio-frequency receiver compat-
ible with Polar electrocardiogram (ECQG) transmitters. In-
Putter has the same physical properties of a common put-
ter, with average dimensions and weight, following the reg-
ulations of both the Portuguese and International Federa-
tions of Golf (Fig. 1, Ref. [12]). This device maintains
the representative design of golf putting performance [19],
without the need for any auxiliary hardware in a laboratory
context as in some previous studies [20]. Fig. 1 depicts
one of the golfers putting with /nPutter, without the need
of any additional setup, and the kinematical data extracted
with each phase of the movement automatically identified
in real-time.

2.3 Methods

Participants performed golf putts on a green, complet-
ing 120 randomly ordered trials each in total, i.e., 30 trials
at distances of 1 m, 2 m, 3 m and 4 m away from the hole
(aligned and at the same direction). Putting distances and
number of trials were chosen for data analysis based on pre-
vious work by Couceiro ef al. [16] and Dias et al. [10].
The putting movement was analysed in four phases: (1)
backswing; (2) downswing; (3) ball impact and (4) follow-
through [21].

The following process variables, in each phase, were
considered: angular (deg), linear (m) amplitude, angular
(deg s™1), linear (m s~!) maximum velocity, angular (deg
s72), linear (m s~2) maximum acceleration, duration (s),
impact force (KgF cm~2), impact duration (us), and HR
before, during and after putting (beats min—!). Regarding
the latter (HR before, during and after putting). InPutter
extracts data at five different times whenever a putt occurs.
The second to last reading corresponds to the HR measure
of a golfer when performs a putt, while the very last read-
ing corresponds to the HR value immediately after the putt
has been completed. Since we sought to understand how a
golfer physiologically responds to putting performance, we
used the average of the first three measures as being the HR
value before putting action emerged [20].

Fig. 2 depicts an example of the HR data retrieved
from the cloud application. In that example, the player had
a slight increase in his HR during the putting action, and a
slight decrease after the putt was completed. Some of these
dependent variables have been previously explored by Dias
et al. [10], but a deeper understanding of the process vari-
ables (velocity, acceleration, time duration and amplitude
of the movement) is needed due to the fact that these previ-
ous experiments were carried out under the constraints of a
laboratory context.

As discussed by Couceiro et al. [22], in order to eval-
uate (re)organization of action during putting performance,
a single time-series is needed that may represent the over-
all putting data over time in all the trials under specific task
constraints. For this purpose, here, we present six time-
series corresponding to the angular and linear trajectories
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Fig. 2. Heart rate of a golfer retrieved by InPutter while putting. The different colours/intensities in the table are simply used to

easily identify each phase, before, during and after putting, in accordance to the same colours/intensities used later on.

of the putter in 3D space, for each player and at each dis-
tance, i.e., 24 time-series for each player. Fig. 3 depicts the
kinematic representation of the putting actions over 30 trials
for a single golfer under a specific task constraint, concate-
nated into six time-series (one for each different variable).

In the case represented in Fig. 3, one can visually as-
sess that, although the action is mostly periodic, the golfer
still presents some variability in putting execution (e.g.,
amplitude and duration of the movements lightly diverges
throughout the trials). Additionally, in some of the vari-
ables, one can infer an adaptation period of the golfer to
the task. For example, there is a gradual decrease in the
average absolute value of the angular trajectory around the
z-axis, which means that the player started to perform the
putts with a smaller declination angle during the 30 trials.

To quantify such regularity, or irregularity, inherent to
putting, a non-linear analysis is required. Non-linear anal-
ysis has been used in human movement science to explain
the intrinsic variability inherent to biological systems. Mea-
sures, such as approximate entropy, can provide qualitative
information on the coordination tendencies of a complex
adaptive movement system by inspecting the different pat-
terns of response that emerge under different performance
constraints [10].

The present study adopts the methods described in
Dias et al. [23], specifically the use of approximate en-
tropy to analyze the organization of the whole putting action
represented by the six time-series. Through the use of ap-
proximate entropy, one can analyse the non-linear nature of
putting behaviours, to ascertain whether an athlete’s perfor-
mance is regular and stable or if, on the other hand, it can
be classified as irregular and chaotic during movement or-
ganization, regardless of the value of distance to the hole.
We expected that the capacity of skilled golfers to use per-
ceptual guidance of action would be exploited to help them
adapt their motor performance.

Pincus et al. [24] and Dias et al. [23] described
the techniques for estimating the Kolmogorov entropy of
a process represented by a time series and the related
statistics approximate entropy. In this sense, consider that
the whole data of the T trials are represented by a time-
series as u(1),u(2),...,u(N) € R, from measurements
equally spaced in time, which form a sequence of vectors
z(1),2(2),...,2(N —m+ 1) € RY™ defined by:

w(i)=[ u(@) w(@+1) - wi+m-—1)]eR>™

(1
The parameters N, m and » must be fixed for each calcu-
lation. N is the length of the time series (number of data
points of the whole series), m is the length of sequences to
be compared and r is the tolerance for accepting matches.
One can define:

number of j such that < r
N-m+1

Cit(r) = ; ()

for1 <i < N —m+ 1. Defining d(x (%), z(j)) for vectors
x(4) and z(j), and based on the work of Takens [25], it
results in:

A (i), 2(i) = ,_max [Juli+k=1)=u(+ k=1,
3)

From the C"(r), it is possible to define:

N—m+1

Cl'r)=N-m+1)7tY " CMr), @)
and

B, = lim G

n—0N—oo Inr

©)
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Fig. 3. Illustrative example of the time-series of golf putting kinematics.
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The assertion is that, for a sufficiently large m, B,
is the correlation dimension. Such a limiting slope has
been shown to exist for commonly studied chaotic attrac-
tors. This procedure has frequently been applied to analysis
of experimental data. Researchers seek a “scaling range” of
r values for which % is nearly constant for large m,
and they infer that this ratio is the correlation dimension.
The following relation is defined:

N—m+1

¢"(r)=(N=m+1)7"y

1=1

InC™(r)  (6)
One can define the approximate entropy as:
ApEn(m,r,N) = @™ (r) — @"*(r) ™

On the basis of calculations that included the theoretical
analysis performed by Pincus et al. [24], a preliminary es-
timate showed that choices of » ranging from 0.1 to 0.2 of
the standard deviation of the data would produce reasonable
statistical validity of ApEn(m,r, N). As a consequence,
values of approximate entropy close to zero characterise a
periodical signal/system of high regularity, low variability
and little complexity. Values of approximate entropy equal
to or above 1.5, qualify as a signal/system of high variabil-
ity, low complexity and little regularity [23].

3. Results
3.1 Putting process variables

To provide a general perspective of all process vari-
ables involved in the putting task and obtained using the
InPutter device, Table | presents the mean (M), standard
deviation (SD) and coefficient of variation (CV %) for all
process variables at the four distances.

Results show that values for the backswing, down-
swing and follow-through amplitudes, as well as the speed
of impact on the ball, the maximum acceleration of the
putting, and the face angle, all increased with the distance
to the hole. However, the standard deviation of the speed
of impact on the ball was greater at a distance of 1 m from
the hole, compared to 2 m and 3 m away from it. On the
other hand, the standard deviation value of the maximum
acceleration of the putting action was considerably higher
at 4 m distance, than at 3 m from the hole.

Table 1 shows that the backswing duration time took
longer at a distance of 1 m from the hole than at 2 m dis-
tance. The downswing phase, on the other hand, decreased
with the distance to the hole. The follow-through took
longer at 3 m distance from the hole.

One can also observe from Table 1 that the impact du-
ration was higher at 1 m and 2 m from the hole, even though
the impact force was higher at 3 m and 4 m. The declination
angle was generally similar regardless of the distance, with
an average increase, in absolute value, when moving from
1 m to 4 m away from the hole.

3.2 Heart rate (HR)

As observed in Table 1, HR decreased with distance
to the hole. Fig. 4 further explores this by depicting the
average HR for all golfers at different distances from the
hole. The results indicated that HR decreases during the
putting action. However, Fig. 4 shows that, not only does
HR decrease during putting, but also immediately after per-
formance, a trend that follows a decreasing tendency (neg-
ative slope).

——-D| —&-D2 D3 —<D4

Before During After

Heart Rate [bpm]
~1 =] o x =] = >*®©
C D = W e s D

Ist 2nd 3rd 4th Sth
Sequential Readings

~
~ >

Fig. 4. Average heart rate for all golfers at different distances
from the hole. The heart rate value is obtained on different occa-

sions whenever a putt occurs as previously presented in Fig. 3.

3.3 Entropy measures

Fig. 5 depicts the average approximate entropy of
golfers’ movement patterns for each time-series of golf
putting kinematics at different distances from the hole.

Results showed a decreasing with respect to distance
for entropy values, for the linear trajectories in both x (d)
and z axes (f). However, this trend was not observed in
other situations (a, b, c, ). In all these remaining time-
series, except for the angular trajectory in z-axis, a threshold
was achieved at 3 m from the hole, where the entropy val-
ues were considerably smaller. For the angular trajectory in
z-axis (c), there was an evident tendency, although not lin-
ear. Moreover, and as opposed to all other time-series, the
entropy values of the angular trajectory in z-axis increased.
It is worth noting that the maximum amplitude, velocity and
acceleration of the putting action emerged in the z-axis, i.e.,
from which the pendulum movement originates.

4. Discussion
4.1 Putting process variables

Our analysis of the organization of the golf putting
action used by golfers, as distance to the hole changed,
yielded some important insights into the adaptive variabil-
ity of skilled individuals. For example, although movement

&% IMR Press
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Table 1.

Putting process variables.

Putting process variables Values! Dl D2 D3 D4
M  9.83 0.16 10.87 0.17 12.56 0.20 14.82 0.22
Backswing/downswing amplitude ?(DS) [D|M] SD 129 0.03 1.19 0.03 1.32 0.03 1.70 0.03
CV% 0.13 0.20 0.11 0.16 0.11 0.13 0.11 0.16
M 14.47 0.28 19.08 0.35 23.71 0.43 28.01 0.48
Follow-through amplitude (FT) [D|M] SD 229 0.06 2.40 0.06 3.42 0.06 3.88 0.07
CV% 0.16 0.20 0.13 0.17 0.14 0.15 0.14 0.14
M 77.68 1.27 85.65 1.48103.851.79130.80 2.07
Speed of impact on the ball (VI) [D S™![M S™1] SD  9.63 0.13 5.85 0.15 7.03 0.18 11.65 0.12
CV% 0.12 0.10 0.07 0.10 0.07 0.10 0.09 0.06
M 538.415.36578.216.79701.408.05956.27 9.17
Maximum acceleration of the putting (AM) [D S™?[M S™2] SD  103.550.39104.600.86107.120.76202.22 0.75
CV% 0.19 0.07 0.18 0.13 0.15 0.09 0.21 0.08
M 576.47 568.94 582.00 603.79
Backswing duration time (BS) [MS] SD 93.21 61.48 60.05 74.42
CV% 0.16 0.11 0.10 0.12
M 328.33 290.27 283.76 276.45
Downswing duration time (DT) [MS] SD 26.17 30.51 17.79 17.84
CV% 0.08 0.11 0.06 0.06
M 0.68 0.73 0.65 0.66
Impact duration time (IT) [MS] SD 0.37 0.39 0.40 0.37
CV% 0.55 0.54 0.62 0.56
M 403.33 385.33 410.58 396.61
Follow-through duration time (FS) [MS] SD 403.33 64.17 81.28 53.40
CV% 0.21 0.17 0.20 0.13
M —-0.04 —-0.28 —0.47 -0.51
Face angle (FA) [D] SD 0.82 0.98 1.59 1.07
CV% 2198 —-3.54 -3.37 -2.10
M —20.70 —20.02 -20.91 —22.33
Declination angle (DA) [D] SD 1.02 0.90 1.08 1.21
CV% -0.05 —0.05 —0.05 —0.05
M 1.06 1.19 1.23 1.20
Impact force on the ball (IF) [KGF CM 2] SD 0.57 0.60 0.69 0.69
CV% 0.54 0.51 0.56 0.57
M 84.55 80.54 79.92 78.99
Heart rate (HR) [beats min '] SD 2.89 1.95 1.45 1.33
CV% 0.03 0.02 0.02 0.02

Legend: d, degrees; m, meters; d s degrees per second; m st

, meters per second; ms, milliseconds; m s2, meters per second

squared; m, meters; KgF cm 2, Kilogram-force per square centimetre; beats min !, beats per minute. ' Overall results that encompasses

all golf players that performed 30 trials each. 2Amplitudes of both backswing and the downswing are the same. The backswing starts

with the putter near the ball, thus getting far away from it. The farthest point corresponds to the transition between the backswing

(ending) and the downswing (starting). As expected, the downswing ends when the putter gets near the ball once again.

duration was constrained by putting distance, there was no
direct relationship for some of the process variables. These
findings contrasted with data reported in a previous study
by Dias et al. [10], where there was a gradual increase in
the duration of all movement phases as the golfer moved
away from the hole. Besides, in contrast to the findings of
Dias et al. [10], in the current study, a follow-through of

&% IMR Press

longer duration emerged at the distance of 1 m compared
to 2 m and 4 m. Interestingly, the maximum duration of
the follow-through phase was observed at a distance of 3 m
from the hole, instead of 4 m.

In general, based on averaging 10 players, when
analysing participant movement performance in the current
study, the values observed are somewhat similar to those re-
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Fig. 5. Average approximate entropy values for each time-series of golf putting kinematics at different distances from the hole.

(a) Angular trajectory in x-axis. (b) Angular trajectory in y-axis. (c) Angular trajectory in z-axis. (d) Linear trajectory in x-axis. (e)

Linear trajectory in y-axis. (f) Linear trajectory in z-axis.

ported in previous research on skilled players. For example,
the downswing temporal duration at 2 m (290 milliseconds)
was similar to data reported by Delay et al. [26], Coello et
al. [27] and Karlsen [28], and exactly the same as results
recorded by Dias et al. [10]. According to these works,
there is some agreement that a downswing duration band-
width of between 270 and 370 milliseconds (ms) is asso-
ciated with a greater probability of putting success at these
distances. The range of variability of the movement dura-
tions observed was not directly related to the task constraint
of distance to the hole. For example, the standard deviation
values of downswing duration obtained at 1 m and 2 m were
higher than at 3 m and 4 m.

These aspects of movement organization are impor-
tant since research has shown that process variables inher-
ent to golf putting, especially the downswing speed (which
is inevitably related to its duration), are clearly associated
with a successful performance outcome (final position of
the ball) [11,26,27]. Previous findings by Delay et al. [26],
Coello et al. [27] and Pelz [11] led us to take a deeper look
at the process variable of putting speed. As expected, higher
values of club head speed and acceleration were observed at
the point of impact of the putter with the ball. Further, these
values directly increased with distance between the golfer
and the hole. The values obtained in our study are similar
to data reported by Coello ef al. [27] and Dias et al. [10].

Another interesting outcome is that the impact dura-
tion at distances of 1 m and 2 m was generally higher than
at 3 m and 4 m. Although maximum speed of impact on the
ball was observed at 4 m, impact force was slightly higher at

3 m distance from the hole. Since there have been very few
attempts to study these sorts of process variables in previous
work, it is difficult to assess their relationship with the task
constraint of distance to the hole. Based on averaging 10
players, these results are important because an ecological
dynamics analysis of golf putting performance aims to un-
derstand how each golfer learns to adapt performance under
different interacting constraints [12]. Here, we highlighted
the functionality of continuous co-adaptive behaviours of
players to changing task constraints in golf putting when
achieving competitive performance goals [1,29]. A well-
known assumption of an ecological approach to understand-
ing golf putting performance is the need to consider the
reciprocity between perception and action [3,30,31]. In
this sense, a key aspect of an ecological dynamics analysis
of golf putting performance is the cyclical relations estab-
lished between perception of informational variables that
can be used to guide behaviours and the coordination of
actions which reveal perceptual variables for coordinating
putting movements [1,32]. An important assumption of an
ecological dynamics rationale for understanding sport per-
formance is the need to consider the reciprocity between
perception and action [30,31].

Data from the golfers’ HR values provided some of
the most interesting findings in this study. Not only did
HR values decrease with the distance to the hole, but that
they also increased during particular phases of the putting
action, which may either indicate that a golfer is adapting
to the task, or that a greater distance from the hole may
require a higher attentional focus. It is not clear what in-
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fluenced these changes in HR values, but some candidate
variables that require further investigation include: partic-
ipants’ morphological and functional characteristics, their
handicap score, their psychological state, success in previ-
ous trials, and their reading of the green, among other pos-
sible causes, may have contributed to inter-individual dif-
ferences in movement organization and performance out-
comes [10]. Despite the wealth of research in sports perfor-
mance on differences between experts and novices athletes
with respect to their perceptual-cognitive background, little
is known about the association between physiological and
perceptual components in golf putting over the course of
motor learning and control [33]. The findings reported by
Franck et al. [33] suggested that perceptual and cognitive
adaptations co-occur over the course of motor learning on
a golf putting task. It is important to note that, in internally
paced skills, the golfer controls the rate at which the skill
is executed because the ball is stationary. Additionally, in
externally-paced skills, the timing of the performance of the
skill is not controlled by the golfer, but by an outside influ-
ence such as the rate of displacement of a ball in space [12].

Finally, in our study we observed that skilled golfers
displayed a HR deceleration across the five interbeat inter-
vals during the putt, with movement execution emerging
when HR was slowing down. Thus, a link should be es-
tablished between behavioral and physiological data. For
example, according to some previous work, a deceleration
in HR is associated with decreased feedback to the brain,
resulting in a more effective external focusing of attention
and superior performance [14—16].

4.2 Entropy measures

The non-linear characteristics of some of the depen-
dent variables leads us to speculate that the temporal struc-
ture of golf putting actions is perceived and regulated on the
basis of the overall movement and its component structure.
A first step towards a deeper understanding of the tempo-
ral structure of putting was carried out by computing the
approximate entropy of the angular and linear trajectories
of the putter [23]. The data indicated that putting can be
described as a nonlinear, stable and regular system. Inter-
estingly, entropy analysis showed that minimum values are
generally obtained at longer distances to the hole (3 m and
4 m), decreasing as the golfer gets near the hole. In line
with this observation, the results also showed that HR val-
ues decreased with distance to the hole, which may have
indicated that a golfer was adapting to increasing distance
constraints, or that a greater distance from the hole may re-
quire a greater attentional focus. Moreover, it is important
to mention that during putts always performed at the same
distance the heart rate increases in less skilled subjects with-
out any relationship with performance [34].

Although this may seem unexpected, as it means that
golfers depict a larger variability when near the hole, it is
in line with the literature [22]. Nonetheless, these find-
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ings do not fully unveil the temporal structure of the golf
putting. Alternative non-linear approaches already consid-
ered to study behavioral sequences, such as the sample en-
tropy [35], may be considered to further understand the na-
ture of the golf putting [36]. These data are relevant be-
cause an ecological dynamics analysis of golf putting can
help golfers exploit inherent self-organization tendencies to
regulate the different phases of putting actions (e.g., back-
swing, downswing, ball impact and follow-through). For
example, as the distance to the hole significantly changes,
so do the informational constraints, shaping how a golfer
needs to adapt the perception-action relations which regu-
late performance [12].

Given the above, each golf player has different mor-
phological and functional characteristics that represent a de-
termined performance profile, “signature” or “digital fin-
gerprint”. Therefore, it seems difficult to study the intra-
individual variability that characterizes the motor perfor-
mance of golfers in putting performance, based only upon
traditional group-based statistical measures (e.g., mean,
standard deviation and coefficient of variation), as is com-
mon in most studies that have analysed putting movements
in a laboratory context, as well as in training and competi-
tion [10,16].

By tuning into a non-linear approach, such us approx-
imate entropy, it was possible to confirm that the players
adapted to the variability that emerged from manipulation
of golf putting distance constraints, with performance self-
organizing in relation to the task goal [17]. These findings
highlighted how non-linear applications can be used in the
study of the variability in human movement by comple-
menting classical linear statistical techniques which are nor-
mally used to quantify movement performance [12,35,36].

5. Conclusions

Our results suggested how the coupling of perception
and action captures the mutual relationship that emerges be-
tween a performance environment and each golfer’s abil-
ities, during task performance. The data suggested how
golfers continually need to adapt and regulate force, veloc-
ity and acceleration of a putting movement in order to sat-
isfy the interacting constraints that emerge at a particular
point during task performance.

The data show a tendency of how the individual con-
straints of each golfer are an important consideration, es-
pecially the unique physical, physiological, cognitive and
emotional characteristics.

A major implication of developing a better under-
standing of the role of key interacting constraints in golf
performance is that coaches and practitioners should allow
functional movement behaviours to emerge during practice
and learning. Exposure to highly variable performance en-
vironments during skill acquisition (as well as some stable
practice contexts) will facilitate adaptive behaviours in de-
veloping golfers.
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This study has practical applications in the practice
of the putting for young and expert players to scale their
putting actions to achieve putts of different distances.

Finally, the main limitation of this study is that the
sample is too small to reach strong conclusions.
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