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1 Introduction

Free throws play a critical role in determining a basketball team’s success, making the study of shooting

mechanics an essential aspect of basketball performance analysis (Kozar et al., 1994). Extensive research has

been conducted to identify factors influencing free throw accuracy and to develop strategies for improvement

(Tran & Silverberg, 2008). Within the realm of sports analytics, many hypotheses are rooted in conven-

tional wisdom. Conventional coaching wisdom holds that smoother shots are better (Haefner, 2010; Penny,

2016). However, smoothness has traditionally been assessed through subjective observation rather than a

quantifiable measure, leaving room for inaccuracy and bias.

A significant contribution to this area is made by Slegers & Love (2024), who proposed a framework for

analyzing the free throw ball paths using curvature-based metrics and demonstrated a negative correlation

between late-path curvature and free throw accuracy. Their work, however, was based on data of male

professional players in a controlled, practice shooting setting, which raises questions about its generalizability

to competitive, high-pressure in-game settings.

This study builds directly on the methodology of Slegers & Love (2024), adapting to work with in-game

data from the National Basketball Association (NBA) collected via Second Spectrum. This adaptation

involves pre-processing noisy ball-tracking data, implementing ball path standardization methods for fair

comparison across players, creating a three-dimensional metric to address the limitations of curvature-based

approaches that operate solely within the sagittal plane, and regressing the metrics directly against the

players’ season free throw shooting percentage (FT%). In doing so, this study not only validates in real-game

contexts the findings of Slegers & Love (2024), but also contributes a robust and generalizable framework

for evaluating shot smoothness and shooting accuracy at the elite level.
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2 Related work

The analysis of basketball shooting mechanics has been an ongoing research subject in sports analytics, with

free throw performance being a specialized area of study. Despite the unique and uncontested nature of

free throws with their standardized execution, many of the biomechanical principles and methodologies used

to investigate general shooting mechanics apply to free throws as well. Traditional research has primarily

focused on the kinematic and kinetic factors that influence shooting performance, such as body alignment,

segmental coordination, force generation and energy transfer. This section reviews key contributions to the

field, with a particular focus on ball trajectory and release conditions.

2.1 Individualized Optimization in Shooting Mechanics

Early research on optimizing basketball shooting mechanics sought to determine the optimal configuration

of key factors, including release height, release speed, launch angle, side angle and backspin, by analyzing

hundreds of thousands of simulated basketball trajectories (Tran & Silverberg, 2008). Findings suggest

that each of these factors has an optimal threshold that shooters should aim to achieve. For instance, it is

recommended that shooters apply up to 3 Hz of backspin, launch the ball at an angle of 52 degrees relative

to the horizontal, and release the ball from the highest possible position (Tran & Silverberg, 2008).

However, more recent research has shown that optimal shooting mechanics, specifically release conditions,

must be highly individualized to achieve the best result. Using surface electromyography and high-speed

cameras, Pakosz et al. (2021) revealed that elite basketball players manifest increased variability in muscular

activation time relative to their less skilled counterparts. This variability is likely due to extensive training

that allows players to fine-tune their muscle activation timing with specific shot requirements. This study

concluded that there is no universal way to artificially increase or decrease muscle activation time, and

optimal shooting performance is highly dependent on one’s ability to control and adjust muscle activation

in an individualized manner.

A similar concept of individualized optimization in shooting mechanics has been applied to release strate-

gies, including release angles and velocity. Research has demonstrated that maximum shooting performance

is achieved when athletes match their release parameters to their unique mechanics, rather than conforming

to a predetermined ideal release angle (Slegers, 2022). These findings reinforce the idea that an optimal shot

is not universal but highly specific to players, shaped by their experiences, physical attributes and muscle

coordination.

2.2 Ball Path Curvature and Shooting Accuracy

In addition to release conditions, recent research has emphasized the role of ball trajectory and curvature in

determining shooting accuracy. Slegers & Love (2024) revealed a negative correlation between the terminal

curvature of the ball path and longitudinal shooting accuracy, with the latter being assessed using the

standard deviation of intra-individual release velocity as a proxy, given its relevance to distance control.

Furthermore, Slegers & Love (2024) validated that in the S-shaped shooting path, better shooters exhibit

a sharper transition from the backswing to the forward shooting motion compared to less skilled players.

Their study involved 31 professional male basketball players, each of whom attempted 40 jump shots under

controlled conditions.
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2.3 Smoothness Quantification and Other Release Factors

The principle that “smoother” shots are better is commonly emphasized in coaching resources, where

smooth, continuous release is considered essential to achieving repeatable, high-percentage shooting me-

chanics (Haefner, 2010; Penny, 2016). The concept of smoothness has also been mentioned in Pakosz et al.

(2021) and Tran & Silverberg (2008), both emphasizing that it is desirable for the players’ shooting move-

ment to be as smooth as possible. However, neither study provides a quantifiable measure of smoothness,

highlighting a gap in the literature for the development of scientific metrics. More granular analysis of the

ball’s trajectory is necessary to gain a deeper understanding of shooting mechanics.

Previous research has shown that the angular motions of the elbow and wrist joints compensate for each

other toward the end of the shooting motion to adjust for subtle variations in the ball release parameters

(Button et al., 2003). Similarly, Tran & Silverberg (2008) focused solely on the release phase of the shot.

This finding highlights the important role of the latter stages of the shot, which implies that the influence of

the ball path is not uniform throughout the trajectory. This insight presents opportunities for more detailed

research into how different stages of the trajectory contribute to shooting accuracy and consistency.

Velocity, a fundamental factor in any motion analysis, has been a subject of debate regarding its role in

impacting shooting accuracy. Pakosz et al. (2021) suggest that free throw speed does not play a significant

role in determining accuracy. In contrast, Hamilton & Reinschmidt (1997) found that an optimal trajectory

should have an initial release angle of approximately 60 degrees and a speed of 7.3 m/s. This particular

combination is advantageous as it directs the ball closer to the far rim of the basket rather than the near rim.

Slegers & Love (2024) suggests that the ability to control the release speed is important, and variations in the

final ball path could increase the difficulty of speed control, potentially reducing shot accuracy. Mullineaux

& Uhl (2010) acknowledges that an optimal minimal release speed exists, and successful shots are associated

with release speeds closer to the optimal minimum speed than failed shots. Moreover, increased elbow-wrist

coordination variability right before release was observed in failed shots, indicating last-moment adjustments

due to perceived errors. This findings demonstrate that the coordination between elbow and wrist angles

plays a crucial role in generating the appropriate ball speed.

3 Data

Our dataset comprises 515 free throws attempted in games during the 2023-2024 NBA regular season. These

free throws were attempted by 35 distinct players, with each player contributing approximately 15 free

throw attempts. We obtained optical tracking data from the Second Spectrum system (National Basketball

Association, 2016), which captured the (x, y, z) position of the basketball at 25 frames per second throughout

each shot’s trajectory. This granularity enables a detailed analysis of ball motion dynamics, facilitating the

development of curvature-based metrics to quantify shooting smoothness. For each of the 35 players, we

obtained their 2023-2024 season free throw shooting percentage (FT%) from Basketball Reference (2024).

Figure 1 illustrates an example of a free throw trajectory measured by the optical tracking system,

projected onto the three principal planes. The side view (X-Z plane) illustrates the characteristic S-shaped

shooting curve, followed by the arc of the ball as it approaches the basket. In the sections that follow, we

quantify the smoothness of the shot using the path traced by the basketball during the shooting motion.

Because we do not observe the movement of the players’ limbs, we rely on the movement of the basketball

to describe the smoothness of the shot.
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Figure 1: Three-view projection of a single free throw trajectory captured using ball tracking data. The panels

display the ball’s motion in the X-Y plane (view from behind shooter), X-Z plane (view from the side) and

Y-Z plane (view from above), respectively. The trajectory begins at the start of the shooting motion and ends

when the ball arrives at the rim. Note the compressed scale in the Y dimension (lateral offset).

4 Methods

The methods in this study build upon the curvature-based modeling approach developed by Slegers & Love

(2024). We adapt and extend their methods to handle in-game tracking data. Specifically, this section

outlines how curvature and directional metrics are computed from noisy spatiotemporal data, how ball

trajectories are standardized across players, and how the relationships between the resulting metrics and

the free throw shooting performance are analyzed. These adaptations are critical for testing whether the

negative association between late-path curvature and free throw accuracy observed in experimental settings

holds true under high-pressure, in-game conditions, and for establishing a more generalizable, automated

framework for evaluating free throw mechanics at the elite level.

4.1 Path Standardization

The first step in analyzing the path of the ball during the shooting motion is to identify the start and the end

of the path for each shot. Our goal is to identify the time frame from the beginning of the shooting motion

to the release of the shot. In (Slegers & Love, 2024), the start of the ball path was defined as the point at

which the ball rose above the shooter’s shooting-hand elbow, and the end of the ball path was defined as the

final frame in which the ball remained in contact with the shooter’s hand. However, in our data we do not

have any information about shooter’s elbow or hand—only the ball. To address this limitation, we define

the start of the ball path as the frame in which the ball is farthest from the player’s body, corresponding

to the first elbow of the S-shaped shooting curve. We define the release point as two frames (0.08 seconds)

after the frame at which the ball reaches its maximum speed. This rule is based on the assumption that

ball speed is maximized at release, erring on the side of including more frames in the event of measurement

error. Figure 2 illustrates the start and end points of the ball path for the free throw attempt introduced in

Figure 1.
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Figure 2: Ball trajectory in the X-Z plane for a single free throw attempt. The green marker indicates

the start of the analyzed trajectory, defined as the frame where the ball is farthest from the player’s body.

The red marker indicates the end point, defined as two frames after the ball reaches its maximum velocity,

approximating the moment of release.

After completing path standardization, we are left withm+1 observed data points (x0, y0, z0), (x1, y1, z1),

..., (xm, ym, zm) along the ball path for each free throw, evenly spaced in time. We parameterize time for

each shot so that the first observation occurs at time τ = 0 and the last observation occurs at time τ = 1.

4.2 Curvature

To quantify shot smoothness and examine its relationship with free throw accuracy, this section introduces a

curvature-based metric that captures the degree of bending in the ball’s trajectory. Following Slegers & Love

(2024), we calculate curvature in the X-Z plane, ignoring lateral movement of the ball during the shooting

motion. Bézier curves are particularly advantageous for this purpose due to their smoothness, continuity

and differentiability, which allow for precise curvature computation.

4.2.1 Bézier Curves

Bézier curves, widely utilized in computer-aided graphical design, are parametric curves defined by a set of

unique control points. The coordinates of a Bézier curve are polynomial functions given by the coefficients of

Bernstein polynomial and the component of the control points (Baydas & Karakas, 2019). As a result, Bézier

curves are both compact and differentiable, making them well-suited for modeling smooth trajectories. These

properties make Bézier curves an attractive approach for estimating the ball path and deriving curvature-

based metrics (Slegers & Love, 2024). A Bézier curve is defined by n+1 control points p0 = (x∗
0, z

∗
0), ..., pn =

(x∗
n, z

∗
n). For any time τ ∈ [0, 1], the location of the curve is given by:

Bn(τ) =

n∑
i=0

pi

(
n

i

)
(1− τ)n−iτ i, (1)

where
(
n
i

)
are binomial coefficients, i.e. n!/i!(n− i)!. The order of the Bézier curve is n, and the curve is a

weighted averaged of the n+ 1 control points weights that vary from start to finish. Note that the location

of the curve is p0 at time τ = 0 and pn at time τ = 1. The first and last control points lie on the curve, but

the other n− 1 control points generally do not lie on the curve.
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Figure 3: Free throw shot modeled by a Bézier curve with 8 control points. The raw data points from the

shot are shown in black, while the fitted curve is shown in blue. The green points represent the control points

derived through least squares optimization.

For an individual free throw, we seek a Bézier curve which closely approximates the discrete points

observed along the ball’s trajectory. From this curve, we can then calculate curvature. We use Y to denote

the (m+ 1)× 2 matrix of observed points at evenly spaced time points τ0 = 0, τ1 = 1/m, ..., τm = 1 along

the ball’s trajectory. To find the best-fit curve for these points, it is helpful to express Bn(τ) in matrix form:

Bn(τ) = Tn(τ)×Mn ×Pn,

where Tn(τ) is a 1× (n+ 1) row vector with elements τ0 to τn; Mn is a square (n+ 1)× (n+ 1) matrix of

binomial coefficients; and Pn is an (n+1)× 2 matrix containing the n+1 control points in the form (xi, yi).

Then the m points along the Bézier curve corresponding to the m observed data points are given by:

Tn ×Mn ×Pn,

where Tn is an (m+ 1)× (n+ 1) matrix with each row being Tn(τ) for τ = τ0, ..., τm.

The least-squares fit is the one which minimizes the squared error between the observed data points and

the corresponding points on the Bézier curve:

P̂n = arg min
Pn∈Rn×2

||Y −TnMnPn||.

This optimization has a closed-form analytical solution:

P̂n = M−1
n (T⊤

nTn)
−1T⊤

nY.

Figure 3 shows an example of a free throw shot modeled using a seventh-order Bézier curve (i.e. eight

control points). As seen in the figure, the curve closely follows the observed data, capturing both the smooth

upward arc and the transition into the release phase of the shot. Throughout this study, we use n = 7

because we found this to yield satisfactory curve approximations via visual inspection of our data. This is

similar to Slegers & Love (2024), who used n = 6.
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4.2.2 Curvature Calculation

To quantify the local smoothness of the ball’s trajectory, this section computes the instantaneous curvature

of the Bézier curve at each point along the shooting path. Curvature serves as a fundamental geometric

descriptor of motion, enabling granular analysis of the fluctuations and smoothness of the shot over time.

Curvature measures how sharply the shooting trajectory bends at a specific point. Following Slegers & Love

(2024), we use the following definition of curvature in two dimensions:

κ(τ) =
||B′

n(τ)×B′′
n(τ)||

||B′
n(τ)||3

.

To calculate the curvature of a Bézier curve, we begin by analyzing its parametric derivatives. The first

derivative of Bn(τ) is obtained by differentiating the Bézier formulation (1) and can be shown (with some

simplification of terms) to be:

B′
n(τ) = n

n−1∑
i=0

(pi+1 − pi)Bi,n−1(τ),

where Bi,n(τ) =
(
n
i

)
(1− τ)n−iτ i is the weight on pi in Bn(τ). Similarly, the second derivative B′′(τ) is

B′′
n(τ) = n(n− 1)

n−2∑
i=0

(pi+2 − 2pi+1 + pi)Bi,n−2(τ).

Using these two equations, the curvature of Bn(τ) = (x(τ), z(τ)), the curvature κ(τ) is given by:

κ(τ) =
|x′(τ)z′′(τ)− z′(τ)x′′(τ)|
((x′(τ))2 + (z′(τ))2)

3/2
.

4.2.3 Weighted Curvature Integral

Our hypothesis is that ball path smoothness is correlated with shooting success, but particularly as the

ball approaches release (smoothness earlier in the ball path is less important). To summarize the overall

smoothness of the ball paths to an interpretable variable, this section introduces the weighted curvature

integral. While the curvature describes how bended the path is locally, the integral aggregates curvature

values over the entire shooting motion. By adjusting the weighting scheme, this metric allows the analysis

to emphasize the latter stages of the shot, which are most relevant to shot control and release (Button et al.,

2003).

The integral of the curvature is the area under the curvature from the beginning of the uplifting motion

τ = 0 to the end of the shot τ = 1. Both Button et al. (2003) and Slegers & Love (2024) emphasize the

importance of the latter part of the shooting motion in controlling the release of the ball, so an integer

weighting factor ℓ is added to this integral:

σ(ℓ) =

∫ 1

0

(ℓ+ 1)κ(τ)ℓ dτ.

If ℓ = 0, σ(ℓ) is precisely the area under the curvature curve. When ℓ increases, it places more weights

toward the latter part of the shot, converging to σ(ℓ) = κ(1) as ℓ goes to infinity.

Figure 4 visualizes how different values of ℓ affect the curvature weighting. The top row shows the

curvature profiles at ℓ = 0, 3 and 5, while the bottom row displays their corresponding cumulative integrals.

As ℓ increases, the curvature approaching the end of the ball path dominates the integral, leading to a

more pronounced weighting of end-path behavior. This enables the metric to better capture the smoothness

characteristics that may be more influential on shot success.
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Figure 4: Weighted curvature and curvature integrals for the free throw shot from Figure 3. The top row

shows the product of time-weight and curvature, and the bottom row shows the time-weighted curvature

integral σ(ℓ), for ℓ = 0, 3, 5. The top-left panel shows the unweighted curvature (ℓ = 0).

4.3 Average Change in Direction

An obvious limitation of the weighted curvature integral metric is that it only captures the shot path in two

dimensions, i.e. the sagittal plane. However, shot smoothness and stability are also influenced by lateral

deviations in the shot path, which this metric does not account for. Therefore, we create an additional,

alternative three-dimensional metric capturing the change in both lateral and sagittal directions of the

shooting motion. Later, we compare this metric against the weighted curvature integral metric in the

previous section.

Each observed data point in intervals of 1/25 seconds is represented using coordinates corresponding to

depth x, lateral deviation y and height z. The velocity vectors along the shot path are:

vi =

xi+1 − xi

yi+1 − yi

zi+1 − zi

 .

The speed of the shot at each time step is the Euclidean norm of the velocity vector:

∥vi∥ =
√
(xi+1 − xi)2 + (yi+1 − yi)2 + (zi+1 − zi)2,

and the direction of movement is given by v̂i = vi/∥vi∥. The change in direction at each time point is the

magnitude of the difference between successive direction vectors: ∆θi = ∥v̂i − v̂i−1∥. The average change in

direction is given by

∆θ =
1

m

m∑
i=1

∆θi.
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We considered a smoothed version of this metric by calculating a moving average of the velocity vector

across frames, but we found that the noise in the tracking data was low enough that this change did not

make a significant difference.

4.4 Weighted Least Squares Regression

The purpose of the curvature metrics described in the previous section is to quantify the smoothness of

each shot. Ultimately, our goal is to test the association between shot smoothness and shooting accuracy.

While Slegers & Love (2024) measured shooting performance using intra-individual release velocity standard

deviation in a controlled setting, this metric is not readily available or reliable for in-game data due to the

lack of biomechanical tracking data, which makes it difficult to precisely identify the moment of ball release.

Therefore, we use player-level free throw percentage (FT%) as the outcome variable. FT% reflects real-world

shooting performance under competitive, high pressure and is widely accepted as a summary statistic for

evaluating a player’s free throw success over time.

To test the relationship between shot smoothness and FT%, we calculate each player’s average weighted

curvature integral from Section 4.2 and average change in direction from Section 4.3, and we perform two

separate weighted least squares (WLS) regression models by regressing season FT% onto each of these

metrics. Using FTAp, FT%p and Cp to denote player p’s season free throw attempts, season FT% and

curvature metric (weighted curvature integral or average change in direction), respectively, we estimate the

following model:

FT%p ∼ Normal(α+ β · Cp, σ
2/FTAp), (2)

assuming independence between each players’ outcomes. In effect, this weights each observation by the

number of free throws attempted by the player. This ensures that players who shot more free throws in the

2023-2024 season, and hence have precise shooting estimates, exert greater influence on the model.

For each curvature metric, we obtain a p-value by testing the null hypothesis H0 : β = 0 against the

one-side alternative HA : β < 0 because we expect a priori that curvature is negatively associated with

FT%.

5 Results

The metrics computed for this study include (a) max curvature κmax = maxτ κ(τ); (b) time-weighted

curvature integrals with weighting factors ℓ = 0, 3 and 5; and (c) the average change in direction of the ball.

For each player, these metrics are computed on a per-shot basis and subsequently averaged across all of their

recorded free throw attempts (approximately 15 shots per player) to obtain player-level estimates.

Figure 5 shows the distribution of FT% and all curvature metrics among the 35 players in the sample.

FT% appears to be approximately symmetric but slightly skewed to the left, which is consistent with most

NBA players achieving moderate to high accuracy on the free throw line. Curvature-based metrics, particu-

larly the max curvature and the weighted curvature integrals with ℓ = 3 and 5, are right-skewed, reflecting

that a few players have large peak or terminal curvature. The average change in direction metric has a

relatively uniform distribution with a moderate spread.
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Figure 5: Distributions of key shot smoothness metrics and free throw percentage (FT%) across all players

in the study. KDE curves are used to illustrate the underlying shape of each distribution.

Table 1 provides summary statistics for each metric. The range of FT% spans from 50.6% to 92.7%, with

a standard deviation of 12.39%. Notably, max curvature demonstrates considerable variability (SD = 5.15),

while the curvature integrals are more tightly distributed.

Metric Mean Std Dev Range

FT% 74.29 12.39 50.60–92.70

Max Curvature 5.50 5.15 0.76–23.85

Average Change in Direction 0.20 0.04 0.14–0.28

Unweighted Curvature Integral (ℓ = 0) 0.91 0.34 0.42–1.68

Time-weighted Curvature Integral (ℓ = 3) 0.63 0.25 0.28–1.25

Time-weighted Curvature Integral (ℓ = 5) 0.45 0.17 0.24–0.97

Table 1: Descriptive statistics of free throw percentage and ball path curvature metrics (n = 35).

All five metrics are regressed against FT% using a WLS framework. The results are presented in Table 2.

The results reveal that all five metrics are statistically significant predictors of FT%, with p-values below the

threshold of 0.05. Among them, the time-weighted curvature integrals demonstrate the strongest explanatory

power, particularly at ℓ = 5, which achieves the highest R2 value of 0.33 and adjusted R2 of 0.3097. This

finding aligns with those in Slegers & Love (2024)’s controlled experiments, suggesting that lower terminal

curvature is correlated with higher free throw accuracy. Moreover, placing greater emphasis on the latter

part of the ball’s trajectory—where control and release are most critical—improves the model’s ability to

explain variations in shooting accuracy. The max curvature metric demonstrates a negative correlation with

FT%, which also aligns with the conclusion in Slegers & Love (2024)’s study that lower max curvatures

are correlated with better shooting performances, though it used intra-individual release velocity standard

deviation as a metric for shooting performance instead of seasonal FT%. While the average change in ball

direction metric is still significant, it explains less variance (R2 = 0.1335) than the curvature-based metrics.
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Metric Coefficient β p-Value R2 Adj. R2

Max Curvature –0.98 0.0043 0.222 0.198

Average Change in Direction –126.81 0.0309 0.134 0.107

Unweighted Curvature Integral (ℓ = 0) –15.90 0.0053 0.213 0.189

Time-weighted Curvature Integral (ℓ = 3) –29.81 0.0004 0.316 0.295

Time-weighted Curvature Integral (ℓ = 5) –48.73 0.0003 0.330 0.310

Table 2: Summary statistics from estimating the weighted least squares regression model (??) using each

curvature metric to predict FT%. The p-value tests the null hypothesis H0 : β = 0 against the one-sided

alternative HA : β < 0.

6 Discussion

6.1 Results

The results of this study provide strong empirical support for the hypothesis that smoother shot trajectories—

particularly those with lower curvature near the point of release—are associated with higher free throw

accuracy in real-game contexts in the NBA. This finding is consistent with the conclusions drawn by Slegers

& Love (2024), who originally demonstrated a negative correlation between terminal curvature and shooting

performance in a controlled, experimental environment. By applying their approach on in-game NBA data

and substituting velocity-based shooting performance metrics with actual free throw percentage (FT%) as

the outcome variable, this study demonstrates that the relationship between smoothness and performance

holds under the dynamic and high-pressure conditions of actual games.

Among the metrics examined, the time-weighted curvature integrals exhibited the strongest predictive

power, particularly when using higher weighting parameters (ℓ = 3 and ℓ = 5). This aligns with the intuition

that late-stage control of the shot is critical for accuracy and it supports the notion that not all phases of the

shot trajectory contribute equally to the shot success. The results also highlight the advantage of curvature-

based metrics over simpler trajectory descriptors. While the average change in direction was a significant

predictor that captures the ball movements in three dimensions, it explained less variance than the curvature

integrals.

Taken together, these findings contribute a more robust and generalizable framework for quantifying

shot smoothness using in-game tracking data. They validate curvature-based metrics as scalable tools for

performance evaluation, player development and automated scouting. Most importantly, they mark a shift

from conventional, intuitive-driven coaching principles to data-informed validation with in-game evidence.

6.2 Limitations

While the curvature-based metrics developed in this study enhance the understanding of shooting mechanics

using only ball tracking data, several limitations must be acknowledged. First, free throw shooting is a

complex motion influenced by numerous factors beyond curvature, such as release angles, velocity and joint

kinematics. Relying solely on ball tracking data and curvature analysis accounts for only a fraction of what

determines shot accuracy, leaving many contributing factors unexplored. Second, the curvature metrics

primarily assess the shot in the sagittal plane, neglecting lateral deviations that could introduce instabilities

in the actual shot path. Thirdly, Bézier curves are highly sensitive to parameters such as the number of control

points and the selection of start and end points for the ball path. Since curvature-based metrics are heavily
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dependent on the Bézier curves used to model the actual trajectory, small variations in these parameters

can lead to differences in the computed metric values, potentially compromising the reproducibility of the

model. Therefore, anyone using this approach should carefully choose control points and start/end criteria

to best suit their specific needs and ensure consistency across the entire dataset.

Given these limitations, the model proposed in this study is more effective for identifying shooting patterns

of players than for being used as predictors for shooting accuracy. These findings might be valuable to

coaches and players as quantifiable metrics and by helping them visualize the shooting trajectory, enhancing

the understanding of free throw shooting mechanics and the identification of areas of improvements.

6.3 Future Work

Future work could involve integrating biomechanical data to expand the application of the developed metrics,

enabling a more comprehensive analysis of how different joints coordinate to influence the smoothness of

the shot. By employing a similar approach as the weighting function, the shooting path could be further

segmented to isolate specific phases, allowing for targeted analyses based on different needs. Moreover, one

could investigate the impact of release speed on shot smoothness, as it remains debatable and unclear, and

is highly individualized by the players’ shooting style.
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