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1. Introduction

In recent years, advancements in artificial intelligence (Al) and data collection technologies have rev-
olutionized sports analytics, enabling deeper insights into athletic performance that were previously
unattainable. Badminton, a fast-paced and strategy-intensive sport, involves rapid decision-making
and complex rally dynamics, making it a challenging yet ideal candidate for exploring the integration
of Al in sports analysis. Badminton analysis typically focuses on shuttlecock landing trajectories,
player movement patterns, shot type selection, and strategic planning. Accurate analysis is crucial
for understanding player decision-making and providing actionable insights, both for in-game tactics
and pre-match training. Effective sports analytics can help athletes address weaknesses, exploit
strengths, and optimize on-court performance through targeted preparation.

However, applying deep learning to enhance individual badminton performance in real-time scenar-
ios remains underexplored. This gap is largely due to the lack of realistic badminton agents and
simulation environments capable of capturing the sport’s unique complexities. Unlike sports such
as basketball [1] and football [2], where player movements are self-determined, badminton is a turn-
based sport where a player’s state, such as receiving position, is dictated by their opponent’s actions.
This interdependency makes it particularly challenging to model realistic strategies.

To address these challenges, [2] proposed a closed-loop Al framework for badminton, introducing
RallyNet [3], a state-of-the-art imitation learning model that simulates player behavior. Alongside
RallyNet, they developed the CoachAl Badminton Environment [4] [5], a realistic simulation platform
designed to test strategies, validate hypotheses, and optimize decision-making algorithms. These
tools not only assist players in improving performance, but also enable personalized training plans
and tactical preparation, bridging the gap between Al-driven insights and practical applications in
badminton.

Despite its advancements, the current environment faces two significant challenges. First, unlike
game environments that rely on simple randomness and rules [6], creating a realistic badminton
simulation requires accounting for player limitations and strategic plausibility. This ensures that
agents can act freely without producing unrealistic behaviors—an aspect overlooked in existing en-
vironments. Second, previous environments primarily offer simulation functions, API integrations,
and basic action statistics. However, for coaches and players, the analysis should provide actionable
insights related to winning and losing strategies, limiting the practical adoption of these tools by the
broader community.
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Figure 1. Overview of the CoachAl+ Badminton Environment's Objectives.

This study aimed to enhance player performance by using Al to simulate player styles, match scenar-
ios, and provide actionable insights for training and strategic decision-making. Specifically, it focused
on developing a realistic badminton environment and addressed two key research questions:

1. Can CoachAl+ simulate diverse player behavior across different game scenarios?
2. How to extract insights on winning and losing from CoachAl+ ?

To achieve this, we propose three key contributions, as outlined in Figure 1:

® Improving RallyNet with RallyNetv2: We enhanced the imitation learning model, RallyNet,
to better capture player behavior. In rally reconstruction experiments, RallyNetv2 achieved
significant improvements in key metrics: a 53% reduction in Landing Location Error (DTW
Distance: 0.2983), a 68% reduction in Shot Type Error (CTC Loss: 8.3533), and a 43% reduc-
tion in Moving Position Error (DTW Distance: 0.1934) compared to the original RallyNet.

® Introducing Realism Constraints: We incorporated a set of rule-based constraints derived
from historical data into the simulation environment. These constraints improve realism by
preventing unrealistic actions, such as implausible shot types or movement patterns, creating
simulations closer to real match scenarios.

® Optimizing Evaluation for Strategic Insights: We expanded the evaluation system to de-
liver more actionable and strategic insights, including shot-level statistics for each rally, inte-
grating a badminton-specific win probability model [7], and analyzing player tempo and ac-
tive/passive states. To enhance interpretability, we collaborated with domain experts to de-
fine tactical patterns and conduct tactical analysis. A user-friendly web interface was also de-
veloped, allowing coaches to directly import matches for analysis, offering intuitive and com-
prehensive evaluation results.

These contributions collectively advance the applicability of CoachAl+ as a tool for improving player
performance through realistic simulation and insightful analysis.
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2. Preliminaries

This section provides an overview of background knowledge and prior research on badminton anal-
ysis, covering key topics such as stroke-level badminton datasets, techniques for analyzing badmin-
ton players’ behaviors, and recent advancements in badminton environments.

2.1. A Human-Annotated Badminton Dataset

Existing studies on badminton analytics face challenges in capturing structured, stroke-level data. To
address this, [8] developed the Badminton Language for Sequence Representation (BLSR), a frame-
work for transforming match data into structured tabular formats. BLSR records every stroke with
precision, detailing aspects such as stroke timing, shot type, and spatial positions. This structured
representation significantly enhances analytical efficiency and precision, laying a solid foundation
for professional sports analysis.

Building on BLSR, [9] introduced ShuttleSet, the largest public badminton singles dataset, featuring
36,492 strokes with detailed player and shuttlecock positions. ShuttleSet evolves with new data as
exemplified by ShuttleSet22 [10], which incorporates high-level match data from 2022, capturing
modern tactical trends. Its emphasis on data diversity and rally continuity provides comprehensive
tactical insights, recording every rally from serve to final shot.

ShuttleSet prioritizes data diversity and contextual continuity, capturing every rally from serve to
final shot, and providing comprehensive tactical insights. In this study, ShuttleSet served as the foun-
dation for constructing a realistic badminton simulation environment. Leveraging its extensive data,
we trained models to simulate player behavior and decision-making across diverse match scenarios,
enabling in-depth exploration of tactical strategies and their impact on match outcomes.

2.2. Badminton Tactical Analysis

Artificial intelligence has become integral to badminton analytics, addressing various challenges and
enabling significant advancements. The availability of stroke-level badminton match data has in-
spired numerous studies. [11] introduced the ShuttleNet model for stroke forecasting, predicting
landing points and shot types by incorporating stroke dependencies and player styles. [12] proposed
the DyMF model for the first movement forecasting task, using dynamic graphs to predict player
movements after returns. Building on these efforts, [3] reframed these forecasting tasks as an imita-
tion learning problem, presenting a specialized model for badminton.

2.3. Badminton Environment

Creating arealistic and functional badminton simulation environment is essential for tactical analysis
and strategy optimization. Unlike standard game simulations, sports analysis requires adherence to
game rules and realistic agents to generate meaningful and actionable insights.

The existing CoachAl Badminton Environment [4] [5] partially replicates match dynamics, but cannot
model realistic player behavior or provide practical tactical insights. Effective simulations require
realistic constraints, such as movement limits and valid shot placements—factors that are challeng-
ing for models to learn independently. Additionally, providing actionable insights demands domain
knowledge, which is missing in current environments that rely on basic statistical summaries, limit-
ing their relevance for players and coaches.
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To overcome these limitations, we developed an enhanced simulation system built on the ShuttleSet
dataset [9] and trained on real match data. This system simulates player behavior and decision-mak-
ing while integrating realistic constraints, such as movement limits and plausible shuttlecock landing
position, ensuring that simulations closely reflect actual gameplay. The simulation outputs can be
analyzed with advanced tools to assess shot type selection and performance, active vs. passive play,
tempo control, and tactical performance.

By combining data-driven strategy simulations with well-designed constraints, the system captures
complex match dynamics and overcomes the limitations of traditional simulations. This improved
environment provides coaches and players with actionable insights, enabling targeted training and
better performance in competitions.

3. Methodology
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Figure 2. An overview of the CoachAl+ Badminton Environment.

3.1. A Human-Annotated Badminton Dataset

Our environment is built upon and improves the current state-of-the-art deep imitation learning
model for badminton simulation CoachAl. It models the badminton game as a Markov Decision Pro-
cess (MDP). The complete architecture is shown in Figure 2. To create realistic virtual players, we
introduce RallyNetv2, an enhanced version of RallyNet [4], which is used in CoachAl. Additionally,
we apply behavioral constraints by analyzing the correlation between states and actions in real-game
data from ShuttleSet. These constraints include limiting shot types based on the received shot type
and y-axis movement, limiting landing locations based on shot type, and applying movement limita-
tions. Furthermore, we introduce three evaluation modules that analyze and visualize the outputs of
the simulation and real games. These modules provide coaches and players with valuable insights
into how a player interacts with the opponent, helping them make more informed decisions.
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3.1.1. The Markov Decision Process (MDP) in Badminton Games

We model badminton games as a turn-based game between two agents in a singles match. The game
is framed using the Markov Decision Process (MDP) [14], which consists of several key components:
S, A, T(ylx, a), R(x), and y. The set S represents the possible states, which include the type of shot to
receive, the shuttlecock’s position, the agent’s position, and the opponent’s position. Set A denotes
the actions that the agents can take, which include choosing the type of shot to use, determining the
landing position of the shuttlecock, and deciding the movement the agent will make after returning
the shuttlecock. The transition probability, T(ylx, a), defines the likelihood of moving from the previ-
ous state x to the current state y, which is determined by the actions of the opposing agent. The re-
ward function, R(x), is governed by the rules of badminton, such as when a shot goes out of bounds,
when the shuttlecock is unreachable, or when the agent violates a constraint, such as attempting a
smash when receiving a smash. Finally, y € [0, 1) is the discount factor.

According to the rules of a real badminton game, the agent who first scores 21 points wins the set.
However, if the score reaches 20-20, a deuce occurs, and the agents must lead two points to win the
set. At each step t of the set, the agent receives a state steS at the t-th step. Based on the state, the
agent chooses an action at€A according to its policy m(atlst). The environment then returns a reward
R(x) and transitions to the next state based on the transition probability T(ylx, a) which is determined
by the actions of the opposing agent.

3.1.2. Opponent as Transition Dynamics

As shown in Figure 2, the opponent in badminton serves as a transition dynamic, determining the
player's next state and shaping the rally's progression. Accurately reflecting real player behavior is a
key goal of the simulation environment. In this paper, we propose RallyNetv2 to effectively capture
player strategies, providing realistic transition dynamics for simulations.
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Figure 3. The framework of RallyNetv2.

Figure 3 illustrates the RallyNetv2 framework, which models player interactions as dynamic ex-
changes mediated by the shuttlecock, akin to particle interactions through collisions. Rally dynamics
are captured using Latent Geometric Brownian Motion (LGBM), projecting rally states into latent
space and modeling their dynamics with geometric Brownian motion. This approach integrates use-
ful inductive biases from GBM into player decision-making, enhancing the agent's ability to account
for opponent behavior and to produce more realistic, responsive gameplay simulations. Inspired by
GBM's success in modeling uncertainty and interaction patterns in fields such as financial markets
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[15] and population dynamics [16], LGBM effectively captures the inherent uncertainty and complex-
ity of badminton gameplay.

In Figure 3, the model is conceptualized as a variational autoencoder. The encoder maps the rally's
state sequence into a rally context while projecting the current state into latent space to derive the
Current Latent State and intermediate states. To simulate geometric Brownian motion in latent space,
we adopted a stochastic differential equation (SDE) approach, as described in [17]. Variational infer-
ence in SDEs allows us to parameterize both the prior and approximate posterior:

Z; = hg (Z, t) dt + O'(Z, t) dW; (prior) (1)
Zy = hy(Zy, t)dt + a(Zg, t)dW, (approx.post.) (2)

Here, hO and h¢ are the target drift function and the player drift function, respectively. Both pro-
cesses share the same function o.

The target drift function in the encoder leverages rally context, embedding future information. This
enables the latent trajectory produced by the encoder to serve as a target for the decoder, encourag-
ing the player's latent trajectory to align closely with the target's latent trajectory. To achieve this,
we minimize the KL divergence between the two trajectories [17], ensuring that the model learns
how to represent rally state dynamics as geometric Brownian motion in latent space. During infer-
encing, the decoder uses the current state to predict future latent states, which guide gameplay deci-
sions. Since displacement in latent space corresponds to agent decisions, the geometric Brownian
motion (LGBM) incorporates the opponent’s actions into the agent’s decision-making.

Unlike RallyNet, which simulates only the next shot, RallyNetv2 learns by simulating entire rallies.
This longer horizon enables agents to base decisions on extended future outcomes, achieving perfor-
mance that more closely mirrors real players. The action projection layer translates latent positions
z.into actionable outputs for interaction with the opponent. Specifically:

® For shot type selection: A linear layer maps the latent position z:to predict the shot type.

® Forlanding and moving position: Landing and movement are modeled as weighted bivari-
ate normal distributions, reflecting the multiple viable options in badminton. Two linear lay-
ers parameterize these distributions, from which landing and movement positions are sam-
pled.

Finally, the concatenated shot type, landing position, and movement position define the agent’s ac-
tion, which interacts with the environment and determines the opponent's next state. This structure
ensures realistic gameplay simulation, capturing both agent decision-making and opponent interac-
tions.

3.1.3. Realism Action Constraint

In the existing simulation environment, a set of Constraint mechanisms based on historical data
statistics have been added to study the correlation between player actions and other factors. This is
used to judge and limit the actions of the simulated player (agent), aiming to enhance the realism and
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complexity of the match simulation. When the model generates unreasonable actions, this function
will immediately correct them, adjusting the actions to results that are more aligned with actual
match scenarios.

Shot Type Constraint
Type Correlation

X_movement Y_movenent hit_location opponent_location opponent’s shot type

type 0.106 0.487 0.45 0.244 0.49

Figure 4. By using Cramer's V, we found that hit location, Y-axis movement, and opponent’s shot type
moderately correlated with shot selection.

To ensure that the agent's actions reflect real-world scenarios, we implemented restrictions to
prevent arbitrary shot selection. Using historical data, we analyzed the relationships between
an agent's shot type and key factors, including movement along the x and y axes, the agent’s
location during the shot, the opponent's location, and the opponent's shot type. The analysis,
shown in Figure 4, highlighted moderate correlations between hitlocation, opponent shot types,
and agent movement along the y-axis.

Figure 5's statistical analysis shows that if the probability of a specific shot type in a given con-
text is below 2%, the agent is restricted from selecting it, with its probability redistributed
among more realistic options. The 2% threshold accounts for potential labeling errors in the
dataset, providing a practical constraint. For instance, when responding to an opponent's smash,
the agent is limited to defensive lobs or net drops. Similarly, if the agent moves more than 0.25
units along the y-axis before returning the shuttlecock, it is restricted from selecting a smash.
These constraints ensure the agent’s actions closely align with real-world behavior patterns ob-
served in matches.

Agent’s Shot Type Distribution by Movement on Y-Axis (%) Agent’s Shot Type Distribution by Opponent’s Shot Type (%)
Typely_movement (-inf, -0.5) [-0.25,0) [-0.5,-0.25) [0,0.25) [0.25,0.5) [0.5, inf) Current Type\Prev Type Clear Drive Drop Lob NetShot Push Shot Servelong Serveshort Smash Smash Defence
Clear 25 9 24 1 0 0 Clear 27 1 0 24 0 22 23 0 0 2
Drive 6 8 4 6 2 1 Drive 129 2 4 0 13 1 1 1 4
Drop 34 10 28 2 0 0 Drop 29 2 0 32 0 27 23 0 0 3
Lob 0 1 0 7 30 35 Lob 0 1 15 0 a7 1 0 21 0 20
Net Shot 0 6 0 25 42 43 Net Shot 0 9 80 0 36 1 0 48 10 38
Push Shot 0 3 0 12 20 19 Push Shot 0 7, 15 0 16 4 0 28 0 23
Smash 34 15 a4 3 0 0 Smash 43 3 0 41 0 21 54 0 0 5
Smash Defence 0 48 3 44 5 1 Smash Defence 1 49 6 0 0 12 0 1 88 5

Figure 5. Statistical distribution of the agent's shot types (percentages) based on opponent shot types
(left) and y-axis movement (right). Shot types with a frequency below 2% (highlighted in red) are re-
stricted for agent selection.

Landing Position Constraint

Landing Location Correlation

hit_location opponent_location type

landing_location 0.164 0.102 | 0.446

Figure 6. Cramer's V values identified the agent's shot type as the variable that most strongly correlated
with the landing location of the agent’s shot.
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We further investigated whether the landing position of the shuttlecock when the agent hits it
is correlated with the opponent’s location or the shot type used by the agent. As shown in Figure
6, the landing location is closely related to both of these factors, with the shot type having the
highest correlation with the landing location. As an example of this constraint, high clears tend
to land mostly in the backcourt, while smashes and net drops are more likely to land in the
frontcourt or midcourt areas. For certain shot types, there are clear restrictions on the landing
locations; for instance, net shots cannot land in the backcourt.
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Figure 7. Statistics were gathered on the landing area of the player when hitting specific shot types (pre-
sented as percentages), with landing areas below 2% marked in red. This ensures that the agent cannot
hit the landing location with a probability of less than 2 when facing specific shot types from the opponent.

® Moving Location Constraint

Smoothed Distribution of Total_Movement
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Figure 8. Calculating the density distribution of the player's total movement distance, where a higher y-
value indicates that the player moves that particular distance more frequently.
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When the agent's movement exceeds the maximum value, the system will dynamically adjust its
behavior, restricting the movement range within the maximum allowable distance in the same
direction. This prevents the simulated agent from exhibiting unreasonable locationing behav-
iors that deviate from the logic of the game, and ensures that the simulation results are con-
sistent with the statistical characteristics of real-life matches.

3.2. Evaluation Modules
We provide three evaluation modules for the user to get better insight into the game, which are Shot
Evaluation, Tactic Evaluation, and Visualization & Winning/Losing Reason Statistics.

3.2.1. Shot Evaluation

For Shot Evaluation, we introduce Shot Influence [8], a specialized deep-learning model designed
to assess the impact of individual shots on rally outcomes. The model evaluates shots by analyzing
their immediate and cumulative effects on the trajectory of a rally, capturing both short-term dy-
namics and long-term patterns in player performance.

The model’s output is visualized as a line graph, which tracks win probability changes throughout
the rally. Each shot is evaluated for its contribution to the player’s win probability, providing a dy-
namic, shot-by-shot view of how the rally evolves.

Win Probability During the Rally (Kento MOMOTA) Pace with Momentum During the Rally (15)
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Figure 9. Illustration of how to interpret the Rally Shot-by-Shot Momentum and Pace Plot. (a) A sharp drop
in Kento Momota’s win probability occurs after the third round, (b) A fast-paced smash from the opponent in
the fourth round reduces Momota's momentum, and (c) Rapid fluctuations in win probability occur toward
the end of the rally.

While the Shot Influence model offers powerful predictions, its deep-learning nature inherently lim-
its interpretability. To address this, we enhance the analysis with complementary visualizations such
as the Rally Shot-by-Shot Momentum and Pace Plot and Rally Length vs. Energy Expenditure
Diagram.

In the Rally Shot-by-Shot Momentum and Pace Plot, pace (P) is defined as the player’s shot speed,
calculated as:

_ Shuttle Travel Distance _ Distance

. = (3)
Shuttle Travel Time At
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where At is the frame difference between the shuttle leaving the player's racket and reaching the
opponent's side. Next, momentum is represented by the sign of the pace. Positive momentum (+P)
indicates that the player is hitting above the net, while negative momentum (-P) indicates hitting
below the net. This distinction highlights whether the player is maintaining or losing control of the
rally.

In the Rally Length vs. Energy Expenditure Diagram, energy expenditure (E) is calculated as:

Opponent's Shot Pace

= 4
Player's Recovery Speed (4)

where:

® The opponent's Shot Pace measures how fast the opponent's shuttle travels.
® The player's Recovery Speed is the speed of the player returning to an optimal position after
hitting a shot.

A higher opponent shot pace increases the energy cost, while a slower recovery speed indicates
greater fatigue for the player.

In addition to rally-level analysis, Figure 19 provides match-level differences based on shot types for
comparison. The average win probability grouped by shot type across each match is calculated to
evaluate the effectiveness of various shots in securing points. For pace with momentum, average
delta values (representing changes in rally pace after each shot) are used to highlight how specific
shot types influence momentum shifts. By incorporating these two metrics—win probability and
delta pace—the grouped bar chart format enables easy visual comparison across matches, helping to
identify trends or deviations in shot performance.

In Figure 20(b), the densities are calculated using Kernel Density Estimation (KDE). KDE evaluates
the density of shuttlecock landing positions or player moving positions by smoothing the data points
into a continuous surface. The contours represent equal densities, while the higher exaggeration lines
represent higher density values.

Figure 21 visualizes the differences in the distribution of shots of two specified matches for a given
player, separately for winning and losing rallies. The KDE for the landing and movement positions
are computed using Gaussian kernels, and the differences are obtained by subtracting one distribu-
tion from the other. Since the higher density difference corresponding to losing shots would be blue,
which is counterintuitive to losing more, the color scheme is reversed to create a negative impres-
sion.

3.2.2. Tactic Evaluation

Our goal for tactical evaluation is to visualize these tactics through data and definitions, providing an
intuitive display of their actual usage and success rates. This not only helps clearly understand the
application frequency and distribution characteristics of various behaviors in the match, but also as-
sists players and coaches in identifying which factors significantly influence the success rate, helping
them optimize match strategies and improve performance in actual competitions.
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We referenced [18] and worked with badminton coaches to define three main tactical categories:
Four-Corner, Full-Court Pressure, and Defensive Counterattack:

1. Full-Court Pressure
The player accumulates high points in a short time through aggressive offensive techniques
(such as net shots, drop shots, and smashes) to apply Full-Court Pressure and quickly end the
rally.

2. Defensive Counterattack
After the opponent launches an attack (such as a smash), the player transitions from a defen-
sive state to a counterattack, achieving an effective Defensive Counterattack through precise
drop shots, net shots, or smashes

3. Four-Corner
The player achieves strategic pressure by locking the landing points of shots to specific areas
of the court (such as the left and right corners of the front or back court) or by utilizing a
variety of landing point variations for Four-Corner.

Within the Four-Corner tactic, there are five subtactics: Forehand-Lock, Backhand-Lock,
FrontCourt-Lock, BackCourt-Lock, and Four-Corners-Clear-Drop:

1. Forehand Lock
The player stabilizes the landing point of the shot in a specific area on the forehand side of
the court to maintain control of the court and accumulate points.

2. Backhand Lock
The player stabilizes the landing point of the shot in a specific area on the backhand side of
the court, using precise control to weaken the opponent's counterattack ability.

3. FrontCourt Lock
The player concentrates the shots in a specific area of the front court to suppress the oppo-
nent and enhance the offensive advantage.

4. BackCourt Lock
The player stabilizes the landing point of the shot in a specific area of the backcourt (exclud-
ing smashes) to maintain defensive stability and wait for an opportunity to counterattack.

5. Four-Corner Clear Drop
The player continuously pulls and pushes by changing the landing points to specific areas in
the four corners of the court, creating offensive opportunities and accumulating points.

In the tactical classification process, we refined the tactical categories into four hierarchical levels,
each representing varying levels of tactical detail. The first three levels were independently evaluated
to ensure their definitions accurately captured match dynamics and strategic decisions. The levels
are illustrated in Figure 10, with detailed definitions and corresponding abbreviations provided in
the appendix.

Using match data from two players, we analyzed and classified their tactics, followed by statistical
comparisons. Specifically, we recorded the win rates and usage frequencies of different tactics for
each player, and visualized their effectiveness by projecting them onto a 2D plane. Furthermore, we
compared the players' tactical choices using bar charts to highlight similarities and differences, par-
ticularly their strategic preferences in critical match scenarios. This analysis provides insights into
each player’s tactical strengths and characteristics while revealing differences in strategic styles. The
process is depicted in Figure 10.
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Figure 10. The tactical classification flow diagram illustrates the process of collecting rally data from the
matches of two players. Each rally is individually assessed through tactical layer classification, analyzing the
tactics used by the players. Finally, the tactics and win rates are statistically analyzed and visualized in charts,
providing an intuitive presentation of the tactical usage results.

3.2.3. Visualization & Winning/Losing Reason Statics

We calculate win/lose probabilities across different states, emphasizing the top winning and losing
states along with their corresponding actions. The platform offers dynamic, interactive visualizations
of match data, enabling coaches and players to analyze and prepare effectively. Through intuitive
animations, users can seamlessly explore match dynamics, as illustrated in Figure 11. Moreover, we
have developed an interactive web page that can run our three evaluation modules on it.

CoachAl+ Shot  Tactic | Visualization Download demo file

Visualization & Winning/Losing Reason Statistics

Visualize badminton match content through animation to analyze the relationship between winning and losing states and behavior, identifying strengths and weaknesses
to provide training insights for athletes.

BACK

Set 1

Kento MOMOTA CHOU Tien Chen

e Probabilty Distrbution for Kento MOMOTA Tyoe Probasilty Distrbution for CHOU Tien Chen

Figure 11. Visualization & Winning/Losing Reason Statistics highlights top winning and losing states and the
corresponding actions.
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4. Experimental Results

This section addresses two key research questions: (1) Can CoachAl+ simulate diverse player be-
havior across different game scenarios? (2) How to extract insights on winning and losing
from CoachAl+ ? We first evaluate the imitation accuracy of RallyNetv2, followed by demonstrations
of the effectiveness of the evaluation modules and simulation capabilities using three selected match-
ups.

4.1. Can CoachAl+ Simulate Diverse Player Behavior across Different Game Scenarios?
To assess the accuracy of the CoachAl+ Badminton Environment, we conducted experiments based
on three key criteria, adapted from the goals proposed in RallyNetv2 for offline imitation learning in
badminton:

1. Behavioral Sequence Similarity: The agent's behavior should closely replicate real-world
rallies, capturing shot sequences, shuttle trajectories, and player movements.

2. Rally Duration Realism: The simulated rallies should reflect the length of actual gameplay,
efficiently modeling player interactions.

3. Outcome Consistency: Simulated rallies should produce results that align with real-world
competitive dynamics.

To evaluate RallyNetv2's performance in badminton analysis, we conducted rally reconstruction ex-
periments using the ShuttleSet dataset, following the setup from RallyNet. The ShuttleSet dataset was
split into 80% for training and 20% for testing. As shown in Figure 12, the task involves initializing
the serving agent with a given state and simulating complete rallies through interaction, allowing for
a detailed comparison of accuracy and suitability for badminton scenarios.

The score is how 18 to 20

. — N
The action sequence that the player wants to take in this rally>

Player B Policy | Bsintent |
! ] =l shot drive | netshot | smash
s, & sS4 a S
Initial state TZ} e ‘T”', 4 T‘S!a‘? Types
®ee | |landing ;
8y ag sg ag S5 ag i Position frontcourt |frontcourt | midcourt
u I—I u - | Moving 3
Player A Policy A's Intent el Position midcourt | midcourt |frontcourt

Figure 12. An illustration of the agent in a badminton rally. In our experiments, the agent is provided with an
initial state and is tasked with predicting the full rally sequence.

4.1.1. Behavioral Sequence Similarity

We evaluated RallyNet and RallyNetv2 on the ShuttleSet dataset. Traditional alignment-based met-
rics such as MSE and Cross-Entropy are unsuitable due to the varying lengths of simulated and real
rallies. Minor timing differences in executing tactics, such as the Four-Corner Tactic, which forces
opponents to move extensively, should not overly influence decision sequence evaluations. To ad-
dress this, we employed Dynamic Time Warping (DTW) to measure landing and movement position
predictions and Connectionist Temporal Classification (CTC) loss to evaluate shot type predictions.
These metrics effectively assess sequence similarity, even when sequences differ in length, ensuring
accurate evaluation of generated versus real rallies.
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Table 1. Quantitative results.

Model Landing Position ({) | Shot Type ({) Moving Position ({)
RallyNet 0.6449 26.5384 0.3424
RallyNetv2 0.2983 8.3533 0.1934

Table 1 compares the performance of RallyNet and RallyNetv2, showing that RallyNetv2 significantly
outperforms RallyNet. By extending the LGBM interaction length for direct mapping to accurate
mixed-action sequences, RallyNetv2 achieves notable improvements, aligning more closely with true
action sequences.

4.1.2. Rally Duration Realism

To evaluate whether the model accurately captures rally interactions, the ability to simulate errors
at the correct moments is a key metric. This reflects whether the agent understands player limits,
such as failing to return a shot or hitting out of bounds. Learning error patterns is particularly chal-
lenging due to their rarity—errors occur only once per rally, compared to more frequent in-bound
interactions.

Rally Length Distribution Rally Length Distribution

= Real 0.12 1 _ Real
0.12 | JSD=0.1772 Simulated JSD =0.1638 Simulated
0.10 -
0.10
0.08
0.08 -
> =
& 0.06 g 0061
0.04 1 0.04
0.02 4 0.02
0.00 = T T y T 0.00 T T T T T
0 10 20 30 40 0 10 20 30 40 50
Rally Length Rally Length

Figure 13. The length distribution comparison is shown, with RallyNet results on the left and RallyNetv2 on
the right. The orange distribution represents the ground truth rally lengths, while the blue distribution shows
the generated rally lengths.

Rally length also serves as an indicator of how well the model replicates realistic gameplay scenarios.
Figure 13 presents a histogram of rally lengths, with Jensen-Shannon divergence (JSD) used to quan-
tify the difference between the real and generated distributions. As shown, RallyNetv2 models more
intricate strategies, producing rally length distributions that closely align with real-world data, out-
performing RallyNet.
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4.1.3. Outcome Consistency

To assess the outcome consistency of the learned models in replicating real player behavior, we sim-
ulated rallies and evaluated the average win rates for each player across all matchups. Simulations
used the initial states from actual rallies to ensure accurate comparisons. RallyNet achieved a mean
absolute error (MAE) of 9.5% for win rate, while RallyNetv2 reduced this to 7.4%.

Additionally, we analyzed Carolina Marin, the player with the most rally data in the ShuttleSet test
dataset, focusing on her top four matchups by rally count. As shown in Table 2, RallyNetv2 achieved
an average difference of just 5.25% from actual win rates, outperforming RallyNet in replicating real
match outcomes. These findings highlight RallyNetv2's superior ability to model realistic gameplay
results.

Table 2. Simulated rally-level win rates comparing ground truth with learned agents for Carolina
MARIN's top four matchups by rally count.

Carolina MARIN
Matchup Mea:nlzszer-
. - Supanida Pornpawee
An Se Young Neslihan Yigit Katethong Chochuwong
Ground Truth Win 0.5517 0.6296 0.5918 0.6190
Rate

RallyNet 0.4942 0.3703 0.5714 0.5238 0.1081

RallyNetv2 0.5172 0.5185 0.5510 0.5952 0.0525

In conclusion, the experimental results demonstrate that RallyNetv2 outperforms the state-of-the-
art RallyNet in capturing players' decision patterns with greater precision. By refining LGBM’s learn-
ing objectives, it achieves direct mapping to accurate mixed-action sequences. We believe RallyNetv2
can serve as a more effective agent in the environment, enabling more realistic interactions in bad-
minton simulation environments.

4.2. How to Extract Insights on Winning and Losing from CoachAl+

In this subsection, we demonstrate the benefits of the CoachAl+ Badminton Environment's evalua-
tion module and its simulation capabilities. The primary goal of the system is to provide actionable
insights for coaches and players, enabling targeted training and tactical preparation.

The system offers two key applications. When sufficient historical match data are available, the eval-
uation modules analyze the data directly to extract insights. In scenarios with limited or unavailable
match data for specific player matchups, the simulation function generates matches, which can then
be analyzed to provide insights. This allows players and coaches to gain a competitive edge by ac-
cessing valuable information even in data-scarce situations.

It is important to note that the evaluation modules aim to help identify strengths and weaknesses

between players, but do not directly offer "winning strategies." Instead, they serve as a tool for deeper
tactical understanding and preparation.
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4.2.1. Evaluating Historical Matches

We present two scenarios to demonstrate the application of the CoachAl+ Badminton Environment
for analyzing historical matches: single-match analysis and cross-match comparisons. To illus-
trate, we selected two matchups and applied various evaluation modules to extract diverse insights,
highlighting the environment's analytical capabilities.

4.2.1.1. Single-Match Analysis
Kento Momota vs. Viktor Axelsen Malaysia Masters 2020 Finals match

In this match, Momota emerged victorious. By using our system, we highlight Momota's strengths
and potential weaknesses, demonstrating the effectiveness of the Evaluation Modules. We summa-
rize the observations as follows:

® Kento Momota favors longer rallies

Energetic Cost Per Rally and Ball Rounds Distribution of Set2

Kento MOMOTA Kento MOMOTA scores |
—e— Viktor AXELSEN wesss \/iktor AXELSEN scores

0.8 4 30

N
v

0.6 4

Energetic Cost
N
o
Number of Ball Rounds

=
7]

=
15

0.2 4

0.0 4

—— — — 77— T —T T
1 2 3 6 7 9 10 11 12 13 14 15 16 17 18 19 20 21 22 26 29 30 32
Rally

Figure 14. In Set 2, Kento Momota wins the first several long rallies. Viktor Axelsen wins some shorter
rallies near the end of the set, but his energy cost is significantly higher compared to Momota.

Figure 14 presents the "Rally Length vs. Energy Expenditure Diagram," where the line depicts
energy expenditure and the bar chart illustrates the length of each rally. The analysis reveals
that Momota tends to win longer rallies. Even in shorter rallies, his playing style forces Axelsen
to expend more energy, showcasing Momota'’s tactical advantage in maintaining control and
dictating pace.

® Kento Momota's frequent use in the "Four-Corner" tactic.
Figure 15 shows that Kento Momota uses the Four-corner play most frequently, despite its low
win rate. However, Figure 14 reveals that he has an advantage during long rallies. This suggests
that Kento Momota's frequent use of the Four-corner play is likely a strategy to extend rallies
and gain an advantage.
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Tactic Usage vs.

Tactic Usage

Win Rate for Kento MOMOTA and Viktor AXELSEN
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Figure 15. The scatter chart illustrates the win rate and frequency of tactics used by both players.
Momota has a high win rate in DC rallies and over 50% using Four-Corner.

® Kento Momota's ability to shift momentum, especially under pressure

Win Probabi lity

Win Probability During the Rally (Kento MOMOTA)

Pace with Momentum During the Rally (15)
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Figure 16. The Shot Influence prediction (left) and Pace Plot (right) provide complementary insights
into how Kento Momota’s performance influences rally outcomes, highlighting his strategic resilience
and ability to shift momentum, especially under pressure.

Figure 16 illustrates the 15th rally of Set 2, where Kento Momota served. Momota, known for
his Defensive Counterattack style, demonstrates a higher win probability when receiving net
shots. This is due to his ability to respond effectively to risky net plays without compromising
his position. In this rally, his opponent’s net shot increases the likelihood of an immediate loss,
which ultimately occurs and results in Momota's win. Additionally, Figure 16 highlights
Momota's resilience under pressure from Viktor Axelsen. Despite receiving a fast-paced smash
from his opponent, Momota's smash defense enables him to not only withstand the attack but
also turn the rally in his favor. This aligns with his playing style, and the ability to shift momen-
tum during high-pressure moments.

17
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® Momota excels with left-side landing position

Visualization Top 1 Winning Reason Top 1 Losing Reason
Player: 5 Opponent: 5 Ball: 9 Player: 5 Opponent: 5 Ball: 10
Win reason: Miss Percent: 26.8% Lose reason: Out of bound Percent: 8.9%
® Ball @ Bal
® Opponent ® Opponent
® Payer ® Payer

e

Figure 17. Visualize the area analyzed in this section.(left). Shows Kento Momota's top 1 win reason:
the opponent missing the shot(middle). Shows Kento Momota's top 1 lose reason: out of bound (right).

In Figure 17, we visualize the match progress by dividing the court into 10 areas (9 within the
courtand 1 out-of-bounds area) to analyze the distribution of winning and losing actions. Since
importing data from only one set may not provide reliable statistical results, we imported all of
Momota's past match data for analysis in this module. The findings show that Momota's winning
shots often land on the left side of the court, while his most common mistake is hitting the shut-
tle out of bounds, particularly when both players are positioned near the center. This pattern
aligns with his Four-Corner tactical style, which emphasizes boundary-line placements and ac-
tively maneuvering the opponent.

By analyzing match data from multiple sets and leveraging the insights from the various evalu-
ation modules, we gain a comprehensive understanding of Momota's strengths. Future oppo-
nents should focus on building stamina and preparing specific defensive strategies, particularly
against his forehand smashes and tactical court movements. These insights not only enhance
our understanding of Momota's style, but also provide a framework for improving player strat-
egies when facing him in competition.

4.2.1.2. Cross-Match Comparisons
Viktor Axelsen vs. Anthony Sinisuka Ginting Indonesia Masters 2020 Semi-finals, and the
YONEX THAILAND OPEN 2021 Semi-finals.

In this case, we analyze both player’s strengths and weaknesses in the Indonesia Masters 2020 Semi-
finals, and the YONEX THAILAND OPEN 2021 Semi-finals. In their two meetings, Viktor Axelsen lost
the first one, but won the second. We demonstrate, from Viktor Axelsen's perspective, how to utilize
the match comparison feature to uncover the key factors contributing to his victories. The findings
are summarized as follows:
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Inconsistent win rates of Viktor Axelsen for DC and FCP, while FC and FhL were more
effective.

Tactic Usage vs. Win Rate for Viktor AXELSEN and Anthony Sinisuka GINTING  Tactic Usage vs. Win Rate for Viktor AXELSEN and Anthony Sinisuka GINTING
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Figure 18. Illustrates the win rate and frequency of tactics used by both players in the Indonesia Mas-
ters 2020 Semi-finals (left) and YONEX THAILAND OPEN 2021 Semi-finals (right).

In Figure 18, we observe that the tactics Defensive Counterattack (DC) and Full-Court Pressure
(FCP) had inconsistent win rates. Additionally, the two tactics were more demanding to execute.
The usage rates of both tactics were generally below 0.1, limiting their effectiveness to match
outcomes. In contrast, Four-Corner (FC) has a higher usage rate throughout the matches. When
Axelsen wins, Four-Corner (FC) is used more frequently, indicating that it plays a key role in
determining match outcomes. Under the tactic category Four-Corner (FC), we compare the
overall performance of the 5 subtactics. The subtactic Forehand Lock (FhL) has the highest win
rate in both matches. In Match II, where Axelsen won, FhL's significantly higher usage and ex-
ceptional win rate demonstrate its effectiveness in both quantity and quality.

Based on the results of the above analysis, our recommendation is that Viktor Axelsen could
execute more Forehand Lock (FhL) tactics to capitalize on Anthony Sinisuka Ginting’s weak-
nesses, or undergo specialized training to strengthen this tactic prior to matches against An-
thony Sinisuka Ginting, enabling its frequent usage in matches.

Viktor Axelsen’s Push Shots significantly improve win probability, yet the pace de-
creases.
Average Win Probability by Shot Type Average Delta Pace by Shot Type
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Figure 19. Compares Viktor Axelsen’s average win probability (left) and average delta pace (right) by
shot type across the Indonesia Masters 2020 Semi-finals and the YONEX THAILAND OPEN 2021 Semi-
finals.

In Figure 19, we observed that the shot type Push Shot has one of the greatest average win
probability increases between the two matches. However, counter intuitively, the delta pace is
much lower in the second match.

This suggests that when Viktor Axelsen performs Push Shots, he could slightly reduce the pace
of the shot. A similar pattern can be observed in the increased win rates for Smashes and Drops,
where the pace of play also decreases. For Viktor Axelsen, it might be more effective to slow
down the overall rally tempo, and to deliver Push Shots, Smashes, and Drops with greater pre-
cision.

® Comparing landing position and movement of Viktor Axelsen’s smash

Smash Smash
Error Rate: 3/29(10.34%) Error Rate: 1/15(6.67%) Smash Smash
Win Rate: 3/29(10.34%) Win Rate: 5/15(33.33%)
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Figure 20. (a) Comparing the distribution of Smash landing positions by category . (b) Showing the
player's movement after shots. Both (a) and (b) display data from the Indonesia Masters 2020 Semi-
finals (left) and the YONEX Thailand Open 2021 Semi-finals (right).

Figure 20 highlights Viktor Axelsen's weakness on the backhand side during the Indonesia Mas-
ters 2020 Semi-finals and the amplified disadvantage in the YONEX THAILAND OPEN 2021

Semi-finals.

Incorporating the shot type evaluation feature, it is shown that in the second match where
Viktor Axelsen executed Smashes with overall slower pace, the net errors were reduced, and
more winners were successfully delivered towards the opponent's backhand side. In order to
further evaluate Axelsen’s smash, we then utilized the feature for comparing shuttlecock land-
ing position and player moving position distributions across different matches.
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® KDE difference shows Viktor Axelsen’s weakness of his backhand area being targeted
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Figure 21. Illustration of the density difference obtained by subtracting the KDE of the Indonesia Mas-
ters 2020 Semi-finals from the KDE of the YONEX THAILAND OPEN 2021 Semi-finals for Viktor Axelsen.

In Figure 21, higher values (blue) in the winning rallies graph (left) indicate more winning ral-
lies in the YONEX THAILAND OPEN 2021 Semi-finals, while lower values (red) correspond to
fewer winning rallies. In the losing rallies graph (right), higher values (red) indicate more losing
rallies in the YONEX THAILAND OPEN 2021 Semi-finals, while lower values (blue) correspond
to fewer losing rallies.

We observe that on the forehand side, Viktor Axelsen seizes more opportunities to attack down
the line with fewer point losses. Throughout both matches, he struggles to win when delivering
Smashes on the backhand side. On the backhand side, Axelsen was forced to back up more to
execute Smashes, and was unable to recover to an appropriate returning position after Smash
shots were performed. This weakness was amplified in the YONEX THAILAND OPEN 2021 Semi-
finals. Backhand side Smashes allowed Ginting to execute high quality Net Shot returns, result-
ing in a lower win rate in the corresponding area.

Notice the similarities of the shuttlecock landing positions in the two matches. Axelsen’s
Smashes towards Ginting’s forehand often result in point losses. Smashes were more effective
targeting the backhand side, achieving a higher win rate and generating more winners.

To reduce the weakness of the backhand area being targeted, specific training focused on this

scenario can be incorporated. Adjusting the pace during smashes may help ensure the player is
in an optimal position when the opponent returns the shot. In terms of shot selection, he should
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avoid returning smashes or drops when dealing with deep backhand shots. Instead, he should
opt for clears, which result in fewer points lost in the same area. When choosing to smash, he
should aim for cross-court shots to target Ginting's backhand side weakness.

® FhL remains Axelsen's most effective tactic; backhand Smashes cost points.

Smash
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Figure 22. Provides a comparison with another match up, the DAIHATSU INDONESIA MASTERS 2022
Semi-finals, highlighting the significance of the Forehand Lock (FhL) tactic (left) along with his stroke
placement and movement distribution patterns (right).

To validate our analysis, we evaluate a future match up between Viktor Axelsen and Anthony
Sinisuka Ginting, the DAIHATSU INDONESIA MASTERS 2022 Semi-finals, where Axelsen won
the match in straight sets. It's shown in Figure 22. that Forehand Lock (FhL) persists to be the
most productive tactic, achieving both a high usage rate and a high win rate. Furthermore, ex-
amining Viktor Axelsen's Smash landing position distribution in this match reveals a similar
pattern to previous matches, where Axelsen loses more points when executing backhand-side
Smashes. The lost rallies were primarily those targeting the opponent's forehand.

4.2.2. Simulating Future Matches

In cases where game data between two players is insufficient, we can leverage the simulated func-
tionality of the CoachAl+ environment to generate synthetic game data. To validate the accuracy of
the simulations, we selected players who have faced each other and have recorded matches in Shut-
tleSet22, but are not included in the ShuttleSet dataset. We simulated an entire set starting from a 0-
0 score and used evaluation modules to assess the simulation’s accuracy. Figure 23 shows that the
shot distribution and tactical patterns of Victor Axelsen in the simulation closely match those ob-
served in real matches.

Analysis of the tactical usage reveals that both the real and simulated games mostly feature the Four-
Corner (FC) tactic, with the Defensive-Counterattack (DC) and Full-Court Pressure (FCP) tactics be-
ing used less frequently. Observing landing distribution, both simulation and the real match show
that his lob shots scored more points in the top-right corner and lost more points in the left area.
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Landing distribution of lob of ~ Landing distribution of lob of Tactic distribution of Victor AXELSEN (simulated) Tactic distribution of Victor AXELSEN (reality)
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Figure 23. The tactics distribution and landing position distribution of ‘lob’ by Victor Axelsen when playing
against LEE Zii Jia in the Semi-final of the INDONESIA OPEN 2022 and by simulation in CoachAl+ environ-
ment.

5. Conclusion and Future Works

The CoachAl+ Badminton Environment presents a robust platform for realistic match simulations
and in-depth performance evaluations. By combining advanced imitation learning models with data-
driven and constraint-based approaches, it delivers actionable insights that can aid coaches and play-
ers in refining strategies and optimizing performance. This system bridges the gap between data
analysis and practical application, making it a valuable tool for enhancing player training and influ-
encing the methodologies used in competitive preparation.

In our future work, we envision integrating large language models (LLMs) into the CoachAl+ Bad-
minton Environment to provide tailored insights and recommendations in natural language, making
strategic guidance more accessible and actionable for coaches and players. Additionally, the system
could allow for customizable constraints, enabling the simulation of specific scenarios, such as a
player managing a recent injury or other context-specific conditions, to better prepare for real-world
challenges. Furthermore, incorporating reinforcement learning could enhance the system's capabil-
ity to explore optimal strategies for winning under various circumstances or against specific oppo-
nents, offering a more dynamic and adaptive approach to tactical planning. These advancements
would further solidify the platform's role as a comprehensive tool for training, strategy refinement,
and performance enhancement.
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Appendix
Tactic Detailed Definition:
1. Full-Court-Pressure:

The player scores 1 point for a net shot or slice and 2 points for a smash; other shot types
score 0 points. If the player accumulates 3 points in 2 shots, the interval is defined as Full-
Court Pressure. If the player scores 4 points in 3 shots or 5 points in 4 shots, it also counts
as Full-Court Pressure (excluding shots with 0 points at the beginning or end of the inter-
val).

2. Defensive Counterattack

After the opponent performs a smash, the player receiving enters a defensive state. If the
player performs a smash, slice, or net shot from a defensive state, it is considered executing
Defensive-Counterattack, starting from the beginning of the defensive state until the smash
is completed.

3. Four-Corner

The tactic is based on five subtactics: Forehand Lock, Backhand Lock, Front-Court Lock,
Back-Court Lock, and Four-Corner Clear Drop. If one of the subtactics is executed, it's de-
fined as a Four-Corner.

SubTactic Detailed Definition:
1. Four-Corner Clear Drop

The player’s shot placement differs from the previous one and lands in zones 1, 2, 5, or 6
(refer to Figure 25), scoring 1 point per occurrence. If the player accumulates 3 points in 4
shots and the last shot contributes a positive score, the interval is defined as Four-Corner
Movement.

2. Forehand Lock

The player’s shot lands in zones 3 or 5 in Figure 25, scoring 1 point per occurrence. If the
player accumulates 2 points in 4 shots and both the first and last shots contribute positive
scores, the interval is defined as Forehand Lock.

3. Backhand Lock
The player’s shot lands in zones 4 or 6 in Figure 25, scoring 1 point per occurrence. If the

player accumulates 2 points in 4 shots and both the first and last shots contribute positive
scores, the interval is defined as Backhand Lock.
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4. FrontCourt Lock

The player’s shot lands in zones 1 or 2 in Figure 25, scoring 1 point per occurrence. If the
player accumulates 2 points in 3 shots and both the first and last shots contribute positive
scores, the interval is defined as FrontCourt Lock.

5. BackCourt Lock

The player’s shot lands in zones 5 or 6 in Figure 25 and is not a smash, scoring 1 point per
occurrence. If the player accumulates 2 points in 4 shots and both the first and last shots
contribute positive scores, the interval is defined as BackCourt Lock.

Tactic Abbreviation

Full_Court_Pressure FCP
Defensive_Counterattack DC
Four_Corner FC
Forehand_Lock FhL
Backhand_Lock BhL
FrontCourt_Lock FcL
BackCourt_Lock BcL

Four_Corners_Clear_Drop FCCD
No_tactic No

Figure 24. Tactics and corresponding Abbreviation.

Figure 25. Assigned number of Court area for define tactics.
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