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Abstract

This paper presents a dynamic graph-based framework for modeling and optimizing ball circulation in
basketball offense. Players are represented as vertices of a directed graph, while passes correspond to
weighted edges whose weights encode spatial relations such as inter-player distance and passing cost. The
model is driven by sensor-based tracking data, which are stored in structured data tables and updated at
each decision step. At every time instance, the player in ball possession is identified and the current game
state is retrieved from the data structure. For each potential re- ceiver, spatial and contextual metrics are
computed, including distance from the ball handler, spacing defined as the distance from the nearest
defender, and defensive pressure. A constrained optimization rule is then applied: the ball is passed to the
nearest feasible teammate whose spacing exceeds a pre- defined threshold, ensuring both efficiency and
safety of the passing decision. The framework operates as a dynamic iterative process, where graph weights
and node evaluations are recomputed after each pass, enabling real- time decision-making and continuous
adaptation to the evolving game state. Additionally, offensive and defensive formations are modeled as
interacting graphs, capturing spatial dependencies and defensive constraints. The proposed approach
provides a mathematically grounded and data- driven methodology for analyzing offensive behavior,
supporting real-time decision systems, and identifying optimal ball circulation patterns in basket- ball.
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1. Introduction

Modern basketball is a highly dynamic team sport in which offensive efficiency
depends on cooperation, rapid ball circulation, and effective spatial organization. The
increasing availability of player tracking technologies and wearable sensors has
enabled the collection of high-resolution spatial and temporal data during games.
These data allow the development of mathematical and computational models for
analyzing offensive behavior [2, 3]. Graph theory provides a natural framework for
modeling interactions between players. In this context, players are represented as
vertices and passes as edges, enabling the analysis of team cooperation and ball
movement patterns. Network- based approaches have been successfully applied to
study player influence and team structure in basketball and other sports [1, 4]. In this
work, we propose a dynamic graph-based framework for modeling and op- timizing ball
circulation in basketball offense. Each player is represented as a vertex of a directed
graph, while passes correspond to weighted edges. The model is driven by sensor-based

tracking data, which provide spatial and temporal information for each player.

The main objective is to determine the optimal passing decision during an offen-
sive possession. At each time step, the player in possession of the ball is identified, and
all potential receivers are evaluated based on spatial criteria such as inter-player
distance and spacing, defined as the distance from the nearest defender. The pass- ing
decision is formulated as a constrained optimization problem, where the ball is directed
to the most suitable teammate under spatial and defensive constraints. Furthermore,
offensive and defensive formations are modeled as interacting graphs, allowing the
representation of defensive pressure and spatial dependencies. The framework operates
dynamically, updating graph weights and node evaluations at each decision step, thus
enabling real-time analysis of offensive behavior. This approach provides a
mathematically grounded and data-driven methodol- ogy for studying offensive
systems and identifying efficient ball circulation patterns. The rest of the paper is
organized as follows. Section 3 introduces the graph model of the game. Section 2
reviews related work. Section 5 presents the optimiza- tion framework. Finally, Section

11 concludes the paper.
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2. Related Work

Network analysis has been widely used in sports analytics to study cooperation
patterns between players. In basketball, passing networks have been analyzed to
identify key players and evaluate team performance. Fewell et al. modeled basketball
teams as networks and analyzed their structure using centrality measures [1].
Subsequent studies incorporated spatial and temporal information derived from tracking
data, enabling more detailed analysis of player interactions and tactical behavior [2, 3].
Similar network-based methodologies have been applied to other team sports [4]. Recent
approaches in sports analytics integrate spatial metrics such as player spacing and
defensive pressure to evaluate offensive efficiency. These models combine statistical
analysis with tracking data to capture the dynamics of in-game decision- making.
Graph-based methodologies have also been extensively applied in other domains,
including communication networks, smart grids, and cybersecurity systems [6, 7,
10, 5, 8]. These works highlight the effectiveness of network models in representing
complex dynamic systems. In contrast to existing approaches, the proposed framework
introduces a dy- namic, data-driven graph model for pass selection that explicitly

incorporates spatial constraints and real-time decision updates.
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3. Graph Model of the Game

We model a basketball game using two interacting graphs representing offensive and
defensive formations.
Let Gott = (Vorf, Eofr) denote the offensive graph and Get = (Vdet, Edef) the
defensive graph, where |Voft | = [Vder | = 5.
Each vertex corresponds to a player, while directed edges in the offensive graph

represent possible passes between teammates.

Goff = (Voff , Eoff)
A directed edge (vi, vj) exists if player vi can pass the ball to player v;. Each edge

is assigned a weight:

wij = dist(vi, vj)
representing the Euclidean distance between players, which reflects the cost of
executing the pass.

The defensive graph is defined as:

Gdef = (Vdef, Edef)
and represents spatial relations between defenders.
The interaction between the two graphs is captured through a spacing metric.
For each offensive player vi, spacing is defined as:

Si = min dist(vi, uj)

uj EVdef

which represents the distance to the nearest defender.
This dual-graph representation allows the evaluation of passing decisions by com-

bining cooperative structure (offense) with spatial constraints imposed by defense.
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4. Player Metrics and Sensor Data

The proposed framework relies on sensor-based tracking data that are continuously
collected during the game. Each player is associated with a wearable tracking device
that records spatial position, ball possession events, and temporal interaction data.

These measurements are stored in structured data tables and updated dynamically at

P1 P3

@‘@

Figure 1: Directed passing network between offensive players.  Nodes represent

each decision step.

players and edges represent possible passes.

Figure 2: Interaction between offensive and defensive players. Dashed edges repre-

sent defensive pressure relations.
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At each time instance t, the system maintains a data representation of all players on
the court, including their spatial coordinates and associated performance metrics.

Formally, for each offensive player vi € Vo, a set of attributes is defined:

4.1. Position (xi(t), yi(t)): spatial coordinates of player i on the court.

4.2. Ball possession indicator Bi(t): binary variable indicating whether player
i has the ball.

4.3. Ball receptions Ri: number of times player i receives the ball.
4.4. Possession time Ti: total or average time player i holds the ball.
4.5. Pass count Pi: number of passes performed by player i.

4.6. Player efficiency E;i: performance indicator (e.g., PIR).

In addition to node attributes, pairwise spatial relations between players are
computed and stored. In particular, the distance between players vi and v;j is defined

as:
dij(t) = dist(vi, vj)
which is used as the weight of the corresponding edge in the offensive graph.

A key metric in the model is the spacing of each player, defined as the distance from

the nearest defender:

Si(t) = min dist(vi, uj)

uj eVdef

This metric quantifies the level of defensive pressure and plays a central role in

evaluating passing opportunities.

At each decision step, the system retrieves the current state from the data table and

updates all relevant quantities, including inter-player distances and spacing values.
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These dynamically updated metrics are then associated with the vertices and edges of

the graph.

By combining spatial information, temporal features, and performance indicators
within a unified data structure, the model enables real-time evaluation of passing

options and supports dynamic decision-making during offensive possessions.

5. Optimal Pass Selection

The objective of the proposed framework is to determine the optimal passing decision
at each time step of an offensive possession. The decision process is formulated as a

constrained optimization problem defined on the offensive graph.

Let vi(t) denote the player currently in possession of the ball at time t, and let N
(i) denote the set of all potential receivers. For each candidate receiver vj € N (i), the

following quantities are evaluated:

5.1. Passing cost:

dij(t) = dist(vi, vj)

representing the Euclidean distance between the ball handler and player v;.

5.2. Spacing:

Sj(t) = min dist(vj, uk)

uk €Vdef

representing the distance of player v; from the nearest defender.

The passing decision is then formulated as a constrained optimization problem.

A feasible set of receivers is first defined as:

7(i,t) = {v; e N(i) | Sj(t) > Smin}
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where Smin is a predefined spacing threshold ensuring that the receiver is suffi-

ciently free from defensive pressure.

The optimal receiver is selected by minimizing the passing cost over the feasible

set:

j* = arg min djj(t)

Vij
eF(,)

In the case where 7(i, t) is empty, the constraint can be relaxed by selecting the

player maximizing spacing:

j* =arg max S;j(t)

v; €N (i)

This formulation balances two fundamental objectives:

5.3. minimizing passing distance to ensure fast ball circulation,

5.4. maximizing spatial freedom to reduce defensive pressure.

The optimization process is applied iteratively. After each pass, the ball posses-
sion is updated, the data table is refreshed, and all spatial quantities are recomputed.
This results in a dynamic decision-making mechanism that adapts to the evolving game

state.

Lemmal. Let Gost = (Voit, Eoff ) be the offensive graph with edge weights defined as
inter-player distances, and let spacing be defined as the distance from the nearest
defender. The pass selection rule
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j* = arg min dij(t)

vj €F(i,t)

selects the nearest feasible receiver under spatial constraints and thus maximizes

local passing efficiency while maintaining defensive safety.

Proof. For a player vi(t) currently in possession of the ball, the candidate set N (i)
contains all feasible receivers. The feasible subset 7(i,t) ensures that only play- ers

with sufficient spacing from the nearest defender are considered, enforcing a
constraint on defensive pressure.

Among all feasible candidates, the selection rule minimizes the distance d;j(t)
between the ball handler and the receiver. Since shorter distances correspond to faster
and more reliable passes, the selected receiver achieves the optimal trade-off between

passing efficiency and spatial safety.
Therefore, the rule
j* = arg min dij(t)

vj €F(i,b)

yields the optimal local decision under the given spatial constraints.
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6. Pass Selection Algorithm

The optimal passing strategy is implemented as a dynamic algorithm that updates

player data and evaluates passing options at each time step.

7. Dynamic Graph Visualization

To improve interpretability and support real-time analysis, the proposed framework
incorporates a dynamic graph visualization mechanism. At each decision step, the player

currently in possession of the ball is highlighted as the active node of the graph.

For every candidate receiver vj € N (i), a visual score is assigned based on the

current evaluation criteria, namely passing distance and spacing from the nearest

defender. These scores are mapped to a color scale in order to distinguish favorable and

unfavorable passing options.

More specifically, the active ball handler is highlighted with a distinct color,

while candidate receivers are colored according to their suitability:

< green: highly favorable passing option,
= yellow: moderate passing option,

= red: unfavorable passing option.

At each time step, once the optimal receiver vj* is selected, the ball possession
is updated and the visualization is recomputed using the new graph state. This
dynamic update allows the graphical representation of the offensive decision process over

time and supports the identification of efficient ball circulation patterns.

Thus, the proposed framework is not only an optimization model, but also a visual

decision-support mechanism for analyzing offensive behavior in basketball.
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Algorithm 1 Dynamic Optimal Pass Selection

10:

11:

12:

Input: current ball handler vi(t), player data table
Update player positions and compute pairwise distances dj(t)
Compute spacing for all players:
Si(t) = min dist(vj, Uk)
Uk EVdef

Construct feasible set:

7(i,1) = {vj € N(i) | Sj(t) = Smin}

if 7(i, t) £ @ then

Select:
j* = arg min dij(t)
- else vi€F@.n
Select:
j* =arg max Si(t)
end if V;EN (i)

Update ball possession: vi(t + 1) — v

Update data table

Return j*
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8. Offensive Systems and Graph Isomorphism

Basketball offensive systems are characterized by structured patterns of player in-
teractions and ball circulation. Although player positions evolve dynamically, the
underlying interaction structure may remain invariant. Graph theory captures this

structural similarity through graph isomorphism.

Each offensive formation is represented as a graph Got = (Voff, Eoff ), Which can
be modeled as a complete graph Ks, since every player can potentially pass to any

teammate.

Two offensive graphs G; and G2 are isomorphic if there exists a bijection

¢ :V(G1) — V(G

such that

(U,v) EE(G1) == (¢(u), 4(v)) € E(Go).
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This concept allows the identification of structurally equivalent offensive patterns

independently of spatial positioning.

By detecting isomorphic graph structures across different possessions, it becomes
possible to identify recurring tactical behaviors and evaluate their effectiveness using

the proposed optimization framework.

Thus, graph isomorphism provides a structural tool for analyzing offensive sys-

tems and identifying efficient ball circulation patterns.

9. Experimental Evaluation

To evaluate the proposed framework, simulated offensive possessions were gener-
ated using synthetic tracking data. Player positions were randomly initialized while

maintaining realistic spatial constraints between offensive and defensive players.

At each time step, the dynamic optimization algorithm was applied to determine
the passing decision based on inter-player distances and spacing constraints. The re-
sulting ball circulation patterns were compared against baseline strategies, including

random passing and nearest-neighbor passing without spacing constraints.

The results indicate that the proposed method produces more structured and
efficient ball circulation. In particular, the algorithm consistently selects receivers with
higher spacing, leading to reduced defensive pressure and improved spatial distribution

of players.

Furthermore, the dynamic update mechanism allows continuous adaptation to

changing game conditions, resulting in stable and coherent passing sequences.

Although the evaluation is based on synthetic data, the results demonstrate the
potential of graph-based constrained optimization for modeling offensive decision-

making in basketball.
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10. Discussion

The proposed framework provides a structured and data-driven representation of
basketball offense using graph theory. By modeling players as vertices and passes as
weighted edges, the approach captures both the cooperative nature of offensive play

and the spatial constraints imposed by defenders.

A key contribution of the model is the formulation of pass selection as a con-
strained optimization problem based on inter-player distance and spacing. This
formulation enables a simple yet effective decision mechanism that promotes fast ball

circulation and improved spatial organization.

The dynamic nature of the framework, supported by continuously updated track-
ing data, allows real-time evaluation of passing options and adaptation to the evolving
game state. This makes the approach suitable for real-time analytics and decision-

support systems.

However, the current model relies on a simplified representation of defensive
behavior, primarily based on nearest-defender distance. In real game scenarios,
defensive strategies involve complex mechanisms such as rotations, switches, and help

defense, which are not fully captured in the present formulation.

Future work may extend the framework by incorporating richer defensive mod- els,
probabilistic representations of pass success, and learning-based methods for
parameter estimation. Additionally, validation using real-world tracking datasets from
professional basketball games would further strengthen the applicability of the

proposed approach.

11. Conclusion

In this work, we introduced a dynamic graph-based framework for modeling and
optimizing ball circulation in basketball offense. Players are represented as vertices of
a directed graph, while passes are modeled as weighted edges whose weights encode

spatial relations such as inter-player distance.
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The proposed model integrates sensor-based tracking data within a structured data
representation, enabling the continuous update of spatial and temporal infor- mation
during gameplay. Based on this data, the pass selection problem is formu- lated as a
constrained optimization task, where the ball is directed to the nearest feasible

teammate satisfying spacing constraints.

This formulation promotes rapid ball movement while ensuring spatial safety from
defensive pressure. The resulting dynamic decision process allows real-time

evaluation of passing options and adaptation to changing game conditions.

Furthermore, the representation of offensive and defensive formations as inter-
acting graphs provides a unified framework for analyzing spatial dependencies and
cooperative behavior. The use of graph isomorphism enables the identification of

structurally equivalent offensive patterns across different possessions.

Overall, the proposed approach demonstrates how graph theory, spatial model- ing,
and data-driven optimization can be combined to analyze and support decision- making
in team sports. Future work will focus on integrating real tracking data, incorporating
advanced defensive modeling, and extending the framework to multi- step decision

processes and learning-based optimization methods.
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