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Abstract

Performance and Complexity Trade-offs in Archetype-Based Entity-Component-System

Laurent Voisard

Entity-Component-System (ECS) is a software design pattern increasingly used in the devel-
opment of real-time applications, particularly video games. Despite its growing adoption, the ECS
pattern remains relatively underexplored in academic research, especially with respect to empirical
evaluations of how design decisions impact runtime performance and code complexity in practice.

This thesis investigates the ECS pattern from both a systematic mapping and an empirical per-
spective. First, we perform a systematic mapping study to identify and analyse existing ECS re-
search in software engineering. We identify how the ECS pattern is defined, the primary research
focuses, and the commonly reported benefits and drawbacks. The results indicate that the number
of academic publications has been growing since 2015 and are published in a variety of journals,
conferences, and workshops, and that studies focus more on the benefits of the ECS pattern rather
than its drawbacks. The mapping study also revealed that existing work emphasises high-level
architectural concepts of ECS, with limited empirical analysis of implementation-level behaviour.

To address the aforementioned research gap, this thesis provides a detailed examination of the
archetype-based ECS storage model, with a focus on performance and code complexity trade-offs.
We conduct an empirical case study to evaluate multiple ECS-based collision-handling implemen-
tations within a real-time application context. Using a representative ECS-based game developed
for this study — one of the featured projects by the Flecs ECS framework — we compare six im-
plementations in terms of runtime performance and code complexity. The results show that imple-
mentations based on relationships exhibit performance limitations due to archetype fragmentation,

while spatial partitioning techniques improve performance at the cost of increased implementation

iii



complexity. We further apply an Analytic Hierarchy Process (AHP) to support developers’ decision-
making in balancing performance and complexity criteria.

This thesis bridges the literature gap between (high-level) design decisions and (low-level) im-
plementation considerations when using the ECS pattern by providing both empirical evidence and
practical guidance for developers working with the ECS pattern in performance-sensitive applica-

tions.
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Chapter 1

Introduction

1.1 Overview

The significance of video games as a technological and cultural force continues to grow, with
the global games market projected to generate $206.5 billion USD in 2028, and currently stands at
$188.8 billion in 2025 [1]. This steady growth, driven largely by mobile gaming, emerging hard-
ware platforms, and increasingly complex real-time experiences, underscores the need for high-
performance and maintainable software architectures. As game systems scale in complexity, effi-
cient design patterns, like the Entity-Component-System (ECS) pattern, become increasingly rel-
evant for meeting the performance demands of contemporary titles and development teams while
maintaining code complexity low and maintainability high. Game engines such as Unity and Bevy
even include their own ECS implementations.

As there are no commonly accepted terms to describe ECS, we follow the example set out
by [2], and will refer to ECS as a design pattern, or ECS pattern for short. When we talk about an
implementation of the ECS pattern, we refer to it as an ECS framework. In addition, we will use
the full name of Entity-Component-System.

The ECS pattern emphasises composition over inheritance, and is often implemented in a data-
oriented (see section 2.1) manner. Rather than organising behaviour and state through class hierar-

chies, ECS separates data (components) from logic (systems). Entities, associated with components,



represent game objects or simulation elements. This design enables better memory locality, cache-
friendly processing, and parallel execution, which are increasingly important in modern multi-core

systems.

1.2 Problem

Despite ECS’s growing adoption in commercial game engines and independent projects, exist-
ing academic research on the pattern remains relatively limited in scope. Current work predomi-
nantly focuses on high-level structural concepts and reported benefits, such as modularity, flexibil-
ity, and improved performance. However, comparatively few studies perform empirical evaluations
of ECS as a whole, particularly with respect to how different design decisions influence runtime
performance and code complexity in practice.

This lack of empirical and implementation-level analysis limits the understanding of how ECS
behaves in real-world scenarios and hinders the development of informed design guidelines for

developers.

1.3 Objectives

This thesis addresses this gap through the combination of a systematic literature mapping study
and an empirical case study.
First, we conduct a systematic mapping study to identify trends, topics, and implementation

considerations in existing ECS-related publications by asking the following research questions:
* RQ1.1: In software engineering, what are the publication trends on ECS?
* RQ1.2: In software engineering, what is the research focus on ECS?

* RQ1.3: In software engineering, what are the main benefits and drawbacks of using ECS?
From these questions, we identified the following gaps:

* RG1: Current research on ECS focuses on benefits above the drawbacks, suggesting a posi-

tive bias in the field.



* RG2: The limited discussion of ECS backend design also suggests an opportunity for further
empirical research examining how implementation choices influence performance, memory

behaviour, and scalability in real-time systems.

Second, to address the second gap RG2 identified in the mapping study, we explore through a
practical case study the runtime performance and code complexity of ECS collision implementations
in a subset of a game developed during the span of this thesis, ECS-Survivors', which is featured on
the Flecs ECS framework home page?. We ask the following research questions to guide the case

study:

* RQ2.1: How do different ECS collision-handling methods exhibit measurable runtime per-

formance variation?

* RQ2.2: How do the different integrations of these methods introduce code complexity that

can be quantified using cognitive and cyclomatic metrics?

We relate the archetype concepts explained in Chapter 2 with six different collision implemen-
tations in the ECS pattern and compare runtime performance and code complexity metrics. Finally,
we performed Analytic Hierarchical Process (AHP) under three scenarios: performance-first, low-

complexity-first, or balanced, and recommend I5, 12 and I3, and I5 and 16, respectively.

1.4 Contributions

This case study bridges theoretical and practical perspectives, offering concrete guidance for
developers working with ECS in performance-sensitive domains by making two main contributions.

First, it provides a systematic mapping study of ECS in software engineering, identifying current
research trends, gaps, and limitations.

Second, it presents an empirical evaluation of multiple ECS-based collision-handling imple-

mentations, analysing both runtime performance and code complexity.

"https://github.com/ptidejteam/ecs—survivors
https://www.flecs.dev/flecs/#ecs—survivors
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As a necessary foundation for the empirical study, Chapter 2 provides a detailed technical exam-
ination of archetype-based ECS storage models — covering structural changes, archetype graphs,
and fragmentation — which itself addresses part of RG2.

As an additional contribution, this thesis introduces ECS-Survivors, a publicly available ECS
game. The project has been adopted as a featured example by the Flecs framework and has received
engagement from the developer community, supporting its relevance as an environment for studying
ECS design and behaviour. 3

Together, these contributions provide a comprehensive multi-perspective examination of ECS.
By combining an in-depth coverage of archetype-based ECSs, a systematic mapping study, and

real-time experiments, this thesis hopes to advance the academic understanding of ECS and provide

actionable insights for its use in software engineering and game development.

1.5 Thesis Outline

The remainder of this thesis is structured as follows. Chapter 2 presents the technical back-
ground on ECS and data-oriented design, with particular emphasis on archetype-based storage mod-
els and their runtime performance implications. Chapter 3 describes the systematic mapping study
and its findings. Chapter 4 introduces the empirical case study and evaluates the proposed imple-
mentations. In Chapter 5, we provide a general discussion that synthesises the findings across all
chapters and reflects on their broader implications. Finally, Chapter 6 summarises the contributions

and outlines directions for future work.

1.6 Related Publications

During the span of this thesis, we published one paper, ”A Mapping Study of the Entity Compo-
nent System Pattern”, at the Games and Software Engineering (GAS) workshop at the International
Conference on Software Engineering (ICSE) in Ottawa, 2025 [3]. In this thesis, we expanded the
pool of primary studies identified in the original mapping study by applying the same method to any

potentially relevant new academic papers.

*https://www.ptidej.net/news/250629-ecssurvivors
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The first author performed the majority of the work. They worked on all the sections of the
paper, which are mirrored and extended in this thesis, while the second author helped assess the
relevance of the papers based on the inclusion and exclusion criteria. The remaining three authors
helped with editing the paper and guiding the work.

We also sent a paper for review to the IEEE Transactions on Games journal (TOG) in December
2025. At the moment of writing this thesis, the paper submission has no updates. The paper presents
a case study on the performance and code complexity of ECS systems in the context of collision

implementations.

1.7 Adjacent Publications

We published a short paper simultaneously during my master’s degree at the International
Conference on Software Engineering (ICSE) workshop, Games and Software Engineering (GAS)
2026 [A1].

This short paper is a combination of two procedural techniques, Wave Function Collapse [A2]
and Cyclic-Graphs [A3, A4], which enables procedurally generated levels that offer the same level
of detail as handcrafted environments, while lowering the overall amount of work level designers

perform.



Chapter 2

Background

This chapter establishes the foundations for the following chapters. First, we give an overview
of data-oriented design and the Entity-Component-System design pattern. We then further explain
ECS data storage models for sparse-set and archetype, with particular emphasis on archetypes,
which is the type of ECS used in Chapter 4.

In this thesis, we focus on archetype-based ECS implementations due to their emphasis on data
locality and iteration performance, which are particularly relevant for systems such as collision
detection. To ground this discussion in a concrete and feature-complete framework, the concepts
presented in this chapter are aligned with the design principles of Flecs, an archetype-based ECS
that incorporates many features found in modern engines, such as Unity DOTS and Bevy, and used

in our case study in Chapter 4.

2.1 Data-Oriented Design

Data-Oriented Design (DOD) is a software development method that prioritises data organi-
sation and access efficiency. Originating from the game industry, DOD gained popularity among
developers working on medium to large-scale games [4] where object-oriented development (OOD)
could not deliver the required performance. The rise of data-intensive games, which demand com-
plex simulations and realistic mechanics, along with the advent of multi-core gaming hardware,

like the PlayStation 3 in the mid-2000s, highlighted the limitations of OOD, which often leads to



inefficient memory access patterns due to many, large, scattered objects, making poor use of CPU
caches. In contrast, DOD focuses on structuring data to maximise cache efficiency and parallelism,

improving performance and scalability—key advantages for modern game development [5].

2.2 Entity-Component-System

The Entity-Component-System pattern is primarily used in video games and real-time simula-

tions, and usually implemented using DOD. ECS consists of three core elements [2]:

 Entities, which describe any relevant object. Each entity has a unique identifier, typically just
a plain integer, that is associated with components. Entities function as handles that enable
efficient data organisation, often in the form of arrays, to optimise data locality and improve

cache efficiency and parallel processing [6].

* Components, describe only data in the form of structs or classes (component types), and

should be devoid of any behaviour.

» Systems, which transform components and describe the behaviour of the entities. Each sys-
tem is designed to perform an independent behaviour, enabling modular and maintainable

logic.

2.3 Entity Relationships

Some modern ECS frameworks, like Bevy, Unity DOTS, and Flecs, allow users to define a
relationship between entities, a feature that enables cross-entity communication.

Relationships are defined by combining a relation and a target '. This relationship then becomes
a component, uniquely identified by the composition of the pair of elements. In this pair, the first
element is described as the relation, e.g.: “Owns”, and the second element corresponds to the
relationship rarget, e.g.: ”Car”. So adding this relationship to an entity, e.g., "Bob”, effectively

gives the entity relationship: "Bob Owns Car”. Of course, "Bob” can own other things, like a

1https ://www.flecs.dev/flecs/md_docs_2Relationships.html
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bicycle, a house, a pet, etc., and each relationship is considered a unique component. Later in

Chapter 4, we use relationships for some of the collision-handling implementations.

2.4 ECS Storage Models

Many different implementations of the Entity-Component-System exist, each differing in the
fundamental data structures they use to store component data. Among these, two dominant ap-
proaches have emerged in publicly available ECS frameworks: sparse-set and archetype-based stor-
age models [2,7]. Both approaches have demonstrated their effectiveness in real-world applications
and are widely adopted in modern game engines and frameworks.

Sparse-set implementations, such as EnTT 2, the most popular open-source ECS framework
on GitHub, support a wide range of applications from large-scale commercial titles to independent
games >. In contrast, several modern engines and frameworks adopt archetype-based storage. For
example, the Bevy game engine is built entirely around an archetype-based ECS, enabling develop-
ers to create complete applications within a data-oriented paradigm.

These implementations illustrate that ECS is not a single unified design, but rather that it has
different implementation variations. While the two storage models adhere strictly to data-oriented
principles, they exhibit different runtime performance characteristics and trade-offs. Archetype im-
plementations optimise heavily for multi-component iteration at the cost of structural mutations,
whereas sparse-sets prioritise flat-rate, constant-time component modifications. Understanding

these differences is essential when analysing the behaviour of ECS in performance-critical systems.

2.4.1 Sparse-Set

Sparse-set ECS implementations use both a sparse array and a dense array. The dense array
contains the contiguous component data, while the sparse array is an index table that maps entity
identifiers to their corresponding index within the dense array.

This design enables efficient insertion and removal of components for entities, as operations

Zhttps://github.com/skypjack/entt
3https://github.com/skypjack/entt/wiki/EnTT-in- Action#engines-and-the-like
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can be performed in constant time without requiring large-scale data movement [2, 8]. How-
ever, sparse-set ECS implementations typically exhibit lower iteration performance compared to
archetype-based approaches. Systems operating on multiple components must often validate the
presence of each component per entity and perform indirect lookups across separate arrays. As

a result, memory access patterns may be less predictable, leading to reduced cache locality when

compared to purely contiguous storage models.

Entity ID | Sparse Positions | Sparse Velocities Dense Positions Dense Velocities
0 0 0 (0,0) a0
1 1 1 (10, 10) ( 0’ D
2 2 null (30, 23) .

Table 2.1: A basic sparse-set ECS representation

2.4.2 Archetypes

Archetype ECS implementations store entities with identical component compositions grouped
into tables where columns represent contiguous blocks of memory for a specific component, and
the rows represent the archetype record which holds the component data for an entity. Each entity
points to its corresponding archetype record to access and write to its components. These tables are
commonly referred to as archetypes.

This data layout enables faster iteration over entities in an archetype because of the predictable
access patterns and cache-efficiency benefits gained from storing each component of the same type
one after the other. Adding or removing components can effectively change an entity’s archetype.
These operations involve copying the memory of an archetype record from one archetype to an-
other, making it significantly more expensive than the constant-time insertions or removals typically
achieved in sparse-set implementations.

However, these added performance costs might not be obvious to identify for a developer inter-
facing with the high-level Application Programming Interface (API) of an ECS. As a result, devel-
opers may unintentionally introduce performance bottlenecks when performing frequent structural
changes. Consequently, software developers must understand the internal behaviour of archetype

transitions to design efficient ECS-based applications, as seemingly trivial operations at the interface



level can have significant implications on runtime performance.
A baseline approach to an ECS storage would consist of component lists, each with a length of
n, where n corresponds to the number of entities in the application. Each component array is of

length n even though a component might not be present for every entity.

Entity ID | Position | Velocity
0 (0,0) (1,-1)
1 (10, 10) | (0,-1)
2 (30, 23) null

Table 2.2: A basic ECS data storage layout

This approach leads to wasted memory by allocating additional space for components used by
only a few entities. Archetypes solves this by decomposing component containers into multiple
smaller tables containing only contiguous data of unique component compositions. From the layout
in Table 2.2, an equivalent representation in the archetype storage model would decompose it into

two archetypes, resulting in the Table 2.3.

Entity ID e i
Record ID || Position 0—q| Recogd 2 P(()Slg;m \Zellocllgy
" -
2 | — ’ ’
% (30, 23) ) F—31 (10, 10) | (0,-1)

Table 2.3: A basic archetype ECS representation

Structural Changes

In dynamic applications, such as real-time simulations or video games, entities frequently un-
dergo structural changes through the addition and removal of components. When such a change oc-
curs in an archetype ECS, it moves all the components from an archetype record from one archetype
to another that corresponds to the new combination of components.

Notable performance costs associated with the structural changes include the memory migration
from one archetype to the other, as well as the cost of finding an appropriate archetype to hold the
entity’s components. The theoretical number of archetypes in an ECS application grows exponen-

tially with the number of unique components, by a factor of 2", e.g., for three components A B C,

10



Archetype A Archetype B

Position, Velocity Position, Velocity, Rotation

+Rotation (move)

€4
€2 €5

€3 €1

BEK
o))

Figure 2.1: Structural change in an archetype-based ECS. Adding a component (e.g., Rotation) to an
entity requires moving it from its current archetype to a new one matching the updated component
composition. This operation involves copying component data into the destination archetype and
removing the entity from the source archetype.

there are eight possible combinations ( __, A, B, C, AB, AC, BC, ABC). With as few as ten compo-
nents and 1024 archetypes, searching linearly for a correct archetype when performing an addition
or a removal of a component will have severe performance costs. To optimise the new archetype
search, ECS frameworks like Flecs use a data structure called an archetype-graph, an adjacency
graph, which facilitates lookups when performing additions and removals. In an archetype graph,
nodes represent archetypes and edges represent structural changes (add/remove). In the case where
a A component is removed from an entity with an archetype composition of (A, B), the archetype
graph will typically perform an O(1) direct edge lookup, indexed by a component operation, to find

the new appropriate archetype.

Archetype Fragmentation

Flecs describes fragmentation* as a property in archetypes where entities can be spread out
over multiple archetypes as the number of components (and combinations thereof) increases. This
overhead is mostly present in archetype creations and queries, the latter needing to match and
iterate over more tables [9]. For example, relationship CollidedwWith (A) is different from
CollidedwWith (B). In other words, there can be up to n different relationship components, each
belonging to its own archetype, which results in many archetypes that contain very few, if any, enti-
ties, ultimately leading to a large amount of fragmentation and an increased overhead when iterating

over the entities.

‘nttps://www.flecs.dev/flecs/md_docs_2Relationships.html#fragmentation

11
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C A
C A
B B
® O ©
A B C

Figure 2.2: Archetype graph with bidirectional edges.
Archetype graph with bidirectional edges. Labels show the structural change for each component.
Highlighted in red is the transition from archetype AB to archetype B.

Figure 2.3 shows an example of what archetypes could be generated in Flecs if an entity col-
lided with another entity, A, B or C. Each combination of CollidedWith (%) is a new, unique
component. As entities collide with others, Flecs will automatically create new archetypes using
the archetype graph until all combinations have been exhausted, which could create up to 2" new
archetypes. As a result, a massive overhead is introduced when iterating each archetype with a
CollidedWith () relationship component.

Flecs implemented a component trait called DontFragment, a flag that enables components
to be stored in a separate sparse-set storage without having to create multiple archetypes that would
contain just a few entities. This trait effectively eliminates the exponential growth of archetypes

linked to relationships.
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CollidedWith(A)
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Figure 2.3: Archetype graph created from adding the Col1lidedWith relationship components.
Each time a new CollidedWith (*) is added, it creates a new archetype, increasing the time
for systems to iterate over all tables. Square boxes with arrays of components represent archetypes;
Round boxes with components represent an addition or removal of said component.

CollidedWith(A)

\

[Collider, CollidedWith(*)]

Y

[Collider] |« . CollidedWith(B)

——

CollidedWith(C)

Figure 2.4: Archetype graph created from adding the CollidedwWith relationship components
with the DontFragment trait. Each time a new CollidedWith(x) is added, no new archetype is
created. Square boxes with arrays of components represent archetypes; Round boxes with compo-
nents represent an addition or removal of said component.

Summary

While these structural differences suggest distinct performance trade-offs, existing academic
literature provides limited empirical analysis of how these low-level design choices impact real-
world ECS performance. The following chapter presents a systematic mapping study aimed at

characterising current research on ECS and identifying gaps in the literature.
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Chapter 3

Mapping Study

This chapter is based on a paper published at the Games and Software Engineering (GAS)
workshop at the International Conference on Software Engineering (ICSE) in Ottawa, 2025 [3]. In
this thesis, we expanded the pool of primary studies identified in the original mapping study by

applying the same method to any potentially relevant new academic papers.

3.1 Introduction

Before diving into a specific topic to study ECS, we performed a systematic mapping study of
the ECS pattern. Understanding the research field is a critical step before moving forward, and no

existing mapping study existed at the moment we performed ours.

3.1.1 Problem

While ECS has seen growing adoption in the game-development industry, the same cannot be
said for academia. The overall lack of documentation and research of ECS makes it difficult to assess
its practical limitations with other popular game development architectures and design patterns.

Hence, we perform a systematic mapping study to document existing literature in academia.
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3.2 Related Work

According to Redmond et al. [M1], the existing literature on ECS is either too focused on low-
level concepts like memory layouts or too dedicated to the high-level interfaces of specific ECS
frameworks. They investigated several of the most prominent ECS frameworks in order to create a
formal concept definition for ECS, anchored in calculus. They offer three main contributions: (i)
Core ECS, which captures the essence of the ECS pattern, (ii) a characterisation of concurrency
and determinism properties in ECS that can enable the deterministic-by-construction concurrent
programming model for ECS, (iii) and by applying their Core ECS model to real-world ECS im-
plementations, they show that many of the existing ECS frameworks could benefit even more from
concorrent strategies possibly suggesting that alternative ECS implementation strategies could help

enable greater concurrent capabilities.

3.3 Method

To structure our mapping study, we closely follow the guidelines established by Peterson [10] et
al.. Our goal is to identify the publication trends of ECS, as well as the research interests/domains,
and finally to extract the code quality metrics of ECS in software development.

3.3.1 Research Questions

To achieve said goal, we ask the following research questions:

* RQL1.1: In software engineering, what are the publication trends on ECS? By answering this
question, we aim to map the academic interests in publications, popular publication venues,

and the publication distribution over the years.

* RQ1.2: In software engineering, what are the research domains of ECS? By answering this
question, we aim to classify existing research on ECS, which will consequently provide an

understanding of the research gaps in the literature.

* RQ1.3: In software engineering, what are the benefits and drawbacks of developing software
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Table 3.1: Number of studies per database

Database Search results
ACM Digital Library 79
IEEE Explore 25
Scopus 50

using ECS? By addressing this question we aim to establish the design implications of the
ECS design pattern.
3.3.2 Search and Selection Process

Guidelines given by [10, 11] both suggest that the search process should be performed in three
of the largest databases for software engineering publications: ACM Digital Library, IEEE Explore,
and Scopus; Hence we followed their direction. To have as many relevant primary studies (PS) as
possible, we keep our search string simple, querying only for Entity-Component-System or terms
alike. In the field of software engineering, ECS stands for many concepts, thus we did not include

it in the research string.

“Entity Component System*” OR “Entity-Component-System™*”

We combine the acquired sources from the three databases: 79 from ACM, 25 from IEEE, and

50 from Scopus, totalling 91 distinct PSs.

3.3.3 Study Selection and Quality Assessment

Next, we develop a few evaluation criteria to help determine the relevance and quality of the

PSs. Upon the results of the database search, we apply the following inclusion criteria:

* I1 Papers where the Entity-Component-System is the focus or plays a supporting role.
12 Papers written in English.
* I3 Papers that are peer-reviewed.

Additionally, we also apply the following exclusion criteria:
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Applying search on | 91 primary Applying inclusion/ 41 primary. . 35 primary . 35 primary
studies exclusion criteria studies Full-text analysis studies Snowballing studies

Figure 3.1: Study selection and quality assessment flow chart

* E1 Papers that only briefly mention the Entity-Component-System and never define or explain

it.

» E2 Papers that confused the Entity-Component-System for similar patterns, such as the entity-

component framework.
* E3 Books and grey literature.

* E4 Papers that are duplicates or shorter versions of other studies.

In the first step of the overall review, two of the authors apply the criteria previously listed(subsection 3.3.3,
subsection 3.3.3) to the primary studies, based on their abstracts, titles, and keywords. If it was not
immediately obvious whether the papers should be included or not, then the authors performed a
partial-text reading for further investigation. Finally, if either of the two authors was not completely
convinced whether a PS should be included or excluded, then both authors consulted each other to
make a decision. This first step excludes 50 studies, leaving 41 PSs for the next step.

In the second step, the authors perform a full-text reading of the remaining PSs, once more
applying the inclusion and exclusion criteria. This step excludes another 6 papers, resulting in 35
PSs.

Finally, in a third and last step, we perform a snowballing activity to ensure that no other possible
primary study was overlooked. We use the tool Research Rabbit ! to automatically snowball, given
the 35 PSs. This step did not introduce new relevant papers for the mapping study.

In the end, after applying the three steps above, we obtain 35 PSs. See Figure 3.1 for an overview

of the selection processes.

'https://www.researchrabbit.ai/
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3.4 Results

The following section goes over the findings of each of the research questions mentioned previ-

ously.

3.4.1 Publication Trends (RQ1.1)

We extract information from the 35 PSs in order to answer our first research question. We first
perform a general analysis of the research trends, notably the publication venues and the distribution
of publication years of the PSs. Since ECS is said to be primarily used for games outside of academia
[M2-MS8], we find it notable that only three of the PSs are from game-related venues: Games
and Learning Alliance Conference (GALA), ICSE Workshop on Games and Software Engineering
(GAS) and the International Conference on the Foundation of Game Development (FGD). Only one
venue has multiple publications: IEEE Workshop on Software Engineering and Architectures for
Realtime Interactive Systems (SEARIS), and the remainder of the PSs were published in separate
venues.

Figure 3.2 illustrates the yearly publication distribution since 2015, ever since the first ECS
paper we included. It demonstrates that the yearly ECS publications are currently at their highest
and have seen an increase since the 2020s. Table A.1 illustrates that the PSs are mostly conference

papers (18), that there are 13 journal articles, as well as four workshop papers.

3.4.2 Research Focus (RQ1.2)

While ECS has gained significant traction within the game development industry, academic liter-
ature remains sparse. This study aims to systematically classify existing ECS research, establishing
a comprehensive repository that highlights current trends and identifies critical gaps to provide a
foundation for future academic inquiry.

Table A.1 and Table 3.3 demonstrate that 10 out of the 35 PSs are directly linked to games.
However, most of the PSs acknowledge that ECS is primarily used in game development.

Table 3.3 highlights that 30 of the 35 PSs work on domains that are typically associated with

ECS. Real-time applications are the most common use for ECS, covered by 18 of the PSs, six and
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Table 3.2: Number of studies per venue

Publication venue

e e e A B \® I \O ]

e e e e e e el e e e e e e e e e

—

IEEE Workshop on Software Engineering and Architectures for Realtime Inter-
active Systems (SEARIS)

IEEE Access

ICSE Workshop on Games and Software Engineering (GAS)
International Conference on Al Revolution: Research, Ethics and Society
Computer Science On-line Conference (CSOC)

ACM Transactions on Human-Computer Interaction

ACM Transactions on Graphics

ACM International Symposium on New Ideas, New Paradigms, and Reflections
on Programming and Software (SIGPLAN)

Proceedings of the ACM on Programming Languages (PACMPL)
Computer Animation and Virtual Worlds

Games and Learning Alliance Conference (GALA)

Geographical Analysis

SIGGRAPH Asia 2024 Educator’s Forum

IEEE Conference on Technologies for Sustainability (SusTech)

IEEE Engineering International Research Conference (EIRCON)
IEEE International Conference on Industrial Informatics (INDIN)
IEEE International Conference on Software Architecture (ICSA)
IEEE International Symposium on Real-Time Distributed Computing (ISORC)
IEEE Open Journal of the Industrial Electronics Society

IEEE Transactions on Power Systems

IEEE Transactions on Visualization and Computer Graphics

IFIP Advances in Information and Communication Technology
International Conference on Computer Modeling and Simulation
International Conference on the Foundations of Digital Games (FDG)

International Conference on Power, Electronics and Computer Applications
(ICPECA)

International Symposium on Distributed Simulation and Real Time Applica-
tions

International Symposium on Physical Design

Physics of Particles and Nuclei

Simulation Modelling Practice and Theory

Symposium on Maritime Informatics and Robotics (MARIS)
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Figure 3.2: Publications per year

four PSs study video games and game engines, respectively, and two PSs are on virtual reality.
Five studies represent significant departures from traditional ECS applications, spanning the do-
mains of machine learning, internet of things (IoT), human-computer interaction (HCI), and even
compiler design. Cheng et al. [M9] leveraged the data-oriented design principles of ECS to enable
GPU instancing for machine learning training; despite its simulation-based environment, the study
is categorised under Machine Learning due to this unique integration. In the domain of IoT, Pouhela
et al. [M2] implemented an ECS-based publish/subscribe model for an IoT broker with ECS, which
outperformed a standard object-oriented reference in benchmarks. Raffaillac et al. [M6] adapted
the ECS model for GUI interaction programming, demonstrating its efficacy in managing complex
state changes and user interactions. Casals et al. [M10] proposed utilising the ECS pattern to sim-
plify the engineering of Multi-Agent Systems (MAS) by aligning them with established distributed
systems techniques, successfully lowering the specialised knowledge barrier for developers to im-
plement complex agent behaviours like cooperation and task planning. Finally, Dahl et al. [M11]
investigated the practicality of using ECS as the primary data structure for compilers and inter-
preters, demonstrating that reframing AST nodes as entities and attributes as components simplifies

optimisation passes through linear iteration and facilitates efficient state serialisation.
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Table 3.3: Study Focus

Domain #  Studies

Real-time Application 18 [M1,M8,M12-M27]
Video Games 6 [M3,M7,M28-M31]
Game Engines 4 [M4,M5,M32,M33]
Virtual Reality 2 [M34,M35]
Machine-Learning 2 [M9,M10]

IoT 1 [M2]
Human-Computer Interaction 1 [M6]
Compiler-Design 1 [MI11]

3.4.3 ECS Benefits (RQ1.3)

The primary studies discuss at length the benefits of developing with and using ECS in software
engineering. Performance is the most mentioned (26) and most elaborated upon by the primary
studies; they mostly attribute the data-oriented design and its natural affinity to parallelise tasks.
The studies also bring up positive software design qualities for ECS, notably modularisation (21),
maintainability (18), scalability (17), and reusability (16). Table 3.4 identifies which PS cover what

benefit.

Performance (26)

As outlined in Chapter 2, the performance benefits of ECS are largely rooted in its application
of data-oriented design. Unlike object-oriented design, which typically organises data using an
Array-of-Structures format, data-oriented design adopts a Structure-of-Arrays layout. By grouping
identical data types together rather than interleaving unrelated attributes, this method optimises CPU
cache utilisation and reduces memory access overhead.

Beyond cache efficiency, the literature frequently cites ECS as being naturally conducive to
multi-threading. Because data is decoupled from logic, it is easier to partition workloads across
multiple CPU cores, allowing independent systems to process large entity counts and complex sim-

ulations with high levels of concurrency.
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Modularity (21)

As noted in recent studies [M13], the modular nature of ECS is a direct product of its data-
oriented foundation, which strictly isolates state (Components) from logic (Systems). Within this
framework, Entities function merely as unique IDs that aggregate various Components, while in-
dependent Systems execute logic only on Entities that possess a matching data signature. This
structure promotes a highly reusable pattern where complex behaviours are “composed” rather than
inherited [M22]. Unlike the rigid hierarchies often found in object-oriented programming, ECS
minimises interdependencies, resulting in a more scalable and decoupled codebase.

A core advantage of this modularity is the ability to alter Entity behavior during runtime. By
dynamically adding or removing Components, developers can transform an object’s properties with-
out side effects on the broader system. This extensibility also applies to the Systems themselves,
which can be swapped or updated in isolation. For instance, games can apply a single ECS world to
manage a variety of entities, from characters and vehicles to environmental objects, by leveraging
reusable components and systems that adapt to different requirements.

Furthermore, this design facilitates plugin-centric development, where specific features are bun-
dled into discrete modules that can be loaded on demand, making ECS an exceptionally modularis-

able choice for complex game projects [M32].

Maintainability (18)

The structural organisation of the ECS pattern is widely noted by the PSs for enhancing project
maintainability, primarily due to the strict isolation of state from logic [M5]. By decoupling these
elements, developers can work with simplified data structures and specialised systems, resulting in
a codebase composed of granular, manageable functions that are easier to maintain [M35].

In ECS, Components act as data containers with no internal logic, which simplifies their un-
derstanding and management. Simultaneously, Systems are restricted to specific data signatures,
executing clearly defined operations without the friction of cross-dependencies. This functional
isolation significantly boosts code legibility, allowing for more intuitive debugging and a clearer

mental model of the software’s execution flow.
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Scalability (17)

Research by the PSs underscores the scalability advantages of ECS, particularly in high-complexity
domains such as power grid management and large-scale game engines [M13]. A primary driver
of this scalability is the data-oriented design, which facilitates highly adaptable data structures and
extensive component recycling. By prioritising composition over the rigid inheritance hierarchies
found in OOP, ECS allows for the expansion of systems without the risk of cascading dependencies.
This structural agility is also present during runtime; developers can dynamically inject or extract
components and systems to suit evolving simulation needs without compromising the broader envi-
ronment.

Beyond software architecture, the scalability of ECS is amplified by its alignment with modern
hardware. The Structure of Arrays memory organisation inherent in many ECS implementations
maximises cache throughput and computational density when processing massive datasets. This
hardware-friendly layout makes ECS an ideal candidate for GPU acceleration and high-performance
computing tasks [M9,M19]. Consequently, the integration of data-oriented principles and modular
design establishes ECS as a versatile foundation for applications demanding both high throughput

and long-term adaptability.

Reusability (16)

The primary studies identify that the ECS pattern significantly enhances code reusability through
its granular, component-oriented design. By defining components as discrete data structures, such
as spatial coordinates, velocity vectors, or acceleration metrics, developers can deploy identical data
definitions across diverse entities and separate projects. This paradigm shifts the focus away from
code duplication, as common traits no longer require unique implementations for every object type.
Consequently, development cycles are shortened by integrating a library of pre-existing, verified
components into new environments.

The reusability of the pattern is further amplified by Systems, which operate on data types
rather than specific object classes. A standardised system, such as one handling kinematics, remains

functional as long as an entity possesses the requisite components, staying agnostic to the entity’s
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specific purpose. Whether the project is a flight simulator or a video game platformer, the same
underlying logic can be repurposed without extensive refactoring. This ability to carry over mature,
tested logic between projects significantly optimises development time and reduces the likelihood

of introducing new bugs.

Table 3.4: Benefits key terms
Key Term #  Studies
Performance 26 [M1-M5,M7-M19,M24-M26, M28, M30, M32,
M34,M35]
Modularity 21  [M1-M3, M5-M9, M12-M14, M16-M20, M22,
M29,M30,M32,M35]
Maintainability 18 [M1-M4, M6-M9, M12, M14, M17, M18, M20,
M22,M26,M29,M32, M35]
Scalability 17  [M2-M4, M6, M9, M10, M12-M15, M17, M18,
M22,M29,M30,M32, M35]
Reusability 16 [M2-M4, M6, M7, M9, M12, M14, M16-M18,
M22,M24,M29,M32, M35]

3.4.4 Drawbacks (RQ1.3)

The primary studies did not mention nearly as many drawbacks as benefits to the ECS pattern,
with only nine papers mentioning some. Five PSs mention usability issues related to ECS, especially
for new users. Four more PSs identify that ECS has limited applications, spanning mostly real-time
applications. One primary study explains the complexity of implementing an ECS and the necessity
of mastering lower-level data-oriented concepts. One primary study identifies memory complexity
issues related to ECS implementations, and finally, another PS observes maintainability drawbacks

related to ECS. Table 3.5 identifies which PS cover what drawback.

Usability (5)

Primary studies note that the adoption of ECS is often hindered by a significant learning curve,
primarily because it diverges from the ubiquitous OOP model in favour of a data-driven philoso-

phy [M2,M5,M28]. As Bayliss points out, OOP remains the pedagogical standard in most academic
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institutions, whereas data-oriented design lacks similar foundational integration [M28]. Transition-
ing to ECS is not a simple matter of swapping class definitions; it requires developers to develop an
understanding of low-level concepts such as memory spatial locality and CPU cache management
to implement data-oriented design principles effectively. Sobolev et al. [M27] mention that ECS
is “not as elegant” as object-oriented approaches when it comes to handling multiple different be-
haviours from different entities. As the study lacks a controlled user experiment, this claim should
be treated as a practitioner-based reflection on the structural overhead of ECS rather than a verified
limitation of the pattern. Finally, Raffaillac et al. [M6] describe the design freedom of the ECS pat-
tern as a ”double-edged sword.” While it offers immense flexibility in defining high-level logic, this
lack of rigid structure can lead to fragmentation in implementation strategies. The authors suggest
that further empirical research is required to establish best practices and clearer design guidelines

for various use cases.

Limited Applications (4)

Integrating ECS with alternative architectural patterns can introduce substantial technical fric-
tion, as noted by Brummett et al. [M12]. A primary challenge lies in reconciling the semantic
differences between the data-centric nature of ECS and other communication models, such as pub-
lish/subscribe systems. Furthermore, while highly effective in specific domains, ECS is not a uni-
versal solution; traditional object-oriented design remains more appropriate for applications where
complex behavioural hierarchies and dynamic dispatching are required [M2]. Slay [M8] and Red-
mond et al. [M1] also point out that empirical studies for ECS remain relatively scarce. This lack
of exhaustive analysis is likely due to the pattern’s specialised nature and a broader deficit of peer-

reviewed research within the video game industry.

Complexity (1)

The technical overhead associated with ECS is a significant barrier to entry, as noted by [M2].
A successful implementation generally necessitates a deep knowledge of low-level hardware con-
cepts, which can be daunting for those accustomed to higher-level abstractions. Nevertheless, the

emergence of robust open-source frameworks can help to mitigate these difficulties.
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Memory Overhead (1)

Dahl et al. [M11] mention that on one side, ECS tries to minimise the amount of memory usage
through data structures such as Archetypes and Sparse-Sets, but on the other hand, implementing
these data structures requires the addition of arbitrary information to solve specific problems. In
their case, an additional eight bytes were added for each entity index; This carries over to each new

entity allocated into the ECS world.

Maintainability (1)

Contrary to popular belief, Sobolev et al. [M27] highlight that ECS might not be all that great
for software maintenance, especially when extending the functionality of an existing simulation.
They state that extending said simulation may require creating new systems, components, instan-
tiating new entities, etc., and this makes ECS slower for prototyping than in an object-oriented
design pattern. However, it is important to note that the paper seems to base this statement on anec-
dotal/personal evidence, as it does not validate this claim, nor is it based on prior work that studied

this.

Table 3.5: Drawbacks key terms

Key Term # Studies
Usability 5 [M2,M5,M6,M27,M28]
Limited Applications 4 [M1,M2,M8,M12]
Complexity 1 [M2]
Memory Overhead 1 [M11]
Maintainability 1 [M27]

3.5 Discussion

3.5.1 RQ1.2

The results confirm that ECS is mainly used in real-time applications, simulations and video
game development. However, a small number of the PSs stood out from the rest, using ECS for less

conventional practices.
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Notably, Cheng et al. [M9] leveraged certain DOD properties of ECS to directly transfer mem-
ory to the GPU and execute it on the GPU-accelerated machine-learning model. Video games can
and should also leverage these properties to instance thousands, if not millions, of objects onto the
GPU. Casals et al. [M10] also used ECS within the context of machine learning. The data-oriented
capabilities of ECS encapsulate complex Multi-Agent System (MAS) behaviours, such as task plan-
ning, cooperation, and coordination, as modular components within a distributed architecture.

Raffaillac et al. [M6] use ECS to implement a GUI framework. With ECS, they were able to
create state-driven interfaces. This could be interesting to translate to the development of turn-based
games or other game genres that are not necessarily always running in real-time. Pouhela et al. im-
plement a publish/subscribe messaging model alongside ECS. This mix of design and architectural
patterns could be replicated in game development to extend the functionality of ECS to a wide ar-
ray of game genres. Finally, Dahl et al. [M11] utilised the data-oriented design properties of ECS
to reframe compiler architecture by treating entities as AST nodes and components as intermedi-
ate representation (IR) attributes. This approach simplifies the implementation of optimisation and
analysis passes by transforming traditional recursive tree traversals into straightforward linear itera-
tions, while the reliance on plain old data types enables extremely efficient serialisation of the entire

system state to disk.

3.5.2 RQ13

The results detailed in the subsection 3.4.3 and subsection 3.4.4 highlight that there exists a
research gap in the current understanding ECS design implications. The primary studies predom-
inantly emphasise the benefits of ECS over the downsides, suggesting a positive bias in the field.
This opens an opportunity for the research community to discover and establish more drawbacks of

the ECS pattern.

Research gap 1 (RG1): Current research on ECS focuses on benefits above the drawbacks,

suggesting a positive bias in the field.

Furthermore, comparative evaluations between ECS and established design patterns, such as
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Model-View-Controller (MVC), are necessary to provide a nuanced understanding of its relative
strengths. Such benchmarks would enable developers to make more informed technical decisions
during the architectural phase of game development.

While game development remains the primary driver of ECS research, its application in diverse
domains, including IoT, wildlife modelling, and general simulation, demonstrates its broader utility.
Further investigation into these non-gaming contexts may yield cross-disciplinary insights that could
be retroactively applied to gaming, as evidenced by the interaction programming advancements in
Polyphony [M6].

Finally, the steep learning curve associated with Data-Oriented Design (DOD) remains a barrier
to adoption, as a few PSs have mentioned. Future research should prioritise accessibility by devel-
oping comprehensive tutorials, standardised best practices, and abstraction tools designed to bridge

the gap for developers transitioning from traditional object-oriented programming.

3.5.3 Additional Observation

Most of the primary studies (27), when introducing and describing ECS, approach it with a
high-level of abstraction [M2-M5,M9,M10,M12,M13,M15,M16,M18,M20-M35]. This happens
mostly when they define common concepts, such as the separation of data and behaviour through
components and systems, and how the pattern brings good software qualities such as the ones pre-
viously identified in subsection 3.4.3: performance, modularity, maintainability, scalability, and
reusability.

However, only a few primary studies (8) [M1, M6-MS8, M11, M14, M17, M19] examine and
explain the underlying data structures that allow ECS to function properly. Although the majority
of the primary studies attribute the performance qualities of ECS to its data-oriented and cache-
friendly nature, these claims are often presented at a conceptual level without any detailed empirical
evaluation of the backend data structures used in ECS frameworks.

This tendency may be attributed to the fact that ECS originated from the video game indus-
try, where many implementation details are documented through blogs, engine documentation, or

open-source projects rather than peer-reviewed academic publications. Consequently, the academic
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literature tends to focus on explaining the core ECS pattern concepts rather than analysing its con-

crete implementation strategies.

Research gap 2 (RG2): The limited discussion of ECS backend design also suggests an

opportunity for further empirical research examining how implementation choices influence

performance, memory behaviour, and scalability in real-time systems.

3.6 Summary

The analysis of the primary studies reveals that existing research on Entity-Component-System
predominantly focuses on high-level design concepts, such as the organisation of entities, com-
ponents, and systems, as well as their associated design benefits, while only a few studies touch
on their drawbacks. While these aspects are well documented, relatively few studies examine the
underlying implementation mechanisms that enable these benefits in practice.

In particular, the results of the mapping study indicate that low-level concerns, such as memory
layout, data storage strategies, and iteration efficiency, are rarely analysed in depth. Furthermore,
empirical evaluations of how these design choices impact runtime performance and resource us-
age remain limited. As a result, the relationship between ECS implementation strategies and their
practical performance characteristics is not well understood.

This gap highlights the need for empirical studies that investigate ECS at the implementation
level, with a focus on how specific design decisions influence both performance and development
complexity.

To address this limitation, the following chapter presents a case study examining multiple ECS-
based collision-handling implementations within a real-time application context. By evaluating both
performance metrics and code complexity, this study provides concrete evidence that complements

and extends the findings of the mapping study.

29



Chapter 4

Impact of archetype-based ECS design
decisions in the context of collision

handling

This chapter is based on an article submitted to the IEEE Transactions on Games Journal in
December 2025. At the time of writing, there have not been any updates to the processing of the
submission. In this chapter, we use a simplified version of a survivors-like game made during the

span of my Master’s program, ECS-Survivors .

4.1 Introduction

The systematic mapping study presented in the previous chapter highlighted that existing re-
search on Entity-Component-Systems design pattern primarily focuses on high-level design con-
cepts, with limited attention given to the underlying implementation details that drive performance,
identified in research gap 2 (see subsection 3.5.3). In particular, few studies provide empirical evalu-
ations of how different ECS design choices influence real-world performance and code complexity.

To address this gap, this chapter presents an empirical case study examining the impact of

"https://github.com/ptidejteam/ecs-survivors
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different ECS design decisions in the context of collision handling, a fundamental system in real-

time game applications.

4.1.1 Problem

Given the growing adoption of ECS and its prominence in performance-critical applica-
tions, there is a need for a systematic study of the impact of different ECS design decisions on
runtime performance and code complexity.

This study of the impact of ECS on runtime performance and code complexity requires choosing
one or more systems of interest to assess the impact concretely, as well as choosing whether to
compare against a baseline or among multiple alternative implementations. Because ECS is already
prominent in industry and has been chosen over OOD, we implement and compare several ECS-
based collision-handling implementations with one another, rather than comparing ECS to other
OOP patterns. Collision-handling can commonly be referred to as collision systems, which can be
confusing when mixed with ECS systems. Hence, systems will exclusively refer to ECS systems,
and we will refer to collision systems as collision-handling implementations.

To reflect conditions typical of industry standards, we base our evaluation on Flecs?, an ECS
framework optimised for large-scale entity iteration and investigate how ECS collision-handling
implementations, a crucial feature to video games [12], influence both runtime performance and

code complexity.

4.1.2 Research Questions

Our goal is twofold: first, to compare the computational runtime performance of different ECS
collision-handling implementations; second, to analyse and document the complexity and chal-
lenges of integrating these collision techniques within an ECS. We ask the following research ques-

tions:

* RQ2.1: How do different ECS collision-handling methods exhibit measurable runtime per-

formance variation?

https://www.flecs.dev/flecs/
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* RQ2.2: How do the different integrations of these methods introduce code complexity that

can be quantified using cognitive and cyclomatic metrics?

Together, these research questions directly address RG2 (see subsection 3.5.3).

4.2 Background

This section introduces the concepts relevant to our study. We first explain ECS and its variants,
which underpin modern game development frameworks, like Flecs. We then describe data-oriented
design (DOD), the principle guiding ECS implementations for cache-efficient and scalable runtime
performance. Finally, we motivate the choice of a survivors-like game as a case study, highlight-
ing its suitability for evaluating ECS due to high entity counts and runtime performance-sensitive

gameplay.

4.2.1 Survivors-like Games

Survivors-like games, e.g., Vampire Survivors®, offer an ideal environment for evaluating the
ECS design pattern due to their intrinsic gameplay, which involves a large number of simultane-
ous on-screen entities (players, enemies, etc.). Vampire Survivors commonly displays hundreds
of entities at once, making efficient and scalable entity management essential. This high-density,
performance-sensitive behaviour makes the genre particularly well-suited for studying ECS imple-
mentations.

The remarkable popularity and critical acclaim of Vampire Survivors further justify selecting
this genre for our case study. Despite its humble origins, the game achieved significant recognition,
notably winning the Best Game award at the 2023 BAFTA Games Awards. By focusing on this
genre, our study targets a scenario that is both performance-sensitive and representative of games
commonly developed by small or indie teams, reinforcing the practical relevance of evaluating ECS

collision-handling in this context.

3Vampire Survivors
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4.3 Related Work

This section situates our study within the existing research on the ECS pattern and collision-
handling systems in games. We first summarise broader investigations into the ECS pattern and
its associated runtime performance characteristics, then highlight studies on collision detection and
resolution, and finally discuss benchmarks comparing ECS frameworks. This section shows the
current gap in empirical analyses of ECS-based collision-handling implementations, motivating our
case study using Flecs.

In situating the exploration of the Entity-Component-System for physics collisions in games,
the comprehensive mapping study by Voisard et al. [3] provides context by highlighting existing
research trends and identifying areas requiring further investigation. The study reveals that while
ECS has gained popularity in the video game industry, academic research on its practical bene-
fits and limitations is nascent. Notably, the study highlights a need for more in-depth analysis of
specific game mechanics within the ECS design pattern, including their runtime performance im-
plications. Our investigation into the integration and runtime performance comparison of various
collision-handling implementations within the Flecs ECS framework for a performance-intensive
survivors-like game contributes to filling this gap. By evaluating the runtime performance of dif-
ferent collision-handling implementations, our study contributes to a more nuanced understanding
of the practical runtime performance characteristics of a fundamental game system within an ECS
design pattern, an area that needs further empirical studies.

In a recent survey on collision detection implementations for video games, Lazaridis et al. [12]
emphasised the central role of collision-handling in gameplay mechanics, where interactions be-
tween objects, such as characters, weapons, and terrain, depend on accurately detecting contact
events. The study discusses how collision detection affects realism and contributes to game respon-
siveness and fairness, particularly in fast-paced or physics-intensive scenarios. Building on these
observations, our work focuses on how different ECS-based collision implementations behave in
practice, providing empirical runtime performance and complexity measurements that complement

the conceptual overview provided by Lazaridis et al.
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Several benchmarks evaluate the runtime performance of different ECS frameworks, with a no-
table benchmark being the repository by Beimler [13]. This repository systematically compares var-
ious ECS frameworks, highlighting their efficiency in handling entity updates and queries. Among
the evaluated frameworks, Flecs consistently demonstrated superior runtime performance, partic-
ularly in systems requiring frequent entity queries and dynamic component management. We use
this study to base our choice of using Flecs in this work, as its efficiency in handling large-scale

simulations can play a crucial role in optimising collision-handling.

4.4 Method

We now describe the method that we used to evaluate different collision-handling approaches
within an ECS game. We first introduce the custom test-bed developed for this study, ECS-Survivors,
a lightweight game built using the Flecs framework. We then outline the experimental design, de-
tailing the setup, data collection process, and evaluation metrics. Finally, we present and explain
the different collision-handling implementations compared in our experiments.

We want to emphasise here that we are not looking to implement the most efficient collision-
handling implementation possible, as that topic has already been thoroughly explored. Instead,
we focus on how different collision-handling implementations specific to ECS, using the Flecs

framework, impact runtime performance and code complexity.

4.4.1 ECS-Survivors

When we started our study, there were no open-source projects that used Flecs and would have
allowed us to study collision-handling approaches. Many projects used Flecs; however, they did not
make their source code available and, consequently, could not be used for such empirical studies.
Therefore, as a first contribution, we develop our own lightweight game using Flecs, which we
choose to implement as a survivors-like game, called ECS-Survivors. ECS-Survivors is one of the

featured projects on the Flecs homepage and an example of open source projects”.

‘nttps://www.ptidej.net/news/250629%20-%20ecssurvivors
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Figure 4.1: Study scenario
Study scenario. The player is chased by ghost enemies.

The source code is available in GitHub> under the GPLv3 license. ECS-Survivors is imple-
mented in C-++ with the Flecs ECS framework and Raylib®, a lightweight, code-only, and beginner-
friendly game library designed for simplicity and ease of use, which we use for rendering and
vector math. We chose Flecs and Raylib because they are not tied to any specific game engine,
which increases the generalisability of our study and keeps the focus on evaluating ECS rather than
engine-specific features.

For the experiment, which features an altered version of ECS-Survivors, we create an open-

source fork’ to facilitate data collection and remove unnecessary features.
4.4.2 Study Design

Scenario

A player is situated in the middle of the screen as enemies spawn from around the screen,
moving towards the player. Enemies are added at a rate of one per frame. Neither the enemies nor

the player can be damaged, so each will stay until the target frame rate is reached.

Shttps://github.com/ptidejteam/ecs-survivors
Shttps://www.raylib.com/
"nttps://github.com/LVoisard/ecs-survivors—collision-test
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Hardware

We carried out our experiment on a Ryzen 7 5700X3D CPU and an RX 6800 graphics card on

Ubuntu 2024.04 at a 1920x1080 resolution. This represents a mid-to-high-end gaming computer.

Collision Implementations

For the experiment, we compare six different ECS collision implementations: Collision rela-
tionships 11, Collision non-fragmenting relationships 12, collision record entities 13, collision record

list 14, spatial-hash grid (per-cell) 15, spatial-hash grid (per-entity) 16 (see subsection 4.4.4).

Spatial-Hashing Parameters

When choosing a size for the grid cells, it is generally recommended to pick a size to fit the
largest entity [14]. In our case, all of the entities are the same size (32x32 pixels), which simplified
the decision. The spatial hashing grid also spans the entire window at a resolution of 1920x1080,
with an additional two rows and columns of cells around the outside of the screen border, resulting

in (60 + 2) * (34 + 2) cells, or 2,232 total cells.

Data Collection

For each ECS collision implementation, we collect and average data over 30 trials. Once the
number of frames per second (FPS) drops to below 60, the experiment stops. To avoid stopping the
experiment on a frame-time spike, we compute the frame rate by averaging the length of the last 60

frames.

Runtime Measures

At every frame, we record the number of entities, FPS, frame time, and physics frame time.
Every trial is saved to a comma-separated file, and later merged with every other trial through a

Python script. The total collected data amounts to around 40 MB and takes around 1h30 to collect.
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Frame Budget Allocation.

Games require specific allocations of time for tasks such as game logic, rendering, physics,
and more [14, 15]. A game that aims to be aesthetically pleasing might allocate more budget to
rendering, while a game such as Vampire Survivors will allocate more budget to physics, hence we
present the collected results at specific time budgets: 16ms for 100% budget, 8ms for 50%, 4ms for

25%, 2ms for 12.5% and 1ms for 6.25% at 60 frames per second.

Code Measures

In addition to runtime measures, we also use a well-known, industry-used software quality anal-
ysis tool, SonarQube ¥, to measure the complexity of the source code of the different implemen-
tations. We measured both cyclomatic [16] and cognitive complexities. The former is a measure
of the minimum number of test cases required for full test coverage, and the latter is a measure of
how difficult the code segment is to understand’. We supplement these measures with the number

of systems used in an implementation, as well as the number of lines of code.

Compounded Measures

To integrate runtime performance and complexity into a single measure, we computed an effi-
ciency index that balances entity throughput with code complexity. The efficiency index is defined

as

E
J/C.-Cy- S

where F is the number of entities handled, C, the cyclomatic complexity, C, the cognitive com-

Eff =

plexity, and S the number of ecs systems. This index is useful as a compound measure to compare

trade-offs across implementations.

8https ://www.sonarsource.com/
’https://docs.sonarsource.com/sonarqube-server/10.8/user—-guide/code-metrics/
metrics—-definition
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4.4.3 Collision Detection and Resolution

The bulk of the collision-handling logic is separated into two phases, implemented as two ECS
systems: (i) collision detection and (if) collision resolution, followed by the additional specification

of each of the collision implementations.

Collision Detection

The detection process is greatly simplified since the only shapes we used are circles of the same
size. When detecting collisions, it is possible to raise the same collision pair (a, b) or (b, a). To avoid
this situation, we can leverage one of the core principles of ECS and use the entity IDs. Ensuring
that the ID of entity a is strictly less than entity &’s ID will ensure we never compute duplicate

checks (a.id < b.id). We use basic circle collision checks from Ericson [14].

Collision Resolution

In the resolution phase, we iterate over the identified collision pairs and the related information,
such as the overlap identified in the previous step. For an identified pair, we move them apart and

adjust their velocities.

4.4.4 Collision Implementations
Relationships (I1)

I1 uses the relationship component provided by the Flecs framework. A relationship is assigned
to an entity as any other component, but has a second value associated as a pair, the relationship and
the target [9]. In this specific implementation, the relationship (in bold) CollidedWith (entity),
and the target CollidedWith (entity). During the detection phase, when we detect a colli-
sion between entities A and B, we add this relationship to both entities (CollidedWith (A),
CollidedwWith (B)). When in the resolution phase, we iterate over all relationship pairs and per-
form the resolution logic. After the resolution is complete, we remove all of the CollidedWith

relationships from the entities.
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Relationships Non-fragmenting (12)

12 works exactly like the above implementation; however, it uses the Flecs DontFragment
component flag. It treats any relationship (Col1lidedWith, entity) as a unique component, reduc-
ing the number of archetypes from n to only one. This reduction lowers the overall fragmentation

and reduces the archetype iteration overheads.

Collision entities (I3)

In the collision detection phase of 13, when a collision is detected, a brand new entity is created
with a CollisionRecord component, which stores the identifiers of the collided entities. In the
collision resolution phase, we iterate over all entities with the Col1lisionRecord component
and perform the resolution logic. After the resolution is complete, we remove all of the entities with

aCollisionRecord component from the world.

Record List (I4)

14 takes advantage of the Singleton component flag provided by Flecs'?. In Flecs, a single-
ton component is available in the global context, thus making it accessible from any system. In the
collision detection phase, we append detected collisions to the RecordLi st singleton component.
In the resolution phase, we access the list of records and iterate over them, applying the required

resolution logic. Finally, once the resolution is complete, we then clear the list of records.

Spatial Hashing Grid (I5-16)

Also known as a uniform grid, the spatial-hashing grid is an acceleration technique used to speed
up collision detection [14]. Using their spatial coordinates as an identifier, entities can be associated
with a cell in the grid. Then, by looking in neighbouring cells, we can access nearby entities and
perform collision detections. To detect collisions, we proceed in two ways. The first is by iterating
over every grid cell first, which we call per-cell, and the second iterates over all entities, and finds in

which cell the current entity is in, which we call per-entity. We explain each variant in more detail

Ohttps://www.flecs.dev/flecs/md_docs_2ComponentTraits.html#singleton-trait
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below.

Spatial Hashing Grid (Per Cell) (I5)

15 iterates over each cell and compares all entities from the current cell with the entities in the

neighbouring cells. See Algorithm 1.

Input: Grid cells cells; each cell has cell.entities and cell.netghbours
foreach cell € cells do
foreach neighbour € cell.neighbours do
foreach a € cell.entities do
foreach b € neighbour.entities do
‘ // detect collision
end
end

end

end
Algorithm 1: Spatial hashing grid (per-cell)

Spatial Hashing Grid (Per Entity) (I6)

16 is similar to a per-cell spatial hashing grid; however, instead of iterating each cell first, it
iterates over each entity and checks for collisions with entities in its own cell and neighbouring

cells. See Algoritm 2.

Input: Entities with grid coords (x, y); grid cells with neighbour lists
for a € entities do
cell + getCell(a.x,a.y);
foreach neighbour € cell.neighbours do

foreach b € neighbour.entities do

‘ // detect collision

end

end

end
Algorithm 2: Spatial hashing grid (per-entity)

The ECS collision implementations collision relationships, collision non-fragmenting relation-
ships collision record entities, and collision record list suffer from a worst-case time complexity of

O(n?) because they compare every entity with every other entity in the world. spatial-hash grid
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(per-cell) and spatial-hash grid (per-entity) have a time complexity when detecting collisions of
O(mx*(n/m)) and O(n* (n/m)) respectively, with m being the number of cells, and n the number

of entities.

4.5 Results

We now apply the evaluation method described in the previous section to the six ECS collision-
handling implementations, we perform a static code analysis to assess code complexity and we
combine these dimensions using the Analytic Hierarchy Process (AHP) 4.5.3 to derive a compara-

tive ranking and practical recommendations for ECS-based game development.

4.5.1 Experimental Results

Table 4.1 and Table 4.5.1 summarise the performance of the six collision-handling implemen-
tations in terms of the maximum number of entities handled under different physics frame-time
budgets (16 ms down to 1 ms). Implementations 11-14 exhibit quadratic complexity (O(n?)) and
scale poorly as entity counts increase. Among these, [2-14 perform nearly identically across all time
budgets, significantly outperforming I1, which consistently handles the fewest entities.

Table 4.1: Entities handled at specific physics time allocation
Entities handled at specific physics time allocation. I5 at 2 and 1ms did not yield significant entity

Impl. 16 ms 8 ms 4ms 2ms 1ms

I1 593.8 +£10.3 418.7£93 296.1 £9.1 205.6 £ 11.7 152.7 £ 8.3

12 755.2 £10.5 540.5 £ 8.8 389.4£59 2799 £ 6.9 196.0 £7.1
counts. 13 7589 £5.2 5443 £34 391.8 £4.6 280.8 £7.5 192.6 + 8.4

14 7759 £7.2 556.4 £5.6 400.9 £ 4.1 2854+ 8.4 198.8 £8.9

I5 67132 £209.0 3141.8 823 9843 £21.8 - -

I6 54912 £ 1319 31153 £459 18493 +219 1122.0£26.9 6229 +32.1

In contrast, the spatial hashing approaches demonstrate a substantial improvement. The per-cell
spatial hash handles almost an order of magnitude more entities at larger time budgets (6,713.2
entities at 16 ms). However, its runtime performance rapidly declines under tighter constraints; at 2
and 1ms, it did not yield significant entity counts. Conversely, the per-entity spatial hash achieves

better runtime performance at intermediate time budgets (e.g., 1849.3 entities at 4 ms vs. 984.3
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entities). Still, it is surpassed by the per-cell implementation when entity counts become very large.

RQ2.1

Simpler implementations I1-4 scale quadratically and perform poorly as entity counts grow.
The introduction of the DontFragment trait allows 12 to perform significantly better than
I1, its fragmenting counterpart. Spatial hashing greatly improves scalability: the per-entity

variant is best at low to medium entity counts, while the per-cell variant is best at high entity

counts but fails under tight frame budgets.

4.5.2 Static Code Analysis Results

Table 4.2: Implementation complexity measured by cyclomatic and cognitive complexity and sys-
tem count.

Cyclo. Cogn. System

Tmpl. Comp. Comp. Count Loc
I1 9 8 3 63
12 9 8 3 63
I3 9 8 3 71
14 13 14 4 66
I5 23 38 8 135
16 23 32 8 139

Table 4.2 shows the code complexity of each implementation, as well as the number of systems
and lines of code. The simpler implementations (I1, 12, I3, I4) have relatively low complexity, with
cyclomatic complexity ranging from 9 to 13 and cognitive complexity from 8 to 14. The I1, 12, and
I3 implementations are the simplest (9 cyclo., 8 cogn., 3 systems), while 14 adds modest complexity
due to the use of a global singleton component.

The spatial hashing implementations (I5-16) are significantly more complex. Both IS and 16
variants require 8 systems and more than 130 LOC, with cyclomatic complexity reaching 23 for
both and cognitive complexity at 38 and 32, respectively. This higher complexity reflects the need

to manage grid structures, neighbour lookups, and iteration across multiple entities and cells.
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RQ2.2

Implementations I1 through 14 are simple, requiring fewer systems and lines of code, while
spatial hashing I5 and 16 are more complex due to grid management and neighbour lookups.
Cyclomatic and cognitive complexity metrics reflect this difference. Overall, simpler meth-

ods offer easier implementation, whereas spatial hashing trades complexity for scalability.

Table 4.3: Efficiency index at various physics time budgets. Higher is better.

Impl. Ims 2ms 4ms 8ms 16ms

I1 6.00 808 11.63 1645 23.33
12 7.70 11.00 1530 21.23 29.68
I3 7.57 11.03 1539 2138 29.81
14 3.68 529 743 1031 14.38
I5 - - 426 13.58 29.02
16 293 529 871 14.68 2587

Table 4.3 shows the efficiency of each implementation at different time budgets, using the results
from Table 4.1 and Table 4.2. 12 and I3 implementations achieve the highest efficiency index (29.68
and 29.81, respectively), closely followed by spatial-hashing-per-cell (29.02). The per-entity variant
has an index value of 25.87, relationships implementation at 23.33, while the record list scores
lowest (14.38).

Hence, the experimental results show a clear runtime performance hierarchy: 15 and 16 outper-
form all other approaches, followed by 12, I3, and 14, which perform similarly, while I1 consistently
yields the least efficient results. A closer break-even analysis reveals that per-entity hashing is more
efficient at small to medium scales, whereas per-cell hashing becomes dominant when handling
very large numbers of entities. In terms of implementation effort, 11, 12, I3, and 14 are easier to
develop and maintain, requiring fewer systems and less code, while (I5-16) introduces substantially
more complexity due to grid management and neighbour lookups. Taken together, the best trade-
offs suggest that the record-entity method is a practical choice for developers seeking simplicity,
while per-cell spatial hashing is the most suitable solution when scalability is the primary concern,

despite its higher implementation cost.
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4.5.3 AHP Recommendation

To support developers in selecting the most appropriate collision-handling strategy, we apply the
Analytic Hierarchy Process (AHP) [17, 18], a structured decision-making technique that evaluates
alternatives based on multiple criteria. In our case, the criteria are performance and complexity,
reflecting common trade-offs in ECS collision-handling design.

We simulate three developer scenarios:
(1) Scenario 1 (S1): Performance is three times more important than complexity (A = 3).
(2) Scenario 2 (S2): Complexity is three times more important than performance (A = 1/3).
(3) Scenario 3 (S3): Performance and complexity are equally important (A = 1).

The corresponding criteria pairwise table (item 4.5.3) encodes these preferences.

Table 4.4: Pairwise comparison of criteria (Si)

Criteria Performance Complexity
Performance 1 1/
Complexity A 1

We then compare the six collision-handling implementations, I1 through 16, pairwise under each
criterion, as shown in Table 4.5.3 and Table 4.5.3, with 2.6% and 0.6%, respectively, for consistency
ratios (CR). In these tables, values greater than 1 indicate a preference of the row implementation

over the column implementation for the given criterion.

Table 4.5: Pairwise comparison of methods under the performance criteria
Implementation 11 12 I3 14 IS5 16

I 1 172 12 172 18 1/7
12 2 1 1 172 17 1/6
13 2 1 1 1 17 1/6
14 2 1 1 1 1/7 1/6
I5 8 7 7 7 1

16 7 6 6 6 12 1

Finally, we calculate weighted scores for each implementation according to the criteria prefer-

ences (Table 4.5.3) and highlight the highest scoring alternatives per scenario in green, the second
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Table 4.6: Pairwise comparison of methods under the complexity criteria

Implementation

n 1n2 13 14 15 Ie6

I1
12
I3
14
I5
I6

1 1 1 2 5
1 1 1 2 5
1 1 1 2 5
172 172 12 1 4
/5 15 15 174 1
175 15 15 174 1

—_— N W

highest scoring alternative in yellow, and the worst scoring alternative in red.

Table 4.7: AHP scored alternatives based on the criteria comparisons

Implementation S1 S2 S3

I1
12
13
14
5
16

0.093 0.199 0.146
0.112 0.158
0.112 0.158
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AHP Recommendation

Based on the AHP-derived rankings, we summarise the most suitable collision-handling

implementations for each developer scenario:

* When performance is prioritised (Scenario 1), Spatial-Hashing per-cell (I5)
achieves the highest score (0.346), followed by Spatial-Hashing per-entity (I6)
(0.253). This confirms our earlier observations that per-cell spatial hashing scales

best with high entity counts.

* When low complexity is prioritised (Scenario 2), Collision-Entity (I3) and Relation-
ships Non-Fragmenting (I2) score highest (0.205), closely followed by Relation-
ships (I1) (0.199). These implementations are simpler to understand, modify, and

maintain, making them suitable for small projects or rapid prototyping.

* When performance and complexity are equally important (Scenario 3), the high-
est performing method Spatial-Hashing per-cell (I5) remains the top choice (0.246),
followed by Spatial-Hashing per-entity (I16) (0.184). This observation suggests that
even when balanced criteria are applied, spatial hashing offers the best overall trade-

off between speed and maintainability.

4.6 Threats to Validity

This section outlines the primary threats to the validity of our findings and discusses the lim-
itations that may affect their generalisability and usability by practitioners. We identify potential
methodological simplifications and framework dependence, and suggest directions for future work
to mitigate these limitations.

This study focuses exclusively on ECS-based collision-handling and compares several with one
another. Another study could compare these implementations against traditional component-based
and inheritance-based implementations. Such a comparison would provide a broader understanding
of how data-oriented designs differ from object-oriented ones in real-world performance. However,

implementing and benchmarking an OOP component-based counterpart to the ECS one was beyond
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the scope of this work. Our findings should be interpreted as comparative only within the ECS
pattern, rather than across different common OOP models. Future work will perform a similar
study with the Unity Dots ECS and compare it to a traditional Unity component-based program.

This research only involved simple circle shape collisions of the same size. While this simpli-
fied the implementation of our collision detection and resolution methods and helped choose the
parameters for the spatial-hashing grid, it does not fully represent the diversity of shapes, sizes,
and interaction complexities found in most video games or real-time simulations. Consequently,
the runtime performance characteristics observed here could differ when applied to more complex
geometries, irregular shapes, or varying entity sizes. Future work will extend this study to in-
clude diverse collision shapes and sizes, enabling a more comprehensive assessment of ECS-based
collision-handling implementations under realistic gameplay scenarios.

Most scalable physics simulations separate collision detection into broad and narrow phases,
making our first three implementations, suffering from quadratic complexity, undesirable for very
high entity count situations. However, since our goal is to address the lack of learning resources for
ECS beginners, it is useful to start with simpler implementations before moving on to more complex
and efficient ones, as we did with the spatial-hashing implementations. However, survivors-like
games might not even reach as many entities as some of the methods reached. Vampire Survivors
even caps the number of enemies that can spawn'! at 300, only allowing bosses and map events after
that number. Thus, even 11-4 could be sufficient depending on the physics allocated time budget.
Using the principles learned in this case study, future research should extend these lessons to other
acceleration structures and optimisations.

This study does not consider multithreading. While parallelisation could significantly improve
the runtime performance of the collision implementations, our focus was on understanding imple-
mentation trade-offs in archetype-based ECS frameworks. We acknowledge that ECS is well-suited
to parallel computing, but exploring this aspect was beyond the scope of the present study. Neverthe-
less, the insights gained here could inform future work on designing multithreaded and accelerated
collision detection and resolution systems.

We performed our experiment strictly on the Flecs ECS framework. As we identified in the

"https://vampire-survivors.fandom.com/wiki/Enemies
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section 4.3, a GitHub repository empirically [13] conducts runtime performance tests on multiple
ECS frameworks and identifies that Flecs consistently outperformed the other frameworks at large
entity counts. While this justifies our use of Flecs in this context, our work mostly applies to
archetype-based ECS frameworks; thus, some of the insights shared might not properly apply to

each case. Future work will extend this study to different ECS frameworks to fill this gap.

4.7 Discussion

We discuss now key factors influencing runtime performance and scalability, including archetype
fragmentation and spatial-hashing strategies, and analyse how these relate to development effort and

architectural complexity in the context of our study.

4.7.1 Archetype Fragmentation

The relationship implementation performed much worse than the other three naive implemen-
tations, which can be mostly attributed to table fragmentation. Flecs describes fragmentation'? as a
property in archetypes where entities can be spread out over multiple tables as the number of com-
ponents (and combinations thereof) increases. This overhead is mostly present in table creations
and queries, the latter needing to match and iterate over more tables [9]. For example, relationship
Collidedwith (A) is different from CollidedwWith (B). In other words, there can be up to
n different relationship components, each belonging to its own archetype, which results in many
archetypes that contain very few, if any, entities, ultimately leading to a large amount of fragmenta-
tion and an increased overhead when iterating over the entities.

Flecs recently introduced a component trait called DontFragment, which stores the compo-
nents in a sparse set without having to create multiple archetypes that would contain just a few
entities. This is perfect for this specific scenario, where relationships would have created many
archetypes containing just a few entities. The DontFragment relationships lower the overhead of

iterating over all of the archetypes, resulting in better runtime performance. This is confirmed from

Phttps://www.flecs.dev/flecs/md_docs_2Relationships.html#fragmentation
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our results, at all frame budgets, non-fragmenting relationships handle around 25% increased enti-

ties. Figure 2.4 shows an example of what the non-fragmenting relationships look like in storage.

4.7.2 Spatial-hash per-cell vs. Per-entity

The two spatial-hashing variants exhibited very different runtime performance profiles across
the simulation. The per-cell variant failed to meet the 1 ms and 2 ms frame-time budgets, while
the per-entity variant consistently outperformed all other implementations. This result is somewhat
surprising, as most physics simulations that employ spatial hashing grids typically rely on a per-cell
design. Two factors help explain this discrepancy. First, per-cell approaches are generally more
amenable to multithreading, which is how they achieve peak efficiency in large-scale simulations.
Second, these simulations often assume a maximum number of entities that are relatively uniformly
distributed across the grid, conditions under which per-cell hashing outperforms per-entity methods.

In our case, the grid contained 2,232 cells. For the per-cell variant, this guarantees a minimum
of 2,232 x 9 cell and neighbour accesses, even if only a few entities are present. By contrast,
the per-entity variant only accesses the 9 neighbouring cells of each occupied cell, reducing the
minimum operations to N x 9, where N is the number of entities. This explains its superior runtime
performance at lower entity counts. However, at higher counts, the per-cell method begins to close
the gap. Its data-friendly memory layout results in a lower L1 cache miss rate (Figure 4.3). The
per-cell variant had a 2% miss rate over the entire experiment, while the per-entity version had
a 3.2 % miss rate. Because entities in each cell are stored contiguously, iteration becomes more
efficient once occupancy increases. Theoretically, the crossover point where per-cell becomes faster
should occur when the number of entities roughly equals the number of cells, assuming uniform
distribution. Due to uneven distributions of entities in our simulation, the threshold was closer to
3,100 entities, observed at 8§ ms frame time (per-entity: 3,112; per-cell: 3,135) rather than 2,232.

These findings suggest practical design trade-offs. For physics simulations with consistently
high and uniformly distributed entity counts, the per-cell variant is preferable. In contrast, for
gameplay scenarios like Vampire Survivors, where entity counts are large but not maximised, the
per-entity approach is likely better suited. An adaptive strategy that dynamically switches between

per-entity and per-cell variants when most appropriate could combine the strengths of both methods

49



without incurring excessive complexity.

4.7.3 Performance vs. Development effort/Complexity

The experiment we conducted revealed that each implementation varied in runtime performance
and development complexity. This echoes concerns raised by Ericson [14], who emphasises key
aspects when designing collision-handling implementations, among others: runtime performance
and ease of use. On the runtime performance side, games targeting smooth visuals at 60 FPS have
a strict frame budget of 16.7 ms per update, of which collision-handling may consume only 2-5
ms. This time allocation implies that each collision query has to execute within microseconds, and
must also avoid worst-case slowdowns that can produce noticeable frame drops. Our experiments
reflect this concern: while naive ECS implementations scale poorly with O(n?) complexity, the
spatial hashing variants maintain higher throughput and more predictable timings, especially at
larger entity counts.

Equally relevant is the ease-of-use dimension. Ericson notes that implementation time, main-
tainability, and the number of special cases or tweaking variables are critical in game develop-
ment [14], which often proceeds under strict deadlines. This aligns with our static code analysis:
the naive ECS methods required fewer systems and less code, making them easier to prototype
and maintain, even if they scale less effectively. In contrast, spatial hashing achieves much better
runtime performance but at the cost of higher system count, code complexity, and additional data-
structure management. This trade-off highlights that the choice of collision implementation is not
purely about runtime efficiency, but must also consider development productivity, debugging effort,

and the adaptability of the system throughout the game’s lifecycle.

4.8 Summary

We now conclude this chapter by summarising our key findings and their implications for ECS-
based game development. We reflect on how the results contribute to understanding the trade-
offs between runtime performance and complexity in implementing collision-handling approaches

within the ECS design pattern for game development.
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In the previous chapter, we identified research on the Entity-Component-Systems design pat-
tern primarily focuses on high-level design concepts, with limited attention given to the underlying
implementation details that drive runtime performance (see subsection 3.5.3). This gap underscores
the need for practical evaluations of different ECS design variants along with a better understanding
of their respective runtime performance and code complexity implications.

Thus, we presented a study on the implementations of various ECS collision-handling meth-
ods, with an emphasis on runtime performance and code complexity in a performance-intensive
survivors-like game using the Flecs ECS framework.

We implemented and compared six ECS collision-handling implementations: relationship, re-
lationship non-fragmenting, collision entity, collision record list, and spatial hashing with per-cell
and per-entity variants. We conducted our experiment in a basic survivors-like game scenario, mea-
suring the number of entities and the physics time for each implementation across 30 trials.

Our study yields several contributions toward understanding how the ECS design pattern can
be effectively applied to performance-intensive applications, highlighting the practical trade-offs in
terms of runtime performance and code complexity between different collision-handling implemen-

tations:

* We provide a public game repository as well as a public fork containing all ECS collision-
handling implementations, performance benchmarks, and analysis scripts, offering a repro-
ducible foundation for future research and practical experimentation in ECS-based game de-

velopment.

* We observed that spatial partitioning implementations achieved significantly better perfor-
mance than the other implementations, followed by the non-fragmenting relationships, record-
list and collision-entity methods, and finally the relationship method. In addition, the spatial-
hashing per-cell variation performed worse at lower entity counts than the per-entity variation,

but it performed better in larger entity counts than its per-entity counterpart.

* We discussed potential reasons for the observed runtime performance differences through
fragmentation in ECS relationship-based approaches, differences in spatial hashing variants,

and runtime performance vs. complexity metrics.
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* We performed a static code analysis on each of the collision implementations using Sonar-
Qube. The analysis revealed that the naive implementations (relationships, collision-entity,
record-list) were much less complex than the spatial-hashing methods. Our efficiency index
revealed that relationships, non-fragmenting, collision entities, and spatial-hashing (per-cell)

all shared a similar runtime performance per complexity output at high entity counts.

* We performed an AHP to determine the best recommendations for developers and researchers
for three different scenarios: (S1) performance preferred over lower complexity, S2 lower
complexity preferred over performance, and (S3) performance and lower complexity equally
preferred. The AHP reveals that spatial-hashing per-cell (I5) is best for S1, collision rela-
tionships non-fragmenting (I2), and collision-entity (I3) is best for S2, and spatial-hashing

per-cell (IS) is best for S3.

Our findings offer practical considerations for developers choosing between various ECS imple-
mentations in ECS-based games, particularly for performance-sensitive genres, like survivors-like
games. We highlighted the runtime performance implications of different integration strategies and

provided a relative measure of code complexity.
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Physics Time vs. Entities
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Figure 4.2: Physics time in ms against the number of entities in the world. 12, 13, and 14 perform
almost the same; relationship performs the poorest, spatial-hashing-per-entity is fastest to start, but
falls short of spatial-hashing-per-cell, which is the fastest when there are the most entities, but has
an inherent runtime performance cost.

53



| | |
_ fonfo2loilnlnsine
S ss i
2 ‘ 3.2
[a7
< 2.1 9
o 2] 1.8 .
2 1.6
@)
3

0

Figure 4.3: L1 cache miss rates for per-cell and per-entity spatial hashing variants.
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Chapter 5

General Discussion

This chapter synthesises the technical background on archetype-based ECS (Chapter 2), the
findings from the systematic mapping study (Chapter 3), and the empirical case study on collision-
handling (Chapter 4). It reflects on the broader implications of this work and its contributions to

both research and practice.

5.1 Bridging the Theory and the Practice

The Entity-Component-System pattern has gained widespread adoption across the game de-
velopment industry, yet academic research has largely remained at a conceptual level and lacks
quantitative, empirical evaluations. The mapping study in Chapter 3 revealed that most existing
work focuses on conceptual descriptions, reported benefits, and framework-specific implementa-
tions, with limited empirical investigation of implementation-level trade-offs. Chapter 2 addressed
this by providing a detailed examination of archetype-based storage mechanics, particularly struc-
tural changes, archetype graphs, and archetype fragmentation, which are often opaque to developers
using high-level APIs.

Building on Chapter 2, the empirical case study in Chapter 4 examined how these theoretical
concepts manifest in practice. By implementing six different collision-handling strategies within the

same non-trivial application (ECS-Survivors), the study demonstrated that design decisions which

55



appear minor at the architectural level—such as the use of relationships versus spatial partitioning—
can produce substantial differences in runtime performance and code complexity.

This thesis thus bridges a critical gap (RG2): it connects the high-level enthusiasm documented
in the literature with concrete, measurable consequences of archetype-based design choices. The
results confirm that while archetype-based ECS excels at cache-friendly iteration, it introduces non-
trivial challenges related to structural changes and fragmentation that developers must actively man-

age.

5.2 Samples, Best Practices, and Guidelines

As highlighted in the mapping study [4,19-21], the ECS pattern can be challenging to learn, par-
ticularly for developers coming from object-oriented backgrounds. The absence of rigid standards
and the variety of implementation strategies further complicate adoption. Our six collision imple-
mentations in Chapter 4 illustrate this “double-edged sword” of flexibility: while it enables tailored
solutions, it also makes identifying optimal approaches difficult without empirical guidance.

This work contributes toward filling RG2 by offering concrete examples and analysis rather than
abstract recommendations. The case study shows that there is no universal best implementation.
Instead, choices depend on priorities such as performance constraints and code complexity. The
Analytic Hierarchy Process (AHP) analysis provides a practical decision-making tool for navigating
these trade-offs. While the findings are grounded in collision detection for survivors-like games, the
underlying principles of managing archetype fragmentation, balancing structural changes against
iteration performance, and quantifying complexity apply more broadly to performance-sensitive

ECS applications.

5.3 ECS Survivors

To further support the community and address the documented learning curve, we developed
and openly documented ECS-Survivors, an ECS-based game built with Flecs. This project was
intentionally designed to push the boundaries of “pure” ECS usage, deliberately favouring ECS-

driven solutions over more convenient approaches in other programming patterns and paradigms.
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The development process was shared through a series of blog posts (Table 5.1) that emphasise not

only the final implementation but the reasoning and challenges encountered along the way.

ECS-Survivors

DEgUG TooOLS

G

Figure 5.1: ECS-Survivors

The project has since been featured on the official Flecs website !, indicating its value as a
realistic reference implementation. It serves both as a research artefact for studying ECS behaviour

and as an educational resource for developers seeking deeper insight into the ECS pattern.

5.4 Future of the Entity-Component-System Pattern

During the development of ECS-Survivors and our experimentation with the Entity-Component-

System pattern, we encountered several practical challenges when designing software features.

"https://www.flecs.dev/flecs/#ecs-survivors
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Part # Link to the post

Part i https://blog.ptidej.net/ecs-survivors-part-i/
Part ii https://blog.ptidej.net/ecs/
Part iii https://blog.ptidej.net/ecs-game/
Part iv https://blog.ptidej.net/ecs-survivors-part-iv/
Part v https://blog.ptidej.net/ecs-survivors-part-v-gameplay/
Part vi | https://blog.ptidej.net/ecs-survivors-part-vi-code-refactor/
Part vii-x https://blog.ptidej.net/ecs-survivors-parts-vii-x/

Table 5.1: Development blog posts for ECS-Survivors.

Many of these challenges align with existing academic concerns identified in our systematic map-
ping study. In this section, we document some unresolved problems faced during our development
lifecycle and propose concrete avenues of research for future researchers and practitioners to ex-

plore.

5.4.1 Static Code Analysis

The steep learning curve associated with the ECS pattern remains its most widely recognised
and critical barrier to adoption. Current literature suggests that the development of architectural best
practices and pedagogical guides will help mitigate this hurdle.

However, during the development of ECS-Survivors, we observed that contemporary static anal-
ysis tools are largely inadequate for evaluating ECS-based software. Because the ECS pattern relies
fundamentally on composition rather than object-oriented class hierarchies, traditional structural
analysis reveals little more than a flat topology of independent data structures.

To address this tooling gap, we envision two primary avenues for the development of ECS-

specific static analysis tools.

OOP-to-ECS Migration. The first avenue concerns automated migration from object-oriented
architectures to ECS-based architectures. Such a tool could analyse an existing class hierarchy,
identify shared data and behaviour, and automatically extract them into components and systems.
Although this idea remains conceptual, prior work demonstrates promising foundations. Using a
technique known as Formal Concept Analysis (FCA) [22], Llansé et al. [23] proposed a method for

converting object-oriented class hierarchies into a component-based architecture. Their approach
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extracts common features across classes and groups them into reusable components. Extending
this methodology to ECS would require an additional transformation stage capable of extracting
behavioural logic from class methods and translating it into ECS systems.

Such a tool could provide several benefits. First, it could assist developers transitioning from
object-oriented paradigms by explicitly illustrating how traditional class hierarchies map onto ECS
concepts. This may help reduce the learning curve frequently associated with ECS adoption. Sec-
ond, practitioners maintaining large legacy codebases could use such tooling to partially automate

architectural migration toward ECS, reducing the cost and risk associated with manual refactoring.

Accidental System Matching. The second avenue concerns improving the observability and un-
derstanding of behaviour propagation in ECS applications. One commonly reported strength of
ECS is its promotion of low coupling through the decomposition of behaviour into small, highly
specialised systems. During our own development process, we observed that once a system was
implemented, its internal logic rarely required modification. While this modularity is generally
beneficial, it can also introduce new challenges related to behavioural predictability.

In particular, we observed a recurring issue where entities unintentionally became eligible for
processing by unrelated systems, which we call the “accidental system matching problem”. This
problem occurs when a developer adds a component to an entity with the intention of enabling
behaviour associated with a specific system, but the addition also causes the entity to satisfy the
requirements of other unrelated systems.

For example, during the development of the modular upgrade system in ECS-Survivors, projec-
tiles initially used aNoEffectProjectileCollided system that handled basic collision logic
and deleted the projectile after impact. When we introduced new effects through components, such
as Chain, Pierce,and Split,anew ChainProjectileCollided system was created.

Because the two systems required the same subset of the components present on these projec-
tiles, both the ChainProjectileCollided and the original system began matching the same
entities. As a result, projectiles with chaining effects were processed by multiple collision systems
simultaneously, causing the execution of the NoEffectProjectileCollided, unexpectedly

deleting the projectile. Because ECS systems are often developed independently and are loosely
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coupled, these emergent interactions can be difficult to predict and debug.

This issue is further amplified by the archetype graph structure inherent to archetype-based ECS
frameworks. Since each component combination corresponds to a unique archetype, adding or re-
moving a single component may move an entity into a different region of the graph, thereby chang-
ing the set of systems that process it. While this dynamic behaviour contributes to ECS flexibility,
it can also obscure the relationship between structural modifications and runtime behaviour.

Future tooling could help address this issue by statically visualising system membership across
the archetype graph. For example, a developer could inspect which systems would process an
entity before and after adding or removing a component. Such tooling could provide warnings
about unintended behavioural changes and significantly improve debugging, maintainability, and

architectural comprehension in large ECS applications.

5.4.2 CPU-GPU Unified ECS

Modern software increasingly relies on Graphics Processing Units (GPUs) to execute highly
parallel workloads. This trend is particularly relevant for the ECS pattern due to its data-oriented
structure and emphasis on contiguous memory layouts.

Shacklett et al. [24] proposed an ECS framework executing entirely on the GPU and capable of
running a large number of simulations concurrently. Their framework demonstrates the strong com-
patibility between the ECS pattern and massively parallel hardware. However, its primary objective
is large-scale Al training and simulation rather than real-time game development.

One limitation of their approach is the lack of runtime dynamism. The framework computes
execution pipelines and allocates component buffers during initialisation, after which structural
changes are no longer permitted. While this design maximises performance, it sacrifices one of
the defining characteristics of the ECS pattern in games: the ability to dynamically create, destroy,
and modify entities and components during execution.

For this reason, we envision future ECS frameworks adopting a unified CPU-GPU execution
model capable of supporting both high performance and runtime flexibility. In such a system, de-

velopers could write systems using a high-level programming language, after which the framework
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would automatically generate equivalent GPU-compatible code through a code-generation or com-
pilation stage. Developers could additionally specify whether a system should execute on the CPU
or GPU, depending on workload characteristics and synchronisation requirements.

The most significant challenge in such a framework would likely be the scheduler responsi-
ble for coordinating execution across heterogeneous hardware. Systems executing on the CPU
and GPU would require efficient synchronisation mechanisms, dependency tracking, and dynamic
workload distribution. Fortunately, much of the theoretical groundwork regarding ECS concurrency
and scheduling has already been explored by Redmond et al. [2].

A successful unified CPU-GPU ECS framework could significantly expand the applicability of
the ECS pattern, enabling highly dynamic simulations while preserving the scalability advantages

of GPU computation.
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Chapter 6

Conclusion

6.1 Summary

Despite the growing adoption of ECS in performance-sensitive applications, existing academic
literature primarily focuses on high-level architectural concepts and reported benefits. Compara-
tively few studies empirically evaluate how ECS design decisions influence runtime performance
and development complexity in practice.

Hence, this thesis investigated the Entity-Component-System design pattern from the combina-
tion of a systematic mapping study and an empirical case study, to improve the current understand-
ing of how the ECS pattern design decisions impact runtime performance and code complexity in
practice.

To provide the necessary technical foundation for this analysis, in Chapter 2, this thesis exam-
ined ECS storage models in detail, going over sparse-sets and focusing deeper on archetype-based
implementations. This analysis highlighted key trade-offs between these approaches, particularly
the balance between efficient iteration through contiguous memory layouts and the cost of structural
changes due to data migration between archetypes. It also identified archetype fragmentation as a
critical factor that can negatively impact performance in dynamic scenarios.

First, we conducted a systematic mapping study to analyse existing research on ECS within the

software engineering literature. The study asked three research questions:
* RQ1.1: In software engineering, what are the publication trends on ECS?
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* RQ1.2: In software engineering, what is the research focus on ECS?

* RQ1.3: In software engineering, what are the main benefits and drawbacks of using ECS?

To answer them, we performed a search in the most prevalent software engineering databases
(ACM Digital Library, IEEE Explore, and Scopus). Our initial search yielded 91 results, which
we assessed for quality and revised, giving a total of 35 relevant studies. We then performed a
snowballing activity, but did not find any additional relevant studies. Finally, we extracted relevant
data from the obtained articles and catalogued our observations.

The systematic mapping study revealed two clear gaps in existing ECS research:

* RG1.: The primary studies predominantly emphasised the benefits of ECS over the draw-
backs, suggesting a positive bias in the field. This opens an opportunity for the research

community to discover and establish more drawbacks of the ECS pattern.

* RG2.: The limited discussion of ECS backend design also suggests an opportunity for further
empirical research examining how implementation choices influence performance, memory

behaviour, and scalability in real-time systems.

Next, we conducted an empirical case study evaluating six ECS-based collision-handling im-
plementations using the Flecs framework. These implementations included relationship-based ap-
proaches, non-fragmenting relationships, collision entities, record-list structures, and spatial hash-
ing variants. To structure our empirical case study and answer the second gap RG2 revealed in the

mapping study, we asked the following research questions:

* RQ2.1: How do different ECS collision-handling methods exhibit measurable performance

variation?

* RQ2.2: How do the different integrations of these methods introduce code complexity that

can be quantified using cognitive and cyclomatic metrics?

The results showed that ECS design choices have a significant impact on both performance and

code complexity. In particular, relationship-based approaches exhibited lower performance due to
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archetype fragmentation, while spatial hashing approaches significantly improved performance at
the cost of increased implementation complexity. Intermediate approaches, such as collision entities
and non-fragmenting relationships, offered a balance between these trade-offs.

In addition to performance evaluation, this thesis analysed code complexity using cognitive and
cyclomatic metrics, and applied the Analytic Hierarchy Process (AHP) to support decision-making
based on performance and complexity criteria. This provides practical guidance for developers
when selecting an appropriate ECS design strategy depending on their priorities.

Overall, this thesis contributes to the understanding of ECS by bridging the gap between high-
level architectural discussions and low-level implementation behaviour, specifically for archetype-
based ECS. By combining a systematic mapping study, a detailed technical analysis, and an empiri-
cal evaluation, it provides a more comprehensive view of how ECS design decisions influence both

runtime performance and development complexity.

6.2 Future Work

6.2.1 Short Term

We performed the systematic mapping study strictly on academic papers, intentionally avoiding
grey literature since it can be opinionated and biased. However, given that the ECS pattern origi-
nated from the game industry, as future work, the mapping study could be extended to include grey
literature and provide a greater overview of the ECS pattern picture.

We limited our empirical case study evaluation to same-size circle collisions, which simpli-
fied the implementation and parameter selection for the spatial hashing grid. As future work, the
study could be extended to include diverse collision shapes and varying entity sizes to better reflect
realistic gameplay scenarios.

We also performed our experiment strictly on the Flecs ECS framework, which we selected
based on its consistently superior performance in existing benchmarks. As future work, the study
could be replicated across other archetype-based and sparse-set-based ECS frameworks to determine

how much of the observed behaviour is framework-specific.
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We did not consider multithreading in this study, as our focus was on understanding single-
threaded implementation trade-offs in archetype-based ECS. As future work, the impact of paral-
lelisation on archetype fragmentation and spatial partitioning strategies could be investigated.

We also compared only ECS-based collision implementations against one another, rather than
against traditional object-oriented or component-based approaches. As future work, a similar study
could compare these implementations against a standard Unity component-based counterpart to
provide a broader understanding of how data-oriented designs differ from object-oriented ones in
practice.

Finally, the crossover behaviour observed between the per-cell and per-entity spatial hashing
variants suggests that an adaptive strategy that dynamically switches between the two based on
entity count could combine the strengths of both approaches, and warrants further empirical inves-

tigation.

6.2.2 Long Term

As discussed in Chapter 5, we identified possible research directions for the Entity-Component-
System pattern based on the thesis results and our research observations during the thesis process.

One important direction concerns the development of ECS-specific tooling. Current static anal-
ysis tools are poorly adapted to composition-based architectures. Future research could explore
(1) automated migration tools that transform existing object-oriented codebases into ECS designs,
building on techniques such as Formal Concept Analysis [23], and (2) tools to address the acci-
dental system matching problem. Such tools could statically analyse and visualise how component
additions or removals affect entity system matching across the archetype lattice, thereby improving
predictability, debuggability, and overall architectural understanding in complex ECS applications.

Another significant avenue lies in the exploration of unified CPU-GPU execution models for
archetype-based ECS. While existing GPU-centric frameworks [24] demonstrate strong potential for
massively parallel simulations, they often sacrifice the runtime dynamism essential for real-time ap-

plications. Future work should investigate hybrid frameworks that maintain both high-performance
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GPU execution and flexible structural changes during runtime. This will require advances in het-
erogeneous scheduling, automatic code generation for GPU-compatible systems, and efficient syn-
chronisation mechanisms. The theoretical foundations of ECS concurrency proposed by Redmond

et al. [2] offer a strong basis for such developments.
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Appendix

A

Mapping Study Appendix

Table A.1: Primary studies and ECS-related contributions.

Field Description

Title A cloud based simulation service for 3D crowd simulations
Reference [M18]

Venue Type Conference

On Games No

ECS Contribution

Introduces a cloud-based simulation framework based on the Entity Com-

ponent System (ECS) pattern.

Title

Reference
Venue Type
On Games?

ECS Contribution

A Concurrent Entity Component System for Geographical Wildlife Epi-
demiological Modeling

[M15]

Journal

No

Employs a parallel ECS for epidemiological modelling, highlighting
Rust’s mutability/immutability features and the use of SPECS library for

parallelism and performance.
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Field Description

Title A Generalizable Entity-Component-System Architecture for Underwater
ROV Control

Reference [M23]

Venue Type Conference

On Games? No

ECS Contribution

Presents a novel software architecture for underwater ROVs based on
ECS, enabling modular cross-platform state synchronisation and adapt-

able thruster control.

Title
Reference
Venue Type
On Games?

ECS Contribution

A Mapping Study of the Entity Component System Pattern
[M31]
Workshop
Yes
Conducts a systematic mapping study to identify ECS publication trends,
research focus, and the implications (benefits/drawbacks) of developing

with ECS.

Title

Reference
Venue Type
On Games?

ECS Contribution

A Model-driven Middleware Integration Approach for Performance-
Sensitive Distributed Simulations

[M12]

Conference

No

Discusses ECS for code organisation, modularity, and composability in

military simulators.

Title

Reference
Venue Type

On Games?

Accessibility and Serious Games: What About Entity Component System
Software Architecture?

[M30]
Journal

Yes
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Field

Description

ECS Contribution

Examines using ECS for accessibility in the serious game E-
LearningScape, highlighting its modularity and scalability for adding

unanticipated functionalities.

Title

Reference
Venue Type
On Games?

ECS Contribution

An Argument for the Practicality of Entity Component Systems as the
Primary Data Structure for an Interpreter or Compiler

[M11]

Conference

No

Examines how ECS can benefit compiler and interpreter design, specifi-

cally simplifying optimisation passes and improving serialisability.

Title

Reference
Venue Type
On Games?

ECS Contribution

An auxiliary development framework for lightweight RPG games based
on Unity3D
[M3]
Journal
Yes
Develops a framework for RPG games using ECS, highlighting its modu-

larity and flexibility for managing game entities and their behaviours.

Title
Reference
Venue Type
On Games?

ECS Contribution

An Educational Experience to Raise Awareness About Space Debris
[M34]

Journal

No

Focuses on VR experience development using Unity ECS to run a simu-

lation with thousands of objects.

Title

Reference

Venue Type

An Extensible, Data-Oriented Architecture for High-Performance, Many-
World Simulation
[M19]

Conference
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Field

Description

On Games?

ECS Contribution

No
Presents Madrona, an architecture for high-performance simulation using

ECS, showcasing its use in a hide-and-seek environment.

Title
Reference
Venue Type
On Games?

ECS Contribution

Benchmarking Performance of Unity’s Data Oriented Technology Stack
[M25]

Conference

No

Compares Unity’s DOTS (ECS) to traditional object-oriented paradigms

in flight simulations, finding ECS superior in CPU performance, FPS, and

memory usage.

Title

Reference
Venue Type
On Games?

ECS Contribution

Decoupling the Entity Component System pattern using semantic traits
for reusable realtime interactive systems

[M22]

Workshop

No

Proposes decoupling ECS using semantic traits to enhance reusability in
interactive systems. Mentions semantic grounding and queries for inter-

system communication.

Title
Reference
Venue Type
On Games?

ECS Contribution

Developing games with data-oriented design

[M28]

Workshop

Yes

Uses ECS as a practical design pattern to leverage data-oriented design

principles for efficient game development.

Title

Reference

ECS-Grid: Data-Oriented Real-Time Simulation Platform for Cyber-
Physical Power Systems

[M13]
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Field Description
Venue Type Conference
On Games? No

ECS Contribution

Presents ECS-Grid for power systems simulation, explains core ECS con-
cepts and benefits, and cites game industry examples (Minecraft, Unity’s

DOTS, Call of Duty: Vanguard)

Title

Reference
Venue Type
On Games?

ECS Contribution

Entity Component System Architecture for Scalable, Modular, and
Power-Efficient [oT-Brokers

[M2]

Conference

No

Proposes using ECS architecture for IoT brokers to enhance scalability,
modularity, and power efficiency. Explains core ECS benefits compared

to OOP.

Title

Reference
Venue Type
On Games?

ECS Contribution

Exploring the Theory and Practice of Concurrency in the Entity-
Component-System Pattern

(M1]
Journal
No
Designs a formal model ("Core ECS”) to reveal the essence of the pattern
and identifies a class of ECS programs that enable deterministic concur-

rency.

Title

Reference
Venue Type

On Games?

How Game Engines Can Inspire EDA Tools Development: A use case for
an open-source physical design library

[M5]
Conference

Yes
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Field

Description

ECS Contribution

Presents ECS as an alternative to traditional object-oriented design for
electronic design automation tools, specifically for its performance and

software engineering benefits.

Title

Reference
Venue Type
On Games?

ECS Contribution

Leveraging the Learning Curve: Reusing Existing Architectural Patterns
to Design and Implement MAS

[M10]
Journal
No
Proposes introducing a minimal set of agent concepts into the Distributed
Systems domain to improve Multi-Agent System (MAS) engineering us-

ing the ECS pattern.

Title

Reference
Venue Type
On Games?

ECS Contribution

Machine-Learning-Reinforced Massively Parallel Transient Simulation
for Large-Scale Renewable-Energy-Integrated Power Systems

[M9]
Journal
No

Demonstrates the applicability of ECS beyond game development, show-
ing its effectiveness in integrating machine learning models and facilitat-

ing parallel computation for complex simulations.

Title
Reference
Venue Type
On Games?

ECS Contribution

Modulith: A Game Engine Made for Modding

[M32]

Conference

Yes

Presents Modulith, a game engine designed for modding using ECS for

data organisation and communication.

Title

Reference

Open-Source Game Engine & Framework for 2D Game Development

[M4]
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Field Description
Venue Type Conference
On Games? Yes

ECS Contribution

Focuses on game engine development using ECS and performs a user

study on ECS development.

Title
Reference
Venue Type
On Games?

ECS Contribution

Optimizing Bevy-ECS Using Predictive JSSP Approach
[M33]
Conference
Yes
Models the Bevy ECS integrated scheduler as a Job Shop Scheduling
Problem (JSSP) and proposes a predictive multi-threaded scheduler to im-

prove CPU utilisation.

Title
Reference
Venue Type
On Games?

ECS Contribution

OSS Scripting System for Game Development in Rust

[M7]

Journal

Yes

Implements a scripting system for Amethyst, a Rust game engine, using

the Legion ECS for managing and organising in-game objects

Title

Reference
Venue Type
On Games?

ECS Contribution

Parallel Computing Technologies and Rendering Optimization in the
Problem of Fluid Simulation by the Example of the Incompressible
Schrodinger Flow Method

[M21]

Journal

No

Utilises ECS, C# job systems, and Burst compilation in Unity for fluid

simulation rendering optimisation, leveraging CPU capabilities

Title

Polyphony: Programming Interfaces and Interactions with the Entity

Component System Model
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Field Description
Reference [M6]
Venue Type Journal

On Games? No

ECS Contribution

Introduces Polyphony, a GUI toolkit built on ECS, analysing ECS im-
plementations across different frameworks. Discusses adapting ECS for

HCI, focusing on event handling and interactions.

Title

Reference
Venue Type
On Games?

ECS Contribution

Proposed Application for an Entity Component System in an Energy Ser-
vices Interface

[M8]

Conference
No

Proposes applying ECS in Energy Service Interfaces for managing dy-
namic entity characteristics. Compares ECS libraries for performance and

suggests advantages over traditional databases.

Title

Reference
Venue Type
On Games?

ECS Contribution

pyGANDALF - An open-source Geometric, Animation, Directed, Algo-
rithmic, Learning Framework for Computer Graphics

[M26]

Conference

No

Introduces a Python-based computer graphics framework built on ECS

and WebGPU, evaluating its effectiveness in educational settings.

Title
Reference
Venue Type
On Games?

ECS Contribution

PySeidon - A Data-Driven Maritime Port Simulation Framework

[M20]

Conference

No

Introduces PySeidon, a port simulation framework, using ECS as the

foundation for modelling entities like ships and port infrastructure.
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Field

Description

Title

Reference
Venue Type
On Games?

ECS Contribution

Real-Time Cyber-Physical Digital Twin for Low Earth Orbit Satellite
Constellation Network Enhanced Wide-Area Power Grid
[M14]
Journal
No
Introduces RustSat, a satellite digital twin, built using the Bevy ECS game

engine. Explains the basic elements of ECS and its data-driven nature.

Title

Reference
Venue Type
On Games?

ECS Contribution

Semantic Entity-Component State Management Techniques to Enhance
Software Quality for Multimodal VR-Systems

[M35]

Journal

No

Proposes extending ECS with semantic techniques for multimodal VR
systems to enhance software quality attributes, providing implementation

insights.

Title
Reference
Venue Type
On Games?

ECS Contribution

Software Patterns for Creating Computer Simulations
[M27]
Conference
No
Compares OOP, ECS, and Functional Reactive Programming patterns for
implementing real-time simulations, noting ECS’s efficiency in parallelis-

ability.

Title
Reference
Venue Type

On Games?

Understanding Unity’s ECS Architecture
[M24]
Conference

No
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Field

Description

ECS Contribution

Focuses on implementing a flight simulator using Unity’s DOTS package

to demonstrate multi-threading and the separation of data from logic.

Title

Reference
Venue Type
On Games?

ECS Contribution

Unlimited Rulebook: a Reference Architecture for Economy Mechanics
in Digital Games

[M29]

Conference

Yes

Proposes a reference architecture for game economies, referencing game

engine architecture and data-driven design related to ECS.

Title
Reference
Venue Type
On Games?

ECS Contribution

Vico: An Entity Component System based co-simulation framework
[M16]

Journal

No

Introduces Vico, an ECS-based co-simulation framework. Explains core

ECS concepts, including families for efficient entity selection.

Title

Reference
Venue Type
On Games?

ECS Contribution

Wait-free hash maps in the Entity Component System pattern for realtime
interactive systems

[M17]
Workshop
No

Applies wait-free hash maps in ECS for real-time systems, showcasing
its use in spacecraft simulation with entities representing components and

the environment.
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