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Abstract

Modern game engines increasingly adopt the Entity Component
System (ECS) paradigm as a data-oriented alternative to traditional
object-oriented architecture. While ECS promotes modularity and
performance through the separation of data and behavior, its prac-
tical efficiency depends heavily on the underlying data layout. De-
spite widespread adoption in frameworks, such as Unity DOTS,
Bevy, and Flecs, the semantics of the archetype ECS remain infor-
mal and implementation-dependent, limiting rigorous reasoning
about determinism, system scheduling, and structural mutations.
This work formalizes and experimentally evaluates the archetype
ECS. The formal model captures entity creation, component com-
position, system execution, and archetype migration as composi-
tional state transitions, establishing the core invariants of archetype
organization. Using a Tower Defense simulation, we compare the
archetype ECS with alternative designs under identical conditions.
Results show that the archetype ECS achieves higher frame rate
and better frame stability than alternative designs, due to improved
cache efficiency and consistent entity access. By uniting formal
semantics with empirical validation, this study shows that the
archetype ECS outperforms traditional architectures and provides
a solid foundation for reasoning about correctness and parallelism.
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1 Introduction

Modern game engines must efficiently manage thousands of simul-
taneously active objects, such as towers, enemies, bullets, and visual
effects along with maintaining smooth, real-time performance. In a
Tower Defense game, for example, hundreds of towers track moving
enemies, bullets fly through the air, and particle systems update
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simultaneously. Each frame must process every active entity’s po-
sition, health, and state within milliseconds to maintain 60 frames
per second (FPS) rendering speed. The way these entities are repre-
sented and accessed in memory critically affects performance.

Historically, most game engines have used Object-Oriented Pro-
gramming (OOP), where each object (e.g., Tower, Enemy, Bullet)
encapsulates its data and methods within hierarchical class struc-
tures. While intuitive, this design becomes inefficient as the number
of entities increases. Each object instance occupies a scattered re-
gion of memory, leading to poor cache utilization when iterating
over thousands of objects during game-play. For example, updating
all enemy positions requires dereferencing each object individually,
a process that repeatedly jumps across memory, resulting in cache
misses and reduced throughput [5, 6]. As game complexity and
hardware parallelism increase, these unpredictable access patterns
become a fundamental bottleneck.

To address these limitations, the Entity Component System (ECS)
architecture emerged, representing a shift toward Data-Oriented
Design (DOD). In ECS, entities are simple identifiers, components
are plain data structures (e.g., Position, Velocity, Health), and sys-
tems define the logic that operates over sets of components. For
instance, in Tower Defense, a movement system updates all en-
tities that have both Position and Velocity components, and
a collision system processes Health components. This approach
decouples data from behavior, allowing systems to operate over
contiguous blocks of homogeneous data and enabling efficient par-
allelization [7, 13].

However, the performance of ECS frameworks is deeply tied
to their internal data layout. Early ECS implementations used an
Array-of-Structs (AoS) layout, where each entity’s components are
grouped together in memory. This still leads to inefficient cache
utilization during system-level iteration, such as systems only need
one or two components from each entity. Struct-of-Arrays (SoA)
layout improves this by storing each component type in its own
contiguous array, enabling vectorized operations across entities
and more predictable access patterns [1, 2].

Modern archetype-based ECS framework uses the SoA principle
by grouping entities with identical component sets into archetypes,
dense columnar tables where each column represents a compo-
nent type and each row represents an entity. This design minimizes
pointer chasing, enables constant-time component access, and lever-
ages CPU cache lines efficiently. Frameworks such as Unity DOTS,
Bevy, and Flecs adopt this design to achieve significant perfor-
mance improvements in large-scale simulations [1, 9]. Moreover,
recent work has extended ECS principles to high-performance do-
mains. Madrona [14] used GPU to accelerate ECS for reinforcement
learning environments, while Vico [8] used ECS for co-simulation
across distributed systems, which demonstrated ECS’s generality
as a concurrent computation model.
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Despite these advances, the semantics of archetype ECS frame-
works remain informal, often described operationally without for-
mal grounding. This lack of formalism makes it difficult to reason
about determinism, system scheduling, and structural mutations.
As ECS designs increasingly influence simulation engines and par-
allel runtime systems, establishing a formal semantics for archetype
ECS becomes crucial.

In this research, we make the following contributions:

(1) An operational semantics is defined to capture the core mech-
anisms of archetype ECS, such as entity creation, component
association, system execution, and archetype migration in
a compositional and deterministic manner. This semantics
establishes the basic invariants of archetype-based data or-
ganization, showing that ECS execution can be described as
a series of stable state transitions.

(2) A type system is defined for archetype ECS to ensure that
a well-typed ECS program will not have unsafe access to
archetype storage during runtime execution.

(3) An archetype SoA framework is implemented in Scala and
its performance is compared with that of an object-oriented
and an AoS implementation using a Tower Defense simula-
tion [16]. The results demonstrate that the archetype SoA
achieves higher frame stability.

In the rest of the paper, we discuss related works in Section 2 and
present a motivational example in Section 3. In Section 4, we give
an operational semantics to model the evaluation of ECS programs.
Section 5 defines a type system for ECS programs to prevent runtime
errors due to unsafe access to archetype storage. Section 6 describes
an implementation of the Tower Defense simulation in ECS. Section 7
compares the performance of Tower Defense implemented in OOP,
AoS, and archetype SoA, which shows that SoA has better game-
play performance than the other two designs.

2 Related Work

Early game engines predominantly relied on object-oriented de-
signs, where data and behavior were encapsulated within rigid
inheritance hierarchies. These architectures encouraged modular
encapsulation but scaled poorly as game logic became increasingly
complex. The deep class hierarchies and runtime polymorphism typ-
ical of object-oriented designs produced non-deterministic memory
access and poor cache utilization, leading to inefficiencies in highly
parallel workloads [5, 6]. As hardware concurrency increased, these
limitations prompted researchers to explore data-oriented designs
that treat computation as transformations on structured memory
layouts rather than class abstractions.

ECS emerged as a response to scalability challenges. ECS decom-
poses game logic into three dimensions: entities (identifiers), com-
ponents, and systems (behavioral processors). This decomposition
follows the principles of DOD, prioritizing predictable data access
patterns and cache locality over inheritance-based flexibility [7, 13].
Unlike traditional object-oriented entities, ECS entities have no
intrinsic behavior. In ECS, functionality arises through the combi-
nation of components and the systems that operate on them. This
architectural separation enables composition over inheritance, en-
ables runtime reconfiguration, and simplifies parallelization across
systems.
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While ECS successfully decouples data and logic, the efficiency
of its implementation depends primarily on the internal data layout
used to store components. Early AoS models retained per-entity
memory organization, where all components belonging to a single
entity were stored contiguously. Although this design simplified
access, it resulted in fragmented iteration patterns during system
updates. In contrast, in SoA layouts, each component type is stored
in a contiguous array. This improves spatial and temporal locality
and enables Single Instruction Multiple Data (SIMD) vectorization,
which accelerates iteration across large datasets [2].

Modern archetype ECS architectures build upon the SoA model
by grouping entities with identical component sets into archetypes.
Each archetype is stored as a columnar table, where columns rep-
resent component types and rows represent entity instances. This
organization eliminates pointer chasing and supports constant-
time component lookup through column indexing [2]. Studies have
demonstrated that this design achieves significant gains in update
throughput and cache coherence compared to sparse-set ECS im-
plementations [4].

Several widely adopted frameworks embody these principles.
Unity’s DOTS architecture introduced chunk-based archetype stor-
age with Burst-compiled jobs to mitigate cache inefficiency and
main-thread contention [15]. Bevy ECS, implemented in Rust, inte-
grates archetype tables with compile-time type safety through the
Rust ownership model, achieving memory-safe, cache-optimized
traversal [1]. Similarly, Flecs [9, 10], a C-based archetype ECS, or-
ganizes entities into dense tables and defers world modifications
through command queues, ensuring thread-safe yet deterministic
execution in parallel environments. These frameworks illustrate
how archetype ECS designs maximize spatial locality and enable
predictable and high-throughput updates suitable for large-scale
simulations such as Tower Defense [11].

The evolution of ECS has also expanded beyond game engines
into broader high-performance and concurrent simulation con-
texts. Vico [8] applied ECS to distributed co-simulation, showing
improved scalability through composition and fine-grained task iso-
lation. Madrona [14] demonstrated a GPU-accelerated ECS runtime
capable of executing large batched reinforcement learning envi-
ronments as unified “megakernels", achieving orders-of-magnitude
speedups over CPU baselines. Cox et al. [4] benchmarked archetype
and sparse-set ECS designs using John Conway’s Game of Life [3],
showing that archetype implementations nearly doubled iteration
throughput at high entity counts, while sparse sets excelled in
dynamic environments due to lighter update overhead. Fedoseev
et al. [5] compared Unity’s object-oriented and DOD-based ECS
prototypes, observing improved frame stability and reduced CPU
load in the DOD version. These findings suggest that ECS designs
and archetype-based SoA layouts in particular can achieve superior
frame consistency and computational throughput in simulation-
heavy workloads.

Despite extensive engineering refinement, the formal semantics
of archetype ECS remain underdeveloped. Most existing frame-
works describe their execution behavior operationally, relying on
implementation heuristics rather than rigorous formalism. As ECS
systems increasingly influence simulation engines, Al frameworks,
and parallel schedulers, a formal model is necessary to reason about
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determinism, component migration, and synchronization invari-
ants. Empirical comparisons reinforce the efficiency of archetype-
based ECS systems. The absence of such semantics limits theoretical
analysis and compiler-level optimization, motivating a structured,
language-theoretic definition of ECS execution.

The most closely related work is Core ECS [12], which is a for-
malism that captures the semantics of ECS system focusing on
concurrency and deterministic scheduling. It showed how safe
schedule can be constructed and that schedule safety implies sched-
ule determinism. In contrast, we model the archetype-based ECS
architecture and provide an operational semantics along with type
system that exposes precise read-write sets for every system. This
enables us to reason statically about conflict freedom and system
compatibility. While Core ECS focuses primarily on scheduling and
deterministic concurrency, our approach provides a type-directed
mechanism for detecting structural conflicts at compile time that
is not expressible in Core ECS. Furthermore, our model directly
reflects the concrete memory layout and archetype transitions used
in real-world ECS engines.

3 Examples

This section introduces an example that illustrates the challenges
addressed by our formalism. In particular, it demonstrates how
ECS systems interact through shared archetypes, how structural
mutations must be deferred to preserve iteration stability, and how
read-write overlaps create the conflicts formalized in Section 4.

Systems

Collision System

—
E=el (1] =

Bullet System

Figure 1: Illustration of an ECS game loop, where queued
events are synchronized to archetype table.

In Tower Defense, the efficiency of the game loop depends on how
entities and their data are stored in memory. Figure 1 illustrates
a part of the per-frame execution workflow of the ECS, which
runs aBulletSystemand a CollisionSystem. The systems iterate
over stable archetype tables, generate structural events, and defer
these mutations until a subsequent synchronization step. The figure
shows three main properties of archetype ECS: (1) stable iteration
sets, ensuring that systems observe a consistent snapshot of entity
data; (2) event staging, which defers all structural modifications
until after system execution; (3) all deferred mutations synchronized
in an ordered batch to reestablish archetype consistency. These
mechanisms illustrate the interaction between entity iteration and
structural mutation that our semantics captures through conflict

modeling and tracking of archetypes dirtied by deferred mutations.

Each ECS system operates independently over entities with
matching component sets. For example, BulletSystem in Listing 1
takes all entities with Bullet component. When a bullet exits the
game boundary, it must be removed but directly modifying the
world during iteration can corrupt archetype tables. To maintain
structural integrity, such changes are issued as queued events and
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processed in a later synchronization (world. sync()) phase. This
decoupling between event generation and structural mutation is
essential for maintaining stable SoA memory layout and preventing
mid-iteration inconsistencies.

Listing 1: Bullet system

class BulletSystem(mapWidth=200f, mapHeight=200f) extends Systems {
override val queryComponents = Set(classOf[Bullet])

override def update(world: World, dt: Float): Unit = {
val view = world.queryRows(queryComponents)

view.foreach { r =>
val b = r.table.getAt[Bullet](r.row, classOf[Bullet])

b.x += b.dx * b.speed * dt
b.y += b.dy * b.speed * dt
b.ttl -= dt

// Bounds & lifetime
val outOfBounds =
b.x < of || b.y < of || b.x > mapWidth || b.y > mapHeight

if (b.ttl <= of || outOfBounds)
world.enqueueEvent(Destroy(r.entity))

BulletSystemand CollisionSystem illustrate how our seman-
tics handles system interactions and detects conflicts. The bul-
let archetype contains entities with the components Bullet and
Position and the enemy archetype contains entities with the com-
ponents Position, Health, and Speed. BulletSystemiterates over
the bullet archetype, reading each bullet’s position and time-to-live,
updating its state, and staging Destroy(bullet) events when a
bullet expires or leaves the map bounds. CollisionSystem reads
the enemy archetype to identify alive enemies, and reads the bullet
archetype to test proximity between each bullet and its targeted
enemy. When a hit is detected, it writes to the enemy archetype by
decrementing enemy health and stages a Destroy(bullet) event.

. ~

! Residual Conflict

BulletSystem

. Destroy(bullet)

A,

|Event Queue| | | |

Figure 2: Illustration of conflicts during the execution of
BulletSystem and CollisionSystem.
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As illustrated in Figure 2, though the two systems do not iterate
the same entities, their access patterns over the bullet archetype
produce conflicts. For example, BulletSystem writes to the bullet
archetype, while CollisionSystem reads from it, creating a con-
current conflict. The systems also stage Destroy(bullet) events,
which leave the bullet archetype in a temporary dirty state until
a synchronization step commits the structural updates, creating
a residual conflict. To prevent concurrent conflict, BulletSystem
and CollisionSystem cannot run in parallel. To prevent residual
conflict, Destroy(bullet) events must be synchronized before
running systems that access the bullet archetype.

4 Semantics

In this section, we model the behavior of ECS programs via an
operational semantics, which is a formal model describing how
each “step” in the system modifies stored data or interacts with
entities and components. The semantics model terms, systems, and
game state. By specifying precise semantic rules, we clarify how
systems iterate over entities, change state, and maintain the ECS
data reliably. Runtime errors include conflicts caused by unsafe
access to archetypes in systems. A type system is defined for terms,
systems, and game state so that a well-typed ECS program will not
have conflicts and other runtime errors.

4.1 Syntax

Our ECS model adopts the syntax in Figure 3 to formally describe
entities, components, and systems. Primitive types P represent the
basic data types available in the ECS, such as Int, Float, and Boolean.

Entities are represented by unique integers. Component types C
define data objects, each encapsulating multiple fields of primitive
types P;. Components consist of primitive values v; corresponding
to their declared types. An archetype is a set of component types.

A system (A, Ax.t) includes an archetype A and a function that
processes all entities of A. In Ax.t, x is the variable for entities and
t is the operation performed on the entities and their components.
Although a system can have multiple archetypes, this syntax only
have one for simplicity. The systems can be sequential, data parallel,
or task parallel. A sequential system will run in a single thread. A
data parallel system can run in multiple threads by splitting the
entities of the system among the threads. The task parallel system
represents two or more systems running in parallel.

ECS libraries like Flecs [9] use query mechanism to retrieve
archetypes that satisfy some query conditions. We do not model
query mechanism since the queries of task-parallel systems may
return the same archetypes at runtime and safe treatment of queries
complicates the formalism.

Term ¢t in Figure 4 defines computational expressions within
our ECS model. The terms include values, variables, conditionals,
sequence, read and write entity components, and events. For sim-
plicity, we omit computations such as function calls, local variables,
and assignments. Event evt is the entity’s life-cycle operations. An
entity can be created or destroyed; a component can be added to or
removed from an entity. The events may be staged (Iz evt) or imme-
diate (im evt). The immediate events can only be safely evaluated
in a single-threaded system. Thus, most events are staged, which
are placed in the event queue until they can be safely processed.
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P € Primitive = Int| Float | ...

C € CType = {P,....P;} Component type

A € AType = {Cy....Cp} Archetype

e € Entity = n Entity ID

¢ € Component = {v,...,00} Component value

s € System = (A Ax.t) Sequential system
| par (A Ax.t) Data parallel system
| [s1,82] Task paralllel system

Figure 3: The syntax of entities, components, and systems.

t € Term = v Value
x Variable

if t thent; elset, Conditional

|

|

|t Sequence

| tC Read component

| tC:=t Update component

| Iz eut Staged event

| imeot Immediate event

v € Value = n Primitive value

| e Entity

| ¢ Component value
evt € Fvent = create (C,c) Create entity

|  destroy x Destroy entity

| add (x,C,c) Add component

| remove (x,C) Remove component

Figure 4: The syntax for terms, values, and events.

4.2 Archetype and Storage

In an archetype ECS model, an entity is grouped with others sharing
the same archetype, allowing for efficient processing. Archetype
stores similar entities in table-like storage, where each row is dedi-
cated to an entity and component values are stored in columns. For
convenience, we use H to represent the heap storage for archetypes,
where H[A] returns the entities of an archetype A and H [e] [C]
returns the component C of entity e.

H € Heap =
U  Entity — (Ctype — Component)

Archetype — {Entity}

4.3 Game State and Frames

The game state is defined as a tuple of heap, frame, and event queue,
(H, fr,q). A frame contains the scheduled systems or synchroniza-
tion steps that execute the staged events in the event queue.
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w € State = (H, fr,q) Game state

fr € Frame = [sync] sync before next frame
| s fr run a system s
| sync: fr execute staged events

q € Queue [evty, ..., evt,] Event queue

4.4 Conflicts

ECS supports data parallelism (a system runs in parallel threads
where each thread operates on a separate set of entities) and task
parallelism (multiple systems run in parallel). Since a system reads
and/or writes the entities of archetypes or modify the archetypes
(events), ECS must ensure that there is no conflicts between the
threads that can lead to concurrency errors.

The events cannot be executed in parallel since they modify
archetype tables, which are not thread safe. Thus, events are often
staged in a queue, which can be applied safely in a single thread be-
tween the run of the systems. If a system does not have immediate
events, it is safe to run it in parallel threads since each thread oper-
ates on a separate partition of the archetype table and the staged
events do not affect the archetype tables until they are applied.

In practice, not all events can be staged. For example, in the
CollisionSystem, a bullet that collided with an enemy should be
destroyed immediately so that the same bullet cannot hit multiple
enemies. In this case, it is not safe run CollisionSystem in parallel
since race condition will occur due to concurrent modification to
bullet archetype table. Two or more systems can run in parallel if
they do not have read/write access to the same archetype tables.

The staged events must be applied before running a system that
depends on the archetypes modified by the events. For example, if
a bullet entity is destroyed in CollisionSystem but the render sys-
tem runs before the destruction event is applied, then the destroyed
bullet will be rendered.

In summary, there are two types of conflicts.

Concurrent Conflict. This occurs when the systems running in
parallel threads have concurrent access to the same archetype ta-
bles (read/write the same entities or add/remove/modify entities).
To avoid this, systems that have conflicting access to the same
archetype tables cannot run in parallel. Also, a system with imme-
diate events cannot run in parallel.

Residual Conflict. This occurs when a system uses an archetype
that was dirtied by a previous system via staged events. Before
executing a system, we must ensure that no archetype required
by the system is dirtied. A synchronization barrier can also be
placed before a system that accesses previously dirtied archetypes,
ensuring that all staged events are fully applied and the archetype
becomes clean again.

4.5 Event Evaluation

Figure 5 shows the evaluation rules for events, which include entity
creation, entity destruction, and adding component to or removing
component from an entity. H, evt — H’, v represents the evalua-
tion of evt that changes the storage from H to H’.
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e is a fresh integer H; = H[e — {C — c}]
A={C} H,=H[A— H[A]U{e}]

H,create(C,c) — Ha, () E-Cre
ee H[A] H =H[A— H[A] —{e}]
H,destroy e — H’, () E-Des
eceH(A) Hy=H[er He][C c]]
Hy = Hi[A = Hi[A] - {e}]
Ay =AU{C}H Hs =H[Ar = Hy[A1] U {e}] EA
H. add(e,C.c) — Hs, () PP
ec H(A) H;=Hle— Hle][CrH 1]]
Hy = Hi[A — Hi[A] - {e}]
A =A-{C} H;=H[A1 > H[A1] U {e}]
E-REm

H, remove(e,C) — Hs, ()

Figure 5: The rules for event reduction.

A new entity is created with a component type and its initial
value. When an entity is destroyed, it is removed from the archetype
table where it was stored. Adding or removing a component from
an entity changes the archetype of the entity. Thus, this entity is
first removed from the old archetype table and then added to the
new table. The component value of the entity is also updated.

4.6 Term Evaluation

Figure 6 shows the small-step evaluation rules for terms, where
H,t,qg = H’',t',q reduces term ¢ to t’ with possibly new storage
and queue. Most rules are standard including reading/writing com-
ponents of an entity. A staged event Iz evt (Iz is short for lazy) is
added to the event queue. An immediate event im evt is evaluated
to a value resulting a new archetype storage.

4.7 System Evaluation

Figure 7 shows the evaluation rules for systems, which can be
sequential, data parallel, or system parallel. A system (A, Ax.t) is
evaluated by calling Ax.t with each entity of the archetype A. Rule
(S-ITER) describes how Ax.t iterates over entity list es, denoted by
(Ax.t)@es. The notation —* means transitive closure of —.

Sequential system. A system s = (A, Ax.t) runs over the entities
es of A. In the sequential mode, it simply iterates over each entity
in es, applying ¢, and possibly staging events.

Data parallel system. If a system needs to process a large number
of entities, it can process partitions of the entities in separate threads.
For simplicity, Rule (S-DATA-P) only shows two partitions. Each
thread returns a new archetype heap H; and queue g;. The queues
are combined. The heaps are merged, where the archetype tables
must not change and only the component values of entities may be
updated. This rule precludes immediate events in parallel threads.
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H, if true thentelset’, q— H, t, q R-IF-TRUE
H, if false thentelset’, q > H, t', q R-IF-FALSE
H, Ost,q—>H, t, q R-SEQ

ecH[A] CeA

H, e.C, g — H, Hle][C], q R-READ-CoMP

ecH[A] CeA
H =H[e > Hle][C > v]]

R-WRITE-C
H, eC:=v, q—>H', (), q RITE-COMP

H, Iz evt, g > H, (), evt :: q R-STAGED-EVENT

H, evt — H',v

R-IMMEDI-EVENT
H, imeovt, g > H', v, q

H, t,qo>H, t', ¢
H, E[t], g > H', E[Y'], ¢

R-CONTEXT

ElFl = - | E[L;t | if &[] thentelset’
| &[]C| E[]C=t | eC=8&[]

Figure 6: The rules for term reduction.

es = [er,...,en]
Vi€ [1.n]. Hi—y, [ei/x]t, [| =* Hi0i qi
S-ITER
Ho, Ax.t @ es > Hy, ¢+ ...+ qn
es=H[A] H Axt@es— H', g S-Se0
H, (A Ax.t) - H', q
es=esyUesy = H[A] es;Nesy =0
ie{1,2}. H, Ax.t @ es; = H;, q;
S-DATA-P
H, par (A, Ax.t) — merge(H, Hy, Ha), q1 + q2
Vi € {1,2}. 7‘{, Si —™ 7_{1': qi
query(sy) N query(sy) =0
S-TAsk-P
H, [s1,52] — merge(H, Hi, Hz), q1 + q2
7_{ ’ ’ ;
, s> H', q" no_conflict(H,s,q) F-SYSTEM
H, s fr,q—> H', fr,q+q
Veut; € q = [evty, ..., evt,]. Hi_1, evt; = H;, ()
F-Sync

Ho, sync :: fr, g = Hy, fr, nil

Figure 7: The rules for system and frame evaluation.

Task parallel system. A list of systems can run in parallel threads.
The restriction is similar to that of the data parallel systems except
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query(A,Ax.t) = {A} query(par s) = query(s)
query([s1,s2]) = query(s1) U query(sz)

VA. H'[A] = H[A] = H,[A] = Hy[A]
Ve, i. if H;[e] # H|e] then H'[e] = H;[e] else H'[e] = H|e]

merge(H, Hy, Hy) = H’

A ¢ atype(H, q)
no_conflict(H, (A Ax.t), q)

no_conflict(H,s, q)
no_conflict(H, par s, q)

Vi € {1,2}. no_conflict(H,si, q)
no_conflict(H, [s1, 2], q)

atype(H, create(C,c)) e

{A} where e € H(A)
{A,AU{C}} where e € H(A)
{A,A - {C}} where e € H(A)

Ueateq atype(q-{’ eUt)

atype(H, destroy e)
atype(H, add(e,C,c))
atype(H,delete(e, C))

atype(H. q)

Figure 8: Auxiliary functions.

that task parallel systems have different archetypes. For simplicity,
Rule (S-Task-P) only shows two systems.

4.8 Frame Reduction

A game state is a triple of archetype heap H, a frame fr, and an
event queue g. A frame is a list of systems and sync operations.
The transition of a state is the execution of the system or sync
on top of the frame, which is defined in Figure 7. The predicate
no_conflict(H, s, q) ensures that the entities of the archetype ac-
cessed by s is not dirtied by events in gq.

The sync operation applies all queued events in order and then
clears the event queue. This design is chosen for simplicity. In prac-
tice, an ECS library can automatically execute events if they are in
conflict with the next system in the frame. When a frame completes,
the game loop can restart with the same frame or dynamically re-
configure the frame with new systems.

5 Type System

Our ECS model has a simple set of types 7, which include primitive
types, unit type, component types, and archetypes, which are sets
of component types.

P Primitive type

()  Unit type

C Component type — set of primitive types
A Archetype - set of component types

We use a type and effect system to track the read and write
operations to archetypes during system computation. The type
judgment for term has the form I’ + ¢ : ¢ & W, where given the
variable environment T', 7 is the type of the term ¢ and W is the set
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Frx:T(x) &0 T-Var
Trth:nn&W Trh:npn&W,
T-SeQ
T+ (tlgtg) T &EWLUW,
IF'rt:Bool Trt:7&W; Tri:T&W, Ll
iftthentielset, : 7 & W UW,
CeT(x) Cel(x) Trt:C&W
T-Comp
't x.C:C&0 F'rxC=t:C&W
IFrevt: () &W Treot: () &W
- T-EVENT
IFrlzevt: ) &W Trimeot: () &0
Figure 9: Term typing rules.
I+ create(C,c) : () & {{C}} T-CREATE
Trt:7&W
z T-DESTROY
T +destroyt: () & WU {7}
F'rt:7&W C "=tV
T ¢t v =tU{C} LADD
T'+add (t,Coc): ) &WU{r, 7'}
T'rt:t&W Cer o =1-{C}
T-REMOVE
T + remove (t,C) : () & WU {r, 7'}
Figure 10: Event typing rules.
x:Art:7&W thasno staged events
T-SEQ
F (A Ax.t) : ({AL, W)
Fs:(R,W) shasnoimmediate events
T-DAta-P
Fpars: (R W)
s1, 2 have no immediate events
Fsp:(R,W1)  Fsp:(Ry,Wo) RiNRy =0
T-Task-P
F [s1,82] : (Ri U Ry, Wy U W)
F :
0 TSvne
F (sync: fr): D
Fs: = :
s:(RW) RND=0 +fr:Wu9D -SYSTEM
F(s=fr): D

Figure 11: Frame and system typing rules.

of archetypes that may be written by staged events in ¢. The typing
rules in Figure 9 and 10 collect the archetypes of the staged events
and put them in the write set W. The archetypes of the immediate
events are not tracked since they are evaluated sequentially.

The type judgment for systems has the form + s : (R, W), which
says that the system s will access entities of archetypes in R and
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produce staged events that can change archetypes in W. Rule (T-
SEQ) checks the type of a sequential system, where the parameter
x has the type A since the entities passed to x are in the archetype
A. Mixing immediate and staged events in the same system can be
problematic since immediate events may change the heap structure
that the staged events depend on. Thus, for simplicity, we require
sequential system to have no staged events while data/task parallel
systems to have no immediate events.

The type rules for frames in Figure 11 tracks the set of dirtied
archetypes D. Rule (T-SYsTEM) ensures that the archetypes in R
are not in O and combines the write set W with O in checking the
rest of the frame. Rule (T-Sync) clears D for systems after a sync.

5.1 Properties

F'rt:7&W WCW

The:T(e) &0 S Tsum
Veices. e € H[A] ei:Ar[e/x]t:T&W T-ITER
FH, Ax.t @ es : ({A}, W)
Fep:Cro.bep:Cy T-ENTITY
F{Ci1:cl,...,Cp:cp} : {Cy,...,Cpn}
VA. VY . :
ee H[A]. r H[e] : A T-HEAP
FH
FH DDat :
2atype(H.q) +fr:D T-FRAME
FH, fr.q

Figure 12: Type rules for runtime values.

In this section, we state the progress and type preservation lem-
mas to show that a well-typed ECS program will not get stuck. The
proof, omitted here, uses the typing rules of runtime values in Fig-
ure 12. Rule (T-FRAME) says that a game state H, fr, q is well-typed
if H is well-typed and the frame fr is well-typed with respect to
the archetypes dirtied by g. Rules (T-HeaP) and (T-ENTITY) check
that every entity of every archetype is well-typed.

LEMMA 1 (PROGRESS). If+ H, fr, q, then there exists H', fr’ # fr,
and q' such thatH, fr,q — H’', fr',q .

The interesting part of the proof is that if fr =s :: fr’, then for
s to reduce, it cannot access the archetypes dirtied in q. This can be
shown from the typing rules for frame and system.

LEMMA 2 (PRESERVATION). Ift+ H, fr,qandH, fr,q — H', fr'.q’,
then+ H', fr'.q'.

The interesting part of the proof is that if fr = s = fr’ and
F s : (R W), then W includes the archetypes dirtied by staged
events in s. Together with the typing rules for frame and system,
we can show that the new game state is well typed.

THEOREM 1 (SOUNDNESS). If+ H, fr, q, then there exists H' such
that H, fr,q —* H’', ], nil.

The progress and preservation lemmas ensure that a well-typed
game state will evaluate its frame until it is empty. Since a frame
always ends with a sync, the event queue will be cleared in the end.
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6 Experimental Implementation

We implemented a Tower Defense simulation to compare four de-
signs: OOP, Array-of-Structs (AoS) ECS, and single/multi-threaded
archetype Struct-of-Arrays (SoA) ECS. Archetype SoA organizes
entities into archetypes (sets of component types) and stores their
data in column-major layout, enabling efficient bulk operations. All
structural mutations, including component addition/removal and
entity creation/destruction, are deferred and queued during system
execution, and synchronized before executing the next system.

6.1 Tower Defense Architecture

Tower Defense models waves of enemies moving along a path while
stationary towers automatically detect and attack them. The simu-
lation advances in a deterministic main loop that runs at fixed time
steps. Each frame executes a predefined sequence of systems and
synchronization points. Systems are pure functions that operate
over component data matched by a query. All game state resides
in components, which are plain data classes without embedded
behavior accessed via stable entity IDs.

6.2 Archetype Storage

In archetype SoA, each archetype is defined as a unique set of com-
ponent classes, mapped to an ArchetypeTable, which is a columnar
store that maintains all entities sharing that exact component sets. A
global index maps each entity to its current table and row, enabling
O(1) component lookup. Structural mutations to archetypes may
be deferred as queued events, which can be synchronized before
the next system executes. During synchronization, affected enti-
ties are migrated between archetype tables using a swap-and-pop
algorithm to maintain dense storage. Once all structural updates
have been applied, the archetype-query cache is invalidated so that
subsequent systems operate on up-to-date data.

6.3 Core Systems

The game is driven by a sequence of systems, each operating over
component arrays selected by its query signature. A system declares
the components it reads or writes, and at runtime the ECS engine
identifies the matching archetype tables and executes the system’s
update function directly over the relevant columns.

Tower Defense includes position updates (MovementSystem), com-
batlogic (BulletSystem, CollisionSystem, ShootingSystem), en-
emy spawning (EnemySpawning), enemy health (HealthSystem),
collision effects (ParticleSystem), a path following algorithm
(PathFollowingSystem) and visualization (RenderSystem). Each
system is implemented as a function that takes the current world
state and delta time, and mutates only the components it explic-
itly queries. For example, MovementSystem iterates over all entities
with Position and Velocity, updating coordinates by applying
the velocity scaled by delta time.

The execution order of systems is defined statically, which se-
quences system steps and synchronization points. This design en-
ables fine-grained control over update dependencies and makes
system behavior reproducible. Dynamic scheduling of systems is
possible for more complex behavior though each new schedule
must be verified at runtime for safety.
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6.4 Query Interface

In archetype SoA, the systems access the archetype tables through
a query mechanism. A system’s query specifies the components it
requires and at runtime the engine resolves this signature to the
archetype tables that contain exactly those components.

To ensure performance and cache locality, the query mechanism
looks up entities using archetype indices via hash maps and the
system receives a map from component type to data, enabling in-
place mutation. The query interface provides critical functionality
to systems, enabling them to retrieve the number of matching
entities, iterate efficiently over entity IDs alongside their component
data. Query results are stable within a single frame execution, the
interface ensures that iteration sets remain valid throughout the
execution of each system.

6.5 Parallelism

SoA-PAR is our parallel version of the archetype SoA design. It
includes data and task parallel execution over archetype-structured
storage.

Task Parallelism. SoA-PAR employs task parallelism at the sys-
tem level to exploit coarse-grained concurrency across independent
subsystems. Each system encapsulates a distinct unit of game logic
operating over a subset of components. These systems declare their
memory access patterns through an access descriptor that specifies
which component types are read, written, or structurally modified
during execution.

At runtime, FrameExecutorParallel class analyzes each sys-
tem’s access sets and organizes them into waves of conflict-free
execution. Systems whose read-write do not overlap are grouped
into the same wave, and executed concurrently using the shared
worker pool managed by the Scheduler. Systems that perform struc-
tural updates are placed in their own serialized waves to ensure a
consistent view of archetype state.

The scheduler executes waves sequentially. After running all sys-
tems in a wave in parallel, it immediately invokes sync() to apply
the staged events. Each wave boundary serves as a synchronization
point for both execution and structural consistency, ensuring that
subsequent waves observe a fully updated world state. This design
provides deterministic ordering, eliminates residual conflicts across
waves, and achieves scalable parallelism for system-level tasks.

Data Parallelism. Within each system, data parallelism is im-
plemented with a lightweight construct, ParFor, which partitions
an entity range into contiguous chunks distributed across worker
threads. Each thread executes the same update function on its as-
signed subset, achieving SIMD-like parallelism.

For instance, the MovementSystem updates entity positions by
applying a uniform computation over all entities with position and
velocity. Using ParFor. parFor, this loop is partitioned into chunks
that execute concurrently on all available processor cores. The
chunk size is dynamically chosen based on the number of hardware
threads and a configurable granularity parameter, balancing load
distribution and scheduling overhead. This model yields near-linear
speedup for data-oriented systems dominated by arithmetic or
memory-bound operations.

In summary, SoA-PAR supports two-level parallelism:
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(1) Task-level parallelism between systems whose data depen-
dencies permit concurrent execution.

(2) Data-level parallelism within each system across indepen-
dent entity records.

By nesting these two forms of concurrency, the runtime maximizes
CPU utilization on multi-core architectures while preserving deter-
ministic execution.

7 Performance Comparison

We compared OOP, AoS, archetype SoA, archetype SoA-PAR by
running Tower Defense implemented in each design, where only
SoA-PAR uses multiple threads. Although it is well established in
the literature and in industrial practice that ECS outperforms OOP,
our experiments quantify the performance gain obtained specifi-
cally from an implementation based on our ECS semantics. We use
OOP as the baseline because OOP remains the common architec-
ture in game development and interactive simulations, especially
in commercial engines and educational materials. By comparing
against OOP, we show how much of the performance improvement
comes directly from our formal model.

We ran each design under the same game-play conditions (max
entities 20000, max enemies 15000, enemy spawn interval 0.05s,
turret firing interval 0.02s), targeting a fixed frame rate of 60 FPS.
Performance data were collected through an integrated profiler.
Experiments were conducted on a system equipped with Intel Core
i7-12650H CPU, 32 GB DDR5 RAM, and NVIDIA GeForce RTX 4060
GPU. All ECS computation and system scheduling run exclusively
on the CPU and the GPU is used only for rendering. To ensure sta-
bility of the performance, each configuration was executed multiple
times. Across these runs we observed minimal variance, and all runs
produced consistent timing behavior. Because the differences were
negligible, we report a representative run for each configuration.

We evaluated two foreground loop policies in LibGDX/LWJGL: an
uncapped run with foregroundFPS=0, which performs no throt-
tling and renders as fast as the hardware allows, and a capped
run with foregroundFPS=60, where the engine uses cooperative
sleep/yield to target 60 FPS without syncing to the monitor. Each
configuration was executed several times and the variance of the
results were minimal. A full scalability study with varying entity
count and different map size is deferred to future work.

Frame Rate. Table 1 represents the average FPS achieved among
four designs under the two rendering settings. OOP exhibits the
lowest performance in both settings and shows marked frame-time
instability. The AoS design nearly doubles OOP throughput, while
the archetype SoA yields an additional improvement. The parallel
variant (SoA-PAR) performs the best overall, sustaining over 100
FPS with an unconstrained foreground rate and maintaining close
to the 60 FPS target under capped conditions.

The cumulative FPS distributions in Figure 13 illustrates the
stability differences among architectures. Under the uncapped set-
ting (foregroundFPS=0), shown in Figure 13a, SoA-PAR consistently
dominates the entire CDF curve, reflecting both higher through-
put and smoother frame pacing. The standard SoA configuration
ranks second, outperforming AoS and OOP due to improved cache
locality and reduced memory misses. In the capped setting (fore-
groundFPS=60), shown in Figure 13b, the SoA-PAR curve rises
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Table 1: Average FPS across architectures & foreground FPS.

Architecture Avg FPS Avg EPS
{foreground FPS = 0}  {foreground FPS = 60}

OOP 25.49 36.13

AOS 61.51 47.71

Archetype SoA 65.81 48.76

Archetype SoA-PAR 109.54 58.54

steeply near the 60 FPS mark, indicating minimal variance and sta-
ble frame timing close to the target rate. By contrast, OOP exhibits
a much flatter distribution, revealing substantial frame-to-frame
fluctuations and degraded temporal stability.

8 Conclusion

In this paper, we presented a formal semantics and a type system for
an archetype-based ECS framework. Our semantic model captures
the essence of archetype ECS computation in that entities can be
read and updated in parallel by stateless systems while mutations
to archetype tables are delayed until they can be safely processed.
We also evaluated the performance of four architectural designs,
including OOP, AoS, archetype SoA, and its parallel extension (SoA-
PAR) using a Tower Defense simulation. The results align with prior
findings: the SoA architecture consistently outperforms OOP and
AoS due to its contiguous memory layout and improved cache
locality. The parallel SoA design further amplifies these benefits by
exploiting multi-core hardware, achieving both higher throughput
and stable frame pacing under load.

As future work, we will conduct a scalability study with vary-
ing entity counts, game maps, and system complexity. We also
plan to extend our formalism to model system query to retrieve
entities using filters. While queries are flexible, they introduce chal-
lenges to static checking of task-parallel systems since the sets
of queried archetypes are dynamic. Another interesting feature is
entity relationships [9]. For example, Turret entities can relate
to Bullet entities via a Fires relationship, which enables more
capable queries than component-based ones. However, cleaning
up relationships after entity destruction is a challenge. Other de-
sign choices include automatic execution of staged events based
on the archetypes of the next system and dynamic scheduling of
parallel systems based on their dependencies and the availability
of threads [13].
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