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Abstract

Modifiable Virtual Environments (MVEs) such as Minecraft have become a

central pillar of modern digital culture, creating a community of hundreds of

millions of players and billions in revenue. However, despite their massive

popularity, MVEs face inherent scalability limitations and can support only

around 200 concurrent players within a single contiguous world. To overcome

this barrier, recent efforts from both industry and academia have explored dis-

tributed or “sharded” architectures, exemplified by projects such as MultiPaper

and Mammoth. Yet, the absence of standardized benchmarking tools makes it

difficult to rigorously evaluate and compare these systems or to understand the

tradeoffs between different sharding approaches.

Existing benchmarking frameworks for MVEs are insufficient, as they primar-

ily target single-server architectures and lack the capability to measure per-

formance in distributed settings. In this work, we introduce VoxelBench, a

benchmark designed to evaluate the scalability and performance of distributed

MVEs. VoxelBench captures system-, application-, and thread-level metrics,

and introduces derived metrics such as chunk sharing ratio and average syn-

chronization time to characterize the behavior of sharded MVEs.

We implement VoxelBench and use it to conduct experiments on Google Cloud

Platform (GCP), evaluating the performance of a popular distributed MVE,

MultiPaper. Our findings reveal that the choice of load balancing strategy plays

a pivotal role in simulation performance. In particular, a proximity-based load

balancer demonstrates superior performance compared to MultiPaper’s default

least-connected load balancer, underscoring the importance of spatial locality

in distributed virtual environments.
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1

Introduction

1.1 Research Context

Modi�able Virtual Environments (MVEs) are hugely popular due to the fact that they

allow players to modify the virtual environment itself�such as terrain, structures, and

game logic unlike other games which are mostly limited to player aesthetics. One of

the most successful MVEs is Minecraft, which is also the best-selling video game of all

time, and had sold over 350 million copies by 2024 (1). It maintains a vast player base

of approximately 200 million monthly active users (MAUs) and generates at least $400

million in annual revenue (1).

MVE's in�uence extends well beyond entertainment: in 2020, Mojang�the creators of

Minecraft�launched Minecraft Education Edition, a gami�ed learning platform now used

in more than 40,000 schools across at least 140 countries, where it helps teach subjects

such as mathematics, history, and computer science (2).

The enormous popularity of MVEs has attracted growing interest from both academic

(3, 4, 5) and industry circles (6, 7), with a shared goal of massivizing MVEs�scaling them

to support large-scale, concurrent multiplayer experiences within a single contiguous world.

Currently, however, monolithic architectures limit even the most optimized MVE servers

to around 200 concurrent players (8).

The motivation to scale MVEs arises from both economic and creative incentives. From

an operational perspective, horizontally scaling MVEs could reduce the costs associated

with vertically scaled architectures used in most large-scale online environments. From

a creative standpoint, enabling thousands of players to coexist within the same persis-

tent world could unlock new forms of gameplay, social interaction, and educational use

cases�such as teaching economic principles through real-time, interactive simulations (9).
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1. INTRODUCTION

Recent years have seen a surge of e�orts to overcome these scalability barriers. Industry

projects like Folia (PaperMC) (7), Multipaper (6), and Mammoth (10), as well as academic

systems such as Dyconits (5), Kiwano (3), and Servo (11), have begun to decompose tradi-

tional monolithic MVEs into distributed, multi-server systems. These systems use di�erent

strategies to distribute computation and state: Folia introduces a multi-threaded model

that performs simulations in parallel; Mammoth Minecraft (10) connects servers through

WorldQL (12), a spatial database managing player state and world synchronization; and

Multipaper (6) employs a peer-to-peer architecture, assigning exclusive ownership of small

simulation regions (chunks) to individual nodes that coordinate when necessary.

1.2 Problem Statement

Scalability solutions for networked virtual environments have existed since the early 2000s(13),

emerging alongside large-scale online games such as Second Life and World of Warcraft.

Colyseus(14) introduced a distributed architecture for video games by distributing game

state and computation across multiple nodes through a single-copy consistency model.

Steed et al.(15) demonstrated that e�ective partitioning of a virtual environment's spatial

domain can reduce inter-server synchronization costs and improve overall system scalabil-

ity.

Building on these foundational ideas, more recent distributed MVE solutions such as

Multipaper (6) and Mammoth (10) have begun to adapt these techniques to the unique

challenges of modi�able virtual environments. However, unlike traditional MMOs where

distributed solutions were developed, MVEs involve substantial user-driven modi�cations

to terrain and game logic, resulting in workloads that di�er from previous online virtual

environments.

Also, existing MVE benchmarks, such as Yardstick(8) and Meterstick(16), were de-

signed for single-server MVEs and cannot e�ectively stress test distributed or sharded

MVEs. Moreover, they lack the necessary metrics to characterize key aspects of sharded

MVEs�such as synchronization latency and inter-node data sharing. As a result, re-

searchers and developers lack a systematic means to analyze performance trade-o�s or

validate the scalability claims of new sharded MVE architectures.

1.3 Research Questions

To address the challenges outlined above, we formulate the following research questions:
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1.3 Research Questions

RQ1. How can we design a benchmark to e�ectively evaluate distributed

Modi�able Virtual Environments (MVEs)?

Designing such a benchmark raises several key questions that must be addressed

to ensure meaningful benchmarking.

First, we need to design auni�ed benchmark model that can represent

di�erent architectural components across di�erent MVEs(See Section 3.7).

Second, we must determinewhat workloads should our benchmark in-

clude . We must include only those workloads that stress the distributed com-

ponents of any MVE (See Section 3.3).

Third, we need to considerhow should players spawn and be distributed

across the world. Player placement directly a�ects load balancing, inter-server

communication, and synchronization overhead. Understanding spatial distri-

bution strategies and how players move and interact is essential for evaluating

performance under realistic conditions (15) (See Section 3.5).

Fourth, it is important to ask which worlds or map types should we

include since players behave di�erently depending on world topology, resource

density, and terrain complexity (14)(See Section 3.6).

Finally, we must identify the metrics required to characterize perfor-

mance . Traditional single-server benchmarks do not capture key aspects of

sharded MVEs, such as game-state replication, synchronization latency, and

inter-node communication costs (See Section 3.4).

Together, these questions guide the design of a benchmark that can systemat-

ically evaluate distributed MVEs which we answer in Chapter 3.

RQ2. How can we implement a scalable and extensible benchmark frame-

work for distributed MVEs?

Designing a benchmark is only the �rst step; implementing it requires trans-

lating the design questions into a working system that can measure real-world

performance.

First, we must determinehow do we implement an extensible framework

that can support multiple MVE platforms.

3



1. INTRODUCTION

Second, we need to askhow do we simulate realistic player workloads?

Our workloads should be able to perform a combination of actions such as walk,

build, mine, etc based on real world distribution.

Finally, we need to ensurereproducibility and scalability of our benchmark.

Our benchmark should be able to support the use of multiple nodes and support

automated deployment and data collection for repeatable experiments.

These questions guide our implementation of our VoxelBench benchmark and

we answer these questions in Chapter 4.

RQ3. What performance trade-o�s and coordination challenges arise in

dynamic, sharded MVEs, and how do they impact scalability?

Using VoxelBench, our objective is to analyze the scalability of the most pop-

ular distributed MVE implementation which is called Multipaper. Our evalu-

ation is provided in Chapter 5.

1.4 Research Contributions

The thesis has the following contributions:

RC1. We design a novel benchmark tailored to evaluate the performance and scal-

ability of distributed MVE servers. The framework introduces new workload

categories, player distribution strategies, and performance metrics suited to

sharded architectures.

RC2. We implement an extensible and scalable benchmarking system based on our

design that supports multiple MVE architectures, providing automated provi-

sioning, workload generation, and data collection.

RC3. We analyze the performance of Multipaper, the most popular distributed sharded

MVE implementation and gather usable insights. We uncover tradeo�s and co-

ordination challenges across di�erent workloads and overall its scalability.

RC4. We contribute to the research community by openly releasing both our dataset

and the benchmarking framework as open-source resources. This ensures that

our results are transparent and reproducible, while also enabling future re-

searchers and practitioners to build upon our work, compare alternative ap-

proaches, and extend the benchmark to new use cases.

4



1.5 Plagiarism Declaration

1.5 Plagiarism Declaration

I con�rm that this thesis work is my own work, is not copied from any other source (person,

Internet, or machine), and has not been submitted elsewhere for assessment.

1.6 Thesis Structure

The remainder of this study is structured as follows. Chapter 2 introduces the background

on MVEs. Chapter 3 presents the design and the rationale behind it. Chapter 4 discusses

how we implemented our benchmark. Chapter 5 evaluates the performance of the most

popular sharded MVE, Multipaper. Chapter 6 reviews related work. Chapter 7 discusses

threats to the validity of the study and concludes the thesis.
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2

Background

In this section, we discuss the necessary background on MVEs and distributed Minecraft.

First, we discuss what an MVE is and give examples of workloads they run, the inner game

loop and simulate constructs (SCs). We then end with a few distributed solutions that are

currently available for the popular MVE Minecraft.

2.1 MVE

A Modi�able Virtual Environment allows players to actively shape the virtual world in

real time. Users can modify individual objects (such as player apparel) and the virtual

world's parts (like terrain), create new content by connecting components (Simulated con-

structs), and also interact with the virtual environment through programs. The latter

three capabilities�component-based creation, programmatic interaction, persistent modi-

�cations to virtual environment�are unique to MVEs, making them highly dynamic and

user-driven virtual worlds.

Using Minecraft as an example, we have further explained the operational model, work-

load, inner game loop and simulated constructs of MVEs below.

2.2 MVE Operational Model

An operational model of the MVE Minecraft was �rst proposed by Eickho� et al.(2023)

(16), as shown in �gure 2.1.

1. Client 1 : The client performs two tasks. It takes user input and translates them into

in-game actions. It sends them to the server for validation and then applies them to

its local state.
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2. BACKGROUND

Figure 2.1: Monolithic Minecraft Architechture. Source:[Eickho� et al., 2023]

2. Server 2 : The server is responsible for performing all simulations in the game. Its

goal is to receive updates from the client, compute and apply game state changes

based on input received, and then return the computed game state updates to each

player.

3. Game Loop 3 : The game loop is the core component responsible for the simulations

and world updates. It makes changes to the game state in discrete time steps called

ticks. Minecraft provides the best QoS when an iteration of the game loop �nishes

within 50ms or 20Hz, in other words; when the tick is 50ms. When the tick is greater

than 50ms, the server is considered overloaded. Minecraft servers that are a fork of

Purpur (17) (most online servers) automatically shutdown if the tick goes beyond

2000ms.

4. Protocol 4 : Unlike other on-line multiplayer games that use UDP mainly for client-

server communication, Minecraft uses TCP.

5. Persistent State 5 : Minecraft stores terrain, entity, and player information using

storage and continuously updates them as updates come in. Minecraft stores terrain

information in an NBT �le format. The terrain data is stored in small sizes, called

chunks. Each chunk stores its information in a single NBT �le and consists 16x16x384

blocks. The �le is compressed for e�cient storage.

8



2.3 MVE Workloads

Figure 2.2: Minecraft Workload Components. Source:[Eickho� et al., 2023]

2.3 MVE Workloads

A workload model, as shown in 2.2, was also proposed by Eickho� et al.(2023) (16) that

describes di�erent workloads that are handled by the Minecraft game loop.

1. Player Workloads: Players create workloads for the server through their actions.

In Minecraft, players are allowed a wide range of actions that the server needs to

compute. Collision detection is one of the workloads that is run most frequently by

the game loop. The game needs to prevent players from walking through walls and

broadcast player movement information to other players. Players can also interact

with other players; one such example is PVP battles, where complexity of interac-

tion can increase based on the weapons and armor that players have on. Players

can also interact with in-game entities�entities are in-game non-playable characters

(NPCS)�such as villagers and wandering traders to exchange items. One standout

feature of Minecraft compared to other online games is the player's freedom to edit

the terrain. This action is not only compute intensive, but also data intensive. When

players move to new chunks fairly quickly, the server is required to uncompress the

NBT chunk �les and load them into memory. The changes a player makes to the

terrain through creation and destruction also need to be synced and broadcast to

other players. Players can also construct programmable elements in the game known

as SCs in MVEs (Redstone in Minecraft). These dynamic elements signi�cantly adds

to the workload.

2. Terrain Workload: A signi�cant portion of the workload can be generated by terrain

simulation. MVEs and Minecraft present the players with massive world. Minecraft

9



2. BACKGROUND

allows a player to traverse 30 million blocks in any direction from the center. The

world is split into chunks (16x16x384 blocks) and stored persistently using com-

pressed NBT �les. As players move around the world, the required chunk is loaded

lazily from the storage. The four main components of terrain simulation are physics,

lighting, plant growth, and SCs (16). The reason why terrain workload is so expensive

is due to the reason that the game needs to compute simulations on multiple blocks.

A simple act of maybe removing two or three blocks could bring an entire structure

like a building to the ground and each falling block would have its physics simulated.

Dynamic elements such as plant growth also add to the workload, by growing and

changing in size reshaping the terrain. Simulating SCs require substantially more re-

sources. Using SCs, players can build a fully functioning CPU, functioning train, etc.

Simulating such complex instruments is done step by step and ends up substantially

slowing the game tick rate.

3. Entity Workload: An entity is a non playable character. There are two ways that

make entity simulation challenging for MVEs�spawning and path�nding (16). MVEs

compute spawn points dynamically. They need to check for cases where terrain might

be obstructing their spawn location which further adds to the compute time. Second,

entities use path-�nding algorithms to move around the world. Since the terrain can

be edited by a player at any moment, a path-�nding algorithm needs to be used

unlike static worlds where a simple overlay can direct entities. Dynamic path-�nding

further adds to the workload.

2.4 MVE Game Loop

The game loop 1 as shown in �gure 2.3 comprises of 3 main workload classes. The

workload computed by each class is de�ned in section 2.3.

1. Player Handler 2 : The player handler is driven by the actions received from players.

The workloads it handles is de�ned section 2.3. It performs a blocking get, if the

received player actions are valid, it makes the changes permanent by writing it to

State 5 using a blocking write.

2. Terrain Simulation 3 : Terrain simulation is mostly independent from Player Han-

dler. It comprises of workloads de�ned in 2.3. It performs a blocking read from the

persistent state, in the event there is a change in terrain, it computes simulation rules

for the new received state. Sometimes a simple update could a�ect multiple other

10



2.5 Simulated Constructs

Figure 2.3: Minecraft Game Loop. Write blocking is done at chunk level.

blocks, e.g., removing a block could bring an entire structure down. In such cases, it

performs a blocking write to the state for update the new terrain.

3. Entity Handler 4 : Entities are completely driven by the game state 5 . It performs

a blocking read; based on its surrounding terrain, player data, it undertakes the next

decision. One such example is reading its surrounding terrain to compute the next

block using its path�nding algorithm. Based on its decision, it performs a blocking

write and updates the state.

2.5 Simulated Constructs

Minecraft and MVEs can contain stateful blocks/voxels. The authors of Servo (11) refer

to a collection of such blocks as SCs or Simulated Constructs. Throughout this article

we will be using the same name for such a collection. In Minecraft, you create SCs using

special blocks such as redstone dust, redstone lamp, redstone repeater, redstone lever, etc.

Each of the redstone block types has their own unique logic as to how they function. Using

di�erent kinds of stateful redstone blocks (which are Turing complete), players can create

fairly complex SCs such as fully functioning computers as shown in Figure 2.4.

The developers at Mojang have given di�erent redstone blocks certain properties in order

to make them less computationally expensive, though it hasn't really been successful as

showcased by Servo (11), which shows a huge boost in performance if SCs are computed

11



2. BACKGROUND

Figure 2.4: A fully functioning computer using Minecraft Redstone.

Figure 2.5: Minecraft Redstone signal propagation across ticks.

using serverless principles, but it still helps in spreading SC computation across multiple

di�erent game ticks. Figure 2.5 shows how Minecraft distributes the redstone computation

in multiple ticks.

Minecraft redstone blocks work like cells in Conway's Game of Life, but unlike Conway's

Game of Life, where a cell is in�uenced by both its live and inactive neighbors, only a

live Minecraft redstone block in�uences its neighbors. Minecraft has special blocks such

as redstone lever which a player can interact with in the game to make that block "live",

or has "always live" blocks such as a redstone block.

In our Figure 2.5, a player �rst interacts with the redstone lever at tick 0 ; this interaction

gets registered in the next tick. In the next tick 1 , the redstone lever in�uences the

redstone dust next to it, which then in�uences its own redstone dust neighbour. This

12



2.6 Distributed MVEs

Figure 2.6: MVE Static Sharding Architecture. Source:[Steed et al., 2003]

chain of one block in�uencing another block is allowed to be chained up to 15 times in

Minecraft, when the redstone "signal" becomes weak and subsides if not propagated by

a redstone repeater. In our Figure, the signal reaches the redstone repeater in tick1 ,

keeping it within Minecraft's chain limits.

Once the signal reaches a redstone repeater, here the signal is paused by Minecraft for one

"redstone tick" which is equivalent to two ticks in the game loop. In tick 4 , the redstone

repeater in�uences the redstone dust next to it which then in�uences the redstone lamp. In

order to prevent cascading signals across the Minecraft game world, Minecraft only allows

redstone interactions to occur in chunks that are loaded in memory.

2.6 Distributed MVEs

Today, many online MVE communities operate their own servers and seek a�ordable ways

to accommodate more players. They leverage horizontal scaling, partitioning workloads

across multiple servers to accommodate hundreds or thousands of simultaneous users.

Today, distributed MVEs come in two designs, statically sharded and a more recent devel-

opment which is dynamically sharded.

2.6.1 Statically Sharded MVEs

To create a workaround for vertical scaling limits, community-driven tools, such as BungeeCord

(18), attempt to split a single game world statically between multiple servers. Each iso-

lated server can then hold up to 150-200 players. Trying to scale vertically to accommodate

more than 200 players on each server becomes prohibitively expensive. If there is only one

player in each of these zones, the entire cluster is required to run and leads to substantial

13



2. BACKGROUND

Figure 2.7: MVE Dynamic Sharding Architecture.

ine�ciencies. Figure 2.6 gives an example. Using a static distributed approach, these

online communities have been able to accommodate concurrent player counts of 5000 (19).

However, this approach divides the world into isolated segments, preventing the experience

of a seamless shared game space.

2.6.2 Dynamically Sharded MVEs

In Dynamic sharding, load is distributed across di�erent nodes at the smallest indivisible

level, which is called chunks. Chunks are small atomic areas in the world map. Through

chunks, a single node can now hold areas from di�erent locations in the map as opposed

to a large zonal area. This leads to a more e�cient design since if there are only a few

players but in di�erent areas of the map, one single node can handle it since it can load

chunks from the needed areas. Figure 2.7 showcases dynamic sharding.

In recent years, there have been many developments within the open source Minecraft

community, especially in relation to distributed Minecraft. We have two implementations

of distributed Minecraft�Multipaper (6) and Mammoth Minecraft (10)�that scale hori-

14
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Aspect Multipaper Mammoth

Synchronization P2P Publish/Subscribe

Chunk ownership Exclusive Shared

Write authority Server Hybrid

Scaling approach Decentralized Coordinated

Table 2.1: Architectural di�erences between Multipaper and Mammoth

Figure 2.8: Multipaper architecture which uses P2P coordination.

zontally and where players can share one contiguous world. Both architectures di�er from

each other in 4 di�erent aspects even though they have fairly similar looking components.

Their di�erences are shown in Table 2.6.2.

2.6.2.1 Multipaper

Multi-paper, as shown in Figure 2.8 is a decentralized scaling approach. Multipaper runs

a modi�ed version of the open-source Paper (20) Minecraft game server behind a Velocity

proxy (21). All clients connect to the Velocity proxy which routes them to one of the

modi�ed Paper servers. The server the player is connected to through the proxy is now

responsible for the chunks that belong in the players view distance. The server requests

for the necessary chunks from the Multipaper Master Database and is given full exclusive

authority over it. If a chunk needs to be unloaded, the Minecraft server then writes it back

to the Multipaper Master Database. If in case the required chunk has already been loaded

by another database, Multipaper tries to migrate the player, but if that is not possible,

it communicates the actions of the player to the server that holds the chunk. Servers
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Figure 2.9: Mammoth Minecraft that uses publish/subscribe for coordination.

communicate directly with each other and do not need a messaging server since only one

server can hold one chunk at a time.

2.6.2.2 Mammoth Minecraft

Mammoth, as shown in Figure 2.9, is a centrally coordinated scaling approach. Mammoth,

like Multipaper also runs a modi�ed version of the open-source Paper (20) Minecraft game

server behind aBungeeCord proxy(18). All clients connect to the proxy, which routes them

to one of the Paper servers. Unlike Multipaper, the server to which the player is connected

is not exclusively responsible for all fragments within the view distance of the player.

Instead, Mammoth allows multiple servers to access overlapping regions of the world. The

chunk data are shared through a centralized spatial database called WorldQL (12). If a

server requires a chunk, it loads it, but it also subscribes to changes using WorldQL for

updates made by other servers. In the event of player movement or interaction across chunk

boundaries, the player remains on the same server if possible, and other servers receive

necessary chunk updates through the WorldQL database. Servers do not communicate

directly with each other and only use WorldQL to maintain consistency.
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3

Design of VoxelBench

In this chapter, we address RQ1 by providing a design for a distributed MVE benchmark

which we call VoxelBench .

3.1 Overview

We design VoxelBench, a distributed benchmark to evaluate performance and design de-

cisions in sharded Modi�able Virtual Environments (MVEs). Our contribution in this

chapter is six-fold:

1. We analyze the design requirements for VoxelBench (Section 3.2).

2. We present the design of player workloads that target resource balancing and infor-

mation management (Section 3.3).

3. We describe the metrics collected and derived to analyse distributed MVE perfor-

mance (Section 3.4).

4. We discuss player clustering behavior (Section 3.5).

5. We discuss map workloads (Section 3.6).

6. We present a uni�ed benchmark model (Section 3.7).

3.2 Design Requirements

We begin by outlining design requirements for our benchmark. Our requirements are

motivated by RQ1 .
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R1. Workloads Targeting Distributed Design Decisions : The benchmark should

only include workloads that stress distributed design decisions in MVEs. Each

workload should be easily con�gurable and support realistic player behavior.

R2. Performance Metrics for Distributed MVEs : The benchmark should cap-

ture metrics beyond single-server performance. It should be able to analyze

distributed overhead, replication costs, synchronization costs, etc.

R3. Representative Player Clustering : Player spawn and movement patterns

must be con�gurable since spatial distribution directly impacts load balancing.

The benchmark should support both uniform and clustered spawning.

R4. Multiple World Maps : Di�erent world maps must be supported, as topology

a�ects player behavior. Maps should vary in terrain complexity and size. For

performance analysis to be more e�ective, the benchmark should mainly include

popular maps.

R5. Uni�ed Benchmark Model : The benchmark must model architectural com-

ponents common across distributed MVEs under one uni�ed abstraction. The

uni�ed abstraction simpli�es metrics collection mapping to corresponding com-

ponents, and creates a uni�ed infrastructure provisioning system.

3.3 Design of Player Workloads

In this section, we design workloads that stress distributed design decisions in MVEs and

satisfy R1 . We also cover the rationale for including them for each workload.

Extensive research has been conducted on the distributed simulation of virtual envi-

ronments (3, 14, 15, 22, 23). A taxonomy of these architectural designs is presented in

Figure 3.1 which is given by Gonzalez et al.(2023) (13). Although much of this work

does not directly address Modi�able Virtual Environments (MVEs), the underlying archi-

tectural principles remain highly relevant and are commonly applied in distributed MVE

systems today.

For example, under resource balancing, Multipaper uses world partitioning (6) and Mam-

moth uses distributed hashes (10). Under information management, Multipaper uses a

shared distributed world and Mammoth uses a shared centralized world.
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3.3 Design of Player Workloads

Table 3.1: Overview of supported Benchmark Workload. Acronyms:
W-Workload, C-Con�guration, X -Map Location (x-axis), Z -Map Location

(z-axis), � -Walk probability, � -Build probability, 
 -PVP probability, � -PVE
probability, PVE-Player vs Environment, PVP-Player vs Player, SC-Simulated

Constructs.

ID Type Parameter Description Values

1 W Input world complexity High, Medium, Low

2 W Connected players (count) 25; 50; 75; � � �

3 W Player emulation model Walk, Build, PVP, PVE, SC

4 W Clustering density 1; 2; 3; � � � ; 25

5 W Area of Interest � 30000000< X; Z < +30000000

6 W Workload distribution � + � + 
 + � = 1 :0

7 W Radius � 30000000� � � ; 0; � � � ; +30000000

8 W PVE mob type polar_bear, zombie, ender_dragon,� � �

9 W Walk Destinations � 30000000< X; Z < +30000000

10 C View distance 10, 14, 18, 22, 26, 30, 32

11 C Entity spawning true, false

12 C Video recording true, false

13 C Seed random integer

In essence, distributed MVEs make key design decisions around two fundamental dimen-

sions � resource balancing and information management. These two paradigms form the

basis for the workloads that our benchmark aims to evaluate.

The workloads we have selected are based on three criteria:

1. The observation that players either perform a complex activity in a narrow area,

for example, building a house, �ghting another player, or move towards an area, for

example, exploring the world (8).

2. The workloads target "MVE Workloads" as proposed by Eickho� et al.(2023)(16)

(See Section 2.3).

3. The workloads stress resource balancing and information management design deci-

sions.

Based on our observations,Exploration, PvP, PvE, Building, and Simulated Con-

structs (SCs) workloads meet the above-described criteria. These workloads correspond

to player emulation models in Table 3.1. In the subsections below, we describe how our
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3. DESIGN OF VOXELBENCH

Figure 3.1: NVE Taxonomy. Components of an NVE and techniques included in them.
Source:[Gonzalez et al., 2021]

workloads target resource balancing and information management (See Section 3.6 for

SCs).

3.3.1 Exploration & Traversal (Walk)

In distributed virtual environment literature, there is substantial work that is concerned

with how players are mapped to nodes (15, 24, 25). Exploration-based workloads are impor-

tant for benchmarking MVE performance, as player movement in�uences how simulation

regions are assigned to servers. Unlike single-server MVEs, a sharded MVEs must continu-

ously determine region ownership between nodes and synchronize state across boundaries.

As players explore, the system must allocate ownership of newly visited regions, stream

updates to peers, and also rebalance ownership when players leave or when regions be-

come "hot" due to crowding. This creates a resource balancing challenge, where uneven

player distribution can lead to overloaded nodes. Exploration therefore stresses the classic

partitioning and mapping problem.
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