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The Project Card

Research question(s):

RQ1 What are the characteristics of player-agnostic workloads?

RQ2 How to evaluate the performance of Minecraft-like games under player-agnostic
workloads?

RQ3 What is the performance of Minecraft-like games when running player-agnostic
workloads?

Research method(s):

M1 Design of a workload abstraction and of a full benchmark.

M2 Experimental research in computer systems, method synthesized by Raj Jain.

M3 Performance analysis using quantitative data from real-world experiments.

Research approach:

A1 To answer RQ1, we apply the iterative AtLarge design methodology (M1) to
create an abstraction of Player Agnostic workloads.

A2 For RQ2 we use the experimental research methodology (M2) when designing
our experiment, which guides our choice of metrics, workloads, and benchmarks
to compare against as well as our experimental configuration of repetition and
averaging.

A3 We answer RQ3 by creating and using a benchmark (M3). The benchmark fo-
cuses on MVEs in real world settings that evaluates appropriate quantitative
system and application level metrics in order to avoid relating macro-level per-
formance to a singular micro-level metric.
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Main results (main findings, MFs) and contribution:

C1 Defined a new class of MVE scalability problems, that of managing player-
agnostic workloads (RQ1), and an operational model based on these workloads.

C2 Defined a benchmark to evaluate the effect of player-agnostic workloads on MVE
performance through real-world experiments (RQ2).

C3 Conducted extensive real-world experiments on three common implementations
of Minecraft-like games, including the most popular today, and analyzed the
results.

MF1 Player-agnostic workloads can significantly affect the performance of Minecraft-
Like games.

MF2 The Minecraft-like services we studied, including the commercial (”vanilla”)
Minecraft, are poorly parallelized, which impacts negatively their ability to run
player-agnostic workloads.

MF3 Processing the state of in-game entities is computationally expensive for player-
agnostic workloads, and can cause server overloads.
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Abstract

Minecraft is one of the best selling game of all time, and has inspired the development
of a multitude of games with similar features, known as Minecraft-like games. These
games are characterized by the utilization of Modi�able Virtual Environments (MVEs).
The popularity of games using MVEs has created demand for high-performance hosted
environments running multiplayer game services. Despite the demand, prior research
has shown that current MVE server technology does not scale well to large amounts of
concurrent players. Additionally, little research has focused upon Player Agnostic Work-
loads, a unique performance pattern of MVEs that scales separately from player count
and behaviour. MVEs are both in�nitely customizable and contain dynamic behavior,
and thus have the potential for high complexity. In short, parts of a modi�able world
can become complex systems in their own right. In this work, we de�ne a model of com-
mon player-agnostic systems, and evaluate the performance of MVE services when using
game environment workloads that contain example player-agnostic workloads. Our �nd-
ings show that Minecraft-like service performance is highly reliant on the workloads inside
of the MVE, such that speci�c con�gurations of the game environment can cause service
quality degradation. Keywords Scalability; Minecraft; workload; online-gaming.

1 Introduction

The global gaming market generated revenue in access of$159 billion in 2020, a value
expected only to rise in the coming years [31]. Minecraft, as the second most best-selling
video game of all time [28, 40], accounts for a signi�cant amount of the global revenue,
having sold 88 million copies since 2017 [48], and having reported more than 131 million
players per month [47]. Minecraft provides a platform not only for individual entertain-
ment, but community movements with a broad spectrum of causes, from seeking to build
the entirety of Earth [4], visualization tools for metabolic pathways [26], to creating safe
spaces for autistic players [1, 37], and facilitating an in-game haven for press freedom to
�ght against real world censorship [36]. However, the potential of Minecraft-like games is
bound by the limitations of their multiplayer services, which support a maximum player
count in the low hundreds. This lack of scalability makes it di�cult for large communities
or events to utilize Minecraft-like games as a medium. Prior work in measuring and increas-
ing the scalability of Minecraft-like services is limited, and has focused on computational
requirements that scale by player count [6, 50, 33]. This approach does not take into ac-
count the non-trivial computational workload of the environment in Minecraft-like games.
In this work, we de�ne a model for these player-agnostic workloadsin Minecraft-like en-
vironments, then design and perform experiments to measure the performance impact of
these workloads.

Minecraft's most unique feature is the use of aModi�able Virtual Environment (MVE),
a real-time, dynamic, multi-user environment which allows players to freely destroy and
create components with nearly unbounded scale. Minecraft's aforementioned success has
popularized the use of MVEs in a variety of newer Minecraft-Like games, such as No Man's
Sky [13], Astroneer [42], Terraria [34], and Space Engineers [18]. While MVEs provide a
high degree of player freedom, prior research has found that current MVE technology suf-
fers from poor scalability: Minecraft-like servers can only concurrently manage maximum
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player counts in the low hundreds, often experience performance degradation before that
maximum, and do not interact with other server instances [50].

Video game scalability is not a new problem, and many techniques have been devel-
oped to increase concurrent player count. A majority of these approaches were developed
for video games that do not utilize MVEs, and have only limited applicability. Approaches
that are relevant to MVEs are restricted to techniques that minimize workloads that scale
with player count, such as world partitioning [15], interest management [3, 23], and incon-
sistency management [45, 9]. However, Minecraft-like games do not only process player
operations, they also compute environment actions not directly tied to players.

In this work, we de�ne a novel model of player-agnostic workloads to describe these
workloads that are characteristic to MVEs and occur as a result of complex environ-
ment dynamics, rather than by player count. The computational requirements of these
environment-based computations does not only a�ect player count scalability, but work-
load scheduling, environment complexity limits, and service guarantees for web hosting
platforms. Thus, we pose the following main research question:What is the performance
impact of player-agnostic workloads in MVEs? We then divide this question into three
research questions:

ˆ RQ1 (Section 3): What are the characteristics of player-agnostic workloads?
A core activity for players of Minecraft-like games is the construction of structures
that function as Player-Agnostic workloads. Because MVEs are uniquely con�g-
urable into an in�nite variety of layouts it is di�cult to identify a �nite set of rele-
vant Player-Agnostic workloads. Instead, identifying what kinds of features within
these con�gurations have a performance impact requires de�ning a model to sepa-
rate them into classes. This is non-trivial as di�erent Minecraft-like games do not
have identical features, thus the model must di�erentiate by function, rather then
by form.

ˆ RQ2 (Section 4): How to evaluate the performance of Minecraft-like games under
player-agnostic workloads?
Minecraft-like games, like all real-time systems, have strict performance requirements
to prevent service degradation, and evaluating this performance is a crucial part of
operating Minecraft-like games as a service. In order to measure the performance
of a Minecraft-like game when operating a player-agnostic workload, it is necessary
to design an experimental method. This also requires de�ning performance in the
context of a Minecraft-like service. This is di�cult as the experiment must be as
close to a real world setting as possible in order to maintain validity, but still be
repeatable.

ˆ RQ3 (Section 5): What is the performance of Minecraft-like games when running
player-agnostic workloads?
Understanding how Player-Agnostic workloads e�ect the performance of Minecraft-
like services is important in mitigating performance degradation and designing new
scalability techniques. The experimental measuring of Minecraft-like game perfor-
mance requires a set of player-agnostic workloads for the Minecraft-like services to
operate. Thus, it is necessary to �nd a set of player agnostic workloads that are both
representative of the classes established in the workload model, and can be reason-
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Figure 1: Overview of a Minecraft-like MVE system.

ably assumed to be realistic. Additionally, the metrics measured by the experiment
must be properly analyzed to discern the proportion of performance that is due to
changes in environment workload.

Towards exploring these questions, we utilize the following research methods:

ˆ M1: To answer RQ1 we apply the iterative AtLarge design methodology to create
an abstraction of Player Agnostic workloads [19].

ˆ M2: For RQ2 we use the experimental research methodology when designing our
experiment, which guides our choice of metrics, workloads, and benchmarks to com-
pare against as well as our experimental con�guration of repetition and averaging
[32, 17].

ˆ M3: We answerRQ3 by creating a benchmark of MVEs in real world settings that
evaluates appropriate quantitative system and application level metrics in order to
avoid relating macro-level performance to a singular micro-level metric [17].

2 Background

In this section we de�ne important terminology and give an overview of Minecraft-like
game functionality.

2.1 Minecraft-like Games

We consider a gameMinecraft-like if, at a minimum, it operates using a Modi�able-Virtual
Environment (MVE). MVEs allow players to concurrently modify the world in creative
ways, creating player interactions not possible in other games. Figure 1 shows the design
of a Minecraft-like MVE system. Common, but not ubiquitous features of Minecraft-like
games include a server-client model for multiplayer service, non-player characters that
inhabit the environment, and some form of player de�nable logic.
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2.2 Player-Agnostic Workloads

A Player-Agnostic Workload is any server-side workload in a Minecraft-like game that
scales independently from the number of connected players. This is contrary to typical
video game server workloads that scale through the need to send player actions to all other
connected players. It is important to acknowledge that player agnostic workloads can result
from player modi�cations within the modi�able environment. Thus, more players will
generally result in an increase in the computational strain from player-agnostic workloads,
but crucially only one player1 is required to create a player-agnostic workload of any
complexity.

In Section 3 we give a model that classi�es types of Player Agnostic Workloads based
upon their relation to features of the MVE.

2.3 Entities

Minecraft-like games often include entities that interact with the environment, making
the world more interesting to players. Within MVEs, a given game feature is considered
an entity if it exists within the game world but is not a player or a part of the modi�able
terrain. Within this de�nition, there are a few main types of entities: driven entities
exhibit some form of decision making and movement ability (often referred to as \mobs"),
and non-driven entities, which generally represent an in-game resource or provide some
functional or visual e�ect. Notably, many of these entities have the ability to alter the
environment of their own accord. For example, in Minecraft itself, Creeper entities can
destroy blocks, Endermen entities can move blocks to di�erent locations, and Villagers
tend to animals and harvest crops. Aside from animal and people-like entities, there are
a wide variety of non-driven entities such as dropped items, vehicles, and weapons; some
of which can be persistent, such as chests.

2.4 Player De�nable Logic

Many Minecraft-like games have a feature enablingPlayer De�nable Logic that extends
the game environment by adding some form of custom circuitry into the game calcula-
tions. The primary example of this is Redstone [35] in Minecraft, but other examples
include Conveyor [7] systems in Satisfactory, Wire [52] in Terraria, Circuits [5] in Facto-
rio, Modules [27] in Astroneers, and Logic [25] in No Man's Sky. Importantly, there is no
hard limit to the computation complexity that player built circuitry can achieve. Many of
these systems are even Turing complete [51], allowing, for example, functional computer
systems to be built within the game environment.

A Farm refers to a special type of Player De�nable Logic, wherein a player creates a
system to automate the collection of some in-game resource. Farms are perhaps the most
common form of Player De�nable Logic, and a core feature within many Minecraft-Like
games. Often, a Farm will utilize the functioning of driven and non-driven entities in order
to facilitate resource collection.

1Depending on how a Minecraft-like game is con�gured, it is possible for the server to continue envi-
ronment computation when no players are connected, thus technically no players are strictly required.
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Figure 2: Player Agnostic Workloads model with classes and sub-classes.

3 Workload Model

In this section we propose a model that separates types of player-agnostic workloads into
three overarching classes with shared traits. Figure 2 depicts this model. We design this
model with a focus upon Minecraft, and these workloads are supported by all Minecraft-
like games that utilize the Minecraft protocol. Anecdotally this model will generalize well
to other Minecraft-like games due to the similarity in MVE structure between games.

3.1 Terrain

By de�nition, all MVEs contain modi�able environments. MVEs have dynamic behaviour
that controls or changes environment modi�cations, such as physics calculations, �re,
water, crop growth e�ects, or any other world-based calculations that modi�es the world
indirectly from the player. In Figure 3 we give examples inherent to MVEs. These types
are Terrain Creation, referring to adding novel structures to the environment, Terrain
Propagation, by which properties are spread between areas of the environment (in the
example, the property is \on �re"), Terrain Destruction, for any action that removes
sections from the environment, and Terrain Calculations, which uses the environment to
compute some value (in the example, light level).

While there are comparable features in games that do not use MVE systems, ter-
rain workloads in MVEs function di�erently due to how MVEs are structured: since the
environment is fully modi�able, and often procedurally generated, no assumptions can
be made about world state or con�guration. Thus all terrain actions must be calculated
as a function of current neighboring state. In Minecraft, for instance, terrain actions re-
quire a data structure containing the state of all neighboring voxels (blocks). Thus, world
modi�cation is computationally expensive as each modi�cation action requires retrieving,
calculating and updating the state of neighboring blocks, and is further complicated when
concurrent world actions access the same blocks. Within the group of Terrain workloads,
notable examples that are particularly computationally complex are explosives, lighting
calculations, and physics simulations, as these tend to be spontaneous, hard to predict,
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Figure 3: Classes of terrain modi�cation and examples from Minecraft.

and use a high volume of environment state updates.
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