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Abstract

Due to popularity and strict performance requirements, online games are a workload of interest
for the performance engineering community. The gaming industry yields over $192 billion in
revenue and engages over 3.2 billion players [26]. Modi able virtual enviroments (MVESs) games is
an emerging game sub-genre with persistence functional requirements. Most popular MVE game
- Minecraft - is played by over 140 million people monthly [9], and the Metaverse - a prominent
modi able virtual environment application - market is expected to grow up to 507 billion dollars by
2030. While storage can and does a ect gaming performance and is central for MVE’s persistent
information storage, there yet is no investigation in the way it is used by MVEs. There yet
is no available MVE storage traces, no information on how storage can impact MVEs user’s
Quality of Service (Qo0S), and there is yet no tool available to measure the impact. To measure
a new performance aspect, it, as well, requires in-depth modi cation of existing performance
measurement tools. Current work outlines a need for application-speci c storage e ect performance
investigation [27] for application-speci ¢ benchmark for storage performance e ect investigation
[27] on a comprehensible set of application workloads. Current benchmarks such as [29] and [22]
do not focus on recording storage performance and provide limited statically-de ned workloads.
This paper covers this gap. We start by de ning TheStick - a framework for fully customized MLG
benchmark. Then we model user MLG storage interaction. After, we apply TheStick framework
to study storage e ect onto user Quality of Service (QoS). Finally, from the results we derive a set
of actionable conclusions.
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1 Introduction

The gaming industry is the world's largest entertainment industry - worldwide, games engage over 3.2
billion players [9] and yield over$192 billion in revenue [26]. In this work, we focus on modi able virtual
environments (MVES) | a game genre with a de ning characteristic of persistent and modi able
virtual environments. Players can change almost every part of the world including player's and world's
states by attacking players, removing blocks, building blocks, interacting with NPCs, etc, and the
changes are persistently stored. MVES' biggest representative Minecraft played by over 140 million
people around the globe [9] and the promiment class of MVEs application - Metaverse - is predicted
to grow to 507 billion dollar market by 2030.

MVEs are particularly interesting to study due to their large economical impact shown by their
current and expected market sizes, and social impact shown by their current use in recreation, edu-
cation where it already used in primary school education for teaching science and foreign languages
[30], and for employee training by companies such as KLM, KFC, and UPS. Moreover, by 2030 the
Metaverse is expected to engage over 2.6 billion people through the possibilities of enhanced remote
learning, working, social interaction, and more. MVEs have to support a fast-paced game with con-
stant modi cations which, due to persistence requirement, have to be stored on a persistent storage
device. Shown by DirectStorage [8] - Microsoft API to optimize load time by increasing game assets
decoding speed storage is a point of interest for gaming performance engineering community and can
have impact on QoS.

However, despite storage being essential for MVE functionality and storage having a potential
impact on application QoS, there is still no investigation on storage MVE use and impact on MVE
performance or performance variability.

One of the storage performance engineering challenges is a nonlinear transition of performance im-
provements from a singular component to an end-to-end system. For example, a 10000 times latency
improvement from HDD to storage class memories [10] results in only 7 times performance improve-
ment for MySQL workloads [24]. The nonlinear performance improvement translation can be explained
by the storage stack consisting of multiple software layers, such as le system, /O scheduler, and oth-
ers. Each of the software layers has own performance. Storage also interacts with multiple hardware
components such as CPU for scheduling or memory for le system caching making nal end-to-end
performance translation unpredictable. Furthermore, whether a particular storage system change will
have an impact on performance of an end-to-end system depends on the application logic itself and fac-
tors such as use of blocking or non-blocking le system calls and use of background threads for storage
I/O operations. As a result, there has been a case made for application-speci ¢ storage benchmarking
[27] and published storage application-speci ¢ benchmarks such as YCSB [21] or RockDB [20].

There has been work done on measuring Minecraft-like Games (MLGs) scalability and outlining
issues with low performance with a large number of players [29]. There has also been a work on
measuring impact of MLG workloads on instability ratio and outlining possible issues with regards to
QoS guarantees. However, despite storage 1/O operations being essential to MVE persistent properties,
there has yet been no work done investigating MVE storage use and measuring storage impact on MVE
performance or performance variability.

In this paper we cover this gap. We start by modeling MVE storage interaction, and build a
benchmark - StorageStick - a storage benchmark for MVE. We analyze storage performance impact on
Minecraft and, by collecting storage traces during benchark execution, analyze Minecraft storage use.
Our paper shows that storage can have an impact on MVE QoS. We nish our paper with actionable
insights for game developers and game operators for MVEs.



2 Research Questions

We begin answering a problem by de ning research questions:

RQ1. What are MLG storage access patterns triggered via user actions?

RQ2 . How to design and implement a benchmark to evaluate MLG performance based on used
storage model?

RQ3 . How does MLGs user-level performance scale in terms of storage performance?

RQ4 . How do storage stacks compare in terms of MLG performance?



3 Background

In this section, we show Minecraft-Like Games and storage model used later in the paper, introduce and
important for storage workloads property of player's preferential attachment and provide, necessary
for further reading, background information on Minecraft-speci ¢ features including its world saving
mechanics and le format.

3.1 Storage Model

In this section we introduce a storage model used throughput the paper for evaluating the impact of
storage on Minecraft user-level performance. The goal for our model is to be as simple as possible and
yet re ect important performance metrics and bottlenecks that can impact MLG quality of service.
Re ecting on storage implications of player preferential attachment introduced in Section 3.4, we model
storage as a two component system consisting of le system with read cache and write bu ers, and
storage medium with limited throughput, latency, and operation queues. We model these components
as two separate as reads and writes from those incur orders of magnitude dierent latencies and
throughput. As well, under di erent player clustering, two components will compose performance
pro le to a di erent extent - fast storage medium bears greater importance for servers with low player
preferential attachment.

File system cache and bu ers have a limited size. We model those in terms of their size because
increasing cache or bu er size is a tradeo between the memory consumption and a potential perfor-
mance benet. The correlation between amount of memory allocated for cache and bu er and the
performance benet depends on system workload and little memory addition can bring both high
performance benet or none. We model storage medium in terms of its latency, throughput and op-
erational queues. We include latency and throughput as those are order of magnitude di erent to one
of memory. All latency, throughput, and number and depth of operational queues can be within an
order of magnitude di erence [28] amongst comparable devices. Thus, we are interested to quantify
the impact of those metrics on MLG quality of service.

MLG, when reading from storage will rst attempt to read from le system cache unless speci ed
otherwise via its open ags. If ags are indicating that the read should not be performed from cache,
we call it a direct read. Indirect read will rst attempt to read from cache, and only if the le is
not present in cache, read will be performed from a storage medium. Direct reads will bypass cache
reading directly from storage medium. Indirect writes will rst attempt to write to bu er and only
if the bu er is full, write would have to be performed directly to the storage. In case of direct write,
one will be performed onto storage medium bypassing write bu er. We separate direct and indirect
read and write operations as those, on average, will yield lower latency and provide higher bandwidth
although their worst case matched direct reads and writes.

Figure 1: Storage Model



Figure 2: Session Lifetime

3.2 Minecraft-like Games Behavior Model

This section de ned MLG user behavior model. To construct the model, similarly MLG data model
(??), we use Minecraft, Terraria, and Roblox as references. To represent player behavior throughout
their whole session, we subdivide this section into two parts - analyzing what kind of user behavior
required "around” the MLG play to accommodate for it, and analyzing which kind of user behavior
constitutes an MLG play.

We de ne the whole MLG player session to consist of three steps as summarized in g. @ player
joining the world, @ playing, and @ player leaving the server.@ can solely be triggered via user's
decision to join an MLG world. If joining is successful, the transition to @ happens automatically
upon user receiving some initial state after which they can render and start interacting with the world.
Finally, transition to G occurs when either a player, themselves, decide to leave, or when they are
kicked out of the game either due to server administration decision or due to internal game mechanics
- for example as a result of user's poor internet connection. This three steps are evidently minimal
to support any multiplayer MLG session: without @ it would be impossible to start MLG session,
without (@ there will be no session, and WithoutG there will no way to end the session.

When de ning MLG player behavior that constitutes MLG play, to ensure coverage and relevance
of classi ed behavior, we refer to classi cation introduced by Mdller et al. in Heapcraft ?? - mining,
building, ghting, and exploring. Distinction between building and mining, where mining refers to
a process of getting underground resources, is Minecraft-speci ¢ arising from Minecraft-speci ¢ game
mechanics of gaining resources in survival mode. To make both building and mining applicable to a
larger set of MLGs, we collapse those two into a terrain modi cation that is in some form present in all
Minecraft, Terraria, and Roblox. Additionally, behavior allowing for terrain modi cation is dictated
via modi ability property of MLGs. Exploring refers to simply a position change which is present in all
Terraria, Roblox, and Minecraft and is a requirement of all "walkable" virtual environments. Finally,
while possibility of ghting does not arise from any MLG requirements, we optionally include it in
our behavior model as it is a popular game mechanic available in all Minecraft, Roblox, and Terraria.
Fighting can be done either against NPCs or other players.

3.3 Minecraft-Speci c Data Storage Implementation Details

This section applied only to Minecraft and describes necessary for further understanding of evaluation
for both actions storage use characterization Section 5 and benchmark evaluation.

3.3.1 Files Hierarchy

Persistent Minecraft world data is located under./world directory. The further subfolders are organized
into folder saving terrain data ./world/region , non-playable-character (NPC) data in ./world/entities ,
point of interest (POI) data in ./world/poi , and player data in ./world/playerdata . There are as well
folders responsible for other dimensions:./world/DIM-1  for the Nether, and ./world/DIM-0 both
having the same substructure of NPC, region and POI subdirectories. All terrain, NPC, and POI
data is organized into les based on the region (region is further de ned in??) and follow a naming
structure of r.x.y.mca where x is region coordinate along x-axis and y is region coordinate along y
axis. Player data les stored under ./world/playerdata follow the naming structure of uuid.dat where
uuid is a unique player identi er derived from player's nickname.



(a) The End (b) Nether (c) Overworld

Figure 3: Minecraft Dimensions

Figure 4: Region File Structure

3.3.2 Region File Format and Terrain Structure

Minecraft terrain and NPC data is divided into 3 dimensions - overworld, nether, and the end. Over-
world ( g. 5) is a primary dimension where players initially spawn and spend the majority of the game.
The nether is a dimension which players can get into via a nether portal and is used to get resources
not available in the overworld. When player teleports to the nether, the coordinates of their spawn are
proportional to their overworld position. Finally end dimension is one players travel to kill the nal
boss of the game - ender dragon. Players can reach it via the end portal and their spawn will always
be at a xed position [7].

Dimensions are divided into regions with every region represented viamca region le. Every
region is divided into 32 by 32 chunks [4]. Each chunk, in turn is an area of 16x256x16 blocks. To store
information about each chunk, Minecraft les are divided into header and data parts where header
contains information on chunk size and o set within the le and data contains per-chunk information
on either blocks or NPC present and their properties. For reader's understanding, we summarize
terrain hierarchy in g. 4.

Minecraft terrain's minimal world unit is a block - all the terrain structures in Minecraft are made
out of blocks. The next unit is a section which is an area of 16x16x16 blocks

Minecraft terrain is stored under ./world/region directory and is divided into 3 dimensions - over-
world, nether, and the end. Overworld (g. 5) is a primary dimension where players initially spawn
and spend the majority of the game. Overworld region les are stored under./world/region direc-
tory. The nether is a dimension which players can get into via a nether portal and is used to get
resources not available in the overworld. Nether region les are stored under/world/DIM-1/region
folder. When player teleports to the nether, the coordinates of their spawn are proportional to their
overworld position. Finally end dimension is one players travel to kill the nal boss of the game - ender
dragon. Players can reach it via the end portal and their spawn will always be at [0, O] region [7].

Every Minecraft region is represented by onemca le and every region is subdivided into chunks:
every region is 32 by 32 chunks [4]. Every chunk is up to 16 sections [6]: the sections are vertically
stacked on top of each other. Ever section is area of 16x16x16 blocks. Finally, every block has its own
state. The hierarchy is summarized in g. 4.

3.3.3 World Saving Mechanics

3.3.4 Point of Interest Data

For some structures like beehives, beenests, nether portal, etc, Minecraft saves those into the point of
interest les [3]. Every point of interest les contains a set of records and every record is a position
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