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Abstract

Ever-increasing demands on capacity and data throughput of storage clusters lead to growing
systems and growing energy consumption. Currently, storage clusters are built from regular x86-
based servers that are not energy-proportional and have a high idle power consumption. Most
distributed file systems cannot fully utilize servers leading to low energy efficiency. ARM-based
processors were designed for energy efficiency and low power consumption. Therefore, an
ARM-based single-board computer storage cluster was built using the Odroid HC4. This cluster
is evaluated using different distributed file systems, workloads, metrics, and a comparable
x86-based setup as reference. Results show that ARM-based single-board computer storage
clusters are an energy-efficient alternative to traditional x86-based clusters while providing
comparable performance. However, based on the experiences with the Odroid HC4, future
single-board computers for storage clusters should have a higher network throughput and
should provide access to more storage devices.
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Chapter 1.

Introduction

Most scientific domains are increasingly data-driven. Large-scale scientific applications create
huge data sets by storing checkpoints or results, and more data than ever gets collected in
large-scale experiments or observations. The consequence is that demands on capacity and
data throughput of storage systems are increasing. These demands are satisfied by distributing
storage over multiple servers in the network combining their capacity and performance. One
possibility to manage data distribution and data access is to use Distributed File Systems (DFS).
Different DFSs have emerged over the past decades, each designed with its own use cases and
features. Though they differ in resource consumption, most of the DFSs cannot fully utilize the
often over-provisioned, high-performance, x86-based servers currently used to build storage
clusters. Such servers were found to have poor energy proportionality, meaning that high
energy efficiency is only achieved for high utilization [9]. A consequence is that servers have a
high energy consumption even when mostly idle. This leads to an increasing waste of energy
when scaling-up systems.

The high idle power consumption per node is offset by adding large amounts of storage devices
per server to achieve a high capacity. For new and fast storage technologies like Non-Volatile
Memory express (NVMe) Solid-State Drives (SSD), this is no more possible without sacrificing the
bandwidth of the storage devices. For example, a server with a 40 Gbit/s network connection
could saturate about 38 Hard Disk Drives (HDD) but only one to two NVMe SSDs when assuming
125 MiB/s per HDD and 2500 MiB/s per SSD and no RAID technology. Therefore, scaling up
SSD-based storage clusters is even more expensive than HDD-based storage clusters, not only
because of the higher hardware costs but also because of the energy consumption.

For large High-Performance Computing (HPC) deployments, the energy consumption of the com-
pute nodes is already a limiting factor [72]. One approach to improve energy efficiency is to use
Advanced Reduced Instruction Set Computer Machines (ARM) processors instead of x86 proces-
sors. This Central Processing Unit (CPU) architecture was initially designed for usage in mobile
or embedded devices and is henceforth designed for energy efficiency. Early proof-of-concept
deployments like Tibidabo at Barcelona Supercomputing Center [62] validated the feasibility
of this idea. The HPC machine Fugaku at the Riken Center for Computational Science [68]
proved that ARM-based servers provide sufficient compute power for HPC applications and
make even larger clusters possible due to their energy efficiency.

Like for compute clusters, scaling-up storage clusters is also more and more limited by restric-
tions on energy consumption. This motivates the use of ARM-based machines for storage
servers as well. However, high-performance compute nodes like those used in Fugaku are
certainly not necessary for a storage cluster. Apart from using ARM-based processors on fully-
featured servers, micro-servers [28] and single-board computers [3, 58, 61] were evaluated for
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their energy efficiency. This approach is also interesting for storage clusters as it additionally
enables administrators to add capacity when needed easily. Therefore, the goal of this thesis is
to answer the following question: Can ARM-based single-board computers be used to build
storage clusters that achieve a better energy efficiency than typical x86-based storage clusters
while providing comparable performance?

To answer this question, a prototype ARM-based single-board computer cluster was built. The
cluster uses six Odroid HC4 boards, which were designed as home Network Attached Storage
(NAS) servers. The behavior of storage systems depends not only on the used hardware and
the deployed DFS but also on the storage access patterns, in other words, the storage workload.
Consequently, different benchmarks were run on different DFSs. The benchmarks represent
workloads that are typical for HPC storage systems. The first set of benchmarks comprised
parallel, coordinated access to a single or a few files from multiple clients. That workload
could be created by scientific applications writing their results or reading checkpoints. The
second set of benchmarks measured the Input/Output (I/O) operations that could be achieved
per second while creating and accessing many small files. Such a workload could be created by
applications that synchronize using the distributed file system. The third benchmark was a
real-world benchmark that measured the performance of compiling source code on the DFS.
This is a workload typically seen in the home directory of an HPC cluster. Though the home
directory does not necessarily need to reside on a typical HPC file system, it was interesting
to see how the systems behaved. The file systems chosen were CephFS, OrangeFS, MooseFS,
GlusterFS, BeeGFS, and JULEA. They represent a selection of different design approaches that
can be used to show the strengths and weaknesses of the ARM-based cluster. As a reference,
the benchmarks were also run on a comparable x86-based reference setup. The results were
analyzed using different performance and energy-efficiency metrics.

The contributions of this thesis are:

1. It is shown that ARM-based single-board computer storage clusters are a viable alternative
to x86-based storage clusters.

2. Different design recommendations for future single-board computer storage clusters are
made based on the gained experiences.

The rest of this thesis is organized as follows. In Chapter 2 background information and
definitions of used technologies like file systems are given, followed by a short discussion of
ARM-based single-board computers and the used benchmark tools. Chapter 3 surveys the
six distributed file systems that are subject to practical analysis in this thesis. The survey
will provide a solid base for later discussions. Chapter 4 describes the hardware and software
setup of the ARM-based and x86-based clusters and models their theoretical peak performance
for sequential and parallel file access as well as metadata performance. In Chapter 5 the
setup and configuration of the distributed file systems on the ARM-based cluster is described.
The configurations are validated using specific benchmarks based on the architecture and
features of the respective systems. At the end of this chapter, the comparability of the resulting
setups is shortly discussed. Chapter 6 starts with a description of the benchmarks done on the
systems and a discussion of measurement errors. This is followed by a discussion of different
performance and energy efficiency metrics. After the results are presented and analyzed,
conclusions for the design of future energy-efficient ARM-based storage clusters are drawn.
Related works are presented in Chapter 7. Finally, in Chapter 8 the thesis is summarized, and
some interesting points for future work are identified.
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Chapter 2.

Background

This chapter gives an overview of storage solutions and interfaces. After discussing �le systems
and their interfaces, ARM-based single-board computers are brie�y described. The chapter ends
with short descriptions of the benchmark tools used for this thesis.

2.1. Storage Systems

File Systems The most common way to organize permanent storage is to use�le systems.
File systems provide a hierarchical namespace usingdirectoriesand �les. Files are "named
objects that exist from their explicit creation until their explicit destruction and are immune
to temporary failures in the system" [46]. Directories are used to group �les and, therefore,
to create the hierarchical namespace. Local �le systems like EXT4, XFS, and NTFS manage
data stored on a single storage device. This storage device can be virtual, for example, to use
underlying storage layers likeRedundant Array of Inexpensive/Independent Disks(RAID) [60].
RAID combines several disks into a single device. Multiple levels exist which provide di�erent
data protection features. Some examples are:

ˆ RAID 0 o�ers no protection but combines the disks' performance by distributing data
blocks between them.

ˆ RAID 1 mirrors data between the disks to protect against failures.

ˆ RAID 5 uses parity blocks to protect against one disk failure among more than three
disks.

Some modern �le systems, like ZFS or BTRFS, include functionalities of underlying storage
layers and can manage data on multiple disks. However, the scaling of those �le systems is
limited by the number of disks that can be attached to a single machine.

In contrast,Distributed File Systems(DFS) are �le systems that manage data distribution over
multiple storage servers and provide the data under a uni�ed and hierarchical namespace [82].
Most DFSs split �le metadata from �le data and store it on dedicated servers along with the
information on where to �nd the �le's data. Another popular way to place and �nd �les is to
use various hashing techniques. The �le data can be distributed using various schemes. Clients
can look up the �le data location to directly communicate with the data servers. A DFS is said
to beparallel if "data blocks are striped, in parallel, across multiple storage devices on multiple
storage servers" [82]. Clients can access DFSs via several interfaces.
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POSIX Interface ThePortable Operating System Interface(POSIX) standard [74] speci�es,
among other things, a set of functions to access �le systems as well as the semantics of each
function. The big advantage of POSIX is that applications written against the de�ned interface
are portable between di�erent POSIX-compliant �le systems. Therefore, applications can be
developed and tested on local �le systems and then deployed on a cluster using a distributed
�le system. Ideally, the used �le system is transparent to applications using POSIX I/O. In
reality, however, the performance of a �le system depends on the access patterns of applications.
On distributed �le systems, the relation between performance and access patterns is further
complicated by multiple users that compete for disk access and interactions between di�erent
storage layers. In addition, accessing a �le system through the POSIX interface does not
guarantee POSIX semantics. Most �le systems only comply with the standard to a certain
degree because the strict semantics can complicate implementation and impair performance.
For example, the POSIX standard states that written data should be returned by any following
read call from every process. For local �le systems, that property can easily be satis�ed by the
Virtual File System(VFS), a component of the Linux kernel that provides an abstraction layer
for multiple �le systems in use. Nevertheless, for distributed �le systems, this imposes a strict
constraint on client-side caching and throttles the system's performance. Some systems, like
OrangeFS [11], therefore do not implement this behavior to boost performance. After all, this
strict behavior is unnecessary for many applications, especially scienti�c ones [85].

Under Linux-based operating systems, three di�erent architectures can be used to implement
this access. The �rst two interact with the VFS. Using the VFS, a uni�ed namespace is presented
to the user. File systems can be mounted in arbitrary directories, making their root available
under the path of that directory. The traditional approach to implementing �le systems is to
build them as kernel modules. Akernel moduleis a dynamically loadable object that runs in
kernel space. File systems not included in the Linux kernel can be mounted if they provide a
kernel module that implements the necessary callbacks.

Instead of kernel modules that run in kernel space and therefore complicate the development
and allow for errors that result in system crashes, theFile System in User Space(FUSE) library
can be used to implement the DFS clients. FUSE �le systems run entirely in user space. This
architecture is possible via the FUSE kernel module that interacts with the VFS and exposes an
interface to user space applications. Debugging a FUSE �le system is more manageable than
debugging a kernel module because deadlocks will not freeze the entire system, and bugs can
not cause kernel panics. Normal debugging tools such asgdbor valgrind can be used. Besides
easing the development of �le systems, another bene�t is that unprivileged users can mount
FUSE �le systems. Nevertheless, FUSE introduces another software layer that may impair the
�le system's performance.

Most distributed �le systems o�er libraries to bypass interactions with the kernel. That can be
done on several abstraction levels. The most straightforward way from the users' perspective
is to pre-load a DFS-speci�c library that implements the I/O functions of the standard C library
libc. Becauselibc is dynamically linked by default, like most libraries in modern programs,
this will work for most applications. In doing so, the usual I/O calls are overridden by �le
system speci�c functions. Therefore, existing programs do not need to be recompiled. Another
possibility is to write programs using I/O functions provided by the respective DFS. However,
such a library will require changes to existing code and insight into the respective �le system's
speci�c details.

The three ways to implement POSIX access come with their advantages and disadvantages. As
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Figure 2.1.:There are multiple ways to implement POSIX access to a DFS. The blue (kernel
module), red (FUSE), and green (DFS library) arrows follow the data path for each
method. In the end, data is transferred via the network.

always, minimizing the software layers is likely to improve performance and reduce latency.
In addition, each context switch between kernel and user space introduces overhead to I/O.
Figure 2.1 illustrates the data path for each implementation. The most overhead is introduced
by FUSE, which has two more context switches than access via the DFS library or the kernel
module and passes data through most software layers. The DFS library realizes the most
e�cient access. However, using the library, some useful caching features of the VFS can not be
used, and client-side caching needs to be implemented in the library.

MPI-I/O Interface Apart from the POSIX interface, several other interfaces can be used to
access �les in a DFS. One example is the I/O interface of theMessage Passing Interface(MPI) [47].
MPI is a standard that was created to unify communication between the various processes in
distributed-memory applications. Conceptually, this is done by sending and receiving messages
via the network. Version 2 of MPI introduced I/O functionality via the MPI-I/O interface. It
is designed for highly parallel access to a single shared �le. MPI-I/O shares many concepts
with MPI as storing data is treated like sending and loading data like receiving messages. In
contrast to POSIX, MPI-I/O does not work on byte streams but on streams of typed elements.
In addition to built-in data types likefloat or int , complex types can be de�ned by users.
MPI-I/O also de�nes the semantic of I/O operations which is more relaxed than the POSIX
semantic. Con�icting accesses, e.g., parallel writing to and reading from overlapping �le parts,
are not de�ned by the standard, and the result of such operations is unde�ned. These relaxed
semantics are su�cient for most scienti�c applications [85]. In theory, this enables lock-free I/O
in a parallel environment. In practice, however, few systems provide a native MPI-I/O interface.
If no native interface is available, POSIX is used to implement MPI-I/O, adding yet another
layer to the storage stack. Depending on the I/O semantics of the DFS, most performance
advantages of MPI-I/O are lost in this case.
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