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Abstract

Computer clusters have become increasingly important in fields such as high-performance computing
and database management due to their scalability and lower economic cost compared with traditional
supercomputers. However, computer clusters consisting of x86-based servers are expensive, highly
power-consuming, and occupy significant space.

At the same time, the availability of cheap but performant ARM-based single-board computers
has steadily increased, with products such as Raspberry Pi and Odroid becoming competitive in
performance with traditional servers.

This report explores the creation of clusters using these devices, e.g. what benefits and downsides
there are compared to x86-clusters. In particular, lower economic cost and decreased power consumption
are compelling benefits. However, the subject of building clusters from ARM-devices is not a mature
field, and there is a lack of tools and research on the subject.

We present the SuperK Cluster Management Toolkit, a prototype software suite for managing clusters
of single-board computers. In addition, we discuss problems particular to clusters of single-board
computers and contrast different considerations in the design of cluster management software.

Keywords: cluster computing, single-board computer, cluster management, Odroid, ARM



Sammandrag

Datorkluster har f̊att en ökad vikt inom omr̊aden s̊asom high-performance computing och databashanter-
ing p̊a grund av deras skalbarhet och lägre ekonomiska kostnad jämfört med traditionella superdatorer.
Dock är datorkluster best̊aende av x86-baserade servrar dyra, har hög energikonsumtion och upptar
betydande utrymme.

Samtidigt har tillg̊angen till billiga men högpresterande enkortsdatorer ökat i stadig takt och
produkter s̊asom Raspberry Pi och Odroid börjar n̊a en prestandamässigt konkurrenskrafitg niv̊a
gentemot traditionella servrar.

Den här rapporten utforskar skapandet av kluster best̊aende av dessa datorer, bl.a. vilka fördelar
och nackdelar som finns jämfört med x86-kluster. Specifikt är lägre ekonomisk konstnad och minskad
energikonsumtion tilltalande fördelar. Dock s̊a är ämnet att bygga kluster av enkortsdatorer inte ett
välutforskat omr̊ade, det finns en avsaknad av verktyg och forskning inom ämnet.

I rapporten presenteras SuperK Cluster Management Toolkit, en prototyp-mjukvarulösning för
hantering av kluster best̊aende av enkortsdatorer. Därtill diskuterar vi problem som är specifika till
kluster av enkorsdatorer och kontrasterar olika alternativ i hur klusterhanteringsmjukvaror kan designas.

Nyckelord: datorkluster, enkortsdator, klusterhantering, Odroid, ARM
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Glossary

APT Advanced Packaging Tool: package manager for Debian-based Linux distributions.

DHCP Dynamic Host Configuration Protocol: a network protocol for distributing configuration
parameters, e.g. IP addresses.

HPC High-Performance Computing

MPI Message-Passing Interface: a programming interface for distributed applications.

NPB NAS Parallel Benchmarks, commonly used benchmarking suite for parallel computation, devel-
oped by NASA.

PVM Parallel Virtual Machine: an older programming interface for distributed applications.

SCMT SuperK Cluster Management Toolkit: the software suite we present in this report.

SSH Secure Shell: A secure network protocol for remote shell sessions.

SSI Single-System Image: the quality of a computer cluster that acts towards users like one single
system.
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Chapter 1

Introduction

The demand for high computational power is huge in many fields, e.g. in order to run experimental
algorithms and or complex large-scale data processing. Achieving this with a single computer system
is unfortunately rather expensive, as it may require uncommon, or even custom-produced computers
to achieve acceptable run-times. One alternative to decrease the cost of heavy data processing is to
concurrently perform parts of the processing on many affordable, off-the-shelf computers at the same
time. Similar solutions can be used to increase the reliability of many applications, where the system
as a whole continues to work even if individual computers malfunction.

1.1 Cluster computing

A computer cluster is a network of computers connected to act as one, single system, as a way of
achieving increased computational ability, reliability, or both [1]. Each computer in a cluster is referred
to as a node. The cluster architecture, i.e. the way the nodes are organised and communicate must
be considered, depending on the purpose of the computer cluster. Nodes can be physically close to
each other or distributed over a large area. The management of the cluster can be handled by one
particular node, which in that case may be referred to as a master node. However, a computer cluster
can also be managed with more than one master node or no master node at all. Nodes without special
responsibilities aside from contributing to distributed applications may be referred to as compute nodes.

Computer clusters can be used for a variety of purposes. The presence of multiple nodes makes for
good fault tolerance, as it achieves redundancy. This is used for services that require high availability.
As more nodes connect to a cluster, the greater the computing power becomes, this can be used to
perform complex calculations, such as weather forecasting [2].

A computer cluster is also a way of achieving high computational capacity with low-cost, off-the-shelf
computers, which is usually cheaper than buying a high-performance computer. As such, computer
clusters have the advantages of high availability, high performance, scalability, and low cost. However,
clusters do have disadvantages as well. In order to make a cluster act as a single system, some
management solution is necessary, and preparing a cluster for use can be time-consuming if each node
requires manual setup. Another disadvantage is that the energy consumption of a traditional computer
cluster generally increases faster than the computing capacity with the addition of nodes [3]. One
technique of avoiding this effect is to use energy efficient hardware [3].

1.2 Characteristics of single-board computers

A single-board computer is a computer which is mounted on a single circuit board. Single-board
computers such as Odroid [4] or Raspberry Pi [5] are among the most affordable computers purchasable
today with sufficient processing power for effective clustering [6]. Odroid and Raspberry Pi have ARM
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CHAPTER 1. INTRODUCTION

processors, I/O ports, RAM, a memory card slot and a DC power jack, which is typical for most
commercial single-board computers. ARM processors offer higher power efficiency compared to x86
processors [7]. These single-board computers are, in other words, functional general-purpose computers
with lower energy consumption compared to a traditional server. However, in order to achieve a cluster
with competitively large processing power, a large amount of such devices is necessary.

1.3 Challenges of using single-board computers in a computer
cluster

Setting up a large cluster manually would mean repeating the same work for each connected node.
Cluster management applications, which to various degrees automate this process, exist for clusters
consisting of traditional, x86-based servers, for example, OpenSSI enables the addition of new nodes
with minimal set-up for x86-based Linux clusters [8]. However, the availability of such tools for
single-board computers is somewhere between limited and non-existing.

Other projects exploring clustering single-board computers also faced this challenge. In the Bolzano
Raspberry Pi Cloud Computing Experiment [9], a cluster consisting of 300 Raspberry Pi nodes was set
up. To avoid the need to configure each node manually, a software tool to handle basic configuration
automatically was implemented within the project.

1.4 Project purpose & goals

The purpose of this project is to explore methods for simplify the set-up and maintenance of a cluster
of single-board computers. This is done by developing a software prototype called SuperK Cluster
Management Toolkit (SCMT) and testing it on a single-board computer cluster. The development
process focuses on having support for three central areas:

1. Cluster management: automatic set up and configuration of all nodes in the cluster.

2. Monitoring: tracking the state of each node in the cluster.

3. Cluster applications: support for common cluster use-cases.

For usability and further development, we will build SCMT in a modular way and provide a user
guide which will explain how the software works and how to use it.

We will also explore the efficiency of executing parallel programs on a cluster of single-board
computers by running benchmark tests on differently sized single-board computer clusters.

1.5 Limitations

In order to limit the scope of the project to what can be completed in a reasonable amount of time, it
is necessary to narrow down what exactly the research and development should focus on. Additionally,
the limitations must be narrow enough that it is possible to develop and test on the hardware available
to the project group. For these reasons, SCMT is built on the following assumptions:

• Devices all run a recent version of the operating system Ubuntu (15.04).

• There must be one device in the cluster which can act as a gateway between the cluster and
external networks (including the Internet).

• All devices use the same processor architecture (homogeneous cluster).
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CHAPTER 1. INTRODUCTION

• Due to limited access to single-board computers, the cluster on which we test SCMT consists of
no more than eight Odroid XU4 s.

In practice, the first limitation is not so inconvenient as it may appear since it corresponds to how
Odroid -devices are pre-configured when ordered.

1.6 Related work

The Open SSI Cluster Project [8] started in 2001 and had the goals of creating SSI software consisting
of open source components. The result was OpenSSI, a cluster management software solution for
x86-based servers. Rocks Cluster Distribution [10] is another similar project where software to enable
users to easily set up their own cluster was created. As with OpenSSI, the software from Rocks is not
compatible with ARM processors. OSCAR [11] is a project that, as with OpenSSI bundles different
open source software to create cluster management software for x86-based servers.
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Chapter 2

Problem description

There are many problems and challenges one is faced with when creating, managing, and using a
computer cluster. In this section, we detail these problems, along with some alternatives which may be
used to solve them.

2.1 Cluster architecture

There is no clear choice of architecture for a computer cluster - there are many alternatives, and which
is most suitable depends on factors such as:

• The size of the cluster: i.e. the number of nodes. As the number of nodes grow, so does
the workload of managing the cluster, and the network traffic for communication between
management software and compute nodes. Additionally, in a larger cluster, having a single master
node managing the entire cluster may be undesirable as it becomes a single point of failure for
the cluster as a whole.

• Performance versus robustness trade-o�s: a cluster may be constructed to avoid or lessen
the impact of failures (via e.g. redundancy such as multiple master nodes) at the cost of increased
resource utilisation.

• Cluster use-cases: whether the cluster is intended to run distributed application over all nodes,
or to run several applications distributed over different subsets of the cluster.

There are also a number of hardware considerations which must be present in the cluster design:

• Compute nodes: the computers that do the actual work the cluster is intended for [11], [10].

• Cluster network: the computers comprising the cluster must have some way of communicating
with each other [11], [10].

• File sharing: provide file sharing system to the nodes of the cluster, for example, the Network
File System (NFS) is a commonly used protocol [11], [10].

• Network gateway: used to connect and separate the cluster from the outside world. This allows
the cluster to have relaxed security considerations internally, since all traffic into and out of the
cluster must pass through the gateway [11], [10].

A simple solution regarding file sharing and the gateway is to provide them on the same server.
This is indeed the method used by OSCAR, a project with similar aims as SCMT [11].
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Other designs distribute parts of this, for example, it is possible to distribute the file system over
several servers - perhaps even over every single node.

For the network, an Ethernet network set-up is typically used. Additionally, a secondary network
may be used for high-performance communication [11].

2.2 Cluster management

All nodes must be correctly configured. This entails e.g. network configuration, so that nodes may
communicate, making sure all needed software is installed across all nodes, and the state of the entire
cluster must be tracked.

Cluster management can be used to create the illusion that, from the users point of view, the cluster
is one single system. This is called single-system image (SSI) [12]. SSI is accomplished by automatically
managing software installation, configuration and program invocation across all nodes in the cluster.

This may be implemented as a master service running on a master node which tracks the state of
all nodes in the cluster and invokes commands on nodes on certain events [11], [13].

An important issue in cluster management is how the master node invokes commands on the
compute nodes, and how the nodes execute these commands. One solution would be to install a service
on each node which can execute a pre-programmed set of commands. This service, running on all nodes
in the cluster, responds to requests to update configuration, install software, and execute programs.
Such requests are sent from the master service, completing the single-system image [10].

2.3 Enabling distributed computing

One of the most compelling use cases for a computer cluster is distributed computing. However, even
if a cluster is connected and properly configured, creating and running distributed programs is not a
trivial task. There are several issues:

• Task scheduling: how and when processes are invoked on what compute nodes

• Coordination: distributed processes normally have to work to collaboratively to achieve some
goal: this requires e.g. message passing between processes.

Given these problems the project should in some way enable users to in a straightforward way run
distributed applications.

2.4 Monitoring

Computer clusters are large, complex systems. As the size and complexity of a cluster increases, so
does the propensity for failures and indeed the difficulty of solving them. This is natural; the more
nodes a cluster has, the more points of failure and the more work must be done to find where the error
occurred.

To lessen the impact of these problems, a monitoring solution may help. Monitoring helps users
keep track on the state of the cluster, e.g. by providing logs or graphs which may show abnormal
behaviour. Additionally, monitoring software may help with determining precisely which node has failed
very quickly after it happens. This allows users to inspect the failing node without blindly searching
the entire cluster, or worse, leaving the user entirely unaware that something has gone wrong.

As stated in the project purpose, SCMT should provide support for cluster monitoring by the use
of existing monitoring solutions.
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2.5 Scalability issues

Ideally, the performance of a computer cluster should increase linearly with the number of nodes.
Indeed, this should, in theory, be achievable for any highly parallel application.

However, in practice, some factors may limit the scalability. A cluster’s scalability is dependent on
how well the network and cluster management software handles the increased workload that comes
with more nodes. As the network load approaches saturation; or as the load on the cluster management
software approaches 100% of CPU-time or memory usage on the nodes on which it is run, adding new
nodes will not scale well.

In particular, network limitations are often a major source of limited scalability in real systems, as
applications usually need to share significant amount of data. This may result in a linear increase in
network bandwidth usage as nodes are added into the cluster [14].
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Chapter 3

SuperK Cluster Management
Toolkit - Overview

We present the SuperK Cluster Management Toolkit, SCMT, as a prototype solution for the problem
of managing clusters of single-board computers.

3.1 Cluster architecture

SCMT currently assumes the cluster will have one master node and several compute nodes. The master
node is responsible for tracking the state of the cluster, invoking commands on compute nodes, acting
as a gateway to the clusters, hosting the file-server, and routing network traffic. This massively reduces
the complexity of the toolkit itself and is a proven architecture for managing modestly sized clusters
(less than around 100 nodes) [10], [11]. However, as mentioned in section 2.1, this may limit scalability
and definitely introduces a single-point of failure for all the aforementioned tasks. Further work would
be to expand SCMT to enable distribution of master node tasks, which would improve both scalability
and robustness; or to allow back-up master nodes to take over all master node tasks should the primary
master fail.

3.2 Software components

SCMT is written in the Go programming language, together with scripts in various languages, pre-
dominantly Bash-script. As can be seen in figure 3.1 there are two main parts of the software: the
Daemon and the Invoker. The Daemon is a part of SCMT that will be running as a background process.
Users pass commands to SCMT which may then pass them to the Invoker. Two examples of SCMT
commands that are passed to the Invoker are:

• register-device, which registers a node

• install-plugin, which enables and installs given plugin on the master and all nodes

The invoker then sends data over a TCP channel to a package called Invoked, a package in the Go
programming language is a modular part of a program. The purpose of Invoked is to receive packets
and execute actions based on the instructions, the Invoked package is handled by the Daemon. Invoked
calls numerous packages needed to handle the tasks that occurs when managing a cluster. A short
explanation of the packages used by Invoked follows:

• Master handles the installation of plugins and initialisation scripts on the master and devices
and do also keep track of their state, the package uses the Devices package to do actions on each
device.

9



CHAPTER 3. SUPERK CLUSTER MANAGEMENT TOOLKIT - OVERVIEW

• Database is used to handle the cluster state database. Other packages use the database package
in order to query the database.

• Heartbeat is a package to track which devices are accessible and which are not by continuously
pinging all devices in the cluster.

Figure 3.1: Overview of SCMTs software architecture

3.3 User guide

Together with the SCMT software suite, we also provide a user guide to help users understand how to
use the software and how it works. The user guide is supplied together with the SCMT software itself.

10



Chapter 4

Setting up the test cluster

A part of the project purpose is to test SCMT in a single-board computer cluster. This chapter will
describe the process of setting up a single-board computer cluster: both the hardware we used and how
we mounted the cluster is covered.

4.1 Hardware

We used the following hardware to create our test cluster:

• Seven Odroid XU4 devices and one Odroid U3, used as the compute nodes.

• A desktop PC with Ubuntu installed on a virtual machine, used as the master node from which
SCMT is run.

• A 16-port gigabit ethernet switch, used to connect the Odroids and master node to each other.

• A modified PSU, power supply unit, used to power the Odroid XU4s.

• Nine twisted-pair ethernet cables of various length.

• A 10 outlet power strip.

The power supply is modified so that it provides seven 5 Volt DC jacks, supplying up to 30 A, which is
more than enough for the amount Odroid XU4 devices in the cluster.

We chose to use Odroid XU4 devices, as we had several of these available at the start of the project.

4.2 Physical mounting

In order to achieve a well-structured mounting layout where cables and the addition of new devices
are easily handled, a well thought-out design of the physical mount is required. Odroids are delivered
disassembled to a certain degree. Although the Odroids used in this project did not require much
assembly, they still needed to have the memory card (eMMC ) mounted on the Odroid circuit board
and have the circuit board well secured within a plastic casing.

These encased Odroids were then mounted on top of a wooden surface using velcro-tape, as can be
seen in figure 4.1c, with enough space to connect both power and network cables. The devices were
placed to enable access ones that needed to be replaced, or for other reasons be physically accessed.
The ethernet network was routed through a switch which was also mounted on the board. The PC
PSU powering each node can be seen in 4.1b.

The PSU was then connected to power strip, which was also attached to the surface. This way the
computer cluster was portable and not bound to a single place, as can be seen in figure 4.1a.
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