Dynamic Resource Allocation
in Embedded, High-Performance
and Cloud Computing




RIVER PUBLISHERS SERIES IN INFORMATION SCIENCE
AND TECHNOLOGY

Series Editors

K. C. CHEN SANDEEP SHUKLA
National Taiwan University Virginia Tech

Taipei, Taiwan USA

CHRISTOPHE BOBDA

University of Arkansas

USA

The “River Publishers Series in Information Science and Technology” covers research which
ushers the 21st Century into an Internet and multimedia era. Multimedia means the theory
and application of filtering, coding, estimating, analyzing, detecting and recognizing, synthe-
sizing, classifying, recording, and reproducing signals by digital and/or analog devices or
techniques, while the scope of “signal” includes audio, video, speech, image, musical, multi-
media, data/content, geophysical, sonar/radar, bio/medical, sensation, etc. Networking suggests
transportation of such multimedia contents among nodes in communication and/or computer
networks, to facilitate the ultimate Internet.

Theory, technologies, protocols and standards, applications/services, practice and implemen-
tation of wired/wireless networking are all within the scope of this series. Based on network and
communication science, we further extend the scope for 21st Century life through the knowl-
edge in robotics, machine learning, embedded systems, cognitive science, pattern recognition,
quantum/biological/molecular computation and information processing, biology, ecology, social
science and economics, user behaviors and interface, and applications to health and society
advance.

Books published in the series include research monographs, edited volumes, handbooks and
textbooks. The books provide professionals, researchers, educators, and advanced students in the
field with an invaluable insight into the latest research and developments.

Topics covered in the series include, but are by no means restricted to the following:

Communication/Computer Networking Technologies and Applications
Queuing Theory

Optimization

Operation Research

Stochastic Processes

Information Theory
Multimedia/Speech/Video Processing
Computation and Information Processing
Machine Intelligence

Cognitive Science and Brian Science
Embedded Systems

Computer Architectures

Reconfigurable Computing

Cyber Security

For a list of other books in this series, www.riverpublishers.com



Dynamic Resource Allocation
in Embedded, High-Performance
and Cloud Computing

Leandro Soares Indrusiak
Piotr Dziurzanski

Amit Kumar Singh

River Publisherts



Published, sold and distributed by:
River Publishers

Alsbjergvej 10

9260 Gistrup

Denmark

River Publishers
Lange Geer 44
2611 PW Delft
The Netherlands

Tel.: +45369953197
www.riverpublishers.com

ISBN: 978-87-93519-08-4 (Hardback)

978-87-93519-07-7 (Ebook)

©2016 Leandro Soares Indrusiak, Piotr Dziurzanski and Amit Kumar Singh

Cover design by Andrea Monteiro and Leandro Soares Indrusiak

All rights reserved. No part of this publication may be reproduced, stored in
a retrieval system, or transmitted in any form or by any means, mechanical,
photocopying, recording or otherwise, without prior written permission of

the authors.



Contents

Preface xi

Acknowledgements xiii

List of Figures XV

List of Tables xix

List of Algorithms xxi

List of Abbreviations xxiii

1 Introduction 1

1.1 Application Domains . . . . . ... ... ... ....... 2

1.2 RelatedWork . . ... .. ... .. ............. 4
1.2.1  Allocation Techniques for Guaranteed

Performance . ... .. ... ... ......... 4

1.2.2  Allocation Techniques for Energy-efficiency . . . . . 6

1.3 Challenges. . . .. ... ... ... ... ... ... ..., 7

1.3.1 Load Representation . . ... ... ......... 7

1.3.2 Monitoring and Feedback . . ... ... ... ... 8

1.3.3  Allocation of Modal Applications . . . . ... ... 8

1.3.4 Distributed Allocation . . . . ... ... ...... 9

1.3.5 Value-based Allocation . . . . ... ......... 9

2 Load and Resource Models 11

2.1 RelatedWork . ... ... ... ... ... ...... 12

2.2 Requirements . . . . . . . .. ..o 13

2.2.1 Requirements on Modelling Load Structure . . . . . 13

22.1.1 Singleton. . . ... ... ......... 14

2.2.1.2 Independentjobs. . .. ... ... .... 14



vi

3

Contents

2.2.1.3  Single-dependency jobs . . . . ... ...
2.2.14 Communicatingjobs . . . . . . ... ...
2.2.1.5 Multi-dependency jobs . . . . ... ...
2.2.2  Requirements on Modelling L.oad Temporal
Behaviour . . . . .. ... Lo
2.2.2.1 Single appearance . . . .. ... .....
2.2.2.2  Strictly periodic . . .. ... .......
2223 Sporadic . . ... ... .. ... ....
2224 Aperiodic ... ..............
2225  Fullydependent . ... ..........
2226 Noutof Mdependent . . .. ... ....
2.2.3 Requirements on Modelling Load Resourcing
Constraints . . . . . . . ... ... ...
2.23.1 Untypedjob . . ... ... ........
2232 Single-typedjob . . . . ... ... ...
2233 Multi-typedjob . . ...
2.2.4 Requirements on Modelling Load
Characterisation . . . . . ... ... ... .....
2241 Fixedload . . ... ... ... .....
2.2.42 Probabilisticload . .. ..........
2243 Typedfixedload . . . ... ... .....
2.2.44 Typed probabilisticload . . . . .. .. ..
2.3 An Interval Algebra for Load and Resource Modelling . . .
2.3.1 Modelling Load Structure . . . .. ... ... ...
2.3.2 Modelling Load Temporal Behaviour . . . ... ..
2.3.3 Modelling Load Resourcing Constraints . . . . . . .
2.3.4 Modelling Load Characterisation . . ... ... ..
2.3.5 StochasticTime . . . . ... ... ... .......
24 Summary ... ... e

Feedback-Based Admission Control Heuristics

3.1 System Model and Problem Formulation . . . . . . ... ..
3.1.1 PlatformModel . . . . . ... ... ... ......
3.1.2 ApplicationModel . . ... ... ... ... ....

3.2 Distributed Feedback Control Real-Time Allocation . . . . .

3.3 Experimental Results . . . .. ... ... ..........
3.3.1 ControllerTuning . . . . . ... ... ........
332 StressTests . . . . . .. ... o
333 RandomWorkloads . . . ... ... .........



Contents Vil

3.4 Dynamic Voltage Frequency Scaling . . . . . ... ... .. 35
3.5 Applying Controllers to Steer DVES . . . . .. .. ... .. 37
3.6 Experimental Results . . . .. ... .. ........... 40
3.6.1 Controller Tuning . . . . .. ... ... ....... 40
3.6.2 Random Workloads . . . ... ... ......... 42
377 RelatedWork . .. ... ... ... .. ... .. ...... 46
3.8 Summary ... ... 48
Feedback-Based Allocation and Optimisation
Heuristics 51
4.1 System Model and Problem Formulation . . . . . . ... .. 52
4.1.1 ApplicationModel . . . . ... ... ... ... .. 53
4.1.2 PlatformModel . . . . . .. ... oL 53
4.1.3 Problem Formulation . . . . .. ... ... ..... 54
4.2 Performing Runtime Admission Control and Load Balancing
to Cope with Dynamic Workloads . . . . . ... ... ... 54
43 Experimental Results . . . . .. ... .. ... ....... 58
4.3.1 Number of Executed Tasks, Rejected Tasks
and Schedulability Tests . . . . . ... ... .... 60
43.1.1 Periodicworkload . . . . ... ... ... 60
43.1.2 Randomworkload . . . . ... ... ... 62
4.3.2 Dynamic Slack, Setpoint and Controller Output . . . 64
43.2.1 Periodicworkload . . .. ... ... ... 64
4322 Lightworkload ... ........... 66
433 CoreUtilization. . . . . ... ... ... ...... 66
4.3.4 Case Study: Industrial Workload Having
DependentJobs . . . . . . ... ... ... ... .. 68
44 RelatedWork . . .. .. ... ... .. ... ... ... 70
45 Summary . ... ... 72
Search-Based Heuristics for Modal Application 73
5.1 System Model and Problem Formulation . . . . ... .. .. 74
5.1.1 ApplicationModel . .. ... ... ......... 74
5.1.2 PlatformModel . . . . . .. ... ... ... ... 75
5.1.3 Problem Formulation . . . . .. ... ........ 77
5.2 Proposed Approach . . . ... ... ... .. .. ...... 78
5.2.1 Mode Detection/Clustering . . . . .. ... ..... 78
5.2.2  Spanning Tree Construction . . . ... ... .. .. 79

5.2.3  Static Mapping for Initial Mode . . . . ... .. .. 80



viii  Contents

5.2.4  Static Mapping for Non-Initial Modes . . . . . . . . 82
5.2.5 Schedulability Analysis for Taskset During
Mode Changes . . . . ... ... ... ....... 84
52.6 On-LineSteps . .. ... .............. 90
53 RelatedWorks . . . . ... ... ..o 91
54 Summary ... ... 93
6 Swarm Intelligence Algorithms for Dynamic Task
Reallocation 95
6.1 System Model and Problem Formulation . . . . . . . .. .. 96
6.1.1 LoadModel . . . . . .. .. ... ... ..., 96
6.1.2 PlatformModel . . . . . .. ... oL 98
6.1.3 Problem Statement . . . . . ... ... ... .... 98
6.2 Swarm Intelligence for Resource Management . . . . . . . . 99
6.2.1 PS —Pheromone Signalling Algorithm . . . . . . .. 99
6.2.2 PSRM - Pheromone Signalling Supporting Load
Remapping . . . . ... ... ... 102
6.3 Evaluation . . . .. .. ... ... ... ... ... 108
6.3.1 ExperimentDesign . . . ... ............ 108
6.3.1.1 Metrics . . . .. ... 109
6.3.1.2  Baseline Remapping Techniques . . . . . 110
6.3.2 Experimental Results . . . . ... .......... 110
6.3.2.1 Comparison between clustered
approaches . . . . .. ... ........ 110
6.3.2.2  Comparison regarding video processing
performance . . .. ... ... ...... 111
6.3.2.3  Comparison regarding communication
ovethead . . . . ... ... . ... ... 112
6.3.2.4  Comparison regarding processor
utilisation . . . .. ... oL 113
633 Outlook . . ... ... ... 115
6.4 Summary . . . ... ... 116
7 Value-Based Allocation 119
7.1 System Model and Problem Formulation . . . . . . ... .. 120
7.1.1 Many-Core HPC Platform Model . . ... ... .. 120
7.12 JobModel .. ..... ... ... .. 121
7.1.3 Value Curveofalob . . ... ... ... ..... 121
7.1.4  Energy ConsumptionofalJob . .. ... ... ... 122
7.1.5 Problem Formulation . . . . . ... ... ...... 122



Contents 1x

7.2 TheSolution. . . . ... ... ... ... ... ... ... 123
7.2.1 Profiling Based Approach (PBA) . . . . . ... ... 123
7.2.2 Non-profiling Based Approach (NBA) . . . . . . .. 125
7.3 Evaluations . . ... ... ... oL 128
7.3.1 Experimental Baselines. . . . ... ......... 129
7.3.2  Value and Energy Consumption at Different

Arrival Rates . . . . .. ... oo 130

7.3.3 Value and Energy Consumption with Varying
Numberof Nodes . . . . ... ... ... ...... 131

7.3.4  Value and Energy Consumption with Varying
Number of Cores in EachNode . . ... ... ... 131
7.3.5 Percentage of RejectedJobs . . . . ... ... ... 132
74 RelatedWorks . . . . . ... ..o oo 133
7.5 Summary ... ... 134
References 135

About the Authors 151






Preface

The availability of many-core computing platforms enables a wide variety
of technical solutions for systems across the embedded, high-performance
and cloud computing domains. However, large scale many-core systems are
notoriously hard to optimise. Choices regarding resource allocation alone can
account for wide variability in timeliness and energy dissipation (up to several
orders of magnitude). This book covers dynamic resource allocation heuristics
for many-core systems, aiming to provide appropriate guarantees on perfor-
mance and energy efficiency. It addresses different types of systems, aiming to
harmonise the approaches to dynamic allocation across the complete spectrum
between systems with little flexibility and strict performance guarantees all
the way to highly flexible systems with soft performance guarantees.

Resource allocation is one of the most complex problems in large multi-
processor and distributed systems, and in general it is considered NP-hard. The
theoretical evidence shows that the number of possible allocations of applica-
tion tasks grows exponentially with the increase of the number of processing
cores. The empirical evidence points in the same direction, with case studies
showing that for a realistic multiprocessor embedded system (40-60 applica-
tion components, 15-30 processing cores) a well-tuned search algorithm had
to statically evaluate hundreds of thousands of distinct allocations before it
finds one that meets the systems performance requirements.

In this book, we argue that the only way to cope with such complexity
is to design systems that are capable to explore the allocation space during
runtime. This is commonly done in cloud and high-performance computing,
mainly because the workload of such systems cannot be accurately predicted
in advance and static allocations are thus impossible. In embedded systems,
the workload is more predictable in terms of its worst-case behaviour, but
static allocations that take such characterisation into account tend to produce
underutilised platforms. We therefore set the scene for dynamic resource
allocation mechanisms by identifying and evaluating allocation heuristics that
can be used to provide different levels of performance guarantees, and that
cope with different levels of dynamism on the application workload.

X1



Xii  Preface

The book starts with a description of the common practices and challenges
in dynamic resource allocation, highlighting the peculiarities of each domain:
embedded, HPC and cloud computing. Then, each of the challenges is
addressed in detail within the following chapters, which are largely self-
contained and therefore can be read in any order. To facilitate understanding,
all of them follow the same structure: a specific challenge is motivated and
the respective problem is precisely formulated; a detailed description of a
solution to the problem is then given, followed by experimental work showing
quantitative evidence of the strengths and weaknesses of that solution; related
work is reviewed; and a summary of the chapter is given at the end.

The technical work that resulted in this book was done within the frame of
the DreamCloud project, and the project website! makes available a number
of reference implementations of the models and heuristics described here.
Updates to this book will also be made available on that website.

Leandro Soares Indrusiak,

Piotr Dziurzanski,
and Amit Kumar Singh,

York, summer of 2016.

"http://www.dreamcloud-project.org
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