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ABSTRACT

The need for dynamic resource management has shadowed
the exponential growth of on-chip transistor capacity, and
the challenge is accentuated by the heterogeneity of re-
sources, and the bewildering variety of constraints and re-
quirements of applications, platforms and users. The field
has started with a few research papers in the early 1990s
but has grown today to over hundred yearly publications,
leading to an accumulated body of literature presumable far
above 1000 papers.

We focus on the dynamic (run-time) management of on-
chip resources and mostly ignore design-time techniques and
off-chip resources of larger electronic systems. Moreover, we
do not attempt a complete review of all published work on
the topic. Rather, this survey provides a structured review
and discussion of the state of the art and is divided along
the primary objectives of resource management techniques:
performance, power, reliability and quality of service, each

Antonio Miele, Anil Kanduri, Kasra Moazzemi, David Juhdsz, Amir M. Rahmani,
Nikil Dutt, Pasi Liljeberg and Axel Jantsch (2019), “On-Chip Dynamic Resource
Management”, Foundations and Trends® in Electronic Design Automation: Vol. 13,
No. 1-2, pp 1-144. DOI: 10.1561/1000000055.
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of which has its dedicated chapter. We observe that many
works describe dedicated techniques for point problems, like
minimizing power or maximizing lifetime. In recent years
more and more methods have started to appear that address
two, three or more different goals of resource management,
but work with a holistic scope that attempts to address and
balance all relevant objectives is still rare. An exception is
the area of reliability and life-time management. There we
see that a large majority of approaches may be considered
as holistic.

Observing current limitations and recent trends we assume
that global and holistic approaches will make the most
valuable contributions to this field in the years to come and
therefore we expect that the focus of research will gradually
shift to systematic methods combining point techniques in
order to pursue and balance all relevant system goals of
highly dynamic, adaptive systems.
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1

Introduction

Resource management has a long history in computing, from the early
days of time-shared machines with pioneering fundamental work on
run-time systems, distributed systems, real-time operating systems and
middleware. The evolution in computing architectures — from single- to
multi- and many-core platforms — has resulted in a Cambrian explosion
in the diversity of computing architectures, applications and end-use
cases, due to:

e Chips are getting more complex, with:

— Increasing core count

— Increasing core heterogeneity

— Novel memory technologies and architectures
— Disparate interconnects and I/0

e Workloads are getting more diverse and unpredictable (e.g., mobile
to edge to data center)
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e There is a renewed move towards programmable architectures
tuned to certain domains (e.g., mobile, edge, cloud) and appli-
cations (neural networks, deep learning, security, cryptography,
etc.)

e Computing systems must increasingly satisfy multi-dimensional
constraints that straddle multiple metrics: performance,
power /energy, temperature, reliability, lifetime, Quality of Service
(QoS), etc. Furthermore, these constraints themselves may evolve
over time (e.g., high-performance at times, throttling for impend-
ing thermal emergencies, and strategies for extending lifetime in
the face of wear-out)

These trends have generated an incredibly large body of work for
on-chip resource management in the past two decades, that have focused
on many different combinations of architectures, workloads, constraints
and use-cases. Indeed, due to large variations in the assumptions, use of
different terminology, metrics, goals, and use-cases, anyone attempting
to review the literature can easily get overwhelmed by the volume,
diversity, and sometimes even seemingly contradictory approaches for
on-chip resource management. Furthermore, advances in program analy-
ses, system modeling, run-time monitoring, model building, and machine
learning have generated new lines of research in dynamic and adaptive
on-chip resource management that further complicate a global under-
standing of the current state-of-the-art and emerging directions for
on-chip resource management.

A number of surveys offer systematic overviews of parts of the top-
ics, challenges and techniques that we are concerned with. Some of
them focus on specific subsystem of a many-core chip like Networks-
on-Chip (NoC) (Bjerregaard and Mahadevan, 2006; Marculescu et al.,
2009; Rahmani et al., 2010; Radetzki et al., 2013) or caches (Scolari
et al., 2014), others deal systematically with particular metrics like
power, energy (Maiterth et al., 2018), or aging (Khoshavi et al., 2017).
Also, scheduling, mapping and task allocation have received a fair
amount of attention in surveys (Singh et al., 2013a, 2017; Zhuravlev
et al., 2012; Burns and Davis, 2017), with focus either on performance
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Table 1.1: A selection of surveys.

Approximate computing

Mittal (2016); Xu et al. (2016a)

NoC

NoC design

3D NoC

Fault tolerant NoC
Cache management

Bjerregaard and Mahadevan (2006)
Marculescu et al. (2009)

Rahmani et al. (2010)

Radetzki et al. (2013)

Scolari et al. (2014)

Power management in high
performance systems
Energy and power aware job
scheduling

Thermal management
Aging mitigation

Liu and Zhu (2010)
Maiterth et al. (2018)

Kong et al. (2012)
Khoshavi et al. (2017)

Dark silicon
Self-aware SoCs

Shafique and Garg (2017)
Jantsch et al. (2017)

Energy and power aware job
scheduling

Mapping in many core
systems

Resource allocation in hard-
and soft- real-time systems
Scheduling

Mixed Criticality systems

Maiterth et al. (2018)
Singh et al. (2013a)
Singh et al. (2017)

Zhuravlev et al. (2012)
Burns and Davis (2017)

Resource management in

clouds

Jennings and Stadler (2015)

or real-time behavior. Current trends and opportunities like approxi-
mate computing (Mittal, 2016; Xu et al., 2016a), the dark silicon phe-
nomenon (Shafique and Garg, 2017) and comprehensive self-monitoring
on-chip (Jantsch et al., 2017) have recently inspired researchers to
review, analyze and compare relevant work. But none of them, as Ta-
ble 1.1 illustrates, covers all the aspects of on-chip resource management
in a holistic way and many of them also include both design time and
run time methods. It should be noted that any resource allocation
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approach contributes to multiple metrics (e.g., energy, temperature,
QoS, etc.) and cannot be adequately discussed in isolation. Therefore, a
comprehensive review is needed to discuss the relation between different
categories of on-chip resource management techniques and the metrics
of interests in a holistic fashion.

This article attempts to cover all aspects of on-chip run-time resource
management to facilitate understanding of recent trends in dynamic
and adaptive strategies. We have organized the article into three major
sections (also visualized in Figure 1.1):

1. Chapter 2 presents a taxonomy of on-chip resources, design metrics,
objectives and constraints. This categorization helps the reader
visualize the relationship between different resource categories
(e.g., computing, storage, communication) and design metrics (e.g.,
performance, power/energy, temperature, QoS, lifetime, etc.). This
chapter also relates the role of objectives and constraints that
guide resource management policies.

2. Chapters 3 through 6 survey literature in dynamic on-chip resource
management through the lens of the primary metrics that drive
these bodies of work:

e Chapter 3 reviews efforts focused on the traditional metric of
optimizing system performance. Historically performance has
been the major driving metric for computing platforms, and
for many scenarios it continues to be an important design
metric

e Chapter 4 covers resource management techniques that ad-
dress the metrics of power, energy and temperature. As the
core count increased, the move to multi- and many-core ar-
chitectures rapidly hit the power wall, resulting in a large
body of work on power-aware resource management strategies
via both hardware and software techniques. Concurrently,
research on run-time energy efficiency gained traction via
mapping and scheduling approaches. Thermal management
techniques began to appear in the past decade, with the goal
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of operating chips at a safe temperature via dynamic thermal
management techniques.

e Chapter 5 surveys the large body of work on reliability,
via the facets of lifetime management, soft-error resilience,
and online fault management. Modern chips are increasingly
susceptible to failures from a diverse set of causes, leading
to premature lifetime failure (due to aging and wear-out) or
intermittent /transient failures (due to soft errors). Numerous
techniques have been developed to mitigate these failures.
Additionally, there is a large body of work covering online
fault management that dynamically detects, and proactively
applies fault management strategies to prevent failures.

e Chapter 6 addresses QoS metrics that drive several impor-
tant classes of applications. While QoS can be a nebulous
“qualitative” term, we first give specific examples of QoS for
different applications, and relate it to the specific metrics
that drive the QoS. Here we survey resource management
techniques from two angles: a) performance-bound QoS tech-
niques that achieve desired QoS by controlling resources
(e.g., compute, memory, I/O), and b) accuracy-bound QoS
for applications that can tolerate some loss of accuracy in
exchange for sacrificing resources and/or metrics via both
static and dynamic strategies.

Note, that each chapter includes several tables listing all the
approaches discussed in the various sections. The goal of these
tables is to summarize the discussion and provide the taxonomy
of the various approaches based on the specific aspects discussed
in the text. Since the discussion in each section is specific to
the aspects of the presented subtopic, each table has a custom
organization of the rows and columns.

. Chapter 7 addresses the limitations of existing work and outlines
recent trends in enabling adaptive resource management in the
face of dynamically varying workloads, system properties, and
unforeseen environmental effects. Samples of emerging topics in
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dynamic resource management are highlighted as examples of
ongoing challenges facing researchers in this domain.

Chapters 3, 4, 5, and 6 can be read independently of each other
and in any order. Hence, 2, 4, 7 would be reasonable flow of reading as
would be 2, 6, 7, depending on the interest of the reader.

While we have attempted to do a comprehensive survey, it is by no
means complete, but should provide the reader with a framework within
which to navigate both existing, as well as evolving research efforts in
on-chip dynamic resource management.

Chapter 2: Terminology

| Chapter 3: Performance

Compute

Memory

Network

I1/0

| Chapter 4: Power, energy, thermal management

Power consumption

Energy efficiency

Thermal management

| Chapter 5: Reliability

Lifetime management

Soft error susceptibility management

Online fault management

| Chapter 6: (Quality-of-Service
Performance bound QoS
Accuracy bound QoS

| Chapter 7: Limitations and trends

Figure 1.1: Article structure.
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