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Preface

The key challenge for future computer system is dealing with complexity. On one
hand this involves internal system complexity which has increased exponentially
over recent years. Here the main objectives are to maintain system reliability
and to keep the design and maintenance effort manageable, while at the same
time continuing to provide new functionality and increasing system performance.
This has been the focus of so-called autonomous computing, which aims to bring
self-configuration and repair to a wide range of computing systems.

On the other hand future computer systems are more and more becoming
integrated into the-fabric of everyday life and thus have to deal with the com-
plexities of the real world. They will become smaller, more appropriate for their
use, integrated into everyday objects, and often virtually or physically invisible
to the users. They will also be deployed in a much higher quantity and penetrate
many more application areas than traditional notions of computer systems. This
requires computer systems to be adaptable within a much wider range of possible
tasks, subjected to much harsher conditions.

To provide such features and functionality, computer devices will become
tinier yet still increase in system complexity; they must consume less power, while
still supporting advanced computation and communications, such that they are
highly connected yet still operate as autonomous units. Pervasive and ubiquitous
computing research addresses such issues by developing concepts and technology
for interweaving computers into our everyday life. The principal approach is
to enhance system functionality and adaptability by recognizing context and
situations in the environment.

Organic computing deals with high system complexity by drawing analo-
gies from complex biological systems, with the human-centered goal of self-
organization. It addresses both internal system complexity of conventional sys-
tems and the complexity involved in pervasive environments dealing with the real
world. Thus organic computing investigates the design and implementation of
self-managing systems that are self-configuring, self-optimizing, self-healing, self-
protecting, context aware, and anticipatory. It touches upon a number of exciting
research topics including ultra-low power consumption, scalability and complex-
ity of devices and systems, self-awareness, adaptive networking, and smart be-
havior of systems.

Many papers submitted to the Architecture of Computing Systems Confer-
ence (ARCS) address these aspects of adaptable, self-organizing systems. For
computer system hardware, reconfigurable hardware allows us to optimize the
system performance based on the application context, relieving software develop-
ers from detailed consideration of the inherently inflexible hardware constraints.
Adaptive methods for managing resources and tasks enable (embedded) micro-
processor systems to be both real-time aware but also very low in their power
consumption. In software, middleware agents are able to cope with changes in



VI Preface

application and environment, thus still providing a minimum of functionality
even under difficult and changing conditions.

Adaptive ad hoc communication networks and context-aware pervasive sys-
tems and applications provide the functionality mostly visible to the end user
of such systems. To achieve this extent of adaptivity a large variety of meth-
ods were used — many of them borrowed from nature. The papers in this book
present a good profile of such novel methods and their application in the area of
computing systems.

This year the ARCS conference selected 18 papers from a competitive field
of 52 submissions from 12 countries. All papers accepted for presentation were
peer reviewed and discussed in the first step in an online discussion among
members of the international Program Committee. In the PC Meeting then the
final decisions were made based on these reviews and the online discussions. Care
was taken to avoid any conflict of interest by handing out papers and discussion
papers only to PC members not involved in or related to the work.

We would like to take the opportunity to thank the numerous people who
supported us in organizing the paper program and the conference: the Pro-
gram Committee members for their efforts in reviewing many papers; Uwe
Brinkschulte for supporting us by serving as the Workshops and Tutorials Chair;
and the General and Program Chairs, Christian Miiller-Schloer and Theo Un-
gerer, for sharing their experience with us and helping us to organize the paper
program and the conference.

We extend our gratitude to several organizations that provided financial and
organizational support for the ARCS conference. Volker Schanz from the ITG
provided the legal framework and the ARCS Fachausschuss, the organizational
body of the conference. Financial and organizational support came from the
APS+PC group, which organized and funded a special session with several in-
teresting invited talks. Donations also came from our benefactor, Siemens AG.
We would also like to thank Christian Decker and Michael Biebl for their help
during the electronic submission process, and the University for Health Sciences,
Medical Information and Technology in Innsbruck, Austria, for hosting the con-
ference.

January 2005 Michael Beigl
Program Chair ARCS 2005

Paul Lukowicz
General Chair ARCS 2005
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Energy Management
for Embedded Multithreaded Processors
with Integrated EDF Scheduling

Sascha Uhrig and Theo Ungerer

Institute of Computer Science, University of Augsburg,
86159 Augsburg, Germany
Tel.: +498215982353, Fax.: +498215982359
{uhrig,ungerer}@informatik.uni-augsburg.de

Abstract. This paper proposes a new hardware-based energy manage-
ment technique for future embedded multithreaded processors with in-
tegrated Earliest Deadline First (EDF) real-time scheduling. Our energy
management technique controls frequency reduction and dynamic volt-
age scaling depending on the deadlines, the Worst Case Execution Times
(WCET), and the real execution times. Hard real-time capability can be
guaranteed for aperiodic threads and for threads with deadlines shorter
than their period. Our evaluations show that energy consumption can
be reduced up to about % of a comparable software-based algorithm.

Keywords: energy management, energy-aware program execution, real-
time scheduling, multithreading, EDF scheduling

1 Introduction

The reduction of energy consumption is an important research field because of
the rapidly growing number of battery-powered mobile and embedded devices.
Hard real-time is often an essential requirement for such systems. This paper
focuses on energy management in embedded processor cores in combination with
real-time applications. The aim is to reduce the total energy consumption by
optimizing power consumption without delaying the completion of the real-time
threads.

In CMOS devices, the power consumption is proportional to the square of
the supply voltage and linear to the frequency:

Pcmos = aCLVnga

where a is the activity of the circuit, Cf, is the output load capacity, Vpp the sup-
ply voltage, and f the frequency. Obviously, power consumption can be reduced
dynamically by decrementing supply voltage and clock frequency. Unfortunately,
supply voltage depends on clock frequency and, using lower frequency, the pro-
cessor’s performance is reduced too. Hence, in real-time systems, we have to
control frequency in a way which does not harm the real-time behavior of the
system.

M. Beigl and P. Lukowicz (Eds.): ARCS 2005, LNCS 3432, pp. 1-17, 2005.
© Springer-Verlag Berlin Heidelberg 2005



2 Sascha Uhrig and Theo Ungerer

We developed a multithreaded Java microcontroller — called Komodo mi-
crocontroller — with hardware-integrated real-time scheduling schemes [1, 2] for
application in embedded real-time systems and ubiquitous devices. The Komodo
microcontroller is able to perform a thread switch without any overhead. Thus,
instructions of active threads are executed in an overlapped fashion inside the
core pipeline; the EDF scheduler hardware ensures that the thread with the
earliest deadline is the thread with the highest priority. Due to hardware multi-
threading, instructions of other threads are executed within latency cycles of the
thread with the highest priority without interfering with its execution (latency
bridging).

We investigate mechanisms to minimize energy consumption using hardware-
based energy management techniques that are made possible by a multithreaded
processor core with integrated EDF scheduling. In particular, we show that en-
ergy saving techniques like frequency reduction and voltage scaling can be con-
trolled more efficient by the integrated EDF energy management than using
conventional operating system methods. Our hardware-integrated energy man-
agement algorithm chooses automatically in each processor cycle the frequency
and voltage level that is currently required to perform a real-time application
without any miss of deadline.

The next two sections show state-of-the-art energy saving mechanisms and
related work. Section 4 presents the extensions for hardware-based energy man-
agement within the processor-integrated EDF scheduler and in section 5 we
evaluate our approach. Section 6 concludes the paper.

2 State-of-the-Art Energy Saving Mechanisms

Commercial processors use a number of techniques for saving energy like pipeline
gating, several suspend or sleep modes, and reduction of frequency and supply
voltage. Intel’s XScale [3], Transmeta’s Crusoe [4] and the MSP430 [5] from Texas
Instruments work with software-controlled techniques of frequency reduction and
voltage scaling.

We describe shortly the energy saving features of the XScale and the Crusoe
processors, because we use their electrical properties (voltages and frequency
rates) for simulating our hardware-based energy management. Both processors
are able to run at several frequencies using different supply voltages. A change
of frequency requires among other tasks to complete all outstanding memory
accesses, to set the external SDRAM to self-refresh mode, and to disable the
interrupt controller. Most tasks are done automatically, but, nevertheless, they
need time for execution. The whole process of changing frequency requires up to
500us in the case of the XScale. Using the Crusoe processor, the time required
for a supply voltage change depends on the distance of the two voltage levels.
The maximum value is about 896us in the default configuration.

Pipeline Gating [6] is a technique for selectively disconnecting parts of the
processor, especially pipeline stages. So the energy consumption can be reduced
by uncoupling unnecessary parts of the pipeline without concerning any other
component. In contrast, frequency and voltage scaling affect the whole circuit.
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3 Related Work on Real-Time Energy Management

Different directions of research targeting real-time applications are present: en-
ergy management controlled by the application, the operating system, or by the
hardware itself. Application-based power management requires special power
control sequences within the application’s program code. Shin et al. [7] present
a technique for automatic insertion of power controlling code based on a WCET
analysis before runtime. The suggested mechanism is feasible for hard real-time
systems.

In contrast to application-based techniques, other approaches focus on fre-
quency and voltage reduction controlled by the operating system, especially
by its thread scheduler. Pillai et al. [8] present several energy-aware scheduling
schemes similar to the EDF scheduling scheme for low-power embedded real-time
operating systems. Jejurikar et al. [9] focus on the problem of task synchroniza-
tion in combination with energy-aware task scheduling. Pouwelse et al. [10, 11]
describe a hybrid approach, which is based on an extended Linux OS with a
so-called energy priority scheduling. The parameters for the scheduler are given
by the application.

A theoretical approach for an energy saving technique using EDF scheduling
is presented by Krishna et al. [12, 13]. Their energy management is based on an
offline thread schedule, the online schedule, an offline and an online function,
which describe the amount of work to do. Aydin et al. [14] additionally use a
speculative speed adjustment for periodic real-time tasks.

All presented techniques are based on a single-threaded processor core and
a software-based energy management. Energy management investigations con-
cerning multithreaded processors pertain simultaneous multithreading and are
made by [15, 16]. Energy management of a multithreaded single-issue processor
with integrated Guaranteed Percentage (GP) hardware real-time scheduling was
evaluated by ourselves [17, 18].

All existing processors and research approaches (except our GP energy man-
agement) suffer from the inefficiency of software control: Calculating the optimal
frequency and the supply voltage by software requires a software overhead. Ad-
ditionally, most control techniques assume a continuous frequency control which
is not realistic. In real processors, frequency is selected by binary clock multipli-
ers and dividers, i.e. only discrete frequency levels are possible. A more efficient
solution is a hardware-based energy management, i.e. the processor core decides
to run at the optimal frequency and voltage level by itself and is able to readjust
frequency and voltage during thread execution.

Another drawback of existing energy management techniques in combination
with real-time scheduling is the often used assumption, that the deadline of each
thread has to be equal to its period. Krishna et al. and Aydin et al. addition-
ally require an offline thread “execution” for determining the amount of work
function and the offline schedule itself for the energy management.
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4 Hardware-Based Energy Management Mechanism

4.1 Thread Model

For our energy management technique we permit arbitrary activation of threads
with the constraints that all threads are independent and that a thread will
only be restarted after its completion, i.e. at most one instance of each thread is
active at a time. In the case of periodic threads, we do not make the assumption
that their deadlines are equal to their periods.

For the realization of our proposed energy management technique, several
characteristics of the execution of a thread are necessary. Fig. 1 illustrates the
required values which are measured in execution cycles. The figure is divided
into two scheduling areas: the upper area describes the reqular thread schedul-
ing which is similar to Krishna’s offline scheduling, with the difference that it
is generated online by the knowledge of the WCETSs and the deadlines of the
already completed and all actually active threads. The lower area mirrors the
scheduling depending on the real runtime behavior of the threads, i.e. the run-
time scheduling. In addition to these two schedulers a third scheduler, not shown
in the figure, called execution scheduler is present. It is responsible for the se-
lection of the thread executed within the multithreaded processor pipeline in
the current clock cycle. Because of the latency bridging, the scheduling decision
temporarily alternates between different threads.

thread regular start regular thread
activation of execution completion
Wi WCET : j ‘regular scheduling
e l RET : suplus ., .
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. tread | thread i runtime schéedullng
- completion Vexe‘cuﬁon‘s ¢ : )

S

time

— stort | i1] fcmdeﬁon 1

" untimet(t,) remaining runtime(t,)
deadiine

<time of view t,

..................... |
execution of other threads

with earlier deadlines

Fig. 1. Characteristics during the execution of a thread.

The deadline and the WCET are given by the application and stored as con-
stants within the energy management unit. The surplus are the remaining cycles
from thread completion to the regular (planned) completion of the thread assum-
ing that all previous threads have exhausted their WCE T too. The runtime(ty)
represents the amount of execution cycles the current thread has executed up to
time ¢o. In general, due to the multithreaded execution and the surplus of the pre-
vious thread, an early thread execution takes place and thus, the runtime (tsiqrt)
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is greater than zero at the regular start of execution. At thread completion, the
runtime(tcompletion) is equal to the real execution time (RET). The remaining
runtime(to) is the number of cycles the thread will run from time %o (assuming
its WCET), i.e., the difference between the WCET and the runtime(to ). The
surplus is the sum of the surplus by early thread completion and the surplus by
early thread execution (surplus of the previous thread).

4.2 Methodology

The idea behind the hardware-based energy management mechanism is that the
active threads rarely need the time calculated as WCET for the actual execution
as it is reported in [19]. Thus frequency can be reduced such that all threads ter-
minate as late as possible but not later than the time predicted by the schedula-
bility analysis (depending on the WCETs). As a consequence, the supply voltage
can be adapted to a level corresponding to the throttled frequency, which may
lead to a tremendous energy saving. Because of the direct relationship between
the selected clock frequency and the required supply voltage, determining the
optimal clock frequency is the real challenge.

Using a software-based solution, frequency and voltage selection is only possi-
ble at the time of a thread suspend or activation (intertask DVS) or at dedicated
points during thread execution (intratask DVS). In contrast to a software-based
version, our hardware-based energy management is able to observe the progres-
sion (in execution cycles) of all active threads continuously. Thus, clock frequency
and supply voltage can be adapted dynamically during the thread’s execution
to approximate the optimal execution speed.

At the time of a thread suspend the presented energy saving mechanism
registers the number of execution cycles remaining to the regular thread suspend,
i.e. the surplus. Due to the surplus of the just suspended thread the execution of
the thread directly following can be slowed down. The optimal frequency freduced
can be calculated by the formula

P B WCET . f
reduced — su'rplus n WCET mazs

where fmaz is the maximum frequency of the processor, WCET is the WCET
of the new thread, and surplus is the surplus of the just suspended thread. If
the processor is working at the calculated optimal frequency freduced and the
new thread requires its complete WCET, its execution completes exactly at the
time planned by the schedulability analysis. If the new thread does not need its
WOCET for execution it offers a surplus to the following thread. Usually only fixed
frequency levels are provided by the processor. So the optimal frequency cannot
be selected and a frequency higher than the optimal one has to be chosen. As
result, the really required energy is higher than the theoretical necessary energy.

4.3 Implementation

To realize the EDF energy management the following set of five hardware regis-
ters are required for each hardware thread slot:



