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Furthermore Process Cruise Control determined the rate of
memory requests and executed instructions. The characteriza-
tion according to the rates gathered at 666 MHz is plotted in fig-
ure 11. Here the speed according to Process Cruise Control is
determined by the line above the marker of each application.

optimal 400 MHz optimal 466 MHz
optimal 533 MHz optimal 600 MHz
——— optimal 666 MHz optimal 733 MHz

& factor gzip
A dpeg W findgrep

0,70%

Fmfindigrep

0,60%
0,50% |
0,40%
0,30%

0,20% +

Memory Request Rate

0,10%

0,00% T T T T
0% 20% 40% 60% 80% 100%

Instruction Execution Rate

FIG. 11 :Frequency domains of a space spanned by instruction-execution
and memory-request rate at 666 MHz.

2.3 Basic System Energy Characteristics

Goal of the basic measurements is to determine the variation in
the power of the processor and the memory. We executed several
simple micro-benchmarks that involve different sets of func-
tional units. During all the runs the processor was constantly
busy. For the presentation in this paper we selected some micro-
benchmarks which exhibit interesting characteristics of today’s
computer architectures.

First, we ran an arithmetic test (add_reg) doing arithmetic oper-
ations with all operands in register, then a synthetic application
(goto_label) to investigate the influence of branches on the
energy consumption. One of the tests (call_function) passes
parameters to subroutines. As the stack is used to pass parame-
ters we see a mix of normal operations on registers, branches and
cache references. Finally several tests were executed that trigger
read and write cache- and memory-operations (read, read/write
L1/memory).

1400 mW + ODynamic CPU&Memory Power
1200 mW -
1000 mW -
800 mW
600 mW
400 mW -
200 mW -
0mW T T T T T T
> S > > o) &S
& STITES
7 ~9 S & N o )
kS o/ & & & & &
v S Y ) ) 2
R~ F & F
S b < S&
g

FIG. 1 : 1Q80310 Board (XScale@733MHz, 32 MB SDRAM) Power Breakd

The dynamic power consumption of the low-power XScale sys-
tem (see figure 1) is quite stable for CPU intensive applications
without main memory requests. Here the power drain ranges
between 570 mW and 800 mW at a clock frequency of 733 MHz.
As soon as the main memory serves requests, the memory con-
troller and the SDRAM module are involved. This leads to a
boost in energy consumption up to 1220 mW.

Benchmark Instructions | Branches | L1 References | Memory Requests
per Us per s per s per us
add_reg 680 12 0 0
goto_label 313 104 0 0
call_function 379 52 143 0
read L1 548 46 182 0
read/write L1 578 38 307 0
read memory 85 7 28 3.7
read/write memory 43 3 23 43
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TABLE I:Rates of characteristic events

Four factors which can be monitored with the performance mon-
itoring counters seem to influence the energy consumption (see
table 1). The rate of executed instructions, of executed branches,
of data cache references and the rate of memory requests. While
the number of executed instructions seems not to influence the
energy consumption, the frequency of branches (when executing
goto_label), the activity of the MMU and the caches
(call_function, read, read/write L1 cache) increases the energy
needs of the processor core.

2.4 Power/Performance Characteristics

The effect of frequency scaling on the performance and system
energy consumption is demonstrated in figure 2 and figure 3.

Performance —e— add reg
24
2,2 4 —m— call function
2
181 goto label
6 read L1
144
1,2 —x— read/w rite L1
1 = - - - - -
4o o ob o b o —e— read memory
'bQQ‘ Qé‘z‘ Q)Q‘z‘ 'béz‘ Qéz‘ Qaéz‘ ‘béz\ i
o R W L A —+— read/write
memory

FIG. 2 : Relative Application performance at various clock speeds

1400 mW addre
1200 mW —e —m— call function
1000 mW -
500 mw | goto label
600 mW 4 read L1
400 mW -
200 mW —¥— read/write L1
0mW T T T T T T —@— read memory
o sy R RN
g‘\é@@‘b@@ég@é@éé@ééwéQ —+—read/write
P S E A
memory

FIG. 3 : Energy consumption of the IQ80310 board (XScale 333-733MHz)
at various clock speeds

Figure 2 shows a linear increase in performance for all CPU- and
cache intensive applications. Doubling the clock speed results in
twice the performance. In the same way the dynamic energy con-
sumption rises linear with the clock frequency for those applica-
tions (see Figure 3).

‘While memory intensive applications show the same linearity in
energy consumption they suffer in performance because the pro-
cessor stalls in a busy mode while waiting for memory requests
to be served. Up to four 32 byte read requests can be outstanding
in a fill buffer before the XScale 80200 needs to stall. Further-
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A prototype implementation on a low-power Intel XScale eval-
uation system running Linux shows energy savings of 22% for
memory intensive applications. The current implementation can
only use a small number of counters that were intended origi-
nally for performance profiling. If the operating system technol-
ogy is ready to deal with a variety of counters it is just a small
step to embed new counters which are exclusively devoted to
energy profiling.

We expect thread-specific speed settings in combination with
event-driven energy profiling to become an essential element of
future operating systems for power-sensitive devices.
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Scalability of the core frequency is a common feature of low-
power processor architectures. Many heuristics for frequency
scaling were proposed in the past to find the best trade-off
between energy efficiency and computational performance.
With complex applications exhibiting unpredictable behavior
these heuristics cannot reliably adjust the operation point of the
hardware because they do not know where the energy is spent
and why the performance is lost.

Embedded hardware monitors in the form of event counters
have proven to offer valuable information in the field of perfor-
mance analysis. We will demonstrate that counter values can
also characterize the power-specific characteristics of a thread.
In this paper we propose an energy-aware scheduling policy
that benefits from event counters. By exploiting the information
from these counters, the scheduler determines the appropriate
clock frequency for each individual thread running in a time-
sharing environment. A recurrent analysis of the thread-specific
energy and performance profile allows an adjustment of the fre-
quency to the behavioral changes of the application. While the
clock frequency may vary in a wide range, the application per-
formance should only suffer slightly (e.g. with 10% perfor-
mance loss compared to the execution at the highest clock
speed). Because of the similarity to a car cruise control, we
called our scheduling policy Process Cruise Control. This adap-
tive clock scaling is accomplished by the operating system
without any application support.

Process Cruise Control has been implemented on the Intel
XScale architecture, that offers a variety of frequencies and a set
of configurable event counters. Energy measurements of the
target architecture under variable load show the advantage of
the proposed approach.

Keywords:  Power Management, Scheduling, Clock Scaling,

Event Counter

1 Introduction

Without energy the processing and transport of data is impossi-
ble. Nonetheless the measurement, accounting, and manage-
ment of energy has been widely neglected in the field of systems
research. With the emergence of portable and wireless devices
and with the energy crisis affecting data centers and server-
farms in many parts of the United States we are suddenly facing
a rising awareness for the topic of energy management.

This paper contributes to this awareness and initiates a new
approach in system software: the on-line evaluation of counters
that register performance- and energy-critical events. By
exploiting these counters the operating system has the complete

knowledge where the energy has been consumed, where the
time has been spent, and who has been responsible for the use
of energy. According to the individual demands of each appli-
cation, power management can find a trade-off between energy
consumption and quality of service demands. To fulfill this task
an operating system has a variety of options for the activation
and configuration of HW-components. Not only the time of
activity, but also the degree of activity can be controlled. Our
approach to an integrated energy monitoring system respects
these power states and provides the essential information for
advanced power management policies.

In this paper we focus on two energy-critical HW-components,
the CPU and the memory, because the use of both components
can already be monitored by the performance monitoring
counters found in many contemporary processor architectures.
To demonstrate the energy savings possible with Process Cruise
Control we choose the Intel XScale architecture as our target
platform. Other architecture like Intel Speedstep-M and AMD
Mobile Athlon are ready for Process Cruise Control. With the
acceptance of event counters as a prerequisite for reliable
power-management decisions we expect more low-power
architectures to offer event-counters, some of the counters even
specially dedicated to energy profiling.

This paper is organized as follows: In the next section, we
investigate the energy characteristics of advanced processor
architectures. This motivates our scheduling approach Process
Cruise Control that is presented in section 3. In Section 4 we
describe the implementation in an embedded Linux operating
system and we exhibit energy measurements that validate the
benefit of our approach. Finally in section 5, we propose further
architectural innovations that Process Cruise Control could
avail oneself of and then conclude in section 6.

2 Energy Characteristics of Processor
and Memory

2.1 Characteristics of Interest

In semiconductor technology, energy is used whenever current
is flowing due to leakage or due to loading/de-loading of capac-
itors triggered by transistor switch operations. The leakage cur-
rent depends on static parameters like time, voltage and proper-
ties of the semiconductors. In addition to these static parameters
the dynamic energy consumption depends on the switching fre-
quency of the gates.

If we want to identify those parts of the CPU/memory complex
which contribute significantly to the total energy consumption,
we have to look at those parts containing most of the capacitors
and those with the highest switching frequencies:



