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FIG. 11 :Unthrottled Apache (100-400 con/s * 5 requests)
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FIG. 12 :Throttled Apache to 10 Watt Limit (100, 200,300, 400 connection_attempts/s * 5 requests)
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3.3 Accuracy of Event-Driven Encrgy Estimations

With the energy values we derived from the training applica-
tions, we estimated the energy consumption of real-world appli-
cations, which are mostly compiler generated and do not show
up extreme behavior like some assembler routines.

We calculated the energy consumption for all applications just
on the basis of 2 events. The Pentium III CPU can count two
independent events. However, we have to switch to another
event type between application runs, if we want to count more
than 2 events. For those applications, where the run of the appli-
cations can be repeated exactly, we modified the event types
between the runs and counted up 5 different relevant events.

As the behavior of real-world applications in contrast to numer-
ical loops, varies heavily over time, random sampling of the
counters with different configured event types [1] does not apply
to on-line energy profiling, because the results have to be evalu-
ated within short time (scheduling cycles see section 4) and the
application behavior is not constant (see subsection 2.4)

Application | Error in 5V (CPU) | Error in 5V (CPU)
using 2 Counters using 5 Counters

ghostscript | -4.77% 4.74%
acroread 8.39% 3.47%
netscape 7.99% 0.08%
mpg123 11.4% 0.09%
make&gee | -2.05% 3.46

apache 100 | 5.5%

apache 200 | 1.32%

apache 300 |3.46%

apache 400 | -6.6%

The error-values show the correlation between the extra mea-
surements and the estimation by using event counters. With just
the available 2 counter found in the Pentium III hardware, we
come close to 10% to the measurements. If more counters would
be available, an error of less than 5% is achievable.

The concept of event-driven energy accounting makes an
energy estimation possible that comes very close to the real
energy consumption. With 2 counters an error of less than
10% is found for compiler generated code. The accuracy is
just limited by the number of counters and not by the prin-
ciple itself.

3.4 Event Correlation for SDRAM

For the main memory we found out that the energy per main
memory transaction depends on the frequency of the memory
requests. The more we reference the main memory, the more
energy it consumes, but also the less energy is necessary per
memory transaction. This observation corresponds to the mea-
surements from the university of Delft, which reported that the
energy per transferred megabyte depends on the speed of the
CPU and, therefore, on the reference frequency as well (see sub-
section 2.2).

'S
S
=3

e—e | GB SDRAM (2 modules)
=512 MB SDRAM (1 module)

g

=
2

g

Energy Value in W/f
[SESY
S
3

g

100 T T T T T T T T
T T T T T T T T
0% 02% 0.4% 0.6% 0.8% 1% 12% 14% 1.6% 1.8%
Share of BUS_TRAN_MEM
FIG. 8 : Energy values for SDRAM in relation to the transaction frequency.

Beside the static energy consumption of 4.72 Watt per GB of
memory (512 MB modules) we see a linear correlation between
the energy per memory transaction that we can count by an event
counter and the frequency, these transactions happen (see Figure
8).The frequency is here expressed in relation to the clock fre-
quency. A 1% share of memory bus transaction means, that at
1% of the clock cycles we see a memory transaction. By period-
ically (e.g., in the timer-interrupt handler) calculating the trans-
action frequency, we estimate the energy values per memory
transaction and can then estimate the dynamic energy consump-
tion of the main memory which could reach up to 3.3 Watt.

Applying this model to real-world applications leads to a very

precise estimation of the energy consumption with an error of
less than 3%.

Application Error or 3.3 V (SDRAM)
ghostscript -2.76%
mpgl23 1.19%
make&gce 0.83%

The accuracy of the energy estimation for memory depends
on the energy model we apply and should be provided by the
designer of the memory architecture. For SDRAM we found
a model that estimates the energy with an error of less than
3% by just requiring a single counter.

4 Energy-Aware Scheduling

To demonstrate the benefits of an event-triggered energy
accounting, we propose energy-aware scheduling strategies that
improve the battery capacity in mobile systems, reduce the
energy consumption, and throttle the average power in worksta-
tions and servers.

4.1 Improving the usable battery capacity

The operating system can improve the usable battery capacity
and consequently, the active life-time of a mobile device by a
battery-friendly operation mode. The capacity of a battery is
dominated by two factors: the load power and the intermittence
of discharge. The charge capacity is the total amount of energy a
battery can deliver when discharged at a constant current, called
a 1C discharge rate, over a defined period (normally 1 hour)

The Case for Event-Driven Energy Accounting
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2.5 The need for on-line cnergy accounting

As the predefinition of an applications energy profile is not
known in advance we need some on-line measurements. By
employing a digital multimeter [10] an accurate power analysis
is nearly impossible due to the inertia of the voltage regulator
associated to the processor and the inertia of the multimeter’s
measurement unit.

A novel approach to on-line energy profiling should consider the
power-related effects of each functional unit without significant
influence on the execution of the target system. In section 2.1 we
have shown, that the energy consumption depends on the num-
ber of activations and the individual characteristics of the HW-
components. Our approach to on-line energy accounting uses
counters embedded in the target hardware to register events that
imply the consumption of a certain amount of energy. We will
show that counter values strongly correlate to a specific
energy consumption, so we have found a cheap and easy
methodology for power consumption monitoring.

As activity counters are not found in almost all of the I/O devices
and the power-state of these devices can change due to internal
device policies, the operating system has no chance to count pre-
cisely the number of state transitions. For example many hard
disks switch automatically after a time-out of several hundred
millisecond from a high-performance idle-mode to a low-perfor-
mance idle-mode without any notification to the operating sys-
tem.

Therefore, we recommend to embed some counters to I/O
devices like hard disks and wireless network adaptors to sup-
port the OS in counting energy expensive transitions of the
device’s power state.

As event counters are not yet available in I/O devices we will
focus in the next sections on the use of event counters found in
advanced processor architectures. However, the results are not
limited to processors and memory-components. They can be
transferred to the field of I/O as well.

2.6 The need for resource containers

Previous work in the field of dynamic power management [12,
24, 28] focus on adjusting the power management parameters in
intervals. This approach is motivated by deadline driven real-
time strategies with a predefined workload but it does not apply
to interactive devices running unknown - maybe dynamically
loaded - software, or server systems with workloads that depend
on the input data of the client.

Therefore, a novel approach has to support thread-specific
or request-specific energy accounting because the energy-
specific properties are not known in advance.

Our first approach was system support for thread-specific energy
accounting [4] to account and control each thread individually in
the time-sharing operating system Linux. Later process specific
energy accounting has been successfully applied to the quality-
of-service aware operating system Nemesis [23].

At the implementation of process-specific energy accounting in
power management (see also section 4.3) we realized that the
notion of a thread of control as a resource principal is not ade-

quate for a server thread consuming the resource “energy” while
answering requests from different clients. E.g., for a web server
of a company, one energy principal might be responsible for the
energy used to answer internal requests, while another energy
principal is responsible for external requests. With different
resource principals for the same group of threads you can differ-
entiate between different operation modes. While a thread might
run in the most energy efficient way for answering external
requests with lower latency demands, the same thread will run in
an energy inefficient way to answer critical internal requests. By
supporting the concept of resource containers [2] we can account
and schedule a thread according to the container it is acting for.

The abstraction of resource containers separates the notion
of a scheduling entity from that of a resource principal.
Applied to energy it enables fine-grained energy manage-
ment in client-server environments allows the partitioning of
the system in energy domains with different power manage-
ment policies.

3 Joule Watcher Energy Accounting

The principle of Joule Watcher follows the observation that
many of the events which are countable by performance moni-
toring counters correlate to some activity of the functional units
of a processor. An activation of a functional unit should show a
characteristic energy consumption. Now the challenge is to find
appropriate events and to correlate them to energy values.

3.1 Measurement Methodology

Our initial target environment is a simple Pentium III 866 MHz
PC running a Linux 2.4.0 operating system. Context switch rou-
tines and kernel data structures are modified to hold the values
of the two available performance-monitoring event counters.
These counters are realized in the P6 family as registers and can
be configured to count one of several events. The accumulated
counter values can be accessed though the /proc-file system. To
ease the implementation we base on the Performance API
(PAPI) from the University of Tennessee [7, 22] that already
offers interfaces to configure and read the event counters.

To find the correlation of events and energy values, synthetic
micro-benchmarks trigger events of a certain type and frequency
for several seconds, while a data acquisition system from
National Instruments (DAQ SCXI-1102C) measures the voltage
at ImQ and 10mQ 4-pin sense resistors attached to the power
supply for the voltages of 5V and 3.3V.

In this way, we measure both the current and the voltage for the
two supply voltages and we can determine the power by multi-
plying both values. While sampling at 20 kHz we get a resolu-
tion of 24.5 mW at 5V and 1.6 mW at 3.3V. To synchronize the
sampling with special kernel events, we trigger the data acquisi-
tion system with rising edges sent by the parallel port of our tar-
get system. The data acquisition, streaming to disk, data explo-
ration and integration is done with LabVIEW. The plots are gen-
erated with the GRACE tool from the Weizmann Institute, Israel.

We configure the counters to register specific events, run the
micro benchmarks and measure the power consumption. So we

The Case for Event-Driven Energy Accounting
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itance of the bus-lines has to be loaded/unloaded at each bus
cycle. Therefore, we expect an energy consumption which is
related to the activity level of the interconnect.

‘We have measured the energy consumption of a Pentium III 866
system with 1 GB RAM to determine the variation in power of
the processor and the memory. During all tests the processor was
always busy. We ran several simple loops that involve different
functional units. An arithmetic test doing arithmetic operations
(additions) with all operands in register. We ran two tests to
investigate the influence of predicted and misspredicted
branches on the energy consumption. One of the test heavily
triggers the memory management unit, by steadily saving/restor-
ing the registers to/from the stack. Finally tree tests which write
data to the caches and the memory.

-

275 T

25 — |
204 — —
175+ — =
151 1 —
12,5 — —
10- 1 —
7.5 1 —
5 - |
254 1 —
0

Power in Watt

arithmetic on registers
branch predicted
branch misspredicted
push_pop

L1 cache write

L2 cache write
memory write cached

FIG. 1 : PC Board (PIII 866, 1 GB) Power Breakdown

The PC system shows a variation in the power at the 5V voltage,
that is converted to 1.65V to supply the CPU, from 16.43 Watt
up to 23.05 Watt (see Figure 1). If the main memory is involved
heavily, the 3.3V power which supplies the SDRAM rises from
4.73 W to 8.03 W.

At the first glance we see, that the energy consumption of a sys-
tem depends on more parameters than just the time. The power
of the processor and the memory varies by more than 50%.

If the power management solely relies on timing information
to make decisions, the power estimation can be wrong by
40%. The knowledge of the involved HW-components is
essential to determine the power of a system.

2.2 Variable Clock Speed and Variable Voltage

A genuine saving in energy is possible with processors that offer
the feature of tunable clock speed to reduce the power of the pro-
cessor. The CPU speed and a dynamically adapted supply volt-
age change the energy performance [28, 11, 17, 24]. Neglecting
the impact of external effects on CPU performance (e.g., mem-
ory latencies, bus contention) the energy per operation remains
constant when reducing the frequency at a fixed voltage. How-
ever, the energy per operation is proportional to s2, if frequency
and voltage is changed by a factor s within the allowable limits

of operation.

Particularly the academic results concerning variable voltage
design have been applied to latest products (Intel XScale, Intel
Mobile III [15], Transmeta Crusoe [27], AMD K6+ with Power-
Now). According to this assumption the processor runs more
efficiently at the lowest possible speed and voltage. However,
this assumption does not hold, if we look at main memory, which
is driven by a fixed voltage and that benefits concerning energy
efficiency from requests within the same address range, because
each memory reference involves a complete fetch of a memory
row into a row-buffer. If data from the same row is referenced
within a short period of time the memory operation is more
energy efficient. Therefore, memory benefits from a fast proces-
sors in terms of energy consumption, because a faster processor
can issue more memory operations. To demonstrate these
effects, we show some data that has been gathered with a Stron-
gARM SA-1100 system, which was designed to run at variable
speed and voltage [25]. If we look at the power-curves of the
variable speed processor running a bandwidth test (see Figure 2),
we see that the energy per megabyte is the lower, the slower the
CPU is running. On the other side. the energy of the memory to
copy data is higher if the CPU is running slowly.
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FIG. 2 : Energy breakdown for memory read (SA-1100 with 32 MB of
EDO RAM) Measurements of the University of Delft [25]

In conclusion we can say that there is an optimal operation point
near 142 MHz where the energy of the whole system, running
the memory bandwidth test, is minimal. That means, that
depending on the memory reference patterns of the application,
the optimal operation point is between the minimal frequency
and 142 MHz.

Consequently the optimal frequency for minimal energy
consumption of a variable speed/voltage CPU can only be
determined, if the memory reference characteristics of the
application is known.

The Case for Event-Driven Energy Accounting
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The Case for Event-Driven Energy Accounting

Frank Bellosa”

Depariment of Compuier Science (Operating Systems, University of Erlangen,
Martensstr. 1, 91058 Evlangen, Germany
bellosai@es. fonr.de

Energy management requires a precise knowledge of the pat-
terns of energy use. Not only knowing where the energy has been
spent is important but also knowing who was responsible for the
use of energy.

The resolution of power measurement equipment like current
meters or smart battery interface is neither sufficient to identify
the hardware unit consuming the energy nor to identify the orig-
inator (energy principal) of a specific hardware activation. Our
measurements have also demonstrated that timing data, the
source of information used in current operating systems, is not
adequate to estimate the use energy consumption, because the
power depends on the patterns for the use of specific functional
units.

To investigate energy usage patterns we strongly encourage the
use of embedded hardware monitors (e.g., processor perfor-
mance counters) that have also proven to offer valuable informa-
tion in the field of performance analysis. We use information
about active hardware units (e.g., instruction decoder, memory
management unit, cache-/memory-interface) gathered by event
counters to establish a precise and energy principal-specific
energy accounting.

By showing the correlation of events and energy values we can
provide the necessary information for energy-aware scheduling
policies that go far beyond the capabilities of the state of the art
power management standards like ACPI. While the aspect of
energy saving by driving the system at its optimal operation
point is important in mobile devices, the aspect of client- and
service-specific throttling is vital in data-centers where servers
have to provide mission critical services even when running
under an emergency power supply in times of (rolling) black
outs.

An implementation of the proposed event-driven energy
accounting using a Linux/x86 system and extensive measure-
ments prove the concept.

1 Introduction

Without energy the processing and transport of data is impossi-
ble. Nonetheless the measurement, accounting, and management
of energy has been widely unattended 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 ris-
ing awareness for the topic of energy management.

This paper contributes to this awareness and initiates a new
phase in the evolution of OS power management. To better clas-
sify our approach we describe the previous phases:

" Frank Bellosa was on sabbatical as an academic visitor of the SawMill group at
the IBM Watson Laboratory from November 2000 to April 2001.
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The operating system analyzes the active and idle times
of a device (e.g., CPU, hard disk or display) and makes
assumptions about the future use of the device. Based on
these assumptions the, OS decides when a HW-compo-
nent should switch its power-state to a low-power mode.
These power-modes differ in their energy savings, the
time to switch the power state, and the energy that is nec-
essary to perform this change of state. These simple heu-
ristic policies only affect the behavior of applications by
the latency to switch to an active mode or the perfor-
mance in a low-performance active mode. Because they
affect the behavior of devices on a system wide-scope,
these policies resemble centrally-planned economies that
neglect the individual demands and characteristics of the
objects (e.g., applications serving a request) affected by
the decisions. These policies have no knowledge of the
usage patterns and demands of a specific application.
Consequently, they cannot optimize their strategy such
that some low-priority applications suffer from higher
latencies while other high-priority tasks are not signifi-
cantly affected. An example of this type of power man-
agement is found in Windows2000 [21] using ACPI [16].

Having several HW-components available that can fulfill
the same service offers a further chance to influence the
energy consumption. By focusing the load on a subset of
the components (load consolidation), we generate idle
components that can be set into a low-power state.
Especially in clustered environments with nearly state-
less systems which process short term requests, this
approach of energy saving is effective and can easily be
realized by an energy-aware load distribution mecha-
nisms [8]. A typical representative of these environments
are web-server farms with diskless compute nodes and
network-attached storage devices. Here the compute
nodes are the targets for load consolidation. However,
this approach does not apply to complex services consist-
ing of several interdependent sub-services which built up
some state (e.g., file-locking, transactions) while answer-
ing request-sequences.

We see a consolidation technique that has been success-
fully applied to fail-safe, hot-swappable computer archi-
tectures for more than 20 years as a good candidate for
power-savings in server systems. In these systems, built
as shared-memory multiprocessor or single-chip multi-
processor architectures, tasks can easily be moved to
another CPU due to the common memory. In this way we



