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Abstract the ubiquity of battery-powered embedded devices, such as

Managing the power consumption of computing platforms mobile phones, is driving interest in energy management in
is a complicated problem thanks to a multitude of hard- order to maximise battery life timg [Martin 2001]. While su-
ware configuration options and characteristics. Much of Perficially similar, the different scenarios have differee-

the academic research is based on unrealistic assumptiondluirements and constraints, which require different pesic
and has, therefore, seen little practical uptake. We peovid ~ ProPerly managing power is difficult for a number of rea-

an overview of the difficulties facing power management sons. One is the availability of a range of hardware mecha-
schemes when used in real systems. nisms, which can be used to influence power consumption.
We present Koala, a platform which uses a pre- A potentially gffective mechqnism dynamic voltage and
characterised model at run-time to predict the performance éauency scaling (DVFS), which is based on the fact that
and energy consumption of a piece of software. An arbitrary (€ dynamic power dissipated by a CMOS circuit is propor-
policy can then be applied in order to dynamically trade per- tiona! to the clock frequency and the square of the supply

formance and energy consumption. We have implementedVOItage' Then thgre are _idle (or “sleep”) states with redu_ce
this system in a recent Linux kernel, and evaluated it by run- POWer consumption available for CPU, memory and periph-

ning a variety of benchmarks on a number of different plat- erals. The number of available mechanisms presents a ghal-
forms. Under some conditions, we observe energy savings'€9€ t0 effective power management, as each has a differ-
of 30% for a 4% performance loss. entimpact on power consumption and different trade-off be-

tween performance and energy use. Furthermore, the impact
Categories and Subject Descriptors D.4.8 [ Operating on power usage as well as performance is generally non-
Systems]: Performance Modelling and prediction linear, platform-dependent and workload-dependent, and a
times, counter-intuitive.

Power management in present main-stream operating
Keywords Power, Energy, Efficiency, Modelling, Dynamic  systems tends to be simplistic. Standard policies arereithe
voltage scaling, Power management, Operating systems  the “race-to-halt” approach, which runs the workload to

completion at the maximum performance setting and then
1. Introduction transitions into a low-power mode. Alternatively, the as-
sumption is made that the highest energy savings can be
achieved by running at the lowest performance setting. We
show that such simplistic approaches lead to sub-optimal re

General Terms Design, Experimentation, Measurement

Managing power consumption of computing platforms is be-
coming increasingly important. On the one hand, power is
becoming important for servers. Given the cost of power for
computation and coolind [ScaramElla 2006] there is increas Sults on real hardware. o
ing interest in reducing their energy consumption, and powe !N order for the OS to manage power effectively it must
dissipation needs to be managed in order to prevent theP® Possible to predict the impact these mechanisms have on
cores from overheating [Kumér 2006]. On the other hand, 20th performance and power. This implies the need for an
accurate model of how the hardware mechanisms impact
on performance and energy consumption, which can then
be used to adjust the operating conditions to meet the per-

Permission to make digital or hard copies of all or part o thiork for personal or formance or energy targets defined by the system’s power-
classroom use is granted without fee provided that copesarmade or distributed li

for profit or commercial advantage and that copies bear titiseand the full citation management policy.

on the first page. To copy otherwise, to republish, to postesvess or to redistribute We had earlier developed an approach that allows us
to lists, requires prior specific permission and/or a fee. to generate such a model taking into account the proper-

Eurosys’09, April 1-3,2009,Nuremberg,Germany. .
Copyright(©) 2009 ACM 978-1-60558-482-9/09/04. . . $5.00 ties of the hardware platform. The model can then be used


mailto:David.Snowdon@nicta.com.au

to predict the power and performance response of a work- [Mivoshi2002] showed that the decrease in idle time result-
load [Snowdan 2007]. ing from execution at lower frequency can offset any savings

Based on that model we developed KEaiszatform that from DVFS. That work, however, was based on a simplis-
lets the OS manage power according to an overall policy tic execution-time model. Our prior work has shown that the
guided by predicted power and performance. Koala collects most energy-efficient setting is dependent on workload-char
per-process performance statistics that characterisp@in @ acteristics, and a good energy-management policy requires
cation’s behaviour. At each scheduling event, the behaviou on-line characterisation of workloads [Snowdon 2005].
is matched against the system policy and the most appro- [Bellosal2000] correlated hardwaperformance moni-
priate operating conditions are determined. In general thi toring counters (PMCs) with energy consumption, obtain-
means that the power settings change at each time slicejng an estimate of energy use at the current frequency set-
according to the characteristics of the process that is be-ting. [Weisse:l 2002] then used performance counters for in-
ing scheduled. Koala also provides accurate per-process acstructions, memory-accesses and CPU cycles to index a pre-
counting of energy use. This can be used to implement othercomputed table of frequency settings, with the aim of min-
policies, such as overall or per-process energy budgets, orimising energy use with a 10% performance degradation.
limiting the average power use over a certain time window. [Birchel|2005] used a similar technique on the Pentium 4,

We have implemented Koala in Linux and evaluated its which has many PMCs.
operation on a range of platforms, from embedded proces- Other research (including our own) has led to more flex-
sors typical for mobile phones up to high-end server plat- ible methods of selecting the frequency which gives a spec-
forms. ified performance loss [HIu 2004, Kotla 2004, Choi 2005,

This paper makes the following contributions: Snowdohn 2007]. By limiting the change in total execution
time, these methods implicitly limit the change in energy
used by the rest of the system, concentrating on savings in
CPU power. Our previous work [Snowdon 2007] extended
* a generic model that accurately predicts for each pro- pypc-based energy estimation for predicting performance

cess the performance and energy response when changand energy use at different frequencies, and incorporated

INg power settings; memory power. We also presented a systematic way for se-
e an improved energy-management policy, called the lecting the most appropriate PMCs to use on a particular

generalised energy-delay policy, which incorporates platform.

previously-used policies and provides a single parameter  [Kotlg2004] observed that the performance of the mem-

for tuning the system to an overall energy-managementory subsystem can vary thanks to the effectiveness of micro-

objective; architectural techniques like pre-fetching and instautti
level parallelism.

DVFS policies too nhumerous to discuss have been de-
veloped. The policy developments attempt to minimise the
performance loss (how much longer software takes to exe-

The remainder of this paper is structured as follows. In cute), minimise the energy for a given workload, or minimise
we discuss related wolk_Secfidn 3 discusses,the energy-delay product (which places equal value on both
based on measurements on actual computing systems, thenergy savings and performance loss) have been presented.
challenges facing OS-level power managemerL.In Seckion 4[Pénzes 2002] introduced the idea of geometrically weight
we discuss Koala, our implementation of a model-baseding the E x D product to provide a variable weighting on
power-management platform in Linuk_Secfion 5 presents energy and delay. We have extended this concept for a more
an evaluation of Koala on several hardware platforms and flexible use in the context of DVFS.
presents the conclusions we draw from the results.  Predicting the workload to be executed plays a crucial

role in all on-line DVFS methods. [Hsu 2003] implemented
2. Related Work DVFS-aware compiler techniques which analyse code to

The energy savings possible via DVFS have been under ac2€ run and insert DVFS calls. This has the advantage of
tive investigation since the pioneering work of Weiser et P€ing able to synchronise DVFS scaling with real work-
al. [Weisel 1994], who used the actual system utilisation in 102d changes. As we have demonstrated, off-line informatio
a feedback loop to adjust the system frequency setting in or-210N€ is insufficient to choose the optimal frequency sgitin
der to minimise idle time. An empirical evaluation of DVFS 1 he information provided by these analyses would, however,
algorithms concluded that the algorithms used at the time €nhance the energy-saving ability of our system when avail-

did not save significant amounts of enefgy[Grun¥ald 2000]. @ble (with our present method used for non-DVFS-aware
workloads) by allowing improved workload prediction and

1The Koala is a marsupial native to Australia known for itsrestely frequency-switch timing. Others have developed algorihm
efficient energy management.

¢ an investigation of factors affecting power use on a range
of platforms;

¢ an implementation of the model in Linux, called Koala,
that manages power near-optimally for multi-tasking
workloads on a range of platforms.
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Figurel. Normalised energy use of two benchmarks under

DVFS on a Latitude laptop Figure 2. Performance of a memory-bound application

(gzip) under frequency scaling on a PXA270-based plat-
form. Lines connect settings with the same memory but dif-
ferent core frequencies.

for run-time phase detection and predictibn |[lsci 2006]. We

see this work on workload prediction as being highly com-

plementary to our approach, since we presently employ ayfacturer to provide more suitable PMCs for energy estima-
very simple workload predictor. In the same manner, ma- tion.

chine learning techniquek_[Kephart 2007] could be used to

improve the system'’s predictive ability, as well as tune pow

and performance estimators using on-line feedback. 3. Power Management Challenges

[Mahesiil2004] found that a laptop CPU uses between Our investigation of a wide range of platforms and work-

|10 (;smd h5.|0%h0fcthe S.ySte”."S .]Eower depgtr:ding on Wm:?' loads demonstrated the shortcomings of commonly-used
oad. While the CPU Is a significant contributor to overa energy-management heuristics — they frequently fail to

power c?nsrl:mpt;]on, g does ncl><t nec(:jessTnI)_/ domlnatle. Con'ac:hieve their goals. Here we present our main observations,
sequently, there has been wor on developing comp et SYSiyhich were obtained with the the methodology described in
tem power models based on run-time statistics [Hieath 2005

- [on 5.
Economoll 2006, Bircheér 2007].

ECOsystem|[Zeng 2005] was an attempt to build an
explicitly energy-aware operating system, introducing a
system-wide abstraction for the energy used. The purposeEnergy-management approaches are frequently based on
was to budget the energy available to individual processes.simplifying assumptions which neglect the fact that the re-
The models concentrated on I/O power and are thereforesponse to frequency scaling is highly dependent on workload
complementary to the work presented here. Virtualisation characteristics. This can lead to very poor results, as show
adds yet another dimension to energy and resource accountin [Figure J.
ing [Stoeds 2007]. Here we compare the responses of the CPU-bqurig

Recently, the case has been made for improved hard-and the memory-boungsim benchmark on a Dell Latitude
ware support for power management. [Barroso 2007] ar- D600 laptop. As discussed in the literature, the execution
gued for lower-power idle modes, based on the observationtime of the CPU-bound program is proportional to the clock
that servers were nearly always less than 50% utilised. In period (inverse frequency), while for the memory-bound
addition, they pointed out the need for more active-power program it is almost independent of CPU frequency. This
management mechanisms for devices such as memory, netresults in the energy consumption shown in the figure: Total
work cards and disks. NVIDIA have recently introduced energy use for the CPU-bound benchmark is minimised by
such mechanismis [NVIDIA Corporation 2007]. Such active running at the highest frequency (race-to-halt works well)
management features would result in systems with many because this minimises the clock-independent memory en-
interacting settings. We consider our energy-modelling ap ergy and leakage losses in the CIPU [Snowdon2005]. In con-
proach as core to the effective management of such a systemtrast, the memory-bound process minimises energy use at a
[Peddersen 2007] investigated a methodology for detectinglow (but not thdowest!) frequency. Clearly, an approach that
which events within a CPU should be used to estimate powerdoes not take workload characteristics into account will no
consumption, which provides the basis for a hardware man-be able to deliver a reasonable result for both programs.

3.1 Workload dependence of DVFSresponse
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Figure 3. Cycles vs. Frequency for various benchmarks on Figure 4. Comparison of cycles and energy use on an
a Latitude D600 laptop AMDG64 Server with and without dual channel memory for

swim.

3.2 Multiple adjustable frequencies
Some platforms we have previously evaluated, such as those 2600 |- C2 (13.4W) gzip —— ' 13000

; ; C4 (11.5W) gzip -=-X---
based on Intel PXA processors, allow multiple frequencies 2400 | (15w Orip oo
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lead to different results, as shown[in Figuje 2. This shows 3 2000 - Wi e =
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3.3 Variable memory Wstem perfor mance 600 800 1000 1200 1400 1600 1800
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The performance of the memory subsystem at a particular requency (MH2)

memory frequency may appear to depend on the core fre'Figure 5. Total energy for the CPU-boundzip and

quency [Kotls 2004]. This is a result of micro-architectura memory-boundwim application on the Latitude, using dif-
features, designed to improve performance, such as out-of<a ant idle states.

order execution or pre-fetching. These can hide some of the
latency of cache misses (by overlapping them with instruc-
tion execution) but become less effective as the ratio of cor
to memory frequency increases. An example is shown in Reducing the frequency (and thus performance) reduces idle
[Figure’3. The behaviour of both the CPU-boupdip) and time, unless there is no idle time (as in heavily loaded
memory-boundgwim) benchmarks are well represented by servers). Modern CPUs have low-power modes which the
straight lines (withswim extending above the upper bound of OS can invoke when the system is idle. Idle modes still con-
the graph), while intermediate workloads (especiaglyid) sume power in most cases, and take time to enter and exit
show significant non-linearity. This effect contributeghe (the deeper, i.e. lower-power, the idle mode is, the more tim
error in our models, since the performance counters redjuire it takes to enter and exit). As discussed by Miyoshi [Miyoshi
to estimate these effects accurately are not available. 2002], the power consumed while idle must be taken into ac-
The memory configuration also has an effect on energy count if overall energy saving is the goal.

consumption as shown [n Figurg 4. The energy useidamn shows total energy consumption when account-
is quite different with and without dual-channel memory en- ing for the idle energy used in various low-power modes
abled in the system, which happens when adding a secondiuring the faster runs (for a total time equal to the slowest
memory DIMM. The figure also shows the effect of chang- run time). Besides the actual low-power modes supported
ing the memory frequency on the energy consumption — the (“C states”), we also show hypothetical 5W and OW states
irregular behaviour at 800MHz is due to a reduced memory (active power is 22—-30W). We see again a significant dif-
frequency for that setting. ference between memory-intensive and CPU-intensive pro-

3.4 Idlemodes
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Figure 6. Actual vs. predicted input power for the Dell Figure 7. System power vs. temperature for gzip at
Latitude D600 laptop running from the AC adapter. 600MHz on a Dell Latitude D600

cesses, although for the hardware-supported idle modes, ru 3.7 Frequency switching overheads

ning at the lowest frequency always results in the lowesttot  The time during which the CPU is unavailable during fre-
energy on this platform. As the hypothetical states demon- guency switches varies considerably between platforms. Of
strate, this will change once the hardware offers idle state the ones we tested it ranged from&0(Pentium-M based

of really low power consumption, as embedded processorskatitude, not including the voltage change which happens
do. Note that even with a zero-power idle mode, race-to-halt @8synchronously) through 148 worst-case for the Opteron.

is sub-optimal for all but the most CPU-bound applications. This is pure overhead, since the machine consumes en-
ergy without doing any useful processing. Some other plat-

forms examined exhibited interesting features: the PXAs
take 50Qus for a full frequency switch, compared with 20
Systems often use voltage regulators to convert from onecycles for a so-called “turbo mode” switch.

voltage to another. These regulators often have a high effi- = The overhead is due to two operations — the voltage
ciency, but that efficiency may depend on the operating con- and the frequency change. The overhead involved in these
ditions. During our experiments on the Latitude we ran into operations is highly hardware-specific.

the perplexing situation where reducing the CPU frequency  The platforms provide different levels of automation. On
would increase the power drawn by the system. This was the Opteron, software controls the voltage ramps, and so the
caused by a change in efficiency of the laptop’s CPU power cpu is unavailable for the duration of the voltage switch.
supply as the load changed, as showfi in Figlire 6. Such anthe Pentium-M is fully hardware-sequenced, and therefore
effect provides a challenge to power management schemeshe only CPU downtime is during the frequency change.
based on simple analytical power models or heuristics. We  On the Opteron the voltage must be scaled to the max-
worked around this issue by running the Latitude from its imum before the frequency switch can be performed, and
battery instead of the AC power adapter, however we ex- sybsequently to the target voltage. The period of CPU un-
pect other systems’ energy efficiency to be affected by their qyajlability is then dependent on both the previous and
power consumption. Martin’s work regarding the efficiency next frequencies. For experimental purposes, the Opteron’
of batteries|[Martir 2001] clearly falls into a similar cate  pyvFS driver was tuned to run faster than the specification,
gory. Our approach naturally deals with these effects,rgive ajlowing the above worst-case performance of 1€0The

an appropriate model for the power supply efficiency. worst case when run within the specification wems.

3.5 Power-supply nonlinearities

3.6 Temperature effects 3.8 Real-timedependencies

The temperature of the processor core affects the power con-Some events in the system occur at a rate that is not related
sumption in two ways: leakage current is proportional to the to the system’s clock frequencies. Scheduler clock ticks ar
temperature of the silicon, and the power required for activ one such type of event, and, in a system with dynamic ticks,
cooling (fan) is significant. The result is that higher frequ do not occur while in idle modes. Therefore, running at
cies (which cause the system to run at a higher temperaturela higher performance setting reduces both the number of
use disproportionately more energy, and that the relative e scheduler invocations incurred, and the proportion of the
ergy benefits of the frequency setpoints change when thesystem'’s active time spent processing those invocatidms. T
CPU is at an elevated temperature. This effect is shown in number of clock ticks themselves contribute to the overall

[FigureT. running time.



Specifically, a timer tick frequency gi;., and a tick pro- frequency-dependent terms, as well as performance coun-
cessing overhead df;;.;, cycles will lengthen the interrupt-  ters which measure energy-relevant events[[See_Seciibn 5.2
free execution timé&",,.+ of a workload toT;,; according for details).

to
4.2 Mode Extensions
Tiot _ L _ (1 Some platforms, such as the Dell Latitude D600, have a
Twork 1= Chick ftick/ fepu thermal sensor which can be read by the operating system.

For all the platforms and operating system we tested, This affects_ the modgl and should be included, as the leak-
Fopu > Chick frier and thus the effect was negligible. age power is proportional to temperature. However, on the
Latitude D600, the overhead of reading the sensor is sub-
4. Koala Power-management Framework stantial, and omittgd in the results ingluded here (the expe
] ) ] ) ments were run with a constant ambient temperature). Other
As argued in the introduction, effective power management os.-gpservable factors could also be included, such as speed
needs to be able to predict the system’s power and perfor-of the CPU’s cooling fan. We expect that this approach is
mance response to the use of the hardware’s power controlsg|sg suitable for including other factors, such as intelsup
Given the complexities outlined above, such a model must 3nd DMA [Bircher 2007]. However, detailed modelling of
be specific to the hardware platform, and must take into ac- |/0 js beyond the scope of this paper, having been addressed
count the characteristics of the workload. As such characte o some degree by prior work (e.0._[ZEng 2005)).
istics change over time, the model must adapt at run time. The energy used during any extra idle time can be added.
Furthermore, there is significant benefit from separat- This makes sense in the case where the system is under-
ing the mechanisms enabling power management (includingytilised, or where the system will not be shut down following
the modelling of application behaviour) from the policies. a period of work. In this case, running at a higher-than-
The choice of policy depends not only on a system's pur- minimal frequency leads to more time spent in an idle mode.

pose (managing power on a server vs. energy on a battery\je therefore add this extra energy into the model as
powered device) but may even change over time (dependent

on Ioa}d, battery charge or real—timg _deadlines) and may need Erotal = Eactive + (Tomaz — T) Piase. )
to be integrated with other OS policies. )

The approach taken in Koala therefore cleanly separates e also added the frequency-switch overhead (see
the modelling from the management. The model is specific S€cllon 3.¥) when predicting the performance during the
to the hardware platform and provides an abstraction of Next time slice, which has the effect of giving a slight pref-
platform details. The management component provides a&rence not changing the frequency from the_present setting
generalised policy that includes commonly-used polices a (which in general has been selected for a different process

special cases, and can be adapted at run time. since frequency selection happens at the beginning of a time
slice). We do not make any assumption that a switch may be
4.1 Basic modéd amortised over several time slices. On the laptop, the model

is trivial — a constantlOus overhead per switch. On the

The basic model, originally developed on PXA-based em- : _
pserver, a more complex model is required:

bedded platforms, has been presented previously [Snowdo
2007] and is summarised below. Winaw — Vewrrent — Vet

In the following we normalise applicatioperformance Tswiteh = % Tstep + Trock, (3)
and energy use to their values at the maximum frequency step
(i.e. highest performance) setpoint. Hence a performafce o whereV;,., is the size of the step in the ramp,,., is the
90% means that the executiontime j$.9 = 1.11 times the latency incurred at each step afig.; is the PLL locking
minimum. Similarly, 110% energy use means 10% higher delay. We make the approximation that the power remains
than at the maximum frequency. Obviously, normalised per- constant during the switch.
formance never exceeds 100%, while normalised energy can o
be larger or smaller than 100% (agn Figufe 5). 4.3 Platform characterisation

Our approach represents a program'’s execution time andWhile modern processors provide performance counters for
total energy use as a linear combination of quantities mea-measuring a large number of different events, the number
surable at run time. In the case of execution time, these areof events that can be counted concurrently is typicallyejuit
the inverses of the various clock frequencies (CPU, bussessmall (2—4). Hence we need an approach to determine the
memory), and can easily be extended to multiple clock do- most appropriate counters. We also need a systematic way
mains, as long as their parameters are accessible to the OSof determining the appropriate weights of all the observed
The energy model contains static energy (static power timesquantities.
execution time), dynamic energy terms (clock frequency  We solve this by running a representative set of bench-
times square of the respective voltage), other voltage- andmarks (theplatform characterisation workloads) on the sys-




tem. The set is chosen to encompass a wide range of characer is pre-empted, we use the power and performance mod-
teristics, in order to represent any future workload. els to estimate and record its energy usage during the last
Each benchmark is run individually with no other activ- execution period. The next time the process is scheduled,
ities on the system, once for each frequency setting, while assuming temporal locality, we use the data gathered dur-
measuring execution time and energy consumption (usinging the previous time slice to determine the optimal setting
a wattmeter). We also collect all available performance- according to the system’s (then active) power-management
counter events, which requires many identical runs per policy.
benchmark program and per setting in order to sample Even in the worst case, the frequency switch over-
all counters (but this effort can be reduced somewhat, seehead is a small percentage of the timeslice (about 1.5%,
Seclion 5.1.P). for the Opteron), and therefore could be ignored in many
We then perform an exhaustive analysis of the results to cases. However, modelling the switch overhead according
determine the set of performance counters that gives theto allows reducing the number of frequency
most accurate prediction of energy use across the wholeswitches, resulting in better performance and energy sav-
characterisation workload and all settings. The regressio ings.
also produces the correct weights without making arbitrary .
assumptions. 4.6 Policy
Assuming this model is good, it should allow us to predict We implemented two policies which between them include
the response of a workload to changes in operating condi-and generalise all policies we have found in the literature.
tions. Specifically, from observing the performance and en- The first, which we call thenaximum-degradation palicy,
ergy use at one DVFS setting, it should allow us to predict chooses the lowest frequency which keeps (estimated) per-
performance and energy use at a different setting. We con-formance above a certain threshold. A threshold of 90% was
firmed this with a separate set of benchmarks (dalation empirically found to give reasonable results [Welssel 3002
workloads). On the embedded platform, we found that we The second policy, which we call thyeneralised energy-
could predict performance at any other setting with an aver- delay policy, minimises the quantity
age error of less than 2%, and energy use with an average L arita
error of around 6% [Snowdbn 2007]. n=Pr T, (5)

4.4 |dlepower characterisation where P is the power consumptioff; the execution time
(inverse performance) andis a parameter that can be varied
between -1 and 1. Special choicesofesult in a number of
particular policies found in the literature. Specifically:

On many systems the power and transition latency for
C states are stored by the manufacturer in ROM (accessi-
ble via ACPI). When this information is not available, or
the system is in a different state from that measured by thea = 1 maximises performance (forces highest frequency)
manufacturer (e.g. a different screen brightness settorg)
one simply does not trust ACPI, the idle powers can be char- o ]
acterised by running benchmarks that put a system with no® = —1 Minimises power consumption

foreground activities to sleep for varying periods of tilde. o = 1/3 minimises the energy-delay product [AbouGhaza-
complication is that the OS uses some policy for choosing  |ehl2008]ET = PT?2.

idle modes as a function of sleep time, which we did not
want to interfere with. Instead we used the OS’s accounting
of time spent in various sleep states, and used linear regres
sion on the average idle power

a = 0 minimises energyl, = PT)

Other values map to other policies used in the literature [Pi
lail2001 | Pénzés 2002]. Our approach allows the OS to easily
adapt the power-management policy to changed operating

conditions.
P — Z Te, P 4) Note that0 < o < 1 will throttle different processes dif-
ave Tootal. C7 ferently, depending on their characteristics: memoryHabu

processes will execute at lower frequency than CPU-bound
processes, as the former achieve relatively high energy sav
ings for relatively low performance degradation.

In order to minimise run-time costs and avoid floating-
point arithmetic in the kernel, a more suitable represé@riat
of the policy function is

where T, is the time spent in idle stat€’;, Tiota =
> Tc,, and P¢, the power drawn in stat€’;. We avoid
having to deal with a potential frequency and voltage de-
pendence of the idle power by always switching to the low-
est frequency when idling. We have not yet integrated into
Koala a prediction of the amount of time spent in each idle

state. logon = (1 —a)logy, E + 2alog, T. (6)

4.5 Selection of settings This can be implemented in fast fixed-point arithmetic us-
During normal execution time we collect the relevant statis ing the c1z instruction and a look-up table. Sinteg is a
tics separately for each process. Each time a process blocksnonotonic function, minimisindpg,  also minimises,.



5. Evaluation Power consumption was measured in the battery supply
51 Experimental Procedure line using a custom-designed device (called Echidna). Mea-
suring at the battery reflects the importance of minimising
511 Platforms the battery energy use (rather than wall-socket energylewhi
We evaluated Koala on ten different platforms, ranging from disconnected from an external supply. The Echidna has a
ARM-based embedded systems platforms (PXA255/270,5 mW accuracy, sampling at 4.7 kHz. It has an on-board mi-
iIMX31) to laptop-class systems (using Atom or Pentium-M crocontroller which integrates the power to obtain the gper
processors), to server-class computers (Opteron, Xeas). D over a period, triggered by the parallel port of the machine
to space limitations we focus on the two platforms produc- under test.
ing the most interesting results, representative of both th

strengths and limitations of our approach. These are apapto 1N€ Server is based on an AMD Opteron 246 processor
and a server, both x86-based. clocked at 2 GHz. Using a custom driver, we were able to

Qut the CPU in five different settings ranging from 0.8 GHz
at0.9Vto 2 GHzat1.5V.
The system has 512 MB of DDR400 SDRAM, and while
the memory frequency was fixed at 200 MHz, we noted that

or screen and thus enable only marginal benefits from fre- the memory controller changed the memory bus frequen<.:y
quency scaling. Others were uninteresting in that a small ra d0Wn t0 160 MHz atthe lowest CPU frequency of 800 MHz;

tio of CPU to memory speed makes most benchmarks cpuy-this was builtinto the mo?‘e' for th? platform. )
bound. The overhead for a switch on this platform varies depend-

All experiments were conducted in an air-conditioned N9 On the current and target frequencies, ranging from as
environment to eliminate large temperature variations. low as 1515 when dropping the frequency from 2 GHz to
any value, tol40us when increasing from the minimum to
The laptop is a Dell Latitude D600L[DEL 2004] based on  the maximum frequency. This is due to delays while ramping
an 1.800 GHz Pentium-M processor paired with the In- the core voltage to the required level, and then the re-tagki
tel 855PM chipset. It has 1GB of DDR266 memory with delay incurred by the PLL of the clock generator.
a 133 MHz clock rate, and a frontside bus frequency of ~ The processor has a cycle counter and four user-
100 MHz but quad pumped to 400 MHz. The core frequency Configurable counters WhiCh, like the Latitude, can each
clock is varied from 0.8 to 1.8 GHz in 100 MHz steps and the measure one of several hundred events, of which we exam-
core voltage is varied from 0.98 V to 1.34 V. We switch fre- ined 177.
guencies by accessing the respective registers dirediigra Power measurement was performed using a commer-
than via ACPI, as ACPI did not export all possible frequen- cial AC power meter with an accuracy of 0.9% sampled at
cies/voltages. The LCD backlight was switched off to reduce 2.5 Hz. This was inserted between the wall socket and the
the system’s static power, and improve savings gained from machine’s power plug and thus measured the system'’s total
the CPU for the experiments. AC power consumption (a reduction of the total AC power
In order to help keep each benchmark run deterministic consumption being the main goal for server power manage-
and consistent with the others, the network interface was ment).
removed from the kernel during measurements. This reduces
any unpredictable wakeups because of network interface®1-2 APproach
interrupts. The parallel port was used for triggering eperg We used benchmarks from SPEC CPU2000 for characterisa-
measurements and the serial port was used as a consoléon and CPU2006 for evaluation. The input data sizes were
terminal. varied based on platform performance and time constraints.
The Pentium M has a cycle counter and two user-  All experiments were conducted on Linux 2.6.24.4, com-
configurable counters which can each measure one of severapiled with GCC version 4.1. Benchmarks were run in single-
hundred different events, of which we used 164 potentially- user mode and several sources of interrupts and wakeups
relevant events to create our models. During a frequencywithin the kernel were removed. On the Latitude, the timer-
switch, the CPU is unavailable fa0 s while the frequency-  interrupt frequency was reduced to 20 Hz during characteri-
synthesis circuitry (PLL) re-locks. The voltage is automat sation in order to further minimise jitter caused by intgtru
cally ramped up and down by the hardware prior to or fol- handling on the overall benchmark results during the param-
lowing the frequency switch, respectively. This means that eter selection and model generation.
for a short period of time following the switch request, the All benchmarks were conducted in an air-conditioned
processor may operate at a frequency different than the re-environment to minimise error due to temperature variation
guested one. As the calibration of our model requires many identical
The system has three sleep states which were measureduns, differentiated only by the events measured by the per-
and use 18.5Win C2,13.1WinC3and 11.1 Win C4. formance counters, deterministic execution times arenesse

Some platforms are less interesting because they hav
long frequency switching delays, and thus gain only lim-
ited benefit from our methodology. Others were dominated
by CPU external power consumption like network devices



tial. We found that this is not easy to achieve in Linux — in mance counters and the bagit’? term, also results in a
some cases the execution times of supposedly identical runsoefficient of determination ak? = 0.98.
differed by as much as 20%. We traced this to L2 cache miss  For the laptop, the selection procedure chose the follow-
rates changing by several orders of magnitude between runsing counters:
apparently due to conflict misses resulting from changed
physical-memory layout. We worked around this problem by
rebooting the system before each benchmark run. ¢ Number of lines removed from the L2 cache
To further ensure that both performance and energy re-
sults for each benchmark were consistent between runs, all
benchmarks were run from empfs filesystem (i.e. from
RAM) to eliminate disk I/0O. Output data was discarded via
/dev/null to avoid console output and interrupts. Buffer
cache writebacks were disabled and disk power manage-
ment was disabled to ensure that the disk remained spinnin
(avoiding spin-up and spin-down energy and interrupts).
The characterisation can take a considerable amount of

g:zevztehpigdgfe%Senngilssp?gfobrerzCirﬁg'rfgati%rgsbgr?;r?;(::l'echaracterised according fo"Secfion] 4.4. The standard Linux

events, 2 performance counters, and an average benchmar&iihagsgnfg:)dﬁingn\gg:;édlz:;o?hei ﬁels:leengtztgfe time
runtime of 100 seconds, the time for characterisation would 9 R . percentag .

take nearly 18 days. We reduced this somewhat by usingspent in each mode while idle was varied using a synthetic
) ' benchmark to repeatedly sleep for different periods, caus-
incomplete benchmark sets (subset of benchmarks and set:-

tings) to close in on the most relevant performance events ing cpuidle to use different sleep states. The results fit
) mm . 2
which were then thoroughly evaluated using the full sets. WithR* > 0.99999. :
We also measured the average idle power for both the

laptop and server. When idle for long periods, the laptop

resides almost exclusively in C4. We therefore use the power
While the procedure for selecting performance-counter or c4 as the idle-power when the laptop is under-utilised.

events, as described in_Secfionl4.3, is systematic and fullythe ask of predicting the percentage of time spent in each
determined by the benchmarks, we are left with one rel- f the jgle states has been left to future work in workload

atively arbitrary decision: We need to determine the best prediction.

performance-counter events for two models, performance

and power, but only have a small number of events that cang 3 Adaptation to workload

be observed concurrently.

Given that performance and power consumption for a
given setpoint are both essentially determined by a préscess
memory accesses, it makes sense to share the same eve
between both models. In theory it would be possible to per-
form a regression analysis for the combined model. How- shows how Koala.adapts fo the memory-
ever, we found that we get good results if we use regressionar,‘d_ CPU-bound phgses of therin benchmark (using a
on the performance model to select the events. minimum-energy policy). The lower grape 8 shows

On the server platform, our characterisation procedure how the addition of the frequency switch _Iatency te_rms
selected the following set of events for the four available greatly reduces the number of frequency switches, by intro-

performance counters, all of which are intuitively related ducing a b|as_ ggamst switching. Th|s _|mproved accounting
memory-boundedness: saves an additional 1% of energy in this case.

Three time-slice lengths were trialled, the commonly-
e quadword write transfers used 100Hz and 250Hz, as well as 1000Hz (sometimes
used in real-time applications). The system worked well at
both 100 Hz and 250 Hz. At 1000 Hz the accuracy decreased
* dispatch stalls due to reorder buffers being full markedly. We attribute this to two effects: Firstly, the-fre
* DRAM accesses due to page conflicts. quency switch overhead is becoming more significant com-
pared to the time slice. Secondly, averaging over a shorter
The performance model resulting from these events plus period makes the result more sensitive to short-term fluctua
the cycle counter fits the characterisation data with a coef- tions in application behaviour. We did not investigate this
ficient of determination of22 = 0.98, which indicates an  sue further, as the (more standard) longer time slices wiorke
excellent fit. The power model, based on the same perfor-well.

e Number of completed burst transactions

This resulted in a performance model with = 0.98 and
a power model withkR? = 0.96, which, given the limited
number of performance counters, can also be considered a
good fit.

The normal Linux sleep-state policies (implemented by
cpuidle) operate when idle time is available. In the case
Yvhere frequency scaling affects the idle time, the assediat
energy used can be added in to the model.

The power in each of the idle modes on the laptop was

5.2 Characterisation

At each time slice, the Koala implementation selects a fre-
guency setting based on the system’s energy-management
holicy as described (D Seciion®.5. The policy can be sedecte
at run time via &proc interface.

¢ L2 cache misses (datacache fill)
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Figure 8. Koala behaviour for the first 1000 time slices of
swim on the server with and without latency terms.

Figure 9. Comparison of estimated vs. actual performance
(top) and energy (bottom) for the minimum energy policy on
5.4 Model Accuracy the server platform.
shows the performance and energy use of 27 SPEC
CPU2006 benchmarks under the minimum-energy policy ) _ ) )
a = 0 in[Equafion ) on the server. The benchmarks omit- There are two possible explanations for this behaviour.
ted for space reasons are all CPU-bound and thus uninterFOr One, the characterisation benchmark set (CPU2000) may
esting for this platform. The energy saving is between 0 and Not cover a wide-enough range of behaviours, as such, fail-
15% of thetotal system energy. The latitude showed even iNg to produce a parameter/weight selection that allows pre
more significant energy savings (€€ Figure 11). For somediction of LBM’s behaviour. The second is that the ava|I:_:1bIe
benchmarks (the memory-bouseim) Koala was able to ~ Set of performan(_:efcounter events may just not be suitable
save 29% of the energy for only a 3% loss in performance at for accurate pre_dlct|0n of th_e behaviour of thl_s benghmark.
the minimum energy setting. This is an estimated 45% sav- Ve enabled idle energy in the model (which adjusts the
ing of thedynamic energy (estimated by subtracting the idle €nergy for any extra idle time created thanks to frequency
power). increases), and ran benchmarks over a fixed time period. In
For most benchmarks there is good agreement, generallythis case, on both platforms, the energy-optimal frequésicy
within a few percent, between the actual performance andalmost always the minimum.
energy use and the estimates produced by our model, which .
indicates that the approach generally works well. However, 2> Policies
there is a single case where the model fails spectacularly[Figure T) shows how Koala implements thaximum-
mispredicting performance of the LBM benchmark by 25% degradation policy (sed-Secfion 416). Curves in the top graph
(107 vs. 86) and energy by 20% (68 vs. 85). The system show the actual performance of representative benchmarks
still saves energy on this benchmark — while the models under varying performance goals. The thick diagonal line
fail to predict accurately, they still provide a good heticis  represents the ideal response, under perfect operation all
for frequency selection. More accurate models would allow curves should be on or just above this line.
more reliable, predictable energy savings. LBM was the only It can be seen that actual performance mostly gets close
such case we observed where the models failed in this way. to the target. Some benchmarks run at slightly less than the
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Figure 10. Maximum-degradation policy on the Latitude  Figurell. Generalised energy-delay policy on the Latitude.

target performance, this results from the discrete setpoin
inaccurate performance estimation, and Koala’s adjustmen ergy consumption (with a slight aberration of the patholog-
lagging behind changes of workload behaviour. ical 1bm benchmark), and intermediate values produce in-
The horizontal lines extending to the left of the graph termediate results. The graphs also show that the standard
are a result of the limited frequency range available — the energy-delay policyq = 0.33) produces, for most bench-
processor cannot be throttled well enough to reach the lowermarks, an energy use close to that of the minimum-energy
performance targets. This effect is particularly strongfie setting, for a moderate performance degradation. Negative
memory-bound benchmarks. values ofa are not useful for energy management, although
The bottom graph i Figure 10 shows the corresponding small negative values can be used to throttle power dissipa-
energy use. We can see that the maximum-degradation pol+tion for thermal management.
icy saves significant energy (up to about 25%) on memory- also shows that some benchmarks, specifically
bound benchmarks, but actually wastes energy on CPU-the notoriouslbm, fail to reach more than about 90% per-
bound benchmarks, clearly indicating that this policy is no formance aix = 1. This is obviously a result of incorrect
suitable for a wide range of workloads. performance estimates leading Koala to choosing an incor-
The reason is that a CPU-bound benchmark executes inrect setting. (This is confirmed hiybm also failing to reach
a constant number of cycles, irrespective of the core fre- its maximum-frequency energy useaat= 1).
guency. Lower frequency leads to a longer overall execution  The strength of the generalised energy-delay policy with
time, which increases the static energy components (leak-its single global parameter is particularly evident whemeo
age currents in the processor and memory). This is the effectparing the CPU-boungovray with the memory-bound
shown in[Figure 1, which indicates that race-to-halt is the milc (Eigure IP)povray is not slowed down at all for pos-
best policy for CPU-bound workloads. itive «, since there is no energy to save. For the samal-
shows that ogeneralised energy-delay policy ues,milc is scaled in order to save energy. The policy only
produces much better results. As expectee; 1 yields the sacrifices performance when there is a corresponding energy
highest performance while = 0 produces the lowest en-  benefit. Belown = 0, povray is scaled aggressively to re-
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Figure12. Generalised energy-delay policy on the server.

duce the system power consumption, but with a correspond-
ing increase in energy used.

swim —+—
gzip i
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5e+08 6e+08

Timestamp

The policy applies equally well when the model includes
the system’s idle energy, and fairly trades performance and
execution in this different context. Again, we demonstrate
the idle energy models using well-behaved benchmarks.

. i 1.2 T T T T T T T %% x] 12
Enabling the switch overhead model, we see the number g e °
of frequency switches reduced for most policies and bench- & 13 o 111 £
marks (in the case ofwim on the server, this is about 9%) § 0.8 41 3
because the model predicts a higher performance for the in-  § L 2
S . 2 o6 409 &
cumbent frequency, which it therefore favours slightly. We 5 BBo8 oo °
also see the energy savings and model accuracy increase g 0.4 * 3 108 2
when using these models. We use well-behaved benchmarks S o2 Battery Level ---x--- x4 o7 g
here to highlight the effect of the switch overhead model. 5 Execution Time - - z
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5.6 Multi tasking

Figure 13. Koala multi-tasking on the server
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shows the effect of running a multi-tasking work-

load consisting of memory-bounskvim and CPU-bound  Figure 14. Using the Latitude’s battery state of charge to

gzip. The top part of the figure shows that the energy and drive the power management policy.
performance predictions of the combined workload under

the minimum-energy policy is about as good as for separate

executions, and the energy saved is about the average of th80% and then is set to 0, i.e. minimum enerdy. Figure| 14

two individual loads, as can be expected. The bottom graphshows how the performance-energy tradeoff changes as the

shows how Koala adapts the setting for the two processesbattery depletes while running:£

independently. Another high-level policy on top of the generalised
energy-delay policy emulates thendemand governor in

5.7 Higher-level Policies Linux: CPU scaling is based on the available idle time. Dur-

One advantage of the genera"sed energy_de'ay po“cy ising pel’iOdS of low Utilisationa is lowered towards 0 (the
that the single parameted), allows the system to adaptto Minimum energy setting), and in times of high load s
changing energy-management objectives. increased toward 1.0 (the maximum performance setting).
As a demonstration we implemented a daemon which
monitored the laptop’s battery state of charge using ACPI.
At capacities greater than 70%, the daemon adts1, and A major concern when developing Koala was the overhead
the system runs at maximum performance. As the battery isintroduced, since this could reduce the energy savings and
depleted, the daemon lowensuntil the battery gets below be detrimental to performance. In order to minimise the

5.8 Calculation over heads



overhead, all calculations were performed in fixed poind, an The second component is a policy that allows the OS to
pre-calculated lookup-tables used where appropriate. tune the system’s operation towards an energy-management
Reducing the number of setpoints considered in the calcu-objective. The generalised energy-delay policy contains a
lations also reducesthe overhead. Therefore, setpointhwh  single parameter which the OS can use to run the system at
are never chosen should be excluded. maximum performance, minimum energy, reduced thermal
We ran the set of benchmarks on kernels with and without load, or intermediate values representing trade-offs beitw
Koala enabled. On both the laptop and the server, for both performance and energy. The OS can tune this parameter to
a single task executing, and for two concurrent tasks, the adapt to a changing energy-management objective.
mean performance difference was well within the standard  Rather than treating every process the same, Koala ad-
deviation of the benchmarks. To emphasise the overheadsjusts individual processes differently in order to achithe
the timer tick frequency was increased up to 1000Hz, but best overall result. Specifically, when in an intermediate
the mean difference in performance between the two kernelsenergy regime, memory-bound processes where small re-
was still unmeasureable. ductions in performance result in large energy savings are
throttled more than CPU-bound processes where small en-
6. Main-stream practicality S(ragnyaﬁsvings come at the cost of a significant performance
How Koala would be implemented in main-stream operat-  The main shortcoming we found was a single benchmark
ing systems running on varying hardware remains an openwhose behaviour was poorly predicted by the system. While
problem. The issues are varied, but considered manageablegnergy was still saved for this benchmark, the significant er
particularly if hardware vendors were to become involved.  rors in the prediction of its performance and energy use cer-
One problem is the effort required in determining the tainly lead to sub-optimal performance. We have not (yet)
models for a given system. This effort would be signifi- determined whether this failure is a result of an insuffitien
cantly reduced with hardware-vendor support in providing characterisation set, and could be fixed by more a orthogonal
appropriate models and inputs, theoretically derived from characterisation workload, or whether it due to the hardwar
the design. These would be both more accurate than the deprovided performance events not being sufficient to predict
rived models as above, and easier to characterise. In-builtthe behaviour of that particular workload. In any case, the
power measurement hardware would allow for characteri- experience shows that operating systems would benefit from
sation either as the system runs, adapting the models on-hardware manufacturers providing statistics tailoredree p
line, or automatically at boot or burn-in. Components with- dicting energy use.
out manufacturer-provided models could be modelled as de- In the future, we intend to improve both the modelling
scribed above. accuracy, and the workload prediction capabilities within
Koala stores the models as Linux modules generated fromKoala. While our present techniques are sufficient for ef-
parameters in the Linux source tree. While this is practical fective energy management, improvements will allow even
on a small scale, it is impractical for vendors. An alteweti  more energy to be saved, and a more accurate trade-off with
is to store models (or components of the model) in ROM or performance. We intend to generalise to more platforms, tak
using ACPI tables/methods. ing into account multi-core systems, I/O power, and therothe
power management challenges that an even more varied set

7. Conclusions and Future Work of platforms will present.

Effective power management by the OS is of increasing im-
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