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Abstract

In this thesis, | designedand built EProf, a systemthat proles the energy use
of a Compaq iPAQ. Energy pro lers help determine what parts of code are most
energy-irtensive so that programmerscan concerrate on software hotspots. EProf
usesstatistical samplingto measurean iPAQ's energyuseunder a variety of working
conditions. The EProf infrastructure is a foundation for further work on portable,
online energypro ling.
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Chapter 1

In tro duction

E orts to extend battery life have becomemore crucial as the use of portable elec-
tronic deviceshas becomeincreasingly widespread. Much work has gone toward
improving the e ciency of hardware componerts and recerily more software tech-
niquesare being dewloped to help consere energy In the past when more empha-
sis was placed on performance,cycle pro lers gave programmersan idea of where
the processorwas spending its time [8]. Now that extra considerationis placed on
energy-e ciency, pro lers are being deweloped to correlate energyusewith functions
or instructions within a program. Theseenergypro lers allow programmersto see
where most energyis consumed,enablingthem to write more energy-e cient code.
This thesis descrites EProf, a collection of hardware and software tools that are
usedto pro le the energyuseof the CompaqiPAQ [1]. EProf usesstatistical sam-
pling techniquesto measurethe iPAQ's energy consumption, and correlatesthese
sampleswith the appropriate processrunning in the system. EProf is a platform to
further dewelop techniquesfor measuringenergyoutside of a laboratory ervironmert.
With appropriate padcaging, EProf can pro le the iPAQ's energyusewithout being
tethered to laboratory equipmen becauseall the energymeasuremen hardware ts
ona PCMCIA Card. EProf can measurethe energyconsumedunder typical working
conditions, even asfactors sud asbattery level vary. It is alsoa exible tool because
the only hardware modi cation necessaryis the addition of a senseresistor to the

IPAQ's battery pad.
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1.1 System Overview

The useof statistical samplingtechniquesfor energypro ling borrowsfrom work done
on cycle pro lers [8]. A cycle pro ling system periodically interrupts the processor
in order to record the executinginstruction. The systemkeepstrack of how many
times ead instruction is interrupted, thus building a statistical pro le of wherethe
processorspendsits time.

EProf periodically samplesthe program courter and processiderti er just asis
donein acyclepro ler. Additionally, it recordsinformation to determinethe amourt
of energyusedsincethe last interrupt. The amourt of energyusedis computed by
integrating power samplesthat are cortinuously taken in the badkground. The in-
stantaneouspower samplesare computed by samplingthe current and voltage being
supplied to the IPAQ. A separateprocessingsystem reports the amourt of energy
usedby ead processas well as supplememary data sud as averageper-processin-

stantaneouspower and currert.

1.2 Paper Overview

This thesisis structured as follows. Chapter 2 reviewsrelated energy measuremen
work. Chapter 3 addressedssuesrelated to the designand implementation of the
EProf system. Chapter 4 preseis experimerts and testing. Chapter 5 concludesthe

thesisand suggestdirections for future work.
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Chapter 2

Related W ork

This chapter addresseswo classe®f relevant energymeasurementechniques. There
are a few closely related statistical sampling systemsfor in-laboratory use. Also,
some non-statistical sampling basedwork supports the e cacy of EProf's energy

measuremen techniques.

2.1 Statistical Sampling

Basic cycle pro lers give the user an idea of where the processorspendsits time.
Howeer, becauseall the componerts of a system, not just the processor,consume
energythis doesnot correlate well with overall energyuse. Two types of statistical
sampling techniques have beendeweloped for energy measuremety time-driven and

energy-driven.

2.1.1 Time-driv en Sampling

PowerScore [9] is an exampleof a time-driven statistical sampling system. A labora-
tory multimeter periodically interrupts the systemto signalthat it is time to sample
the program courter, processidenti er, and instantaneouscurrernt being drawn by
the system. This is enoughinformation to determinethe instantaneouspower drain

becausehe systemis poweredby a lab supply. Becausethe battery is unpluggedthe
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variation in supply voltage is minimal, thus PowerScop energy pro les do not take
into accour the e ects of battery charging and disdharging. Also, sincethe system

relieson the multimeter and lab supply, it cannot be usedoutside of lab.

2.1.2 Energy-driv en Sampling

Energy-driven sampling techniquesdeterminewhento take a samplebasedupon the
amourt of energy consumedrather than the amourt of time that has passed[6].
The pro ler issuesan interrupt when a given quarta of energyhas beenused. The
interrupted instruction is then recordedand time-stamped. One advantage of the
energy-driven approad is that when a lot of energyis being used, a seriesof inter-
rupts will be triggeredin quick successionThis allows analysistoolsto pinpoint the
expensiwe processesaind catch energypeaksthat might be missedin the time-driven
stheme. Also, when the systemis in an idle state using little power, fewer samples
will be taken, saving storage spaceand reducing the amourt by which the system
is disturbed. In F. Chang et al.'s energy-driven sampling paper, the authors claim
that their implemertation of a PowerScope-like pro ler tendsto over-estimatekernel
idle power [6]. EProf samplespower cortinuously so the assaiated power sampling
overheadis constart. Much like the energy-driven sdheme, most considerationneeds

to be placedupon disturbancescausedby the software instruction sampler.

2.2 Energy characteristics of embedded pro cessors

There are a number of approatesto energymeasurementhat do not involve statis-
tical samplingwhich o er resultsthat are relevant to EProf's techniques.

The JouleTrack [11] systemillustrates that processorspeedand voltage are the
two factors that most a ect the amourt of energyusedby the system. EProf takes
voltage supply variation into accournt whereasthe above in-lab systemsignore it.

Isci and Martonosi [7] are critical of time-basedstatistical samplingwhen applied
to complex processorswith multiple power states. Similarly, F. Chang et al. [6]

report that energy-driven estimates are more accurate when the processorcycles
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through a number of di erent power states. The iPAQ's processothasonly two power
states, but the systemasa wholeis much more complex. One must considerseparate
componerts sud as DRAM, screen,and wirelesscard; a wirelesscard alone has a
number of di erent power states. Future work should addressthese considerations,
but even so, most measuremets by the energy-driven samplerand PowerScope were

within 4 percen of eahother [4].
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Chapter 3

Design and Implemen tation

This chapter addresseshe architecture of the EProf system. It describesthe energy

measuremen strategy as well as designand implemertation details.

3.1 Design Overview

EProf is composedof a hardware subsystemthat measuresnstantaneouspower and
a software portion for samplerecording and data analysis. It is possibleto set the
rates of power sampling and instruction sampling independerily, however, the hard-
ware system samplespower at least as often as instructions are sampled. Figure
3-1illustrates how power samplesare integrated and energyis chargedto the inter-
rupted instruction. The alternating shadedregionsare the groups of power samples
attributed to the next interrupted instruction, indicated by a heary blad line.
Considertwo sequetial interrupts in two separateprocessesThe secondprocess
is chargedfor any energyusedin betweeninterrupts regardlessof wherethe majority
of the intervening time sliceis spent. One advantage of this technique is that many
power samplescan be taken by the EProf card while minimally disturbing the rest
of the system, resulting in a ner-grained analysis. Howewer, this is only useful if
the power samplesare chargedto the appropriate process.The problem of properly
attributing power samplesmakesit crucial to look at the way the instruction and

energysampling rates interact.
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| power samples

I instruction samples

power

time

Figure 3-1: Energy allocation. The instruction sampling rate is jittered to avoid
syndironization with systemeverts.

3.2 Implemen tation Overview

EProf wasdeweloped on a CompaqiPAQ H3600[1] running the Familiar distribution

of Linux [2]. The H3600cortains a 206 Megahertz(MHz) Intel StrongArm SA1110
processorand plugsinto an iPAQ badkPAQ sleewe with two PCMCIA slots. One slot
housesthe EProf PC Card, the other can be usedby any other PC Card. In this
application the secondslot enablesthe pro ling of programsthat usethe wireless

card.

3.2.1 Hardw are

Most of the power-measuremein portion of EProf sits on a card that plugs into a
PCMCIA slot on the iPAQ's bakPAQ. The EProf card consistsof an oscillator, two
analogto digital converters (ADCs), and a Field ProgrammableGate Array (FPGA).

Overview

One of the ADCs measuresthe voltage drop acrossa senseresistor that is placed
betweenthe battery and the battery connectorto the iPAQ. This allows EProf to
determine the current being drawn by the system. The other ADC measuresthe

voltage being supplied by the iPAQ's battery. This is necessarnpbecausehe supplied
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voltagewill vary asthe battery chargesand discharges. Becausanstantaneouspower
is equal to current times voltage, the above information is su cient to determine
the power being usedat the time of the sample. The FPGA cortrols the ADCs and
passegheir samplesto the iIPAQ via the PCMCIA port for processing.

iPAQ

ViPAQ
PCMCIA Port

Rsense A/D (iPAQ current)}ﬁ@

v battery

’ Battery‘ A/D (supply voltage*bﬁQ

Figure 3-2: EProf Hardware SystemOverview.

Implemen tation

The 20 MHz oscillator clocks the state madiinesinside the FPGA. The FPGA gen-
eratesthe 588 Kilohertz (kHz) clock signal usedby the ADCs as well as the ADC
chip enablesignalsthat allow sampletiming to be nely cortrolled by the user. The
ADCs are 8-bit, have di erential inputs, and usesuccessi® appraximation. The sense
resistoris 0.5 Ohm. The battery is rated to provide a maximum of 1 Amp of current
sothis introducesa drop of at most 0.5 Volt over the resistor. The FPGA is a 3.3 Volt
Xilinx SpartanXL which easilyinterfaceswith the data and cortrol signalsneededfor
the PCMCIA slot. The FPGA cortains one state macdhine to cortrol sampling and
oneto respond to userinput.

The sampling state machine generatesthe ADC clock and cortrol signals and
aggregatesampledata. At the end of a corversionthe resulting 8-bit sampleis added

to the correspnding voltage aggregatebu er and a samplecourter is incremerted.
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When the user reads sample data the two 16-bit totals are returned, along with
the courter data indicating how many voltage samplesthe aggregatesorresmnd to.
The registerscan hold 255 samplesbeforeover owing, sothe usermust be careful to
coordinate the instruction and energysamplingratesto avoid this situation. Also, all
the bu ers are clearedwhen the samplecourter registeris read, so all three bu ers
must be read sequetially to ensurethat the voltage aggregatescorrespnd to the

number of samplesreturned by the courter.

Name Size | Read/Write? | Description

reset 8-bit | W-Only write any value to resetcard

samplerate 16-bit | R/W power is sampledat a rate of adcclk
(10+ (sampleratereg 1))

adcQsample 16-bit | R-Only aggregatesupply voltage

adclsample 16-bit | R-Only aggregatevoltage drop acrosssensere-
sistor

samplecourter | 16-bit | R-Only number of samples above aggregates
correspnd to

Table 3.1: EProf card registers.

The iPAQ's interface to the PC Card slot/EProf driver is via the secondstate
madine in the FPGA. This madine handlesreads and writes to the EProf's ve
registers,summarizedin Table 3.1. The three read-only data registersweredescriked
above; there are two 16-bit aggregatevoltage sample bu ers and a 16-bit sample
courter. Writes to the reset register clear all bu ers and return the card to its
starting state. The 16-bit samplerate registeris read/write and determinesthe ADC
samplingrate. The ADC clock rate is given by adcclk = (20 10°) 34 588kHz;
it must be a multiple of the 20 MHz clock, but lessthan 600 kHz. Becausesample
conversiontakes10 ADC clock cycles,the maximum power samplingrate is given by
adcclk (10+ (sample_rate_reg)), aslong assamplerate_regis nonzero. The fastest
power samplingrate of approximately 49 kHz is achieved whenthe samplecourter is
one.

The ADCs are 8-bit TexasInstruments TLC0831sthat use5 Volt cortrol signals.

The TLCO0831 is a successig appraximation analogto digital corverter with a ref-
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erencevoltage input that allows for the accurate measuremen of signalslessthan
5 Volts. Its di erential inputs enableaccuratevoltage measuremets even when the
negative terminal is not connectedto ground. Howeer, the di erential inputs are
directional sothe voltage drop acrossthe senseresistor can only be measuredwhen
chargeis owing out of the battery. When a negative voltage is detected,the ADCs
return a samplevalue of 0. This meansthat EProf cannot be usedwhen the battery
is charging. One solution to this problemwould beto disallow charging of the iPAQ's
battery when it is pluggedinto the sleee and the sleewe is pluggedinto the wall
outlet. Howeer, this would involve nortrivial modi cations to the sleee to disable

the iPAQ's battery charge enablepin.

3.2.2 Software

EProf's software subsystems comprisedof online toolsneededor pro ling ando ine

tools for data analysisand debugging. The online tools consistof two loadablekernel
modulesand a user-lexel daemon,eprofd, to cortrol sampling. Additionally, there is
a command-lineinterfaceto the EProf card and perl and shell scripts for o ine data

analysis. An overview of the organizationis shovn in Figure 3-3.

Figure 3-3: EProf Software SystemOverview. Arrows indicate dependencies.
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Kernel code

The kernel level code is split into two modules. The EProf card driver exports a
character deviceinterface that allows programsto read and write the card's cortrol
registers. It also exports the eprofread function used by the proling module to
read energysampledata. The pro ling module exports a separatecharacter device
interfacethat the user-leel daemonusesto read the instruction and energysamples.

The EProf card driver is basedon a basic memory card driver that is part of the
Card Servicedor Linux PCMCIA support padkage(pcmcia-cs)available from Source-
Forge[3]. Readsand writes to the card directly manipulate the registerssummarized
in Table 3.1. The exported eprofread function allows the pro ling module to read
energysamples.

The pro ling module is a slightly modi ed versionof the cyclepro ler distributed
with Familiar. During the interrupt that recordsinstruction information, the pro ling
module readsthe latest energysamplesfrom the EProf card. It providesthe API that
the user-lexel daemonusesto start pro ling, stop pro ling, and cortrol instruction
sampling parameters.

Toreduceoverhead,a future implemertation of EProf might moretightly integrate
the two modules. For example, rather than exporting the eprofread function, the
two modules might share a kernel memory bu er. It might also be advantageous
to conbine them; the functionality might be separatedby creating two deviceswith

di erent minor numbersthat are servicedby one combined EProf module.

User-lev el sampling control

The user-lexel daemonis invoked at the command-lineand allows the userto specify
both the instruction samplingrate and the energysamplingrate. The default instruc-
tion sampling rate is 625 Hz which is the rate usedby PowerScog [9]. The default
energy sampling rate is 49 kHz which is the fastest sampling rate achievable by the
hardware. The user may also randomly jitter the sampling rate around a specic

value. This helpsguard against samplesthat are syndironized with systeme\erts.
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Analysis and debugging tools

The command-lineinterfaceto the EProf card allows the userto directly manipulate
the card'sregisters. From the commandline the userthe can start or stop sampling,
change the power sampling rate, or read the most recert samples. Currently the
EProf card driver doesnot distinguish betweenreadsfrom the pro ling module and
the command-lineprogram. If the eprofd daemonis running the usermust be careful
not to clearthe samplebu er or this will resultin eprofdreadingan incompletepower
sample.

The main o ine analysistool is a perl script that can be run on any madine. It
displays averagepower/instruction in a given process,averageinstantaneouscurrert
and voltage, converts the power samplesto energyvaluesand correlatesthem with
the appropriate process. The tool also displays the incremenal percernage of total

energyconsumed.Example output is shovn in Table 3.2.
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cycles cycle %
68731 71.23%
27598 28.60%
136 0.14%
13 0.01%
8 0.01%
2 0.00%
1 0.00%
energy (Joules) energy %
106.79330 66.58%
53.26959 33.21%
0.28268 0.18%
0.02627 0.02%
0.01708 0.01%
0.00389 0.00%
0.00192 0.00%
# power samples power/samp
5270376 0.97112W
2123784 1.20637W
10633 1.29906W
996 1.26283W
631 1.33460W
154 1.21541W
80 1.19804W

cum cycle% image
71.23% kernel
99.83% loop
99.98% profd
99.99% |d-2.2.3.s0
100.00% libc-2.2.3.s0
100.00% sh
100.00% init
cum energy % image
66.58% kernel
99.79% loop
99.97% profd
99.99% |d-2.2.3.s0
100.00% libc-2.2.3.s0
100.00% sh
100.00% init
avg V. avg | avg eli image
3.703V 0.262A 76.7 kernel
3.682V 0.328A 77.0 loop
3.645V 0.356A 78.2 profd
3.652V 0.346A 76.6 ld-2.2.3.s0
3.653V 0.365A 78.9 libc-2.2.3.s0
3.603V 0.337A 77.0 sh
3.696V 0.324A 80.0 init

Table 3.2: Example energypro le.
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Chapter 4

Exp erimen tation and Results

This chapter presets someof the data that hasbeencollectedusingthe EProf system.
It addresseghe e ects of varying the instruction sampling rate versusvarying the
energy sampling rate. This chapter also comparesprograms with di ering energy
characteristicsand evaluatesa pro le of the iPAQ's energyconsumptionasits battery

drains.

4.1 Testing Setup

For all testing the wall chargerwas unpluggedsothe batteries of both the sleewe and
iIPAQ were being drained. The ADCs and clock were powered by the 5 Volt pins
from a PCMCIA slot on the badkPAQ. The ADC measuringthe voltage supplied
by the 3.7 Volt iPAQ battery also usedone of the slot's power pins as its reference
voltage. The other ADC used the lab power supply to get the 1 Volt reference
neededto measurethe voltage drop acrossthe senseresistor. (See3.2.1for more
information.) Instruction samplerate jittering was enabledto minimize correlating
instruction sampleswith systemewens. The looping program simply incremeried a

courter from O until Ox2 f. This lasted an averageof 46 seconds.
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4.2 Varying the Sampling Rates

Energy measuremets were taken using six di erent energy sampling rates and six
di erent instruction sampling rates. When the energy sampling rate was varied the
instruction sampling rate was kept at a constart 625 Hz [9]. When the instruction
sampling rate was varied energy was sampledat the highest possiblerate, 49kHz.
During testing the pro ling daemonwasrun in the badkground while a singleinstance
of the looping programwasrun in the foreground. Each test wasrepeatedthree times

and the gures shaw the the averageof the three test runs.

Figure 4-1 shaws the averageinstantaneouscurrent being drawn when running
kernel code, the loop code, and other user-male code. Although there is somenoise
in the system,the variation in current is within a few percen. Also, both plots shav
the current drain increasingas sampling frequency increases;one would expect to
incur higher overheadwhen taking more samples. The tests also shav more current
being drawn by kernel code than by the loop code. The loop code is CPU-bound so
the rest of the systemis relatively quiesceh whenit is running. The kernelis likely

to be using other parts of the system,thus drawing more currert from the battery.

Figure 4-2 shows the averagevoltage sampledfor the di erent processesunning
in the system. The measuredvoltage is strongly correlated with the time that the
instruction was sampled. This explainswhy the graphsin Figure 4-3 shoving average

instantaneouspower have a shape similar shape to thosein Figure 4-1.

The tests varying the energy sampling rate were run in order from highest fre-
guencyto lowest frequencyso the supply voltage seemsto increasewith frequency
The tests varying instruction sampling rate wererun in order from lowest frequency
to highest frequency so the voltage seemsto decreaseas frequencyincreases. The

e ect of time on battery voltage s illustrated further in Section4.4.
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Figure 4-1: Averageinstantaneouscurrent sampleschangingwith energyand instruc-
tion samplingrate.

4.3 Dieren t Energy Patterns

In order to obsene di erencesin the energycharacteristicsof distinct processestwo
di erent looping programswere pro led simultaneously With the proling daemon
running in the badkground, a modi ed loop-writing program syndronously wrote
4 bytes to ash memory then incremeried a courter. After 0x3 iterations of the
loop-writing program, the original loop program was run. Whereasthe unmodi ed
program took 46 secondgo run on average,the modi ed program lasted between25
and 100 secondgdepending on the timing of the ash memory accesseél].

Figure 4-4 shaws the resulting e ects on averageinstantaneouscurren, voltage,
and power for three runs of the test described above. Theseaveragesare shonvn for
only the most commonlyinterrupted processesNotice that the modi ed loop-writing
program doesnot appear in the list, and that the kernelusesaround 1 milliamp less
currernt on averagethan other processes.Manual inspection of the detailed results

returned by the pro ling daemonreveal that the kernelis spending most of its time
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Figure 4-2: Averageinstantaneousvoltage sampleschangingwith energyand instruc-
tion samplingrate.

waiting for the syndhronouswrites to complete. The time spert waiting for the ash
memory lowers the kernel's averagecurrent drain. Figure 4-4(b) shows an inverse
relationship betweensupply voltageand currert, while Figure 4-4(c) shovsthat power

is strongly correlatedwith currert drain.

Although Figure 4-4 shows a high variance in instantaneous power, Table 4.3
demonstratesconsistencyin total energy use. The original loop program usesan
average of 53 joules, though the percenage of overall energy consumption varies
depending on how long the test lasts. Interestingly, regardlessof test length the
averageamourt of energyattributed to ead power sample(showvn in column 6) varies
little. This emphasizeghat although minimizing current draw may be helpful, the
amourt of time that a programrunsiis still the mostimportant factor in determining

energyconsumption.
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Figure 4-3: Averageinstantaneouspower sampleschangingwith energyand instruc-
tion samplingrate.

4.4 Time Varying

Energy measuremets weretakenasa full battery wasdraining in order to investigate
the way that battery level a ects current and energy use. A script on the iPAQ
cortinuously ran iterations of the loop program and slept for one secondin between
invocations. Figure 4-5(a) shavs the averageinstantaneouscurrert drawn by the loop
program over time, while gure 4-5(b) shows averageinstantaneousvoltage. When
the battery voltage is high, the amourt of current drawn is inversely proportional
to voltage. After about 15 iterations of the loop program, when the battery voltage
drops below 3.6 Volts, the current operatesin an almost linear region between 0.46
Amps and 0.48 Amps. Howeer, oncethe voltage gets belowv 3.4 Volts the amourt
of current drawn increasesdramatically. Figure 4-5(c) shaws the resulting e ect on
averageinstantaneouspower. As long ascurrert stays constar, power decreasesAs
soon asVvoltage drops below the critical level the current and power increasequickly.

Figure 4-5(d) showvs that despitethe uctuations in averageinstantaneouspower total
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Test| Loop Energy | Total Energy | % of Total | # Power Samples| Energy/Sample
0 52.79(J) 89.49(J) 59 % 4002377 2:24e 5
1 53.27(J) 160.39(J) 33% 7406654 217 5
2 54.77(J) 123.52(J) 44 % 5684369 2:17e 5

Table 4.1: Summary of energy characteristics of di erent programs. All energyis
expressedn joules (J).

energyconsumptionremainedrelatively constart. The unusual data points are likely

due to characteristicsof the corverter usedto regulate the sleee's voltage.
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Chapter 5

Conclusion and future work

This thesis presettied the EProf system, an infrastructure for the dewlopmen of
a portable, online energy monitoring tool. It focusedon the designof the system,
issuegnvolvedin adiieving its designgoals,and a preliminary investigation of EProf's
e ectivenessas an energypro ler.

Future researb on the EProf platform can proceedin a number of directions.
For example,one might focus on making EProf more portable. This is a challenging
project becausdow-power componerts are neededto build an e cient power distri-
bution systemon the EProf card. A portable tool is likely to have greater storage
needs sodata compressiortechniqueswill be usefulto keepthe amourt of spaceused
from becomingunwieldy. It may be valuable to investigate an energy-driven version
of EProf to ewaluate its accuracy;an energy-driven version may incur lessoverhead
over all. One might add hooksto the operating systemto causesamplesto be taken
upon processswitches rather than on time-driven or energy-driven ewerts; it is not
clear whether the improvemer in accuracywould justify the addedcomplexity.

EProf is a solid baseupon which further portable energymonitoring projects can
build.
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