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ABSTRACT

MacromodelingandCharacterizationf FilesystemEnegy Consumptiorfor Diskless
Embeddedystems(August2003)
SiddharthChoudhuri,Bachelorof EngineeringSambalputniversity

Chairof Advisory Committee:Dr. RabiMahapatra

Theuseandapplicationof embeddedystemsn everydaylife hasproliferatedin the
pastfew years. Thesesystemsare constrainedn termsof power consumptionavailable
memoryand processingequirements.Typical embeddedystemdik e handhelddevices,
cell phonessingleboardcomputerhasedsystemsaredisklessanduseflashfor secondary
storage.The choiceof filesystemfor thesedisklesssystemsangreatlyimpactthe perfor
manceandthe enegy consumptiorof the systemaswell aslifetime of flash.

In this thesiswork, the enegy consumptiorof flashbasedilesystemdasbeenchar
acterized Boththe processoandflashenegy consumptiorarecharacterizedsafunction
of filesystemspecificoperationsThework is aimedat helpinga systemdesignercompare
and contrastdifferentfilesystemsbasedon enegy consumptiorasa metric. The macro-
modelcanbeusedto characterizendestimateheenegy consumptiorof applicationslue
to filesystenrunningon flash.

Thestudyis doneon a StrongARMbasedorocessorunningLinux. Two of the popu-

lar filesystemsIFFS2andext3 areprofiled.
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CHAPTERI

INTRODUCTION
The useandapplicationof embeddedystemsn everydaylife hasproliferatedin the past
few years.The decreasingostof processobasedsystemsoupledwith Moore’s law has
led to the developmentof a plethoraof embeddedievices. Embeddedystemsareubiqui-
tousandhave becomeintegral partof our daily lives. Someof the embeddedystemghat
we comeacrossn our dayto daylivesarein automatedjasstations airportkiosks,cash
registersin grocerystoresmicrowaves,cell phones ATM machinesandPDAs to namea
few. However, thesesystemsunlike corventionaldesktopsystemsreconstrainedn terms
of power consumptionavailablememory processingequirementgandoperatingernviron-
ments. Theserestrictionsare mainly dueto the factthatembeddedystemsare designed
to sene specificpurposein mind andusuallyhave a strict restrictionon their form factor
(physicalsize), computationakapacityand costof manufcturing. For example,a hand-
held shouldbe designedo consumeminimum power in orderto have a prolongedbattery

life. Also, it shouldbeassmallaspossiblen its form-factor

Thede-facto standardor secondargtoragdan conventionaldesktopsystemshasbeen
hard disk drive. However, constraintsdue to form-factor and power consumptionrules
out the option of usingharddisk drive for secondarystoragein embeddedystems.Hard
disk drivesconsumepower in the orderof hundred=f milli Watts[2] which s significant
consideringhat mostembeddedystemsun on battery This hasleadto the widespread
useof a ROM, EEPROM or Flashbaseddevices as meansof secondarystorage. The

limitation of ROM and EEPROM s that they canbe usedasreadonlysystemswhereas

Thejournalmodelis IEEE Transaction®n AutomaticControl.



flashbasedstoragecanbe usedasread-writesystemsWhile read-onlystoragds suitedfor
applicationdike mp3players,mostof the embeddedystemdik e handheld deviceshave
the needto be ableto readandwrite dataout of a secondarystoragedevice, henceflash
basedstorageis ideally suited. Flashmemoryis a type of constantly-paerednornvolatile
memorythat canbe eraseandreprogrammedn units of memorycalled blocks. Typical
embeddedsystemdike PDAs, cell phonesand single board comuterbasedsystemsare
disklessanduseflashfor secondarstoragg3].

In the pastfew years,designefforts to minimize enegy consumptionof embedded
systemdhave beenof paramountmportance.Oneof thereasonss dueto thefactthatthe
improvementn batterytechnologyhaslaggedbehindthatof processoanddigital systems
[4]. However, theimportancen power awaredesignis dueto obviousreason®f making
devicesthat consumdesspower leadingto longerbatterylife. Corventionaltechniques
of reducingpower consumptiorhave beenstudiedandimplementedn hardware[5]. The

power dissipationn a CMOScircuit is dueto[6]

1. Static dissipationdue to leakagecurrent. The total static power dissipationof a

CMOScircuit is givenby
n
Ps= Zleakage current x supply voltage (1.1)
where,n = numberof devices
2. Dynamicdissipationdueto switchingandcapacitancevhichis givenby
Py = C *Vigp * fp (1.2)

where G is the swithcedcapacitanceypp is thesupplyvoltageand fj is thesystem

clock frequeng.

Theunderlyingideasbehindpower awaredesignshave beento eitherreducethe operating



voltageor thefrequeng in (1.2)to reduceoverall power consumption.

More recenttechniquedave revolvedaroundexploiting softwaretechniquego designen-
emgy efficient systemq7]. The obvious advantageoffered by software techniquess the
flexibility it offers. Softwaretechniquego not requirea re-designof hardwarewhich is
oneof its biggeststrengthsasopposedo low level hardwaretechniques.Also, software

techniquesanbe changedr dynamicallytuneddependingn application.

A. OperatingSystemsandEnegy Consumption

In recentyears,considerablevork hasbeendonein theareaof OperatingSystemdirected
power managementor embeddedystems. Thesestudieshave revealedvariousaspects
of OperatingSystemghat canhelp in designingenegy efficient embeddedystemd8].
Thevariousaspect®f OperatingSystemdik e schedulingmemorymanagementjynamic
power managemerdndidling of devicesfor power sarzing hasbeenextensvely studiedin
[9, 10,11, 12, 13]. However, enegy consumptiorfrom a filesystemperspectie hasnot
beendoneby ary of theabove. Anotherimportantreasonvhy OperatingSystemdirected
enegy managementbasgainedconsiderablemportances dueto the factthatit is in the
right placebetweerhigh level applicationsandlow level architecturelt is faster(in terms
of timeto market) andeasietto make changeso softwareandreinstall,comparedo change

in hardwarearchitecturavhich leadsto entireredesign.

B. MacromodelingrilesystemEnegy Consumption

Macromodelingis a techniquethat givesa high level model or equationfor the system
understudy In the caseof filesystemenegy consumptionthe goalis to comeup with
mathematicaformulae that describethe enegy consumptionof CPU and Flashdueto

filesystenrelatedoperations (For example,creatinga new file, removing directory reads



andwritesto afile etc). Theseequationsvould relateenegy consumptiorasa function
of filesystemmetrics. The macromodels derived after runningexperimentson an actual

setupandthenusingstandardechniquedik e regressioranalysisto generatea model.

C. Motivation

Oneof the importantdesigndecisionsfor an embeddedystemsdeveloperis the enegy
consumptiorof the intendeddevice. The enegy consumptioris anindicatorof how fast
the device dischagesbatteryandobviously is animportantdesignfactor However, fast
timeto marketdoesnotgivethedesignesuficienttime to compareandcontrastheenegy
consumptiorandperformanceof differentfilesystems.Also, a studyof filesystemenepgy
consumptiorwould requirean experimentalsetup,which would addto the costandtime
to market. Theaim of this paperis to give a quantitatve studyfilesystemdor aflashbased
device andprovide with astudyof enegy consumptiorandperformancdoasecdn standard
benchmarksWethenprovideamacromodethatcanbeusedo relatefilesystemusagewith
enegy consumptionThe motivationbehindthis macromodeis thatanembeddedystems
developercanusethis macromodelto estimatethe enegy consumptiorof filesystemsat
designtime. The macromodelould have characteristicof enegy consumedby both
processoraswell asflash. The macromodelkould be usedto make a tradeof between
availablefilesystemchoicesfor enegy awaresystems.

To ourknowledge thisis thefirst timefilesystemenegy characterizatiohasbeendonefor
flashbaseddevices. This canbe usedefficiently by a systemdesignerto malke filesystem

tradeofs andto save time without the needfor anactualpower measuremergetup.



D. Contributionsof theThesis

1. Characterizatiorof enegy consumptionoverheadin an embeddedsystemdue to
filesystem. In our work, we have isolatedthe filesystemenegy consumptionfor
a disklessembeddedystemfrom othercomponent®of the operatingsystem. This
study gives us a picture of overheadthe filesystemimposeson the overall enegy

consumption.

2. A macro-modethatdescribedilesystemenegy consumptionin termsof CPUand
Flash. This modelis a setof mathematicaéquationsderived from macromodeling

usingregressiomanalysis.



CHAPTERII

BACKGROUND AND PROPOSEDRESEARCH
This chaptersummarizeghe currentstateof researchwork beingdonein the areaof en-
ergy characterizatiofior embeddeaperatingsystemsandrelatedwork. It alsointroduces
our methodologyanddiscusse# detail the experimentalsetuprequiredfor the proposed

researchwork.

A. Introduction

As discussedhn the previouschapterin the pastfew yearsresearchhasfocussedn study-
ing, analyzingand finding ways to make operatingsystemsenegy efficient and power
aware for embeddedsystems. Varioussubsystem®f operatingsystemshat can be im-
provedtowardsa power awvare systemhave beenstudiedandintroducedin [8]. Most of
the approachesowards making operatingsystemspower efficient have revolved around
makingchangego the scheduleandidling deviceswhenthey arenotin use. A first step
towardsenepgy characterizationf embeddedystemsvasdonein [9]. In this paperthe
authorsgave a perinstructionlevel enegy consumptiorthatcould be usedby softwareto
characterizets power consumption.Characterizingenegy consumptionis importantfor

two reasons

1. It givesananalyticalmodelthatcanbestudiedandinterpreted Also, trendsof enegy

consumptiorcanbe concludedrom ananlalyticmodel.

2. It helpsin developingtoolsthatcanbeusedto simulateandpredictenegy consump-
tion of applicationgo a fair amountof accurag, without having anactualmeasure-

mentsetup.

3. Having amacromodels fasterthanconventionalinstructionlevel profiling or hard-



waresimulations.

1. Macromodeling

Macromodelingof operatingsystemsnegy consumptiorhasbeendoneby [14]. In this
papertheauthorshave usedinearregressioranalysigo relatethe operatingsystemactui-
tiesandsystemcallsto enegy consumptionFor example,contect switchenegy consump-
tion hasbeenfoundoutto be12570nJfor anARM processarHowever, thiswork doesnot
take into consideratiorthe type of filesystempresenon the systemandthe measurements
andmacromodebevelopedis only for CPU enegy consumption.In practicalembedded
systemspower is consumedoth by the CPU andotherdevicesinteractingwith the pro-
cessorA moregeneralapproactowardshigh level macromodelindhasbeendescribedn

[15]

2. Tools

Jouletrackis awebbasedool developedby [16]. Thistool givesthe enegy consumption
andsomeotherprofiled datafor a C programrunningon an ARM processar The enegy
consumptions calculatedrom aninstructionlevel enegy consumptiordataavailablefor
ARM basedorocessarThetoolsis for profiling theenegy consumptiorof staticallylinked
C programsonly. It doesnot give enegy consumptiorfrom an operatingsystempoint of
view. EMSIM is anotherenegy profiling tool developedby [17]. This tool simulatesa
systemfrom bootuphaving the requiredapplicationrunningon asa ramdiskimage. This
toolsgivesadetailedresultsof enegy consumptioratsystencall level. However, only one
applicationcanberun on this tool. Anothertool, calledwattchhasbeendevelopedbased

on simplescalathatcharacterizethe power consumptiorof anARM processor[18, 19]



B. ProblemSpecification

The goal of the thesisis to characterizehe enegy consumptiorof the embeddedystem
asa function of CPU andflashenegy consumption.In otherwords,we wantto obtaina

mathematicaodelof theform

Esystem = f(Ecpuy Eflam) (2-1)
Ecpu = 9(a0%, apé, apx, ...) (2.2)
Efjash = h(aoX, a1X2, a2x3, ) (2.3)

whereEggem is theenegy consumptiorof the systemdueto filesystenrelatedoperations,
Ecpu and Efjash are the enegy consumptionby processorand flash respectrely, dueto
filesystenrelatedoperationsThis enegy consumptioragain,is somefunctionof number
of bytesx reador written to theflashduringfilesystemoperationsTheaimis to find what
kind of relationsexistin (2.1)for variousfilesystenrelatedsystemcalls. For example,the
equationsn (2.2,2.3) couldhave alinearrelation(having coeficientsof higherpowersof
X equalzero)for creatinga directory chdir, proportionalto numberof byteswritten into

thefilesystemwhile creatinga directory

C. ExperimentaSetup

The experimentalsetupconsistsof a StrongARMprocessobasedsystemrunningLinux.
Theversionof Linux is 2.4.18with ARM processospecificpatchesaddedfor the LART
board. We useda LART board [20]. LART is a PC104basedSingle Board Computer
(SBC)runningon Intel StrongARMSA1100processor[21]. A figureof this development

boardalongwith processarflashchips, RAM andpower supplyis shavnin 1. LART
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Fig. 1. LART DevelopmentBBoard

consumesgessthan1 Watt of power andrunsat around250 MIPS. The configurationthat
we have has32MB DRAM and4MB of FlashROM. As canbe seenin 1, therearetwo
distinctPaver SupplyUnits (PSU)to theboard.A variablevoltagesupplygoesto the CPU
andafixedvoltagesupplyof 3.3V drivesothercomponent®f theboardincludingtheflash
chips. The CPU power supplyunit hasthe ability to generatevariablevoltages however,
for our experimentsve usedafixed 1.5V voltagesupplyasour experimentgid notrequire
voltagescaling. The flashis manufcturedby Intel andis part of its 3V fastboot block
flashmemory [1]. The JTAG portis usefulto flasha bootloadeiif the existing bootloader
ontheflashgetsaccidentlydestroyedor overwritten. Theimageis flashedon the boardby
connectinghe hostcomputers parallelportto the JTAG portusinga JTAG dongle.JFlash
utility canbe usedto downloadthe image [20]. The Power/Idle LED glows during the
periodof ary CPUoperation.t canbesetto glow or notin thekernelconfiguratiorfile.

LART hasa performanceof around100 MIPS. the 2x3 serial port pin is connected
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Fig. 2. Profiling FlashAccessed$or Enegy Measurement

to the hostmachineand actsas a terminal to interactwith the board. A standardserial

emulationprogramlik e minicomwith 9600-8N1serialsettingss used.

1. DevelopmentEnvironment

The LART boardrunson ARM (Intel SA1100)processarBecausef thelimited memory
andprocessospeedthe kernel,driversandotherapplicationprogramscannotbe built on
the boarditself. A hostbaseddevelopmentervironmentexists for this reason.The host
can be connectedo LART boardusing either serial port or ethernet. The hostrunson
dual AMD Athlon(tm) 1.5 GHz processar arm-linux-gcc,the crosscompilerfor ARM

processois usedto compilethe kernel,driversand other programson the hostmachine.
The ARM executablesare downloadedusing standardserial port communicationutility

like Minicom. Thekernelandramdiskarealsoloadedonthe LART boardthrougha serial

port. The hostbaseddevelopmenternvironmentis shovn in Figure 2

2. CPUEnegy Measurement

LART boardcomeswith alow valuesenseesistorin serieswith the CPU power supplyto
measurehe power consumptiorof the processar Sincethe value of voltagedrop across
this senseresistoris extremely small (in the order of millivolts), a standarddifferential

amplifiercircuit basedn operationabmplifieris usedto amplify theoutput 3. Theoutput
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Fig. 3. CPUPower Measurement

of the differentialamplifieris givenby

R,
Vout = ﬁz (V2 —V1) (2.4)
1

whereV, - V; is thedifferencein voltageacrosghe senseesistor Renee.

The actualmeasurementf enegy consumptions doneusingLabview. The output
of differentialamplifiercircuit is fed into a SCB-68connectoiboardwhich interfaceswith
Labview via a PCI basedData Acquisition Card (DAQ) asshovn in 4. The Labview
interfaceis configuredo readdatafrom the PClinterfaceat 100scangersecondln order
to startmeasuringenenpy in real-time,the setupis triggeredto startby sendinga pulse
from the processolGPIO pinsto oneof the pins of the connectotboard. Specifically one
of the GPIO pins of the StrongARMCPU is connectedo pin number68 of the SCB-68
connectotboard. The startandstopsignalstogglewith every pulsesentthroughthe GP10O
pin. A loadablemodulehasbeenwritten asa /proc/triggerinterface,to setGPIO pinsto
high andlow. The stepsinvolvedin profiling a sectionof codecould be summarizedas

follows
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Fig. 4. LART Enegy Measuremen§etup
1. echoO > /proc/trigger
2. echol > /procltrigger
3. echoO > /proc/trigger
4. executecodeto be profiledfor enegy consumption
5. echoO > /proc/trigger

6. echol > /proc/trigger

\l

. echo0 > /proc/trigger

The first threetrigger signalswould start the enegy measurementsAfter the codeto
be profiled hasrun, the last threelines would senda pulsethat would stopenegy mea-
surementsAfter this, the enegy consumedn milli-Joulescanbe readfrom the Labview

interface.

Theinstantaneoupower consumptiorby theabove circuit atarny timet is givenby

1(t) = Vense(t) (2.5)

Rsense
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The Labview software basicallyintegratesthe power measurediuring the startand stop
intervals (seperatedby the two triggers),which is exactly the enegy consumptiorduring

thatinterval givenby

‘T RI Ggop
Eopu = / |(t) # Vg dt (2.6)
TRIGgart

3. FlashEnegy Measurement

The enegy consumptionof flashis calculatedusing a tracestaken from flash accesses.
We addedcodeinsidethe flashdriver that calcuateshe enegy consumptiorper process
dependingon how muchtime the flashwasaccesse@ndin whatmode. The enegy con-

sumptionperprocesss calculatedusingthefollowing equation

Eflash = Vdd * Imode * taccess (2-7)

Thevalueof I oge is Obtainedrom [1] dependingonwhatkind of operationis beingdone
(read/write/program/erase).he time of flashaccesstaccess iS calculatedn microsecond
resolution.This datais loggedin a/proc interfacebasedon a perprocesenegy consump-
tion. The power characteristic®f a Intel flash chip operatingat 2.7V is showvn in table

below.

Tablel. Ponver Characteristicor Flash [1]
Parameter Current| Units

ReadCurrent 45 mA

ProgramCurrent 8 mA

StandbyCurrent| 30 UA

Theoverall procedurdor profiling andcalculatingflashenegy consumptions given



14

in figure 5. As shown in the figure, the profiler is a layer on top of the flashdriver. It
profilesthe write and readrequestsseparatelyand outputsinformation on two different
filesin proc-filesystemThevaluesin procfsareloggedperprocessalongwith theamount
of byteswritten or read. This datais usedfor generatinga macro-modethatcharacterizes
flashenegy consumption.

The4 MB of NOR flashonthe LART boardhasthreepartitionsfor boot-loadei(128KB),
Linux kernel(896 KB) anda 3MB partitionfor the actualfilesystem.Theroot partitionis
loadedasaramfspartitioninto the RAM. The kerneluncompresseacompressedamdisk
imagethathasthe root partition. This is doneduring bootupandthe compressedamdisk
imageis loadedusinga seriallink to the board. This is donedueto the limited amount
of flashon theboard(4MB). The 3MB patrtitionon flashis usedonly for our experiemnts.
This also hasthe adwantageof having /var, /tmp and other systemdirectoriesin RAM,

hencegivesanaccurataneasuremertf only the enegy consumptiorwe require.

D. Methodology

In thissectiontheoverallmethodologyadoptedn thiswork to comeupwith amacromodel
is describedAn exampleof macromodetor deletingafile is explainedhere.Thefollowing

stepsillustratethe methodologyanddetails

1. Asthefirst step,weneedo isolatethefile deletionactivity outof therestof operating
systenfilesystemrelatedactuvities. A testprogramis written for this purpose.The
testprogramtriggersthelabview enegy measuremerdetup deletedwentytestfiles
generatedor the purposeof profiling andsendsatriggerto stoptheenegy measure-
ment. Thereasontwentyfiles arechosens because¢hetime requiredto deleteone
file in caseof verysmallsizedfiles, is too smallto measureTheenegy consumption

is divided by twentyin laterstepsto calculatethe average.
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Physical Map of 4MB Flash

Filesystem under study

3 MB
Kernel 896 KB
Bootloader (Blob) 128 KB

0x0000 0000 to 0x0001 FFFF Boot
0x0002 0000 to 0x001F FFFF Kernel
0x0010 0000 to 0x0040 0000 Filesystem

Fig. 6. PhysicalMap Shaving Partition of FlashAddressSpace
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Fig. 7. Macromodeling-lashEnegy ConsumptiorDueto Write Operations

2. Theaverageenegy consumedy processeis calculatedusinglabview. Theenegy
consumedlueto flashreadandflashwrite accessearecalculatedy takingaverages
out of the datain /proc/wtraceand/proc/rtracefiles (correspondingo entriesthat

belongto the processd of thetestprogram).

3. Theabove two stepsarerepeatedy varyingthefile size. Thefile sizeasarevaried

from 1 byteto 8KB in powersof two.

4. Oncewe have thesetof enegy consumptiordueto differentfile sizesalinearequa-
tion relating enegy consumptionto numberof bytesis calculatedusing equation
( 3.3). This equationcanalsobe derived by plotting the valuesof (g, X;) in matlab

andusinga basicfitting operationprovided by matlab

Figure 7 shavsthelinearequationdevelopedfor file deletionusinglinearregressioranal-

ysis. The plot is drawvn for flashwrite enegy consumptioragainstdifferentfile sizeson
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x-axis. The lower graphshaows a plot of residualghatdo notfit in the equationgenerated
out of regressiomanalysis.This is dueto the factthatthe equationgenerateaut of linear
regressioranalysisis not a perfectfit for the obsenedvaluesandis only a “bestfit”. The
scaleon x-axisis logarithmicasfile sizesarevariedfrom 1 byteto 8192bytes,a factorof

morethan8000.

1. RAMDisk Approach

Oneof the problemswith measuringenegy consumptiordueto filesystemis thatthe op-
eratingsystemitself usesa numberof files for locks, statusandlog information. These
files aretypically foundin /var, /usr, /tmp directories. For example,the kernelmessages
areappendedh /var/log/messagedlow, whenthe programsarerunto measurdilesystem
enepgy consumptionthe kernelshouldnot be writing to the flashtoo. This would result
in valuesof enegy consumptionthat are more thanwhat is actually consumed.To get
aroundthis, the root partition of the kernelis keptin RAM asaramfs(RAM Filesystem)
[22]. RAMFS is a kernelmodulefor Linux thatallows a partof RAM to look like it's a

read-writeblock baseddevice.

E. Conclusion

We have formulatedthe problemto be addresseth this work. The highlevel macromodel
equationandhow it canbe usedin the context of currentproblemof finding enegy con-
sumptionof filesystemslueto processoandflashenegy consumptions alsointroduced.
Theexperimentaketupthatis beingusedfor theexperimentdgs describedn detail. Finally,
the developmentervironmentdescribinghow kernelandramdiskare crosscompiledand

loadedinto the LART boardis described.
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CHAPTERIII

MACROMODELING AND DISKLESSFILESYSTEMS

A. Introduction

Thissectionintroducegherole of filesystemsn embeddedystemsEventhoughthebasic
ideaof filesystemsn caseof embeddedystemss sameasin traditionaldesktopsystems,
the mediaon which it residesandaccesgype cangive riseto differentoptionsto choose
from andalsoalternatedesigns Disklesssystemdik e flashusedfor secondargtorageare

not block baseddevices. Thesearerandomaccesslevicesandhencehaving a filesystem
in thesesystemausuallymeanghereis a below filesystemthat makesit look like a block

baseddevice. This chapterdiscussesiow this layer could affect the enegy consumption.
Theaimof thischapteiis alsoto shav how macromodelinganbeusedo studyfilesystems

(for disklessembeddedystmes)n general.

B. Filesystems

Filesystemsare one of the subsystenof an operatingsystemthat help it to organizeand
managedatastoredon secondarystoragedevice. It is responsibldor providing integrity
andorganizingdatain a hierarchy In additionto storaingthe actualdata,the filesystem
alsostoresinformationaboultfile itself (eg: date,time stampspermissions..). This data
aboutdatais also known as meta-data.Therecan be mary differentimplementationof
filesystemsSomeof thecommonfilesystemsausedin embeddeaystemsrejffs2, cramfs,
ext3, romfs.

Linux usesa Virtual Filesystemayerontop of theactualfilesystenthatdelegatesheuser
level systemcalls to filesystemspecificsystemcalls. The VFS layeris provided so that

multiple filesystemsanbe supportedy the kernelat the sametime [23].
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1. JournalingFilesystems

Corventionalfilesystemshave a staticmapor orderin which files are actually storedon
secondarystoragedevice. This canleadto long fsck timesif the systemcrasheswithout
doing a normalshutdavn. This problemhasbeenaddressedh a new kind of filesystem
calledthe journalingor logging filesystem. Thesefilesystemskeepa track of changesas
opposedto the contentsof file in a regular filesystem. The differencebetweena jour-
naledandalog structuredilesystemis thatjournaledfilesystemkeepstrack of only inode
changesvhereadog structuredilesystemkeepsrackof bothdataandmeta-datahanges.
[24, 29. Theideabehindusingjournalingfilesystemis that userstendto useembedded
devicesnotlik e “computers’but lik e “appliances’andhenceto switchit on andoff atran-
dom. Having a journaledfilesystemmakesit possibleto have the dataintegrity intactby
its very natureandalsosenesthe purposeof erasingheflashregionsuniformly, aconcept

known as“wear-levelling”.

2. DisklessFilesystems

Embeddedsystemshave flash as secondarystorageinsteadof a corventionalhard disk
drive. Flashchipsareavailablein two types- A NOR flashthatis directly accessibleand
NAND flashthatis addressabléhrougha 8-bit wide bus. The samebusis usedfor both
write andreadoperationsisingseparateontrolsignals. Theadwantageof NOR chipsover
NAND chipsis thatit canbe clearedindividually which givesmore controlfor the driver
in termsof erasingaregionin flash. However, NOR chipsaremuchmoreexpensve than

NAND chips.Flashfilesystemsn generakcanbe classifiednto two catejories[26]

1. Filesystemghataredesignedexclusively for flashchips. Thesefilesystemsoperate

directly on flashmemory JFFS2is anexampleof suchfilesystem.

2. Corventionalfilesystemshat run on a block baseddevice. Thesefilesystemscan
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Fig. 8. Organizationof a FlashBasedFilesystem

useavirual block device layerasa secondangtoragewhich in turn operateon the

flash.ext3 is anexampleof suchafilesystem.

Figure 8 shavstheorganizatiorof flashbasedilesysteminsideLinux kernel.As can
be seen JFFS2interactsdirectly withe Linux MTD layerthatsits on top of the hardware
specificflashdriver. The Linux VFS layer on the top delegatesthe “generic” filesystem
requestso “specific” filesystemcalls. As canbeseenin thefigure,JFFS2nteractdirectly
with theflashchip throughthe Linux MTD layer. A cornventionalfilesystem(eg: ext3) on
theotherhand,interactswith theMTD layerusingintermediatdayes.Thelayerconsisting
of NFTL, mtdblock,FTL aretranslationayer. Thetranslationayerregistersablockdevice
with theLinux block layer, andon top of thatonecanmounta corventionalfilesystemlik e
theext3, cramfs,ext2 or ary otherfilesystemfor thatmatter Thedevice canbeaccessetly
their device nodes(/dev/ftl*, /dev/nftl/*, /dev/mtdblock*) which areblock specialdevices
or using(/dev/mtd*) whichis acharactespecialdevice. However, the basicideais to give

theuserapplicationson higherlayera“view” asif ablock basedsecondangtoragedevice
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existed,eventhougltheflashis actuallya charactebasedandomaccesslevice.
The two differenttypesof filesystemausedin the experimentsand macro-modeling

aredescribedn the next two subsections

a. JFFS2

The JournalingFlashFilesystems a log structuredilesysteminitially developedby Axis
CommunicationAB Sweedenintendedto be usedon flashdevices. The versiontwo of
thefilesystem popularlyknown asJFFS2wasdevelopedby Redhatinc [27]. JFFS2ike
original JFFSis alsoalog structuredilesystem.JFFS2defineshreetypesof nodedor the
entirefilesystem. The jffs2_nodetypeinode consistsof all inode metadataaswell asthe
rangeof databelongingto theinode. The secondype of nodeis thejffs2_ nodetypedirent
thatrepresents directoryentry, or alink to aninode. Thethird andfinal kind of nodeis
thejffs2.nodetypecleanmarkrwhichis writtento anewly erasedlock whichimpliesthat
the eraseoperationis finishedsuccessfullyandit canbe usedfor storage.Like ary other
log structuredilesystemjn JFFS2alsonodesof varioustypesarewritten out sequentially
untile a block is fillled. At this point a new block is taken from a free.list maintained
by the filesystemand writing continues. Whenthe size of freelist reachesa threshold
value,garbagecollectionstarts.Sincethe amountof flashmemoryavailablein embedded
systemss limited, JFFS2compressedatawhile storingin the inodes. It useszlib com-
pressioralgorithmto storethis compressedata.Onareadoperationthecompressedata
in uncompressedn thefly. This preventsJFFS2beingusedasan XIP (eXecutelin Place)
filesystem. However, the benefitsof compressingutweighthe choiceof an XIP based

system.
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b. EXT3

ExtendedrilesystenB (ext3) is ajournalingfilesystembasedon the popularext2 filesys-
tem[28]. Thejournalinginformationin ext3 comprisef both dataaswell asmetadata.
It usesa JournalingBlock Device layer, or JBD. The JBD is usedto implementournaling
on ary kind of block device. In this way, ext3 is betterthanotherjournalingfilesystems
lik e reiserfsthatjournalonly the metadataandnot the data.However, ext3 is not designed
keepingembeddedystemsn mind, hencethe smallfile write performanceof ext3 is not
optimized. The advantage®f usingext3 is thatit is built on top of ext2, which hasbeen
testedin time. Also, changingthe filesystemfrom ext2 to ext3 is fairly easywith a single
command.ext3 is our secondfilesystemof choicefor studybecauset follows the tradi-
tional UNIX heirarchicalfilesystemstructure. It canbe implementedn any UNIX like
systemthat supportsblock device. As shown in 8, it useslower block level facilities to
interactwith the secondarystoragedevice. In our setup,we createda 3MB partition of
ext3 filesystemandran our filesystemrelatedexperiements The mtdblocklayeras shovn
in 8 wasusedto interactwith theunderlyingflash. This layeris responsibldor calling the

routinesthatactualdo thewrite to the flash.

C. Macromodeling

In orderto comeup with a mathematicamodelthat representshe enegy consumption
dueto processoandflash,we ran experimentsthat would isolatethe requiredfilesystem
relatedactivity andmademeasurementisf enegy consumptiordueto processoandflash.
Reagressiomanalysisvasthenusedto formulatea linearequatiorrelatingfilesystemactui-

tiesto theenegy consumptiorfor applicablecases.

A mathematicamodelfor theenegy consumptioranalysiss developedasfollows
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Let Ecpu(X) = Enegy consumptionof CPU dueto x bytesof datain a filesystem
operation.
Let Esw(X) = Enegy consumptiorof flashdueto x bytesof write operatiorto theflash.
Let Ef,(X) = Enegy consumptiorof flashdueto x bytesof readoperationfrom theflash.

A generakquationof theabove relationwill beof theform
E(x) = f(ap, a1x, ax?, a3, ....) (3.1)

Sincethe enegy consumptiorof the processoandthe flashis directly proportionalto the
numberof bytesthatarewritten to or readfrom thefilesystemtheabove relationwould be
linearin nature. This impliesthata, andhighertermsof equation(3.1) will beO (i.e., a,
=az = ... = 0). For our purposewe getthreesuchindependenéquationgepresentinghe

enegy consumptiordueto processaqrflashwrite operationsandflashreadopeartionsas

shavn belowv
Ecpu(x) — Acpux+ Bcpu (32a)
Etw(X) = AfwX+ Bfw (3.2b)
Efr(X) = At X+ By (3.2¢c)

Now, thegoalis to find outtheunknovnsin equation(3.2).

1. MacromodelingandRegressiorAnalysis

If we have a setof n values{(ep, Xo), (€1, X1), (€2, X2), ..., (én, Xn)} thatrelatethe enegy

consumptiorg to bytesx;, usingstandardesultsfrom regressioranalysig ?], therelation
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canbeexpressedn theform of ageneramatrix relation

1 X €0

1 X1 €1
A

1 X2 * =|le (33)
B

1 X €n

Solvingtheabove matrix relationfor unknavnsA andB, we getageneralizedinearequa-

tion of theform:
E(x) = Ax+B (3.4)

This equationdescribeshe enegy consumptiorE(x) asa functionof bytesx.

D. KernelChanges

This sectiondescribeghe changesnadeto the existing Linux kernelin orderto macro-

modelthe processoandflashenegy consumption.

1. TriggerModule

Theenepgy consumptiordueto processors foundout by writing programghatdo certain
filesystemintensie activity andfinding out how muchenegy is consumedisingthe lab-
view setupas mentionedin the previous chapter However, the processesun for a very
smallinterval of time (in the orderof milliseconds).This requiresa precisestartandstop
time intervals during which processoenegy consumptioris measuredThe/proc/trigger
driver is written for this purpose. It is a dynamicallyloadablemodulecompiledfor the

sameversionof Linux thatrunsontheboard.Its usagss illustratedin 9
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echo 0 > /proc/trigger
echo 1 > /proc/trigger
echo 0 > /proc/trigger

code to profile starts TRIG start
----- Tmeasure
code to profile ends TRIG end

echo 0 > /proc/trigger
echo 1 > /proc/trigger
echo 0 > /proc/trigger

Fig. 9. Using/procinterfaceto Profilea Sectionof Code

PID PID PID
Write Energy Write Energy Write Energy
Write Bytes Write Bytes Write Bytes

——> 4P — NULL

PID PID PID

Read Energy Read Energy Read Energy
Read Bytes Read Bytes Read Bytes
——p 4P —p NULL

Fig. 10. LinkedList LoggingperProces$-lashEnegy Consumption

2. FlashEnegy ConsumptiorList

In orderto comeup with a preciseenegy consumptiormodel,a per processenegy con-
sumptiondueto flashreadandflashwrite operationss required.The existing kerneldoes
nothave ary facility for loggingflashreadandwrite operationsTwo linkedlists consisting
of perprocesslashwrite andflashreadenegy consumptiorareaddedo thekernelfor this
purpose.The structureof the linkedlist is shavn in. In additionto this, readenegy and
write enegy consumptions addedo task structasshovnin 10. Thetaskstructis akernel
datastructurethatcontainsall the atributespertainingto a process|[29, 23] To accesshis
datastructureform userspacea/procinterfaceis used./proc/wtraceenumerateghe flash

write accesdinked list and similarly /proc/rtraceenumerateshe flashreadaccesdinked
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list. A userspacgrogramcanmaketheelement®f linkedlist zeroby doingeithera‘echo

0 > /proc/wtrace‘or ‘echoQ > /proc/rtrace’.

E. Conclusions

In this section,the detailsof filesystemrunning on flash baseddevices were discussed.
Also, thefilesystenmacromodelingtepwasexplainedin detail. Thegeneramathematical
equationthatwould be usedto comeup with the macromodelvasderived from standard
resultsof linear regressionanalysis. The kernellevel changesequiredto implementthis
schemewasalsodiscussed.This forms the stagefor profiling the filesystemactiities on

ourembeddedystem.
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CHAPTERIV

EXPERIMENTSRESULTS

A. Introduction

Thissectiondescribesheresultsobtainedrom macromodelingWe consideredwo filesys-
temsfor our casestudies,Journaling-lashFilesysten{JFFS2andExtensiblg-ilesystem-3
(ext3). JFFSZis alog structuredilesystemdevelopedfor flashbaseddevices[27]. Exten-
sible filesystem-3(ext3) is a journalingfilesystembasedon corventionalext2 filesystem.
It addsjournalinginformationto the non-journalingext? filesystem.[28]. The reasorfor
using ext3 and JFFS2was to comparetwo filesystemsthat have the samedesigngoals
of having journal informationavailablein the filesystemalongwith dataand metadatan
orderto improve availablity androbustness.Embeddedevices are usedas “appliance”
ratherthanasa “computer”, thereforethey are proneto severalabruptpower down. This
makesit imperatve thatthesesystemshave a journalingor alog structuredilesystemto
improve reliability [24]. A conventionalfilesystemdoesnot updatethe changesnadeto
filesystemdataand metadatao the secondarystoragedevice assoonasthe changesare
made.Thesechangesaremadeonly ata specifiedfrequeny by a kernelthreadrunningin
the background.The disadwantagewith this kind of mechanismis thata shutdavn made
beforethe syncinterval would leave the filesystemin aninconsistenstate. This wasalso
thereasora non-journalingfilesystenwasnot studied.

Theflashchip waspartitionedto have a 3MB spacdor thefilesystemunderstudy

B. Results

Tables2 and3 shaw thefilesystemactuities of JFFS2andext3 from the perspectie of a

userrelatedfilesystemoperationsAs canbe seenfrom thetablestheenegy consumption
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of JFFS2filesystemis betterthanthat of ext3. The reasonfor this obsenation is that
JFFS2is a filesystemdesignedexclusively for flashdevices. It works directly with flash
chip driver to issueread/writerequest®f the requirednumberof bytes. Ext3 on the other
handis afilesystemdesignedor block baseddevice. It seegheflashasablock device and
usesa translationlayer called mtdblock, to issuethe requestgo the flashchip. Thusthe
read/writerequestaremadein multiplesof block sizeof 128K. Thisimpliesthatext3 has
apoorperformancen flashfor smallread/writerequestsThis happendo bethecasen a
numberof situationswhereeithera small numberof bytesis written to a file or the more
frequentcasethatinvolve changingmetadataf filesystem(eg: chmod,chowvn, unlink).
The enegy consumptiordueto processohowever is higherin caseof JFFS2.This
canbe attributedto thefactthat JFFS2triesto compressiatabeingwritten into flashdur-
ing a write operation.While doing a readoperation jt decompresse$e dataon fly. This
is donebecausgypically, embeddedystemsave a constrainton the amountof available
flash,dueto costconsiderationsThetestprogramsausedto generatehe macromodelsed
randomdatato createfiles, sothatthe compressioris not optimalandthe equationgjive a

worstcaseboundon the enegy consumption.

Tables4 and5 shaw the distribution of enegy consumptiorfor JFFS2andext3 due
to variousfilesystemrelatedsystemcalls. The systemcall level enegy consumptioris an
importantmetric becauseall applicationlevel, filesystemrelatedfunctionsare corverted
into systemcall by the operatingsystem.Besideghis, a breakupof systemcall level sys-
tem call enegy consumptiorcanhelp in developinga low level applicationindependent
tool. The obsenationsandconclusionderived from the previoustableis alsoapplicable
for the systemcall level enegy consumtpiornof JFFS2andext3. It canbe seenthatthe
write enegy consumptiorof ext3 is around10 timesgreatethanJFFS2.Thereadenegy

consumptiorof ext3 is on anaveragel0-90timesgreaterthanthatof JFFS2.
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C. Analysis

The analysisof enegy consumptiondue to processolis shavn in Figure(??). It com-
paresthe processoenegy consumptionrdueto JFFS2with worst casecompressiorthat
is generatedy writing randomdatainto a file, JFFS2with compressiorusing datathat
hasuniformity andext3. Thefile creationactiity is takenin this case,which is a most
commonwrite actvity performedoy afilesystem.Thefollowing resultscanbe established

from thisfigure

1. JFFS2is not suitedfor smallfile size(j 100 bytes)dueto thefactthatthe overhead
dueto compressioris of the orderof file sizeitself. For smallsizesext3 is betteroff
by storingthe data“as-is”. The advantagesiueto compressiorare significantand
visible asthefile sizesincrease.For largefiles, the overheaddueto compressions

insignificantcomparedo theactualdata.

2. JFFS2withoutcompressiomndext3 consumealmostthe sameamountof processor
enepy for largefile sizes.JFFS2consumeslightly higherin this casebecausero-
cessorcyclesare wastedin trying to compresdata. However, this is a worst case
upperboundonly for datathatis randomandcannotbe compressiorandnot likely

to occurfrequentlyin normalfilesystemactuities.

The analysisfor flashwrite enegy consumptiorfor the sameactvity of creatinga

new file is shavnin 12. Thefollowing conclusionsanbedravn

1. Ext3is expensve for smallfiles (< 128K). This is dueto the factthatthe requests
sentto theflashchip arein multiplesof 128K. For smallfiles, this would meanthat

128K bytesof datais written, no matterwhatis the size of request(if it happengo
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Fig. 11. Comparisiorof ProcessoEnegy Consumption

be lessthan128K). For largefiles, ext3 is almostasgoodas JFFS2with bestcase

compression.

2. JFFS2with worstcasecompressions alwaysmoreexpensve thanext3 andJFFS2
with compression.This is due to the extra overheadof keepingthe compression

informationalongwith thefile itself.

Also, asagenerabbsenation,it canbe seenthatnotall filesystenrelatedoperations
areafunctionof numberof bytes.Thisis dueto thefactthatmostof thefilesystenrelated
operationsnvolve changinghe metadataTheflashis arandomaccesslevice, sotheseek

time thattypically variesin caseof a harddisk drive is constanin this case.

Sincewe have useda regressioranalysishasedechniqueto comeupwith the macro-

model,thereareboundto be errorsin the calcuatedandthe actualvalues. This error as
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Fig. 12. Comparisiorof FlashWrite Enegy Consumption

depictedin thetablesis calculatedby the following formulafrom the resultsof regression

analysis.

N1 E,—E;
error = \/ZH(TV (4.1)

Em = Themeasure@negy usingmacromodeéquations
Ea = Theactualenegy from measuremerdr simulation

Theerrorateachsampledoointis calculatedor all then measurements.

D. BenchmarkPrograms

In orderto validatethe errorin enegy valueswith actualapplications threebenchmark
programswererun. compressisesthe standardcompressioralgorithmin orderto com-

pressa giventext file andwrite the compressedatainto an outputfile. v42 is amodem
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basedalgorithmthatencodegslata. The outputdataof this programis redirectedo a text
file. Thethird benchmarkprogram,ucbgsortjs the quicksortalgorithmthatreadsaninput
file andoutputsthedataontoanoutputfile. Theflashwrite andreadenegy in eachof these
benchmarkprogramss calculatedusingbothmacromodeéndflashtraceprofile. Theerror

calcuateetweenhe simulationandmacromodeis alsogivenin thetable6.

Tablell. Enegy ConsumptiorDueto FilesystenOperationdor JFFS2

FilesystemActivity | CPUEnegy (nJ) | Error FlashEnegy Consumption(nJ)

Dueto Writes | Error | Dueto Read | Error

CreateNew File 237x+35973 | 0.31 | 224x+ 12270 | 1.06 | 0.30x+ 224 | 0.23

DeleteFile 11x+ 22074 0.17 | 0.327x+ 11900| 0.10 | 0.003x+195| 0.73
CreateDirectory 38000 0.82 20072 0.65 140 0.22
Remae Directory 21500 0.12 12119 0.43 38 0.64
Move aFile 0.328x+ 35240 | 0.00 | 0.13x+ 20290 | 0.27 229 0.04
Copy aFile 10x + 38604 0.13 | 176x+ 37127 | 0.03 345 0.10

chmod 29500 0.02 13273 0.11 136 0.23
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Tablelll. Enegy ConsumptiorDueto FilesystemOperationgor EXT3

FilesystemActivity | CPUEnegy (nJ) | Error FlashEnegy Consumptior(nJ)
Dueto Writes | Error | Dueto Read | Error
CreateNew File 191x+ 16321 | 0.30 | 81x+ 238550 | 0.47 | 6.6x+ 39044 | 0.37
DeleteFile 1.5x+15515 | 0.90 | 6.8x+32859 | 1.66 | 0.72x+ 11007| 1.13
CreateDirectory 292250 0.11 222789 0.16 27477 0.05
Remae Directory 17500 0.90 164279 0.24 20609 0.09
Move aFile 0.68x+ 17364 | 0.09 | 1.8x+255230| 0.35 | 0.67x+ 28069| 0.44
Copy aFile 0.33x+ 18290 | 1.33 | 507x+208390| 0.53 | 7.3x+ 18038 | 0.64
chmod 16000 0.12 94485 0.04 13745 0.09

TablelV. Enegy Consumptiorof FilesystemRelatedSystemCallsfor JFFS2

SystemCall | CPUEnegy (nJ) | Error FlashEnegy Consumptior(nJ)

Dueto Writes | Error | Dueto Read| Error

creat 21750 0.09 21211 0.12 2122 0.0
link 23750 0.09 8984 0.24 169 0.31

chown 20000 0.15 13258 0.12 1083 0.0

mkdir 19750 0.02 21332 0.06 2068 0.0
rmdir 23250 0.02 12187 0.07 166 0.05
mknod 18250 0.00 21198 0.07 169 0.11
mkfifo 21750 0.15 21070 0.07 228 0.03
write 12.67x+ 48885 | 0.02 | 178x+ 30496 | 0.06 | 0.03x+ 169 | 0.03
rename 33500 0.01 18870 0.21 227 0.26
unlink 93x- 27755 0.40 | 0.25x+11918| 0.89 90 0.10
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TableV. Enegy Consumptiorof FilesystemRelatedSystemCallsfor EXT3

SystemCall | CPUEnegy (nJ) | Error FlashEnegy Consumption(nJ)

Dueto Writes | Error | Dueto Read| Error

creat 18000 0.17 262144 0.31 13745 0.24
link 17775 0.15 169887 0.25 20608 0.21
chown 15750 0.02 95572 0.12 13746 0.22
mkdir 19750 0.06 195883 0.08 20548 0.00
rmdir 19500 0.05 247599 1.06 27481 0.59
mknod 18550 0.10 205357 0.15 27490 0.04
mkfifo 19000 0.13 165325 0.10 20605 0.07
write 80x+ 14320 0.60 | 75x+242850| 0.56 20645 0.01
rename 18500 0.06 247832 1.02 27487 0.50
unlink 1.8x+ 14320 | 0.29 | 5.2x+ 24210 | 0.66 9550 0.16

TableVI. Enegy Consumptiorof Filesystenfor Programsn JFFS2

Benchmark] FlashWrite Enegy(nJ) FlashReadEnegy (nJ)
Traced | Evaluated| Error | Traced| Evaluated| Error

compress | 62011 | 59742 | -3.6 340 358 5.2
ucbgsort | 139693| 147376 | 5.2 | 335 358 6.8
v42 372899 385900 | 3.4 153 162 -7.0
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CHAPTERV

FUTUREWORK

A. Exploring DynamicStateof Flash

Most flashchipsprovide a “standbystate”that consumegurrentin the orderof uA. This
is order of around1000 lessthanthat of normal operationwherethe currentis in mA.
Dependingontheaccespatternsit canbe calcuategtwhattimestheflashhaslow enegy
consumptiorandaccordingly the flashcanbe putin the low power, standystate. This is
similarto ACPI harddisk drivesin corventionaldesktopsystemghatcanswitchto alow-
power “sleepstate”whennotin use. Oneof the waysto implementthis canbe usingthe
schedulerthatcanmemodifiedandmadeenegy awaresothatit switchesstateof theflash

chip.

B. Studyof OtherFilesystems

The work currently studiesonly two of the filesystems,JFFS2andext3. Onehashigher
processoenegy consumptiorandtheotherhashigherflashenegy consumptionThetool
canbe usedto designfilesystemthatdoesnot usethe mtdblock(asin the caseof JFFS2),

but usesthe otherfeaturesof ext3.

C. EfficientFlashPartitioningScheme

The enegy consumptioncan be studiedto partition flash suchthat all the libraries and
other read-onlydirectory structureis kept on a partition that haslow flash read-enagy
consumption.Therestof thefilesystemcanbe madea read-writepartition dependingon

enegy requirementsThis partitioncanbelog structuredo improve thereliability.
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CHAPTERVI

CONCLUSION

In this thesis,a mathematicamodeldescribingenegy consumptiorof filesystemis char
acterized.The enegy consumptiordueto processarflashwrite operationsandflashread
operationsare quantifiedusinglinear regressionanalysis. This studyis donefor two dif-
ferenttypesof filesystemghatare popularlyused. The resultsof the two filesystemsare
comparedo find outthe advantagesnddisadwantage®f each.

The mathematicaimodeling describingenegy consumptionas a function of filesystem
level system-callscan be a powerful tool for systemdesignerto make decisionsabout
filesystemof choicefrom anenegy consumptiorpoint of view. It canalsobe usedto find

outthe enegy consumptiordueto filesystemoverheadn userapplications.
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APPENDIXA

SOURCECODEFORTRIGGERDRIVER

/*

* trigger.c: A module that sends a high or low to one of GPIO pins of LART
*

* Author:

* - Siddharth  Choudhuri  (choudhri@cs.tamu.edu): final  version

*

* Goal of the program

*

* The goal of this driver is to set pin 16 (GPIO 3) to high or low to
* start the trigger  for NI Labview for power measurements

*

* Usage

* —====

* echo 0 > /procitrigger -> To set GPIO Pin 3 to LOW

* echo 1 > /procitrigger -> To set GPIO Pin 3 to HIGH

*

*/

#include  <linux/config.h>

#include  <linux/kernel.h>/* because this is kernel level program *
#include  <linux/module.h>/* because it is a module *

#include  <linux/init.n>/* for the __init macros *

#include  <linux/proc_fs.h>/* for the proc filesystem entry ¥/

#include  <linux/ioport.h>
#include  <asm/uaccess.h>/* to copy toffrom  userspace */
#include  <asm/arch/hardware.h> [* to set the GPIO pins to High and Low */

#define MODULE_NAMErigger"
#define MODULE_VERSIONL1.0"

#define LCD_PPC_BITS 0x000000ff
static  int gpio_pin_status;

static  int read_trigger(char * char ** off t, int, int * void *);
static  int write_trigger(struct fle * const char * unsigned long, void *);

static int __init init_trigger_mod(void)
struct  proc_dir_entry *entry;

[* create a new proc entry by name trigger  */
entry = create_proc_entry(MODULE_NAME, 0666, NULL);
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[*entry->uid = 0;*/

I* voltage control init */
LCCRO &= "LCCRO_LEN; [* disable the built-in lcd controller */

[* Write to a read-only register ??? *
PPFR |= PPFR_LCD; [* let the PPC control the lcd pins */

I* set register vaules */

PPSR |= 0x00000000; /* all pins low *

I[* set direction */

PPDR |= LCD_PPC_BITS; /* pins are outputs */

if (entry) {

[* callback functions to read and write to /proc/trigger */
entry->read_proc = read_trigger;

entry->write_proc = write_trigger;

else {
printk KERN_ERR MODULE_NAME ": can't create /proc" MODULE_NAME "\n");
return -1,

return 0;

static int read_trigger(char *page, char **start, off t off, int count, int *eof, void *data)

int len;

len = sprintf(page, "%d\n", gpio_pin_status);
*printk("Module trigger: read %d\n", gpio_pin_status);*/

return len;

static int write_trigger(struct file *f, const char *buffer, unsigned long count, void *data)

int gpio_to_set, len;
char *p;

MOD_INC_USE_COUNT;

len = count;

gpio_to_set = simple_strtoul(buffer, &p, 0);
[*printk("Module trigger: wrote %d\n",gpio_to_set); */
gpio_pin_status = gpio_to_set;

if ( gpio_pin_status == 1 ) {

[* Set LDD7 to high */

PPSR |= 0x00000080; /* set LDD7 to high */
printk("Module trigger: setting LDD7 to 1\n");



else

[* Set LDD 7 to low *

GPCR= GPIO_GPIOsS;

PPSR &= OXxFFFFFF7F; /[* set LDD7 to low *
printk("Module trigger: setting  LDD7 to 0\n");
}

MOD_DEC_USE_COUNT;

return  len;

}
static  void _ exit exit_trigger_mod(void)
{
remove_proc_entry(MODULE_NAME,  NULL);

return;

}
module_init(init_trigger_mod);

module_exit(exit_trigger_mod);
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APPENDIXB

CREATING A RAMDISK IMAGE

dd if=/dev/zero of=/deviraml  bs=1k count=4096

mkfs.ext3 -vmO /deviraml 4096

mount -t ext3 /deviraml /mnt/ramdisk

cp -av <prepared_filesystem> Imnt/ramdisk

umount /mnt/ramdisk

dd if=/dev/raml bs=1k count=4096 | gzip -v9 > ramdisk.gz
uuencode ramdisk.gz  ramdisk.gz > ramdisk.gz.uu
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APPENDIXC

CREATING A JFFS2ZFLASH BASED IMAGE

1. Create a JFFS2 filesystem image out of a root filesystem that is located
in directory rootfs

mkfs.ffs2 -r rootfs/ -0 jffs2_image.img

jffs2_image  is the name of the output file that has the JFFS2 image.

2. Erase the flash partition
eraseall  /dev/mtd2 -or- erase /dev/imtd2 0 0x300000
This command erases the 3MB partition on flash that is used for filesystem

3. Download the JFFS2 image (jffs2_image.img) to the LART board using z-modem
serial  transfer

4. Copy the filesysetm image onto the flash partition
cat jffs_image.img > [devimtd2

5. Load the JFFS2 module into the kernel
modprobe -a jffs2

6. Mount the JFFS2 filesystem
mount -t jffs2  /devimtdblock2 /mnt
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APPENDIXD

KERNEL DATA STRUCTURESFORLOGGING FLASH ENERGY CONSUMPTION

/*

* Trace.h

* This file  has the data structures required to generate a trace
* pased simulation  of flash chip energy consumption

* Author:  Siddharth ~ Choudhuri  <choudhri@cs.tamu.edu>

*/

#ifndef _ MTD TRACE H__
#define  __MTD_TRACE H__

#include  <linux/types.h>
#include  <linux/list.h>

/*

* These defines are from Intels’ flash  chip manual under section 8.0
*

* The following  defines are to convert the above values to

* integer values. Floating point seems to have problems

* with kernel compilation as ARMhas a floating point emulation  only
¥/

#define FLASH_CHIP_VDD27 [* 10 x V ¥/
#define FLASH_READ_CURREN#5 /* mA*/
#define  FLASH_PROGRAM_CURRERT/* mA */
#define FLASH_ERASE_CURRENE /* mA?*/
#define  FLASH_STANDBY_CURRENT /* uA */
#define  UPDATE_READO

#define UPDATE_WRITE1

/*
* This is the basic structure  that holds per process energy consumption
* due to write operations to flash chip

*/

struct  trace_wr_energy  {

pid t pid; [* PID of the process*/

char comm[16]; /¥ Name of the process *

ué4 write_energy; [* Energy consumed (mJ) due to write to flash */
unsigned int bytes_written; [* Total number of bytes written *

/*

* This is the basic structure  that holds per process energy consumption
* due to write operations to flash chip



¥/

struct  trace_rd_energy {

pid t pid; [* PID of the process*/

char comm([32]; [* Name of the process */

ué4 read_energy; [* Energy consumed (mJ) due to read from flash
unsigned int bytes_read; [* Total number of bytes read */

/*

* This to generate a linked list out of the trace energy

* using the list head  provided by the kernel
* This is for write operations

*/
struct  trace_wr_list {
struct  trace_wr_energy  tr_energy;
struct  trace_wr_list *next;
struct  trace_wr_list *prev;
2
/*

in  <linux/list.h>

* This to generate a linked list out of the trace energy

* using the list head  provided by the kernel
* This is for read operations

*

/

struct  trace_rd_list {

struct  trace_rd_energy tr_energy;
struct  trace_rd_list *next;

struct  trace_rd_list *prev,

3

#endif /* _ MTD_TRACE_H_ ¥

in  <linux/list.h>

¥/
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APPENDIXE

READINGSFORENERGY MEASUREMENT

Thistableillustratesthereadingdor processoandflashenegy for differentfile sizes.The
file deleteactiity usingrm commandwvasbeingprofiled. Similar tableswere createdor

eachactvity whosemacromodelvasmade.

TableVIl. Enegy ConsumptiorCharactericPueto File Delete

File Size | BytesWritten | Write Enegy | BytesRead| ReadEnegy | CPUEnegy
1 61 10956 36 179.7 0.0275
2 68 12166 40 204.9 0.0270
8 40 12280 38.8 116.35 0.024
16 68 12275 40 224.5 0.0265
32 68 12182 40 211.2 0.0280
128 68 12232 40 208.7 0.0285
512 68 12046 40 235.5 0.0270

1024 68.6 12368 40.6 197.75 0.0225
2048 68 12116 40 190 0.0225
8196 81.2 14679 53.2 224 0.1195
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