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Abstract

We presentofine RAM compession an automatedsource-to-
sourcetrangormationthatreducesa programs datasize.Statically
allocatedscalarspointers,structuresand arraysare encodedand
pacled basedon the resultsof a whole-programanalysisin the
value set and pointer setdomains.We target embeddedsoftware
writtenin C thatreliesheavily onstaticmemoryallocationand runs
on Harvard-architecturenicrocontrollerssupportingust a few KB
of on-chip RAM. On a collection of embedied applicationsfor
AVR microcontrollerspur transformatiormreducesRAM usageby
anaverageof 12%,in additionto a 10%reductionthrougha dead-
data elimination passthat is also driven by our whole-program
analysis,for a total RAM savings of 22%. We also developed
a techique for giving developersaccessto a e xible spectrum
of tradeofs betweenRAM consunption, ROM consumptionand
CPU efciency. This techniques basedon a modelfor estimating
the cost/bene tratio of compressingachvariableandthenselec-
tively compressingnly thosevariablesthat presenta goodvalue
propositionin termsof the desirediradeofs.

Categoriesand Subject Descriptors C.3 [Special-purposeand
Application-basedSystems Real-time and EmbeddedSystems;
D.3.4[ProgrammingLanguayeq: Processors—optimization

GeneralTerms Performancel.anguages

Keywords datacompressionembeddedsoftware, memoryopti-
mization,staticanalysis,TinyOS, sensomnetworks

1. Intr oduction

In 2004,6.8billion microcontrollerunits(MCUs)wereshipped5]:
morethanone per personon Earth. MCUs are small systems-on-
chip thatpermitsoftwarecontrolto beaddedio embeddedlevices
at very low cost: a few dollars or less. Sophisticatedelectronic
systemssuchasthoserunninga modernautomobile rely heavily
on MCUs. For example,in 2002 a high-endcar containedmore
than100processor{4].

RAM constraintarea rst-order concerrfor developersA typ-
ical MCU has0.01-10KB of RAM, 4-32timesas much ROM
asRAM, and no oating pointunit, memorymanagementinit, or
cachesWe referto programmemay as“ROM” sinceit is treated
assuchby applicationseventhoughit canusually bewrittento (but
slowly andin blocks,in the commoncaseof ash memory).Pro-
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gramsrunning on microcontrollersare usually limited to on-chip
RAM. The costof addingoff-chip RAM is high,andmary MCUs
do notevenprovide anexternalmemorybus.RAM constraintare
one of the main reasonsvhy MCU software doesnot commonly
take advantageof usefulabstractionsuchasthreadsanda heap.

We developed ofine RAM compession a source-to-source
transformationthat reducesthe amount of memoryusedby a C
programby encodingandbit-level packingglobalscalarspointers,
arrays,andstructuredasedon the resultsof staticwhole-program
analysis.The goal of our work is to reducethe RAM usage of ex-
istingembeddedoftwarewithout a greatdealof overheadandin a
way thatis predictableat compiletime. Our work targetslegacy C
codeandreducesRAM requirementautomaticallyand transpar
ently. Compile-timepredictability rulesout online RAM compes-
sion, afamily of techniquesha nd andexploit redundantiataas
asystemexecuteq7, 32].

1.1 Fundamental obsewations
Thefollowing propertiesof embeddedystens motivateour work.

RAM is usedinef ciently.  Although ann-bit machineword can
store 2" distinct values,in practicea typical word allocatedby
a programstoresmany fewer values.For example, Brooks and
Martonosi [8] found that “roughly 50% of the instructions][in
SPECIint95]had both operamls lessthan or equalto 16 bits” To
verify that small embeddedsystemsbehae similarly, we instru-
menteda simulatorfor Mica2 sensometwork nodesto keeptrack
of thenumberof distinctvaluesstoredin eachbyteof RAM. Bytes
are a reasonableinit of measuremensince Mica2s are basedon
the 8-bit AVR architectureWe thenrana collectionof sensomet-
work applicationsin the simulator We found that, on average,a
byte of RAM usedto storea global variable(or part of one)took
on just underfour valuesover the executionof an application.In
otherwords,six out of every eightbits of RAM allocatecto global
variablesareeffectively unused.

On-chip RAM is persistentlyscarcein low-end systems. RAM
is, andalwayshasbeen,in shat supplyfor smallembeddedsys-
temsthat are constrainedby power, size,and unit cost. Further
more, it is not at all clearthat RAM constraintsare going to go
away in the foreseeablduture. As transistorcostdecreasest be-
comespossiblenot only to createmore capableprocessorsat a
given price point, but alsoto createcheaperlower-power proces-
sorswith a givenamountof RAM. Sinee mary sectorsof theem-
beddednarketareextremelysensitve to unit cost,developeramust
often choosethe smallest,cheapestand lowest-paver MCU that
meetgheirneedsThedecreasingostof MCUswith agivensetof
capabilitiessupportghe developmentof new applications,suchas
sensometworks,thatwerenot previously feasble.

Valuefunctionsfor resourceuseare discontinuous. Fordesktop
andworkstationapplicationsyaluefunctionsfor resourceuseare
generallycontinuousn the sensehata smallincreasdn resource



Device ROM RAM Ratio Price
ATtiny24 2KB 128B 16:1 $0.10
ATtiny45 4 KB 256B 16:1  $0.97
ATmega48 4 KB 512B 81 $1.9
ATmega8 8KB 1024B 81 $2.06
ATmega32 32KB 2048B 81 $4.75
ATmegal28 | 128KB  4096B 3221 $8./
ATmega256 | 256KB  8192B 321 $10.6

Figure 1. Characteristicandpricesof somememberf Atmel's
AVR family, a popularline of 8-bit MCUs. Pricesarefrom http:
/ldigikey.com  andothersourcesfor quantitiesof 1000r more.

usemapsto asmall decreasén utility. In contrastgivenan embed-
dedprocessowith x edamountsf on-chip RAM andROM:

A programrequiringtoo muchof eitherkind of storagesimply
cannotberun:it hasnovalue.

Oncea systemts into RAM and ROM, further optimization
providesno additionalvalue.

Thesediscontinuitiesmply thatit is importantto be ableto trade
off betweenresourceike RAM size,ROM size,andCPUuse.The
ratio of ROM to RAM ontheMCUsin Figurel givesusageneral
ideaof how muchROM we shouldbe willing to sacri ce to save
a byte of RAM. Of couse,the actual“exchargerate” for a given
systemdepend®n whatits limiting resourcas.

Manual RAM optimizationis dif cult. Mostembeddedoftware
developers—includingpursehes—ha&e hadthe experienceof run-
ning out of RAM with featuresstill left to implement.Manually
reducingRAM usageis dif cult anderrorprore. Furthermorejt
is notforward-thinking:highly RAM-optimizedsoftwareoftenbe-
comesover-specializedanddif cult to maintan or reuse.

1.2 Benets

From the point of view of an embeddedsoftware developer our
work hastwo concretebene ts. First, it cansupportbasinga prod-
uct on a less expensve, more enegy-efcient MCU with less
RAM. For example, the Robot2 applicationthat is part of our
benchmarksuite (seeSection6) requires368 bytesof RAM and
runsonanAtmel ATmega8535MCU with 512bytesof RAM. The
compressegersionof Robot2uses209 bytesandthereforewould
t ontoacheapempartwith 256 bytesof RAM. Figurel givesan
ideaof the potentialcost savings. Savings of penniewor dollarscan
addup to realmong in the high-wolume, low-maigin marketsfor
which MCUs aredesigned.

The secondimportantbene t of our work is thatit canenable
substantiallymore functionality to be placedon an MCU with a
given amountof RAM. For example,considera sensometwork
developerwho wishesto add network reprogamming [16] and
link-level pacletencryption[17] to anexisting TinyOSapplication
that already usesthe entire 4KB of RAM on a Mica2 sensor
network node. Sincethesefeaturesare orthogonal to application
logic, botharedesignedstransparenadd-onsObvioudy thisonly
worksif enoughmemoryis available.Acrossasetof representatie
TinyOS applicationsour tool reducesRAM usageby an average
of 19%—morethan enoughto supportthe addition of network
reprogrammingwhich requires84 bytes of RAM (2.1% of the
total), and encryption,which requires256 bytesof RAM (6.3%
of the total). Without our work, this developerwould be forcedto
manuallyreduceRAM usageby atotal of 340bytes:anunpleasant
propositionat best.

1.3 Contributions
Ourresearchasthreemaincontributions:

1. Ofine RAM compressiona new techrique for automatically
reducing RAM usageof embeddedsoftware using whole-
programanalysisandsource-to-sourcarslation.

2. A novel techniguesupporting e xible tradeofs betweenRAM
size,ROM size,andCPUef ciency by estimatinghecost/bene t
ratio of compressingeachvariable and then selectvely com-
pressingonly the most pro table, up to a usercon gurable
threshold.

3. A tool, CComp, that implements of ine RAM compression
and tradeof-aware compglation. Although CComp currently
targets C codefor AVR processorspnly a small part of our
tool is architecture-speci c.CComp is available at http:
/lwww.cs.utah.edu/~coop/research/  ccomp/ as open-
sourcesoftware.

2. Background: Micr ocontroller-Based
EmbeddedSoftware

Software for MCUs is somavhat differentfrom general-purpose
applicationcode. Thesecharacteristicare largely programming-
languagendependenthaving moreto do with requirement®f the
domainandpropertieof theplatform.Below aresomekey features
of microcontrollersoftware; two representomplicationsthat we
areforcedto handleandoneis arestrictionthatwe canexploit.

Softwareis interrupt-driven. Interruptsaretheonly form of con-
curreny on mary MCU-basedsystemswherethey sene as an
efcient alternative to threads.Interrupt-drizen software usesdi-

versesynchronizatioridioms, somebasedon disablinginterrupts
andothersbasedon volatile variablesanddevelope knowledgeof

hardware-atomianemoryoperationsTheimplicationfor ourwork

is that we needto provide a sounddata ow analysisof globalvari-

ablesevenin the presenceof unstructureduserde ned synchro-
nizationprimitives.

Locality is irrelevant. MCUs have relatively fast memory no
cachesor TLBs, and minimal (three stageor smaller) pipelines.
Thus, there are no performancegains to be had by improving
spatiallocality throughRAM compressiorand, furthermore,it is
dif cult to hide the overheadof compressingand uncompressing
data.Theimplicationis thatcodeimplementingcompressiomust
be carefullytunedandthatwe mustinvesteffort in optimizations.

Memoryallocationis static. Theonly form of dynamicmemory
allocationon most MCU-basedsystans is the call stack. When
RAM is very constrained heapsare unacceptablyunpredictable
(e.g.,fragmentations dif cult to reasoraboutandallocationsmay
fail). Theimplicationis thatour pointeranalysiscanbein termsof
staticmemoryobjectsandstackobjects.

3. Static Analysis

CCompis ourtool thatperformsof ine RAM compressiotthrough
static analysis and source-to-sourcdransformation It borrovs
heavily from cXprop, our existing whole-programdata ow ana-
lyzer for C [12]. cXprop is itself built upon CIL [20], a parser
typecheckr, andintermediateepresetationfor C. Figure2 shows
therole of CCompin thetoolchain.

CCompis soundundera standardsetof assumptionsMainly,
the analyzedprogrammust not perform out-of-boundsmemory
accessegndinline assemblynustbewell-behaed(nosideeffects
visible atthe sourcelevel).
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Figure 2. Toolchainfor ofine RAM compression

This sectiondescribedoth the previous analysisfeaturesthat
we borroved from cXprop and the nenv onesimplementedby
CComp.

3.1 |Inlining

Before CComp proper runs, we run the code being analyzed
throughanaggressie source-to-sourctinctioninlining pass.Our

inliner is basedon a model of codebloat; its goalis to minimize
the size of the eventual objectcode.Inlining increaseghe size of

functions,which improvesthe precisionof our context-insensitve

data ow analysis.

3.2 Valuesetanalysis

Ofine RAM compressioris driven by the value setabstractdo-
main, whereabstractvaluesarebounded-sizesetsof concreteval-
ues.FromcXprop,CCompinheritedtransferfunctionsnaot only for
the valuesetdomainbut alsofor theinterval andbitwise domains.
The interval domainrepresentsabstractvaluesas integer ranges,
for example[16::200]. In the bitwise domain, eachbit of a value
is independently? (unknown), O, or 1. Our choiceof the value
setdomainwaspragmatic:of thedomainswe implementedit pro-
ducesthe bestresults.Interval-domainanalysisof our benchmark
programssupportsl.8% RAM compressiorand bitwise analysis
support2.2%RAM compressionwhereas/aluesetanalysissup-
ports12% RAM compressionNote, however, thatour implemen-
tationsof thesethreedomainsarenotdirectly comparablewe have
extensiely tunedour value setimplementatiorfor precision,for
exampleby addingbadkwardstransferfunctionsthatgaininforma-
tion from branches.

The maximumvaluesetsizeis con gurable;for this work, we
setit to 16. Larger sizesresuted in signi cant analysisslovdown
andonly aminorincreasen precision.

3.3 Pointer setanalysis

The points-toanalysisin CCompis basedon a pointer setanaly-
sis that maintainsexplicit setsof locationsthat eachpointer may
alias.This analysisis fairly precisebecausét is 0 w-sensitve and
eld-sensitive. The pointer setdomainworkswell for MCU-based
applicationsbecausehe setof itemsthatarepotentiallypointedto
is generallyfairly small. A pointersetof cardinalityoneindicates
a must-aliasrelationship,supportingstrongupdatesof pointed-to
values(a strongupdatereplacesheexisting stateat a storagdoca-
tion, whereasa weakupdatememgesthe new informationwith the
old). The pointersetdomain,illustratedin Figure 3, is analogous
to the value setdomainexcept thatit containsa specialnot-NULL
elementthat permitsthe domain to representhe (common)case
wherenothingis known abouta pointer's value exceptthatit can-
notbeNULL.

{&x} {&y} {&z} {NULL}

{&x, &y}  {&x,&z} {&x,NULL} {&y,&z} {&y,NULL} {&z,NULL}

not NULL

N

Figure 3. Pointersetlattice for threevariablesand maximumset
sizeof two

3.4 Concurrencyanalysis

CCompcansoundlyanalyzeglobal variablesevenin the presence
of interrupt-driven concurengy. It doesthis using a two-element
lattice to conseratively detectracing variablesthat are accessed
directly or indirectly by multiple ows (i.e., either by multiple
interrupthandlerspr elseby oneinterrupthandlerandby thenon-
interruptcontext) andwhoseaccesseare not uniformly protected
by disablinginterrupts.Racing variablesare consideredo have
thevalue? atall programpoints.Non-racingvariablesarealways
manipulatecitomicallyandcanbemoceledsoundlyby identifying
all programpoints where interruptsmight becomeenabled,and
then adding ow edyes from theselocationsto the start of all
interrupthandlers.

Data ow analyss of racing variablescan be performedus-
ing essentiallythe sametechnique,where eachaccessto a rac-
ing variable is consideredto be an atomic access,after which
ow edgesto interruptsmustbe added.We leave this featurein
CCompturned off by default becausen our experienceit does
notsigni cantly increasegrecisionandbecausét is potentiallyun-
soundwhenlanguage-leel memoryoperationsarecompileddown
to non-atomidnstructionsequences.

3.5 Integrated analyses

A well-known way to avoid phase-orderingroblemsin compil-
ersis to createintegratedsuperanalysegshat run multiple anal-
ysesconcurrentlyand permit themto exchangeinformation with
eachother For example,conditionalconstanpropagtion[31] in-
tegratesconstanpropagtionanddeadcodedetetion. CCompin-
tegratesall of its main analysesvalue setaralysis,deadcodede-
tection, pointer setanalysis,and concurreng analysis.Although
we have not quanti ed the bene ts of integratingtheseanalysesit
seemsclearthat, at leastin somecasestherewas no reasonable
alternatve. For example,concurreng analysiscannotrun before
pointeranalysis(in this casealiasescannotbe tracked accurately
forcing a highly pessimisticaceanalysis)or afterit (racingpoint-
erswill have beenanalyzedunsoundly).

3.6 Whole-program optimization

Theresultsof CCompsinterproceduratiata ow analysisareused
to performinterproceduratonstanpropagtion, pointeroptimiza-
tions,deadcodeelimination,deaddataelimination,redundansyn-
chronizationelimination, copy propagtion, and branch,switch,
andjump optimizations.

3.7 Modeling volatile variables
TheC99standardstateghat:

An objectthat hasvolatile-quali ed type may be modi ed
in waysunknown to the implementatioror have otherun-
known sideeffects.



In practice, volatile variablesare not subjectto most compiler
optimizations Similarly, early versionsof CCompdid not attempt
to modelvolatiles,treatingthemasperpetually? .

Eventually werealizednot only thatbottom-\aluedglobalvari-
ableswerehurting CComps precision(they tendto be contagious)
but alsothatmary volatile variablescanbe analyzedsoundly The
insightis thatvolatilesareonly opaqueatthelanguagdevel. When
non-portableplatform-level propertiesareknown, differentusesof
thevolatile quali er canbeidenti ed:

1. Storagdocationscorrespondingo device registersarevolatile
in the mostliteral sensetheir valuescan changeat ary time
andboth readsandwrites may be side-efecting. Data o wing
throughtheseocationscannotbe analyzedby CComp.

2. Globalvariablesin regularRAM areoften declaredasvolatile
to prevent compilerlevel cachingof values.Thesevariables
cannot,in fact, be modi ed exceptby storesin the program—
which may occurin interrupthandlers.C doesnot have a se-
manticsfor interrupts,but CCompdoes,and so it can safety
analyzeandevencompresolatile global variables.

CCompidenti es referenceso device registersheuristically by
matchingagainstthe two importantidiomsfor accessindpardware
devices from C code. The rst methodis portable: a constant
integeris castinto a pointerto-volatile andthendereferencedlhe
secondmethodis non-portablegcc permitsvarisblesto be bound
to speci c memory locations occupiedby device registers. We
claim that data ow analysisthroughvolatilesis soundunderthe
assumptiorthatour heuristiccorrectlyidenti es accesseto device
registers.

3.8 Analyzing arrays

CComp representseacharray using a single abstractvalue that
tracksthe greatestower boundof ary valuestoredin ary element
of the array We hadtwo reasondor choosinga collapsedarray
representatiorfirst, it is oftenthe casethattheelementof agiven
arraystoresimilar values.For example,acomma useof arraysin
networked embeddedpplicationss to storea queueof pointersto
paclet buffers. In this case the pointersetstoredin eachelement
of the arrayis the sane—thesetof buffers—soour analysisloses
nothingcomparedo amoreprecisearraymodel.Secondcollapsed
arraysareef cient.

3.9 Scalarreplacementof aggregates

CCompcompressegaluesfoundin C structsby splittingtheminto

scalarsandthenattemptingto compresghe scalarsWe createda

scalarreplacemenpassthat avoids hazardsuchasaddress-taén

structsandstructsinsideunions.It alsotakescareto retaincall-by-

valuesemanticgor arraysformerly insidestructs.In C, structsare

passeddy value while arrays—duedo beingtreatedlike constant
pointers—argpassedy reference.

3.10 Emulating extemal functions

cXproptreatedexternalfunctions(thosewhosecodeis unavailable
atanalysigime) assafeor unsafe Functionsareunsafeby default,

meaningthat they must be modeledconseratively: when called
they kill all address-tadn variablesand furthermorethey are as-
sumedto call backinto address-tadn functionsin the application.
A safefunctionis onelike scanf thataffectsonly programstate
passedo it throughpointers.CCompimprovesuponthis analysis
by addingtwo new categoriesof externalfunctions.A pure func-
tion, suchasstrlen , hasno sideeffects.An interpretedfunction
hasa userde ned effect on programstate.For example,we in-

terpretcallsto memsetin orderto perfarm arrayinitialization. We
couldalmostnevercompressnarraybeforesupportinghisidiom.

Il conpression functio n for 16-bi t varia bles
unsigned char _ f 16 (uintl6_t * tabl e,
uintl6 _t val)

unsign ed i nt i ndex;
for (i ndex=0; ; index++) {
if (pgm_read_word_near (t able + index) == val)
return ind ex;
}

}

/I decompressi on function for 16-bit variabl es
uintlé _t _ fin v_16 (ui ntl16_t * table,

unsign ed char ind ex)
{

return pgmread_wad_near (ta ble + index);

}

Figure 4. Compressiormnddecompressiofunctionsbasedn ta-
ble lookup. The function pgmread _word_near is an AVR primi-
tive for accessingaluesfrom ROM.

4. CompressingRAM

This sectim describesthe theory and practice of ofine RAM
compressionincludingsomeoptimizations.

4.1 Theory

Let x be avariablein a given programthatoccupiesn bits. Since
the embeddedsystemsunderconsideratioruse staticmemoryal-
location,we canspeakof variablesratherthanmoregeneramem-
ory objects.Let Vi be a conserative estimateof the setof val-
uesthatcanbe storedinto x acrossall possibleexecutions.In the
generalcase(i.e., in future implementation®f of ine RAM com-
pression),Vx could be computedby a type-basedanalysis,by a
constraint-basednalysis by exhaustie testing etc.,asopposedo
beingcomputedusingvaluesetor pointersetanalysis.

Ofine RAM compressiortanin principle be performedwhen
iVxj < 2". However, in practiceit should be the casethat
dog, jVxje < n. In otherwords,compessingx by itself should
resultin asavingsof atleastonebit.

Exploiting the restrictedsize of Vx may be dif cult becauset
may not be easyto repregntthe actualvaluesin Vi compactly A
generakolutionisto nd anothersetCy with the samecardinality
asVy, andalsoto nd afunctionfy thatis a oneto-oneandonto
mappingfrom Vy to Cx. Then,fy is a compessionfunction and
its inversef, ! is a decompessionfunction (one-to-oneandonto
functionscanalwaysbeinverted).

4.2 Finding and implementingf« andf, !
For eachcompressedariablex, we nd fy andf, ! asfollows:

1. If x is anintegertypeand8y 2 Vy;0 y < 2092iVxie
thenthe trivial compressiorfunctionf« (y) = y canbeused.
Acrossour setof benchmarlapplications 65% of compressed

variablesfall into this case.

2. Otherwisewe let theelementof Cyx be0::jVxj 1andletfy
andf, ! belookupsin acompessiortablestoredin ROM. The
compressiomableis simply anarraystoringall membersf V.

Figure 4 depictsour compressiortable lookup functions.De-
compressiorusesthe compressedalueasanindex into the com-
pressiortable,andcompressiorinvolvesa linear scanof the com-
pressiortable.Empirically, onthe AVR MCUs thatwe useto eval-
uateofine RAM compressionljinear scanis fasterthan binary
searchpn average for valuesetsizesup to 19. Anotherargument



againstbinary searchis that since CCompoperatedy source-to-
sourcetransformationye areunableto order pointersby value.

As we did this work, other implementationsof compression
anddecompressiosuggestedhemseles. For example,if x is an
integertype andwe can nd aconstantc suchthat8y 2 V;c
y < c+ 29°921Vxie thenf,(y) = y cis avalid compression
function.However, we did notimplementhis becauseve obsered
few casewhereit would help.

4.3 Program transformation

For eachcompressedariablex, CComp performsthe following
steps:

1. If x requiresacompressionable,allocatethetablein ROM.
2. Convertx'sinitializer, if any, into thecompressedomain.

3. Allocate spacéfor x in a global compressedtructasa bit eld
of dog, jVxje bits.

4. Rewrite all loadsandstoresof x to accesshe compessedit-
eld andgothroughcompressiomnddecompressiofunctions.

CCompdoesnot attenpt to compressacingvariablesthis nat-
urally falls outof theconcurreng analysisdescibedin Section3.4
thattreatsracingvariablesas? atall programpoints.CCompalso
doesnot attemptto compress oatingpoint values.This wasa de-
signsimpli cation thatwe madebasednthelackof oating point
codein the MCU-basedapplicationghatwe tamget.

4.4 An example

Figure5 illustratesRAM compressiorusing codefrom the stan-
dard TinyOS applicationBlinkTask. The TOSHjueue datastruc-
ture shawvn in Figure5(a)is at the core of the TinyOS tasksched-
uler, which supportsdeferredfunction calls that help developers
avoid placinglengthy computationsn interrug handlersElements
of the task queueare 16-bit function pointerson the AVR archi-
tecture. Through static analysis,CComp shows that elementsof
the task queuehave pointersetsof sizefour. The contentsof this
pointersetareusedto generatéhecompessiortableshavnin Fig-
ure 5(b). Sinceeachelementof the taskqueuecanbe represented
usingtwo bits, an8:1 compressiomatio is achieved, savzing a total
of 14 bytes.Figure5(c) shaws partof the compressedlataregion
for the BlinkTaskapplication.Finally, Figure5(d) shovs how the
original applicationreadsa function pointer from the task queue
andFigure5(e) shows thetransformedcode emittedby CComp.

4.5 A global synchronization optimization

Sincecompressedatais accessethroughnonatomicbit eld op-
erations,an unprotectedglobal compressediataregion is effec-
tively a big racingvariable.To avoid the overheadof disablingin-
terruptsto protectaccesse® compressedata,we insteaddecided
to segregate the compressediatainto two parts: one containing
variableswhoseaccesseareprotectedoy disablinginterrupts,the
othercontainingvariablesthatdo not needto be protecte because
they arenotaccessely concurrento ws. Neithe of thesegregated
compressedataregionsrequiresexplicit synchronization.

4.6 A global layout optimization

As shawvn in Figure5(c), we representompresedRAM usingC's
bit eld constructThecostof abit eld accesslepend®nthealign-
mentandsize of the eld beingaccessedThereare threemajor
casedor bit eld sizesof lessthana word: a bit eld alignedon a
word boundaryabit eld thatis unalignedanddoesnot spanmulti-
plewords,andabit eld thatis unalignedandspansvords.Figure6
summarizeshe codesizeandperformancecostsof thesedifferent
casedfor our toolchain Otherarchitecturesand compilerswould

(a) Original declaration of the task queuedata structure:

typ edef struct {
void (*tp) (voi d);
} TOSHsched_entry _T;

vol ati le TOSHsched_entry _T TOSHgqueue[8] ;

(b) Compressiontable for thetask queue(the progmenattrib ute
placesconstantdata into ROM):

unsign ed short const __attrib ute__((_ _progmen__)
__valueset_3[4] ={

NUL,

&Bink TaskM$processin g,

&Timer M$Hadle Fire ,

&Timer M$signal OneTmer

h

(c) The compressedask queueis elementf9 of the global com-
presseddata region, which has room for eight two-bit com-
pressedvalues:

str uct __compressed {
char f9[2] ;
unsign ed char f0 : 3;
unsign ed char f1 : 3;
unsign ed char f7 : 1,

h
(d) Original codefor readingthe headof the task queue:
func = TO$_qieue[old_ful 1.t p;

(e) Code for reading the head of the compressedqueue (the
“2" passedo the array readfunction indicatesthat compressed
entries are two bits long):

__tmp= __array read (__compressed.f9 , old_f ull, 2);
func = _ finv_16 (__valueset_3, __ tmp);

Figure 5. Compressiontransformationexample for the main
TinyOS 1.x schedulerdata structure:a FIFO queueof function
pointersfor deferrednterruptprocessing

accesgype read write
bytes cycles | bytes cycles
aligned 5 10 9 18
unaligned 7.2 144 | 11.2 22.4
spanning 13 26 21 42

Figure 6. Averagebit eld accesgostsfor the AVR processoand
gcc

have differentcosts,but we would expectthe ratiosto be roughly
thesamesincetheunalignedandspanningcasesundamentallyne-
cessitatexxtra ALU andmemoryoperations.
Ratherthanattemptingto computean optimal layout for com-
presseddata, we developedan efcient greed heuristicthat at-
temptsto meetthefollowing two goals.First,the compresse vari-
ableswith the moststaticaccesseshouldbe byte-aligned.On the
AVR architecturewordsarebytes.Secondnocompressesariable
shouldspanmultiple bytes.The heuristicoperdesasfollows:

1. For eachpositive integern lessthanthe numberof compressed
variables:

(a) Align on byte boundarieghe n variableswith the largest
numberof staticaccesses.



(b) Startingwith the largest(compressedize)remainingvari-
able, packit into the structureunderthe constraintthat it
may not spantwo bytes.A variableis placedin the rst lo-
cationwhereit ts, extendingthestructuref it ts nowhere
else.This stepis repeatedintil thereareno remainingvari-
ablesto pack.

(c) Fail if thereis arny wastedspacen thepaclkedstructurepth-
erwisesucceedNotethatit is possiblefor thereto be holes
in thepacledstructurewithoutwastingspacelnsteadof al-
lowing thecompileraddedpaddingattheendof a structfor
alignmentpurposesywe disperseghepaddingthroughouthe
struct.

2. Choosehesucceedingesultfor thelargestn.

In practicethis heuristicworkswell, andin factit almostalways
succeeddn byte-aligningthe maximumpossiblenumberof high-
priority compressedariables(thatis, oneper byte of compressed
data). The heuristiccanfail in the situationwhereit is forcedto
choosebetweenwastingRAM and permitting a variableto span
multiple bytes,but we have not yet seenthis happerfor ary input
thatoccursin practiceIf it doesfail, we warnthe userandbackoff
to theunordereccompressedtructure.

4.7 Local optimizations

We implementedseveral additionaloptimizations.First, duplicate
compressiortablesare eliminated, saving ROM. Second,when
an applicationstoresa constantinto a compiessedvariable, the
compressiorable lookup canbe performedat compiletime. gcc

cannotperformthis optimizatian on its own. Finally, we have gcc

inline our compressiorand decompressiofunctions.Sincethese
functionsare small, this givesa reasonablepeedp with minimal

codebloat.

5. Tradeoff-Aware RAM Compression

This sectionexplorestheideaof computinga cost/bene tratio for

eachcompressiblezariableandthenselectvely compressingnly

a highly pro table subsetof the compressiblevariables.In other
words, we give usersa RAM compressiorknob to turn, where
the 100% setting compressesll compressiblevariables,the 0%

setting performsno compressionand at points in betweenthe
systemattemptgo give up aslittle ROM or CPU time aspossible
while achieving the speci edlevel of compressionTradeof-aware
compilationcan help developersexploit the discontinuousature
of value functionsfor resourceuse(Sectionl1.1) by, for example,
compilinganapplicationsuchthatit justbarely ts into RAM, into

ROM, orinto anexecutiontime budget.

Our RAM/ROM tradeof is basedon static information while
our RAM/CPU tradeof is basedon pro le information.We could
have madethe RAM/CPU tradeof by using standardheuristics
basedon staticinformation(e.qg.,“eachloop executesl0 times”).
However, we werereluctantto do sobecauseén aninterrupt-drizen
system the dynamicexecutioncownt of eachfunctionis strongly
dependenbn the relative frequencieswith which differentinter-
rupts re.

The key to producinggood tradeofs is to accuratelyestimate
the cost/bend ratio of compressingeachvariable.We compute
this ratio asfollows:

xe
Cost/Bene tRatio= _1t Ci(Ai + BjV) 1)
Su Se i=1

S is original sizeof thecompressiblebject,S; is thecompressed
size,C isanaccesgro le: avectorof thestaticor dynamiccounts
of the basicoperationsrequiredto compresghe variable, A and

B arevectorsof platform-spei ¢, empiricallydeterminedcostpa-

accessype | sizecost(bytes) speedcost(cycles)

bit eld read 6.1 12.2
bit eld write 10.1 20.2
arrayread 40 90
arraywrite 60 120
decompress 24 16
compress 14 20+ 9.5v

Figure 7. Two setsof paraméersthat canbe pluggedinto Equa-
tion 1 to supporteithertradingRAM for ROM or RAM for CPU
cycles

rametersandV is the cardinality of the variables value set.Fig-

ure7 shaws two setsof parameterspnein termsof ROM costand
the otherin termsof CPU cost,which we computedfor the AVR

processarMost of the B constantsare zero, meaningthat opera-
tions have corstantcost. The exceptionis the cycle costto com-
pressavalue,whichinvolvesalinearscanof thecompressiottable
asshawn in Figure4. In somecaseghesecostsareaverage gures

acrossseveraldatatypeskor example,sinceAVR is an8-bit archi-
tecture,compressin@ char is cheapethancompressin@nint .

We could have madethis informationmore ne-grained by break-
ing out more sub-caseshut we judgedthat this had diminishing
returns.

The staticcountof eachbasiccompressioranddecompression
operationnaurally falls out of the compilation process.These
countsare taken after the optimizatiors describedin Section4
have beenperformed.We measuredlynamicoperationcountsby
running applications in a modi ed versionof the Avrora sensor
network simulator{29].

6. Evaluation

We evaluateof ine RAM compressioiy answeringseveralques-
tions:How muchRAM is saved?Whatis thecostin termsof ROM
usageandexecutiontime? Are tradeofs betweerresource®ffec-
tive?Whatis the costin termsof analysisime?

Our evaluationis basedon a collection of embeddedapplica-
tionsfor Atmel AVR 8-bit microcontrollers:

Two robot control applications,Robot1 and Robot2, emitted
by KESO [27], an ahead-of-timeJasa-to-C compiler for con-
strainedembeddedsystemsThey are 2526 and 3675 lines of
code(LOC), respectiely.

An avionics control application, UAVcontrol, for a small un-
mannedaerialvehicle developedby the Paparazziproject[22]
(4215L0C).

Eleven sensometworking applicationsfrom TinyOS[15] 1.1,
emittedby the nesC[13] compiler(5806-39000LOC).

In all casesour baselineis the RAM usage ROM usageand
CPU usageof the out-of-the-boxversion of the application as
compiledby avr-gcc version3.4.3. For the TinyOS applications,
we usedAvrora [29], a cycle-accuate sensometwork simulator
to measureef ciency in termsof duty cycle—the fraction of time
the processotis active. This is a good metric becauset directly
correlatesto enegy usageand hencesystemlifetime: a primary
consideratiorior sensometworks.

We did not measurethe ef ciency of the KESO or Paparazzi
applications;they run on customhardware platformswith mary
peripherals ExtendingAvrora to simulateenoughhardware that
we couldruntheseapplicationsvasbeyondthe scopeof ourwork.

CCompdoesnot chang the semanticof anapplicationunless
it containsanalysisor transformatiorbugs. To defend againstthis
possibility we validatedmary of ourcompresseedpplications This
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was not totally straightforvard becauseunlike benchmarksreal
embeddeapplicationgdo notsimply transforminputsinto outputs.
Ourvalidationwasby hand by checkingthatapplicationsexhibited
the expectedbehaior. For example,for Suige, a multihop routing
application,we ensuredhatrouteswereformedandpacletswere
properly forwarded acrossthe network to the basestation. We
did not validatethe applicatiors for which we have no simulation
environment:Robot1,Robot2,andUAVcontrol.

6.1 Effectiveneswf optimizations

Sectiord.2mentionghatacrosourbenchmarlsuite,65%of com-
pressedvariablesmeetour criteria for using simple compression
anddecompressiofunctions,asopposedo indirectionthrougha
ROM-basedcompressiortable. On average this optimizationre-
ducescodesizeby 11% andduty cycle by 22%. Intelligentlayout
of bit elds in the global compressediatastructure(Section4.6)
reducesodesizeby 2.7%andduty cycle by 1.9%.

6.2 Per-application resourceusageresuts

Figures8—11compareapplicationgprocessedy CCompagninsta
baselineof out-of-the-boxapplicationsin terms of codesize,data
size,andduty cycle. Asterisksin thesegures markdatapointsthat
areunavailablebecausave cannotsimulatesame applications.

Figure 8 shavs that when RAM compressionis disabled,
CCompreduceausageof all threeresourceshroughthe optimiza-
tionsdescribedn Section3.6. On the otherhard, Figure9 shavs
that maximumRAM compressiorresultsin signi cantly greater
RAM savings: 22%,asopposedo 10%in Figure8.

The problematicincreasen averageduty cycle shavn in Fig-
ure 9 indicatesthat RAM compressioncan be expensve when
hot variablesarecompressedlhe general-purpossolutionto this
problemis tradeof-awarecompilation.

6.3 Resultsfrom tradeoffs

Figures10 and 11 show the effect on our benchmarkapplications
of turning the “RAM compressiorknob” down to 90%. Thatis,
reducingRAM compressiorio 10% belon the maximumin order
to buy as much code size or duty cycle as possible.Figures12
and13shaw thefull spectrunof tradeofs from 0% to 100%RAM
compressionThemostimportantthingto noticeaboutthesegraphs
is thatsacri cing asmallamountof RAM buysamajordecreas@
duty cycle andasigni cant decreasén codesize.The steepnesef
thesecurvesnear1l00%RAM compressiorindicatesthat our cost
functionswork well.

Figure14is adifferentway to look at the datafrom Figures12
and13. The diamondshapetracedby the datapointsin this para-
metric plot provides additionalvalidation that our tradeof strate-
giesareworking properly

6.4 Analysistime

Themedantimeto applyof ine RAM compressiomo memberof
our benchmarlsuiteis 62s. Theminimumis 2 s andthemaximum
is 94 minutes.Only two applications(TestTinySecand TinyDB)
requiremorethan ve minutes.CCompis areseach prototypeand
we have not optimizedit for speed.

7. RelatedWork

Thereis substantiabody of literatureon compilerbasedRAM op-
timizations.Herewe discussrepresentatie publicationsfrom sev-
eral catgyoriesof researchthatarerelatedto ours We do not dis-
cusstheliteratureon codecompressiomndcodesizeoptimization,
whichis largely orthogonato our work.

Compiler-baseafine RAM sizeoptimization. AnanianandRi-
nard[1] performstaticbitwidth analysisand eld packingfor Jasa
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Figure 12. Quantifyingthe average effect on codesizeof turning
theRAM compressioknobfrom 0 to 100while in trade-forROM
andtrade-forduty-cycle modes
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Figure 13. Quantifyingthe averageeffect on duty cycle of turning
theRAM compressioknobfrom 0 to 100while in trade-forROM
andtrade-forduty-cycle modes
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Figure 14. Parametricplot comparingCComps trade-forROM
andtrade-forduty-g/cle modesasthe compressiorknobis turned
from O to 100



objects(amongothertechniquedesscloselyrelatedto our work).
Zhangand Gupta[33] usememorypro le datato nd limited-
bitwidth heapdatathatcanbe pacledinto lessspaceLattnerand
Adve [18] save RAM througha transformatiorthat makesit pos-
sible to use32-bit pointerson a perdata-structurdasis,on archi-
tectureswith 64-bit native pointers.Chanetetal. [10] applywhole-
programoptimization to the Linux kernelat link time, reducing
both RAM and ROM usage.Virgil [28] hasa numberof of ine

RAM optimizationsincluding reachablenembersanalysis refer
encecompressionandmoving constandatainto ROM.

Our work exploits the samebasicinsight astheseprevious ef-
forts, but it differs in several key ways. First, we have taken a
whole-systemapproachto compressingRAM for legagy C appli-
cationsin the presenceof interrupt-driven concurreng. Mostpre-
viouswork hasfocusedon bencimarksratherthanattackingactual
embeddedapplications.Second,our value setand pointer setdo-
mainsappearto work signi cantly betterthando the interval and
bitwise domainsusedto analyzebitwidth in mostprevious work.
Third, we performtight bit-level packingacrossamultiple variables
to achieve goodsavings on very small platforms. Fourth,we com-
pressscalarspointers,structures,andarrays.Most previous work
hasfocusedon somesubsebf thesekindsof data.Finally, we have
carefully focusedon optimizationsandtradeofs to avoid slowing
down andbloatingapplicationsunacceptablyThis focuswasnec-
essarydueto the constrainedatureof the hardwareplatformsthat
we targetandalsobecausen cachelessystemahereis no possi-
bility of hiding overhead$y improving locality.

A separatébody of work performsofine RAM optimization
usingtechniqueshatexploit thestructureof runtimesystemsather
than(or in additionto) exploiting the structureof applicationdata.
Barthelmann[6] describesintertask register allocation,a global
optimizationthat saves RAM usedto storethreadcontets. Our
previouswork [25] addressethe problemof reducingstackmem-
ory requirementshroughselectve functioninlining andby restrict-
ing preemptionrelationsthat lead to large stacks.Grunwald and
Neves[14] save RAM by allocatingstackframeson the heap,on
demandusingwhole-programoptimizationto reducethe number
of stackchecksandto make contect switchesfaster We believe
thesetechniquedo be complementaryo CConp: they exploit dif-
ferentunderlyingsourcesf savingsthanwe do.

Static bitwidth analysis. A number of researchersincluding
Razdanand Smith [24], Stephensort al. [26], Budiu and Gold-
stein[9], AnanianandRinard[1], Verbruggeet al. [30], and our-
seles[12] have developedcompileranalyseso nd unusedparts
of memoryobjects.Our researchbuilds on this previous work, in-
novatingin afew areassuchasanalyzingdata ow throughvolatile
variables.

Online RAM sizeoptimization. The constrainedhatureof RAM
in embeddeaystemss well knowvn anda numberof researctef-
forts have addessedthis problemusing online schemeghat dy-
namically recover unusedor poorly usedspace.Biswaset al. [7]
andMiddhaet al. [19] usecompilerdriventechniquego blur the
lines betweendifferent storageregions. This permits, for exam-
ple, stacksto over ow into unusedpartsof the heap,globals,or
otherstacks CRAMES[32] ssvesRAM by applyingstandardiata
compressioechniqueso swapped-outirtual pagesbasednthe
ideathat thesepagesare likely to remainunusedfor sometime.
MEMMU [2] provideson-line compressiorior systemswithout a
memorymanagemeninit, suchaswirelesssensometwork nodes.
Ozturketal. [21] compresslatabuffersin embeddeapplications.
In contrastwith our work, thesetechniquesare opportunisticand
not guaranteedo work well for ary particularrun of a system.
Online RAM optimizationsaremostsuitablefor largerembedded
platformswith RAM sizedin hundredsof KB or MB where—

statistically—thereare always enoughopporturities for compres-
sion to provide good results.Also, most online RAM optimiza-
tions incur unpredictablexecutiontime overheadgfor example,
uncompressing memorypageon demandgndthereforemay not
be applicableto real-timesystems.

RAM layout optimizations. A signi cant body of literature ex-
ists on changingthe layout of objectsin memoryto improve per
formance,usually by improving spatiallocality to reducecache
and TLB misses.Good examplesinclude Chilimbi et al's work
on cache-conscioustructurelayout[11] andRabbahandPalem's
work on dataremapping23]. This type of researctrelatesmostly
to our compressedtructurelayoutwork in Section4.6. As far as
we know, no existing work hasaddressedhe problemof bit eld
layoutto minimize codesizeor executiontime, aswe have.

Value-set-baseg@ointeranalysis. Abstractvaluesin ourvalueset
andpointersetdomainsaresetsof explicit concretevalues Balakr
ishnanand Reps[3] usedvalue setanalysisto analyzepointersin
executablecode but they usethetermdifferentlythanwe do. Their
abstractvaluesare setsof reducednterval congrueses—ahighly
specializeddomaintunedto matchx86 addresingmodes.

8. Conclusions

We developeda novel methodfor ofine RAM compessionin em-
beddedsoftwarethatemploys staticwhole-programanalysisin the
value set and pointer set domains, followed by saurce-to-source
transformationWe have shavn thatacrossa collectionof embed-
dedapplicationgtargetingsmall microcontrollerscompressiome-
ducesan applications RAM requirementdy an averageof 12%,
in additionto a 10% savingsthrougha deaddataeliminationpass
thatis alsodrivenby ourwhole-programanalysisThisresultis sig-
ni cant becausdRAM is oftenthelimiting resourcefor embedded
softwaredevelopers,andbecauséhe programghatwe startedwith
had alreadybeentunedfor memoryefciency. Our secondmain
contrikution is a tradeof-aware compilationtechniqie that, given
agoalin termsof RAM savings, attemptsto meetthat goal while
giving up aslittle codesizeor asfew processocyclesaspossible.
Finally, we have createda tool, CComp,that implementsof ine
RAM conpressionandtradeof-aware compilationfor embedded
C programs.
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