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ABSTRACT
In theembeddeddomain,memoryusageandenergy consumption
arecritical constraints.Dual width instructionsetembeddedpro-
cessorssuchastheARM providea16-bit instructionsetin addition
to the32-bit instructionsetto addresstheseconcerns.Using16-bit
instructionsonecan achieve codesize reductionand I-cacheen-
ergy savings at the cost of performance.We have observed that
throughout16-bit Thumbcodethereexist Thumbinstructionpairs
thatareequivalentto asingleARM instruction.Wehavedeveloped
anapproachwhich usescombinationof compilerandarchitectural
supportto exploit the above propertyfor improving performance
of 16-bit code.We enhancetheThumbinstructionsetby incorpo-
ratingAugmentingeXtensions(AX). Thetaskof thecompileris to
identify pairsof Thumbinstructionsthat canbe safelycombined
andexecutedassingleARM instructions.The compilerreplaces
suchpairsof Thumbinstructionsby AX+Thumbinstructionpairs.
The AX instructionis coalescedwith the immediatelyfollowing
Thumbinstructionto generatea singleARM instructionat decode
time. Thus,usingAX instructions,the compilercanboth gener-
ate compact16-bit codeand provide hardware with information
neededto producebetterperforming32-bit code.
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1. INTRODUCTION
More than 98% of all microprocessorsare usedin embedded

products,themostpopular32-bit processoramongthembeingthe
ARM familyof embeddedprocessors[5]. TheARM processorcore
is usedbothasa macrocellin building applicationspeci�c system
chipsandstandardCPUchips.[2](e.g.,ARM810,StrongARMSA-
110 [3], XScale[4]). In theembeddeddomain,applicationsmust
executeunderconstraintsof limited memoryandlow energy con-
sumption.As complex applications,suchasimageprocessingand
graphicsintensive games,arebeingportedto embeddedplatforms,
performanceor speedof executionis becomingequallyimportant.
Dual instructionset processors,suchas the ARM, MIPS16 [9],
SuperH-5[13], addressthe limited memory/energy constraintby
supportinga 16 bit instructionsetalongwith the32-bit instruction
set. The 16-bit instructionprovides a subsetof the functionality
provided by the 32-bit instructionset. While the 16-bit codeex-
pendslesserenergy andhasa smallermemoryfootprint, it spends
many morecyclesin executiontime.

Traditionally, ISAs have been�x ed width (e.g.,32-bit SPARC,
64-bit Alpha) or variablewidth (e.g.,x86). Fixedwidth ISAs give
goodperformanceat thecostof codesizeandvariablewidth ISAs
give good performanceat the cost of addeddecodecomplexity.
Neither of the above are good choicesfor embeddedprocessors
wherecodesizeandpowerarecritical. Dualwidth ISAsaresimple
to implementandprovide a tradeoff betweencodesizeandperfor-
mance,makingthema goodchoicefor embeddedprocessors.We
proposean extensionto the 16-bit ISA that serves as a bridging
ISA in dual width processors.We call this extensionAugment-
ing eXtensions or AX.

AX instructionsarenon-executinginstructionsthatdo not con-
tributeto executiontime. An AX instructionis coalescedwith the
following 16-bit Thumbinstructionat decodetime. SinceAX in-
structionsarealso16-bit instructions,they have theenergy saving
andsmallcodesizepropertiesof Thumbcode.AX instructions,un-
like pre�x instructionsfound in architecturessuchastheMIPS16
[9] andSuperH-5[13], donotmerelyimprove theexpressibilityof
16-bit code;they do sowithout addingany cyclesto theexecution
timevia instructioncoalescing.InstructionCoalescingis ascalable
techniquethat improvestheperformanceof 16-bit codemakingit
possibleto bridgethe performancegapbetween32-bit ARM and
16-bit Thumb code. While the AX extensionsdescribedin this
paperare for the ARM architecture,the ideaof InstructionCoa-
lescingandAugmentinginstructionscanbe appliedto otherdual
width processors.In previouswork [6] we showedhow onecould
achieve good codesize, low energy andhigh performanceusing
pro�le guidedheuristicsatcompiletime. Thetechniquesdescribed
hereareorthogonalto theprevious techniquesandmorescalable.



In this paperwe describethemicroarchitectureandcompilersup-
portusedto take advantageof AX instructions.

The remainderof the paperis organizedas follows. Section2
givesanoverview of theARM architecturewith a comparisonbe-
tween32-bitARM codeand16-bitThumbcode.Section3 givesan
overview of InstructionCoalescing,includinga descriptionof the
enhancedmicroarchitecture,a descriptionof predicationsupport
anda brief descriptionof the AX extensions.Section4 describes
in detail the 3 phasesusedby the compilerpostpassto transform
Thumbcodeinto AXThumb code. We presentthe resultsin Sec-
tion 5 andconcludein Section6.

2. BACKGROUND
The ARM architectureis a dual width RISC architecturesup-

portinga 16-bit and32-bit ISA. Theprocessoris saidto be in the
ARM statewhen executing32-bit instructionsand Thumb state
when executing16-bit instructions. The 16-bit ISA in any dual
width processorcanonly capturepart of expressibilityand func-
tionality of the 32-bit ISA. The goal of AugmentingInstructions
is to make up for this lost expressibilityandfunctionalitywithout
payingthepriceof executioncycles.Someof theimportantdiffer-
encesbetweentheARM andThumbinstructionsetsareasfollows.
Most Thumb instructionscannotbe predicatedwhile ARM sup-
ports full predication. Most Thumb instructionsusea 2-address
format (destinationregister is the sameas the �rst source)while
ARM supports3-addressformatfor manipulating32bit data.Visi-
ble registersin Thumbstatearer0 throughr7; only someinstruc-
tions,mainlyMOV andADD instructions,candirectlyaddressreg-
istersr8 throughr15. In ARM stateall sixteenregistersfrom r0
throughr15 arevisible acrossvariousinstructions. The Branch
and Exchange Instruction(BX) instructioncanbe usedto switch
betweenARM andThumbstates.

Figure1 ARM vsThumbCode
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Herewe illustratethe tradeoffs presentin the 32-bit ARM and
16-bit Thumbinstructionsetsto motivateour approach.Thedata
in Figure1 comparestheARM andThumbcodesalongthreemet-
rics: InstructionCount,CodesizeandI-cachefetches.As we can
see,the numberof instructionsexecutedby Thumb codeis sig-
ni�cantly highereventhoughtheThumbcodesizeis signi�cantly
smaller. Theincreasein instructioncountsrangesfrom 3%to 98%
while codesizereductionrangesfrom 29.83%to 32.45%.In prior
work [6] we have shown that this substantialincreasein thenum-
berof instructionsexecutedby theThumbcodemorethanoffsets
the improved I-cachebehavior of theThumbcode. Thereforethe
netresultis highercyclecountsfor theThumbcodein comparison
to the ARM code. While we observe that by usingThumbcode

we nearlyalwayssave I-cacheenergy asa resultof fewer fetches,
theincreasein instructioncountsincreasestheenergy consumedin
otherpartsof theprocessor.

On furtheranalysiswe wereableto determinethat thedynamic
instructioncount increaseis mainly due to increasein threecat-
egories of instructions: Branches,ALU operations,and MOVs.
The reasonsfor increasein thesecategoriesareelaboratedin our
discussionof theAX instructionsin Section4. In theabove situa-
tionsweareableto �nd shortsequencesof Thumbinstructionsthat
canbeeasilyreplacedby shortersequencesof ARM instructions.
Onecould generatea mixed binary usingboth ARM andThumb
instructions,however, the overheadof explicit switchingbetween
16-bit stateand32-bit statefor shortsequencesnegatesthebene�t
of mixedcode,asis shown in AppendixA.

3. INSTRUCTION COALESCING
InstructionCoalescingis �rst introducedusinganexample.The

ideaof AX extensionsanda descriptionof the microarchitecural
extensionsrequiredfor AX processingis given. The supportof
predicationusingAX instructionsis explainednext.

3.1 BasicIdea

ARM: sub reg1, reg2, lsl #2
Thumb: lsl rtmp, reg2, #2

sub reg1, rtmp
AXThumb: setshift lsl #2

sub reg1, reg2

To illustratethekey conceptsof InstructionCoalescingwe usea
simpleexample. In thecodeabove we show an ARM instruction
which shifts the value in reg2 beforesubtractingit from reg1.
Sincetheshift cannotbespeci�ed aspartof anotherThumbALU
instruction,asshown above, two Thumbinstructionsarerequired
to achieve theeffectof oneARM instruction.Wewould like to co-
alescethetwo 16-bit instructionsinto one32-bit instruction.While
coalescingis relatively easyto carry out, detectinga legal oppor-
tunity for coalescingby examiningthe two Thumbinstructionsis
in generalimpossibleto carryout. In ourexampletheThumbcode
usesa temporaryregisterrtmp. If instructioncoalescingis per-
formed,rtmp is no longerneededandthereforeits contentswill
not bechanged.Therefore,at thetime of coalescing,thehardware
mustalsodeterminethat thecontentsof registerrtmp will not be
usedafter the Thumbsequence.Clearly this is in generalimpos-
sibleto determinesincethenext reador write referenceto register
rtmp canbearbitrarily far away.

Sincethecoalescingopportunitycannotbedetectedin hardware
we rely on thecompilerto recognizesuchopportunitiesandcom-
municatethemto thehardwarethroughtheuseof theAugmenting
eXtensions(AX). In theAXThumb codethe �rst instructionis an
augmentinginstructionwhich is notexecutedbut ratheralwaysco-
alescedin the decodestagewith the instructionthat immediately
follows it to generatea singleARM instructionfor execution. In
theabove exampletheaugmentinginstructionsetshift merely
carriestheshift typeandamountwhich is incorporatedin thesub-
sequentinstructionto createtherequiredARM instructionfor exe-
cution.

It shouldbe notedthat the codesizeof all threeinstructionse-
quencesis the same(i.e., 32 bits); however, only the AXThumb
sequencesatis�es the desiredcriteria as it resultsin executionof
a singleequivalentARM instructionandis madeup of 16 bit in-
structions.Thus,theAXThumb codeis 16 bit codethat runslike
theARM code.



We have introducedthe basicideabehindour approach.Next
we describein detail therealizationof this idea. First we describe
themodi�ed microarchitecturethatis capableof executingtheAX-
Thumbcodein a mannersuchthat coalescingdoesnot introduce
additionalpipelinedelays. Secondwe describethe completeset
of AX instructionsandtherationalebehindthedesignof thesein-
structions.

3.2 Micr oarchitecture
Ourwork is basedupontheStrongARMSA-110pipelinewhich

consistsof � ve stages:(F) instructionfetch; (D) instructionde-
codeandregisterread;branchtargetcalculationandexecution;(E)
Shift andALU operation,includingdatatransfermemoryaddress
calculation;(M) datacacheaccess;and(W) resultwrite-backto
register �le. It performsin-orderexecutionanddoesnot employ
branchprediction. The changesdescribedhereareentirely in the
decodestage. Most dual width embeddedprocessorsare simple
pipelinedmachines,making instructioncoalescingeasily imple-
mentable. Thus, the techniquesdescribedherearenot restricted
to theARM family of processors.

3.2.1 Instruction Coalescing
Beforewedescribeourdesignof thedecodestage,let us�rst re-

view theoriginaldesignof thedecodestagewhichallowstheARM
processorto executebothARM andThumbinstructions.As shown
in Figure2, thefetchcapacityof theprocessoris designedto be32
bitspercyclesothatit canexecuteoneARM instructionpercycle.
In the ARM statea 32 bit instructionis directly fed to the ARM
decoder. However, in the Thumbstatethe 32 bits areheld in an
instructionbuffer andthe two Thumbinstructionsthat it contains
areselectedin consecutive cyclesandfed into theThumbdecom-
pressor, which converts the Thumbinstructioninto an equivalent
ARM instructionand feedsit to the ARM decoder. Sinceevery
time a word is fetchedwe get two Thumbinstructions,typically
fetchneedsto becarriedout in alternatecycles.

Figure2 ThumbImplementation.
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The key idea of our approachis to processan AX instruction
simultaneouslywith the processingof the immediatelypreceding
Thumbinstruction. What makesthis achievableis the extra fetch
capacityalreadypresentin theprocessor.

Theoverall operationof thehardwaredesignshown in Figure3
is asfollows. Theinstructionbuffer in thedecodestageis modi�ed
to exploit theextrafetchbandwidthto keepat leasttwo instructions

in thebuffer atall times.Two consecutive instructions,oneThumb
instructionanda following AX instruction,canbesimultaneously
processedby the decodestagein eachcycle. The AXThumb in-
structionis processedby theAX processorwhich updatesthesta-
tus �eld to hold the informationcarriedby theAX instructionfor
augmentingthenext instructionin thefollowing cycle. TheThumb
instructionis processedby the AXThumbdecompressorand then
theARM decoder. The decompressoris enhancedto useboth the
currentThumbinstructionandthestatus�eld contentsmodi�ed by
theimmediatelyprecedingAX instructionin thepreviouscycle, if
any, to generatethecoalescedARM instruction.Thestatus�eld is
readat the beginning of thecycle for usein generationof theco-
alescedARM instructionandoverwrittenat theendof thecycle if
anAX instructionis processedin thecurrentcycle. Thestatus�eld
canbe implementedasa 32-bit register. During a threadswitch it
is suf�cient to save thestateof thestatusregisteralongwith other
stateto ensurecorrectexecutionwhenthreadresumesexecution.

Figure3 AXThumb Implementation.
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Therearethreeimportantpointsto noteabouttheabove opera-
tion. First, asshown by the pipelinetiming diagramin Figure3,
in theabove operationnoextra cyclesareneededto handletheAX
instructions.Eachsequence(pair) of AX andThumbinstructions
completetheir executiononecycle afterthecompletionof thepre-
cedingThumbinstruction. Secondthe above designensuresthat
thereis no increasein the processorcycletime. The AX proces-
sor'shandlingof theAX instructionis entirelyindependentof han-
dling of theThumbinstructionby thedecodestage.In thepipeline
diagramThumb-DandAX-D denotehandlingof ThumbandAX
instructionsby thedecodestagerespectively. In addition,thepath
takenby theThumbinstructionis essentiallythesameastheorig-
inal design- theThumbinstructionis �rst decompressedandthen
decodedby the ARM decoder. The only differenceis the modi-
�cation madeto the decompressorto make useof the status�eld
information and carry out instruction coalescing. However, this
modi�cation doesnot increasethe complexity of the decompres-
sorasthegenerationof anARM instructionthroughcoalescingof
AX and Thumb instructionsis straightforward. An AX instruc-
tion essentiallypredeterminessomeof thebitsof theARM instruc-
tion generatedfrom thefollowing Thumbinstruction.This should
beobvious for thesetshift examplealreadyshown. Theother
AX instructionsthataredescribedin detail in thenext sectionare
equallysimple.Third, it shouldbeclearwhy we do not allow two
AX instructionsto augmentaThumbinstruction.Only asingleAX



instructioncanbeexecutedfor free.If two consecutiveAX instruc-
tionsareallowed,their executionwill adda cycle to theprogram's
execution.

The instructionbuffer and the �lling of this buffer by the in-
structionfetchmechanismaredesignedsuchthat,in theabsenceof
taken branches,the instructionbuffer alwayscontainsat leasttwo
instructions.The buffer canhold up to threeconsecutive instruc-
tions. Thus,it is expandedin sizefrom 32 bits (ib1 andib2) in the
original designto 48 bits (ib1 , ib2 , andib3). As shown later, this
increasein size is neededto ensurethat at leasttwo instructions
arepresentin the instructionbuffer. Of the threeconsecutive pro-
graminstructionsheldin ib1 , ib2 andib3 , the�rst instructionis in
ib1 , secondis in ib2 andthird oneis in ib3 . Theinstructionin ib1

is alwaysa Thumbinstructionwhich is processedby the Thumb
decompressorand the ARM decoder. The instructionin ib2 can
be an AX or a Thumb instructionand it is processedby the AX
processor. If this instructionis an AX instructionthen it is com-
pletelyprocessed,andthereforeat theendof thecycle,instructions
in bothib1 andib2 areconsumed;otherwiseonly theinstructionin
ib1 is consumed.The remaininginstructionsin the buffer, if any,
areshiftedby 1 or 2 entriessothatthe�rst unprocessedinstruction
is now in ib1 . Thefetchdepositsthenext two instructionsfrom the
instructionfetchqueueinto thebuffer at thebeginningof thenext
cycleif at leasttwo entriesin thebuffer areempty. Thereforeessen-
tially therearetwo cases:eitherthetwo instructionsaredeposited
in (ib1 , ib2) or in (ib2 , ib3).

Now we illustrate the needto expandthe instructionbuffer to
hold up to threeinstructions. In Figure4(a) we show a sequence
in which theAX instruction(s)cannotbeprocessedin parallelwith
theprecedingThumbinstruction(s)asonlyaftertheprecedingThu-
mb instruction(s)areprocessedcantheinstructionfetchdepositan
additionalpair of instructionsinto the buffer. Thereforethe ad-
vantageof providing AX instructionsis lost. On the otherhand,
in Figure4(b) whenwe expandthe buffer to 48 bits, the instruc-
tionsaredepositedby thefetchsoonerandtherebycausingtheAX
instruction(s)andtheprecedingThumbinstruction(s)to besimul-
taneouslypresentin thebuffer. ThereforetheAX instructionsare
now handledfor free.

Figure 4 DeliveringInstructionsto DecodeAheadfor Overlapped
Execution.
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Next we show how it is ensuredthatwhenever an instructionis
foundin ib1 it is alwaysaThumbinstruction.If theinstructionwas
shiftedfrom ib2 it mustbeaThumbinstructionastheAX processor
hasconcludedthatit is notanAX instruction.If theinstructionwas
shiftedfrom ib3 , it mustbe a Thumbinstruction. This is because
in the precedingcycle the instructionin ib2 musthave beensuc-
cessfullyprocessedmeaningthat it wasan AX instructionwhich
implies thenext instruction(i.e., theonein ib3) mustbea Thumb
instruction. The �nal caseis whenthe fetch directly depositsthe

next two instructionsinto (ib1 , ib2). Clearly the instructionin ib1

is notexaminedby theAX processorin thiscase.Thereforeit must
beguaranteedthatwhenever the instructionbuffer is emptyat the
end of the decodecycle, the next instructionthat is fetchedis a
Thumbinstruction.

In absenceof branchestheabove conditionis satis�ed because
at thebeginningof thedecodecycle thebuffer de�nitely contains
two instructionsandfor it to beemptythetwo instructionsmustbe
simultaneouslyprocessed.This canonly happenif the instruction
in ib2 wasanAX instructionwhichimpliesthatthenext instruction
mustbea Thumbinstruction.

In the presenceof branches,following a taken branch,the �rst
fetchedinstructionis alsodirectly depositedinto ib1 . We assume
that the instructionat a branchtarget is a Thumbinstructionand
thereforeit canbedirectlydepositedinto ib1 asexaminationof the
instructionby the AX processoris of no use. The compileris re-
sponsiblefor generatingcodethat alwayssatis�es this condition.
The reasonfor making this assumptionis that thereis no advan-
tageof introducingan AX instructionat a branchtarget. Only
an AX instructionthat is precededby anotherThumbinstruction
can be executedfor free. If the instructionat a branchtarget is
an AX instruction,andthe control arrivesat the target througha
takenbranch,thentheprocessingof theAX instructionby theAX
processorcanno longerbe overlappedwith the immediatelypre-
cedinginstructionthat is executed,that is, the branchinstruction.
This is becausetheAX instructionis fetchedafter theoutcomeof
thebranchis known.1 Therefore,theexecutionof AX instruction
actually addsa cycle to the execution. In other words the bene-
�t of introducingthe AX instructionis lost. Whenan AXThumb
pair replacesa Thumbpair, the secondThumb instructionin the
AXThumb pair neednot be the sameas the secondThumb in-
structionin the Thumbinstructionpair. Henceonecannotallow
anAX instructionin ib1 by issuinga nopwhenanAX instruction
is foundin ib1 . Werely onthecompilerto schedulecodein aman-
ner thatavoidsplacementof anAX instructionat a branchtarget.
If this cannotbeachievedthroughinstructionreordering,thecom-
piler usesa sequenceof two Thumbinstructionsinsteadof usinga
sequenceof anAX andThumbinstructionsat thebranchtarget.

3.2.2 Predicated Execution in AXThumb
While theoriginal Thumbinstructionsetdoesnot supportpred-

icatedexecution,we have developeda very effective approachto
carry out predicatedexecutionusing AXThumb code which re-
quiresonly a minor modi�cation to the decodestagedesignjust
presented.Like instructioncoalescing,this methodalsotakesad-
vantageof theextra fetchbandwidthalreadypresentin theproces-
sor. We rely on thecompilerto placetheinstructionsfrom thetrue
andfalsebranchesin aninterleavedmannerasshown in Figure5.
Sincetheexecutionof a pair of instructionsis mutuallyexclusive,
i.e. only oneof themwill beexecuted,in thedecodestagewe se-
lect theappropriateinstructionandpassit on to thedecompressor
while theotherinstructionis discarded.

A specialAX instructionprecedesthe sequenceof interleaved
instructions.This instructioncommunicatesthepredicatein form
of a condition�a g which is usedto performinstructionselection
from an interleaved instructionpair. If the condition �ag is set
the �rst instructionbelongingto eachinterleavedpair is executed;
otherwisethe secondinstructionfrom the interleaved pair is exe-
cuted. Thereforethe compilermustalwaysinterleave the instruc-
tions from the true pathin the �rst positionandinstructionsfrom

1NotethattheARM processordoesnotsupportdelayedbranching
andthereforeanAX instructioncannotbemovedupandplacedin
thebranchdelayslot.



the falsepathin the secondposition. The specialAX instruction
also speci�es the count of interleaved instructionspairs that fol-
low it. TheAX processorusesthis countto continueto stayin the
predicationmodeas long asnecessaryandthenswitchesbackto
the normal selectionmode. The selectionof an instructionfrom
eachinstructionpair is carriedoutby usingaminormodi�cation to
theoriginaldesignasshown in Figure5. Insteadof directlyfeeding
the instructionin ib1 to the decompressor, the multiplexer selects
eithertheinstructionfrom ib1 or ib2 dependinguponthepredicate
asshown in Figure5. Theselectsignalis generatedby theAX pro-
cessor. For correctoperation,whennot in predicationmode,the
selectsignalalwaysselectstheinstructionin ib1 .

Figure5 Predicationin AXThumb.
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For thisapproachtowork,eachinterleavedinstructionpairshould
becompletelypresentin theinstructionbuffer sothattheappropri-
ateinstructioncanbeselected.This conditionis guaranteedto be
alwaystrueasthe interleaved sequenceis precededby anAX in-
struction.Following theexecutionof theAX instructiontherewill
beat leasttwo emptypositionsin theinstructionbuffer which will
beimmediately�lled by thefetch.

The above approachfor executingpredicatedcodeis moreef-
fective thandoing so in the ARM state. In ARM statethe 32 bit
instructionsfrom thetrueandfalsepathsareexaminedoneby one.
Dependingon theoutcomeof thepredicatetest,instructionsfrom
oneof the branchesareexecutedwhile the instructionsfrom the
other branchare essentiallyconverted into nops. Thereforethe
numberof cyclesneededto executetheinstructionsis at leastequal
to thesumof theinstructionsonthetrueandfalsepaths.In contrast
thenumberof cyclestakento executetheAXThumb codeis equal
to thenumberof interleavedinstructionpairs.Notethatthisadvan-
tageis only achievablebecausein Thumbstateinstructionsarrive
in thedecodestageearlywhile thesameis not truefor ARM.

3.3 AugmentingeXtensions
TheAX extensionto Thumbconsistsof eightnew instructions.

TheseinstructionswerechosenbystudyingARM andThumbcodes
of benchmarksandidentifying commonlyoccurringsequencesof
Thumbinstructionswhichwerefoundtocorrespondto shorterARM
sequences.Weshow how weuseexactlyonefreeinstructionin the
free opcodespaceof the Thumbinstructionsetto implementAX
instructions.

Not surprisinglytherearevery few unusedopcodesavailablein
Thumb. We have chosenoneof theseavailableopcodesto incor-
poratetheAX instructions.Bits 10..15aretakenup by this unused
opcode101110which now refersto AX. The remainingbits 0..9
areavailablefor encodingthevariousAX instructions.Sincethere
areeightAX instructions,threebits areneededto differentiatebe-
tweenthem- we usebits 7..9 for this purpose.The operandsare
encodedin theremainingbits 0..6.

UnimplementedThumb Instruction
101110 xxxxxxxxxx
[10..15] [0..9]

AX Instructions
101110 AX opcode AX operands
[10..15] [7..9] [0..6]

Table 1: AX Instructions

AX Instruction Description
setpred supportfor predicationin 16-bit code
setsbit setsthe'S' bit to avoid explicit cmp instructions

setsource setsthesourceregisterfor thenext instruction
setdest setsthedestinationregisterfor thenext instruction
setthird setsthethird operand(support3-addressformat)
setimm setstheimmediatevaluefor thenext instruction

setshift setstheshift typeandamountfor thenext instruction
setallhigh indicatesnext instructionusesall high registers

A short descriptionof the AX extensionscan be found in Ta-
ble 1. The detailsof how operandsare encodedfor the various
instructionsaregiven below. Dependinguponthe numberof bits
available,the constant�elds in variousinstructionsarelimited in
size. The immediateconstantin setimm is 7 bits, shift amount
in setshift is 4 bits, andcountin setpred is 3 bits. Finally,
registersareencodedusing4 bitssowecanreferto bothhigherand
lower orderregistersin AX instructions.

Encodings
101110 setimm #constant
[10..15] [7..9] [0..6]

101110 setshift shifttype shiftamount
[10..15] [7..9] [4..6] [0..3]

101110 setsbit -
[10..15] [7..9] [0..6]

101110 setpred condition count
[10..15] [7..9] [3..6] [0..2]

101110 setsource Hreg -
[10..15] [7..9] [3..6] [0..2]

101110 setdest Hreg -
[10..15] [7..9] [3..6] [0..2]

101110 setallhigh -
[10..15] [7..9] [0..6]

101110 setthird reg -
[10..15] [7..9] [3..6] [0..2]

4. COMPILER ALGORITHMS
AXThumbtransformationsareperformedasapostpass,afterthe

compilerhasgeneratedobjectcode.Thetransformationwhich in-
volvesdetectingandreplacingsequencesof Thumbcodewith cor-
respondingAXThumb codeconsistsof threephases.Eachof the



threephasesdealswith a particularkind of AXThumbtransforma-
tion. The�rst phasehandlespredicationof Thumbcodeusingthe
setpred AX instruction. Thesecondphasehandlesthe generic
casefor AX transformationslike theexampleusedto describein-
structioncoalescing.The third phasehandlesthe setallhigh
AX instructionusedto eliminateunnecessarymoves at function
prologuesand epilogues. The algorithmsfor eachof the three
phasesalongwith codeexamplesaredescribedin detailnext.

Figure6 Predication.
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4.1 Phase1
Thecodesegmentshown below illustrateshow Thumbcodecan

bepredicatedusingthesetpred instruction.TheoriginalThumb
codehasto executeexplicit branchinstructionsto achieve condi-
tionalexecution,choosingbetweenthesubtractandaddoperations.
Usingthesetpred instructionwe canavoid this explicit branch-
ing. This instructionspeci�es two things. First it speci�es the
condition involved in predication(e.g., eq, ne etc.). Secondit
speci�esthecountof predicatedinstructionpairsthat follow. Fol-
lowing thesetpred instructionarepairsof Thumbinstructions–
thenumberof suchpairsis equalto count. If theconditionis true,
the �rst instructionin eachpair is executed;otherwisethesecond
instructionin eachpair is executed.

OriginalARM
cmp r3, #0
addeq r6, r6, r1
addeq r5, r5, r2
rsbne r6, r6, r1
rsbne r5, r5, r2
mov r3, r9

CorrespondingThumbCode
(1) cmp r3, #0
(2) beq (6)
(3) sub r6, r1
(4) sub r5, r2
(5) b (8)
(6) add r6, r1
(7) add r5, r2
(8) mov r3, r9

AXThumbCode
(1) cmp r3, #0
(2) setpred EQ, #2
(3) add r6, r1
(4) sub r6, r1
(5) add r5, r2
(6) sub r5, r2
(7) mov r3, r9

CoalescedARM
cmp r3, #0
sub r6, r6, r1
sub r5, r5, r2
mov r3, r9
OR
cmp r3, #0
add r6, r6, r1
add r5, r5, r2
mov r3, r9

In our example,whenwe examinetheAXThumb code,we ob-
serve that the condition in this caseis eq andcount is 2 since

therearetwo pairsof instructionsthatareconditionallyexecuted.
If eq is truethe�rst instructionin eachpair (i.e., theadd instruc-
tion) is executed;otherwisethesecondinstructionin eachpair (i.e.,
thesub instruction)areexecuted.Thereforeafter the AXThumb
instructionsareprocessedby the decodestagethe corresponding
ARM instructionsequencegeneratedconsistsof threeinstructions.
The sequencecontainseithertheadd instructionsor thesub in-
structionsdependingupontheeq �ag.

Thisform of predicationcouldalsoreducethenumberof fetches
from the I-cache. The exampleshown below illustratesonesuch
case. In the caseof Thumb code, the instructionsimmediately
following the branchinstructionswill be fetchedeven on taken
branches,resultingin wastedfetches. In the AXThumb case,for
every pair of instructionsthat is fetchedat leastoneinstructionis
executed,makingall fetchedpairsuseful.Also notethattheuseof
predicationreducesthesizeby oneinstructionin thiscase.

ThumbCode
L0: I0
beq L1
I1
b L2
L1: I2
L2: beq L0

AXThumb
L0: I0
setpred EQ 1
I1
I2
beq L0

Figure7: SetPredicate
input : A CFGfor a function
output : A modi�ed CFGwith 'set'predicatedcode
for all siblings(n1 , n2) in theBFSTraversal of theCFG do

/* Checkfor a hammockin theCFG*/
PredEQ = SuccEQ = FALSE;
if numPreds (n1) == numPreds (n2) == 1 then

if Pred (n1) == Pred (n2) then
PredEQ = TRUE;

end
end
if numSuccs (n1) == numSuccs (n2) == 1 then

if Succ (n1) == Succ (n2) then
SuccEQ = TRUE;

end
end
/* SetPredicateif hammockfound*/
if SuccEQ andPredEQ then

DeleteLastIns( Pred(n1));
InsertIns( Pred( n1), setpred, cond );
for each pair of instructionsin1 , in2 fromn1 andn2

do
InsertIns( Pred(n1 ), in1 );
InsertIns( Pred(n1 ), in2 );

end
MergeBB(Pred(n1), Succ(n1));
DeleteBB(n1);
DeleteBB(n2);

end
end

Thismethodof predicationis moreeffective thanARM predica-
tion because,in thecaseof ARM, nops areissuedfor predicated
instructionswhoseconditionis not satis�ed. However this form of
predicationcanbeappliedonly to small branchhammockscorre-
spondingto a simpleif-then-else construct. Hencethe al-
gorithmdescribedin Figure7, �rst detectssuchbranchhammocks
in theCFG for the function, theninterleavesthe instructionsfrom
the two branches,merging themwith the parentbasicblock. We
considerpairsof sibling nodesduringa Breadth-FirstTraversalof



theCFG for hammockdetection.A hammockis detectedwhen(i)
thepredecessorof bothsiblingsis thesame,(ii) thereis exactlyone
predecessor(iii) andbothsiblingshave thesamesuccessor. Once
a hammockis detected,it is predicatedby insertinga setpred
insteadof thebranchinstructionandinterleaving thecodefrom the
two branchesasshown in Figure7. TheCFGs for thecodeexam-
pledescribedabove,beforeandafterthetransformationareshown
in Figure6.

4.2 Phase2
The codesegmentshown below illustratesthe generalcasefor

AX Transformationswhich capturesthe majority of AX instruc-
tions. This exampleusesthe setshift andsetsource AX
instructions. The setshift instructionspeci�es the type and
amountof theshift neededby thefollowing instruction.Theset-
source instructionspeci�esthehighregisterneededasthesource
for the following instruction. While the Thumbcoderequiresthe
executionof � ve instructions,the AXThumb codeonly executes
threeinstructions.

OriginalARM
mov r2, r5
sub r1, r2, lsl #5
ldr r5, [r9, #100]

CorrespondingThumbCode
(1) mov r2, r5
(2) lsl r4, r2, #2
(3) mov r3, r9
(4) sub r1, r4
(5) ldr r5, [r3, #100]

AXThumb Code
(1) mov r2, r5
(2,4) setshift lsl #2

sub r1, r2
(3,5) setsource high r9

ldr r5, [-,#100]

CoalescedARM
mov r2, r5
sub r1, r2, lsl #5
ldr r5, [r9, #100]

Figure8: DAG Coalescingfor genericAX instructions
input : BasicBlock DAG D with nodesnumberedaccord-

ing to thetopologicalorderandregisterlivenessin-
formation

output : BasicBlock DAG D with CoalescedNodesto indi-
cateAXThumb instructionpairs

for each n ε nodesin BFSorder of D do
for each p ε Pred(n) do

Let dependencebetweenn andp bedueto registerr.
if r is not live following instructions(n,p) then

/* Checkif nodesn andp arecoalescable*/
if CandidateAXPair(n,p) then

G← ∅
G← Coalesce(n,p)
/* Checkif coalescedGraphis aDAG */
isDAG = TRUE
for each e ε edgesin G do

if Source(e) > Destination(e)
then

isDAG = FALSE
end

end
if isDAG then

D← G
end

end
end

end
end

The algorithmshown in Figure8 usesthe BasicBlock depen-
denceDAG andglobal register livenessinformationas its input.
SinceAXThumb pairsreplacedependentThumbinstructions,it is

suf�cient to examineadjacentnodesalonga pathin theDAG. We
traversethe DAG in Breadth-FirstOrderandexamineeachnode
and its predecessor. AXThumb pairs have to be instructionsad-
jacentto eachother in the instructionschedule.While replacing
Thumbpairswith equivalentAXThumb pairs, to ensurethat this
property is maintained,we coalescethe nodesof the candidate
Thumbpairsinto onenoderepresentingtheAXThumb pair. How-
everto maintaintheacyclic propertyof theDAG,wehaveto ensure
thatthiscoalescingof candidateThumbinstructionsdoesnot intro-
duceacycle. Thenodesin theDAG arenumberedaccordingto the
topologicalsortorderof theinstructionschedule.By checkingfor
backedgesfrom highernumberednodesto lowernumberednodes,
duringcoalescing,we make surethattheacyclic propertyis main-
tained. The �nal instructionscheduleis theorderingof nodesac-
cordingto increasingnodeid wherefor coalescednodes,thenode
id is theid of the�rst instructionin thenode.

The DAG for our example,beforeandafter the transformation
is shown in Figure9. For this example,instructions3 and5 are
candidatesandinstructions2 and4 arecandidates.TheCandi-
dateAXPair functiontakesin 2 Thumbinstructionsandchecks
to seeif they arecandidatesfor replacement.This involvesa live-
nesscheck.Usinglivenessinformation,in ourexampleonecansay
that registerr4, in instruction2, is a temporaryregister. Sincethe
two dependentinstructions(subtractandshift) canbereplacedus-
ing asetshift instructionandregisterr4 is not liveafterinstruc-
tion 3, theCandidateAXPair function returnsthe AXThumb
pair thatcouldreplaceinstructions2 and4. Sincecoalescingnodes
2 and4 doesnot introducea cycle, thereplacementis legal.

Figure9 Phase2
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Wedescribesomemoreexamplesof AXThumbtransformations
thatusethis algorithmbelow.

Avoiding CompareInstructions. In theARM instructionsetMOV
andALU instructionscontainans-bit. If thes-bit is set,follow-
ing the MOV or ALU operation,the destinationregistercontents
arecomparedwith theconstantvaluezeroandcertain�ags areset
whichcanlaterbetested.Thus,in ARM certaintypesof compares
canbefoldedinto otherMOV andALU instructions.As illustrated
below, sinceThumb doesnot supportthe s-bit, it must perform
the comparisonin a separateinstruction. To overcomethe above
drawback we usethe setsbit instructionwhich indicatesthat
thes-bit of the instructionthat immediatelyfollows shouldbeset
whentranslationof Thumbinto ARM takesplace.

OriginalARM
movs reg1, reg2

CorrespondingThumb
mov reg1, reg2
cmp reg1, #0

AXThumb
setsbit
mov reg1, reg2

CoalescedARM
movs reg1, reg2



Immediate Operands. The ThumbADD/MOV instructionscan
directly referencehigherorderregisters. However, in thesecases
if the operandcannotbe an immediateconstant,an extra move is
requiredasshown below.

OriginalARM
add Hreg1, Hreg1, #imm

CorrespondingThumb
mov rtmp, #imm
add Hreg1, rtmp

AXThumb
setimm #imm
add Hreg1,
OR
setdest Hreg1
add , #imm

CoalescedARM
add Hreg1, Hreg1, #imm

We canusethesetimm instructionto avoid the move instruc-
tion asshown above. The immediateoperandis incorporatedinto
theThumbinstructionthat follows thesetimm instructionby the
coalescingactionsof the decodestageresultingin a singleARM
instruction.Alternatively thesetdest instructioncanbeusedas
shown above. In eithercasethecoalescedARM instructionis the
same.

OriginalARM
and reg1, reg1, #imm

CorrespondingThumb
mov rtmp, #imm
and reg1, rtmp

AXThumb
setimm #imm
and reg1,

CoalescedARM
and reg1, reg1, #imm

Anothersituationwhereextra move instructionsaregenerated
dueto thepresenceof immediateoperandsis whenbitwiseboolean
operationsareused.Instructionsfor theseoperationscannothave
immediateoperandsgeneratinganextramove asshown above.

Wedescribeonemorescenariowherethesetshiftinstructioncan
beused.A shift operationfoldedwith a MOV instructionis often
usedin ARM codeto generatelarge immediateconstants. An im-
mediateoperandof a MOV instructionis a 12 bit entity which is
dividedinto an8 bit immediateconstantanda4 bit rotateconstant.
Theeightbit entity is rotatedby therotateamountto generatea32
bit constant.In Thumbstatethe immediateoperandis only 8 bits
andthereforetherotateamountcannotbespeci�ed. An additional
ALU instructionis usedto generatethe large constantas shown
below. In theAXThumb codesetshift is usedto eliminatethe
extrashift instructionthroughcoalescing.

OriginalARM
mov reg1, #imm8.rotate4

CorrespondingThumb
mov reg1, #imm8
lsl reg1, #rotate4’, where
rotate4'= 32 - 2 * rotate4.
AXThumb
setshift #rotate4
mov reg1, #imm8

CoalescedARM
mov reg1, #imm8.rotate4

High RegisterOperands. Analogousto thesetsource Hreg
instructionthat wasintroducedearlier, setdest Hreg instruc-
tion causestheThumbinstructionfollowing thesetdest Hreg
instructionto useHreg asits destinationregister. Theinstruction
following coalescingof AXThumb instructionsis identical to the
correspondingARM instruction.

OriginalARM
ldr Hreg, [reg, #offset]

CorrespondingThumb
ldr Lreg, [reg, #offset]
mov Hreg, Lreg

AXThumb
setdest Hreg
ldr , [reg, #offset]

CoalescedARM
ldr Hreg, [reg, #offset]

Third Operand. Additionalmoveinstructionsarerequiredto com-
pensatefor the lack of threeaddressinstructionformat in Thumb.
Weintroducethesetthird reg AX instructionto avoid theex-
tra move instruction. Whena Thumbinstructionis a precededby
asetthird reg instruction,thenreg is treatedasthethird ad-
dressfor the Thumbinstructionasshown below. Following coa-
lescingtheimpactof extramove instructionis entirelyeliminated.

OriginalARM
add reg1, reg2, reg3

CorrespondingThumb
mov reg1, reg2
add reg1, reg3

AXThumb
setthird reg3
add reg1, reg2

CoalescedARM
add reg1, reg2, reg3

4.3 Phase3
The third phasehandlesthe speci�c caseof thesetallhigh

instruction,wherea wholesequenceof Thumbinstructionsis con-
vertedto an AXThumb pair. The codesegmentshown below il-
lustratestheneedfor asetallhigh instruction.Sinceonly low
registerscanbeaccessedin Thumbstate,thesaving andrestoring
of context atfunctionboundariesresultsin theuseof extramovein-
structions.In theexampleabove, �rst the low registersarepushed
onto the stack,the high registersare then moved to the low reg-
istersbeforethey arepushedonto the stack. Using the setallhigh
instructionwe canavoid the extra moves, indicatingthat the next
instructionaccesseshigh registers.

OriginalARM
push f r4,.., r11g
CorrespondingThumb
(1) push [r4, r5, r6, r7]
(2) mov r4, r8
(3) mov r5, r9
(4) mov r6, r10
(5) mov r7, r11
(6) push [r4, r5, r6, r7]

AXThumb Code
(1) push [r4, r5, r6, r7]
(2,3) setallhigh

push [r0, r1, r2, r3]

CoalescedARM
push f r4, r5, r6, r7g
push f r8, r9, r10, r11g

This transformation,like phase2, is local to a basicblock and
usesthebasicblock DAG asits input. Thealgorithmdetectssuch
sequencesduringaBreadth-Firsttraversalof theDAG. Thedepen-
dencein the DAG is betweenthe pushinstructionsandthe move
instructionsasshown in Figure10. Themove instructionsaresib-
lings with predecessorandsuccessorsas the pushinstructionsin
theDAG.Thisconditionis checkedfor asshown in Figure11. The
PushorPopList functions�nd instructionsthatpush/popa list
of registers.ThemovLoHi functionmakessuretheregisterbeing
usedin themov instructionis in thelist of registersin thepush/pop
instructionencounteredbefore.Oncesucha patternis detectedall



thesibling nodesarereplacedwith onesinglenodecontainingthe
setallhigh instruction. This nodeis then coalescedwith the
successornodewhich is thepush/popinstructionto ensurethatthe
two instructionsareadjacentto eachotherin theinstructionsched-
ule.

Figure10 SetAllHighAX transformation
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Figure11: DAG Coalescingfor setallhighAX instructions
input : Basic Block DAGs (with nodesin the topological

sortedorderof theinstructionschedule)for thebasic
block predecessorsof the exit nodeandsuccessors
of the entry nodein the CFG andregister liveness
information

output : ReducedBasicBlocks with setallhighAX instruc-
tions

for each DAG D ε setof basicblocksB do
for each n ε BFSorder of nodesin D do

if PushOrPopListLo(n) then
/* Checkfor thereplaceablemov instructions*/
isReplacable= TRUE
for each m ε Succ(n) do

Let r bethedestinationregisterin m.
if r is not live followingSucc(m) then

if notmovLoHi(m) |
not PushOrPopListHi(Succ(m)) |
numSuccs(m) 6= 1 then

isReplacable= FALSE
end

end
end
/* Remove MOVs andinsertasetallhigh*/
if isReplacablethen

for each m ε Succ(n) do
Save← Succ(m)
Remove(m)

end
Succ(n)← Save
SettoLo(Save)
Coalesce(setallhigh,Succ(n))

end
end

end
end

5. EXPERIMENT AL RESULTS

Methodology. The algorithmsdescribedabove wereusedto de-
tect candidateThumb instructionsin the assemblylevel codeof
themostfrequentlyexecutedfunctionsin thebenchmarkprograms.
Thexscale-elf gcc version 2.9 compilerusedwasbuilt
to createa versionthat supportsgenerationof ARM, Thumb as

well asmixed ARM andThumbcode. Codesizebeinga critical
constraint,all programswerecompiledat -O2 level of optimiza-
tion, sinceat higherlevelscodesizeincreasingoptimizationssuch
asfunction inlining andloop unrolling areenabled.The transfor-
mationswerethencarriedby transformingtheassemblycode.The
modi�ed assemblycodewasthenlinkedin with therestof thecode.

A modi�ed versionof theSimplescalar-ARM [1] simulator, was
usedfor experiments.It simulatesthe� vestageIntel'sSA-1Stron-
gARM pipeline [3] with an 8-entry instructionfetch queue. The
I-Cachecon�gurationfor thisprocessorare:16Kb cachesize,32B
line size,and32-way associativity, andmisspenaltyof 64 cycles
(a miss requiresgoing off-chip). The simulatorwasextendedto
supportboth16-bitand32-bitstates,theThumbinstructionsetand
thesystemcall conventionsfollowedin thenewlib c library. This
is a lightweight C library usedon embeddedplatformsthat does
not provide explicit network, I/O andotherfunctionality typically
foundin librariessuchasglibc. Thebenchmarksusedaretaken
from theMediabench [7],Commbench [12] andNetBench [8]
suitesasthey arerepresentativeof aclassof applicationsimportant
for the embeddeddomain. The benchmarkprogramsuseddo not
requirefunctionalitynotpresentin newlib.

Instruction Counts. The useof AX instructionsreducesthe dy-
namicinstructioncountof 16-bit codeby 0.4%to 32%. Figure12
shows this reductionnormalizedwith the countsfor 32-bit ARM
code.Thedifferencein instructioncountbetweenARM andThumb
codeis between3%and98%.UsingAX instructionswereducethe
performancegapbetween32-bit and16-bit code. For casessuch
ascrc andadpcm wherethereis substantialdifferencebetween
ARM andThumbcode,we seeimprovementsbetween25% and
30%bridgingtheperformancegapbetweenARM andThumbby a
factorof onethird in thecaseof crc andmorethanonehalf in the
caseof adpcm. For casessuchasdrr whereThumbcodeis not
muchworsethanARM code(3%), we seelittle improvementus-
ing AX instructions.In theothercasesweseeanimprovementover
Thumbcodeof about10%onanaverage.Thedifferencein thein-
structioncountsbetweenARM andThumbcodeindicatestheroom
for possibleimprovementof 16-bit codedueto constraintspresent
in 16-bit code.UsingAX instructionswe areableto considerably
bridgethisgapbetween32-bit and16-bit code.

Figure12 NormalizedInstructionCounts
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Cycle Counts. Figure13 shows the cycle countdatafor Thumb
and AXThumb coderelative to the ARM code. The useof AX
instructionsgivesvaryingcycle countchangesbetween-0.2%and
20%comparedto Thumbcode. We seereductionof 15%to 20%
in cycle countsfor crc andadpcm comparedto theThumbmak-
ing the reducingthedifferencebetweenARM andThumbby half



in the caseof crc andabout66% with theadpcm programs.In
theother3 caseswhereThumbcyclecountsarehigherthanARM,
viz. frag reed.encode,reed.decode, andrtr, weseethat
thereis a moderatereductionin cycle countscomparedto Thumb.
However thedifferencebetweentheARM andThumbcodesitself
being moderate,in the casesof rtr andreed.encode, AX-
Thumb codegives a lower cycle count comparedto even ARM
code.TheimprovedI-cachebehavior of theThumbandAXThumb
codescomparedto ARM codemakes this possible. In the other
cases,whereThumbcodealreadyoutperformsARM codewe see
little improvementasthereis little scopefor theuseof AX instruc-
tions.

Figure13 NormalizedCycleCounts
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Code Sizeand Fetch Data. The codesizesof ThumbandAX-
Thumb are almost identical. This is becausein all caseswhere
AXThumb instructionreplaceThumbinstructions,thesizeis only
decreasedif at all changed.Thedecreaseoccursdueto the intro-
ductionof setallhigh or setpred instructionsasmentioned
before.In all othercasesthesizedoesnot change.Thecodesizes
relative to ARM areshown in Figure14.

Figure14 CodeSize
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Figure15 shows the I-cachefetchesfor ThumbandAXThumb
codesrelative to ARM code. In the threecaseswhereThumbhas
moreI-cachefetchesviz. crc andthe two adpcm programs,we
seethatAXThumb reducesthefetchesmakingthemalmostaslit-
tle as ARM. In the other caseswe seeAX always hasfewer I-
cachefetchescomparedto Thumb,makingit evenbettercompared
to ARM. Fewer fetchescould result from codesizereducingAX
transformations.Additionally, the numberof instructionsfetched
into the instructionqueuedependson theutilization of thequeue.

AXThumb consumesinstructionsat a fasterratefrom the instruc-
tion queuecomparedto Thumb. Henceontakenbrancheswhenthe
queueis �ushed therearefewer instructionthatare�ushed, which
accountfor theextra fetchesperformedby Thumb. Fromanenergy
perspective, we seethatenergy spenton the I-cachewill be lesser
in AXThumb comparedto Thumb. Additionally, sincetheinstruc-
tion countis reduced,energy spentin otherpartsof theprocessor
is alsoreduced.The additionof the AX processorin the decode
stageis a very small increasein energy spentsincetheoperations
of theAX processorarevery simpleinvolving detectionof theAX
opcodeandsettingthestatusif theinstructionis anAX instruction.
Hencewealsosave on overall energy usingAX instructions.

Figure15 FetchData
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Usageof AX instructions. In Table2 we show a weighteddistri-
bution of the AX instructionsexecutedby eachbenchmark.Each
benchmarkusesa differentsetof AX instructionsandall AX in-
structionshave beenusedby at leasttwo benchmarks.Instructions
that madean impact in almostall benchmarksweresetsbit,
setshift,setsource andsetthird. Predicationwasfound
to be usefulonly in adpcm asin otherbenchmarkssmall branch
hammockscapableof beingpredicatedwerenot found. In crc,
a small setof setsbit instructionsin the hotspotsof the code
gave very goodperformanceimprovement.drr hadlittle oppor-
tunity for insertionof AX instructionsresultingin theuseof a few
setsbit instructionswhich did not give much of an improve-
ment.Theuseof setallhigh in rtr resultedin smallercodeas
aresultof removing unnecessarymoves,whichwasalsothereason
for reducedinstructioncount.

6. CONCLUSIONS
We proposedthe conceptof InstructionCoalescingusinga set

of AugmentingeXtensionsto theexisting 16-bit code.TheAX in-
structionsareabridgingISA betweentheexisting16-bitand32-bit
ISAs in dualwidth processorscapableof makingtheperformance
of 16-bitcodecloseto thatof 32-bitcode.AX instructionsimprove
theexpressibilityof 16-bitcodewithoutaddingto thecostin terms
of executioncycles.Wepresentedalgorithmsusedto generatesuch
16-bit AXThumb codefrom existing 16-bit Thumbcode. The re-
sultsshow thatusingjust8 AX instructionsweareableto consider-
ably improveperformanceof 16-bitcodewithoutnegatively affect-
ing codesizeandI-cachefetches.While thetechniquesdescribed
herewere implementedin the context of the ARM Architecture
[11], they canbeappliedto otherdualwidth embeddedprocessors.
Using the compileralgorithmsdescribedhereanddevoting more
encodingspaceto AX type of bridging ISAs, one could further
bridgetheperformancegapbetween32-bit and16-bit code.



Table2: Usageof Differ ent AX Instructions.

Benchmark setallhigh setpred setsbit setshift
rtr 11.77% 0.00% 82.34% 5.88%
crc 0.00% 0.00% 0.27% 99.72%

adpcm.rawcaudio 0.00% 36.30% 36.30% 14.52%
adpcm.rawdaudio 0.00% 34.47% 34.47% 13.79%

pegwit.gen 0.17% 0.00% 74.47% 8.48%
pegwit.encrypt 0.19% 0.00% 80.22% 5.01%
pegwit.decrypt 0.17% 0.00% 74.47% 8.48%

frag 4.44% 0.00% 0.00% 6.66%
reed.encode 0.01% 0.00% 3.81% 0.00%
reed.decode 0.01% 0.00% 1.09% 0.63%

drr 0.00% 0.00% 100.00% 0.00%

Benchmark setsource setdest setthird setimm
rtr 0.00% 0.00% 0.00% 0.00%
crc 0.00% 0.00% 0.00% 0.00%

adpcm.rawcaudio 0.00% 7.26% 0.00% 5.59%
adpcm.rawdaudio 3.44% 10.34% 3.44% 0.00%

pegwit.gen 5.47% 0.00% 11.39% 0.00%
pegwit.encrypt 6.23% 0.00% 8.32% 0.00%
pegwit.decrypt 5.47% 0.00% 11.39% 0.00%

frag 13.33% 4.44% 66.66% 4.44%
reed.encode 68.45% 0.00% 27.71% 0.00%
reed.decode 88.29% 0.00% 9.95% 0.00%

drr 0.00% 0.00% 0.00% 0.00%
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Appendix A
Illustration of switching statesusingBranch and eXchange.

When executingARM instructions,the executionof BX Rm in-
structioncanbeusedto begin executingThumbinstructions.Other
dualwidth processorsshave a similar mechanismto switchexecu-
tion states.BX Rm hasthe following semantics.If bit Rm[0] is
1, theprocessorswitchesto executeThumbinstructions.It begins
executingat theaddressin Rm alignedto a half-word boundaryby
clearingthebottombit. If bit Rm[0] is 0 thentheprocessorcon-
tinuesto executeARM instructions,thatis,BX simplybehavesasa
branchinstructionin this case.Thecurrentstatein which thepro-
cessoris executingis indicatedby theT bit which is bit 5 of the
CPSR (CurrentProgramStatusRegister).This bit is appropriately
changedwhen the processorstateis switched. Similarly the BX
instructioncanbeusedto switchfrom Thumbstateto ARM state.

Theuseof BX instructionto generateamixedbinaryis shown in
Figure3. As wecanseefrom thecodetransformationshown, when
thelonger Thumbsequenceis replacedby ashorterARMsequence,
weintroducethreeadditionalinstructions.Moreover, thealignment
of ARM codeat wordboundarymaycauseanadditionalnopto be
introducedprecedingthe�rst BX instruction.Thereforeonly if the
shorterARM sequencecontainsgreaterthanfour fewerinstructions
thanthelongerThumbsequence,thegenerationof mixedbinaryis
bene�cial.

Thumb
.code 16 ; Thumbinstructionsfollow
...
< LongerThumbSequence>
...

ARM+Thumb
.code 16 ; Thumbinstructionsfollow
...
.align 2 ; makingbx word aligned
bx r15 ; switchto ARM asr15[0] notset
nop ; ensureARM codeis wordaligned
.code 32 ; ARM codefollows
< ShorterARM Sequence> ;
orr r15, r15, #1 ; setr15[0]
bx r15 ; switchto Thumbasr15[0] is set
.code 16 ; Thumbinstructionsfollow
...

Table3: ReplacingThumb Sequenceby ARM Sequence.


