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ABSTRACT

In the embeddedlomain,memoryusageandenegy consumption
arecritical constraints.Dual width instructionsetembeddegro-
cessorsuchasthe ARM provide a16-bitinstructionsetin addition
to the 32-bitinstructionsetto addressheseconcernsUsing 16-bit
instructionsone can achieve codesize reductionand I-cacheen-
ey savings at the costof performance.We have obsered that
throughoutl6-bit Thumbcodethereexist Thumbinstructionpairs
thatareequivalentto asingleARM instruction.We have developed
anapproactwhich usescombinationof compilerandarchitectural
supportto exploit the abore propertyfor improving performance
of 16-bit code.We enhancehe Thumbinstructionsetby incorpo-
rating AugmentingeXtensiongAX). Thetaskof the compileris to
identify pairsof Thumbinstructionsthat can be safely combined
and executedas single ARM instructions. The compilerreplaces
suchpairsof Thumbinstructionsby AX+Thumbinstructionpairs.
The AX instructionis coalescedvith the immediatelyfollowing
Thumbinstructionto generatea singleARM instructionat decode
time. Thus,using AX instructions,the compilercanboth gener
ate compact16-bit code and provide hardware with information
neededo producebetterperforming32-bit code.
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1. INTRODUCTION

More than 98% of all microprocessorsre usedin embedded
productsthe mostpopular32-bit processoemongthembeingthe
ARM family of embeddegrocessorfs]. TheARM processocore
is usedbothasa macrocellin building applicationspeci ¢ system
chipsandstandardCPUchips.[2](e.g.,ARM810, StrongARMSA-
110[3], XScale[4]). In theembeddedlomain,applicationsmust
executeunderconstraintof limited memoryandlow enegy con-
sumption.As complex applicationssuchasimageprocessingnd
graphicsntensve gamesarebeingportedto embeddeglatforms,
performancer speedof executionis becomingequallyimportant.
Dual instruction set processorssuch as the ARM, MIPS16 [9],
SuperH-5[13], addresghe limited memory/enegy constraintby
supportinga 16 bit instructionsetalongwith the 32-bitinstruction
set. The 16-bit instructionprovides a subsetof the functionality
provided by the 32-bit instructionset. While the 16-bit codeex-
penddesserenegy andhasa smallermemoryfootprint, it spends
mary morecyclesin executiontime.

Traditionally, ISAs have been x edwidth (e.g.,32-bit SFARC,
64-bit Alpha) or variablewidth (e.g.,x86). Fixedwidth ISAs give
goodperformancetthe costof codesizeandvariablewidth ISAs
give good performanceat the cost of addeddecodecompleity.
Neither of the above are good choicesfor embeddedorocessors
wherecodesizeandpower arecritical. Dualwidth ISAsaresimple
to implementandprovide atradeof betweercodesizeandperfor
mance makingthema goodchoicefor embeddegrocessorsWe
proposean extensionto the 16-bit ISA that senes as a bridging
ISA in dualwidth processorsWe call this extensionAugnent -

i ng eXtensions orAX.

AX instructionsare non-eecutinginstructionsthat do not con-
tribute to executiontime. An AX instructionis coalescedvith the
following 16-bit Thumbinstructionat decodetime. SinceAX in-
structionsarealso16-bit instructions they have the enegy saving
andsmallcodesizepropertieof Thumbcode.AX instructionsun-
like pre x instructionsfoundin architecturesuchasthe MIPS16
[9] andSuperH-513], do not merelyimprove the expressibilityof
16-bit code;they do sowithout addingary cyclesto the execution
timeviainstructioncoalescinglnstructionCoalescings ascalable
techniguethatimprovesthe performanceof 16-bit codemakingit
possibleto bridgethe performancegap between32-bit ARM and
16-bit Thumb code. While the AX extensionsdescribedin this
paperare for the ARM architecture the idea of InstructionCoa-
lescingand Augmentinginstructionscanbe appliedto otherdual
width processorsin previous work [6] we shaved howv onecould
achieve good codesize, low enegy and high performanceusing
pro le guidedheuristicsatcompiletime. Thetechniqueslescribed
hereareorthogonatto the previous techniquesandmore scalable.



In this paperwe describethe microarchitecturend compilersup-
portusedto take advantageof AX instructions.

The remainderof the paperis organizedasfollows. Section2
givesanoverview of the ARM architecturewith a comparisorbe-
tween32-bitARM codeand16-bit Thumbcode.Section3 givesan
overview of InstructionCoalescingjncluding a descriptionof the
enhancednicroarchitecturea descriptionof predicationsupport
anda brief descriptionof the AX extensions.Section4 describes
in detail the 3 phaseausedby the compiler postpasgo transform
Thumbcodeinto AXThumb code. We presentthe resultsin Sec-
tion 5 andconcludein Section6.

2. BACKGROUND

The ARM architectureis a dual width RISC architecturesup-
porting a 16-bit and 32-bit ISA. The processois saidto bein the
ARM statewhen executing 32-bit instructionsand Thumb state
when executing 16-bit instructions. The 16-bit ISA in ary dual
width processorcanonly capturepart of expressibility and func-
tionality of the 32-bit ISA. The goal of Augmentinglnstructions
is to make up for this lost expressibility and functionality without
payingthe price of executioncycles. Someof theimportantdiffer-
encedetweerthe ARM andThumbinstructionsetsareasfollows.
Most Thumb instructionscannotbe predicatedwhile ARM sup-
ports full predication. Most Thumb instructionsuse a 2-address
format (destinationregisteris the sameasthe rst source)while
ARM supports3-addresgormatfor manipulating32 bit data.Visi-
bleregistersin Thumbstatearer 0 throughr 7; only someinstruc-
tions,mainly MOV andADD instructionscandirectlyaddresseg-
istersr 8 throughr 15. In ARM stateall sixteenregistersfromr 0
throughr 15 arevisible acrossvariousinstructions. The Branch
and Exchange Instruction (BX) instructioncanbe usedto switch
betweemrARM andThumbstates.

Figure 1 ARM vs ThumbCode
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Herewe illustratethe tradeofs presentin the 32-bit ARM and
16-bit Thumbinstructionsetsto motivate our approach.The data
in Figurel compareshe ARM andThumbcodesalongthreemet-
rics: InstructionCount, Codesizeand|-cachefetches.As we can
see,the numberof instructionsexecutedby Thumb codeis sig-
ni cantly highereventhoughthe Thumbcodesizeis signi cantly
smaller Theincreasen instructioncountsrangesfrom 3% to 98%
while codesizereductionrangedrom 29.83%to 32.45%.In prior
work [6] we have shavn thatthis substantiaincreasen the num-
ber of instructionsexecutedby the Thumbcodemorethanoffsets
the improved I-cachebehaior of the Thumbcode. Thereforethe
netresultis highercycle countsfor the Thumbcodein comparison
to the ARM code. While we obsere that by using Thumb code

we nearlyalwayssave I-cacheenegy asa resultof fewer fetches,
theincreasen instructioncountsincreasesheenegy consumedn
otherpartsof the processor

On further analysiswe wereableto determinethatthe dynamic
instructioncountincreases mainly dueto increasein threecat-
egories of instructions: Branches, ALU operations,and MOVs.
The reasondor increasein thesecategyoriesare elaboratedn our
discussiorof the AX instructionsin Section4. In the above situa-
tionsweareableto nd shortsequencesf Thumbinstructionshat
canbe easilyreplacedby shortersequencesf ARM instructions.
One could generatea mixed binary usingboth ARM and Thumb
instructions,however, the overheadof explicit switchingbetween
16-bit stateand 32-bit statefor shortsequencesegatesthe bene t
of mixedcode,asis shavn in AppendixA.

3. INSTRUCTION COALESCING

InstructionCoalescings rst introducedusinganexample.The
ideaof AX extensionsand a descriptionof the microarchitecural
extensionsrequiredfor AX processings given. The supportof
predicationusingAX instructionss explainednext.

3.1 Basicldea

ARM: sub regl, reg2, Isl #2
Thumb: I'sl rtnp, reg2, #2
sub regl, rtnp
AXThumb: setshift |sl #2
sub regl, reg2

Toillustratethekey conceptof InstructionCoalescingve usea
simpleexample. In the codeabore we shav an ARM instruction
which shiftsthe valuein r eg2 beforesubtractingit from r eg1l.
Sincethe shift cannotbe speci ed aspartof anotherThumbALU
instruction,asshavn above, two Thumbinstructionsarerequired
to achieve theeffect of oneARM instruction.We would lik e to co-
alescahetwo 16-bitinstructiongnto one32-bitinstruction.While
coalescings relatively easyto carry out, detectinga legal oppor
tunity for coalescingoy examiningthe two Thumbinstructionsis
in generaimpossibleto carryout. In ourexamplethe Thumbcode
usesa temporaryregisterr t np. If instructioncoalescings per
formed,r t mp is no longerneededandthereforeits contentswill
notbe changedTherefore atthetime of coalescingthe hardvare
mustalsodeterminethatthe contentsof registerr t np will notbe
usedafter the Thumbsequence Clearly this is in generalimpos-
sibleto determinesincethe next reador write referenceo register
rt np canbearbitrarily far away.

Sincethecoalescingpportunitycannotbe detectedn hardware
we rely on the compilerto recognizesuchopportunitiesandcom-
municatethemto the hardwarethroughthe useof the Augmenting
eXtensiongAX). In the AXThumb codethe rst instructionis an
augmentingnstructionwhichis not executedbut ratheralwaysco-
alescedn the decodestagewith the instructionthatimmediately
follows it to generatea single ARM instructionfor execution. In
the above examplethe augmentingnstructionset shi ft merely
carriesthe shift type andamountwhich is incorporatedn the sub-
sequentnstructionto createtherequiredARM instructionfor exe-
cution.

It shouldbe notedthatthe codesize of all threeinstructionse-
guencess the same(i.e., 32 bits); however, only the AXThumb
sequencesatis esthe desiredcriteria asit resultsin executionof
a singleequivalentARM instructionandis madeup of 16 bit in-
structions. Thus,the AXThumb codeis 16 bit codethatrunslike
the ARM code.



We have introducedthe basicideabehindour approach. Next
we describen detail the realizationof this idea. First we describe
themodi ed microarchitectur¢hatis capableof executingthe AX-
Thumbcodein a mannersuchthat coalescingdoesnot introduce
additional pipeline delays. Secondwe describethe completeset
of AX instructionsandtherationalebehindthe designof thesein-
structions.

3.2 Micr oarchitecture

Ourwork is baseduponthe StrongARMSA-110pipelinewhich
consistsof ve stages: (F) instructionfetch; (D) instructionde-
codeandregisterread;branchtargetcalculationandexecution;(E)
Shift and ALU operation,including datatransfermemoryaddress
calculation; (M) datacacheaccess;and (W) resultwrite-backto
register le. It performsin-orderexecutionand doesnot employ
branchprediction. The changeglescribechereareentirely in the
decodestage. Most dual width embeddedrocessorsare simple
pipelined machines,making instruction coalescingeasily imple-
mentable. Thus, the techniquesdescribedhere are not restricted
to the ARM family of processors.

3.2.1 Instruction Coalescing

Beforewe describeour designof thedecodestageet us rst re-
view theoriginal designof thedecodestagewvhichallowsthe ARM
processoto executebothARM andThumbinstructions As shavn
in Figure2, thefetch capacityof the processois designedo be 32
bits percycle sothatit canexecuteoneARM instructionpercycle.
In the ARM statea 32 bit instructionis directly fed to the ARM
decoder However, in the Thumb statethe 32 bits areheldin an
instruction buffer andthe two Thumbinstructionsthatit contains
areselectedn consecutie cyclesandfed into the Thumbdecom-
pressorwhich convertsthe Thumbinstructioninto an equivalent
ARM instructionand feedsit to the ARM decoder Sinceevery
time a word is fetchedwe get two Thumbinstructions,typically
fetchneedgo becarriedoutin alternatecycles.

Figure 2 ThumblImplementation.

in thebuffer atall times. Two consecutie instructionspneThumb
instructionanda following AX instruction,canbe simultaneously
processedy the decodestagein eachcycle. The AXThumb in-
structionis processedby the AX processowhich updateghe sta-
tus eld to hold theinformationcarriedby the AX instructionfor
augmentinghenext instructionin thefollowing cycle. TheThumb
instructionis processedy the AXThumbdecompessorand then
the ARM decoder The decompressas enhancedo useboththe
currentThumbinstructionandthestatuseld contentsmodi ed by
theimmediatelyprecedingAX instructionin the previous cycle, if
ary, to generatehecoalescedARM instruction.Thestatuseld is
readat the beginning of the cycle for usein generatiorof the co-
alescedARM instructionandoverwrittenat the endof the cycle if
anAX instructionis processeth thecurrentcycle. Thestatuseld
canbeimplementechsa 32-bit register During a threadswitchit
is sufcient to save the stateof the statusregisteralongwith other
stateto ensurecorrectexecutionwhenthreadresumesxecution.

Figure 3 AXThumb Implementation.
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The key idea of our approachis to processan AX instruction
simultaneouslywith the processingf the immediatelypreceding
Thumbinstruction. What malesthis achiezableis the extra fetch
capacityalreadypresenin the processor

The overall operationof the hardwaredesignshavn in Figure3
is asfollows. Theinstructionbuffer in thedecodestageis modi ed
to exploit theextrafetchbandwidthto keepatleasttwo instructions

Therearethreeimportantpointsto noteaboutthe above opera-
tion. First, asshavn by the pipelinetiming diagramin Figure 3,
in theabove operatiomo extra cyclesareneededo handlethe AX
instructions.Eachsequencépair) of AX andThumbinstructions
completetheir executiononecycle afterthe completionof the pre-
cedingThumbinstruction. Secondthe above designensureghat
thereis no increasein the processorcycletime The AX proces-
sor's handlingof the AX instructionis entirelyindependenof han-
dling of the Thumbinstructionby the decodestage.In the pipeline
diagramThumb-DandAX-D denotehandlingof ThumbandAX
instructionsby the decodestagerespectiely. In addition,the path
taken by the Thumbinstructionis essentiallthe sameasthe orig-
inal design- the Thumbinstructionis rst decompressedndthen
decodedby the ARM decoder The only differenceis the modi-
cation madeto the decompressaio make useof the status eld
information and carry out instruction coalescing However, this
modi cation doesnot increasethe compleity of the decompres-
sorasthegeneratiorof an ARM instructionthroughcoalescingf
AX and Thumbinstructionsis straightforvard. An AX instruc-
tion essentiallypredeterminesomeof thebits of the ARM instruc-
tion generatedrom the following Thumbinstruction. This should
beobviousfor theset shi ft examplealreadyshavn. The other
AX instructionsthataredescribedn detailin the next sectionare
equallysimple. Third, it shouldbe clearwhy we do not allow two
AX instructiongo augment Thumbinstruction.Only asingleAX



instructioncanbeexecutedor free. If two consecutie AX instruc-
tionsareallowed, their executionwill adda cycle to the programs
execution.

The instructionbuffer and the lling of this buffer by the in-
structionfetchmechanisnaredesigneduchthat,in theabsencef
taken branchesthe instructionbuffer always containsat leasttwo
instructions. The buffer canhold up to threeconsecutie instruc-
tions. Thus,it is expandedn sizefrom 32 bits (ib1 andib,) in the
original designto 48 bits (ib1, ib2, andibs). As shavn later, this
increasein sizeis neededo ensurethat at leasttwo instructions
arepresentn theinstructionbuffer. Of the threeconsecutie pro-
graminstructionsheldin ib1, ib, andibs, the rst instructionis in
ib1, seconds in ¢b andthird oneis in ibz. Theinstructionin iby
is always a Thumbinstructionwhich is processedby the Thumb
decompressoandthe ARM decoder The instructionin b, can
be an AX or a Thumbinstructionandit is processedy the AX
processor If this instructionis an AX instructionthenit is com-
pletelyprocessedandthereforeattheendof thecycle,instructions
in bothib; andib, areconsumedoptherwiseonly theinstructionin
ib1 is consumed.The remaininginstructionsin the buffer, if ary,
areshiftedby 1 or 2 entriessothatthe rst unprocessethstruction
isnow in ib1. Thefetchdepositghenext two instructionsrom the
instructionfetch queueinto the buffer at the beginning of the next
cycleif atleasttwo entriesin thebuffer areempty Thereforeessen-
tially therearetwo caseseitherthetwo instructionsaredeposited
in (ib1,ib2) orin (ibz,ib3).

Now we illustrate the needto expandthe instructionbuffer to
hold up to threeinstructions. In Figure 4(a) we shawv a sequence
in whichthe AX instruction(s)cannotbe processeth parallelwith
theprecedingrhumbinstruction(sysonly aftertheprecedingrhu-
mbinstruction(s)areprocesse@antheinstructionfetchdepositan
additional pair of instructionsinto the buffer. Thereforethe ad-
vantageof providing AX instructionsis lost. On the otherhand,
in Figure 4(b) whenwe expandthe buffer to 48 bits, the instruc-
tionsaredepositedy thefetchsoonerandtherebycausinghe AX
instruction(s)andthe precedingThumbinstruction(s)to be simul-
taneouslypresentin the buffer. Thereforethe AX instructionsare
now handledfor free.

Figure 4 Delivering Instructionsto DecodeAheadfor Overlapped
Execution.
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(b) 48 bit Instruction Buffer.

Next we shav how it is ensuredhatwheneer aninstructionis
foundin b, it is alwaysa Thumbinstruction.If theinstructionwas
shiftedfrom ib, it mustbeaThumbinstructionasthe AX processor
hasconcludedhatit is notanAX instruction.If theinstructionwas
shiftedfrom b3, it mustbe a Thumbinstruction. This is because
in the precedingeycle the instructionin b, musthave beensuc-
cessfullyprocessedneaningthatit wasan AX instructionwhich
impliesthe next instruction(i.e., the onein ib3) mustbea Thumb
instruction. The nal caseis whenthe fetch directly depositsthe

next two instructionsinto (b1, ib2). Clearlytheinstructionin b,
is notexaminedby the AX processom this case.Thereforat must
be guaranteedhatwheneer the instructionbuffer is emptyat the
end of the decodecycle, the next instructionthat is fetchedis a
Thumbinstruction.

In absencef brancheghe above conditionis satis ed because
at the baginning of the decodecycle the buffer de nitely contains
two instructionsandfor it to beemptythetwo instructionsmustbe
simultaneouslyrocessedThis canonly happenf theinstruction
in ib, wasanAX instructionwhichimpliesthatthenext instruction
mustbea Thumbinstruction.

In the presenceof branchesfollowing a taken branch,the rst
fetchedinstructionis alsodirectly depositednto ib1. We assume
that the instructionat a branchtargetis a Thumbinstructionand
thereforedt canbedirectly depositednto ib; asexaminationof the
instructionby the AX processois of no use. The compileris re-
sponsiblefor generatingcodethat always satis es this condition.
The reasonfor making this assumptions that thereis no adwan-
tage of introducingan AX instructionat a branchtamget. Only
an AX instructionthatis precededy anotherThumbinstruction
can be executedfor free. If the instructionat a branchtargetis
an AX instruction,andthe control arrives at the target througha
takenbranchthenthe processingf the AX instructionby the AX
processorcanno longerbe overlappedwith theimmediatelypre-
cedinginstructionthatis executed thatis, the branchinstruction.
Thisis becausehe AX instructionis fetchedafter the outcomeof
the branchis known.! Therefore the executionof AX instruction
actually addsa cycle to the execution. In otherwordsthe bene-
t of introducingthe AX instructionis lost. Whenan AXThumb
pair replacesa Thumb pair, the secondThumb instructionin the
AXThumb pair neednot be the sameas the secondThumb in-
structionin the Thumbinstructionpair. Henceone cannotallow
anAX instructionin b1 by issuinga nopwhenanAX instruction
is foundin b1 . Werely onthecompilerto schedulecodein aman-
nerthatavoids placemenbf an AX instructionat a branchtarget.
If this cannotbe achiezed throughinstructionreorderingthe com-
piler usesa sequencef two Thumbinstructionsinsteadof usinga
sequencef anAX andThumbinstructionsatthe branchtarget.

3.2.2 Predicated Execution in AXThumb

While the original Thumbinstructionsetdoesnot supportpred-
icatedexecution,we have developeda very effective approacho
carry out predicatedexecution using AXThumb code which re-
quiresonly a minor modi cation to the decodestagedesignjust
presentedLike instructioncoalescingthis methodalsotakesad-
vantageof the extra fetchbandwidthalreadypresenin the proces-
sor. We rely onthe compilerto placetheinstructionsfrom thetrue
andfalsebranchesn aninterleavedmannerasshavn in Figure5.
Sincethe executionof a pair of instructionsis mutually exclusive,
i.e. only oneof themwill beexecuted,n the decodestagewe se-
lect the appropriatanstructionandpassit on to the decompressor
while the otherinstructionis discarded.

A specialAX instructionprecedeghe sequencef interleaved
instructions. This instructioncommunicateshe predicaten form
of a condition a g which is usedto performinstructionselection
from an interleaved instructionpair. If the condition ag is set
the rst instructionbelongingto eachinterleaved pair is executed;
otherwisethe secondinstructionfrom the interleaved pair is exe-
cuted. Thereforethe compilermustalwaysinterleave the instruc-
tions from the true pathin the rst positionandinstructionsfrom

!Notethatthe ARM processodoesnot supportdelayedoranching
andthereforean AX instructioncannotbe moved up andplacedin
thebranchdelayslot.



the falsepathin the secondposition. The specialAX instruction
also speci es the count of interleaved instructionspairs that fol-
low it. The AX processousesthis countto continueto stayin the
predicationmodeaslong as necessanand then switchesbackto
the normal selectionmode. The selectionof an instructionfrom
eachinstructionpairis carriedout by usingaminormodi cation to
theoriginaldesignasshavn in Figure5. Insteadf directlyfeeding
the instructionin ib; to the decompressothe multiplexer selects
eithertheinstructionfrom ib; or :b, dependingiponthepredicate
asshavn in Figure5. Theselectsignalis generatedby the AX pro-
cessar For correctoperationwhennotin predicationmode,the
selectsignalalwaysselectgheinstructionin b .

Figure5 Predicatiorin AXThumb.
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Forthisapproacho work, eachinterleavedinstructionpairshould
be completelypresentin theinstructionbuffer sothatthe appropri-
ateinstructioncanbe selected.This conditionis guaranteedo be
alwaystrue astheinterleaved sequencés precededby an AX in-
struction. Following the executionof the AX instructiontherewill
be atleasttwo emptypositionsin theinstructionbuffer which will
beimmediately lled by thefetch.

The above approachfor executingpredicatedcodeis more ef-
fective thandoing soin the ARM state. In ARM statethe 32 bit
instructionsrom thetrueandfalsepathsareexaminedoneby one.
Dependingon the outcomeof the predicatetest,instructionsfrom
one of the branchesare executedwhile the instructionsfrom the
other branchare essentiallycorvertedinto nops. Thereforethe
numberof cyclesneededo executetheinstructionds atleastequal
to thesumof theinstructionsonthetrueandfalsepaths.In contrast
thenumberof cyclestakento executethe AXThumb codeis equal
to thenumberof interleavedinstructionpairs.Notethatthisadwan-
tageis only achierable becausén Thumbstateinstructionsarrive
in thedecodestageearlywhile the sameis nottruefor ARM.

3.3 Augmenting eXtensions

The AX extensionto Thumbconsistsof eightnew instructions.
Thesdnstructionsverechoserby studyingARM andThumbcodes
of benchmarkandidentifying commonlyoccurringsequencesf
Thumbinstructionsvhichwerefoundto correspondo shorterARM
sequencedVe shav how we useexactly onefreeinstructionin the
free opcodespaceof the Thumbinstructionsetto implementAX
instructions.

Not surprisinglytherearevery few unusedopcodesavailablein
Thumbh We have chosenoneof theseavailable opcodeso incor
poratethe AX instructions Bits 10..15aretakenup by this unused
opcodel01110which now refersto AX. The remainingbits 0..9
areavailablefor encodingthevariousAX instructions.Sincethere
areeight AX instructionsthreebits areneededo differentiatebe-
tweenthem- we usebits 7..9 for this purpose.The operandsare
encodedn theremainingbits 0..6.

Unimplemented Thumb 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 |
set pred supportfor predicationn 16-bitcode
setshit setsthe'S' bit to avoid explicit cnp instructions

set source setsthe sourceregisterfor the next instruction
set dest setsthedestinatiorregisterfor the next instruction
setthird setsthethird operand'support3-addres$ormat)
setinmm setstheimmediatevaluefor the next instruction
setshift setsthe shift typeandamountfor the next instruction
setal | hi gh indicatesnext instructionusesall high registers

A shortdescriptionof the AX extensionscanbe found in Ta-
ble 1. The detailsof how operandsare encodedfor the various
instructionsaregiven belon. Dependinguponthe numberof bits
available, the constantelds in variousinstructionsare limited in
size. The immediateconstantin set i nmis 7 bits, shift amount
in set shi ft is 4 bits, andcountin set pr ed is 3 bits. Finally,
registersareencodedising4 bits sowe canreferto 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 | setshit -
[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

AXThumbtransformationsreperformedasapostpassafterthe
compilerhasgenerateabjectcode. The transformatiorwhichin-
volvesdetectingandreplacingsequencesf Thumbcodewith cor
respondingAXThumb codeconsistsof threephases.Eachof the




threephaseglealswith a particularkind of AXThumb transforma-
tion. The rst phasehandlespredicationof Thumbcodeusingthe
set pr ed AX instruction. The secondphasehandlesthe generic
casefor AX transformationdik e the exampleusedto describen-

structioncoalescing. The third phasehandlesthe set al | hi gh

AX instructionusedto eliminate unnecessarynoves at function
prologuesand epilogues. The algorithmsfor eachof the three
phaseslongwith codeexamplesaredescribedn detailnext.

Figure 6 Predication.

cmp r3, #0
beg (6)

subr6, r1
sub 15, r2
b(8)

add r6, r1
add 5, r2

Thumb

cmp r3, #0
setpred eq, #2
add 6, r1
subr6, r1
add r5, r2
sub 5, r2
mov r3, r9

1
AX Thumb

4.1 Phasel

Thecodesegmentshavn below illustrateshow Thumbcodecan
bepredicatedisingtheset pr ed instruction. Theoriginal Thumb
codehasto executeexplicit branchinstructionsto achieve condi-
tional execution,choosingbetweerthesubtraceandaddoperations.
Usingtheset pr ed instructionwe canavoid this explicit branch-
ing. This instruction speci es two things. First it speci es the
conditioninvolved in predication(e.g., eq, ne etc.). Secondit
speci esthe countof predicatednstructionpairsthatfollow. Fol-
lowing theset pr ed instructionarepairsof Thumbinstructions-
the numberof suchpairsis equalto count If the conditionis true,
the rst instructionin eachpair is executed;otherwisethe second
instructionin eachpairis executed.

AXThumb Code
Original ARM (1) cnp r3, #0
cmp r3, #0 (2) setpred EQ #2
addeq r6, r6, rl (3) add r6, r1
addeq r5, r5, r2 (4) subré6, r1
rsbne r6, r6, rl (5) add r5, r2
rsbne r5, r5, r2 (6) sub r5, r2
mv r3, r9 (7) mov r3, r9
CorrespondinghumbCode || CoalesceddRM
(1) cnmp r3, #0 cmp r3, #0
(2) beq (6) sub r6, r6, rl
(3) subrb6, r1 sub r5, r5, r2
(4) sub r5, r2 nmov r3, r9
(5) b (8) OR
(6) add r6, r1 cnp r3, #0
(7) add r5, r2 add r6, r6, rl
(8) mov r3, r9 add r5, r5, r2

mv r3, r9

In our example,whenwe examinethe AXThumb code,we ob-
sene that the conditionin this caseis eq andcount is 2 since

therearetwo pairsof instructionsthat are conditionally executed.
If eq is truethe rst instructionin eachpair (i.e.,theadd instruc-
tion) is executedptherwisethe secondnstructionin eachpair (i.e.,
the sub instruction)are executed. Thereforeafter the AXThumb
instructionsare processedy the decodestagethe corresponding
ARM instructionsequencgeneratedonsistof threeinstructions.
The sequenceontainseitherthe add instructionsor the sub in-
structionsdependingupontheeq ag.

Thisform of predicationcouldalsoreducethenumberof fetches
from the I-cache. The exampleshavn belaw illustratesone such
case. In the caseof Thumb code, the instructionsimmediately
following the branchinstructionswill be fetchedeven on taken
branchesresultingin wastedfetches. In the AXThumb case,for
every pair of instructionsthatis fetchedat leastoneinstructionis
executed makingall fetchedpairsuseful. Also notethatthe useof
predicatiorreduceghe sizeby oneinstructionin this case.

ThumbCode

010 AXThumb

beq L1 LO: IO

1 setpred EQ 1
b L2 '\

L1: 12

(2. beq Lo |LPeq LO

Figure 7: SetPredicate
input : A CFGfor afunction
output : A modi ed CFGwith 'set'predicatectode

for all siblings(n1,n2) in theBFSTraversal of the CFG do
/* Checkfor ahammockin the CFG*/
PredEQ = SuccEQ = FALSE;
if nunPreds (n1) == nunPr eds (n2) == 1 then
if Pred (n1)== Pred (n2) then
PredEQ = TRUE;

end
end

if nunBSuccs (n1) == nunBuccs (n2) == 1then
if Succ (n1) == Succ (n2) then
SuccEQ = TRUE;

end
end

/* SetPredicatd hammockfound*/
if SuccEQ and PredEQ then
Del et eLast I ns( Pred(ni));
Insertlns( Pred( ni), setpred, cond) ;
for eadh pair of instructionsini, in, fromn, andn,
do
Insertins( Pred(ni),ini);

Insertins( Pred(ni),in2);
end

Mer geBB( Pr ed(n1),Succ(ni));
Del et eBB(n1) ;
Del et eBB( n2) ;
end
end
This methodof predicationis moreeffective thanARM predica-
tion becausein the caseof ARM, nops areissuedfor predicated
instructionswhoseconditionis not satis ed. However this form of
predicationcanbe appliedonly to small branchhammockscorre-
spondingto a simplei f -t hen- el se construct. Hencethe al-
gorithmdescribedn Figure7, rst detectssuchbranchhammocks
in the CFG for the function, theninterleavesthe instructionsfrom
the two branchesmemging themwith the parentbasicblock. We
considerpairsof sibling nodesduring a Breadth-FirsfTraversalof




the CFG for hammockdetection.A hammockis detectedvhen(i)

thepredecessaf bothsiblingsis thesame(ii) thereis exactlyone
predecessafiii) andboth siblingshave the samesuccessorOnce
a hammockis detectedjt is predicatedby insertinga set pr ed

insteadof the branchinstructionandinterleaving the codefrom the
two branchesasshawvn in Figure7. The CFGs for the codeexam-
ple describedabove, beforeandafterthetransformatiorareshavn
in Figure6.

4.2 Phase2

The codeseggmentshavn below illustratesthe generalcasefor
AX Transformationsvhich capturesthe majority of AX instruc-
tions. This exampleusesthe set shi ft andset sour ce AX
instructions. The set shi ft instruction speci es the type and
amountof the shift neededy thefollowing instruction.Theset -
sour ce instructionspeci esthehighregisterneededsthesource
for the following instruction. While the Thumbcoderequiresthe
executionof ve instructions,the AXThumb codeonly executes
threeinstructions.

(3) mov r3, r9
(4) subrl, r4a

Original ARM AXThumb Code
mv r2, r5 (1) mov r2, r5
sub r1, r2. 1sl #5 (2,4) setshift Isl #2

’ ' sub rl, r2
5 L9, 700 (3,5) setsource high r9
CorrespondinghumbCode Idr 15, [-,#100]
(1) nov r2, r5
(2) sl rd, r2, #2 Coalesced\RM

mv r2, r5
sub r1, r2, Isl #5

(5) Idr r5, [r3, #100]

Idr r5, [r9, #100]

Figure 8: DAG Coalescindor genericAX instructions

input : BasicBlock DAG D with nodesnumberedaccord-
ing to the topologicalorderandregisterlivenessn-
formation

output : BasicBlock DAG D with CoalescedNodesto indi-
cateAXThumb instructionpairs

for ead n e nodesin BFSorder of D do
for eathpe Pred(n) do
Let dependencbetweem andp bedueto registerr.
if r is notlive followinginstructions(n,p) then
[* Checkif nodesn andp arecoalescablé/
if Candi dat eAXPai r (n,p then
G+ 0
G < Coal esce(n,p
/* Checkif coalescedsraphis aDAG */
isDAG = TRUE
for each e c edgesin G do
if Source(e) > Destination(e)

then
isDAG = FALSE

end

end

if isDAG then
D—G

end

end
end
end
end

The algorithm shavn in Figure 8 usesthe Basic Block depen-
denceDAG and global register livenessinformation asits input.
SinceAXThumb pairsreplacedependenThumbinstructionsit is

sufcient to examineadjacennhodesalonga pathin the DAG. We
traversethe DAG in Breadth-FirstOrder and examineeachnode
andits predecessorAXThumb pairs have to be instructionsad-
jacentto eachotherin the instructionschedule. While replacing
Thumb pairswith equivalent AXThumb pairs, to ensurethat this
property is maintained,we coalescethe nodesof the candidate
Thumbpairsinto onenoderepresentinghe AXThumb pair. How-
everto maintaintheagyclic propertyof theDAG, we haveto ensure
thatthis coalescingf candidatelrhumbinstructionsdoesnotintro-
duceacycle. Thenodesn the DAG arenumberedaccordingo the
topologicalsortorderof theinstructionschedule By checkingfor
backedgedrom highernumberechodego lower numberechodes,
during coalescingywe male surethatthe agyclic propertyis main-
tained. The nal instructionschedules the orderingof nodesac-
cordingto increasinghodeid wherefor coalescedhodesthe node
id istheid of the rst instructionin thenode.

The DAG for our example,beforeand after the transformation
is shawvn in Figure 9. For this example,instructions3 and5 are
candidatesndinstructions2 and4 are candidates.The Candi -
dat eAXPai r functiontakesin 2 Thumbinstructionsandchecks
to seeif they arecandidatesor replacementThis involvesa live-
nessxcheck.Usinglivenessnformation,in ourexampleonecansay
thatregisterr4, in instruction2, is atemporaryregister Sincethe
two dependeninstructions(subtractandshift) canbereplacedus-
ingaset shi f t instructionandregisterr4 is notlive afterinstruc-
tion 3, the Candi dat eAXPai r function returnsthe AXThumb
pairthatcouldreplaceinstructions2 and4. Sincecoalescingiodes
2 and4 doesnotintroduceacycle, thereplacemenis legal.

Q¢

(a) Thumb

O ®E

(b) AX Thumb

Figure 9 Phase

We describesomemoreexamplesof AXThumb transformations
thatusethis algorithmbelow.

Avoiding Comparenstructions. IntheARM instructionsetMOV
andALU instructionscontainans-bit. If the s-bit is set,follow-
ing the MOV or ALU operation,the destinationregister contents
arecomparedvith the constantaluezeroandcertain ags areset
which canlaterbetested.Thus,in ARM certaintypesof compares
canbefoldedinto otherMOV andALU instructions As illustrated
belaw, since Thumb doesnot supportthe s-bit, it mustperform
the comparisorin a separaténstruction. To overcomethe abose
dravback we usethe set sbi t instructionwhich indicatesthat
the s-bit of theinstructionthatimmediatelyfollows shouldbe set
whentranslationof Thumbinto ARM takesplace.

Original ARM AXThumb

novs regl, reg2 || setshit
Correspondinghumb | @V _regl, reg2
nov regl, reg2 Coalesced\RM
cnp regl, #0 movs regl, reg2




Immediate Operands. The Thumb ADD/MOV instructionscan

directly referencehigherorderregisters. However, in thesecases
if the operandcannotbe animmediateconstantan extra move is

requiredasshavn belaw.

AXThumb
— setimm #i nm
Original ARM _ add Hregl, .
add Hregl, Hregl, #inmm OR
Correspondinghumb setdest Hregl
nov rtmp, # mm add _, #i nm
add Hregl, rtnp Coalesced\RM
add Hregl, Hregl, #inmm

We canusetheset i mminstructionto avoid the move instruc-
tion asshavn above. Theimmediateoperands incorporatednto
the Thumbinstructionthatfollows theset i nminstructionby the
coalescingactionsof the decodestageresultingin a single ARM
instruction. Alternatively theset dest instructioncanbeusedas
shavn above. In eithercasethe coalesced®RM instructionis the
same.

Original ARM AXThumb

and regl, regl, #inmml|| setinm #i nm
Corresponding humb and regl, .

mov rtnp, #inmm Coalesced\RM

and regl, rtnp and regl, regl, #i mm

Another situationwhere extra move instructionsare generated
dueto thepresencef immediateoperandss whenbitwiseboolean
operationsare used. Instructionsfor theseoperationscannothave
immediateoperandgeneratinganextra move asshovn above.

We describeonemorescenariovherethe setshiftinstructioncan
beused.A shift operationfolded with a MOV instructionis often
usedin ARM codeto generatdarge immediateconstants An im-
mediateoperandof a MOV instructionis a 12 bit entity which is
dividedinto an8 bit immediateconstantinda 4 bit rotateconstant.
Theeightbit entity is rotatedby the rotateamountto generate 32
bit constant.In Thumbstatethe immediateoperands only 8 bits
andthereforetherotateamountcannotbe speci ed. An additional
ALU instructionis usedto generatethe large constantas shavn
belav. In the AXThumb codeset shi f t is usedto eliminatethe
extra shiftinstructionthroughcoalescing.

Original ARM

nov regl, #i mB.rotated
Correspondinghumb

mov regl, #i nmB

I'sl regl, #rotated’ , where
rotate4'= 32 - 2 * rotate4.
AXThumb

setshift #rotated

mov regl, #i nmB
CoalescedARM

nov regl, #immB.rotated

High RegisterOperands. Analogougotheset source Hreg
instructionthat wasintroducedearlier set dest Hr eg instruc-
tion causeghe Thumbinstructionfollowing theset dest Hr eg
instructionto useHr eg asits destinatiorregister Theinstruction
following coalescingof AXThumb instructionsis identicalto the
correspondind\RM instruction.

Original ARM

Idr Hreg, [reg, #offset]
Corresponding humb

Idr Lreg, [reg, #offset]
nmov Hreg, Lreg

AXThumb

setdest Hreg

ldr _, [reg, #offset]
CoalescedARM

Idr Hreg, [reg, #offset]

Third Operand. Additionalmoveinstructionsarerequiredo com-
pensatdor thelack of threeaddressnstructionformatin Thumb
Weintroducetheset t hi rd r eg AX instructionto avoid theex-
tra move instruction. Whena Thumbinstructionis a precededy
asetthird reginstructionthenr eg is treatedasthethird ad-
dressfor the Thumbinstructionas shavn belon. Following coa-
lescingtheimpactof extramove instructionis entirelyeliminated.

Original ARM

add regl, reg2, reg3
Corresponding humb

mov regl, reg2

add regl, reg3

4.3 Phase3

The third phasehandlesthe speci ¢ caseof theset al | hi gh
instruction,wherea whole sequencef Thumbinstructionss con-
vertedto an AXThumb pair. The codesggmentshavn below il-
lustratesghe needfor aset al | hi gh instruction. Sinceonly low
registerscanbe accesseth Thumbstate the saving andrestoring
of context atfunctionboundariesesultsin theuseof extramavein-
structions.In the exampleabore, rst thelow registersarepushed
onto the stack, the high registersare then moved to the low reg-
istersbeforethey are pushedonto the stack. Using the setallhigh
instructionwe canavoid the extra moves, indicatingthat the next
instructionaccessehkigh registers.

AXThumb

setthird reg3

add regl, reg2
CoalesceddARM

add regl, reg2, reg3

Original ARM
push fr4,.., rllg

Correspondinghumb

(1) push [r4, r5, r6, r7]
(2) nov r4, r8

(3) nov r5, r9

(4) nov r6, rl1o0

(5) nov r7, rll

(6) push [r4, r5, r6, r7]

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

push [r0, r1, r2, r3]
CoalescedARM
push fr4, r5, r6, r7g
push fr8, r9, ri10, rllg

This transformationjike phase2, is local to a basicblock and
usesthe basicblock DAG asits input. The algorithmdetectssuch
sequenceduringa Breadth-Firstraversalof the DAG. Thedepen-
dencein the DAG is betweenthe pushinstructionsandthe move
instructionsasshawvn in Figure10. The move instructionsaresib-
lings with predecessoand successorssthe pushinstructionsin
the DAG. This conditionis checledfor asshawvn in Figurell. The
Pushor PoplLi st functions nd instructionsthat push/popa list
of registers. ThenovLoHi functionmalessuretheregisterbeing
usedin thenov instructionis in thelist of registersin thepush/pop
instructionencounteretefore. Oncesucha patternis detectedall



the sibling nodesarereplacedwith onesinglenodecontainingthe
set al | hi gh instruction. This nodeis then coalescedvith the
successonodewhichis the push/pognstructionto ensurehatthe
two instructionsareadjacento eachotherin theinstructionsched-
ule.

Figure 10 SetAllHigh AX transformation

(a) Thumb

O ®

(b) AX Thumb

Figure 11: DAG Coalescingdor setallhighAX instructions

input : BasicBlock DAGs (with nodesin the topological
sortedorderof theinstructionschedulejor thebasic
block predecessorsf the exit nodeand successors
of the entry nodein the CFG andregisterliveness
information
: ReducedBasic Blocks with setallhighAX instruc-
tions
for eath DAG D ¢ setof basicblodksB do
for eadh n e BFSorder of nodesin D do
if PushOr PopLi st Lo( n) then
[* Checkfor thereplaceablenov instructionst/
isReplacablee TRUE
for eatime Succ(n) do
Letr bethedestinatiorregisterin m.
if r is notlive following Succ( m) then
if notmnovLoHi (m) |
not PushOr PoplLi st Hi (Succ(m)) |
nunSuccs(m) ¥ 1then
isReplacables FALSE

end
nd

output

ende
/* Remore MOVs andinserta setallhigh*/
if isReplacablehen
for eadyme Succ(n) do
Save — Succ(m)

Rermove( m)
end

Succ(n) «— Save
Sett oLo( Save
Coal esce( setallhigh,Succ(n))
end
end

end
end

5. EXPERIMENTAL RESULTS

Methodology. The algorithmsdescribedabose were usedto de-
tect candidateThumb instructionsin the assemblylevel code of
themostfrequentlyexecutedunctionsin thebenchmarkprograms.
Thexscal e-el f gcc version 2.9 compilerusedwasbuilt
to createa versionthat supportsgenerationof ARM, Thumb as

well asmixed ARM and Thumbcode. Codesize beinga critical
constraint,all programswere compiledat -O2 level of optimiza-
tion, sinceat higherlevels codesizeincreasingoptimizationssuch
asfunctioninlining andloop unrolling are enabled.The transfor
mationswerethencarriedby transformingheassemblycode.The
modi ed assemblyodewasthenlinkedin with therestof thecode.
A modi ed versionof the SimplescalaARM [1] simulator, was
usedfor experimentslt simulateghe vestagentel's SA-1 Stron-
gARM pipeline [3] with an 8-entryinstructionfetch queue. The
I-Cachecon gurationfor this processoare: 16Kb cachesize,32B
line size,and 32-way associatiity, and misspenaltyof 64 cycles
(a missrequiresgoing off-chip). The simulatorwas extendedto
supportboth 16-bhitand32-bit statesthe Thumbinstructionsetand
thesystenxall corventionsfollowedin thenewl i b clibrary. This
is a lightweight C library usedon embeddedlatformsthat does
not provide explicit network, I/O andotherfunctionality typically
foundin librariessuchasgl i bc. Thebendimarksusedaretaken
fromtheMedi abench [7],Cormbench [12] andNet Bench [8]
suitesasthey arerepresentatie of a classof applicationgmportant
for the embeddedlomain. The benchmarkprogramsuseddo not
requirefunctionality not presenin newl i b.

Instruction Counts. The useof AX instructionsreduceghe dy-
namicinstructioncountof 16-bit codeby 0.4%to 32%. Figure12
shaws this reductionnormalizedwith the countsfor 32-bit ARM
code.Thedifferencen instructioncountbetweerARM andThumb
codeis betweer8%and98%. UsingAX instructionsvereducehe
performancegap between32-bit and 16-bit code. For casessuch
ascr ¢ andadpcmwherethereis substantialifferencebetween
ARM and Thumb code,we seeimprovementsbetween25% and
30%bridgingthe performancegyapbetweerARM andThumbby a
factorof onethird in thecaseof cr ¢ andmorethanonehalf in the
caseof adpcm For casessuchasdr r whereThumbcodeis not
muchworsethan ARM code(3%), we seelittle improvementus-
ing AX instructions.In theothercasesve seeanimprovementover
Thumbcodeof aboutl0%on anaverage.Thedifferencen thein-
structioncountshetweerARM andThumbcodeindicatesheroom
for possiblemprovementof 16-bit codedueto constraintgresent
in 16-bit code.Using AX instructionswe areableto considerably
bridgethis gapbetweer82-bitand16-bit code.

Figure 12 NormalizedinstructionCounts
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Cycle Counts. Figure 13 shavs the cycle countdatafor Thumb
and AXThumb coderelative to the ARM code. The useof AX

instructionsgivesvarying cycle countchangedetween0.2%and
20% comparedo Thumbcode. We seereductionof 15%to 20%
in cycle countsfor cr ¢ andadpcmcomparedo the Thumbmak-
ing the reducingthe differencebetweenARM and Thumbby half



in the caseof cr ¢ andabout66% with the adpcmprograms.in

theother3 casesvhereThumbcycle countsarehigherthanARM,

viz. fragreed. encode,r eed. decode, andr t r , weseethat
thereis amoderatereductionin cycle countscomparedo Thumh

However the differencebetweerthe ARM andThumbcodesitself
being moderate,in the casesof rtr andr eed. encode, AX-

Thumb code gives a lower cycle count comparedto even ARM

code.Theimprovedl-cachebehaior of the ThumbandAXThumb
codescomparedto ARM code males this possible. In the other
caseswhereThumbcodealreadyoutperformsARM codewe see
little improvementasthereis little scopefor theuseof AX instruc-
tions.

Figure 13 NormalizedCycle Counts
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Code Sizeand Fetch Data. The codesizesof Thumband AX-

Thumb are almostidentical. This is becausan all caseswhere
AXThumb instructionreplaceThumbinstructions the sizeis only
decreased atall changed.The decreas®ccursdueto the intro-

ductionof set al | hi gh or set pr ed instructionsasmentioned
before.In all othercaseghe sizedoesnot change.The codesizes
relative to ARM areshavn in Figure14.

Figure 14 CodeSize
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Figure 15 shaws the I-cachefetchesfor Thumband AXThumb
codesrelative to ARM code. In thethreecasesvhereThumbhas
morel-cachefetchesviz. cr ¢ andthetwo adpcmprogramswe
seethat AXThumb reduceghe fetchesmakingthemalmostaslit-
tle as ARM. In the other caseswe seeAX always hasfewer I-
cachefetchescomparedo Thumb,makingit evenbettercompared
to ARM. Fewer fetchescould resultfrom codesizereducingAX
transformations. Additionally, the numberof instructionsfetched
into the instructionqueuedepend®n the utilization of the queue.

AXThumb consumesnstructionsat a fasterratefrom the instruc-
tion queuecomparedo Thumhb Henceontakenbranchesvhenthe
queueis ushed therearefewer instructionthatare ushed, which
accounfor theextrafetchegperformecoy Thumh Fromanenegy
perspectie, we seethatenegy spenton the I-cachewill belesser
in AXThumb comparedo Thumh Additionally, sincetheinstruc-
tion countis reduced enegy spentin otherpartsof the processor
is alsoreduced. The addition of the AX processoin the decode
stageis a very smallincreasdn enegy spentsincethe operations
of the AX processoarevery simpleinvolving detectionof the AX
opcodeandsettingthe statusf theinstructionis anAX instruction.
Hencewe alsosare on overall enegy usingAX instructions.

Figure 15 FetchData
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Usageof AX instructions. In Table2 we shav aweighteddistri-

bution of the AX instructionsexecutedby eachbenchmark.Each
benchmarlusesa differentsetof AX instructionsandall AX in-

structionshave beenusedby atleasttwo benchmarkslnstructions
that madean impactin almostall benchmarksvereset shi t,

setshift,setsourceandsetthird. Predicatiorwasfound
to be usefulonly in adpcmasin otherbenchmarksmall branch
hammockscapableof being predicatedwere not found. In cr c,

a small setof set sbhi t instructionsin the hotspotsof the code
gave very goodperformanceémprovement. dr r hadlittle oppor

tunity for insertionof AX instructionsresultingin the useof afew

set shi t instructionswhich did not give much of an improve-

ment. Theuseof set al | hi ghinrtr resultedn smallercodeas
aresultof removing unnecessargnoves,whichwasalsothereason
for reducednstructioncount.

6. CONCLUSIONS

We proposedhe conceptof InstructionCoalescingusing a set
of AugmentingeXtensiongo the existing 16-bitcode. The AX in-
structionsareabridgingISA betweertheexisting 16-bitand32-bit
ISAsin dualwidth processorgapableof makingthe performance
of 16-bitcodecloseto thatof 32-bitcode.AX instructionsmprove
theexpressibilityof 16-bit codewithoutaddingto the costin terms
of executioncycles. We presentedlgorithmsusedto generatesuch
16-bit AXThumb codefrom existing 16-bit Thumbcode. There-
sultsshav thatusingjust8 AX instructionswe areableto consider
ablyimprove performancef 16-bitcodewithout negatively affect-
ing codesizeandl-cachefetches.While thetechnigquesiescribed
here were implementedin the context of the ARM Architecture
[11], they canbeappliedto otherdualwidth embeddegbrocessors.
Using the compileralgorithmsdescribechereand devoting more
encodingspaceto AX type of bridging ISAs, one could further
bridgethe performanceapbetweer32-bitand16-bit code.



Table 2: Usageof Different AX Instructions.

| Benchmark || setallhigh] setpred| setshit [ setshift ]
| rer [ 11.77% ] 0.00% | 82.34% [ 5.88% |
| crc [ 0.00% | 0.00% | 0.27% | 99.72%]
adpcm rawcaudi o 0.00% | 36.30% | 36.30% | 14.52%
adpcm r awdaudi o 0.00% | 34.47% | 34.47% | 13.79%
pegwi t. gen 0.17% | 0.00% | 74.47% | 8.48%
pegwi t. encrypt 0.19% 0.00% | 80.22% | 5.01%
pegwi t . decrypt 0.17% 0.00% | 74.47% | 8.48%
| frag [ 444% ] 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 r awcaudi o 0.00% 7.26% | 0.00% | 5.59%
adpcm r awdaudi o 3.44% | 10.34% | 3.44% | 0.00%
pegwi t. gen 5.47% | 0.00% | 11.39% | 0.00%
pegw t . encrypt 6.23% 0.00% | 8.32% | 0.00%
pegw t . 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

lllustration of switching statesusing Branch and eXchange.

When executing ARM instructions,the executionof BX Rmin-
structioncanbe usedto begin executingThumbinstructions.Other
dualwidth processorsbave a similar mechanisnto switchexecu-
tion states.BX Rmhasthe following semantics.If bit Rn{ 0] is
1, the processoswitchesto executeThumbinstructions.It begins
executingatthe addressn Rmalignedto a half-word boundaryby
clearingthe bottombit. If bit R 0] is O thenthe processocon-
tinuesto executeARM instructionsthatis, BX simply behaesasa
branchinstructionin this case.The currentstatein which the pro-
cessolis executingis indicatedby the T bit which is bit 5 of the
CPSR (CurrentProgramStatusRegister). This bit is appropriately
changedwhen the processorstateis switched. Similarly the BX
instructioncanbe usedto switchfrom Thumbstateto ARM state.

Theuseof BX instructionto generate mixedbinaryis shavn in
Figure3. As we canseefrom thecodetransformatiorshavn, when
thelonger Thumbsequencés replacedy ashorterARMsequence
weintroducethreeadditionalinstructions.Moreover, thealignment
of ARM codeat word boundarymay causean additionalnopto be
introducedprecedinghe rst BX instruction.Thereforeonly if the
shortelARM sequenceontaingyreateithanfour fewerinstructions
thanthelongerThumbsequencethe generatiorof mixedbinaryis
bene cial.

Thumb
; Thumbinstructionsfollow

.code 16

< LongerThumbSequence

ARM+Thumb
.code 16 ; Thumbinstructionsfollow
.align 2 ; makingbx word aligned
bx r15 ; switchto ARM asr15[0] notset

nop ; ensureARM codeis word aligned
.code 32 ; ARM codefollows
< ShorterARM Sequence ;

orr rl5, ri15, #1 ; setrl5[0]
bx r15 ; switchto Thumbasr15[0] is set
; Thumbinstructionsfollow

.code 16

Table 3: ReplacingThumb Sequenceéby ARM Sequence.



