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1. Overview

This documentprovides an overvien of the Alpha instructionsetand assemblylanguageprogramming
corventions. The Alpha architecturewas formulatedby Digital EquipmentCorporationas a second
generatiorreducednstructionsetcomputer(RISC) architecture.It represents carefulbalancebetween
providing a sufficient rangeof instructionsto encodecommonoperationswvhile avoiding a lot of features
that could slow down the machineor leadto implementatiordifficultiesin the future. Digital Equipment
Corporationwas subsequentlyacquiredby Compagin the Summerof 1998. Compagis continuingto
supportAlpha. More completedocumentatiorns availablefrom Digital/Compad1, 2].

1.1. DataTypes

The mostnotablefeatureof the Alphais thatit is a true 64-bit machine. All integer registersare 64 bits
wide. Manipulating64-bitaddresseand64-bitintegersis fully supportedln addition,thereis supportfor
32-bitintegers.

For historical reasons(dating backto the PDP-11,a 16-bit machine),Digital had an idiosyncratic
terminologyfor word sizes. They considera “word” to be 16-bits. Basedon this, they refer to 32-bit

C declaration AlphaDataType | Size(Bytes)
char Byte 1
short Word 2
int Long Word 4
unsigned Long Word 4
long int Quadword 8
long unsigned Quadword 8
char * QuadWord 8
float S_Floating 4
double T _Floating 8

Tablel: Sizesof standardiatatypes




guantitiesas“long words” (theword sizeof the VAX.) They referto 64-bit quantitiesas“quadwords’ We
aremostlyinterestedn long wordsandquadwords.

Table 1 shavs the machinerepresentationasedfor the primitive datatypesof C. Note thatvariables
declaredasint ’s arestoredaslong (4-byte)words. If youwantan8-bytenumbey you needto declareit
aslong . All pointers(shovn hereaschar *) arestoredas8-bytequadwords. Don’t confusethe two
usesof theword “long” here—Alphdongwordsare4 bytes,but Clong int ’sare8.

Within the machineall integerregistershold quadwords. Long wordsarecorvertedto quadwordsby
signextension.Thatis, whencorvertingfrom alongword/w to aquadword gw, thehighorderbit of [w is
replicatedasthemostsignificant33 bits of gw. For somestrangaeasongvendatadeclarecasunsigned
int in Cis storedin this “sign extended”form, eventhoughthe high orderbit of anunsignedvalueis not
asignbit. As aconsequencehe codegeneratedo manipulataunsignedvaluesis fairly clumsy

1.2. Porting C Codeto the Alpha

Whenporting C codeoriginally developedon a 32-bit machineto an Alpha, the differencebetweenthe
sizesfor pointersandint ’sis acommonsourceof non-portability Lots of codehasbeenwrittenassuming
thatyou couldstorepointersin locationsdeclaredasint ’s with nolossof information.

Another sourceof problemsis with integer constants.By default, constantdin C areassumedo be
int ’s. If youwantto makethemlong, you needto addthe suffix “L”. Without thatsufiix, the numberis
truncatedo 32 bits andthensignextendedo 64. Herearesomeexamplesillustratingthis effect:

long int a = OXFFFFFFFF7FFFFFFF, /* 0x00000000 7FFFFFFFL */
long int b = OXFFFFFFFF7FFFFFFFL; /* OXFFFFFFFF7TFFFFFFFL %/
long int ¢ = 0x0000000 080000000; /* OXFFFFFFFF80000000L */
long int d = 0x0000000 08000000OL; /* 0x00000000 80000000L */

Obserethatvaluesb andd aremostlikely whatthe programmeintendedthemto be. Valuesa andc, on
the otherhandarenot, becaus¢he“L” suffix wasomitted. Their high orderbits areeitherall 0’s or all 1's
dependingnbit 31 of thedeclaredconstant.

As anotherexample the statement

long int t =1 << 32

setsvariablet to O, whichis mostlikely notthe desiredresult. Sincethe constantl is interpretedasan
int , theshiftis performedo putthe 1 in bit position32. But thisis corvertedto along int by copying
bit 31, whichis 0, into bit positions32 through63. Insteadthe expressiorshouldbewritten 1L << 32,
to ensurdhatthe expressioris evaluatedusinglongintegers.In fact, it is bestto getinto thehabitof adding
the“L” to theendof every constant.Suchcodewill runreliably onbothAlpha’s andon 32-bitmachines.

Whenyouwantto print out8-byteintegerswith printf | youneedto usethedirective %ld, ratherthan
thestandardod Similarly for printingin hexadecimal%lx) andunsigned%lu) formats.



LongWord | QuadWord | Description Computation
add| addq Add c=a+hb
s4addl s4addq Scaledby 4 Add cC =4*a +Db
s8addl s8addq Scaledby 8 Add c =84a +b
subl subq Subtract c=a-2»b
s4subl s4subq Scaledoy 4 Subtract ¢ = 4*a - b
s8subl s8subq Scaledoy 8 Subtract ¢ = 4*a - b
mull mulqg Multiply c=a*bhb
divl divg Divide c=alb
reml remq Remainder c =a%b

Table2: Arithmetic Operations Eachinstructionhasa (4-byte)word anda quad(8-byte)word form.

2. Instructions

The Alphainstructionsetis relatively simple. Arithmetic operationsapply only to registerdata,i.e., both
the sourceanddestinatioroperandsnustbe registerdata. Explicit load andstoreoperationsarerequired
to move databetweenmemoryandregisters. Conditionalbranchescanonly testthe relation betweena
registerandthevaluezero.

2.1. Arithmetic Operations

Alpha supportsinteger operationgfor both 4-byte and 8-byte integers. The 8-byte versionstreatthe
operandsasfull precisionvalues. The 4-byteversionsmimic the behaior onewould obtainby executing
the operation®on a 32-bit machine. Thatis, they computea valuebasedon only the low order4 bytesof
theoperandgo generate 4-bytevalue. They thensignextendthis valueto obtainthe 8-byteresult.

Table2 liststhearithmeticinstructionshaving both4-byteand8-byteversiongnotethesufiixes“l ” and
“q”.) Arithmetic operationdhave threeoperandstwo sourceandonedestination.Thedestinatioris given
astherightmostoperand[in contrasto mary otherassemblyanguagesvherethe destinationis givenas
theleftmostoperand.]Arithmetic operationcanhave oneof two formats(shavn for instructionaddq):

addg R, Ry, R,
addg R,, Lity, R.

whereR,, Ry, andR. denoteregisters,and Lit, denotesa “literal” constanbetweer) and255. Thefirst
two operandslenotetheoperatiorsourcesthefirst mustbefrom registerg, , thesecondcaneitherbefrom
aregisterR, or a literal value Lit,. Thethird operanddenoteshe destinationwhich mustalwaysbe a
registerk.. We will usethenotation*a” and“b” to indicatethetwo sourceoperandswherea is thevalue
of registerR,, while b is eitherthevalueof R, or of Lit,. Similarly, wewill usethenotation“c” to indicate
the operationresult, which will thenbe written to registerR.. Table 2 shows the effect of eachof these
instructionsusingC notation,with sourceoperands andb, anddestinatioroperancc.

For operationgequiring constantghat dont fit within the 8 bit limit of the standardperationsijt is
commonto useinstructiondda (loadaddressandldah (loadaddressigh). Thesearedocumentedn
Section2.4describingoadandstoreoperationseventhoughthey do notreferencenemory Alternatively,
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Instruction| Description Computation
cmpeq Equality c =(a == D)
cmple Lessthanor equal c = (a <= Db
cmplt Lessthan c =@ <b
cmpule Unsignedessthanorequal| ¢ = (ua <= ub)
cmpult Unsignedessthan c = (ua < ub)

Table3: ComparisorOperations

constantcanbe declaredaspart of the assemblyprogramdataand storedin memory Load instructions
canthenputthesevaluesinto registers.

The scaledoperationshaving prefixes“s4” and“s8” scalethefirst sourcevalueby afactorof 4 or 8.
Thesearecommonlyusedfor arrayindexing.

Thefollowing aresomeexamplesof typical assemblycodeusingarithmeticoperations:

# Add $1 and $2 and store in $3

addg $1, $2, $3

# Register $8 points to integer array a
# Register $17 contains index i

# Want to set $9 to &ali:

sdaddq $17, $8, $9

2.2. Comparison Operations

All comparison®peration®perateon quad(8-byte)words. They have the sameformatasarithmetic
operationsThey resultin destinatiorregisterR. beingsetto 1 (true)or O (false). Table 3 lists the different
comparisorpossibilities. Note thatthe inequalitytestshave both signedandunsignedversions.Theseare
indicatedwith C syntaxusingoperands andb assignedvaluesandua andub asunsignedralues.

2.3. Bit-Level and Logical Operations

All bit-level and shift operationsoperateon quadwords. They have the sameformat as arithmetic
instructions.Table4 lists the differentpossibilities.

Left shiftinsertsO’s into thelow orderbit positions.Logical right shift inserts0’s into the high orderbit
positions(usedfor unsignedoperands).Arithmetic right shift copiesthe high orderbit of operanda into
thenew bit positions(usedfor signedoperands).

Note that the shift amountmustbe between0 and63. Any larger numberis reducedmodulo64 (by
simply maskingoff all but the low order®6 bits).



Instruction| Description Effect

and And c=aé&hb

bic Bit Clear c=aé&™

bis Bit Set c=al| b

eqv LogicalEquivalence | c = "(a ~ b)

xor Exclusive-Or c=a’ b

ornot Or-Not c=a]| b

sra Shift RightArithmetic| ¢ = a >> (b % 64)

sl Shift Left c = a<< (b %64

srl Shift RightLogical c = ua > (b % 64)

Table4: Bit-Level Operations

Instruction | Description BytesAccessed Effective Address Effect
Idl LoadLong 4 EA=b+D a = *EA
Idg LoadQuad 8 EA=b+D a = *EA
stl StoreLong 4 EA=b+D *EA = a
stq StoreQuad 8 EFEA=b+D *EA = a
lda LoadAddress 0 EA=b+D a = EA
Idah LoadAddressHigh 0 FEA=b+ D -65536 a = EA
ldg _u LoadQuadUnaligned 8 FA=(b+D) & "0x7 |a = *EA
stg _u StoreQuadUnaligned 8 FA=(b+D) & "0x7 | *EA = a

Table5: LoadandStoreOperations

2.4. Loadsand Stores

Load andstoreoperationsare usedto transferdatabetweernregistersandmemory Separatenstructions
areusedto performlong (4-byte)word accesseandquad(8-byte)word accessedn addition,instructions
Ida andldah havetheformatof aloadoperationput they do notcauseary memoryreferences.

Loadandstoreinstructionshave thefollowing format,shavn with instructionldg (loadquadword):

ldg  R.,  Disp(Ry)

Operandf, andR; indicateregisters,while Disp is a constantdisplacement rangingbetween—32, 768
and+32,767. In mostcases, indicatesthe destination(load) or source(store)of the data,while the
combinationof R, and Disp indicatesthe memorylocationto access.Note thatload instructionsarethe
only Alphainstructiondor which the destinatioris written on theleft.

Table5 describeghe load andstoreoperations. The columnlabeled“Effective Address”shavs how
the contentof registerR;, denoted, andthe valueof thedisplacementisp, denotedD arecombinedo
generat@aneffective addresgw A. In mostcaseghevaluesaresimply added.For theldah instructionthe
valueD is scaledby afactorof 216 = 65, 536.

Thecolumnlabeled‘Effect” in Table5 describeshebehaior of the operationin C notation,wherethe
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effective addresd~ A is representethy a pointervariableEA andregisterR,, is representedly variablea.
Loadinstructiongeadfrom the effective addressandplacetheresultin registerR,. Thequadwordversion
Idg reads8 bytes.Thelongwordversionldl readsonly 4 bytesandsignextendsthemto 8. Corversely
thestoreoperationsvrite thevaluein registerr, to thememaorylocationsindicatedoy the effective address.
Thequadwordversionstq writesall 8 bytes,while thelongwordversionwritesonly thelow order4 bytes
of R,.

Instructionslda andldah placethe effective addressn registerR, without accessingary memory
locations.They areusefulfor settingaddressedpr performingpointerarithmetic,andevenfor performing
integer operationsnvolving constants.

# Set $1 to absolute address OxO00FOFFO

# Use property that $31 is always O

[dah $1, 15($31) # OxF

[da $1, 4080($1) # OxOFFO

# Compute p++ for integer pointer p in register $2
lda $2, 4(%$2)

# Compute x -= 17 for integer X in register $5

[da $5, -17($5)

The above load and storeoperationshave an alignment restriction, limiting the setof legal effective
addreswvalues.Thegeneralprincipleis whenloadingor storinga k-byte object,the effective address~ A
mustbe a multiple of £. In practice this meanghatAlphalong wordloadsandstoresmusthave £ A bea
multiple of 4, i.e., the 2 low-orderbits of £A mustbe 0. Similarly quadword loadsandstoresmusthave
E A beamultiple of 8, i.e.,the 3 low-orderbits of £ A mustbe 0. This restrictionis imposedto allow the
memaorysystemto operateasefficiently aspossible. Compilerscarefully organizeall datastructuresand
allocatestoragen suchaway thatthesealignmentrestrictionsareobeyed.

Instructionddq _u andstq _u aretypically usedwhenperformingbyte-level operationsThey operate
like ordinaryloadandstoreoperationsgxceptthatthey setthelow orderthreebits of the effective address
to 0 (shavn in thetableusingthe C trick of AND'ing F A with amask™0x7 ). Thusif pointerp, storedin
register$16, pointsto somecharactepositionin a string,thentheinstructionldg_u  $1,0($16)  will
loadthe quadword containingthis characteinto register$1, but its positionwithin the quadword canbe
arnywherefrom byte O to byte 7. As is discussedn Section2.6, otherinstructionsareprovided to support
accessing@gndoperatingonsuchbytedata. Thesanstructionsplusthebyte-level manipulatiorinstructions,
provide a bridge betweerthe hardwarewhich only supportsalignedmemoryreferencesandthe needof
thecompilerto generatesfficient codefor byte-level memoryoperations.

2.5. Conditional Moves

Conditionalmove operationgpravide a meansof conditionally updatinga register without using ary
branchoperations.In modernmachinessuchas Alpha, this canyield muchbetterperformancahanthe
traditionaltechniqueof conditionallybranchingaroundthe updatingcode.

Theseinstructionshave the sameformatasarithmeticoperationse.g.,for instructioncmoveq:

cmoveq R,, Ry, R
cmoveq R,, Lit,, R,
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Instruction | Description Move Condition
cmoveq ConditionalMove on Equal a ==
cmovne ConditionalMove on Not Equal al=0
cmovgt ConditionalMove on GreaterThan a>0
cmovge ConditionalMove on GreaterThanor Equal| a >= 0
cmovlt ConditionalMove on LessThan a<?o
cmovle ConditionalMove onLessThanor Equal a<=0
cmovibc | ConditionalMove on Lower Bit Clear I(a & 0x1)
cmovlbs | ConditionalMove on Lower Bit Set a & Ox1
Table6: ConditionalMove Instructions
Instruction | Description Byte(c, i) == NonzeroByte(c, i)
extbl ExtractByte Low i =0 Byte(a, Dbl)
mskbl MaskByte Low i == bl Byte(a, i)
insbl InsertByte Low i = bl Byte(a, 0)
extgh ExtractQuadWordHigh | bl'=0  && i+bl<8 Byte(a, (i+bl-8)  &0x7)
zap ZeroBytes Bit(b, i) Byte(a, i)
zapnot ZeroBytesNot IBit(b, i) Byte(a, i)

Table7: Byte Manipulationinstructions.Index valuebl computedasbl =b & 0x7.

RajisterR, indicatesthe testedvalue, eitherregisterR, or Lib, indicatesthe sourcedata,andregisterR.
designateshe move destination.Whetheror not the move takesplaceis basedon theresultof comparing
registergk, to 0.

Table 6 lists the different conditionalmove instructionsand the type of comparisonperformed. C
expressiorsyntaxis used wherevariablea denoteghe contentf registerR,. For example,thecmoveq
instructionis equivalentto thefollowing C code:

if (@ == 0)
c = b;

wherevariableb representshe sourcedataandvariablec representghedestination.

2.6. Byte Manipulation Operations

The Alpha doesnot directly supportbyte-level operationssuchas transferringsingle bytesbetween
memoryandregisters. In principal, we could usethe instructionsalreadypresentedo realizebyte-level
manipulationsput a large amountof shifting andmaskingwould be required. For example,considerthe
C operation*tdest = *src , wherebothdest andsrc areof type(char *) . This operationmust
readthe single byte pointedto by src andupdatethe single byte pointedto by dest . Without special
byte-manipulationinstructionsthis simpleoperatiorrequiresl 7 Alphainstructions!

Table7 documentsomeof the byte manipulationinstructions.Eachof thesehasthe sameform asan
arithmeticinstruction,with sourceoperands andb (whereb may be eithera registeror aliteral value),
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Instruction bl=0 bl=5 bl=7

extbl 0x00000000 000000b8 | OxO0000000 0000005 | 0Xx00000000 000000b7
mskbl 0xb7b6b5b4 b3b2b100 | Oxb7b600b4 b3b2b1b8 | 0x00b6b5b4 b3b2b1b8
insbl 0x00000000 000000b8 | OxO000L80OO 00000000 | 0xb80OOOOOO 00000000
extgh 0xb7b6b5b4 b3b2b1b8 | Oxb7b4b3b2 b1b80000 | Oxb6b5b4b3 b2b1b800

Table8: Effectsof Byte Manipulationinstructiongor operanda = 0xb7b6b5b4 b3b2b1b8

andresultc. Thethird columnindicateghe conditionunderwhich byte: of theresultwill besetto 0. The
fourth columnindicateswvhich sourcebytewill bein byte: of theresultfor the casesn whichit is nonzero.
We usethenotationByte( =, j) todenotedyte; of quadwordz. Ourmachinesreconfiguredo operate
in “little endian"mode with bytesnumberedrom O (leastsignificant)to 7 (mostsignificant).

2.6.1. Working with Unaligned Byte Data

Instructionsextbl , mskbl , andinsbl aredesignedo workin conjunctiorwith instructionddq _u and
stq _u discussedn Section2.4. Recallthattheseload andstoreinstructionsperformquad-wordaligned
loadsandstoresby ignoring the low order 3 bits of the effective address.Thesethreebyte manipulation
instructionswork in conjunctionwith theseloadsandstoresto selectandmanipulatebyteswithin a quad
word indicatedby the low order3 bits of operandb. We usethe notationbl to denotetheselow order3

bits,i.e.,bl is givenby theC expressiorb&0x7. Instructionextbl selectdheindicatedbyte, movesit to

thelow orderbyteof ¢, andsetsheremainingoytesto 0. Instructionmskbl maskgheindicatedoytefrom

sourcea while copyingtherest. Instructioninsbl  shiftsthe low orderbyte of a into the indicatedbyte
positionwhile settingtheremainingbytesof ¢ to 0. Table8 illustratesthe behaior of thesenstructiongor

sourceoperanda = 0xb7b6b5b 4b3b2b1b8.

Thus,the C operation*dest = *src canbeexpressedy a 7 instructionsequencérokendowvn as
follows. We assumehat operanddest is in register$16, while src is in register$17. We begin by
gettingthebyteindicatedby src into thelow orderbyte of register$1:

[dg_u $1, 0($17) # Get quad word containin g *src
extbl $1, $17, $1 # Move *src into byte O
Next, we loadthe quadword containing*dest into register$2:
[dg_u $2, 0($16) # Get quad word containin g *dest

We mustreplacethe appropriatebyte within this quadword with thelow orderbyte of register$l. First,
we maove the new byteinto the properposition:

insbl  $1, $16, $1 # Move *src to byte position for *dest

Thenwe clearthebytein the destinatiomquadword:



mskbl $2, $16, $2 # Clear byte position of *dest

We now megethesetwo with anOr operation:

bis $1, $2, $2 # Merge *src into quad word containin g *dest
Finally, we storethe updatedquadword:

stg_u $2, 0($16) # Store wupdated quad word containin g *dest

Althoughthis processseemdaboriousiit is superiorto the 17 instructionsequenceequiredwithout byte-
level operations.

Instructionextgh is designedo sene aspartof a pair of instructionsfor fetchinganunalignedquad
word. It canbeviewedasaleft shift operationwherethesourcewordis shiftedleft by (8-b)&0x7  bytes.
Examplef thisinstructionareillustratedin Table8 for operanda = b7b6b5b4 b3b2b1b8.

Instructionextgh canalsobeusedaspartof aninstructionsequencéo casta 1-bytesignedchar into
along int by first shiftingthechar left until it is in the mostsignificantbyte positionandthendoing
anarithmeticright shift by 56. In particular considerthe C expressionlong int)  *src , wheresrc
isof typechar *. Supposerc isinregister$17 andwewanttheresultto beplacedn register$0. This
couldbeimplementedy the codesequence:

Idg_u $0,0($17) # Get quad word containing *Src

Ida $1,1($17) # Compute shift  amount

extgh $0,$1,$0 # Shift *src into MSBof $0

sra $0,0x38,$ 0 # Shift *src into LSB with sign extension

To understandhis codesequencesupposéehatthelower 3 bitsof src  haveintegervalue:, with0 < ¢ < 7.
Thentheldq_u instructionwould load the desiredbyte into byte i of register$0. To getthis byte into
the mostsignificantbyte position,we mustshift left by 7 — ¢ bytes. This canbe doneusingthe usingthe
extgh instructionwith ashiftamountof (8 — (: + 1)) mod8 = 7 — s.

2.6.2. Byte Zapping

Thefinal pair of instructionsn Table7 allow selectve zeroingof bytesusinga bit maskgivenby the low
order8 bits of operandb. Numberingthesebits from 0 (leastsignificant)to 7 (mostsignificant),eachbit
indicateswvhetherto copythecorrespondindpytefrom operandh to thedestinatioror to setthis destination
byteto 0. Thetwo instructions:zap andzapnot differ only in the senseof thebit interpretations.

2.7. Useful SpecialCaseOperations

Theofficial descriptiorof thisin [2] is misleading.They claimit will shiftleft by 8-(b&0x7)  bytes,implying aresultof all
0’'swhenthelower 3 bits of b are0. Underthis condition,however, theinstructiondoesnt shift the sourceoperandat all
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Form Description Actual Implementation
nop No operation bis $31, $31, $31
- Alternateno operation l[dg_u $31, O($sp)
mov $1, $2 Move register bis $31, $1, $2
mov 17, $2 Move literal bis $31, 17, $2
sextl $1, $2 | Movelongwordandsign-extend | addl $31, $1, $2

Table9: SpecialCaseOperations

Instruction| Description BranchCondition
beq Branchon Equal a ==

bne Branchon Not Equal al= o0
bgt Branchon GreatefThan a>0

bge Branchon GreatefThanor Equal| a >= 0

blt BranchonLessThan a<ao

ble Branchon LessThanor Equal a<=0
bibc Branchon Lower Bit Clear I(a & Ox1)
blbs Branchon Lower Bit Set a & 0x1

br Branch 1

bsr Branchto Subroutine 1

Table10: Branchinstructions

In anattempto makeassemblyanguagenorereadablesomecommonlyusedpatternsaregivenspecial
names.Thesdypically involve degenerateasessuchascopyingfrom oneregisterto another They exploit
thefactthatintegerregister$31 is always0. Table9 listssometypical casesndtheirtranslationsnto actual
Alphainstructions. No-opinstructionsnop arecommonlyusedto padcodeto meetspecifiedalignment
requirements.Theinstructionbis  $31, $31, $31 hasno effect, sincethe destinationregister $31
never changes.Sometimeghe compiler generates secondform of no-op shavn in the secondrow of
the table. It performsan unalignedload usingthe stackpointer $sp asthe baseregister but it hasno
effect sincethedestinatiorregisteris $31. Move instructionamov areusedto transferfrom oneregisterto
anotheror to setaregisterto aconstanvalue. Thesignextensionoperatiorsextl  isthecommonmethod
for corvertingfrom Cint 'stolong int ’'s. For example,it is commonto seeinstructionsof theform
sextl $16, $16 tocorvertanintegeragumentpassedn register$16 into the numericallyequivalent
guadword.

Note that the native C compiler cc makesuse of thesespecialnames. The Gcc compiler on the
otherhand,generateshe “implementationform” showvn in the right handcolumnof Table9, asdoesthe
disassembledis . Understandinghesespecialcasess importantto beingableto readthe codegenerated
by theseprograms.

2.8. Transfersof Control

Transfersof controlcomein two flavors: branchesndjumps. Most branchesreconditional—whether
or notthey aretakendepend®ntheresultof comparinganoperandegisterto 0. They have format(shovn
for beq):
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S_floating | T_floating | Description| Computation
adds addt Add c=a+hb
subs subt Subtract c=a-2>b
muls mult Multiply c=a*hb
divs divt Divide c=alb

Table11: FloatingPoint Arithmetic Operations Eachinstructionhasa singleprecision(S_floating) anda
doubleprecision(T _floating) version.

beq R,, Label

whereR, denotegheregisterbeingtestedand Label is alabel designatingsomepositionin theassembly
code. Theassembleautomaticallytranslateghis labelinto anoffsetrelative to the programcounter The
upperpartof Table10 documentshedifferentconditionalbranchtypesandthe conditionunderwhichthey
aretaken.C syntaxis usedwith variablea denotingthe contentsf registerr,.

As shavnin thelower partof Table10, two specialbranchforms: br andbsr branchunconditionally
Theunconditionabranchbr typically hasregister$31 asoperan@,. Thelabelthendesignatethebranch
taiget. The branchto subroutineinstructionhasthe sameformat asotherbranchesbut registeragument
R, is usedin atotally differentway. It designatesvherethe currentvalueof the programcountershouldbe
storedto allow the subroutinegto returnto the calling point. The corventionis to useregister$26 for this
purpose.

Jumpinstructiongrovideunconditionatransferof controlwith thetargetaddresspecifiedy aregister
We will usethreedifferentforms:

jmp  $31, (Ry), Hint
jsr Rq, (Ry), Hint
ret  $31, (Rp), Hint

In all casesHint is optionalinformationinsertedby the compilerto help the processopredictthe jump
target. The exact natureof thesehintsis not our concern.

The unconditionaljump instructionjmp designateshe jump target addressn registerR;. The jump
to subroutineinstructionjsr  givesthetargetin registerR, andthe registerto storethe currentprogram
counterasargument,,. Theconventionis to useregister$26 for this purpose.Thereturninstructionret
is functionallyequvalentto a jump—it givesthetargetaddresasregisterR,. By corventionalthis will be
register$26, holdingto programcountersetby the precedingosr orjsr . Boththejmp andtheret
operation$have anoperandi,, but thisis typically register$31.

2.9. Floating Point

Floatingpointinstructionsusea setof 32 floating point registers,named$f0 to $f31 . Four floating
point formatsaresupportedput we areonly interestedn two: the S_floating formatimplementing EEE
singleprecisionandtheT floatingformatimplementingd EEE doubleprecision.Eachfloatingpointregister
is 8 bytes,but it canhold eitherasingleprecisionor adoubleprecisionvalue.
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Instruction | Description Computation

cmpteq Equality c =(a =Db) ?220 : 00
cmptle Lessthanorequal| c (@ <= b) ?2 20 : 00
cmptlt Lessthan c (@ <b) 220 : 00

Table12: FloatingPointComparisorOperations

Instruction| Description BytesAccessed Effective Address| Effect

lds LoadS floating 4 EA=b+D a = *EA
Idt LoadT floating 8 EA=b+D a = *EA
sts StoreS _floating 4 EFEA=b+D *EA = a
stt StoreT _floating 8 EA=b+D *EA = a

Table13: FloatingPointLoadandStoreOperations

In general the floating point operationamirror the behaior of a subsebf the integer operations.For
example floating point arithmeticoperation$ave just oneformat(shown for instructionaddt ):

addt F,, F, F.

whereF, andF, indicatethe two sourceregisters,andF. indicatesthe destinatiorregister Table11 lists
thecommonarithmeticoperationsysingC variablesa andb to denotehesourceoperandsndc to denote
thedestination.

Table 12 lists someof the floating point comparisoroperations.Thesesetthe destinatiorregisterF. to
2.0if thecomparisorholdsandto 0.0if it doesnot.

Floatingpointloadandstoreinstructionshave the sameformatastheir integercounterpartsexceptthat
they usefloatingpointregistersfor data.For instructionlds , theformatis:

Ids F,, Disp(Rs)

Operand¥, andR; indicateregisters,while Disp is a constantdisplacement rangingbetween—32, 768
and +32, 767. Floating point register F, indicatesthe destination(load) or source(store)of the data,
while the combinationof R, and Disp indicateshe memorylocationto accessTable13lists the different
instructionstheir effective addresgalculationgmatchingthecalculationdor integerloadsandstores)and
theinstructioneffect. Theseload andstoreoperationamusthave alignedaddresses,e., singleprecision
loadsandstoresmusthave £’ A be a multiple of 4, while doubleprecisionloadsandstoresmusthave £ A
beamultiple of 8.

Asindicatedn Table14,therearealsoconditionalmovesfor floatingpointvalues.Thesehave thesame
formatasarithmeticoperationgshavn herefor fcmoveq ):

fcmoveq F,, Fy, F.
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Instruction | Description Move Condition
fcmoveq | ConditionalMove on Equal a == 0.0
fcmovne | ConditionalMove on Not Equal al!= 00
fcmovgt ConditionalMove on GreaterThan a> 00
fcmovge | ConditionalMove onGreatefThanor Equal| a >= 0.0
fcmovlt ConditionalMove on LessThan a < 0.0
fcmovle ConditionalMove onLessThanor Equal a <= 0.0
Table14: ConditionalMove Instructions

Instruction| Description BranchCondition

fbeq Branchon Equal a == 0.0

fbne Branchon Not Equal al!l= 00

fbgt Branchon GreatefThan a > 00

fbge Branchon GreatefThanor Equal | a >= 0.0

fblt BranchonLessThan a < 0.0

fble Branchon LessThanor Equal a <= 0.0

Table15: FloatingPointBranchlinstructions

Thevaluein registerF; is conditionallycopiedto registerF. basedntheresultof comparingF, to 0.0.

Table 15 describeghe conditionalbranchinstructionsfor floating point. They have format similar to
theintegerbranchinstructions(shavn for fbeq ):

foeq F,, Label

Thedecisionof whetheror notto branchis basedn theresultof comparingegisterf, to 0.0.

Finally, asTable 16 indicates thereis a setof operationdor converting betweerthe differentnumeric
formats.Eachof thesehasthe sameformat(shavn herefor cvtgs ):

cvtgs  F,, F.

Instruction| From To

cvtgs Quadinteger | S_floating
cviqt Quadinteger | T_floating
cvtsq S_floating Quadinteger
cvitq T floating Quadinteger
cvits T floating S_floating
cvtst S_floating T_floating

Table16: FloatingPointCorversionOperations
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RegisterName | SoftwareName | Use

$0 vO Returnedvaluefrom integerfunctions
$1-$8 t0 —t7 Temporaries

$9-$14 s0-s5 Calleesaved

$15 s6 Calleesaved

$15 or $fp fp Framepointer

$16-$21 a0-a5 Integerarguments

$22-$25 t8 —t11 Temporaries

$26 ra Returnaddress

$27 pv Addressof currentprocedure
$27 t12 Temporary

$28 or $at AT Reseredfor assembler

$29 or $gp ap Globalpointer

$30 or $sp sp Stackpointer

$31 zero Always0

Tablel7: Integer RggisterUsageCorventions

whereF, indicateghesourceregister andF. indicateghedestinatiorregister Surprisingly afloatingpoint
registeris usedeven whenthe sourceor destinationis a quadword integer The 8 bytesof the floating
point registerare simply interpretedasa two’s complementnumberin thesecases.In fact, the only way
to transferdatafrom a floating point registerto aninteger registeris to storethe floating point registerto
memoryandthenloadthe valuefrom memoryinto anintegerregister

Evenin programghatdo not usefloating point operationspnecommonlyseeghe generateanachine
codeusingfloatingpointregistersasdestination®f loadsandsource®f stores.In thesecasestheregisters
arejust beingusedaslocationscapableof holding 4- or 8-bytevalues. The compileris evidentally trying
to getbetterperformancéoy usingboththeintegerandthefloatingpointregistersets.

3. Programming Conventions

The Alpha hardwareprovidesonly low-level supportfor handlingtaskssuchassettingup procedurecalls,

maintainingthe calling stack,andallocatingspacdor datastructuresBuilt ontop of thislow-level support
isasetof corventionghatall compilerwritersandassemblygodegeneratoraresupposetb follow. Having

uniform corventionsmakest possibleto link togethercodegeneratedrom differentsourcese.g.,to have

your C codebe ableto useroutinesfrom the standardJnix libraries. In addition,it enabledools suchas
dehuggersprofilers,andperformancenonitorsto work on codeindependentf how it wasgenerated.

In this sectionwe summarizesomeof the key featuresof the Alpha programmingcorventions. More
extensive documentatiowanbe foundin [1].

3.1. RegisterUsage

Alphahas32integerregistersjdentifiedas$0 upto $31. Asfarasthehardwaregoespnly oneof these
is special—rgister$31 is alwaysequalto 0. Evenif it is the destinatiorof an operation,its valuenever
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changes.Thus, register $31 is often usedasa “sink” whenthe value of someoperationis not required,
suchasfor thenop operationof Table9.

The remaininginteger registersare partitionedinto differentgroupswith differentuses,asshawn in
Table17. Ragisterscanbeidentifiedin severalways: by their numberss0-$31, by specialnamess$fp ,
$at , $gp, $sp, or by “software” nameshataresupposedo moreclearlyidentify theirusagecorventions.
Thesesoftwarenamesare actually just macrodefinitionsfrom file regdef.n . We will generallyrefer
to registersby number sincethisis seenin the .s files generatedy the C compiler The disassembler
programdis generatethesoftwarenamedy defaultbut canbemadeto generatenumericidentifiersusing
thecommandine flag-h .

Obsere that somelines in the table refer to the sameregister indicating overlappingusages. For
example,register$27 generallyholdsthe startingaddres®f the currentlyexecutingprocedurebut it can
alsobeusedjustfor temporarystorage.

Register$0 is usedto returnaninteger (or pointer)valueto the calling procedure Registers$1 to $8
and$22 to $25 canbeusedby aprocedurdor arbitrarytemporaryalues.However, if procedureA calls
procedureB, thereis no guarante¢hatthevaluesin theseregisterswill beunchangedvhenB returnsback
to A. Registers$9 to $14 are“calleesaved” registers.Thatmeanghatary proceduraisingthemmustfirst
save theold valuesonthestackandthenrestorehembeforeit returns.Thus,if A callsB, it canbeassured
thattheseregistervaluesareunchangedvhenB returnsbackto A, eitherbecausd did notalterthem,or
becaus® saved,altered andlaterrestoredhem.

Register$15 canbeusedasa “frame pointer” indicatingthe startof the currentstackframe. Most of
thetime thisis not done however—all stackaddressings donerelative to the stackpointer

Registers$16 to $21 areusedto passinteger (or pointer)argumentso a procedure.lf neededmore
amgumentscanbe passedn the programstack.

Register $26 generallyholdsthe addresgo which the currently-eecuting procedureshouldreturn.
Register$27 generallypointsto the currentlyexecutingprocedure Thetypical wayfor procedureéA to call
procedureB is to loadthe startingaddresf B into register$27 andthenexecutetheinstruction:

jsr $26, ($27)
ProcedureB thenreturnsto A by executingtheinstruction
ret ($26)
Register$29 is usedasa“global pointer” indicatingaregionin memorywhereglobaldataandlinkage

informationis maintained.

Register$30 is usedasthe “stack pointer” indicatingthe addres®f the top elementof the stack. The
stackgrowstowardloweraddresses.

Table 18 indicatesthe usagecorventionsfor the floating point registers. Like the integer registers,
only floating point register $f31 hasary specialhardware-implementefatures—itis alwaysequalto
0.0. Theremaindemarepartitionedby conventioninto returnvalues($f0 —-$f1 ), calleesaved ($f2 —$f9 ),
temporarie$f10 —$f15 and$f22 —$f30 ), andprocedureargumentg$f16 —$f21 ).
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ReajisterName | Use

$f0 Returnedvaluefrom floatingpointfunctions
$f1 Returnedmaginaryvaluefrom complec functions
$f2 —$f9 Calleesaved

$f10 —$f15 Temporaries

$f16 —$f21 Floatingpointarguments
$f22 —$f30 Temporaries

$f31 Always 0.0

Table18: FloatingPointRegisterUsageCorventions

3.2. StackFrames

Theprogramstackis usedastheworking storagegor proceduresEachprocedureequiringlocal storagdo
holdlocal dataor linkageinformationallocatesa stackframeuponentryanddeallocateg beforereturning.

Not all proceduresequirestackspace.As long asa proceduredoesnot call ary otherproceduresnd
canfit all the datait requiredn registers,it neednotallocateaframe.

Figurel shavsthe generaform of a stackframe. Notethatthe stackgrows towardlower addresseso
thetop of thestackis actuallythe lowestaddressWe will drawv theframewith the“top” of thestackonthe
bottomof thefigure. Thefigure illustratesthe mostgeneralktackframeform—notall proceduresequire
all parts.

We will referto the partsof the framerelative to the currently active procedure|.e., the one who'’s
frameis atthetop of thestack.If this proceduréhadmoreargumentshancouldbe passedn theintegeror
floating point registers(e.g.,if it hadmorethan6 integer or pointeralguments) the remainingaguments
would be on the stackas part of the callers frame. The “frame pointer” indicatesthe top of the callers
frame. Typically, this framepointeris “virtual”’, meaningthatit’s valueis definedin termsof someoffset
relative to the stackpointer Thefirst portionof the frameholdsary local or temporarydatathatcannotbe
heldin registers. Thiswill typically includelocal arraysandary local variableto which a pointermustbe
generated.The next partof the frameprovidesstoragefor ary registersthatthe procedureneeddo save.
Typically thisincludesthereturnaddresgointer(storedfirst) andtheold valuesof ary calleesave registers
to beusedby thecurrentprocedureFinally, thetop partof theframeconsistof temporaryspacedo beused
in building theargumentdo procedureso be calledby the currentprocedure This areais requiredonly if
thecurrentprocedurecallsanothemproceduravith moreargumentghancanbe passedhroughregisters.

A final requirements thatthe framesizemustbe a multiple of 16 bytes. This requirements satisfied
by paddingtheregionfor localsandtemporarie@sneeded.
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