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1. Overview

This documentprovidesan overview of the Alpha instructionsetand assemblylanguageprogramming
conventions. The Alpha architecturewas formulatedby Digital EquipmentCorporationas a second
generationreducedinstructionsetcomputer(RISC)architecture.It representsa carefulbalancebetween
providing a sufficient rangeof instructionsto encodecommonoperationswhile avoiding a lot of features
thatcouldslow down themachineor leadto implementationdifficulties in thefuture. Digital Equipment
Corporationwas subsequentlyacquiredby Compaqin the Summerof 1998. Compaqis continuingto
supportAlpha. Morecompletedocumentationis availablefrom Digital/Compaq[1, 2].

1.1. Data Types

Themostnotablefeatureof theAlpha is that it is a true64-bit machine.All integer registersare64 bits
wide. Manipulating64-bitaddressesand64-bit integersis fully supported.In addition,thereis supportfor
32-bit integers.

For historical reasons,(dating back to 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 LongWord 4
unsigned LongWord 4
long int QuadWord 8
long unsigned QuadWord 8
char * QuadWord 8
float S Floating 4
double T Floating 8

Table1: Sizesof standarddatatypes
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quantitiesas“long words”(thewordsizeof theVAX.) They referto 64-bitquantitiesas“quadwords.” We
aremostlyinterestedin longwordsandquadwords.

Table1 shows themachinerepresentationsusedfor theprimitive datatypesof C. Note that variables
declaredasint ’s arestoredaslong (4-byte)words. If you wantan8-bytenumber, you needto declareit
as long . All pointers(shown hereaschar * ) arestoredas8-bytequadwords. Don’t confusethetwo
usesof theword“long” here—Alphalongwordsare4 bytes,but C long int ’s are8.

Within themachine,all integerregistersholdquadwords.Long wordsareconvertedto quadwordsby
signextension.Thatis, whenconvertingfrom alongword

���
to aquadword � � , thehighorderbit of

���
is

replicatedasthemostsignificant33bitsof � � . For somestrangereason,evendatadeclaredasunsigned
int in C is storedin this “sign extended”form, eventhoughthehighorderbit of anunsignedvalueis not
a signbit. As a consequence,thecodegeneratedto manipulateunsignedvaluesis fairly clumsy.

1.2. Porting C Codeto the Alpha

Whenporting C codeoriginally developedon a 32-bit machineto an Alpha, the differencebetweenthe
sizesfor pointersandint ’s is acommonsourceof non-portability. Lotsof codehasbeenwrittenassuming
thatyoucouldstorepointersin locationsdeclaredasint ’s with no lossof information.

Anothersourceof problemsis with integer constants.By default,constantsin C areassumedto be
int ’s. If you wantto makethemlong, you needto addthesuffix “L”. Without thatsuffix, thenumberis
truncatedto 32bits andthensignextendedto 64. Herearesomeexamplesillustratingthis effect:

long int a = 0xFFFFFFFF7FFFFFFF; /* 0x00000000 7FFFFFFFL */
long int b = 0xFFFFFFFF7FFFFFFFL; /* 0xFFFFFFFF7FFFFFFFL */
long int c = 0x0000000 080000000; /* 0xFFFFFFFF80000000L */
long int d = 0x0000000 080000000L; /* 0x00000000 80000000L */

Observe thatvaluesb andd aremostlikely whattheprogrammerintendedthemto be. Valuesa andc , on
theotherhandarenot,becausethe“L” suffix wasomitted.Their highorderbits areeitherall 0’s or all 1’s
dependingonbit 31of thedeclaredconstant.

As anotherexample,thestatement

long int t = 1 << 32;

setsvariablet to 0, which is mostlikely not thedesiredresult. Sincetheconstant1 is interpretedasan
int , theshift is performedto put the1 in bit position32. But this is convertedto a long int by copying
bit 31,which is 0, into bit positions32 through63. Instead,theexpressionshouldbewritten1L << 32,
to ensurethattheexpressionis evaluatedusinglongintegers.In fact,it is bestto getinto thehabitof adding
the“L” to theendof everyconstant.Suchcodewill run reliablyonbothAlpha’s andon32-bitmachines.

Whenyouwantto print out8-byteintegerswith printf , youneedto usethedirective%ld , ratherthan
thestandard%d. Similarly for printing in hexadecimal(%lx ) andunsigned(%lu) formats.
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LongWord QuadWord Description Computation
addl addq Add c = a + b
s4addl s4addq Scaledby 4 Add c = 4*a + b
s8addl s8addq Scaledby 8 Add c = 8*a + b
subl subq Subtract c = a - b
s4subl s4subq Scaledby 4 Subtract c = 4*a - b
s8subl s8subq Scaledby 8 Subtract c = 4*a - b
mull mulq Multiply c = a * b
divl divq Divide c = a / b
reml remq Remainder c = a % b

Table2: ArithmeticOperations.Eachinstructionhasa (4-byte)wordanda quad(8-byte)word form.

2. Instructions

TheAlpha instructionsetis relatively simple. Arithmetic operationsapplyonly to registerdata,i.e., both
thesourceanddestinationoperandsmustberegisterdata. Explicit loadandstoreoperationsarerequired
to move databetweenmemoryandregisters. Conditionalbranchescanonly test the relationbetweena
registerandthevaluezero.

2.1. Arithmetic Operations

Alpha supportsinteger operationsfor both 4-byteand8-byte integers. The 8-byteversionstreat the
operandsasfull precisionvalues.The4-byteversionsmimic thebehavior onewouldobtainby executing
theoperationson a 32-bit machine.That is, they computea valuebasedon only the low order4 bytesof
theoperandsto generatea 4-bytevalue.They thensignextendthisvalueto obtainthe8-byteresult.

Table2 liststhearithmeticinstructionshaving both4-byteand8-byteversions(notethesuffixes“ l ” and
“q”.) Arithmeticoperationshave threeoperands:two sourceandonedestination.Thedestinationis given
astherightmostoperand,[in contrastto many otherassemblylanguageswherethedestinationis givenas
theleftmostoperand.]Arithmeticoperationscanhave oneof two formats(shown for instructionaddq ):

addq ��� , ��� , ��	
addq ��� , 
���
�� , ��	

where ��� , ��� , and ��	 denoteregisters,and 
���
�� denotesa “literal” constantbetween0 and255. Thefirst
two operandsdenotetheoperationsources:thefirst mustbefrom register ��� , thesecondcaneitherbefrom
a register ��� or a literal value 
���
�� . The third operanddenotesthe destination,which mustalwaysbe a
register � 	 . We will usethenotation“a” and“b” to indicatethetwo sourceoperands,wherea is thevalue
of register ��� , while b is eitherthevalueof ��� or of 
���
�� . Similarly, wewill usethenotation“c” to indicate
the operationresult,which will thenbe written to register ��	 . Table2 shows the effect of eachof these
instructionsusingC notation,with sourceoperandsa andb, anddestinationoperandc .

For operationsrequiringconstantsthat don’t fit within the8 bit limit of the standardoperations,it is
commonto useinstructionslda (loadaddress)andldah (loadaddresshigh). Thesearedocumentedin
Section2.4describingloadandstoreoperations,eventhoughthey donot referencememory. Alternatively,
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Instruction Description Computation
cmpeq Equality c = (a == b)
cmple Lessthanor equal c = (a <= b)
cmplt Lessthan c = (a < b)
cmpule Unsignedlessthanor equal c = (ua <= ub)
cmpult Unsignedlessthan c = (ua < ub)

Table3: ComparisonOperations

constantscanbedeclaredaspartof theassemblyprogramdataandstoredin memory. Load instructions
canthenput thesevaluesinto registers.

Thescaledoperations,having prefixes“s4 ” and“s8 ” scalethefirst sourcevalueby a factorof 4 or 8.
Thesearecommonlyusedfor arrayindexing.

Thefollowing aresomeexamplesof typicalassemblycodeusingarithmeticoperations:

# Add $1 and $2 and store in $3
addq $1, $2, $3
# Register $8 points to integer array a
# Register $17 contains index i
# Want to set $9 to &a[i]:
s4addq $17, $8, $9

2.2. ComparisonOperations

All comparisonsoperationsoperateon quad(8-byte)words. They have thesameformatasarithmetic
operations.They resultin destinationregister ��	 beingsetto 1 (true)or 0 (false).Table3 lists thedifferent
comparisonpossibilities.Notethattheinequalitytestshave bothsignedandunsignedversions.Theseare
indicatedwith C syntaxusingoperandsa andb assignedvaluesandua andub asunsignedvalues.

2.3. Bit-Level and Logical Operations

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

Left shift inserts0’s into thelow orderbit positions.Logicalright shift inserts0’s into thehighorderbit
positions(usedfor unsignedoperands).Arithmetic right shift copiesthehigh orderbit of operanda into
thenew bit positions(usedfor signedoperands).

Note that the shift amountmustbe between0 and63. Any larger numberis reducedmodulo64 (by
simplymaskingoff all but thelow order6 bits).
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Instruction Description Effect
and And c = a & b
bic Bit Clear c = a & ˜b
bis Bit Set c = a | b
eqv LogicalEquivalence c = ˜(a ˆ b)
xor Exclusive-Or c = a ˆ b
ornot Or-Not c = a | ˜b
sra Shift RightArithmetic c = a >> (b % 64)
sll Shift Left c = a << (b % 64)
srl Shift RightLogical c = ua >> (b % 64)

Table4: Bit-Level Operations

Instruction Description BytesAccessed Effective Address Effect
ldl LoadLong 4 ����������� a = *EA
ldq LoadQuad 8 ����������� a = *EA
stl StoreLong 4 ����������� *EA = a
stq StoreQuad 8 ����������� *EA = a
lda LoadAddress 0 ����������� a = EA
ldah LoadAddressHigh 0 ������������� 65536 a = EA
ldq u LoadQuadUnaligned 8 ����� �������"! & ˜0x7 a = *EA
stq u StoreQuadUnaligned 8 ����� �������"! & ˜0x7 *EA = a

Table5: LoadandStoreOperations

2.4. Loadsand Stores

Loadandstoreoperationsareusedto transferdatabetweenregistersandmemory. Separateinstructions
areusedto performlong (4-byte)wordaccessesandquad(8-byte)wordaccesses.In addition,instructions
lda andldah have theformatof a loadoperation,but they donotcauseany memoryreferences.

Loadandstoreinstructionshave thefollowing format,shown with instructionldq (loadquadword):

ldq � � , #$�&%(' ( � � )

Operands��� and ��� indicateregisters,while #)�&%(' is a constantdisplacement rangingbetween* 32+ 768
and � 32+ 767. In mostcases��� indicatesthe destination(load) or source(store)of the data,while the
combinationof ��� and #$�,%-' indicatesthememorylocationto access.Note that load instructionsarethe
only Alpha instructionsfor which thedestinationis writtenon theleft.

Table5 describesthe loadandstoreoperations.The columnlabeled“Effective Address”shows how
thecontentsof register ��� , denoted� , andthevalueof thedisplacement#$�&%(' , denoted� arecombinedto
generateaneffective address��� . In mostcasesthevaluesaresimplyadded.For theldah instruction,the
value � is scaledby a factorof 216 � 65+ 536.

Thecolumnlabeled“Effect” in Table5 describesthebehavior of theoperationin C notation,wherethe
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effective address�.� is representedby a pointervariableEA, andregister ��� is representedby variablea.
Loadinstructionsreadfrom theeffective addressandplacetheresultin register ��� . Thequadwordversion
ldq reads8 bytes.Thelongwordversionldl readsonly 4 bytesandsignextendsthemto 8. Conversely,
thestoreoperationswrite thevaluein register ��� to thememorylocationsindicatedby theeffectiveaddress.
Thequadwordversionstq writesall 8 bytes,while thelongwordversionwritesonly thelow order4 bytes
of ��� .

Instructionslda and ldah placethe effective addressin register ��� without accessingany memory
locations.They areusefulfor settingaddresses,for performingpointerarithmetic,andevenfor performing
integeroperationsinvolving constants.

# Set $1 to absolute address 0x000F0FF 0
# Use property that $31 is always 0
ldah $1, 15($31) # 0xF
lda $1, 4080($1) # 0x0FF0
# Compute p++ for integer pointer p in register $2
lda $2, 4($2)
# Compute x -= 17 for integer x in register $5
lda $5, -17($5)

The above load andstoreoperationshave an alignment restriction,limiting the setof legal effective
addressvalues.Thegeneralprincipleis whenloadingor storinga / -byteobject,theeffective address���
mustbea multiple of / . In practice,this meansthatAlpha long word loadsandstoresmusthave �.� bea
multiple of 4, i.e., the2 low-orderbits of ��� mustbe0. Similarly quadword loadsandstoresmusthave
��� bea multipleof 8, i.e., the3 low-orderbits of ��� mustbe0. This restrictionis imposedto allow the
memorysystemto operateasefficiently aspossible.Compilerscarefullyorganizeall datastructuresand
allocatestoragein suchawaythatthesealignmentrestrictionsareobeyed.

Instructionsldq u andstq u aretypically usedwhenperformingbyte-level operations.They operate
like ordinaryloadandstoreoperations,exceptthatthey setthelow orderthreebitsof theeffective address
to 0 (shown in thetableusingtheC trick of AND’ing ��� with a mask˜0x7 ). Thusif pointerp, storedin
register$16 , pointsto somecharacterpositionin a string,thentheinstructionldq_u $1,0($16) will
loadthequadword containingthis characterinto register$1, but its positionwithin thequadword canbe
anywherefrom byte0 to byte7. As is discussedin Section2.6,otherinstructionsareprovidedto support
accessingandoperatingonsuchbytedata.Theseinstructions,plusthebyte-levelmanipulationinstructions,
provide a bridgebetweenthehardware,which only supportsalignedmemoryreferences,andtheneedof
thecompilerto generateefficient codefor byte-level memoryoperations.

2.5. Conditional Moves

Conditionalmove operationsprovide a meansof conditionallyupdatinga registerwithout usingany
branchoperations.In modernmachinessuchasAlpha, this canyield muchbetterperformancethanthe
traditionaltechniqueof conditionallybranchingaroundtheupdatingcode.

Theseinstructionshave thesameformatasarithmeticoperations,e.g.,for instructioncmoveq:

cmoveq ��� , ��� , ��	
cmoveq � � , 
���
 � , � 	
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Instruction Description MoveCondition
cmoveq ConditionalMoveonEqual a == 0
cmovne ConditionalMoveonNot Equal a != 0
cmovgt ConditionalMoveonGreaterThan a > 0
cmovge ConditionalMoveonGreaterThanor Equal a >= 0
cmovlt ConditionalMoveonLessThan a < 0
cmovle ConditionalMoveonLessThanor Equal a <= 0
cmovlbc ConditionalMoveonLowerBit Clear !(a & 0x1)
cmovlbs ConditionalMoveonLowerBit Set a & 0x1

Table6: ConditionalMoveInstructions

Instruction Description Byte(c, i) == 0 NonzeroByte(c, i)
extbl ExtractByteLow i != 0 Byte(a, bl)
mskbl MaskByteLow i == bl Byte(a, i)
insbl InsertByteLow i != bl Byte(a, 0)
extqh ExtractQuadWordHigh bl!=0 && i+bl<8 Byte(a, (i+bl-8) &0x7)
zap ZeroBytes Bit(b, i) Byte(a, i)
zapnot ZeroBytesNot !Bit(b, i) Byte(a, i)

Table7: ByteManipulationInstructions.Index valuebl computedasbl = b & 0x7 .

Register � � indicatesthe testedvalue,eitherregister � � or 
���021 indicatesthe sourcedata,andregister � 	
designatesthemove destination.Whetheror not themove takesplaceis basedon theresultof comparing
register ��� to 0.

Table 6 lists the different conditionalmove instructionsand the type of comparisonperformed. C
expressionsyntaxis used,wherevariablea denotesthecontentsof register ��� . For example,thecmoveq
instructionis equivalentto thefollowing C code:

if (a == 0)
c = b;

wherevariableb representsthesourcedataandvariablec representsthedestination.

2.6. Byte Manipulation Operations

The Alpha doesnot directly supportbyte-level operationssuchas transferringsinglebytesbetween
memoryandregisters. In principal,we could usethe instructionsalreadypresentedto realizebyte-level
manipulations,but a largeamountof shifting andmaskingwould berequired.For example,considerthe
C operation*dest = *src , wherebothdest andsrc areof type (char *) . This operationmust
readthe singlebyte pointedto by src andupdatethesinglebyte pointedto by dest . Without special
byte-manipulationinstructions,this simpleoperationrequires17Alpha instructions!

Table7 documentssomeof thebytemanipulationinstructions.Eachof thesehasthesameform asan
arithmeticinstruction,with sourceoperandsa andb (whereb may beeithera registeror a literal value),
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Instruction bl=0 bl=5 bl=7
extbl 0x00000000 000000b8 0x00000000 000000b5 0x00000000 000000b7
mskbl 0xb7b6b5b4 b3b2b100 0xb7b600b4 b3b2b1b8 0x00b6b5b4 b3b2b1b8
insbl 0x00000000 000000b8 0x0000b800 00000000 0xb8000000 00000000
extqh 0xb7b6b5b4 b3b2b1b8 0xb7b4b3b2 b1b80000 0xb6b5b4b3 b2b1b800

Table8: Effectsof ByteManipulationInstructionsfor operanda = 0xb7b6b5b4 b3b2b1b8

andresultc . Thethird columnindicatestheconditionunderwhichbyte 3 of theresultwill besetto 0. The
fourthcolumnindicateswhichsourcebytewill bein byte 3 of theresultfor thecasesin which it is nonzero.
WeusethenotationByte( 4 , 5 ) to denotebyte 5 of quadword 4 . Ourmachinesareconfiguredtooperate
in “little endian”mode,with bytesnumberedfrom 0 (leastsignificant)to 7 (mostsignificant).

2.6.1. Working with UnalignedByte Data

Instructionsextbl , mskbl , andinsbl aredesignedto work in conjunctionwith instructionsldq u and
stq u discussedin Section2.4. Recallthat theseloadandstoreinstructionsperformquad-wordaligned
loadsandstoresby ignoring the low order3 bits of theeffective address.Thesethreebyte manipulation
instructionswork in conjunctionwith theseloadsandstoresto selectandmanipulatebyteswithin a quad
word indicatedby the low order3 bits of operandb. We usethenotationbl to denotetheselow order3
bits, i.e.,bl is givenby theC expressionb&0x7 . Instructionextbl selectstheindicatedbyte,movesit to
thelow orderbyteof c , andsetstheremainingbytesto 0. Instructionmskbl maskstheindicatedbytefrom
sourcea while copyingtherest. Instructioninsbl shifts the low orderbyteof a into the indicatedbyte
positionwhile settingtheremainingbytesof c to 0. Table8 illustratesthebehavior of theseinstructionsfor
sourceoperanda = 0xb7b6b5b 4b3b2b1b8.

Thus,theC operation*dest = *src canbeexpressedby a 7 instructionsequencebrokendown as
follows. We assumethat operanddest is in register$16 , while src is in register$17 . We begin by
gettingthebyteindicatedby src into thelow orderbyteof register$1:

ldq_u $1, 0($17) # Get quad word containin g *src
extbl $1, $17, $1 # Move *src into byte 0

Next, we loadthequadwordcontaining*dest into register$2:

ldq_u $2, 0($16) # Get quad word containin g *dest

We mustreplacetheappropriatebytewithin this quadword with the low orderbyteof register$1. First,
we movethenew byteinto theproperposition:

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

Thenwe clearthebytein thedestinationquadword:
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mskbl $2, $16, $2 # Clear byte position of *dest

We now mergethesetwo with anOr operation:

bis $1, $2, $2 # Merge *src into quad word containin g *dest

Finally, we storetheupdatedquadword:

stq_u $2, 0($16) # Store updated quad word containin g *dest

Althoughthis processseemslaborious,it is superiorto the17 instructionsequencerequiredwithout byte-
level operations.

Instructionextqh is designedto serve aspartof a pair of instructionsfor fetchinganunalignedquad
word. It canbeviewedasaleft shift operationwherethesourcewordis shiftedleft by (8-b)&0x7 bytes1.
Examplesof this instructionareillustratedin Table8 for operanda = b7b6b5b4 b3b2b1b8 .

Instructionextqh canalsobeusedaspartof aninstructionsequenceto casta1-bytesignedchar into
a long int by first shifting thechar left until it is in themostsignificantbytepositionandthendoing
anarithmeticright shift by 56. In particular, considertheC expression(long int) *src , wheresrc
is of typechar * . Supposesrc is in register$17 andwewanttheresultto beplacedin register$0. This
couldbeimplementedby thecodesequence:

ldq_u $0,0($17) # Get quad word containing *src
lda $1,1($17) # Compute shift amount
extqh $0,$1,$0 # Shift *src into MSB of $0
sra $0,0x38,$ 0 # Shift *src into LSB with sign extension

To understandthiscodesequence,supposethatthelower3 bitsof src haveintegervalue 3 , with 0 6�376 7.
Thenthe ldq_u instructionwould load thedesiredbyte into byte 3 of register$0. To get this byte into
themostsignificantbyteposition,we mustshift left by 7 *83 bytes. This canbedoneusingtheusingthe
extqh instructionwith ashift amountof � 8 *��93�� 1!:! mod8 � 7 *;3 .

2.6.2. Byte Zapping

Thefinal pair of instructionsin Table7 allow selective zeroingof bytesusinga bit maskgivenby the low
order8 bits of operandb. Numberingthesebits from 0 (leastsignificant)to 7 (mostsignificant),eachbit
indicateswhetherto copythecorrespondingbytefrom operanda to thedestinationor to setthisdestination
byteto 0. Thetwo instructions:zap andzapnot differ only in thesenseof thebit interpretations.

2.7. UsefulSpecialCaseOperations

1Theofficial descriptionof this in [2] is misleading.They claim it will shift left by 8-(b&0x7) bytes,implying a resultof all
0’s whenthelower 3 bitsof b are0. Underthis condition,however, theinstructiondoesn’t shift thesourceoperandatall
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Form Description Actual Implementation
nop No operation bis $31, $31, $31
– Alternatenooperation ldq_u $31, 0($sp)
mov $1, $2 Move register bis $31, $1, $2
mov 17, $2 Move literal bis $31, 17, $2
sextl $1, $2 Move longwordandsign-extend addl $31, $1, $2

Table9: SpecialCaseOperations

Instruction Description BranchCondition
beq BranchonEqual a == 0
bne BranchonNot Equal a != 0
bgt BranchonGreaterThan a > 0
bge BranchonGreaterThanor Equal a >= 0
blt BranchonLessThan a < 0
ble BranchonLessThanor Equal a <= 0
blbc BranchonLowerBit Clear !(a & 0x1)
blbs BranchonLowerBit Set a & 0x1
br Branch 1
bsr Branchto Subroutine 1

Table10: BranchInstructions

In anattemptto makeassemblylanguagemorereadable,somecommonlyusedpatternsaregivenspecial
names.Thesetypically involvedegeneratecases,suchascopyingfromoneregisterto another. They exploit
thefactthatintegerregister$31 isalways0. Table9 listssometypicalcasesandtheirtranslationsintoactual
Alpha instructions.No-op instructionsnop arecommonlyusedto padcodeto meetspecifiedalignment
requirements.The instructionbis $31, $31, $31 hasno effect, sincethedestinationregister$31
never changes.Sometimesthe compilergeneratesa secondform of no-opshown in the secondrow of
the table. It performsan unalignedload using the stackpointer$sp as the baseregister, but it hasno
effect sincethedestinationregisteris $31 . Move instructionsmov areusedto transferfrom oneregisterto
another, or to setaregisterto aconstantvalue.Thesignextensionoperationsextl is thecommonmethod
for converting from C int ’s to long int ’s. For example,it is commonto seeinstructionsof theform
sextl $16, $16 to convert anintegerargumentpassedin register$16 into thenumericallyequivalent
quadword.

Note that the native C compiler CC makesuseof thesespecialnames. The GCC compiler, on the
otherhand,generatesthe“implementationform” shown in the right handcolumnof Table9, asdoesthe
disassemblerdis . Understandingthesespecialcasesis importantto beingableto readthecodegenerated
by theseprograms.

2.8. Transfersof Control

Transfersof controlcomein two flavors: branchesandjumps.Mostbranchesareconditional—whether
or not they aretakendependsontheresultof comparinganoperandregisterto 0. They haveformat(shown
for beq):
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S floating T floating Description Computation
adds addt Add c = a + b
subs subt Subtract c = a - b
muls mult Multiply c = a * b
divs divt Divide c = a / b

Table11: FloatingPointArithmetic Operations.Eachinstructionhasa singleprecision(S floating)anda
doubleprecision(T floating)version.

beq � � , 
=<>0:?A@

where � � denotestheregisterbeingtestedand 
B<C0D?E@ is a labeldesignatingsomepositionin theassembly
code.Theassemblerautomaticallytranslatesthis label into anoffsetrelative to theprogramcounter. The
upperpartof Table10documentsthedifferentconditionalbranchtypesandtheconditionunderwhichthey
aretaken.C syntaxis usedwith variablea denotingthecontentsof register ��� .

As shown in thelowerpartof Table10,two specialbranchforms: br andbsr branchunconditionally.
Theunconditionalbranchbr typicallyhasregister$31 asoperand��� . Thelabelthendesignatesthebranch
target. Thebranchto subroutineinstructionhasthesameformatasotherbranches,but registerargument
��� is usedin a totally differentway. It designateswherethecurrentvalueof theprogramcountershouldbe
storedto allow thesubroutineto returnto thecalling point. Theconventionis to useregister$26 for this
purpose.

Jumpinstructionsprovideunconditionaltransfersof controlwith thetargetaddressspecifiedbyaregister.
We will usethreedifferentforms:

jmp $31, ( ��� ), F)��GH

jsr ��� , ( ��� ), F)��GH

ret $31, ( � � ), F)��GH


In all casesF)��GH
 is optional informationinsertedby the compilerto help the processorpredict the jump
target. Theexactnatureof thesehintsis notourconcern.

The unconditionaljump instructionjmp designatesthe jump target addressin register � � . The jump
to subroutineinstructionjsr givesthe target in register ��� andthe register to storethe currentprogram
counterasargument��� . Theconventionis to useregister$26 for thispurpose.Thereturninstructionret
is functionallyequivalentto a jump—it givesthetargetaddressasregister � � . By conventionalthis will be
register$26 , holding to programcountersetby theprecedingbsr or jsr . Both the jmp andthe ret
operationshave anoperand��� , but this is typically register$31 .

2.9. Floating Point

Floatingpoint instructionsusea setof 32 floatingpoint registers,named$f0 to $f31 . Four floating
point formatsaresupported,but we areonly interestedin two: theS floatingformat implementingIEEE
singleprecisionandtheT floatingformatimplementingIEEEdoubleprecision.Eachfloatingpointregister
is 8 bytes,but it canholdeitherasingleprecisionor a doubleprecisionvalue.
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Instruction Description Computation
cmpteq Equality c = (a == b) ? 2.0 : 0.0
cmptle Lessthanor equal c = (a <= b) ? 2.0 : 0.0
cmptlt Lessthan c = (a < b) ? 2.0 : 0.0

Table12: FloatingPointComparisonOperations

Instruction Description BytesAccessed Effective Address Effect
lds LoadS floating 4 ����������� a = *EA
ldt LoadT floating 8 ����������� a = *EA
sts StoreS floating 4 ����������� *EA = a
stt StoreT floating 8 ����������� *EA = a

Table13: FloatingPointLoadandStoreOperations

In general,thefloatingpoint operationsmirror thebehavior of a subsetof the integer operations.For
example,floatingpointarithmeticoperationshave just oneformat(shown for instructionaddt ):

addt I�� , I�� , I�	

where I�� and I�� indicatethetwo sourceregisters,and I�	 indicatesthedestinationregister. Table11 lists
thecommonarithmeticoperations,usingC variablesa andb to denotethesourceoperandsandc to denote
thedestination.

Table12 lists someof thefloatingpoint comparisonoperations.Thesesetthedestinationregister I�	 to
2.0if thecomparisonholdsandto 0.0 if it doesnot.

Floatingpoint loadandstoreinstructionshave thesameformatastheir integercounterparts,exceptthat
they usefloatingpoint registersfor data.For instructionlds , theformatis:

lds I�� , #$�&%(' ( ��� )

OperandsI�� and ��� indicateregisters,while #)�&%(' is a constantdisplacement rangingbetween* 32+ 768
and � 32+ 767. Floating point register I � indicatesthe destination(load) or source(store)of the data,
while thecombinationof ��� and #$�,%-' indicatesthememorylocationto access.Table13 lists thedifferent
instructions,theireffectiveaddresscalculations(matchingthecalculationsfor integerloadsandstores),and
the instructioneffect. Theseloadandstoreoperationsmusthave alignedaddresses,i.e., singleprecision
loadsandstoresmusthave ��� bea multiple of 4, while doubleprecisionloadsandstoresmusthave ���
beamultipleof 8.

As indicatedin Table14,therearealsoconditionalmovesfor floatingpointvalues.Thesehavethesame
formatasarithmeticoperations(shown herefor fcmoveq ):

fcmoveq I�� , I�� , I�	
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Instruction Description MoveCondition
fcmoveq ConditionalMoveonEqual a == 0.0
fcmovne ConditionalMoveonNot Equal a != 0.0
fcmovgt ConditionalMoveonGreaterThan a > 0.0
fcmovge ConditionalMoveonGreaterThanor Equal a >= 0.0
fcmovlt ConditionalMoveonLessThan a < 0.0
fcmovle ConditionalMoveonLessThanor Equal a <= 0.0

Table14: ConditionalMove Instructions

Instruction Description BranchCondition
fbeq BranchonEqual a == 0.0
fbne BranchonNot Equal a != 0.0
fbgt BranchonGreaterThan a > 0.0
fbge BranchonGreaterThanor Equal a >= 0.0
fblt BranchonLessThan a < 0.0
fble BranchonLessThanor Equal a <= 0.0

Table15: FloatingPointBranchInstructions

Thevaluein register I � is conditionallycopiedto register I 	 basedon theresultof comparingI � to 0.0.

Table15 describestheconditionalbranchinstructionsfor floatingpoint. They have formatsimilar to
theintegerbranchinstructions(shown for fbeq ):

fbeq I�� , 
B<C0:?A@

Thedecisionof whetheror not to branchis basedon theresultof comparingregister I � to 0.0.

Finally, asTable16 indicates,thereis a setof operationsfor convertingbetweenthedifferentnumeric
formats.Eachof thesehasthesameformat(shown herefor cvtqs ):

cvtqs I�� , I�	

Instruction From To
cvtqs Quadinteger S floating
cvtqt Quadinteger T floating
cvtsq S floating Quadinteger
cvttq T floating Quadinteger
cvtts T floating S floating
cvtst S floating T floating

Table16: FloatingPointConversionOperations
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RegisterName SoftwareName Use
$0 v0 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 Reservedfor assembler
$29 or $gp gp Globalpointer
$30 or $sp sp Stackpointer
$31 zero Always0

Table17: IntegerRegisterUsageConventions

whereI�� indicatesthesourceregister, and I�	 indicatesthedestinationregister. Surprisingly, afloatingpoint
register is usedeven whenthe sourceor destinationis a quadword integer. The 8 bytesof the floating
point registeraresimply interpretedasa two’s complementnumberin thesecases.In fact, theonly way
to transferdatafrom a floatingpoint registerto aninteger registeris to storethefloatingpoint registerto
memoryandthenloadthevaluefrom memoryinto anintegerregister.

Evenin programsthatdo not usefloatingpoint operations,onecommonlyseesthegeneratedmachine
codeusingfloatingpointregistersasdestinationsof loadsandsourcesof stores.In thesecases,theregisters
arejust beingusedaslocationscapableof holding4- or 8-bytevalues.Thecompileris evidentally trying
to getbetterperformanceby usingboththeintegerandthefloatingpoint registersets.

3. Programming Conventions

TheAlpha hardwareprovidesonly low-level supportfor handlingtaskssuchassettingupprocedurecalls,
maintainingthecallingstack,andallocatingspacefor datastructures.Built ontopof this low-level support
isasetof conventionsthatall compilerwritersandassemblycodegeneratorsaresupposedto follow. Having
uniformconventionsmakesit possibleto link togethercodegeneratedfrom differentsources,e.g.,to have
your C codebeableto useroutinesfrom thestandardUnix libraries. In addition,it enablestoolssuchas
debuggers,profilers,andperformancemonitorsto work oncodeindependentof how it wasgenerated.

In this sectionwe summarizesomeof thekey featuresof theAlpha programmingconventions. More
extensivedocumentationcanbefoundin [1].

3.1. RegisterUsage

Alphahas32integerregisters,identifiedas$0 upto $31 . As far asthehardwaregoes,only oneof these
is special—register$31 is alwaysequalto 0. Evenif it is thedestinationof anoperation,its valuenever
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changes.Thus,register$31 is often usedasa “sink” whenthevalueof someoperationis not required,
suchasfor thenop operationof Table9.

The remaininginteger registersarepartitionedinto differentgroupswith differentuses,asshown in
Table17. Registerscanbeidentifiedin severalways: by their numbers$0–$31 , by specialnames$fp ,
$at , $gp , $sp , or by “software”namesthataresupposedto moreclearlyidentify theirusageconventions.
Thesesoftwarenamesareactually just macrodefinitionsfrom file regdef.h . We will generallyrefer
to registersby number, sincethis is seenin the .s files generatedby theC compiler. The disassembler
programdis generatesthesoftwarenamesby defaultbut canbemadeto generatenumericidentifiersusing
thecommandline flag -h .

Observe that somelines in the table refer to the sameregister, indicating overlappingusages. For
example,register$27 generallyholdsthestartingaddressof thecurrentlyexecutingprocedure,but it can
alsobeusedjust for temporarystorage.

Register$0 is usedto returnaninteger(or pointer)valueto thecalling procedure.Registers$1 to $8
and$22 to $25 canbeusedby a procedurefor arbitrarytemporaryvalues.However, if procedureA calls
procedureB, thereis noguaranteethatthevaluesin theseregisterswill beunchangedwhenB returnsback
to A. Registers$9 to $14 are“calleesaved” registers.Thatmeansthatany procedureusingthemmustfirst
savetheold valuesonthestackandthenrestorethembeforeit returns.Thus,if A callsB, it canbeassured
thattheseregistervaluesareunchangedwhenB returnsbackto A, eitherbecauseB did notalter them,or
becauseB saved,altered,andlaterrestoredthem.

Register$15 canbeusedasa “frame pointer,” indicatingthestartof thecurrentstackframe. Most of
thetime this is notdone,however—all stackaddressingis donerelative to thestackpointer.

Registers$16 to $21 areusedto passinteger(or pointer)argumentsto a procedure.If needed,more
argumentscanbepassedon theprogramstack.

Register $26 generallyholds the addressto which the currently-executingprocedureshouldreturn.
Register$27 generallypointsto thecurrentlyexecutingprocedure.Thetypicalwayfor procedureA to call
procedureB is to loadthestartingaddressof B into register$27 andthenexecutetheinstruction:

jsr $26, ($27)

ProcedureB thenreturnsto A by executingtheinstruction

ret ($26)

Register$29 is usedasa“global pointer,” indicatingaregion in memorywhereglobaldataandlinkage
informationis maintained.

Register$30 is usedasthe“stackpointer,” indicatingtheaddressof thetop elementof thestack.The
stackgrows towardloweraddresses.

Table 18 indicatesthe usageconventionsfor the floating point registers. Like the integer registers,
only floating point register$f31 hasany specialhardware-implementedfeatures—itis alwaysequalto
0.0. Theremainderarepartitionedby conventioninto returnvalues($f0 –$f1 ), calleesaved($f2 –$f9 ),
temporaries($f10 –$f15 and$f22 –$f30 ), andprocedurearguments($f16 –$f21 ).
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RegisterName Use
$f0 Returnedvaluefrom floatingpoint functions
$f1 Returnedimaginaryvaluefrom complex functions
$f2 –$f9 Calleesaved
$f10 –$f15 Temporaries
$f16 –$f21 Floatingpointarguments
$f22 –$f30 Temporaries
$f31 Always0.0

Table18: FloatingPointRegisterUsageConventions

3.2. Stack Frames

Theprogramstackis usedastheworkingstoragefor procedures.Eachprocedurerequiringlocalstorageto
holdlocaldataor linkageinformationallocatesastackframeuponentryanddeallocatesit beforereturning.

Not all proceduresrequirestackspace.As long asa proceduredoesnot call any otherproceduresand
canfit all thedatait requiresin registers,it neednotallocatea frame.

Figure1 showsthegeneralform of a stackframe.Notethatthestackgrows towardloweraddresses,so
thetopof thestackis actuallythelowestaddress.Wewill draw theframewith the“top” of thestackonthe
bottomof thefigure. Thefigure illustratesthemostgeneralstackframeform—notall proceduresrequire
all parts.

We will refer to the partsof the framerelative to the currentlyactive procedure,i.e., the one who’s
frameis at thetopof thestack.If thisprocedurehadmoreargumentsthancouldbepassedin theintegeror
floatingpoint registers(e.g.,if it hadmorethan6 integeror pointerarguments),theremainingarguments
would be on thestackaspart of the caller’s frame. The “frame pointer” indicatesthe top of the caller’s
frame. Typically, this framepointeris “virtual”, meaningthat it’s valueis definedin termsof someoffset
relative to thestackpointer. Thefirst portionof theframeholdsany local or temporarydatathatcannotbe
heldin registers.This will typically includelocal arraysandany local variableto which a pointermustbe
generated.Thenext partof theframeprovidesstoragefor any registersthat theprocedureneedsto save.
Typically this includesthereturnaddresspointer(storedfirst) andtheold valuesof any calleesaveregisters
to beusedby thecurrentprocedure.Finally, thetoppartof theframeconsistsof temporaryspaceto beused
in building theargumentsto proceduresto becalledby thecurrentprocedure.This areais requiredonly if
thecurrentprocedurecallsanotherprocedurewith moreargumentsthancanbepassedthroughregisters.

A final requirementis thattheframesizemustbea multiple of 16 bytes.This requirementis satisfied
by paddingtheregion for localsandtemporariesasneeded.
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