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1 Intr oduction

SMIPSis the versionof the MIPS instructionsetarchitecture(ISA) we'll be usingfor the processorswe
implementin 6.884. SMIPSstandsfor SimpleMIPS sinceit is actuallya subsetof the full MIPS ISA.
TheMIPSarchitecturewasoneof the�rst commercialRISC(reducedinstructionsetcomputer)processors,
andgrew out of theearlierMIPS researchprojectat StanfordUniversity. MIPS stoodfor “Microprocessor
without InterlockingPipelineStages”andthe goal wasto simplify the machinepipelineby requiringthe
compilerto schedulearoundpipelinehazardsincludinga branchdelayslot anda load delayslot. Today,
MIPS CPUsareusedin a wide rangeof devices: Casiobuilds handheldPDAs usingMIPS CPUs,Sony
usestwo MIPS CPUsin the Playstation-2,many Cisco internetrouterscontainMIPS CPUs,andSilicon
GraphicsmakesOrigin supercomputerscontainingup to 512MIPS processorssharinga commonmemory.
MIPS implementationsprobablyspanthewidestrangefor any commercialISA, from simplesingle-issue
in-orderpipelinesto quad-issueout-of-ordersuperscalarprocessors.

Thereareseveral variantsof the MIPS ISA. The ISA hasevolved from the original 32-bit MIPS-I archi-
tectureusedin theMIPS R2000processorwhich appearedin 1986.TheMIPS-II architectureaddeda few
more instructionswhile retaininga 32-bit addressspace.The MIPS-II architecturealsoaddedhardware
interlocksfor the load delayslot. In practice,compilerscouldn't �ll enoughof the load delayslotswith
usefulwork andthe NOPsin the load delayslotswastedinstructioncachespace.(Removing the branch
delayslotsmight alsohave beena goodidea,but would have requireda secondsetof branchinstruction
encodingsto remainbackwardscompatible. ) The MIPS-III architecturedebutedwith the MIPS R4000
processor, andthis extendedtheaddressspaceto 64 bits while leaving theoriginal 32-bit architectureasa
propersubset.The MIPS-IV architecturewasdevelopedby Silicon Graphicsto addmany enhancements
for �oating-point computationsandappeared�rst in theMIPS R8000andlaterin theMIPS R10000.Over
thecourseof time, theMIPS architecturehasbeenwidely extended,occasionallyin non-compatibleways,
by differentprocessorimplementors.MIPS Technologies,who now own thearchitecture,aretrying to ra-
tionalizethe architectureinto two broadgroupings:MIPS32is the 32-bit addressspaceversion,MIPS64
is the 64-bit addressspaceversion. Thereis alsoMIPS16,which is a compactencodingof MIPS32that
only uses16 bits for eachinstruction. You can�nd a completedescriptionof the MIPS instructionsetat
theMIPS Technologieswebsite[2] or in thebookby KaneandHeinrich[3]. Thebookby Sweetmanalso
explainsMIPS programming[4]. Anothersourceof MIPS detailsandimplementationideasis “Computer
OrganizationandDesign:TheHardware/SoftwareInterface”[1].
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2 CPU

TheSMIPSCPUimplementsasubsetof the32-bitMIPS-II ISA (all integeroperationsexcepttrapinstruc-
tions,misalignedload/stores,andmultiprocessorinstructions).Figure1 shows theprogrammervisiblestate
in theCPU.Thereare31generalpurpose32-bit registersr1 –r31 . Registerr0 is hardwiredto theconstant
0. Therearethreespecialregistersde�ned in thearchitecture:two registershi andlo areusedto hold the
resultsof integermultipliesanddivides,andtheprogramcounterpc holdstheaddressof theinstructionto
beexecutednext. Thesespecialregistersareusedor modi�ed implicitly by certaininstructions.

SMIPS hasa single programmer-visible branchdelay slot. Loadsare fully interlocked, so there is no
programmer-visible loaddelayslot.

Multiply instructionsperform32-bit� 32-bit ! 64-bit signedor unsignedinteger multiplies placing the
result in the hi and lo registers. Divide instructionsperforma 32-bit=32-bit signedor unsigneddivide
returningbotha 32-bit integerquotientanda 32-bit remainder. Integermultipliesanddividescanproceed
in parallelwith otherinstructionsprovidedthehi andlo registersarenot read.

2.1 Operating Modes

The SMIPSCPU hastwo operatingmodes:user modeandkernel mode. The currentoperatingmodeis
storedin theKUC bit in thesystemcoprocessor(COP0)status register. TheCPUnormallyoperatesin
usermodeuntil an exceptionforcesa switch into kernelmode. The CPU will thennormally executean
exceptionhandlerin kernelmodebeforeexecutingaRestoreFromException(RFE)instructionto returnto
usermode.

2.2 Unimplementedinstructions

Several instructionsin theMIPS-II instructionsetarenot supportedby theSMIPS.Theseinstructionsare
trappedandcanbeemulatedin softwareby a traphandler.
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031 031

031

General Purpose Registers Program Counter

Multiply/Divide Registers

Figure1: SMIPSCPUregisters.
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Themisalignedload/storeinstructions,LoadWordLeft (LWL), LoadWordRight (LWR), StoreWord Left
(SWL), andStoreWord Right (SWR), arenot implemented.A trap handlercanemulatethe misaligned
access.Compilersfor SMIPSshouldavoid generatingtheseinstructions,andshouldinsteadgeneratecode
to performthemisalignedaccessusingmultiplealignedaccesses.

SMIPS is not designedto operateas part of a sharedmemorymultiprocessorand so the MIPS-II mul-
tiprocessorsynchronisationinstructions,Load Linked (LL), StoreConditional(SC),andSynchronization
(SYNC),arenot implemented.

TheMIPS-II trapinstructions,TGE,TGEU,TLT, TLTU, TEQ,TNE, TGEI, TGEIU, TLTI, TLTIU, TEQI,
TNEI, arenot implemented.The illegal instructiontrap handlercanperform the comparisonand if the
conditionis metjump to theappropriateexceptionroutine,otherwiseresumeusermodeexecutionafterthe
trap instruction. Alternatively, theseinstructionsmay be synthesizedby theassembler, or simply avoided
by thecompiler.

The�oating pointcoprocessor(COP1)is notsupported.All MIPS-II coprocessor1 instructionsaretrapped
to allow emulationof �oating-point. For higherperformance,compilersfor SMIPScoulddirectlygenerate
callsto software�oating point codelibrariesratherthanemit coprocessorinstructionsthatwill causetraps,
thoughthiswill requiremodifying thestandardMIPScallingconvention.

3 SystemControl Coprocessor(CP0)

TheSMIPSsystemcontrolcoprocessorcontainsanumberof registersusedfor exceptionhandling,commu-
nicationwith a testrig, andthecounter/timer. TheseregistersarereadandwrittenusingtheMIPSstandard
MFC0 andMTC0 instructionsrespectively. Usermodecanaccessthesystemcontrol coprocessoronly if
thecu[0] bit is setin thestatus register. KernelmodecanalwaysaccessCP0,regardlessof thesetting
of thecu[0] bit. CP0controlregistersarelistedin Table1.

Number Register Description
0–7 unused.

8 badvaddr Badvirtual address.
9 count Counter/timerregister.

10 unused.
11 compare Timercompareregister.
12 status Statusregister.
13 cause Causeof lastexception.
14 epc Exceptionprogramcounter.

15–19 unused.
20 fromhost Testinput register.
21 tohost Testoutputregister.

22–31 unused.

Table1: CP0controlregisters.
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3.1 TestCommunication Registers

31 8 7 0
0 fromhost
24 8

31 8 7 0
0 tohost
24 8

Figure2: FromhostandTohostRegisterFormats.

Therearetwo registersusedfor communicatingandsynchronizingwith anexternalhosttestsystem.Typ-
ically, thesewill beaccessedover a scanchain. Thefromhost registeris an8-bit readonly registerthat
containsa valuewritten by thehostsystem.The tohost registeris an8-bit read/writeregisterthatcon-
tainsa valuethatcanbereadbackby thehostsystem.Thetohost registeris clearedby resetto simplify
synchronizationwith thehosttestrig. Their formatis shown in Figure2.

3.2 Counter/Timer Registers

31 0
count

32
31 0

compare
32

Figure3: CountandCompareRegisters.

SMIPSincludesacounter/timerfacility providedby thetwo coprocessor0 registerscount andcompare .
Both registersare32bitswide andarebothreadableandwriteable.Their formatis shown in Figure3.

Thecount registercontainsavaluethatincrementsonceeveryclockcycle.Thecount registerisnormally
only written for initialization andtestpurposes.A timer interruptis �agged in ip7 in thecause register
whenthecount registerreachesthesamevalueasthecompare register. Theinterruptwill only betaken
if bothim7 andiec in thestatus registerareset.Thetimer interrupt�ag in ip7 canonly beclearedby
writing thecompare register. Thecompare registeris usuallyonly readfor testpurposes.
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3.3 ExceptionProcessingRegisters

A numberof CP0registersareusedfor exceptionprocessing.

3.3.1 StatusRegister

31 28 27 16 15 8 7 6 5 4 3 2 1 0
CU 0 IM 0 KUo IEo KUp IEp KUc IEc
4 12 8 2 1 1 1 1 1 1

Figure4: StatusRegisterFormat

Thestatus registeris a 32-bit read/writeregisterformattedasshown in Figure4. Thestatus register
keepstrackof theprocessor's currentoperatingstate.

The CU �eld hasa singlebit for eachcoprocessorindicating if that coprocessoris usable. Bits 29–31,
correspondingto coprocessor's1,2,and3,arepermanentlywiredto 0asthesecoprocessorsarenotavailable
in SMIPS.Coprocessor0 is always accessiblein kernel moderegardlessof the settingof bit 28 of the
status register.

TheIM �eld containsinterruptmaskbits. Timer interruptsaredisabledby clearingim7 in bit 15. External
interruptsaredisabledby clearingim6 in bit 14. Theotherbits within theIM �eld arenot usedon SMIPS
andshouldbewrittenwith zeros.Table6 includesa listing of interruptbit positionsanddescriptions.

TheKUc/IEc/KUp/IEp/KUo/IEobitsform athreelevel stackholdingtheoperatingmode(kernel=0/user=1)
andglobal interruptenable(disabled=0/enabled=1) for thecurrentstate,andthetwo statesbeforethe two
previousexceptions.

Whenan exceptionis taken, thestackis shiftedleft 2 bits andzerois written into KUc andIEc. Whena
RestoreFrom Exception(RFE) instructionis executed,the stackis shiftedright 2 bits, andthe valuesin
KUo/IEo areunchanged.
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3.3.2 CauseRegister

31 30 29 28 27 16 15 8 7 6 2 1 0
BD 0 CE 0 IP 0 ExcCode 0
1 1 2 12 8 1 5 2

Figure5: CauseRegisterFormat

The cause register is a 32-bit register formattedas shown in Figure 5. The cause register contains
informationaboutthetypeof thelastexceptionandis readonly.

The ExcCode�eld containsan exceptiontype code. The valuesfor ExcCodeare listed in Table2. The
ExcCode�eld will typically bemaskedoff andusedto index into a tableof softwareexceptionhandlers.

ExcCode Mnemonic Description
0 Hint Externalinterrupt.
2 Tint Timer interrupt.
4 AdEL Addressor misalignmenterroron load.
5 AdES Addressor misalignmenterroron store.
6 AdEF Addressor misalignmenterroron fetch.
8 Sys Syscallexception.
9 Bp Breakpointexception.

10 RI Reservedinstructionexception.
11 CpU CoprocessorUnusable.
12 Ov ArithmeticOver�ow.

Table2: ExceptionTypes.

If theBranchDelaybit (BD) is set,theinstructionthatcausedtheexceptionwasexecutingin abranchdelay
slotandepc pointsto theimmediatelyprecedingbranchinstruction.Otherwise,epc pointsto thefaulting
instructionitself.

If theexceptionwasa coprocessorunusableexception,thentheCoprocessorError �eld (CE) containsthe
coprocessornumber. This �eld is unde�nedfor any otherexception.

TheIP �eld indicateswhich interruptsarepending.Field ip7 in bit 15 �ags a timer interrupt.Field ip6 in
bit 14 �ags anexternalinterruptfrom thehosttestsetup.TheotherIP bitsareunusedin SMIPSandshould
beignoredwhenread.Table6 includesa listing of interruptbit positionsanddescriptions.
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3.3.3 ExceptionProgram Counter

31 0
epc

32

Figure6: EPCRegister.

Epc is a32-bit readonly registerformattedasshown in Figure6. Whenanexceptionoccurs,epc is written
with thevirtual addressof theinstructionthatcausedtheexception,or if theinstructionwasexecutingin a
branchdelayslot, theaddressof thebranchinstructionimmediatelyprecedingthebranchdelayslot.

3.3.4 Bad Virtual Addr ess

31 0
badvaddr

32

Figure7: BadVAddr Register.

Badvaddr is a 32-bit readonly registerformattedasshown in Figure7. Whena memoryaddresserror
generatesanAdEL or AdESexception,badvaddr is written with thefaultingvirtual address.Thevalue
in badvaddr is unde�nedfor otherexceptions.
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4 Instruction Encodings

SMIPSusesthestandardMIPS instructionset.

4.1 Instruction Formats

Therearethreebasicinstructionformats,R-type,I-type,andJ-type.Thesearea �x ed32bits in length,and
mustbealignedon a four-byteboundaryin memory. An addresserrorexception(AdEF) is generatedif the
PCis misalignedon aninstructionfetch.

R-Type

31 26 25 21 20 16 15 11 10 6 5 0

opcode rs rt rd shamt funct
6 5 5 5 5 6

R-typeinstructionsspecifytwo sourceregisters(rs andrt) anda destinationregister(rd). The5-bit shamt
�eld is usedto specifyshift immediateamountsandthe6-bit functcodeis asecondopcode�eld.

I-Type

31 26 25 21 20 16 15 0

opcode rs rt immediate
6 5 5 16

I-typeinstructionsspecifyonesourceregister(rs)andadestinationregister(rt). Thesecondsourceoperand
is a signor zero-extended16-bit immediate.Logical immediateoperationsuseazero-extendedimmediate,
while all othersuseasign-extendedimmediate.

J-Type

31 26 25 0

opcode jumptarget
6 26

J-typeinstructionsencodea 26-bit jump target address.This valueis shiftedleft two bits to give a byte
addressthencombinedwith thetop four bitsof thecurrentprogramcounter.
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4.2 Instruction Categories

MIPS instructionscanbegroupedinto severalbasiccategories:loadsandstores,computationinstructions,
branchandjump instructions,andcoprocessorinstructions.

Load and Store Instructions

31 26 25 21 20 16 15 0

opcode rs rt immediate
6 5 5 16

LB/LH/LW base dest offset
LBU/LHU base dest offset
SB/SH/SW base src offset

Load andstoreinstructionstransfera valuebetweenthe registersandmemoryandareencodedwith the
I-typeformat.Theeffectiveaddressis obtainedby addingregisterrs to thesign-extendedimmediate.Loads
placeavaluein registerrt. Storeswrite thevaluein registerrt to memory.

The LW andSW instructionsload andstore32-bit registervaluesrespectively. The LH instructionloads
a 16-bit value from memoryand sign extendsthis to 32-bits beforestoring into register rt. The LHU
instructionzero-extendsthe16-bitmemoryvalue.Similarly LB andLBU loadsignandzero-extended8-bit
valuesinto registerrt respectively. TheSHinstructionwritesthelow-order16bitsof registerrt to memory,
while SBwritesthelow-order8 bits.

Theeffective addressmustbenaturallyalignedfor eachdatatype(i.e., on a four-byteboundaryfor 32-bit
loads/storesanda two-byteboundaryfor 16-bit loads/store).If not, anaddressexception(AdEL/AdES)is
generated.

The MIPS-I misalignedload/storeinstructionsLWL/LWR/SWL/SWRare not supportedin SMIPS.The
MIPS-II multiprocessorsynchronizationinstructions(LL,SC,SYNC)arenotsupportedin SMIPS.

Computational Instructions

Computationalinstructionsareeitherencodedasregister-immediateoperationsusingthe I-type formator
asregister-registeroperationsusingtheR-typeformat. Thedestinationis registerrt for register-immediate
instructionsandrd for register-registerinstructions.

Thereareonly eightregister-immediatecomputationalinstructions.
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31 26 25 21 20 16 15 0

opcode rs rt immediate
6 5 5 16

ADDI/ADDIU/SLTI/SLTIU src dest sign-extendedimmediate
ANDI/ORI/XORI/LUI src dest zero-extendedimmediate

ADDI andADDIU addthesign-extended16-bit immediateto registerrs. Theonly differencebetweenADD
andADDIU is that ADDI generatesan arithmeticover�ow exceptionif the signedresultwould over�ow
32 bits. SLTI (set lessthan immediate)placesa 1 in the register rt if register rs is strictly lessthanthe
sign-extendedimmediatewhenbotharetreatedassigned32-bit numbers,elsea 0 is written to rt. SLTIU
is similar but comparesthevaluesasunsigned32-bit numbers.NOTE: Both ADDIU and SLTIU sign-
extendthe immediate,even though they operateon unsignednumbers.

ANDI, ORI, XORI arelogical operationsthatperformbit-wiseAND, OR,andXOR on registerrs andthe
zero-extended16-bit immediateandplacetheresultin rt.

LUI (loadupperimmediate)is usedto build 32-bit immediates.It shiftsthe16-bit immediateinto thehigh-
order16-bits,shifting in 16zerosin thelow orderbits, thenplacestheresultin registerrt. Thers �eld must
bezero.

NOTE: Shifts by immediatevaluesare encodedin the R-type format using the shamt�eld.

ArithmeticR-typeoperationsareencodedwith azerovalue(SPECIAL)in themajoropcode.All operations
readthe rs andrt registersassourceoperandsandwrite the result into register rd. The 6-bit funct �eld
selectstheoperationtypefrom ADD, ADDU, SUB,SUBU, SLT, SLTU, AND, OR,XOR, andNOR.

31 26 25 21 20 16 15 11 10 6 5 0

opcode rs rt rd shamt funct
6 5 5 5 5 6

SPECIAL=0 src1 src2 dest 0 ADD/ADDU/SUB/SUBU
SPECIAL=0 src1 src2 dest 0 SLT/SLTU
SPECIAL=0 src1 src2 dest 0 AND/OR/XOR/NOR

ADD andSUB performaddandsubtractrespectively, but signalanarithmeticover�ow if theresultwould
over�ow the signed32-bit destination. ADDU and SUBU are identical to ADD/SUB except no trap is
createdon over�ow. SLT andSLTU performedsignedandunsignedcomparesrespectively, writing 1 to rd
if rs < rt, 0 otherwise.AND, OR, XOR, andNOR performbitwise logical operations.NOTE: NOR rd,
rx, rx performs a logical inversion (NOT) of registerrx.

Shift instructionsarealsoencodedusingR-typeinstructionswith theSPECIALmajoropcode.Theoperand
thatis shiftedis alwaysregisterrt. Shiftsby constantvalues(SLL/SRL/SRA)havetheshift amountencoded
in the shamt�eld. Shifts by variablevalues(SLLV/SRLV/SRAV) take the shift amountfrom the bottom
� ve bits of register rs. SLL/SLLV arelogical left shifts, with zerosshiftedinto the leastsigni�cant bits.
SRL/SRLV arelogicalright shiftswith zerosshiftedinto themostsigni�cant bits. SRA/SRAV arearithmetic
right shiftswhichshift in copiesof theoriginal signbit into themostsigni�cant bits.
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31 26 25 21 20 16 15 11 10 6 5 0

opcode rs rt rd shamt funct
6 5 5 5 5 6

SPECIAL=0 0 src dest shift SLL/SRL/SRA
SPECIAL=0 shift src dest 0 SLLV/SRLV/SRAV

Multiply anddivide instructionstargetthehi andlo registersandareencodedasR-typeinstructionsunder
theSPECIALmajoropcode.Multiply instructionstake two 32-bit operandsin registersrs andrt andstore
their64-bitproductin registershi andlo . MULT performsasignedmultiplicationwhileMULTU performs
anunsignedmultiplication.DIV andDIVU performsignedandunsigneddividesof registerrsby registerrt
placingthequotientin lo andtheremainderin hi . Dividesby zerodo not causea trap. A softwarecheck
canbeinsertedif required.

31 26 25 21 20 16 15 11 10 6 5 0

opcode rs rt rd shamt funct
6 5 5 5 5 6

SPECIAL=0 src1 src2 0 0 MULT/MULTU/DIV/DIVU
SPECIAL=0 0 0 dest 0 MFHI/MFLO
SPECIAL=0 src 0 0 0 MTHI/MTLO

Thevaluescalculatedby a multiply or divide instructionareretrieved from thehi andlo registersusing
theMFHI (move from hi ) andMFLO (move from lo ) instructions,which write registerrd. MTHI (move
to hi ) andMTLO (move to lo ) instructionsarealsoprovidedto allow themultiply registersto bewritten
with thevaluein registerrs (theseinstructionsareusedto restoreuserstateafteracontext swap).

Jump and Branch Instructions

Jumpsandbranchescanchangethe control �o w of a program. The MIPS ISA hasa singlearchitected
branchdelayslot, so the instructionfollowing a jump or branchis alwaysexecuted(exceptfor annulling
branchlikely instructionswhenthebranchis not taken).

Absolute jumps (J) and jump and link (JAL) instructionsuse the J-type format. The 26-bit jump
target is concatenatedto the high order four bits of the program counter of the delay slot, then
shifted left two bits to form the jump target address(using Verilog notation, the target addressis
{pcds[31:28],ta rg et [2 5:0 ], 2' b0} , wherepcds is thePCof theinstructionin thedelayslot.).
JAL storestheaddressof theinstructionfollowing thedelayslot (PC+8)into registerr31 .

31 26 25 0

opcode jumptarget
6 26

J/JAL offset
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Theindirectjumpinstructions,JR(jumpregister)andJALR (jumpandlink register),usetheR-typeencod-
ing undera SPECIALmajoropcodeandjump to theaddresscontainedin registerrs. JALR writesthelink
addressinto registerrd. NOTE: JR is redundantgiven that JALR with a destinationof r0 hasthe same
effect. This seemsto bea bug in the MIPS ISA!

31 26 25 21 20 16 15 11 10 6 5 0

opcode rs rt rd shamt funct
6 5 5 5 5 6

SPECIAL=0 src 0 0 0 JR
SPECIAL=0 src 0 dest 0 JALR

All branchinstructionsusetheI-typeencoding.The16-bit immediateis sign-extended,shiftedleft two bits,
thenaddedto theaddressof theinstructionin thedelayslot (PC+4)to give thebranchtargetaddress.

31 26 25 21 20 16 15 0

opcode rs rt immediate
6 5 5 16

BEQ/BNE src1 src2 offset
BLEZ/BGTZ src 0 offset

REGIMM src BLTZ/BGEZ offset
REGIMM src BLTZAL/BGEZAL offset

BEQ andBNE comparetwo registersandtake thebranchif they areequalor unequalrespectively. BLEZ
andBGTZ compareoneregisteragainstzero,andbranchif it is lessthanor equalto zero,or greaterthan
zero,respectively. BLTZ andBGEZ examinethe sign bit of the registerrs andbranchif it is negative or
positive respectively. TheBLTZAL andBGEZAL variantsstorea link registervaluein r31 regardlessof
whetherthebranchis takenor not. Thelink valueis theaddressof the instructionfollowing thedelayslot
(PC+8).

The MIPS-II extension to the ISA added a set of “branch likely” instructions
(BEQL/BNEL/BLEZL/BGTZL/BLTZL/BGEZL/BLTZALL/BGEZALL) that annul the instruction in
thebranchdelayslot if thebranchis not taken. Thesegive thecompilermore�e xibility in �lling branch
delayslots. If no instructionprecedingthebranchcanbemoved in to thedelayslot, the instructionat the
branchtarget canalwaysbe moved into the delayslot (the branchis changedto a branchlikely andthe
targetaddressis advancedby oneinstructionto skip over theoriginal target).

31 26 25 21 20 16 15 0

opcode rs rt immediate
6 5 5 16

BEQL/BNEL src1 src2 offset
BLEZL/BGTZL src 0 offset

REGIMM src BLTZL/BGEZL offset
REGIMM src BLTZALL/BGEZALL offset



SMIPSSpeci�cation.Version:20050215. 13

SystemCoprocessorInstructions

TheMTC0 andMFCOinstructionsaccessthecontrolregistersin coprocessor0, transferringavaluefrom/to
the coprocessorregister speci�ed in the rd �eld to/from the CPU register speci�ed in the rt �eld. It is
importantto notethatthecoprocessorregisteris alwaysin therd �eld andtheCPUregisteris alwaysin the
rt �eld regardlessof which registeris thesourceandwhich is thedestination.

31 26 25 21 20 16 15 11 10 6 5 0

opcode rs rt rd shamt funct
6 5 5 5 5 6

COP0 MF dest cop0src 0 0
COP0 MT src cop0dest 0 0
COP0 CO 0 0 0 RFE
COP0 CO 0 0 0 ICINV

The restorefrom exceptioninstruction,RFE, popsthe top value of the interrupt and kernel/userstatus
registerstack,restoringthepreviousvalues.This is normallyusedin thedelayslot of a JRinstructionthat
restoresthePC.

TheICINV (instructioncacheinvalidate)instruction�ushes the instructioncacheto ensureany preceding
writesto instructionmemorywill beobservedby theprocessorfetchunit.
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4.3 EncodingCharts

Figures8 and9 detailtheopcodedecodingfor SMIPS.A key to thesymbolsappearsbelow.

* Opcodesmarkedwith anasteriskcausea reservedinstructionexception.

� Opcodesmarkedwith axi areillegalbut donotcausea reservedinstructionexception.

� Opcodesmarkedwith aphi causeacoprocessor1 unusableexception.

� Opcodesmarkedwith adeltacauseacoprocessor2 unusableexception.

� Opcodesmarkedwith a thetacauseacoprocessor3 unusableexception.
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Figure8: SMIPSCPUInstructionEncodings.
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4.4 Instruction Tables

31 26 25 21 20 16 15 11 10 6 5 0

opcode rs rt rd shamt funct R-type
opcode rs rt immediate I-type
opcode target J-type

LoadandStoreInstructions
100000 base dest signedoffset LB rt, offset(rs)
100001 base dest signedoffset LH rt, offset(rs)
100011 base dest signedoffset LW rt, offset(rs)
100100 base dest signedoffset LBU rt, offset(rs)
100101 base dest signedoffset LHU rt, offset(rs)
101000 base dest signedoffset SB rt, offset(rs)
101001 base dest signedoffset SH rt, offset(rs)
101011 base dest signedoffset SW rt, offset(rs)

I-TypeComputationalInstructions
001000 src dest signedimmediate ADDI rt, rs,signed-imm.
001001 src dest signedimmediate ADDIU rt, rs,signed-imm.
001010 src dest signedimmediate SLTI rt, rs,signed-imm.
001011 src dest signedimmediate SLTIU rt, rs,signed-imm.
001100 src dest zero-ext. immediate ANDI rt, rs,zero-ext-imm.
001101 src dest zero-ext. immediate ORI rt, rs,zero-ext-imm.
001110 src dest zero-ext. immediate XORI rt, rs,zero-ext-imm.
001111 00000 dest zero-ext. immediate LUI rt, zero-ext-imm.

R-TypeComputationalInstructions
000000 00000 src dest shamt 000000 SLL rd, rt, shamt
000000 00000 src dest shamt 000010 SRLrd, rt, shamt
000000 00000 src dest shamt 000011 SRArd, rt, shamt
000000 rshamt src dest 00000 000100 SLLV rd, rt, rs
000000 rshamt src dest 00000 000110 SRLV rd, rt, rs
000000 rshamt src dest 00000 000111 SRAV rd, rt, rs
000000 src1 src2 dest 00000 100000 ADD rd, rs, rt
000000 src1 src2 dest 00000 100001 ADDU rd, rs, rt
000000 src1 src2 dest 00000 100010 SUBrd, rs, rt
000000 src1 src2 dest 00000 100011 SUBU rd, rs, rt
000000 src1 src2 dest 00000 100100 AND rd, rs, rt
000000 src1 src2 dest 00000 100101 ORrd, rs, rt
000000 src1 src2 dest 00000 100110 XOR rd, rs, rt
000000 src1 src2 dest 00000 100111 NORrd, rs, rt
000000 src1 src2 dest 00000 101010 SLT rd, rs, rt
000000 src1 src2 dest 00000 101011 SLTU rd, rs, rt

Table3: Instructionlisting for SMIPS.
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31 26 25 21 20 16 15 11 10 6 5 0

opcode rs rt rd shamt funct R-type
opcode rs rt immediate I-type
opcode target J-type

Multiply/Di vide Instructions
000000 00000 00000 dest 00000 010000 MFHI rd
000000 rs 00000 00000 00000 010001 MTHI rs
000000 00000 00000 dest 00000 010010 MFLO rd
000000 rs 00000 00000 00000 010011 MTLO rs
000000 src1 src2 00000 00000 011000 MULT rs,rt
000000 src1 src2 00000 00000 011001 MULTU rs, rt
000000 src1 src2 00000 00000 011010 DIV rs,rt
000000 src1 src2 00000 00000 011011 DIVU rs, rt

JumpandBranchInstructions
000010 target J target
000011 target JAL target
000000 src 00000 00000 00000 001000 JRrs
000000 src 00000 dest 00000 001001 JALR rd, rs
000100 src1 src2 signedoffset BEQrs,rt, offset
000101 src1 src2 signedoffset BNE rs,rt, offset
000110 src 00000 signedoffset BLEZ rs,offset
000111 src 00000 signedoffset BGTZ rs,offset
010100 src1 src2 signedoffset BEQL rs,rt, offset
010101 src1 src2 signedoffset BNEL rs,rt, offset
010110 src 00000 signedoffset BLEZL rs,offset
010111 src 00000 signedoffset BGTZL rs,offset
000001 src 00000 signedoffset BLTZ rs,offset
000001 src 00001 signedoffset BGEZ rs,offset
000001 src 00010 signedoffset BLTZL rs,offset
000001 src 00011 signedoffset BGEZL rs,offset
000001 src 10000 signedoffset BLTZAL rs,offset
000001 src 10001 signedoffset BGEZAL rs,offset
000001 src 10010 signedoffset BLTZALL rs,offset
000001 src 10011 signedoffset BGEZALL rs,offset

SystemCoprocessor(COP0)Instructions
010000 00000 dest cop0src 00000 000000 MFC0 rt, rd
010000 00100 src cop0dest 00000 000000 MTC0 rt, rd
010000 10000 00000 00000 00000 010000 RFE
010000 10000 00000 00000 00000 010100 ICINV

Table4: Instructionlisting for SMIPS.
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5 Addressingand Memory Protection

SMIPShasa full 32-bit virtual addressspacewith a full 32-bit physicaladdressspace. Sub-word data
addressingis big-endianon SMIPS.

Thevirtual addressspaceis split into two 2 GB segments,akernelonly segment(kseg) from 0x0000 0000
to 0x7fff ffff , anda kernelandusersegment(kuseg) from 0x8000 0000 to 0xffff ffff . The
segmentsareshown in Figure10.

In kernel mode,the processorcanaccessany addressin the entire4 GB virtual addressspace. In user
mode,instructionfetchesor scalardataaccessesto the kseg segmentareillegal andcausea synchronous
exception.TheAdEFexceptionis generatedfor anillegal instructionfetch,andAdEL andAdESexceptions
aregeneratedfor illegal loadsandstoresrespectively. For faultingstores,nodatamemorywill bewrittenat
thefaultingaddress.

Thereis no memorytranslationhardware on SMIPS.Virtual addressesaredirectly usedasphysicalad-
dressesin theexternalmemorysystem.Thememorycontrollersimply ignoresunusedhigh orderaddress
bits, in which caseeachphysicalmemoryaddresswill be shadowed multiple timesin the virtual address
space.

0x7fff_ffff
0x8000_0000

0xffff_ffff

0x0000_0000

2 GB

kseg

Read/Write
kusegKernel/User

2 GB

Read/Write
Kernel Only

Figure10: SMIPSvirtual addressspace.
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6 Reset,Interrupt, and ExceptionProcessing

Therearethreepossiblesourcesof disruptionto normalprogram�o w: reset,interrupts(asynchronousex-
ceptions),andsynchronousexceptions.Resetandinterruptsoccurasynchronouslyto theexecutingprogram
andcanbeconsideredto occurbetweeninstructions.Synchronousexceptionsoccurduring executionof a
particularinstruction.

If morethanoneof theseclassesof eventoccursonagivencycle,resethashighestpriority, andall interrupts
have priority over all synchronousexceptions. The tablesbelow show the priorities of different typesof
interruptandsynchronousexception.

The�o w of control is transferredto oneof two locationsasshown in Table5. Resethasa separatevector
from all otherexceptionsandinterrupts.

VectorAddress Cause
0x0000 1000 Reset
0x0000 1100 Exceptionsandinternalinterrupts.

Table5: SMIPSReset,Exception,andInterruptVectors.

6.1 Reset

Whentheexternalresetis deasserted,thePCis resetto 0x0000 1000 with kuc setto 0, andiec setto
0. Theeffect is to startexecutionat theresetvectorin kernelmodewith interruptsdisabled.Thetohost
registeris alsosetto zeroto allow synchronizationwith thehostsystem.All otherstateis unde�ned.

A typical resetsequenceis shown in Figure11.

reset_vector:
mtc0 zero, $9 # Initialize counter.
mtc0 zero, $11 # Clear any timer interrupt in compare.

# Initialize status with desired CU, IM, and KU/IE fields.
li k0, (CU_VAL|IM_VAL| KUIE_ VAL)
mtc0 k0, $12 # Write to status register.

j kernel_init # Initialize kernel software.

Figure11: Exampleresetsequence.
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6.2 Interrupts

Thetwo interruptspossibleon SMIPSarelistedin Table6 in orderof decreasingpriority.

Vector ExcCode Mnemonic IM/IP index Description

HighestPriority

0x0000 1100 0 Hint 6 Testerinterrupt.
0x0000 1100 2 Tint 7 Timer interrupt.

LowestPriority

Table6: SMIPSInterrupts.

All SMIPSinterruptsarelevel triggered.For eachinterruptthereis anIP �ag in thecause registerthatis
setif thatinterruptis pending,andanIM �ag in thestatus registerthatenablestheinterruptwhenset.In
additionthereis asingleglobalinterruptenablebit, iec , thatdisablesall interruptsif cleared.A particular
interruptcanonly occurif bothIP andIM for that interruptaresetandiec is set,andthereareno higher
priority interrupts.

Thehostexternalinterrupt�ag IP6 canbewritten by thehosttestsystemover a scaninterface. Usuallya
protocolover thehostscaninterfaceinformsthehostthatit cancleardown theinterrupt�ag.

Thetimer interrupt�ag IP7 is setwhenthevaluein thecount registermatchesthevaluein thecompare
register. The�ag canonly beclearedasaside-effect of a MTC0 write to thecompare register.

Whenaninterruptis taken,thePCis setto theinterruptvector, andtheKU/IE stackin thestatus register
is pushedtwo bits to theleft, with KUc andIEc bothclearedto 0. This startstheinterrupthandlerrunning
in kernelmodewith furtherinterruptsdisabled.Theexccode �eld in thecause registeris setto indicate
thetypeof interrupt.

Theepc registeris loadedwith a restartaddress.If theinstructionthattook theinterruptwasexecutingin
a branchdelayslot, the bd bit will be setandepc will point to the precedingbranch,otherwisebd will
beclearandepc will point to theinstructionitself. Theepc addresscanbeusedto restartexecutionafter
servicingtheinterrupt.

6.3 SynchronousExceptions

Synchronousexceptionsarelistedin Table7 in orderof decreasingpriority.

After a synchronousexception,the PC is set to 0x0000 1100 . The stackof kernel/userand interrupt
enablebitsheldin thestatus registeris pushedleft two bits,andbothkuc andiec aresetto 0.

The epc registeris setto point to the instructionthatcausedtheexception,unlessthat instructionis in a
branchdelayslot in which caseit points to the precedingbranchinstruction. The bd bit in the cause
registeris setif theexceptionoccuredin a branchdelayslot. Theexccode �eld in thecause registeris
setto indicatethetypeof exception.
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ExcCode Mnemonic Description

HighestPriority

6 AdEF Addressor misalignmenterroron fetch.
11 CpU CoprocessorUnusable.
10 RI Reservedinstructionexception.
8 Sys Syscallexception.
9 Bp Breakpointexception.

12 Ov ArithmeticOver�ow.
4 AdEL Addressor misalignmenterroron load.
5 AdES Addressor misalignmenterroron store.

LowestPriority

Table7: SMIPSSynchronousExceptions.

If theexceptionwasa coprocessorunusableexception(CpU), thece �eld in thecause registeris setto
thecoprocessornumberthatcausedtheerror. This �eld is unde�nedfor otherexceptions.

Theover�ow exception(Ov) canonly occurfor ADDI, ADD, andSUBinstructions.

If theexceptionwasanaddresserroron a loador store(AdEL/AdES),thebadvaddr registeris setto the
faultingaddress.Thevaluein badvaddr is unde�nedfor otherexceptions.
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