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1 Intr oduction

SMIPSis the versionof the MIPS instructionsetarchitecturgISA) we'll be usingfor the processorsve
implementin 6.884. SMIPS standsfor Simple MIPS sinceit is actuallya subsetof the full MIPS ISA.
TheMIPS architecturavasoneof the rst commerciaRISC (reducednstructionsetcomputer)processors,
andgrew out of the earlierMIPS researctprojectat StanfordUniversity MIPS stoodfor “Microprocessor
without Interlocking Pipeline Stages”andthe goal wasto simplify the machinepipeline by requiringthe
compilerto schedulearoundpipeline hazardsncluding a branchdelay slot anda load delayslot. Today
MIPS CPUsareusedin a wide rangeof devices: Casiobuilds handheldPDAs usingMIPS CPUs,Sory
usestwo MIPS CPUsin the Playstation-2mary CiscointernetrouterscontainMIPS CPUs,and Silicon
GraphicsmalkesOrigin supercomputersontainingup to 512 MIPS processorsharinga commonmemory
MIPS implementationgprobablyspanthe widestrangefor ary commerciallSA, from simplesingle-issue
in-orderpipelinesto quad-issu@ut-of-ordersuperscalaprocessors.

Thereare seseral variantsof the MIPS ISA. The ISA hasevolved from the original 32-bit MIPS-1 archi-
tectureusedin the MIPS R2000processowhich appearedn 1986. The MIPS-II architectureaddeda few
more instructionswhile retaininga 32-bit addressspace. The MIPS-II architecturealso addedhardware
interlocksfor the load delayslot. In practice,compilerscouldnt Il enoughof the load delay slotswith
usefulwork andthe NOPsin the load delay slotswastedinstructioncachespace.(Remaing the branch
delayslots might alsohave beena goodidea, but would have requireda secondsetof branchinstruction
encodinggo remainbackwardscompatible.) The MIPS-III architecturedetuted with the MIPS R4000
processqrandthis extendedthe addresspaceto 64 bits while leaving the original 32-bit architectureasa
propersubset.The MIPS-IV architecturevas developedby Silicon Graphicsto addmary enhancements
for oating-point computation@ndappearedrst in the MIPS R8000andlaterin the MIPS R10000.0ver
the courseof time, the MIPS architecturdhasbeenwidely extended occasionallyin non-compatiblavays,
by differentprocessoimplementors MIPS Technologieswho now own the architecturearetrying to ra-
tionalizethe architecturento two broadgroupings:MIPS32is the 32-bit addresspaceversion,MIPS64
is the 64-bit addresspaceversion. Thereis also MIPS16,which is a compactencodingof MIPS32that
only usesl6 bits for eachinstruction. You can nd a completedescriptionof the MIPS instructionsetat
the MIPS Technologiesvebsite[2] or in the bookby KaneandHeinrich[3]. Thebookby Sweetmaralso
explainsMIPS programmindg4]. Anothersourceof MIPS detailsandimplementationideasis “Computer
OrganizationandDesign: The Hardware/Softvare Interface”[1].
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2 CPU

The SMIPSCPUImplementsa subsebf the 32-bit MIPS-II ISA (all integer operationsxcepttrapinstruc-
tions, misalignedoad/storesandmultiprocessomstructions).Figurel shavs the programmevisible state
in theCPU.Thereare31 generapurpose32-bitregistersrl —+31 . RegisterrO is hardwiredto theconstant
0. Therearethreespecialregistersde ned in thearchitecturetwo registershi andlo areusedto hold the

resultsof integer multipliesanddivides,andthe programcounterpc holdsthe addres®f theinstructionto

be executednext. Thesespecialregistersareusedor modi ed implicitly by certaininstructions.

SMIPS hasa single programmetvisible branchdelay slot. Loadsare fully interlocled, so thereis no
programmewisible loaddelayslot.

Multiply instructionsperform 32-bit 32-bit !  64-bit signedor unsignedinteger multiplies placing the
resultin thehi andlo registers. Divide instructionsperforma 32-bit=32-bit signedor unsigneddivide
returningboth a 32-bit integer quotientanda 32-bit remainder Integer multiplies anddividescanproceed
in parallelwith otherinstructionsprovidedthehi andlo registersarenotread.

2.1 Operating Modes

The SMIPSCPU hastwo operatingmodes:user modeandkernel mode. The currentoperatingmodeis
storedin the KUC bit in the systemcoprocessofCOPOQ)status register The CPUnormally operatesn
usermodeuntil an exceptionforcesa switch into kernelmode. The CPU will thennormally executean
exceptionhandlerin kernelmodebeforeexecutinga RestoreFrom Exception(RFE)instructionto returnto
usermode.

2.2 Unimplementedinstructions

Severalinstructionsin the MIPS-II instructionsetare not supportedoy the SMIPS.Theseinstructionsare
trappedandcanbe emulatedn softwareby atraphandler

General Purpose Registers Program Counter

31 0 31 0
r31 | pC |
r30

! , Multiply/Divide Registers

I : 31 0

rl hi
ro lo

Figurel: SMIPSCPUregisters.
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Themisalignedoad/storanstructionsL.oad Word Left (LWL), LoadWord Right (LWR), StoreWord Left
(SWL), and StoreWord Right (SWR), are not implemented.A trap handlercan emulatethe misaligned
accessCompilersfor SMIPSshouldavoid generatingheseinstructionsandshouldinsteadgenerateode
to performthe misalignedaccessisingmultiple alignedaccesses.

SMIPS s not designedto operateas part of a sharedmemory multiprocessorand so the MIPS-II mul-
tiprocessosynchronisationinstructions,Load Linked (LL), StoreConditional(SC),and Synchronization
(SYNC), arenotimplemented.

The MIPS-II trapinstructions,TGE, TGEU, TLT, TLTU, TEQ, TNE, TGEI, TGEIU, TLTI, TLTIU, TEQI,
TNEI, are not implemented. The illegal instructiontrap handlercan performthe comparisonandif the
conditionis metjump to the appropriatexceptionroutine,otherwiseresumeusermodeexecutionafterthe
trap instruction. Alternatively, theseinstructionsmay be synthesizedy the assembleror simply avoided
by thecompiler

The oating pointcoprocessofCOP1)is not supportedAll MIPS-1I coprocessot instructionsaretrapped
to allow emulationof oating-point. For higherperformancecompilersfor SMIPScoulddirectly generate
callsto software oating point codelibrariesratherthanemit coprocessoinstructionghatwill causeraps,
thoughthiswill requiremodifying the standardMIPS calling corvention.

3 SystemControl Coprocessor(CPO)

TheSMIPSsystencontrolcoprocessotontainsanumberof registersusedfor exceptionhandling,commu-
nicationwith atestrig, andthe counter/timerTheseregistersarereadandwritten usingthe MIPS standard
MFCO0 andMTCO instructionsrespectiely. Usermodecanaccesghe systemcontrol coprocessoonly if
thecu[0] bitis setin thestatus register KernelmodecanalwaysaccessPO0,regardlesof the setting
of thecu[0] bit. CPOcontrolregistersarelistedin Tablel.

Number| Register Description
0-7 unused.
8 | badvaddr | Badvirtual address.
9 | count Counter/timeregister
10 unused.
11 | compare Timercompareegister
12 | status Statusregister
13 | cause Causeof lastexception.
14 | epc Exceptionprogramcounter
15-19 unused.
20 | fromhost Testinput register
21 | tohost Testoutputregister
22-31 unused.

Tablel: CPOcontrolregisters.
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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 be accessedver ascanchain. Thefromhost registeris an8-bit readonly registerthat
containsa valuewritten by the hostsystem.Thetohost registeris an 8-bit read/writeregisterthatcon-
tainsavaluethatcanbereadbackby the hostsystem.Thetohost registeris clearedby resetto simplify
synchronizationwith the hosttestrig. Theirformatis shavn in Figure2.

3.2 Counter/Timer Registers

31 0
| count |
32
31 0
| compare |
32

Figure3: CountandCompareRegisters.

SMIPSincludesa counter/timefacility provided by thetwo coprocessob registerscount andcompare .
Both registersare32 bits wide andarebothreadableandwriteable. Their formatis shavn in Figure3.

Thecount registercontainsavaluethatincrement®nceeveryclockcycle. Thecount registeris normally
only written for initialization andtestpurposesA timer interruptis aggedin ip7 in thecause register
whenthecount registerreacheshe samevalueasthecompare register Theinterruptwill only betaken
if bothim7 andiec inthestatus registerareset.Thetimerinterrupt ag inip7 canonly beclearedby
writing thecompare register Thecompare registeris usuallyonly readfor testpurposes.
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3.3 Exception ProcessingRegisters

A numberof CPOregistersareusedfor exceptionprocessing.

3.3.1 StatusRegister

31 28 27 16 15 8 76 5 4 3 2 1 0
[CU ] 0 [ M| 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/writeregisterformattedasshavn in Figure4. Thestatus register
keepstrackof the processos currentoperatingstate.

The CU eld hasa single bit for eachcoprocessomdicating if that coprocessors usable. Bits 29-31,
correspondingp coprocessos'l, 2, and3, arepermanentlyiredto 0 asthesecoprocessorarenotavailable
in SMIPS. Coprocessof is always accessiblen kernel moderegardlessof the settingof bit 28 of the
status register

ThelM eld containgnterruptmaskbits. Timerinterruptsaredisabledby clearingim?7 in bit 15. External
interruptsaredisabledby clearingim6 in bit 14. The otherbits within thelM eld arenotusedon SMIPS
andshouldbewritten with zeros.Table6 includesalisting of interruptbit positionsanddescriptions.

TheKUc/IEc/KUp/IEp/KUo/IEobitsform athreelevel stackholdingthe operatingnode(kernel=0/user=1)
andglobalinterruptenable(disabled=0/enabdkr1) for the currentstate,andthetwo statesbeforethe two
previousexceptions.

Whenan exceptionis taken, the stackis 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 2928 2716 15 8 7 6 2 10
[BD[ O] CE] 0 [ 1P [0]ExcCode] 0 |
1 1 2 12 8 1 5

Figure5: CauseRrggisterFormat

The cause registeris a 32-bit register formattedas shavn in Figure5. The cause register contains
informationaboutthetype of thelastexceptionandis readonly.

The ExcCode eld containsan exceptiontype code. The valuesfor ExcCodearelisted in Table2. The
ExcCodeeld will typically be masledoff andusedto index into atableof softwareexceptionhandlers.

ExcCode| Mnemonic| Description
0 | Hint Externalinterrupt.
2 | Tint Timerinterrupt.
4 | AJEL Addressor misalignmentrroronload.
5| AJES Addressor misalignmentrroron store.
6 | AdEF Addressor misalignmenerroronfetch.
8 | Sys Syscallexception.
9| Bp Breakpointexception.
10 | RI Reseredinstructionexception.
11| CpuU Coprocessodnusable.
12| Ov Arithmetic Over ow.

Table2: ExceptionTypes.

If theBranchDelaybit (BD) is set,theinstructionthatcausedhe exceptionwasexecutingin abranchdelay
slotandepc pointsto theimmediatelyprecedingoranchinstruction.Otherwisegpc pointsto thefaulting
instructionitself.

If the exceptionwasa coprocessounusablesxception,thenthe CoprocessoError eld (CE) containsthe
coprocessonumber This eld is unde nedfor ary otherexception.

ThelP eld indicateswhichinterruptsarepending.Fieldip7 inbit 15 ags atimerinterrupt.Fieldip6 in
bit 14 ags anexternalinterruptfrom the hosttestsetup.TheotherlP bits areunusedn SMIPSandshould
beignoredwhenread.Table6 includesalisting of interruptbit positionsanddescriptions.
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3.3.3 ExceptionProgram Counter

31 0
epc
32

Figure6: EPCRgister

Epc is a32-bitreadonly registerformattedasshavn in Figure6. Whenanexceptionoccursepc iswritten
with thevirtual addres®f the instructionthatcausedhe exception,or if theinstructionwasexecutingin a
branchdelayslot, theaddres®f the branchinstructionimmediatelyprecedinghe branchdelayslot.

3.3.4 Bad Virtual Address

31 0
| badvaddr
32

Figure7: BadVAddr Register

Badvaddr is a 32-bit readonly registerformattedasshavn in Figure7. Whena memoryaddressrror
generatesn AdEL or AJES exception,badvaddr is written with thefaulting virtual addressThevalue
in badvaddr is unde nedfor otherexceptions.
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4 Instruction Encodings

SMIPSuseshe standardMIPS instructionset.

4.1 Instruction Formats

Therearethreebasicinstructionformats,R-type,I-type, andJ-type.Thesearea x ed32bitsin length,and
mustbealignedon a four-byte boundaryin memory An addres®rrorexception(AdEF) is generatedf the
PCis misalignedon aninstructionfetch.

R-Type

31 26 2521 2016 1511 10 6 5 O
| opcode| rs | rt | rd [ shamt] funct |
6 5 5 5 5 6

R-typeinstructionsspecifytwo sourceregisters(rs andrt) anda destinatiorregister(rd). The 5-bit shamt
eld is usedto specifyshiftimmediateamountsandthe 6-bit functcodeis a secondpcode eld.

I-Type
31 26 2521 2016 15 0
| opcode| rs | rt | immediate |
6 5 5 16

I-type instructionsspecifyonesourceregister(rs) anda destinatiorregister(rt). Thesecondsourceoperand
is asignor zero-etendedl6-bitimmediate.Logicalimmediateoperationsisea zero-etendedmmediate,
while all othersusea sign-extendedmmediate.

J-Type

31 26 25 0
| opcode] jumptamget \
6 26

J-typeinstructionsencodea 26-bit jump target address.This valueis shifted left two bits to give a byte
addresshencombinedwith thetop four bits of the currentprogramcounter
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4.2 Instruction Categories

MIPS instructionscanbe groupednto seseral basiccatgyories:loadsandstorescomputationinstructions,
branchandjump instructionsandcoprocessoinstructions.

Load and Store Instructions

31 26 2521 2016 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 and storeinstructionstransfera value betweenthe registersand memoryand are encodedwith the
I-typeformat. Theeffective addresss obtainedby addingregisterrsto the sign-extendedmmediate Loads
placeavaluein registerrt. Storeswrite thevaluein registerrt to memory

The LW and SW instructionsload and store32-bit registervaluesrespectiiely. The LH instructionloads
a 16-bit value from memory and sign extendsthis to 32-bits before storing into registerrt. The LHU

instructionzero-etendsthe 16-bitmemoryvalue. Similarly LB andLBU loadsignandzero-etendedd-bit
valuesinto registerrt respectrely. The SHinstructionwritesthelow-order16 bits of registerrt to memory
while SB writesthelow-order8 bits.

The effective addressnustbe naturallyalignedfor eachdatatype (i.e., on a four-byte boundaryfor 32-bit
loads/storeanda two-byteboundaryfor 16-bitloads/store)lf not, anaddressxception(AdEL/AJES)is
generated.

The MIPS-I misalignedload/storeinstructionsLWL/LWR/SWL/SWRare not supportedn SMIPS. The
MIPS-1l multiprocessosynchronizationinstructiongLL,SC,SYNC)arenot supportedn SMIPS.

Computational Instructions

Computationalnstructionsare eitherencodedasregisterimmediateoperationausingthe I-type format or
asregisterregisteroperationaisingthe R-typeformat. The destinations registerrt for registerimmediate
instructionsandrd for registerregisterinstructions.

Thereareonly eightregisterimmediatecomputationainstructions.
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31 26 2521 2016 15 0
\ opcode [ rs |t | immediate \
6 5 5 16
ADDI/ADDIU/SLTI/SLTIU  src dest sign-extendedmmediate
ANDI/ORI/XORI/LUI src dest zero-extendedmmediate

ADDI andADDIU addthesign-ettendedl6-bitimmediateto registerrs. Theonly differencebetweerADD
andADDIU is that ADDI generatesin arithmeticover ow exceptionif the signedresultwould over ow
32 bits. SLTI (setlessthanimmediate)placesa 1 in the registerrt if registerrs is strictly lessthanthe
sign-etendedimmediatewhenboth aretreatedas signed32-bit numberselsea 0 is written to rt. SLTIU
is similar but compareghe valuesasunsigned32-bit numbers.NOTE: Both ADDIU and SLTIU sign-
extendthe immediate, eventhough they operateon unsignednumbers.

ANDI, ORI, XORI arelogical operationghatperformbit-wise AND, OR, and XOR on registerrs andthe
zero-atendedl6-bitimmediateandplacetheresultin rt.

LUI (loadupperimmediate)s usedto build 32-bitimmediateslt shiftsthe 16-bitimmediateinto the high-
order16-bits,shifting in 16 zerosin thelow orderbits, thenplacesheresultin registerrt. Thers eld must
bezero.

NOTE: Shifts by immediate valuesare encodedin the R-type format using the shamt eld.

Arithmetic R-typeoperationsareencodedvith azerovalue(SPECIAL)in themajoropcode All operations
readthers andrt registersas sourceoperandsand write the resultinto registerrd. The 6-bit funct eld
selectgheoperationtypefrom ADD, ADDU, SUB,SUBU, SLT, SLTU, AND, OR, XOR, andNOR.

31 26 2521 2016 1511 10 6 5 0
| opcode | rs | rt [ rd [ shamt] funct |
6 5 5 5 5 6
SPECIAL=0 srcl src2 dest 0 ADD/ADDU/SUB/SUBU
SPECIAL=0 srcl src2 dest 0 SLT/SLTU
SPECIAL=0 srcl src2 dest 0 AND/OR/XOR/NOR

ADD andSUB performaddandsubtractrespectiely, but signalanarithmeticover ow if theresultwould
over ow the signed32-bit destination. ADDU and SUBU are identicalto ADD/SUB exceptno trap is
createdonover ow. SLT andSLTU performedsignedandunsignedccomparesespectiely, writing 1 to rd
if rs < rt, 0 otherwise.AND, OR, XOR, andNOR performbitwise logical operations. NOTE: NOR rd,
rx, rx performs alogical inversion (NOT) of registerrx.

ShiftinstructionsarealsoencodedisingR-typeinstructionswith the SPECIAL majoropcode.Theoperand
thatis shiftedis alwaysregisterrt. Shiftsby constanvalues(SLL/SRL/SRA)have theshiftamountencoded
in the shamt eld. Shifts by variablevalues(SLLV/SRLV/SRAV) take the shift amountfrom the bottom

ve bits of registerrs. SLL/SLLV arelogical left shifts, with zerosshiftedinto the leastsigni cant bits.
SRL/SRLV arelogicalright shiftswith zerosshiftedinto themostsigni cant bits. SRA/SRA/ arearithmetic
right shiftswhich shift in copiesof the original signbit into the mostsigni cant bits.
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31 26 2521 2016 1511 10 6 5 0
| opcode | rs | rt | rd | shamt] funct |
6 5 5 5 5 6

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

Multiply anddivideinstructiongargetthehi andlo registersandareencodedisR-typeinstructionsunder
the SPECIAL majoropcode.Multiply instructionstake two 32-bit operandsn registersrs andrt andstore
their64-bitproductin registershi andlo . MULT performsasignedmultiplicationwhile MULTU performs
anunsignednultiplication. DIV andDIVU performsignedandunsignediividesof registerrs by registerrt
placingthe quotientin lo andtheremaindeiin hi . Dividesby zerodo not causeatrap. A softwarecheck
canbeinsertedf required.

31 26 2521 2016 1511 10 6 5 0
| opcode | rs [ rt | rd | shamt] funct \
6 5 5 5 5 6
SPECIAL=0 srcl src2 O 0 MULT/MULTU/DIV/DIVU
SPECIAL=0 O 0 dest 0 MFHI/MFLO
SPECIAL=0 src 0 0 0 MTHI/MTLO

Thevaluescalculatedoy a multiply or divide instructionareretrieved from the hi andlo registersusing
the MFHI (move from hi ) andMFLO (move from lo ) instructionswhich write registerrd. MTHI (move
to hi ) andMTLO (movetolo ) instructionsarealsoprovidedto allow the multiply registersto bewritten
with thevaluein registerrs (thesenstructionsareusedto restoreuserstateaftera context swap).

Jump and Branch Instructions

Jumpsand branchescan changethe control o w of a program. The MIPS ISA hasa single architected
branchdelayslot, so the instructionfollowing a jump or branchis always executed(exceptfor annulling
branchlikely instructionswhenthe branchis not taken).

Absolute jumps (J) and jump and link (JAL) instructionsuse the J-type format. The 26-bit jump
talget is concatenatedo the high order four bits of the program counter of the delay slot, then
shifted left two bits to form the jump tamget address(using Verilog notation, the target addressis
{pcds[31:28],ta rget[25:0], 2' b0},wherepcds isthePCof theinstructionin the delayslot.).
JAL storesheaddres®f theinstructionfollowing the delayslot (PC+8)into registerr31 .

31 26 25 0
| opcode] jumptamget \
6 26
J/IAL offset
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TheindirectjumpinstructionsJR (jumpregister)andJALR (jump andlink register),usethe R-typeencod-
ing undera SPECIAL majoropcodeandjump to theaddresontainedn registerrs. JALR writesthelink
addressnto registerrd. NOTE: JR isredundantgiventhat JALR with adestinationof rO hasthe same
effect. This seemdo bea bugin the MIPS ISA!

31 26 2521 2016 1511 10 6 5 O
| 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 branchinstructionsusethel-type encoding.The 16-bitimmediatds sign-extended shiftedleft two bits,
thenaddedo theaddres®f theinstructionin the delayslot (PC+4)to give the branchtargetaddress.

31 26 2521 20 16 15 0
| opcode | rs | rt \ immediate \
6 5 5 16
BEQ/BNE srcl src2 offset
BLEZ/BGTZ src 0 offset
REGIMM Ssrc BLTZ/BGEZ offset
REGIMM src  BLTZAL/BGEZAL offset

BEQ andBNE comparawo registersandtake the branchif they areequalor unequakespectiely. BLEZ
andBGTZ compareoneregisteragainsizero,andbranchif it is lessthanor equalto zero,or greaterthan
zero,respeciiely. BLTZ andBGEZ examinethe sign bit of the registerrs andbranchif it is negative or
positve respectiely. TheBLTZAL andBGEZAL variantsstorea link registervaluein r31 regardlessof
whetherthe branchis taken or not. Thelink valueis the addres®f the instructionfollowing the delayslot
(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

the branchdelayslot if the branchis not taken. Thesegive the compilermore e xibility in lling branch
delayslots. If noinstructionprecedinghe branchcanbe movedin to the delayslot, the instructionat the
branchtamget can always be moved into the delay slot (the branchis changedo a branchlikely andthe
tagetaddresss advancedby oneinstructionto skip over the original target).

31 26 2521 20 16 15 0
\ opcode | rs | rt \ immediate
6 5 5 16
BEQL/BNEL  srcl src2 offset
BLEZL/BGTZL src 0 offset
REGIMM src BLTZL/BGEZL offset

REGIMM src  BLTZALL/BGEZALL offset
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SystemCoprocessoinstructions

TheMTCO0andMFCO instructionsaccesshecontrolregistersin coprocessaob, transferringavaluefrom/to
the coprocessoregister speci ed in therd eld to/from the CPU registerspeciedin thert eld. It is
importantto notethatthe coprocessoregisteris alwaysin therd eld andthe CPUregisteris alwaysin the
rt eld regardlesof whichregisteris the sourceandwhichis thedestination.

31 26 2521 2016 15 11 10 6 5 0

|opcode| rs | rt [ rd | shamt| funct |
6 5 5 5 5 6
COPO MF dest copOsrc 0 0
COPO MT src copOdest O 0
COPO CO 0 0 0 RFE
COPO CO 0 0 0 ICINV

The restorefrom exceptioninstruction, RFE, popsthe top value of the interrupt and kernel/userstatus
registerstack,restoringthe previousvalues.This is normallyusedin the delayslot of a JRinstructionthat
restoreghePC.

ThelCINV (instructioncacheinvalidate)instruction ushes the instructioncacheto ensureary preceding
writesto instructionmemorywill beobsered by the processofetchunit.
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4.3 Encoding Charts

Figures8 and9 detailthe opcodedecodingior SMIPS.A key to the symbolsappeardelow.

* Opcodegnarkedwith anasteriskcausearesenredinstructionexception.

Opcodesnarkedwith axi areillegal but do not causearesered instructionexception.

Opcodesnarkedwith a phi causea coprocessot unusablexception.

Opcodesnarkedwith a deltacausea coprocesso? unusablexception.

Opcodesnarkedwith athetacausea coprocesso8 unusablexception.

14

28...26 Opcode
31..29 ¢ 1 2 3 4 5 6 7
0 [SPECIAL|REGIMM J AL BEQ BNE BLEZ BGTZ
1 | ADDI | ADDIU SLTI SLTIU ANDI ORI XORI LUI
2 | COPO F d Q BEQL BNEL | BLEZL | BGTZL
3 * * * * * * * *
4 LB LH * LW LBU LHU * *
5 SB SH * SW * * * *
6 * F d Q * F d Q
7 * F d Q * F d Q
2 0 SPECIAL function
5.3 0 1 2 3 4 5 6 7
0 SLL * SRL SRA SLLV * SRLV SRA/
1 JR JALR * * SYSCALL| BREAK * SYNC
2 | MFHI MTHI MFLO | MTLO * * * *
3 | MULT | MULTU DIV DIVU * * * *
4 ADD ADDU SUB SUBU AND OR XOR NOR
5 * * SLT SLTU * * * *
6 * * * * * * * *
7 * * * * * * * *
18..16 REGIMM rt
20..19 0 1 2 3 4 5 6 7
0 [ BLTZ BGEZ | BLTZL | BGEZL * * * *
1 * * * * * * * *
2 | BLTZAL | BGEZAL |BLTZALL [BGEZALL * * * *
3 * * * * * * * *

Figure8: SMIPSCPU InstructionEncodings.
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23..21 COPO s
0 MFCO X X X MTCO X X X
1 X X X X X X X X
g COo0
2.0 COPO function
5...3 O 1 2 3 4 5 6 7
0 X X X X X X X X
1 X X X X X X X X
2 RFE X X X ICINV X X X
3 X X X X X X X X
4 X X X X X X X X
5 X X X X X X X X
6 X X X X X X X X
7 X X X X X X X X

Figure9: SMIPSCOPOInstructionEncodings.
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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
opcode rs rt immediate
opcode target

LoadandStorelnstructions

100000 base dest signedoffset
100001 base dest signedoffset
100011 base dest signedoffset
100100 base dest signedoffset
100101 base dest signedoffset
101000 base dest signedoffset
101001 base dest signedoffset
101011 base dest signedoffset

I-Type Computationalnstructions
001000 src dest signedmmediate
001001 src dest signedmmediate
001010 src dest signedmmediate
001011 src dest signedmmediate
001100 src dest zero-&t. immediate
001101 src dest zero-&t. immediate
001110 src dest zero-&t. immediate
001111 00000 dest zero-et. immediate

R-Type Computationalnstructions
000000 00000 src dest shamt 000000
000000 00000 src dest shamt 000010
000000 00000 src dest shamt 000011
000000 rshamt src dest 00000 000100
000000 rshamt src dest 00000 000110
000000 rshamt src dest 00000 000111
000000 srcl src2 dest 00000 100000
000000 srcl src2 dest 00000 100001
000000 srcl src2 dest 00000 100010
000000 srcl src2 dest 00000 100011
000000 srcl src2 dest 00000 100100
000000 srcl src2 dest 00000 100101
000000 srcl src2 dest 00000 100110
000000 srcl src2 dest 00000 100111
000000 srcl src2 dest 00000 101010
000000 srcl src2 dest 00000 101011

Table3: Instructionlisting for SMIPS.
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R-type

I-type
J-type

LB rt, offset(rs)
LH rt, offset(rs)
LW rt, offset(rs)
LBU rt, offset(rs)
LHU rt, offset(rs)
SBt, offset(rs)
SHt, offset(rs)
SWit, offset(rs)

ADDI rt, rs, signed-imm.
ADDIU r, rs, signed-imm.
SLTI rt, rs, signed-imm.
SLTIU rt, rs, signed-imm.
ANDI rt, rs,zero-et-imm.
ORI, rs,zero-et-imm.
XORI 1, rs, zero-et-imm.
LUI rt, zero-et-imm.

SLL rd, rt, shamt
SRLrd, rt, shamt
SRATd, rt, shamt
SLLV rd, rt, rs
SRLV rd, rt, rs
SRAV rd, rt, rs
ADD rd,rs,rt
ADDU rd,rs,rt
SUBrd, rs, rt
SuBU rd, rs, rt
AND rd, rs,rt
ORrd,rs, 1t
XORd,rs,rt
NORrd, rs,rt
SLT rd, rs,rt
SLTU rd, rs, rt
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31 26 25 21 20 16 15 11 10 6 5 0
opcode rs rt rd [ shamt | funct
opcode rs rt immediate
opcode target

Multiply/Divide Instructions
000000 00000 00000 dest 00000 010000
000000 rs 00000 00000 00000 010001
000000 00000 00000 dest 00000 010010
000000 rs 00000 00000 00000 010011
000000 srcl src2 00000 00000 011000
000000 srcl src2 00000 00000 011001
000000 srcl src2 00000 00000 011010
000000 srcl src2 00000 00000 011011

JumpandBranchinstructions
000010 target
000011 target
000000 src 00000 00000 00000 001000
000000 src 00000 dest 00000 001001
000100 srcl src2 signedoffset
000101 srcl src2 signedoffset
000110 src 00000 signedoffset
000111 src 00000 signedoffset
010100 srcl src2 signedoffset
010101 srcl src2 signedoffset
010110 src 00000 signedoffset
010111 src 00000 signedoffset
000001 src 00000 signedoffset
000001 src 00001 signedoffset
000001 src 00010 signedoffset
000001 src 00011 signedoffset
000001 src 10000 signedoffset
000001 src 10001 signedoffset
000001 src 10010 signedoffset
000001 src 10011 signedoffset

SystemCoprocessofCOPO)Instructions

010000 00000 dest copOsrc | 00000 000000
010000 00100 src copOdest| 00000 000000
010000 10000 00000 00000 00000 010000
010000 10000 00000 00000 00000 010100

Table4: Instructionlisting for SMIPS.
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R-type

I-type
J-type

MFHI rd
MTHI rs
MFLO rd
MTLO rs
MULT rs,rt
MULTU rs, rt
DIV rs,rt
DIVU rs,rt

Jtamget

JAL tamget

JRrs

JALR rd,rs
BEQrs, rt, offset
BNE rs, rt, offset
BLEZ rs, offset
BGTZ rs, offset
BEQL rs, rt, offset
BNEL rs, rt, offset
BLEZL rs, offset
BGTZL rs, offset
BLTZ rs, offset
BGEZrs, offset
BLTZL rs, offset
BGEZL rs, offset
BLTZAL rs, offset
BGEZAL rs, offset
BLTZALL rs,offset
BGEZALL rs, offset

MFCOrt, rd
MTCOt, rd
RFE

ICINV
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5 Addressingand Memory Protection

SMIPS hasa full 32-bit virtual addressspacewith a full 32-bit physicaladdressspace. Sub-word data
addressings big-endianon SMIPS.

Thevirtual addresspacsds splitinto two 2 GB segmentsakernelonly sggment(kseay) from 0x0000 0000
to Ox7fff  _ffff , andakernelandusersggment(kusg) from 0x8000 0000 to Oxffff  ffff . The
sgmentsareshovn in Figure10.

In kernel mode, the processorcanaccessary addressn the entire 4 GB virtual addressspace. In user
mode,instructionfetchesor scalardataaccesse$o the ksg sggmentareillegal and causea synchronous
exception.The AdEF exceptionis generatedor anillegalinstructionfetch,andAdEL andAdESexceptions
aregeneratedor illegal loadsandstoresrespectiely. For faultingstoresno datamemorywill bewritten at
thefaultingaddress.

Thereis no memorytranslationhardware on SMIPS. Virtual addresseare directly usedas physicalad-
dressesn the externalmemorysystem.The memorycontrollersimply ignoresunusechigh orderaddress
bits, in which caseeachphysicalmemoryaddresswill be shadaved multiple timesin the virtual address
space.

Oxffff_ffff h
2GB
Kernel/User | kuseg
Read/Write
0x8000_0000 <
Ox7fff_ffff
2GB
Kernel Only | kseg
Read/Write
0x0000_0000 J

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

Therearethreepossiblesourceof disruptionto normalprogram o w: reset,interrupts(asynchronougx-
ceptions)andsynchronousxceptions.Resetandinterruptsoccurasynchronouslio theexecutingprogram
andcanbe consideredo occurbetweeninstructions.Synchronougxceptionsoccurduring executionof a
particularinstruction.

If morethanoneof theseclasse®f eventoccursonagivencycle, resethashighestpriority, andall interrupts
have priority over all synchronousxceptions. The tablesbelov shav the priorities of differenttypesof
interruptandsynchronougxception.

The o w of controlis transferredo oneof two locationsasshavn in Table5. Resethasa separatevector
from all otherexceptionsandinterrupts.

VectorAddress| Cause
0x0000 1000 | Reset
0x0000 1100 | Exceptionsandinternalinterrupts.

Table5: SMIPSResetExceptionandinterruptVectors.

6.1 Reset

Whenthe externalresetis deassertedhe PCis resetto 0x0000 1000 with kuc setto 0, andiec setto
0. Theeffectis to startexecutionat theresetvectorin kernelmodewith interruptsdisabled.The tohost
registeris alsosetto zeroto allow synchronizatiomwith thehostsystem.All otherstateis unde ned.

A typicalresetsequencés shavn in Figurell.

reset_vector:

mtcO zero, $9 # Initialize counter.

mtcO zero, $11 # Clear any timer interrupt in compare.
# Initialize status with desired CU, IM, and KU/IE fields.
li kO, (CU_VAL|IM_VAL| KUE_VAL)

mtcO kO, $12 # Write to status register.

j kernel_init # Initialize kernel  software.

Figurell: Exampleresetsequence.
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6.2 Interrupts

Thetwo interruptspossibleon SMIPSarelistedin Table6 in orderof decreasingriority.

\ Vector | ExcCode| Mnemonic| IM/IP index | Description |
\ HighestPriority |
0x0000 _1100 0 | Hint 6 | Testerinterrupt.
0x0000 _1100 2 | Tint 7 | Timerinterrupt.

\ LowestPriority |

Table6: SMIPSInterrupts.

All SMIPSinterruptsarelevel triggered.For eachinterruptthereis anlP ag in thecause registerthatis
setif thatinterruptis pendingandanIM ag in thestatus registerthatenablegheinterruptwhenset.In
additionthereis a singleglobalinterruptenablebit, iec , thatdisablesall interruptsif cleared.A particular
interruptcanonly occurif bothIP andIM for thatinterruptaresetandiec is set,andthereareno higher
priority interrupts.

The hostexternalinterrupt ag 1P6 canbe written by the hosttestsystemover a scaninterface. Usually a
protocolover the hostscaninterfaceinformsthe hostthatit cancleardown theinterrupt ag.

Thetimerinterrupt ag IP7 is setwhenthevaluein thecount registermatcheghevaluein thecompare
register The ag canonly beclearedasa side-efect of a MTCO write to thecompare register

Whenaninterruptis taken,the PCis setto theinterruptvector andthe KU/IE stackin thestatus register
is pushedwo bits to theleft, with KUc andlEc bothclearedo 0. This startsthe interrupthandlerrunning
in kernelmodewith furtherinterruptsdisabled.Theexccode eld in thecause registeris setto indicate
thetypeof interrupt.

Theepc registeris loadedwith arestartaddresslf theinstructionthattook theinterruptwasexecutingin
a branchdelayslot, the bd bit will be setandepc will pointto the precedingoranch,otherwisebd will
beclearandepc will pointto theinstructionitself. Theepc addressanbe usedto restartexecutionafter
servicingtheinterrupt.

6.3 SynchronousExceptions

Synchronougxceptionsarelistedin Table7 in orderof decreasingpriority.

After a synchronousexception,the PCis setto Ox0000 1100. The stackof kernel/userandinterrupt
enablebits heldin thestatus  registeris pushedeft two bits,andbothkuc andiec aresetto 0.

Theepc registeris setto point to the instructionthat causedhe exception,unlessthatinstructionis in a
branchdelay slot in which caseit pointsto the precedingbranchinstruction. The bd bit in the cause
registeris setif the exceptionoccuredn a branchdelayslot. Theexccode eld in thecause registeris
setto indicatethetype of exception.
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| ExcCode| Mnemonic| Description \
\ HighestPriority |

6 | AdEF Addressor misalignmenerroronfetch.
11| CpuU Coprocessodnusable.
10 | RI Reseredinstructionexception.
8 | Sys Syscallexception.
9| Bp Breakpointexception.
12| Ov Arithmetic Over ow.
4 | AJEL Addressor misalignmenterroron load.
5| AJES Addressor misalignmentrroron store.

\ LowestPriority |

Table7: SMIPSSynchronougxceptions.

If the exceptionwasa coprocessounusablesxception(CpU),thece eld in thecause registeris setto
the coprocessonumberthatcausedheerror This eld is unde nedfor otherexceptions.

Theover ow exception(Ov) canonly occurfor ADDI, ADD, andSUB instructions.

If the exceptionwasanaddressrroronaloador store(AdEL/AJES),thebadvaddr registeris setto the
faultingaddressThevaluein badvaddr is unde nedfor otherexceptions.
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