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1 SPIM

SPIM S20is a simulatorthat runsprogramsfor theMIPS R2000/R3000RISC computers.1 SPIM can
readandimmediatelyexecutefiles containingassemblylanguage.SPIM is a self-containedsystemfor
runningtheseprogramsandcontainsadebuggerandinterfaceto a few operatingsystemservices.

The architectureof the MIPS computersis simple and regular, which makes it easyto learn and
understand.Theprocessorcontains32 general-purpose32-bit registersanda well-designedinstruction
setthatmake it apropitioustargetfor generatingcodein a compiler.

However, the obvious questionis: why usea simulatorwhenmany peoplehave workstationsthat
containa hardware,andhencesignificantlyfaster, implementationof this computer?Onereasonis that
theseworkstationsarenot generallyavailable. Anotherreasonis that thesemachinewill not persistfor
many yearsbecauseof therapidprogressleadingto new andfastercomputers.Unfortunately, thetrendis
to make computersfasterby executingseveral instructionsconcurrently, which makestheir architecture
moredifficult to understandandprogram.TheMIPS architecturemaybetheepitomeof asimple,clean
RISCmachine.

In addition,simulatorscanprovide a betterenvironmentfor low-level programmingthanan actual
machinebecausethey candetectmoreerrorsandprovide morefeaturesthanan actualcomputer. For
example,SPIM hasaX-window interfacethatis betterthanmostdebuggersfor theactualmachines.

Finally, simulatorsareanusefultool for studyingcomputersandtheprogramsthatrunon them.Be-
causethey areimplementedin software,notsilicon, they canbeeasilymodifiedto addnew instructions,
build new systemssuchasmultiprocessors,or simply to collectdata.
	
I gratefulto themany studentsat UW who usedSPIM in their coursesandhappily foundbugsin a professor’s code. In

particular, the studentsin CS536,Spring1990,painfully found the last few bugsin an “already-debugged”simulator. I am
gratefulfor theirpatienceandpersistence.Alan Yuen-wuiSiow wrotetheX-window interface.

1For a descriptionof therealmachines,seeGerryKaneandJoeHeinrich,MIPSRISCArchitecture, PrenticeHall, 1992.
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1.1 Simulation of a Virtual Machine

TheMIPS architecture,like thatof mostRISCcomputers,is difficult to programdirectly becauseof its
delayedbranches,delayedloads,andrestrictedaddressmodes.This difficulty is tolerablesincethese
computersweredesignedto beprogrammedin high-level languagesandsopresentaninterfacedesigned
for compilers,not programmers.A goodpart of the complexity resultsfrom delayedinstructions. A
delayedbranch takestwo cyclesto execute.In thesecondcycle, theinstructionimmediatelyfollowing
the branchexecutes. This instructioncan perform useful work that normally would have beendone
beforethe branchor it canbe a nop (no operation). Similarly, delayedloads take two cyclesso the
instructionimmediatelyfollowing a loadcannotusethevalueloadedfrom memory.

MIPSwiselychooseto hidethiscomplexity by implementingavirtual machinewith theirassembler.
This virtual computerappearsto have non-delayedbranchesandloadsanda richer instructionsetthan
theactualhardware. Theassemblerreorganizes(rearranges)instructionsto fill thedelayslots. It also
simulatestheadditional,pseudoinstructions by generatingshortsequencesof actualinstructions.

By default,SPIMsimulatesthericher, virtual machine.It canalsosimulatetheactualhardware.We
will describethevirtual machineandonly mentionin passingfeaturesthatdo not belongto theactual
hardware. In doingso,we arefollowing theconventionof MIPS assemblylanguageprogrammers(and
compilers),who routinely take advantageof theextendedmachine.Instructionsmarked with a dagger
( 
 ) arepseudoinstructions.

1.2 SPIM Interface

SPIM providesa simpleterminalanda X-window interface.Both provide equivalentfunctionality, but
theX interfaceis generallyeasierto useandmoreinformative.

spim, theterminalversion,andxspim, theX version,have thefollowing command-lineoptions:

-bare
Simulatea bareMIPS machinewithout pseudoinstructionsor the additionaladdressingmodes
providedby theassembler. Implies-quiet.

-asm
Simulatethevirtual MIPS machineprovidedby theassembler. This is thedefault.

-pseudo
Acceptpseudoinstructions in assemblycode.

-nopseudo
Do notacceptpseudoinstructionsin assemblycode.

-notrap
Do not load thestandardtraphandler. This traphandlerhastwo functionsthatmustbeassumed
by the user’s program. First, it handlestraps. When a trap occurs,SPIM jumps to location
0x80000080,whichshouldcontaincodeto servicetheexception.Second,thisfile containsstartup
codethat invokestheroutinemain. Without thetraphandler, executionbeginsat theinstruction
labeled start.

-trap
Loadthestandardtraphandler. This is thedefault.

-trap file
Loadthetraphandlerin thefile.
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-noquiet
Print amessagewhenanexceptionoccurs.This is thedefault.

-quiet
Do notprint a messageat anexception.

-nomapped io
Disablethememory-mappedIO facility (seeSection5).

-mapped io
Enablethe memory-mappedIO facility (seeSection5). Programsthat useSPIM syscalls(see
Section1.5) to readfrom theterminalshouldnotalsousememory-mappedIO.

-file
Loadandexecutetheassemblycodein thefile.

-s seg size Setstheinitial sizeof memorysegmentseg to besizebytes.Thememorysegmentsare
named:text, data, stack, ktext, andkdata. For example,thepairof arguments-sdata
2000000 startstheuserdatasegmentat2,000,000bytes.

-lseg size Setsthelimit onhow largememorysegmentseg cangrow to besizebytes.Thememory
segmentsthatcangrow are:data, stack, andkdata.

1.2.1 Terminal Interface

Theterminalinterface(spim) providesthefollowing commands:

exit
Exit thesimulator.

read "file"
Readfile of assemblylanguagecommandsinto SPIM’s memory. If thefile hasalreadybeenread
into SPIM, thesystemshouldbecleared(seereinitialize, below) or globalsymbolswill be
multiply defined.

load "file"
Synonym for read.

run <addr>
Startrunningaprogram.If theoptionaladdressaddr isprovided,theprogramstartsatthataddress.
Otherwise,theprogramstartsat theglobalsymbol start, which is definedby thedefault trap
handlerto call theroutineat theglobalsymbolmain with theusualMIPScalling convention.

step <N>
Steptheprogramfor N (default: 1) instructions.Print instructionsasthey execute.

continue
Continueprogramexecutionwithoutstepping.

print $N
Print registerN.
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print $fN
Print floatingpoint registerN.

print addr
Print thecontentsof memoryataddressaddr.

print sym
Print thecontentsof thesymboltable,i.e., theaddressesof theglobal(but not local) symbols.

reinitialize
Clearthememoryandregisters.

breakpoint addr
Setabreakpointataddressaddr. addr canbeeitheramemoryaddressor symboliclabel.

delete addr
Deleteall breakpointsataddressaddr.

list
List all breakpoints.

.
Restof line is anassemblyinstructionthatis storedin memory.

<nl>
A newline reexecutespreviouscommand.

?
Print ahelpmessage.

Mostcommandscanbeabbreviatedto theiruniqueprefixe.g.,ex, re, l, ru, s, p. Moredangerous
commands,suchasreinitialize, requirea longerprefix.

1.2.2 X-Window Interface

TheX versionof SPIM,xspim, looksdifferent,but shouldoperatein thesamemannerasspim. TheX
window hasfivepanes(seeFigure1). Thetoppanedisplaysthecontentsof theregisters.It is continually
updated,exceptwhile aprogramis running.

Thenext panecontainsthebuttonsthatcontrolthesimulator:

quit
Exit from thesimulator.

load
Readasourcefile into memory.

run
Starttheprogramrunning.

step
Single-stepthroughaprogram.

clear
Reinitializeregistersor memory.
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PC    = 00000000  EPC  = 00000000  Cause  = 0000000  BadVaddr = 00000000
Status= 00000000  HI   = 00000000  LO     = 0000000

R0 (r0) = 00000000  R8  (t0) = 00000000  R16 (s0) = 0000000  R24 (t8) = 00000000
R1 (at) = 00000000  R9  (t1) = 00000000  R17 (s1) = 0000000  R25 (s9) = 00000000
R2 (v0) = 00000000  R10 (t2) = 00000000  R18 (s2) = 0000000  R26 (k0) = 00000000
R3 (v1) = 00000000  R11 (t3) = 00000000  R19 (s3) = 0000000  R27 (k1) = 00000000
R4 (a0) = 00000000  R12 (t4) = 00000000  R20 (s4) = 0000000  R28 (gp) = 00000000
R5 (a1) = 00000000  R13 (t5) = 00000000  R21 (s5) = 0000000  R29 (gp) = 00000000
R6 (a2) = 00000000  R14 (t6) = 00000000  R22 (s6) = 0000000  R30 (s8) = 00000000
R7 (a3) = 00000000  R15 (t7) = 00000000  R23 (s7) = 0000000  R31 (ra) = 00000000

FP0     = 0.000000  FP8      = 0.000000  FP16     = 0.00000  FP24     = 0.000000

FP6     = 0.000000  FP14     = 0.000000  FP22     = 0.00000  FP30     = 0.000000
FP4     = 0.000000  FP12     = 0.000000  FP20     = 0.00000  FP28     = 0.000000
FP2     = 0.000000  FP10     = 0.000000  FP18     = 0.00000  FP26     = 0.000000

quit load run step clear set value

print breakpt help terminal mode

SPIM Version 3.2 of January 14, 1990

Text Segments

xspim

Register
Display

Control
Buttons

User and
Kernel
Text
Segments

SPIM
Messages

General Registers

Double Floating Point Registers

Single Floating Point Registers

Data Segments

Data and
Stack
Segments

[0x00400000] 0x8fa40000 lw R4, 0(R29)  []
[0x00400004] 0x27a50004 addiu R5, R29, 4 []
[0x00400008] 0x24a60004 addiu R6, R5, 4 []
[0x0040000c] 0x00041090 sll R2, R4, 2
[0x00400010] 0x00c23021 addu R6, R6, R2
[0x00400014] 0x0c000000 jal 0x00000000 []
[0x00400018] 0x3402000a ori R0, R0, 10 []
[0x0040001c] 0x0000000c syscall

[0x10000000]...[0x10010000] 0x00000000
[0x10010004]  0x74706563  0x206e6f69  0x636f2000
[0x10010010]  0x72727563  0x61206465  0x6920646e  0x726f6e67
[0x10010020]  0x000a6465  0x495b2020  0x7265746e  0x74707572
[0x10010030]  0x0000205d  0x20200000  0x616e555b  0x6e67696c
[0x10010040]  0x61206465  0x65726464  0x69207373  0x6e69206e
[0x10010050]  0x642f7473  0x20617461  0x63746566  0x00205d68
[0x10010060]  0x555b2020  0x696c616e  0x64656e67  0x64646120
[0x10010070]  0x73736572  0x206e6920  0x726f7473  0x00205d65

Figure1: X-window interfaceto SPIM.
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set value
Setthevaluein a registeror memorylocation.

print
Print thevaluein a registeror memorylocation.

breakpoint
Setor deletea breakpointor list all breakpoints.

help
Print ahelpmessage.

terminal
Raiseor hidetheconsolewindow.

mode
SetSPIM operatingmodes.

Thenext two panesdisplaythememorycontents.Thetop oneshows instructionsfrom theuserand
kernel text segments.2 The first few instructionsin the text segmentarestartupcode( start) that
loadsargc andargv into registersandinvokesthemain routine.

The lower of thesetwo panesdisplaysthe dataandstacksegments. Both panesareupdatedasa
programexecutes.

The bottompaneis usedto displaymessagesfrom the simulator. It doesnot displayoutput from
anexecutingprogram.Whena programreadsor writes,its IO appearsin a separatewindow, calledthe
Console,whichpopsupwhenneeded.

1.3 Surprising Features

Although SPIM faithfully simulatesthe MIPS computer, it is a simulatorand certain things are not
identicalto theactualcomputer. Themostobviousdifferencesarethatinstructiontimingandthememory
systemsarenot identical.SPIMdoesnotsimulatecachesor memorylatency, nordoesit accuratereflect
thedelaysfor floatingpoint operationsor multipliesanddivides.

Anothersurprise(whichoccurson therealmachineaswell) is thatapseudoinstructionexpandsinto
severalmachineinstructions.Whensingle-steppingor examiningmemory, theinstructionsthatyou see
areslightly differentfrom thesourceprogram.Thecorrespondencebetweenthetwo setsof instructions
is fairly simplesinceSPIM doesnot reorganizetheinstructionsto fill delayslots.

1.4 Assembler Syntax

Commentsin assemblerfiles begin with a sharp-sign(#). Everythingfrom thesharp-signto theendof
theline is ignored.

Identifiersarea sequenceof alphanumericcharacters,underbars( ), anddots(.) thatdo not begin
with a number. Opcodesfor instructionsarereserved wordsthat arenot valid identifiers. Labelsare
declaredby puttingthemat thebeginningof a line followedby acolon,for example:

2Theseinstructionsarereal—notpseudo—MIPSinstructions.SPIM translatesassemblerpseudoinstructionsto 1–3MIPS
instructionsbeforestoringthe programin memory. Eachsourceinstructionappearsasa commenton the first instructionto
which it is translated.
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.data
item: .word 1

.text

.globl main # Must be global
main: lw $t0, item

Stringsareenclosedin double-quotes("). Specialcharactersin stringsfollow theC convention:

newline \n
tab \t
quote \"

SPIM supportsasubsetof theassemblerdirectivesprovidedby theMIPS assembler:

.align n
Align thenext datumon a �
� byteboundary. For example,.align 2 alignsthenext valueon
a word boundary. .align 0 turnsoff automaticalignmentof .half, .word, .float, and
.double directivesuntil thenext .data or .kdata directive.

.ascii str
Storethestringin memory, but donotnull-terminateit.

.asciiz str
Storethestringin memoryandnull-terminateit.

.byte b1, ..., bn
Storethe � valuesin successive bytesof memory.

.data <addr>
The following dataitemsshouldbe storedin thedatasegment. If theoptionalargumentaddr is
present,theitemsarestoredbeginningat addressaddr.

.double d1, ..., dn
Storethe � floatingpointdoubleprecisionnumbersin successive memorylocations.

.extern sym size
Declarethat thedatumstoredat sym is size byteslargeandis a globalsymbol. This directive
enablestheassemblerto storethedatumin aportionof thedatasegmentthatis efficiently accessed
via register$gp.

.float f1, ..., fn
Storethe � floatingpointsingleprecisionnumbersin successive memorylocations.

.globl sym
Declarethatsymbolsym is globalandcanbereferencedfrom otherfiles.

.half h1, ..., hn
Storethe � 16-bit quantitiesin successive memoryhalfwords.

.kdata <addr>
The following dataitemsshouldbe storedin the kerneldatasegment. If the optionalargument
addr is present,theitemsarestoredbeginningat addressaddr.
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Service System Call Code Arguments Result

print int 1 $a0 = integer
print float 2 $f12 = float
print double 3 $f12 = double
print string 4 $a0 = string
readint 5 integer(in $v0)
readfloat 6 float (in $f0)
readdouble 7 double(in $f0)
readstring 8 $a0 = buffer, $a1 = length
sbrk 9 $a0 = amount address(in $v0)
exit 10
print character 11 $a0 = integer
readcharacter 12 char(in $v0)

Table1: Systemservices.

.ktext <addr>
Thenext itemsareput in thekerneltext segment. In SPIM, theseitemsmayonly beinstructions
or words(seethe.word directive below). If theoptionalargumentaddr is present,theitemsare
storedbeginningat addressaddr.

.space n
Allocate � bytesof spacein thecurrentsegment(whichmustbethedatasegmentin SPIM).

.text <addr>
The next itemsareput in the usertext segment. In SPIM, theseitemsmay only be instructions
or words(seethe.word directive below). If theoptionalargumentaddr is present,theitemsare
storedbeginningat addressaddr.

.word w1, ..., wn
Storethe � 32-bit quantitiesin successive memorywords.

SPIM doesnotdistinguishvariouspartsof thedatasegment(.data, .rdata, and.sdata).

1.5 System Calls

SPIMprovidesasmallsetof operating-system-like servicesthroughthesystemcall (syscall) instruc-
tion. To requesta service,a programloadsthesystemcall code(seeTable1) into register$v0 andthe
argumentsinto registers$a0 ����� $a3 (or $f12 for floatingpoint values).Systemcallsthatreturnvalues
put their resultin register$v0 (or $f0 for floatingpoint results).For example,to print “the answer
= 5”, usethecommands:

.data
str: .asciiz "the answer = "

.text
li $v0, 4 # system call code for print_str
la $a0, str # address of string to print
syscall # print the string

li $v0, 1 # system call code for print_int
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Figure2: MIPS R2000CPUandFPU

li $a0, 5 # integer to print
syscall # print it

print int is passedanintegerandprintsit on theconsole.print float printsasinglefloating
point number. print double printsa doubleprecisionnumber. print string is passeda pointer
to a null-terminatedstring,which it writesto theconsole.

read int, read float, andread double readanentireline of input up to andincludingthe
newline. Charactersfollowing thenumberareignored.read string hasthesamesemanticsasthe
Unix library routinefgets. It readsup to ����� charactersinto a buffer andterminatesthestringwith
a null byte. If therearefewer characterson thecurrentline, it readsthroughthenewline andagainnull-
terminatesthestring. Warning: programsthatusethesesyscallsto readfrom the terminalshouldnot
usememory-mappedIO (seeSection5).

sbrk returnsa pointerto a block of memorycontaining� additionalbytes.exit stopsa program
from running.

2 Description of the MIPS R2000

A MIPS processorconsistsof anintegerprocessingunit (theCPU)andacollectionof coprocessorsthat
performancillary tasksor operateon othertypesof datasuchasfloatingpoint numbers(seeFigure2).
SPIMsimulatestwo coprocessors.Coprocessor0 handlestraps,exceptions,andthevirtual memorysys-
tem.SPIMsimulatesmostof thefirst two andentirelyomitsdetailsof thememorysystem.Coprocessor
1 is thefloatingpoint unit. SPIM simulatesmostaspectsof thisunit.
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Register Name Number Usage

zero 0 Constant0
at 1 Reservedfor assembler
v0 2 Expressionevaluationand
v1 3 resultsof a function
a0 4 Argument1
a1 5 Argument2
a2 6 Argument3
a3 7 Argument4
t0 8 Temporary(not preservedacrosscall)
t1 9 Temporary(not preservedacrosscall)
t2 10 Temporary(not preservedacrosscall)
t3 11 Temporary(not preservedacrosscall)
t4 12 Temporary(not preservedacrosscall)
t5 13 Temporary(not preservedacrosscall)
t6 14 Temporary(not preservedacrosscall)
t7 15 Temporary(not preservedacrosscall)
s0 16 Savedtemporary(preservedacrosscall)
s1 17 Savedtemporary(preservedacrosscall)
s2 18 Savedtemporary(preservedacrosscall)
s3 19 Savedtemporary(preservedacrosscall)
s4 20 Savedtemporary(preservedacrosscall)
s5 21 Savedtemporary(preservedacrosscall)
s6 22 Savedtemporary(preservedacrosscall)
s7 23 Savedtemporary(preservedacrosscall)
t8 24 Temporary(not preservedacrosscall)
t9 25 Temporary(not preservedacrosscall)
k0 26 Reservedfor OSkernel
k1 27 Reservedfor OSkernel
gp 28 Pointerto globalarea
sp 29 Stackpointer
fp 30 Framepointer
ra 31 Returnaddress(usedby functioncall)

Table2: MIPS registersandtheconventiongoverningtheir use.

2.1 CPU Registers

TheMIPS(andSPIM)centralprocessingunit contains32 generalpurpose32-bit registersthatarenum-
bered0–31.Register � is designatedby $n. Register$0 alwayscontainsthehardwiredvalue0. MIPS
hasestablishedasetof conventionsasto how registersshouldbeused.Thesesuggestionsareguidelines,
which arenot enforcedby thehardware. However a programthatviolatesthemwill not work properly
with othersoftware.Table2 lists theregistersanddescribestheir intendeduse.

Registers$at (1), $k0 (26), and$k1 (27) are reserved for useby the assemblerand operating
system.

Registers$a0–$a3 (4–7)areusedto passthefirst four argumentsto routines(remainingarguments
arepassedonthestack).Registers$v0 and$v1 (2,3) areusedto returnvaluesfrom functions.Registers
$t0–$t9 (8–15,24, 25) arecaller-saved registersusedfor temporaryquantitiesthatdo not needto be
preservedacrosscalls.Registers$s0–$s7 (16–23)arecallee-savedregistersthathold long-livedvalues
thatshouldbepreservedacrosscalls.
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Register$sp (29) is thestackpointer, whichpointsto thelastlocationin useon thestack.3 Register
$fp (30) is theframepointer.4 Register$ra (31) is writtenwith thereturnaddressfor acall by thejal
instruction.

Register$gp (28) is a global pointerthatpointsinto themiddle of a 64K block of memoryin the
heapthatholdsconstantsandglobalvariables.Theobjectsin this heapcanbequickly accessedwith a
singleloador storeinstruction.

In addition,coprocessor0 containsregistersthat areuseful to handleexceptions. SPIM doesnot
implementall of theseregisters,sincethey arenotof muchusein asimulatoror arepartof thememory
system,which is not implemented.However, it doesprovide thefollowing:

Register Name Number Usage

BadVAddr 8 Memoryaddressatwhich addressexceptionoccurred
Status 12 Interruptmaskandenablebits
Cause 13 Exceptiontypeandpendinginterruptbits
EPC 14 Addressof instructionthatcausedexception

Theseregistersarepartof coprocessor0’s registersetandareaccessedby thelwc0, mfc0, mtc0, and
swc0 instructions.

Figure3 describesthebits in theStatus registerthatareimplementedby SPIM.Theinterrupt
mask containsabit for eachof thefiveinterruptlevels. If abit is one,interruptsat thatlevel areallowed.
If thebit is zero,interruptsat thatlevel aredisabled.Thelow six bitsof theStatus registerimplement
a three-level stackfor thekernel/user andinterrupt enable bits. Thekernel/user bit is
0 if theprogramwasrunningin thekernelwhenthe interruptoccurredand1 if it wasin usermode.If
theinterrupt enable bit is 1, interruptsareallowed. If it is 0, they aredisabled.At aninterrupt,

3In earlierversionof SPIM,$sp wasdocumentedaspointingat thefirst freeword on thestack(not the lastword of the
stackframe). RecentMIPS documentshave madeit clearthat this wasanerror. Both conventionswork equallywell, but we
chooseto follow therealsystem.

4TheMIPScompilerdoesnot usea framepointer, sothis registeris usedascallee-savedregister$s8.
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thesesix bits areshiftedleft by two bits, so thecurrentbits becometheprevious bits andtheprevious
bitsbecometheold bits. Thecurrentbitsarebothsetto 0 (i.e.,kernelmodewith interruptsdisabled).

Figure4 describesthebits in theCause registers.Thefivepending interrupt bitscorrespond
to thefive interruptlevels. A bit becomes1 whenaninterruptat its level hasoccurredbut hasnot been
serviced.Theexception code registercontainsacodefrom thefollowing tabledescribingthecause
of anexception.

Number Name Description
0 INT Externalinterrupt
4 ADDRL Addresserrorexception(loador instructionfetch)
5 ADDRS Addresserrorexception(store)
6 IBUS Buserroron instructionfetch
7 DBUS Buserroron dataloador store
8 SYSCALL Syscallexception
9 BKPT Breakpointexception
10 RI Reservedinstructionexception
12 OVF Arithmeticoverflow exception

2.2 Byte Order

Processorscan numberthe byteswithin a word to make the byte with the lowest numbereither the
leftmostor rightmostone. The conventionusedby a machineis its byteorder. MIPS processorscan
operatewith eitherbig-endianbyteorder:

Byte #
0 1 2 3

or little-endianbyteorder:

Byte #
3 2 1 0

SPIMoperateswith bothbyteorders.SPIM’sbyteorderisdeterminedby thebyteorderof theunderlying
hardwarerunningthesimulator. On a DECstation3100,SPIM is little-endian,while on a HP Bobcat,
Sun4 or PC/RT, SPIM is big-endian.

2.3 Addressing Modes

MIPS is a load/storearchitecture,which meansthat only load andstoreinstructionsaccessmemory.
Computationinstructionsoperateonly onvaluesin registers.Thebaremachineprovidesonly onemem-
ory addressingmode: c(rx), which usesthe sumof the immediate(integer) c and the contentsof
registerrx astheaddress.Thevirtual machineprovidesthe following addressingmodesfor load and
storeinstructions:

Format Address Computation

(register) contentsof register
imm immediate
imm (register) immediate+ contentsof register
symbol addressof symbol
symbol # imm addressof symbol $ or % immediate
symbol # imm (register) addressof symbol $ or % (immediate+ contentsof register)
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Most loadandstoreinstructionsoperateonly on aligneddata. A quantityis aligned if its memory
addressis a multiple of its sizein bytes.Therefore,a halfword objectmustbestoredat evenaddresses
anda full word objectmustbe storedat addressesthat area multiple of 4. However, MIPS provides
someinstructionsfor manipulatingunaligneddata.

2.4 Arithmetic and Logical Instructions

In all instructionsbelow, Src2 caneitherbe a registeror an immediatevalue(a 16 bit integer). The
immediateforms of the instructionsareonly includedfor reference.The assemblerwill translatethe
more generalform of an instruction(e.g.,add) into the immediateform (e.g.,addi) if the second
argumentis constant.

abs Rdest, Rsrc AbsoluteValue &
Puttheabsolutevalueof theintegerfrom registerRsrc in registerRdest.

add Rdest, Rsrc1, Src2 Addition(with overflow)
addi Rdest, Rsrc1, Imm AdditionImmediate(with overflow)
addu Rdest, Rsrc1, Src2 Addition(withoutoverflow)
addiu Rdest, Rsrc1, Imm AdditionImmediate(withoutoverflow)
Putthesumof theintegersfrom registerRsrc1 andSrc2 (or Imm) into registerRdest.

and Rdest, Rsrc1, Src2 AND
andi Rdest, Rsrc1, Imm ANDImmediate
PutthelogicalAND of theintegersfrom registerRsrc1 andSrc2 (or Imm) into registerRdest.

div Rsrc1, Rsrc2 Divide (signed)
divu Rsrc1, Rsrc2 Divide (unsigned)
Divide thecontentsof thetwo registers.divu treatsis operandsasunsignedvalues.Leave thequotient
in registerlo andthe remainderin registerhi. Note that if an operandis negative, the remainderis
unspecifiedby theMIPS architectureanddependson theconventionsof themachineon which SPIM is
run.

div Rdest, Rsrc1, Src2 Divide (signed,with overflow) &
divu Rdest, Rsrc1, Src2 Divide (unsigned,withoutoverflow) &
Put the quotientof the integersfrom registerRsrc1 andSrc2 into registerRdest. divu treatsis
operandsasunsignedvalues.

mul Rdest, Rsrc1, Src2 Multiply (withoutoverflow) &
mulo Rdest, Rsrc1, Src2 Multiply (with overflow) &

mulou Rdest, Rsrc1, Src2 UnsignedMultiply (with overflow) &
Puttheproductof theintegersfrom registerRsrc1 andSrc2 into registerRdest.

mult Rsrc1, Rsrc2 Multiply
multu Rsrc1, Rsrc2 UnsignedMultiply
Multiply thecontentsof the two registers.Leave the low-orderword of theproductin registerlo and
thehigh-word in registerhi.

neg Rdest, Rsrc NegateValue(with overflow) &
negu Rdest, Rsrc NegateValue(withoutoverflow) &
Putthenegative of theintegerfrom registerRsrc into registerRdest.
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nor Rdest, Rsrc1, Src2 NOR
PutthelogicalNOR of theintegersfrom registerRsrc1 andSrc2 into registerRdest.

not Rdest, Rsrc NOT &
Putthebitwiselogicalnegationof theintegerfrom registerRsrc into registerRdest.

or Rdest, Rsrc1, Src2 OR
ori Rdest, Rsrc1, Imm ORImmediate
PutthelogicalOR of theintegersfrom registerRsrc1 andSrc2 (or Imm) into registerRdest.

rem Rdest, Rsrc1, Src2 Remainder&
remu Rdest, Rsrc1, Src2 UnsignedRemainder&
Put the remainderfrom dividing the integer in registerRsrc1 by the integer in Src2 into register
Rdest. Note that if anoperandis negative, theremainderis unspecifiedby theMIPS architectureand
dependson theconventionsof themachineon whichSPIM is run.

rol Rdest, Rsrc1, Src2 RotateLeft &
ror Rdest, Rsrc1, Src2 RotateRight &
Rotatethecontentsof registerRsrc1 left (right) by thedistanceindicatedbySrc2 andput theresultin
registerRdest.

sll Rdest, Rsrc1, Src2 ShiftLeft Logical
sllv Rdest, Rsrc1, Rsrc2 ShiftLeft Logical Variable
sra Rdest, Rsrc1, Src2 ShiftRightArithmetic
srav Rdest, Rsrc1, Rsrc2 ShiftRightArithmeticVariable
srl Rdest, Rsrc1, Src2 ShiftRightLogical
srlv Rdest, Rsrc1, Rsrc2 ShiftRightLogical Variable
Shift thecontentsof registerRsrc1 left (right) by thedistanceindicatedby Src2 (Rsrc2) andput the
resultin registerRdest.

sub Rdest, Rsrc1, Src2 Subtract (with overflow)
subu Rdest, Rsrc1, Src2 Subtract (withoutoverflow)
Putthedifferenceof theintegersfrom registerRsrc1 andSrc2 into registerRdest.

xor Rdest, Rsrc1, Src2 XOR
xori Rdest, Rsrc1, Imm XORImmediate
PutthelogicalXOR of theintegersfrom registerRsrc1 andSrc2 (or Imm) into registerRdest.

2.5 Constant-Manipulating Instructions

li Rdest, imm LoadImmediate&
Move theimmediateimm into registerRdest.

lui Rdest, imm LoadUpperImmediate
Load the lower halfword of the immediateimm into theupperhalfword of registerRdest. The lower
bitsof theregisteraresetto 0.
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2.6 Comparison Instructions

In all instructionsbelow, Src2 caneitherbea registeror animmediatevalue(a16 bit integer).

seq Rdest, Rsrc1, Src2 SetEqual &
SetregisterRdest to 1 if registerRsrc1 equalsSrc2 andto be0 otherwise.

sge Rdest, Rsrc1, Src2 SetGreaterThanEqual &
sgeu Rdest, Rsrc1, Src2 SetGreaterThanEqualUnsigned&
SetregisterRdest to 1 if registerRsrc1 is greaterthanor equalto Src2 andto 0 otherwise.

sgt Rdest, Rsrc1, Src2 SetGreaterThan &
sgtu Rdest, Rsrc1, Src2 SetGreaterThanUnsigned&
SetregisterRdest to 1 if registerRsrc1 is greaterthanSrc2 andto 0 otherwise.

sle Rdest, Rsrc1, Src2 SetLessThanEqual &
sleu Rdest, Rsrc1, Src2 SetLessThanEqualUnsigned&
SetregisterRdest to 1 if registerRsrc1 is lessthanor equalto Src2 andto 0 otherwise.

slt Rdest, Rsrc1, Src2 SetLessThan
slti Rdest, Rsrc1, Imm SetLessThanImmediate
sltu Rdest, Rsrc1, Src2 SetLessThanUnsigned
sltiu Rdest, Rsrc1, Imm SetLessThanUnsignedImmediate
SetregisterRdest to 1 if registerRsrc1 is lessthanSrc2 (or Imm) andto 0 otherwise.

sne Rdest, Rsrc1, Src2 SetNot Equal &
SetregisterRdest to 1 if registerRsrc1 is notequalto Src2 andto 0 otherwise.

2.7 Branch and Jump Instructions

In all instructionsbelow, Src2 caneitherbea registeror animmediatevalue(integer). Branchinstruc-
tionsuseasigned16-bitoffsetfield; hencethey canjump �('*)+�,� instructions(notbytes)forwardor �('*)
instructionsbackwards.The jump instructioncontainsa26bit addressfield.

b label Branch instruction &
Unconditionallybranchto theinstructionat thelabel.

bczt label Branch Coprocessor- True
bczf label Branch Coprocessor- False
Conditionallybranchto theinstructionat thelabelif coprocessor- ’s conditionflag is true(false).

beq Rsrc1, Src2, label Branch on Equal
Conditionallybranchto theinstructionat thelabelif thecontentsof registerRsrc1 equalsSrc2.

beqz Rsrc, label Branch onEqualZero &
Conditionallybranchto theinstructionat thelabelif thecontentsof Rsrc equals0.

bge Rsrc1, Src2, label Branch on GreaterThanEqual &
bgeu Rsrc1, Src2, label Branch on GTEUnsigned&
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Conditionallybranchto theinstructionat thelabel if thecontentsof registerRsrc1 aregreaterthanor
equalto Src2.

bgez Rsrc, label Branch on GreaterThanEqualZero
Conditionallybranchto theinstructionat thelabelif thecontentsof Rsrc aregreaterthanor equalto 0.

bgezal Rsrc, label Branch on GreaterThanEqualZero AndLink
Conditionallybranchto theinstructionat thelabelif thecontentsof Rsrc aregreaterthanor equalto 0.
Save theaddressof thenext instructionin register31.

bgt Rsrc1, Src2, label Branch on GreaterThan &
bgtu Rsrc1, Src2, label Branch onGreaterThanUnsigned&
Conditionallybranchto the instructionat the label if the contentsof registerRsrc1 aregreaterthan
Src2.

bgtz Rsrc, label Branch on GreaterThanZero
Conditionallybranchto theinstructionat thelabelif thecontentsof Rsrc aregreaterthan0.

ble Rsrc1, Src2, label Branch on LessThanEqual &
bleu Rsrc1, Src2, label Branch on LTEUnsigned&
Conditionallybranchto the instructionat the label if the contentsof registerRsrc1 are lessthanor
equalto Src2.

blez Rsrc, label Branch onLessThanEqualZero
Conditionallybranchto theinstructionat thelabelif thecontentsof Rsrc arelessthanor equalto 0.

bgezal Rsrc, label Branch on GreaterThanEqualZero AndLink
bltzal Rsrc, label Branch onLessThanAndLink
Conditionallybranchto the instructionat the label if thecontentsof Rsrc aregreateror equalto 0 or
lessthan0, respectively. Save theaddressof thenext instructionin register31.

blt Rsrc1, Src2, label Branch onLessThan &
bltu Rsrc1, Src2, label Branch onLessThanUnsigned&
Conditionallybranchto theinstructionat thelabelif thecontentsof registerRsrc1 arelessthanSrc2.

bltz Rsrc, label Branch onLessThanZero
Conditionallybranchto theinstructionat thelabelif thecontentsof Rsrc arelessthan0.

bne Rsrc1, Src2, label Branch on NotEqual
Conditionallybranchto the instructionat the label if the contentsof registerRsrc1 arenot equalto
Src2.

bnez Rsrc, label Branch on NotEqualZero &
Conditionallybranchto theinstructionat thelabelif thecontentsof Rsrc arenotequalto 0.

j label Jump
Unconditionallyjump to theinstructionat thelabel.

jal label JumpandLink
jalr Rsrc JumpandLink Register
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Unconditionally jump to the instructionat the label or whoseaddressis in registerRsrc. Save the
addressof thenext instructionin register31.

jr Rsrc JumpRegister
Unconditionallyjump to theinstructionwhoseaddressis in registerRsrc.

2.8 Load Instructions

la Rdest, address LoadAddress&
Loadcomputedaddress, not thecontentsof thelocation,into registerRdest.

lb Rdest, address LoadByte
lbu Rdest, address LoadUnsignedByte
Load the byte at addressinto registerRdest. The byte is sign-extendedby thelb, but not thelbu,
instruction.

ld Rdest, address LoadDouble-Word &
Loadthe64-bit quantityataddressinto registersRdest andRdest + 1.

lh Rdest, address LoadHalfword
lhu Rdest, address LoadUnsignedHalfword
Load the16-bit quantity(halfword) at addressinto registerRdest. Thehalfword is sign-extendedby
thelh, but not the lhu, instruction

lw Rdest, address LoadWord
Loadthe32-bit quantity(word)at addressinto registerRdest.

lwcz Rdest, address LoadWord Coprocessor
Loadthewordataddressinto registerRdest of coprocessor- (0–3).

lwl Rdest, address LoadWord Left
lwr Rdest, address LoadWord Right
Loadtheleft (right) bytesfrom thewordat thepossibly-unalignedaddressinto registerRdest.

ulh Rdest, address UnalignedLoadHalfword &
ulhu Rdest, address UnalignedLoadHalfword Unsigned&
Loadthe16-bitquantity(halfword)atthepossibly-unaligned addressinto registerRdest. Thehalfword
is sign-extendedby theulh, but not theulhu, instruction

ulw Rdest, address UnalignedLoadWord &
Loadthe32-bit quantity(word)at thepossibly-unaligned addressinto registerRdest.

2.9 Store Instructions

sb Rsrc, address Store Byte
Storethelow bytefrom registerRsrc ataddress.

sd Rsrc, address Store Double-Word &
Storethe64-bit quantityin registersRsrc andRsrc + 1 ataddress.
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sh Rsrc, address Store Halfword
Storethelow halfword from registerRsrc ataddress.

sw Rsrc, address Store Word
Storetheword from registerRsrc at address.

swcz Rsrc, address Store Word Coprocessor
Storetheword from registerRsrc of coprocessor- ataddress.

swl Rsrc, address Store Word Left
swr Rsrc, address Store Word Right
Storetheleft (right) bytesfrom registerRsrc at thepossibly-unalignedaddress.

ush Rsrc, address UnalignedStore Halfword &
Storethelow halfword from registerRsrc at thepossibly-unalignedaddress.

usw Rsrc, address UnalignedStore Word &
Storetheword from registerRsrc at thepossibly-unalignedaddress.

2.10 Data Movement Instructions

move Rdest, Rsrc Move &
Move thecontentsof Rsrc to Rdest.

Themultiply anddivide unit producesits resultin two additionalregisters,hi andlo. Theseinstruc-
tionsmovevaluesto andfrom theseregisters.Themultiply, divide,andremainderinstructionsdescribed
abovearepseudoinstructionsthatmakeit appearasif thisunit operatesonthegeneralregistersanddetect
errorconditionssuchasdivideby zeroor overflow.

mfhi Rdest MoveFromhi
mflo Rdest MoveFromlo
Move thecontentsof thehi (lo) registerto registerRdest.

mthi Rdest MoveTo hi
mtlo Rdest MoveTo lo
Move thecontentsregisterRdest to thehi (lo) register.

Coprocessorshave their own registersets. Theseinstructionsmove valuesbetweentheseregisters
andtheCPU’s registers.

mfcz Rdest, CPsrc MoveFromCoprocessor-
Move thecontentsof coprocessor- ’s registerCPsrc to CPUregisterRdest.

mfc1.d Rdest, FRsrc1 MoveDoubleFromCoprocessor1 &
Move thecontentsof floatingpoint registersFRsrc1 andFRsrc1 + 1 to CPUregistersRdest and
Rdest + 1.

mtcz Rsrc, CPdest MoveTo Coprocessor-
Move thecontentsof CPUregisterRsrc to coprocessor- ’s registerCPdest.
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2.11 Floating Point Instructions

TheMIPS hasa floatingpoint coprocessor(numbered1) thatoperateson singleprecision(32-bit) and
doubleprecision(64-bit) floating point numbers. This coprocessorhas its own registers,which are
numbered$f0–$f31. Becausetheseregistersareonly 32-bitswide, two of themarerequiredto hold
doubles. To simplify matters,floating point operationsonly useeven-numberedregisters—including
instructionsthatoperateon singlefloats.

Valuesaremovedin or out of theseregistersa word (32-bits)at a time by lwc1, swc1, mtc1, and
mfc1 instructionsdescribedabove or by the l.s, l.d, s.s, ands.d pseudoinstructionsdescribed
below. Theflagsetby floatingpointcomparisonoperationsis readby theCPUwith itsbc1t andbc1f
instructions.

In all instructionsbelow, FRdest, FRsrc1, FRsrc2, andFRsrc arefloatingpoint registers(e.g.,
$f2).

abs.d FRdest, FRsrc FloatingPoint AbsoluteValueDouble
abs.s FRdest, FRsrc FloatingPoint AbsoluteValueSingle
Computetheabsolutevalueof thefloatingfloat double(single)in registerFRsrc andput it in register
FRdest.

add.d FRdest, FRsrc1, FRsrc2 FloatingPoint AdditionDouble
add.s FRdest, FRsrc1, FRsrc2 FloatingPoint AdditionSingle
Computethesumof thefloatingfloat doubles(singles)in registersFRsrc1 andFRsrc2 andput it in
registerFRdest.

c.eq.d FRsrc1, FRsrc2 CompareEqualDouble
c.eq.s FRsrc1, FRsrc2 Compare EqualSingle
Comparethefloatingpoint doublein registerFRsrc1 againsttheonein FRsrc2 andsetthefloating
point conditionflag trueif they areequal.

c.le.d FRsrc1, FRsrc2 CompareLessThanEqualDouble
c.le.s FRsrc1, FRsrc2 Compare LessThanEqualSingle
Comparethefloatingpoint doublein registerFRsrc1 againsttheonein FRsrc2 andsetthefloating
point conditionflag trueif thefirst is lessthanor equalto thesecond.

c.lt.d FRsrc1, FRsrc2 CompareLessThanDouble
c.lt.s FRsrc1, FRsrc2 Compare LessThanSingle
Comparethefloatingpoint doublein registerFRsrc1 againsttheonein FRsrc2 andsetthecondition
flag trueif thefirst is lessthanthesecond.

cvt.d.s FRdest, FRsrc Convert Singleto Double
cvt.d.w FRdest, FRsrc Convert Integer to Double
Convert the singleprecisionfloating point numberor integer in registerFRsrc to a doubleprecision
numberandput it in registerFRdest.

cvt.s.d FRdest, FRsrc Convert Doubleto Single
cvt.s.w FRdest, FRsrc Convert Integer to Single
Convert the doubleprecisionfloating point numberor integer in registerFRsrc to a singleprecision
numberandput it in registerFRdest.
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cvt.w.d FRdest, FRsrc Convert Doubleto Integer
cvt.w.s FRdest, FRsrc Convert Singleto Integer
Convert thedoubleor singleprecisionfloatingpoint numberin registerFRsrc to an integerandput it
in registerFRdest.

div.d FRdest, FRsrc1, FRsrc2 FloatingPoint DivideDouble
div.s FRdest, FRsrc1, FRsrc2 FloatingPoint DivideSingle
Computethequotientof thefloatingfloatdoubles(singles)in registersFRsrc1 andFRsrc2 andput it
in registerFRdest.

l.d FRdest, address LoadFloatingPoint Double &
l.s FRdest, address LoadFloatingPoint Single &
Loadthefloatingfloatdouble(single)ataddress into registerFRdest.

mov.d FRdest, FRsrc MoveFloatingPoint Double
mov.s FRdest, FRsrc MoveFloatingPoint Single
Move thefloatingfloat double(single)from registerFRsrc to registerFRdest.

mul.d FRdest, FRsrc1, FRsrc2 FloatingPoint Multiply Double
mul.s FRdest, FRsrc1, FRsrc2 FloatingPoint Multiply Single
Computetheproductof thefloatingfloat doubles(singles)in registersFRsrc1 andFRsrc2 andput it
in registerFRdest.

neg.d FRdest, FRsrc NegateDouble
neg.s FRdest, FRsrc NegateSingle
Negatethefloatingpointdouble(single)in registerFRsrc andput it in registerFRdest.

s.d FRdest, address Store FloatingPoint Double &
s.s FRdest, address Store FloatingPoint Single &
Storethefloatingfloatdouble(single)in registerFRdest ataddress.

sub.d FRdest, FRsrc1, FRsrc2 FloatingPoint Subtract Double
sub.s FRdest, FRsrc1, FRsrc2 FloatingPoint Subtract Single
Computethedifferenceof thefloatingfloatdoubles(singles)in registersFRsrc1 andFRsrc2 andput
it in registerFRdest.

2.12 Exception and Trap Instructions

rfe ReturnFromException
RestoretheStatusregister.

syscall SystemCall
Register$v0 containsthenumberof thesystemcall (seeTable1) providedby SPIM.

break n Break
Causeexception� . Exception1 is reservedfor thedebugger.

nop No operation
Do nothing.
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Reserved

Text Segment

Data Segment

Stack Segment

0x400000

0x7fffffff

Figure5: Layoutof memory.

3 Memory Usage

Theorganizationof memoryin MIPS systemsis conventional.A program’s addressspaceis composed
of threeparts(seeFigure5).

At thebottomof theuseraddressspace(0x400000)is thetext segment,whichholdstheinstructions
for aprogram.

Abovethetext segmentis thedatasegment(startingat0x10000000),whichis dividedinto two parts.
The staticdataportion containsobjectswhosesizeandaddressareknown to the compilerandlinker.
Immediatelyabove theseobjectsis dynamicdata. As a programallocatesspacedynamically(i.e., by
malloc), thesbrk systemcall movesthetopof thedatasegmentup.

The programstackresidesat the top of the addressspace(0x7fffffff). It grows down, towardsthe
datasegment.

4 Calling Convention

Thecalling conventiondescribedin this sectionis theoneusedby gcc, not thenative MIPS compiler,
whichusesamorecomplex conventionthatis slightly faster.

Figure6 shows a diagramof a stackframe. A frameconsistsof the memorybetweenthe frame
pointer($fp), whichpointsto theword immediatelyafterthelastargumentpassedonthestack,andthe
stackpointer($sp), which pointsto the lastword in the frame. As typical of Unix systems,thestack
grows down from highermemoryaddresses,sotheframepointeris above stackpointer.

Thefollowing stepsarenecessaryto effectacall:
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      .
      .
      .
local variables
      .
      .
      .

      .
      .
      .
dynamic area
      .
      .
      .

memory
addresses

$fp

$sp
.

argument 5

argument 6

...

arguments 1−4      
      .
      .
saved registers
      .
      .
      .

Figure6: Layoutof a stackframe.Theframepointerpointsjust below thelastargumentpassedon the
stack.Thestackpointerpointsto thelastword in theframe.
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1. Passthe arguments. By convention, the first four argumentsarepassedin registers$a0–$a3
(thoughsimplercompilersmay chooseto ignorethis conventionandpassall argumentsvia the
stack).Theremainingargumentsarepushedon thestack.

2. Save thecaller-savedregisters.This includesregisters$t0–$t9, if they containlivevaluesat the
call site.

3. Executeajal instruction.

Within thecalledroutine,thefollowing stepsarenecessary:

1. Establishthestackframeby subtractingtheframesizefrom thestackpointer.

2. Save thecallee-savedregistersin theframe.Register$fp is alwayssaved.Register$ra needsto
besavedif theroutineitself makescalls.Any of theregisters$s0–$s7 thatareusedby thecallee
needto besaved.

3. Establishtheframepointerby addingthestackframesize- 4 to theaddressin $sp.

Finally, to returnfrom acall, afunctionplacesthereturnedvalueinto$v0 andexecutesthefollowing
steps:

1. Restoreany callee-savedregistersthatweresaveduponentry(includingtheframepointer$fp).

2. Popthestackframeby addingtheframesizeto $sp.

3. Returnby jumpingto theaddressin register$ra.

5 Input and Output

In additionto simulatingthebasicoperationof theCPU andoperatingsystem,SPIM alsosimulatesa
memory-mappedterminalconnectedto themachine.Whena programis “running,” SPIM connectsits
own terminal(or aseparateconsolewindow in xspim) to theprocessor. Theprogramcanreadcharacters
thatyou typewhile theprocessoris running.Similarly, if SPIMexecutesinstructionsto write characters
to the terminal, the characterswill appearon SPIM’s terminalor consolewindow. Oneexceptionto
this rule is control-C:it is not passedto theprocessor, but insteadcausesSPIM to stopsimulatingand
returnto commandmode.Whentheprocessorstopsexecuting(for example,becauseyou typedcontrol-
C or becausethemachinehit a breakpoint),theterminalis reconnectedto SPIM soyou cantypeSPIM
commands.To usememory-mappedIO, spim or xspim mustbestartedwith the-mapped io flag.

The terminaldevice consistsof two independentunits: a receiveranda transmitter. The receiver
unit readscharactersfrom thekeyboardasthey aretyped. The transmitterunit writescharactersto the
terminal’s display. Thetwo unitsarecompletelyindependent.This means,for example,thatcharacters
typedat thekeyboardarenot automatically“echoed”on thedisplay. Instead,theprocessormustgetan
input characterfrom thereceiver andre-transmitit to echoit.

Theprocessoraccessesthe terminalusingfour memory-mappeddevice registers,asshown in Fig-
ure7. “Memory-mapped”meansthateachregisterappearsasa specialmemorylocation.TheReceiver
ControlRegisteris at location0xffff0000;only two of its bits areactuallyused.Bit 0 is called“ready”:
if it is oneit meansthat a characterhasarrived from the keyboardbut hasnot yet beenreadfrom the
receiver dataregister. Thereadybit is read-only:attemptsto write it areignored.Thereadybit changes
automaticallyfrom zeroto onewhena characteris typedat thekeyboard,andit changesautomatically
from oneto zerowhenthecharacteris readfrom thereceiver dataregister.
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Figure7: Theterminalis controlledby four device registers,eachof whichappearsasaspecialmemory
locationat thegivenaddress.Only a few bitsof theregistersareactuallyused:theothersalwaysreadas
zeroesandareignoredon writes.
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Bit oneof theReceiver ControlRegisteris “interruptenable”.Thisbit maybebothreadandwritten
by theprocessor. The interruptenableis initially zero. If it is setto oneby theprocessor, an interrupt
is requestedby theterminalon level zerowhenever thereadybit is one.For theinterruptactuallyto be
receivedby theprocessor, interruptsmustbeenabledin thestatusregisterof thesystemcoprocessor(see
Section2).

Otherbits of theReceiver ControlRegisterareunused:they alwaysreadaszeroesandareignored
in writes.

Thesecondterminaldevice registeris theReceiver DataRegister(at address0xffff0004). Thelow-
ordereight bits of this registercontainthe last charactertypedon the keyboard,andall the otherbits
containzeroes.This registeris read-onlyandonly changesvaluewhena new characteris typedon the
keyboard. ReadingtheReceiver DataRegistercausesthe readybit in theReceiver ControlRegisterto
beresetto zero.

The third terminaldevice registeris theTransmitterControlRegister(at address0xffff0008). Only
thelow-ordertwo bits of this registerareused,andthey behave muchlike thecorrespondingbits of the
Receiver ControlRegister. Bit 0 is called“ready” andis read-only. If it is oneit meansthetransmitter
is readyto accepta new characterfor output.If it is zeroit meansthetransmitteris still busyoutputting
thepreviouscharactergivento it. Bit oneis “interrupt enable”;it is readableandwritable. If it is setto
one,thenaninterruptwill berequestedon level onewhenever thereadybit is one.

Thefinal device registeris theTransmitterDataRegister(at address0xffff000c).Whenit is written,
the low-ordereightbits aretakenasanASCII characterto outputto thedisplay. WhentheTransmitter
DataRegisteris written, thereadybit in theTransmitterControlRegisterwill beresetto zero. Thebit
will stayzerountil enoughtime haselapsedto transmitthecharacterto theterminal;thenthereadybit
will besetbackto oneagain.TheTransmitterDataRegistershouldonly bewrittenwhenthereadybit of
theTransmitterControlRegisteris one;if thetransmitterisn’t readythenwritesto theTransmitterData
Registerareignored(thewrite appearsto succeedbut thecharacterwill notbeoutput).

In realcomputersit takestime to sendcharactersover theseriallinesthatconnectterminalsto com-
puters.Thesetime lagsaresimulatedby SPIM. For example,after the transmitterstartstransmittinga
character, the transmitter’s readybit will becomezerofor a while. SPIM measuresthis time in instruc-
tionsexecuted,not in realclock time. This meansthatthetransmitterwill not becomereadyagainuntil
the processorhasexecuteda certainnumberof instructions. If you stop the machineandlook at the
readybit usingSPIM,it will notchange.However, if you let themachinerunthenthebit will eventually
changebackto one.
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