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1 SPIM

SPIM S20is a simulatorthatrunsprogramsfor the MIPS R2000/R300@RISC computers. SPIM can
readandimmediatelyexecutefiles containingassembhjlanguage . SPIM is a self-containedsystemfor
runningtheseprogramsandcontainsa detuggerandinterfaceto afew operatingsystemservices.

The architectureof the MIPS computersis simple and regular, which makesit easyto learnand
understandThe processocontains32 general-purposd2-bit registersanda well-designednstruction
setthatmale it a propitioustamgetfor generatingcodein a compiler

However, the obvious questionis: why usea simulatorwhenmary peoplehave workstationsthat
containa hardware,andhencesignificantlyfasteyimplementatiorof this computer?0Onereasons that
theseworkstationsarenot generallyavailable. Anotherreasoris thatthesemachinewill not persistfor
mary yearsbecausef therapidprogresdeadingto new andfastercomputersUnfortunatelythetrendis
to make computerdasterby executingseveralinstructionsconcurrentlywhich makestheir architecture
moredifficult to understané@ndprogram.The MIPS architecturanay be the epitomeof a simple,clean
RISCmachine.

In addition, simulatorscanprovide a betterervironmentfor low-level programmingthanan actual
machinebecausehey candetectmore errorsand provide more featureshanan actualcomputer For
example,SPIM hasa X-window interfacethatis betterthanmostdehuggersfor the actualmachines.

Finally, simulatorsareanusefultool for studyingcomputersaandthe programghatrun onthem.Be-
causehey areimplementedn software,notsilicon, they canbeeasilymodifiedto addnew instructions,
build new systemssuchasmultiprocessorspr simply to collectdata.

*| gratefulto the mary studentsat UW who usedSPIM in their coursesand happily found bugsin a professors code. In
particular the studentdn CS536,Spring 1990, painfully found the last few bugsin an “already-delhgged” simulator | am
gratefulfor their patienceandpersistenceAlan Yuen-wuiSiow wrote the X-window interface.

1Foradescriptiomf therealmachinesseeGerryKaneandJoeHeinrich, MIPSRISCArchitectuse, PrenticeHall, 1992.



1.1 Simulation of a Virtual Machine

The MIPS architecturelik e thatof mostRISC computersjs difficult to programdirectly becausef its
delayedbranchesdelayedloads,andrestrictedaddressmodes. This difficulty is tolerablesincethese
computersveredesignedo be programmedn high-level languagesindsopresenaninterfacedesigned
for compilers,not programmers.A good part of the compleity resultsfrom delayedinstructions. A
delayedbranch takestwo cyclesto execute.In the secondcycle, the instructionimmediatelyfollowing
the branchexecutes. This instruction can perform useful work that normally would have beendone
beforethe branchor it canbe a nop (no operation). Similarly, delayedloadstake two cycles so the
instructionimmediatelyfollowing aload cannotusethe valueloadedfrom memory

MIPSwisely chooséo hidethis compleity by implementingavirtual madinewith theirassembler
This virtual computerappeargo have non-delayedranchesandloadsanda richerinstructionsetthan
the actualhardware. The assemblereomanizes(rearrangesinstructionsto fill the delayslots. It also
simulateghe additional,pseudoinstructiosby generatingshortsequencesf actualinstructions.

By default, SPIM simulateghericher, virtual machine.lt canalsosimulatethe actualhardware.We
will describethe virtual machineandonly mentionin passingieatureshat do not belongto the actual
hardware. In doing so, we arefollowing the corventionof MIPS assemblylanguagerogrammergand
compilers),who routinely take adwantageof the extendedmachine.Instructionsmarked with a dagger
(t) arepseudoinstructian

1.2 SPIM Interface

SPIM providesa simpleterminalanda X-window interface. Both provide equivalentfunctionality but
the X interfaceis generallyeasierto useandmoreinformative.
spi m theterminalversion,andxspi m the X version,have thefollowing command-lineoptions:

-bare
Simulatea bare MIPS machinewithout pseudoinstructionsr the additionaladdressingnodes
provided by theassemblerimplies- qui et .

-asm
Simulatethe virtual MIPS machineprovided by theassemblerThis is the default.

- pseudo
Acceptpseudoinstructiain assemblycode.

- nopseudo
Do notacceptpseudoinstructions assemblycode.

-notrap
Do notloadthe standardrap handler This trap handlerhastwo functionsthatmustbe assumed
by the users program. First, it handlestraps. When a trap occurs, SPIM jumps to location
0x80000080which shouldcontaincodeto servicethe exception.Secondthisfile containsstartup
codethatinvokestheroutinenai n. Without thetrap handley executionbegins at the instruction
labeled_st art .

-trap
Loadthestandardraphandler Thisis thedefault.

-trapfile
Loadthetraphandlerin thefile.



- noqui et
Printamessagevhenanexceptionoccurs.Thisis thedefault.

- qui et
Do not print amessagat anexception.

- nomapped. o
Disablethe memory-mappetO facility (seeSection5).

- mapped. o
Enablethe memory-mappedO facility (seeSection5). Programsthat use SPIM syscalls(see
Sectionl.5)to readfrom theterminalshouldnot alsousememory-mappedO.

-file
Loadandexecutetheassemblycodein thefile.

-s seg si ze Setstheinitial sizeof memorysggmentse to besizebytes. Thememorysegmentsare
named:t ext ,dat a, st ack, kt ext ,andkdat a. For example thepair of aguments sdat a
2000000 startsthe userdatasegmentat 2,000,00(bytes.

-1 seg si ze Setgthelimit onhow largememorysegmentsey cangrow to besizebytes. Thememory
seggmentsthatcangrow are:dat a, st ack, andkdat a.

1.2.1 Terminal Interface

Theterminalinterface(s pi m providesthefollowing commands:

exit
Exit thesimulator

read "file"
Readfile of assemblyanguagecommandsnto SPIM’s memory If thefile hasalreadybeenread
into SPIM, the systemshouldbecleared(seer ei ni ti al i ze, below) or globalsymbolswill be
multiply defined.

| oad "file"
Synorym for r ead.

run <addr>
Startrunningaprogram.If theoptionaladdressddris provided,theprogranstartsatthataddress.
Otherwise the programstartsat the global symbol__st ar t , which is definedby the default trap
handlerto call theroutineat the globalsymbolrmai n with theusualMIPS calling corvention.

step <N>
Stepthe programfor N (default: 1) instructions.Printinstructionsasthey execute.

conti nue
Continueprogramexecutionwithout stepping.

print $N
PrintregisterN.



print $fN
Print floating point registerN.

print addr
Printthe contentsof memoryataddressaddr.

print _sym
Printthe contentsf the symboltable,i.e., the addressesf the global (but notlocal) symbols.

reinitialize
Clearthememoryandregisters.

br eakpoi nt addr
Setabreakpointataddressddr. addr canbe eitheramemoryaddres®r symboliclabel.

del et e addr
Deleteall breakpointsataddressaddr.

list
List all breakpoints.

Restof line is anassemblynstructionthatis storedin memory

<nl >
A newline reexecutespreviouscommand.

Printahelpmessage.

Mostcommandganbeabbreiatedto their uniqueprefixe.g.,ex, re, | ,ru, s, p. Moredangerous
commandssuchasr ei ni ti al i ze, requirealongerprefix.

1.2.2 X-Window Interface

TheX versionof SPIM, xs pi m looksdifferent,but shouldoperatdn thesamemannerasspi m TheX
window hasfive paneqseeFigurel). Thetop panedisplaysthe contentof theregisters.It is continually
updatedgxceptwhile a programis running.

Thenext panecontaingthe buttonsthatcontrolthe simulator:

quit
Exit from the simulator

load
Reada sourcefile into memory

run
Startthe programrunning.

step
Single-steghrougha program.

clear
Reinitializeregistersor memory
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set value
Setthevaluein aregisteror memorylocation.

print
Printthevaluein aregisteror memorylocation.

breakpoint
Setor deletea breakpoinir list all breakpoints.

help
Printahelpmessage.

terminal
Raiseor hidethe consolewindow.

mode
SetSPIM operatingmodes.

Thenext two panedisplaythe memorycontents.The top oneshaws instructionsfrom the userand
kerneltext sgments? The first few instructionsin the text sgmentare startupcode(__st ar t ) that
loadsar gc andar gv into registersandinvokesthemai n routine.

The lower of thesetwo panesdisplaysthe dataand stacksegments. Both panesare updatedas a
programexecutes.

The bottom paneis usedto display messagefrom the simulator It doesnot display outputfrom
an executingprogram.Whena programreadsor writes, its |O appearsn a separatavindow, calledthe
Consolewhich popsup whenneeded.

1.3 Surprising Features

Although SPIM faithfully simulatesthe MIPS computer it is a simulatorand certainthings are not
identicalto theactualcomputer Themostobviousdifferencesrethatinstructiontiming andthememory
systemsarenotidentical. SPIM doesnot simulatecacher memorylateng, nor doesit accurateeflect
thedelaysfor floating point operationgr multipliesanddivides.

Anothersurprise(which occursontherealmachineaswell) is thata pseudoinstructioexpandsnto
se/eralmachineinstructions.Whensingle-steppingr examiningmemory the instructionsthatyou see
areslightly differentfrom the sourceprogram.The correspondencieetweernthe two setsof instructions
is fairly simplesinceSPIM doesnot reoganizetheinstructiongo fill delayslots.

14 Assembler Syntax

Commentsn assemblefiles begin with a sharp-sign#). Everythingfrom the sharp-sigrto the endof
theline isignored.

Identifiersarea sequencef alphanumericharactersunderbarg_), anddots(. ) thatdo not begin
with a number Opcodedor instructionsare resered wordsthat are not valid identifiers. Labelsare
declaredby puttingthemat the beginning of aline followedby a colon,for example:

2Theseinstructionsarereal—notpseudo—MIPSnstructions.SPIM translatesassemblepseudoinstruction® 1-3MIPS
instructionsbeforestoringthe programin memory Eachsourceinstructionappearsaasa commenton the first instructionto
whichit is translated.



.dat a
item .word 1

. text

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

Stringsareenclosedn double-quote$" ). Specialcharactersn stringsfollow the C corvention:

new i ne \'n
tab \ t
quot e \ "

SPIM supportsa subsebf theassembledirectvesprovided by the MIPS assembler:

.align n

Align the next datumon a 2™ byte boundary For example,. al i gn 2 alignsthe next valueon
aword boundary . al i gn 0 turnsoff automaticalignmentof . hal f, . word, . f| oat , and
. doubl e directivesuntil thenext . dat a or. kdat a directive.

.ascii str
Storethestringin memory but do not null-terminateit.

.asciiz str
Storethe stringin memoryandnull-terminateit.

.byte bl, ..., bn
Storethen valuesin successie bytesof memory

. data <addr>
Thefollowing dataitemsshouldbe storedin the datasegment. If the optionalargumentaddr is

presenttheitemsarestoredbeginningataddressaddr.

.double di1, ..., dn
Storethen floating point doubleprecisionnumbersn successie memorylocations.

.extern symsi ze
Declarethatthe datumstoredat symis si ze byteslarge andis a global symbol. This directive
enablegheassembleto storethedatumin aportionof thedatasegmentthatis efficiently accessed

via register$gp.

.float f1, ..., fn
Storethen floating point singleprecisionnumbersn successie memarylocations.

.globl sym
Declarethatsymbolsy mis globalandcanbereferencedrom otherfiles.

.half hl1, ..., hn
Storethen 16-bitquantitiesin successie memoryhalfwords.

. kdat a <addr >
The following dataitemsshouldbe storedin the kerneldatasegment. If the optionalargument

addr is presenttheitemsarestoredbeginning at addressaddr.



| Service | System Call Code | Arguments | Result |

print.int 1 $a0 = integer

print_float 2 $f 12 =float

print.double 3 $f 12 = double

print_string 4 $a0 = string

readint 5 integer(in $v0)
readfloat 6 float(in $f 0)
readdouble 7 double(in $f 0)
readstring 8 $a0 = buffer, $al =length

sbrk 9 $a0 = amount addresgin $v0)
exit 10

print.character 11 $a0 = integer

readcharacter 12 char(in $v0)

Tablel: Systenservices.

. ktext <addr>
Thenext itemsareputin thekerneltext sggment. In SPIM, theseitemsmay only beinstructions
or words(seethe. wor d directive belaw). If the optionalagumentaddr is presenttheitemsare
storedbeginningataddressddr.

. space n
Allocaten bytesof spacen the currentsegment(which mustbethe datasegmentin SPIM).

.text <addr>
The next itemsareputin the usertext sggment. In SPIM, theseitemsmay only be instructions
or words(seethe. wor d directive below). If the optionalargumentaddr is presenttheitemsare
storedbeginningataddressaddr.

.word wl, ..., wn
Storethen 32-bit quantitiesn successie memorywords.

SPIM doesnot distinguishvariouspartsof thedatasegment(. dat a, . r dat a, and. sdat a).

15 System Calls

SPIM providesa smallsetof operating-system-lkserviceghroughthesystenxcall (syscal | ) instruc-
tion. To request service,a programloadsthe systemcall code(seeTablel) into register$v0 andthe
argumentdnto registers$a0. . .$a3 (or $f 12 for floatingpointvalues).Systemcallsthatreturnvalues
puttheir resultin register$v0 (or $f O for floating pointresults).For example,to print“t he answer
= 57, usethecommands:

.data

str: .asciiz "the answer ="
. text
li $vO, 4 # systemcall code for print_str
la $a0, str # address of string to print
syscal | # print the string
li $vO, 1 # systemcall code for print_int
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Figure2: MIPS R2000CPUandFPU

li $a0, 5 # integer to print
syscal | # print it

pri nt Ji nt ispassednintegerandprintsit ontheconsolepri nt _f | oat printsasinglefloating
pointnumber pri nt _doubl e printsa doubleprecisionnumber pri nt _stri ng is passedpointer
to anull-terminatedstring,which it writesto the console.

read. nt,read_fl oat,andr ead_doubl e readanentireline of inputup to andincludingthe
newline. Charactergollowing the numberareignored.r ead_st ri hg hasthe samesemanticsasthe
Unix library routinef get s. It readsupto n — 1 charactersnto a buffer andterminateghe stringwith
anull byte. If therearefewer character®nthe currentline, it readsthroughthe nevline andagainnull-
terminateghe string. Warning: programshatusethesesyscallsto readfrom the terminalshouldnot
usememory-mappetO (seeSection5s).

sbr k returnsa pointerto a block of memorycontainingn additionalbytes.exi t stopsaprogram
from running.

2 Description of the MIPS R2000

A MIPS processoconsistof anintegerprocessinginit (the CPU)anda collectionof coprocessorthat
performancillary tasksor operateon othertypesof datasuchasfloating point numbergseeFigure 2).
SPIM simulatedwo coprocessorsCoprocessod handledraps,exceptions andthevirtual memorysys-
tem. SPIM simulateamostof thefirst two andentirely omitsdetailsof the memorysystem.Coprocessor
1is thefloating point unit. SPIM simulatesmostaspect®f this unit.



Register Name | Number | Usage

zero 0 | ConstanD

at 1 | Reseredfor assembler

vO 2 | Expressiorevaluationand

vl 3 resultsof afunction

a0 4 | Argumentl

al 5 | Argument2

a2 6 | Argument3

a3 7 | Argument4

t0 8 | Temporary(notpreseredacros<all)
t1 9 | Temporary(notpreseredacros<all)
t2 10 | Temporary(notpreseredacrossall)
t3 11 | Temporary(notpreseredacrossall)
t4 12 | Temporary(notpreseredacros<all)
t5 13 | Temporary(notpreseredacros<all)
t6 14 | Temporary(notpreseredacros<all)
t7 15 | Temporary(not preseredacrossall)
sO 16 | Savedtemporary(preseredacros<all)
sl 17 | Savedtemporary(preseredacros<all)
s2 18 | Savedtemporary(preseredacros<all)
s3 19 | Savedtemporary(preseredacros<all)
s4 20 | Savedtemporary(preseredacrossall)
s5 21 | Savedtemporary(preseredacrosscall)
s6 22 | Savedtemporary(preseredacrossall)
s7 23 | Savedtemporary(preseredacrosscall)
t8 24 | Temporary(notpreseredacros<all)
t9 25 | Temporary(notpreseredacrossall)
kO 26 | Reseredfor OSkernel

k1l 27 | Reseredfor OSkernel

ap 28 | Pointerto globalarea

sp 29 | Stackpointer

fp 30 | Framepointer

ra 31 | Returnaddresgusedby functioncall)

Table2: MIPS registersandthe corventiongoverningtheir use.

2.1 CPU Registers

The MIPS (andSPIM) centralprocessinginit contains32 generapurpose32-bit registersthatarenum-
bered0-31. Registern is designatedy $n. Register$0 alwayscontainsthe hardwiredvalue0. MIPS
hasestablishe@ setof corventionsasto how registersshouldbeused.Thesesuggestionareguidelines,
which arenot enforcedby the hardware. However a programthat violatesthemwill notwork properly
with othersoftware. Table2 lists theregistersanddescribesheirintendeduse.

Ragisters$at (1), $k0 (26), and$k1 (27) areresered for useby the assembleand operating
system.

Reagisters$a0-$a3 (4—7)areusedto pasghefirst four agumentdo routines(remainingarguments
arepasseanthestack).Registersbv0 and$v1 (2, 3) areusedto returnvaluesfrom functions.Registers
$t 0-%t 9 (8-15,24, 25) arecallersaved registersusedfor temporaryquantitiesthat do not needto be
preseredacros<alls. Registerss 0-$s 7 (16—23)arecallee-saedregistersthathold long-lived values
thatshouldbe presered acros<alls.

10
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Register$sp (29)is the stackpointer which pointsto thelastlocationin useon thestack® Register
$f p (30)is theframepointer* Register$r a (31)is written with thereturnaddresgor acall by thej al
instruction.

Register$gp (28) is a global pointerthat pointsinto the middle of a 64K block of memoryin the
heapthat holdsconstantandglobal variables. The objectsin this heapcanbe quickly accessedavith a
singleloador storeinstruction.

In addition, coprocessof containsregistersthat are usefulto handleexceptions. SPIM doesnot
implementall of theseregisters,sincethey arenotof muchusein a simulatoror are partof the memory
systemwhichis notimplementedHowever, it doesprovide thefollowing:

| Register Name | Number | Usage |
Bad\Addr 8 Memoryaddressatwhich addressxceptionoccurred
Status 12 Interruptmaskandenablebits
Cause 13 Exceptiontype andpendinginterruptbits
EPC 14 Addressof instructionthatcausedxception

Theseregistersarepartof coprocessod’s registersetandareaccessetly thel weO, nf c0, nt c0, and
swc O instructions.

Figure3 describeshebitsin the St at us registerthatareimplementedy SPIM. Thei nt er r upt
mask containsabit for eachof thefiveinterruptlevels. If abit is one,interruptsatthatlevel areallowed.
If thebit is zero,interruptsatthatlevel aredisabled.Thelow six bits of the St at us registerimplement
athree-leel stackfor theker nel / user andi nt errupt enabl e bits. Theker nel / user bitis
0if the programwasrunningin the kernelwhenthe interruptoccurredand1l if it wasin usermode. If
thei nt errupt enabl e bitis 1, interruptsareallowed. If it is 0, they aredisabled.At aninterrupt,

3In earlierversionof SPIM, $sp wasdocumentedispointing at the first free word on the stack(not the lastword of the
stackframe). RecentMIPS document$ave madeit clearthatthis wasanerror. Both corventionswork equallywell, but we
chooseo follow thereal system.

4The MIPS compilerdoesnot usea framepointer sothis registeris usedascallee-saedregister$s 8.
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thesesix bits are shiftedleft by two bits, sothe currentbits becomethe previous bits andthe previous
bits becometheold bits. The currentbits arebothsetto O (i.e., kernelmodewith interruptsdisabled).

Figure4 describeshebitsin theCause registers.Thefivependi ng i nt err upt bitscorrespond
to thefive interruptlevels. A bit becomedl whenaninterruptat its level hasoccurredbut hasnot been
serviced.Theexcept i on code registercontainsacodefrom thefollowing tabledescribinghecause
of anexception.

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

2.2 ByteOrder

Processorgan numberthe byteswithin a word to malke the byte with the lowest numbereither the
leftmostor rightmostone. The corventionusedby a machineis its byteorder. MIPS processorgan
operatewith eitherbig-endianbyte order:

or little-endianbyte order:

SPIMoperatesvith bothbyteorders.SPIM’s byteorderis determinedy thebyteorderof theunderlying
hardware runningthe simulator On a DECstation3100,SPIM is little-endian,while on a HP Bobcat,
Sun4 or PC/RIT, SPIMis big-endian.

2.3 Addressing Modes

MIPS is a load/storearchitecture which meansthat only load and storeinstructionsaccessmemory
Computatiorinstructionsoperateonly onvaluesin registers.Thebaremachineprovidesonly onemem-
ory addressingnode: c( r x) , which usesthe sum of the immediate(integer) ¢ andthe contentsof
registerr x asthe address.The virtual machineprovidesthe following addressingnodesfor load and
storeinstructions:

| Format | Address Computation |
(register) contentsof register
imm immediate
imm (register) immediatet+ contentf register
symbol addres®f symbol
symbol+ imm addres®f symbol+ or — immediate
symbol=+ imm (register) | addres®f symbol+ or — (immediatet+ contentsf register)

12



Most load andstoreinstructionsoperateonly on aligneddata. A quantityis alignedif its memory
addresss a multiple of its sizein bytes. Therefore a halfword objectmustbe storedat evenaddresses
anda full word objectmustbe storedat addressethat are a multiple of 4. However, MIPS provides
someinstructionsfor manipulatingunaligneddata.

2.4 Arithmetic and Logical Instructions

In all instructionsbelaw, Sr c2 caneitherbe a registeror animmediatevalue (a 16 bit integer). The
immediateforms of the instructionsare only includedfor reference.The assemblewill translatethe
more generalform of an instruction(e.g.,add) into the immediateform (e.g.,addi ) if the second
amgumentis constant.

abs Rdest, Rsrc AbsoluteValuet
Puttheabsolutevalueof theintegerfrom registerRsr ¢ in registerRdest .

add Rdest, Rsrcl, Src?2 Addition (with overflow)
addi Rdest, Rsrcl, Imm AdditionlImmediatg(with overflow)
addu Rdest, Rsrcl, Src?2 Addition (withoutoverflow)
addi u Rdest, Rsrcl, |Imm AdditionImmediatgwithoutoverflow)

Putthe sumof theintegersfrom registerRsr c1 andSr c2 (or | mm) into registerRdest .

and Rdest, Rsrcl, Src?2 AND
andi Rdest, Rsrcl, Imm AND Immediate
Putthelogical AND of theintegersfrom registerRsr c1 andSr c2 (or | nm) into registerRdest .

div Rsrcl, Rsrc2 Divide (signed)
divu Rsrcl, Rsrc2 Divide (unsigned)

Divide the contentsof thetwo registers.di vu treatsis operandsisunsignedvalues.Leave the quotient
in register| o andthe remainderin registerhi . Notethatif anoperandis negative, the remainderis
unspecifiedoy the MIPS architectureanddepend®n the corventionsof the machineon which SPIM is
run.

div Rdest, Rsrcl, Src2 Divide (signed with overflow)?
di vu Rdest, Rsrcl, Src?2 Divide(unsignedwithoutoverﬂow)T
Put the quotientof the integersfrom registerRsr c1 and Sr c2 into registerRdest . di vu treatsis
operandssunsignedvalues.

mul Rdest, Rsrcl, Src2 Multiply (withoutoverflow)t
mul o Rdest, Rsrcl, Src2 Multiply (with overflow)t
mul ou Rdest, Rsrcl, Src2 UnsignedMultiply (with overflow)
Putthe productof theintegersfrom registerRsr c1 andSr c2 into registerRdest .

mult Rsrcl, Rsrc2 Multiply
multu Rsrcl, Rsrc2 UnsignedMultiply

Multiply the contentsof the two registers. Leave the low-orderword of the productin registerl o and
the high-word in registerhi .

neg Rdest, Rsrc Negate Value (with overflow)t
negu Rdest, Rsrc Negate Value (withoutoverflow)t
Putthe neggative of theintegerfrom registerRsr ¢ into registerRdest .

13



nor Rdest, Rsrcl, Src2 NOR
Putthelogical NOR of theintegersfrom registerRsr c1 andSr c2 into registerRdest .

not Rdest, Rsrc NOT f
Putthebitwiselogical negationof theintegerfrom registerRsr ¢ into registerRdest .

or Rdest, Rsrcl, Src2 OR
ori Rdest, Rsrcl, Imm ORImmediate
Putthelogical OR of theintegersfrom registerRsr ¢ 1 andSr ¢c2 (or | m) into registerRdest .

rem Rdest, Rsrcl, Src2 Remaindel
remu Rdest, Rsrcl, Src2 Unsigned?emaindel*
Put the remainderfrom dividing the integer in register Rsr c1 by the integer in Sr c2 into register
Rdest . Notethatif anoperands negative, the remaindeiis unspecifiedoy the MIPS architectureand
depend®nthe corventionsof themachineon which SPIMis run.

rol Rdest, Rsrcl, Src2 Rotateleft f
ror Rdest, Rsrcl, Src2 RotateRightT
Rotatethe contentf registerRsr c 1 left (right) by the distancdandicatedby Sr ¢ 2 andputtheresultin
registerRdest .

sl Rdest, Rsrcl, Src?2 ShiftLeft Logical
sllv Rdest, Rsrcl, Rsrc2 ShiftLeft Logical Variable
sra Rdest, Rsrcl, Src?2 ShiftRightArithmetic
srav Rdest, Rsrcl, Rsrc2 ShiftRightArithmeticVariable
srl Rdest, Rsrcl, Src2 ShiftRightLogical
srlv Rdest, Rsrcl, Rsrc2 ShiftRightLogical Variable

Shift the contentsf registerRsr ¢ 1 left (right) by thedistanceandicatedby Sr c2 (Rsr ¢2) andputthe
resultin registerRdest .

sub Rdest, Rsrcl, Src2 Subtact (with overflow)
subu Rdest, Rsrcl, Src?2 Subtact (withoutoverflow)
Putthe differenceof theintegersfrom registerRsr ¢ 1 andSr c2 into registerRdest .

xor Rdest, Rsrcl, Src2 XOR
xori Rdest, Rsrcl, |nmm XORImmediate
Putthelogical XOR of theintegersfrom registerRsr c1 andSr c2 (or | nmm) into registerRdest .

2.5 Constant-Manipulating Instructions

li Rdest, imm Load Immediatef
Move theimmediate nminto registerRdest .

| ui Rdest, imm LoadUpperimmediate
Loadthe lower halfword of the immediatei nminto the upperhalfword of registerRdest . The lower
bits of theregisteraresetto 0.
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2.6 Comparison Instructions

In all instructionsbelaw, Sr c2 caneitherbearegisteror animmediatevalue(a 16 bit integer).

seq Rdest, Rsrcl, Src2 SetEqual

SetregisterRdest to 1if registerRsr c1 equalsSr c2 andto be 0 otherwise.

sge Rdest, Rsrcl, Src2 SetGreaterThanEqualJr

sgeu Rdest, Rsrcl, Src2 SetGreaterThanEqual Unsigned'

SetregisterRdest to 1if registerRsr c1 is greaterthanor equalto Sr c2 andto 0 otherwise.

sgt Rdest, Rsrcl, Src2 SetGreaterThant

sgtu Rdest, Rsrcl, Src2 SetGreaterThanUnsigned

SetregisterRdest to 1if registerRsr c1 is greatethanSr ¢2 andto 0 otherwise.

sl e Rdest, Rsrcl, Src?2 SetLessThanEquaIT

sl eu Rdest, Rsrcl, Src2 SetlLessThanEqual Unsigned

SetregisterRdest to 1if registerRsr c1 is lessthanor equalto Sr c2 andto O otherwise.

slt Rdest, Rsrcl, Src2 SetlLessThan
slti Rdest, Rsrcl, |nmm SetLessThanimmediate
sltu Rdest, Rsrcl, Src2 SetlLessThanUnsigned
sltiu Rdest, Rsrcl, |Imm SetLessThanUnsignedmmediate

SetregisterRdest to 1if registerRsr c1 islessthanSr ¢c2 (or | mm) andto O otherwise.

sne Rdest, Rsrcl, Src2 SetNot Equal?
SetregisterRdest to 1if registerRsr c1 is notequalto Sr c2 andto 0 otherwise.

2.7 Branch and Jump Instructions

In all instructionsbelow, Sr c2 caneitherbearegisteror animmediatevalue (integer). Branchinstruc-
tionsusea signedl16-bit offsetfield; hencethey canjump 2'® — 1 instructions(not bytes)forward or 2'°
instructionsbackwards. Thejumpinstructioncontainsa 26 bit addresdield.

b | abel Brandh instruction?
Unconditionallybranchto theinstructionat thelabel.

bczt | abel Brand Coprmocessorz True
bczf | abel Brand Coprocessorz False
Conditionallybranchto theinstructionatthelabelif coprocessot’s conditionflagis true (false).

beg Rsrcl, Src2, |abel Brandh on Equal
Conditionallybranchto theinstructionatthelabelif the contentsof registerRsr c1 equalsSr c2.
beqz Rsrc, | abel Brandh on EqualZero
Conditionallybranchto theinstructionat thelabelif the contentof Rsr ¢ equalD.

bge Rsrcl, Src2, |abel Branc on GreaterThanEquaIT
bgeu Rsrcil, Src2, |abel Branch on GTE Unsigned'
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Conditionallybranchto theinstructionat the labelif the contentsof registerRsr c1 aregreaterthanor
equalto Sr c2.

bgez Rsrc, | abel Brand on GreaterThanEqualZero
Conditionallybranchto theinstructionatthelabelif the contentsof Rsr ¢ aregreaterthanor equalto O.

bgezal Rsrc, [ abel Brand on GreaterThanEqualZero AndLink
Conditionallybranchto theinstructionat thelabelif thecontentf Rsr ¢ aregreatetthanor equalto 0.
Savetheaddres®f thenext instructionin register31.

bgt Rsrcl, Src2, |abel Branch on GreaterThan'
bgtu Rsrcl, Src2, | abel Branch on GreaterThanUnsigned
Conditionally branchto the instructionat the label if the contentsof registerRsr c1 are greaterthan
Src2.

bgtz Rsrc, |abel Brand on GreaterThanZero
Conditionallybranchto theinstructionat thelabelif the contentf Rsr ¢ aregreaterthanO.

ble Rsrcl, Src2, | abel Branch on LessThanEquaIT
bleu Rsrcl, Src2, |abel Branch on LTE Unsigned'
Conditionally branchto the instructionat the label if the contentsof registerRsr c1 arelessthanor
equalto Sr c2.

bl ez Rsrc, | abel Brand onLessThanEqualZem
Conditionallybranchto theinstructionatthelabelif the contentof Rsr ¢ arelessthanor equalto 0.

bgezal Rsrc, [ abel Brand on GreaterThanEqualZero AndLink
bltzal Rsrc, | abel Brand on LessThanAndLink
Conditionally branchto the instructionat the labelif the contentsof Rsr ¢ aregreateror equalto O or
lessthanO, respectiely. Save the addres®f the next instructionin register31.

blt Rsrcl, Src2, | abel Branch on LessThant
bltu Rsrcl, Src2, |abel Brand on LessThanUnsigned'
Conditionallybranchto theinstructionat thelabelif the contentsof registerRsr ¢ 1 arelessthanSr c2.

bltz Rsrc, | abel Branch onLessThanZero
Conditionallybranchto theinstructionat thelabelif the contentf Rsr ¢ arelessthanO.

bne Rsrcl, Src2, | abel Brand on Not Equal
Conditionally branchto the instructionat the label if the contentsof registerRsr c1 are not equalto
Src2.

bnez Rsrc, | abel Branch on NotEquaIZeroJr
Conditionallybranchto theinstructionat thelabelif the contentf Rsr ¢ arenotequalto O.

j 1 abel Jump
Unconditionallyjump to theinstructionat thelabel.

jal |abel JumpandLink
jalr Rsrc JumpandLink Register
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Unconditionallyjump to the instructionat the label or whoseaddresss in registerRsr ¢c. Save the
addres®f the next instructionin register31.

jr Rsrc JumpRayister
Unconditionallyjump to theinstructionwhoseaddresss in registerRsr c.

2.8 Load Instructions

| a Rdest, address Load Address'
Load computedaddress not the contentsof thelocation,into registerRdest .

I b Rdest, address LoadByte
| bu Rdest, address LoadUnsignedByte

Load the byte at addressinto registerRdest . The byteis sign-etendedby thel b, but notthel bu,
instruction.

| d Rdest, address LoadDouble-Vérd
Loadthe64-bit quantityataddressinto registersRdest andRdest + 1.

| h Rdest, address LoadHalfword
| hu Rdest, address LoadUnsignedHalfword

Load the 16-bit quantity (halfword) at addressinto registerRdest . The halfword is sign-extendedby
thel h, but notthelhu, instruction

| w Rdest, address LoadWord
Loadthe 32-bit quantity(word) at addressinto registerRdest .

| wz Rdest, address LoadWbrd Coprocessor
Loadtheword ataddressinto registerRdest of coprocessog (0-3).

I W Rdest, address LoadWord Left
| w Rdest, address LoadWord Right
Loadtheleft (right) bytesfrom theword atthe possibly-unaligne@ddressinto registerRdest .

ul h Rdest, address UnalignedLoad Halfword
ul hu Rdest, address UnalignedLoadHalfword Unsigned'

Loadthe 16-bitquantity(halfword) atthepossibly-unaligne addressinto registerRdest . Thehalfword
is sign-extendedby theul h, but nottheulhu, instruction

ul w Rdest, address UnalignedLoad\/\brdT
Loadthe 32-bit quantity(word) at the possibly-unaligné addressinto registerRdest .

2.9 Storelnstructions

sb Rsrc, address Stoe Byte
Storethelow bytefrom registerRsr ¢ ataddress

sd Rsrc, address Stoe Double-Vord
Storethe 64-bit quantityin registersRsr ¢c andRsr ¢ + 1 ataddress
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sh Rsrc, address Stoe Halfword
Storethelow halfword from registerRsr ¢ ataddress

sw Rsrc, address Stoe Word
Storetheword from registerRsr ¢ ataddress

swcz Rsrc, address Stoe Word Coprocessor
Storetheword from registerRsr ¢ of coprocessog ataddress

sw Rsrc, address Stoe Word Left
sw Rsrc, address Stoe Word Right
Storetheleft (right) bytesfrom registerRsr ¢ atthepossibly-unaligne@dddress

ush Rsrc, address UnalignedStore Halfword f
Storethelow halfword from registerRsr ¢ atthe possibly-unalignea@ddress

usw Rsrc, address UnalignedStoe Word
Storetheword from registerRsr ¢ atthe possibly-unaligne@ddress

2.10 Data Movement Instructions

move Rdest, Rsrc Move
Move the contentof Rsr ¢ to Rdest .

Themultiply anddivide unit producests resultin two additionalregisters hi andlo. Theseinstruc-
tionsmove valuesto andfrom theseregisters. Themultiply, divide, andremaindeinstructionsdescribed
above arepseudoinstructionthatmale it appeamsif thisunit operate®nthegeneralegistersanddetect
errorconditionssuchasdivide by zeroor overflow.

nf hi Rdest Move Fromhi
nfl o Rdest Move Fromlo
Move the contentf the hi (lo) registerto registerRdest .

nt hi Rdest Move To hi
ntl o Rdest MoveTolo
Move the contentgegisterRdest to thehi (lo) register

Coprocessorbave their own registersets. Theseinstructionsmove valuesbetweentheseregisters
andthe CPU'sregisters.

nfcz Rdest, CPsrc Move From Coprocessorz
Move the contentsof coprocessot’s registerCPsr ¢ to CPUregisterRdest .

nfcl.d Rdest, FRsrcl Move DoubleFrom Coprocessorl
Move the contentsof floating point registersFRsr c1 andFRsrcl + 1 to CPUregistersRdest and
Rdest + 1.

ntcz Rsrc, CPdest Move To Coprocessor
Move the contentsof CPUregisterRsr ¢ to coprocessot’s registerCPdest .
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2.11 Floating Point Instructions

The MIPS hasa floating point coprocessofhumberedl) that operateson single precision(32-bit) and
double precision(64-bit) floating point numbers. This coprocessohasits own registers,which are
numberedbf 0-$f 31. Becauseaheseregistersareonly 32-bitswide, two of themarerequiredto hold
doubles. To simplify matters,floating point operationsonly use even-numberedegisters—including
instructionsthatoperateon singlefloats.

Valuesaremovedin or out of theseregistersaword (32-bits)atatimeby | wcl, swcl, nt cl, and
nf c1 instructionsdescribedabore or by thel . s, 1. d, s. s, ands. d pseudoinstructiondescribed
below. Theflag setby floatingpoint comparisoroperationss readby the CPUwith its bc1t andbc1f
instructions.

In all instructionsbelav, FRdest , FRsr ¢c1, FRsr c2, andFRsr ¢ arefloatingpointregisters(e.g.,
$f 2).

abs.d FRdest, FRsrc Floating Point AbsoluteValue Double
abs.s FRdest, FRsrc Floating Point AbsoluteValue Single
Computethe absolutevalueof the floating float double(single)in registerFRsr ¢ andputit in register
FRdest .

add. d FRdest, FRsrcl, FRsrc2 Floating Point Addition Double
add. s FRdest, FRsrcl, FRsrc2 Floating Point Addition Single
Computethe sumof the floating float doubles(singles)in registersFRsr c1 andFRsr c2 andputit in
registerFRdest .

c.eq.d FRsrcl, FRsrc2 Compae EqualDouble
c.eq.s FRsrcl, FRsrc2 Compae EqualSingle
Comparethe floating point doublein registerFRsr ¢ 1 againstthe onein FRsr c2 andsetthe floating
pointconditionflag trueif they areequal.

c.le.d FRsrcl, FRsrc2 Compake LessThanEqualDouble
c.le.s FRsrcl, FRsrc2 Compae LessThanEqual Single
Comparethe floating point doublein registerFRsr ¢ 1 againsthe onein FRsr c2 andsetthe floating
point conditionflag trueif thefirstis lessthanor equalto thesecond.

c.lt.d FRsrcl, FRsrc2 Compae LessThanDouble
c.lt.s FRsrcl, FRsrc2 Compae LessThanSingle
Comparehefloating point doublein registerFRsr ¢ 1 againstheonein FRsr c2 andsetthe condition
flagtrueif thefirstis lessthanthesecond.

cvt.d.s FRdest, FRsrc Corvert Singleto Double
cvt.d.w FRdest, FRsrc CorvertInteger to Double
Corvert the single precisionfloating point numberor integerin register FRsr ¢ to a doubleprecision
numberandputit in registerFRdest .

cvt.s.d FRdest, FRsrc CorvertDoubleto Single
cvt.s.w FRdest, FRsrc CorvertInteger to Single
Corvert the doubleprecisionfloating point numberor integer in register FRsr ¢ to a single precision
numberandputit in registerFRdest .
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cvt.w. d FRdest, FRsrc Corvert Doubleto Integer
cvt.w. s FRdest, FRsrc Corvert Singleto Integer
Corvert the doubleor singleprecisionfloating point numberin registerFRsr ¢ to aninteger andputit
in registerFRdest .

div.d FRdest, FRsrcl, FRsrc2 Floating Point Divide Double
div.s FRdest, FRsrcl, FRsrc2 Floating Point Divide Single
Computethe quotientof thefloating float doubleg(singles)in registersFRsr ¢ 1 andFRsr ¢2 andputit
in registerFRdest .

| .d FRdest, address LoadFloating Point Doublet
| .s FRdest, address LoadFloating Point Singlef
Loadthefloatingfloat double(single)ataddr ess into registerFRdest .

nov. d FRdest, FRsrc Move Floating Point Double
nov. s FRdest, FRsrc Move Floating Point Single
Move the floatingfloat double(single)from registerFRsr ¢ to registerFRdest .

mul . d FRdest, FRsrcl, FRsrc2 Floating Point Multiply Double
mul . s FRdest, FRsrcl, FRsrc2 Floating Point Multiply Single

Computethe productof the floatingfloat doubles(singles)in registersFRsr ¢ 1 andFRsr ¢2 andputit
in registerFRdest .

neg.d FRdest, FRsrc NegateDouble
neg.s FRdest, FRsrc NegateSingle
Negatethefloating pointdouble(single)in registerFRsr ¢ andputit in registerFRdest .

s.d FRdest, address Stoe Floating Point Doublet
s.s FRdest, address Stoe Floating Point Singlef
Storethefloatingfloatdouble(single)in registerFRdest ataddr ess.

sub.d FRdest, FRsrcl, FRsrc2 Floating Point Subtact Double
sub.s FRdest, FRsrcl, FRsrc2 Floating Point Subtact Single

Computethe differenceof thefloatingfloat doubleg(singles)in registersFRsr c1 andFRsr ¢c2 andput
it in registerFRdest .

2.12 Exception and Trap Instructions

rfe ReturnFromException
Restorethe Statusregister
syscal | SystencCall

Register$v0 containghe numberof the systemcall (seeTable 1) provided by SPIM.

break n Break
Causeexceptionn. Exceptionl is reseredfor the delugger

nop No opemtion
Do nothing.
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Ox7ffffff

Stack Segment

|

Data Segment

Text Segment

0x400000

Reserved

Figure5: Layoutof memory

3 Memory Usage

The organizationof memoryin MIPS systemss corventional. A programs addresspaceds composed
of threeparts(seeFigureb).

At thebottomof theuseraddresspacg0x400000)s thetext segment,which holdstheinstructions
for aprogram.

Above thetext sggmentis thedataseggment(startingat 0x10000000)whichis dividedinto two parts.
The staticdataportion containsobjectswhosesize and addressare known to the compilerandlinker.
Immediatelyabove theseobjectsis dynamicdata. As a programallocatesspacedynamically(i.e., by
mal | oc), thesbr k systemcall movesthetop of the datasegmentup.

The programstackresidesat the top of the addresspace(Ox7fffffff). It grows down, towardsthe
datasegment.

4 Calling Convention

The calling conventiondescribedn this sectionis the oneusedby gcc not the native MIPS compiler
which usesa morecomplex corventionthatis slightly faster

Figure 6 shavs a diagramof a stackframe. A frame consistsof the memorybetweenthe frame
pointer($f p), which pointsto theword immediatelyafterthe lastagumentpassedan the stack,andthe
stackpointer($sp), which pointsto the lastword in the frame. As typical of Unix systemsthe stack
grows down from highermemoryaddressesotheframepointeris above stackpointer

Thefollowing stepsarenecessaryo effectacall:
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$fp — argument 6

argument 5
arguments 1-4 T
. ) memory
saved registers addresses

local variables

dynamic area

$sp —mm

Figure6: Layoutof a stackframe. Theframepointerpointsjust belon the lastagumentpassedn the
stack.The stackpointerpointsto the lastword in theframe.
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1. Passthe aguments. By corvention, the first four algumentsare passedn registers$a0-$a3
(thoughsimpler compilersmay chooseto ignore this corvention and passall agumentsvia the
stack). Theremainingargumentsarepushedon the stack.

2. Savethecallersavedregisters.Thisincludesregisters$t 0-$t 9, if they containlive valuesatthe
call site.

3. Executeaj al instruction.
Within the calledroutine,thefollowing stepsarenecessary:
1. Establishthe stackframeby subtractingheframesizefrom the stackpointer

2. Savethecallee-saed registersin theframe.Register$f p is alwayssaved. Reggister$r a needdo
besavedif theroutineitself makescalls. Any of theregisters$s 0-$s7 thatareusedby thecallee
needto be saved.

3. Establishtheframepointerby addingthe stackframesize- 4 to theaddressn $sp.

Finally, to returnfrom acall, afunctionplaceghereturnedvalueinto $v0 andexecutegshefollowing
steps:

1. Restoreary callee-saed registersthatweresaved uponentry (includingtheframepointer$f p).
2. Popthestackframeby addingtheframesizeto $sp.

3. Returnby jumpingto theaddressn register$r a.

5 Input and Output

In additionto simulatingthe basicoperationof the CPU and operatingsystem,SPIM alsosimulatesa
memory-mappetkerminalconnectedo the machine.Whena programis “running; SPIM connectsts
ownterminal(or aseparateonsolenvindow in xspi m) totheprocessorTheprogramcanreadcharacters
thatyoutypewhile the processois running. Similarly, if SPIM executesnstructionsto write characters
to the terminal, the characterswill appearon SPIM’s terminal or consolewindowv. One exceptionto
this rule is control-C:it is not passedo the processqrbut insteadcausesSPIM to stopsimulatingand
returnto commandnode.Whenthe processostopsexecuting(for example becauseoutypedcontrol-
C or becauséhe machinehit a breakpoint) the terminalis reconnectedo SPIM soyou cantype SPIM
commandsTo usememory-mappetO, spi mor xspi mmustbe startedwith the- mapped_i o flag.

The terminaldevice consistsof two independentinits: a receiveranda transmitter The recever
unit readscharactergrom the keyboardasthey aretyped. The transmitterunit writes characterso the
terminals display Thetwo unitsarecompletelyindependentThis meansfor example,thatcharacters
typedatthe keyboardarenot automatically‘echoed”on the display Insteadthe processomustgetan
input charactefrom therecever andre-transmitt to echoit.

The processorccessethe terminal using four memory-mappedevice registers,asshavn in Fig-
ure7. “Memory-mapped'meanghateachregisterappearsasa specialmemorylocation. The Recever
Control Registeris at location0xffff0000; only two of its bits areactuallyused.Bit O is called“ready”:
if it is oneit meansthata charactehasarrived from the keyboardbut hasnot yet beenreadfrom the
recever dataregister Thereadybit is read-only:attemptdo write it areignored. Thereadybit changes
automaticallyfrom zeroto onewhena characteis typedat the keyboard,andit changesutomatically
from oneto zerowhenthe characteis readfrom therecever dataregister
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Unused 1 1

Receiver Control
(Ox(ffff0000)

Interrupt Ready
Enable

Unused 8

Receiver Data
(Ox(ffff0004)

Received Byte

Unused 1 1
Transmitter Control
(Oxffff0008)
Interrupt Ready
Enable
Unused 8

(Oxffffo00C)
Transmitted Byte
Figure7: Theterminalis controlledby four device registers eachof which appear@sa speciaimemory

locationatthegivenaddressOnly afew bits of theregistersareactuallyused:the othersalwaysreadas
zeroesandareignoredon writes.
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Bit oneof the Recever Control Registeris “interrupt enable”. This bit may be bothreadandwritten
by the processor The interruptenableis initially zero. If it is setto oneby the processqraninterrupt
is requestedby theterminalon level zerowheneer the readybit is one. For theinterruptactuallyto be
recevedby theprocessqilinterruptsmustbe enabledn the statusregisterof the systemcoprocessofsee
Section2).

Otherbits of the Recever Control Registerareunused:they alwaysreadaszeroesandareignored
in writes.

Theseconderminaldevice registeris the Recever DataRegister (at addres®Oxffff0004). The low-
order eight bits of this register containthe last charactettyped on the keyboard,andall the other bits
containzeroes.This registeris read-onlyandonly changes/aluewhena new characteis typedon the
keyboard. Readingthe Recever DataRegistercauseghe readybit in the Recever Control Registerto
beresetto zero.

Thethird terminaldevice registeris the TransmitterControl Register (at addresxffff0008). Only
thelow-ordertwo bits of this registerareused,andthey behae muchlike the correspondindpits of the
Recever Control Register Bit 0 is called“ready” andis read-only If it is oneit meanghe transmitter
is readyto accepta new charactefor output. If it is zeroit meanghetransmitteiis still busy outputting
the previous charactegivento it. Bit oneis “interrupt enable”;it is readableandwritable. If it is setto
one,thenaninterruptwill berequestean level onewheneerthereadybit is one.

Thefinal device registeris the TransmitteDataRegister(at addres9xffff000c). Whenit is written,
thelow-ordereightbits aretaken asan ASCII charactetto outputto the display Whenthe Transmitter
DataRggisteris written, the readybit in the TransmitterControl Registerwill be resetto zero. The bit
will stayzerountil enoughtime haselapsedo transmitthe characteto the terminal;thenthe readybit
will besetbackto oneagain.The TransmitteiDataRegistershouldonly bewritten whenthereadybit of
the TransmitterControl Registeris one;if thetransmittelisn’t readythenwritesto the TransmitteiData
Rayisterareignored(thewrite appeardo succeedut the charactewill not be output).

In realcomputerst takestime to sendcharactersver the seriallinesthatconnecterminalsto com-
puters. Thesetime lagsare simulatedby SPIM. For example,after the transmitterstartstransmittinga
characterthe transmitters readybit will becomezerofor awhile. SPIM measureshis time in instruc-
tionsexecutednotin realclock time. This meanghatthetransmittemwill not becomereadyagainuntil
the processohasexecuteda certainnumberof instructions. If you stopthe machineandlook at the
readybit usingSPIM, it will notchange However, if youlet the machinerunthenthebit will eventually
changebackto one.
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