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1 Intr oduction

During the early daysof computersjnputoutpu (1/0) wasof very little importance. Insteadcomputers,
as their nameimplied, were usedto compute. A typical application might involve huge mathematical
calculatiors neededfor someproblemin physts. The I/O donein suchan applicationwould be quite
minimal, with the machinegrinding away for hoursata time with little or no1/O beingdone.
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4 PROGRAMACCESSTOI/O PORTS

Today we have justtheoppodte situation. 1/0 playsacrucialrolein mostmoderncomputerapplications.In
fact, applicatimsin which|/O playsanimportantrole canarguablybeviewedasthemostpowerful “driving
force” behindthe revolutionary riseto prominenceof computersn the lastdecadeor so. Todaywe make
useof computerdn numerousaspect®f our businessand personalives—andn the vastmajority of such
usestheprogramscenteraround!/O operations

In someof theseapplicatiors, the useof a computeris fairly obvious: Firstandforemost,the Internet,but
alsocredit-cardbilling, airline reserations word processorsspreadsheetautomaticteller machinesyeal
estatedatabasegjrafting programsfor architects,video games,andso on. Possily lessobvious is the
existenceof computersn automobies, andin suchhousehta itemsaswasling machinesandautofocus
cameras. However, whetherthe existenceof computersin theseapplicatios is obvious or hidden, the
commontheme behind them is that they all are running programsin which I/O plays an important
role, usually the dominant role.

2 Our Mythical Machine Architedure

In thistutorial, youwill learnaboutl/O ona mythicalmachinedescribedn the Appendixbelor. However,
the principles are similar for almostany machine.

3 1/O Ports and Device Structure

An 1/O device connectgo the systembusthroughports. I/O portsaresimilarin structureto CPUregisters.
However, aportis notin the CPU, beinginsteadocatedbetweerthel/O device andthe systembus.

Portsareusualy 8 bitsin width. They have addressegust like wordsin memorydo, andtheseaddresses
aregivenmeaningthroughthe addressus, justasis the casefor wordsin memory

4 Progam Accessto /O Ports

Notethatapotental ambiguiy arises.Supposeve wishto communicatavith port50, whichis connectedo
somel/O device. The CPUwiIll placethe value50 ontheaddressus. Sinceall itemswhich areconnected
to thebuswill seewhatis on the addressus, how canthey disinguishthis 50, intendedfor an 1/0 port,
from avalueof 50 meantto addressvord 50 of memory?In otherwords how canthe CPU indicatethatit
wantsto addres$/O port50 ratherthanmemoryword 50? Therearetwo fundamentasystemgor handlirg
this problem,describedext.

4.1 1/0 AddressSpaceApproach

Recall that the systembus of a computerconsiss of an addressus, a databus, anda controlbus. The
controlbusin mary computerssuchasthosebasedon Intel CPUs,hasa specialline or linesto indicate
thatthe currentvalueon theaddres$usis meantto indicatean1/O port, ratherthanawordin memory For
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4 PROGRAMACCESSTOI/O PORTS 4.2 Memory-Mapped/O Approach

our mythicalcomputetherewe will assumdour suchlines,MR (memoryread), MW (memorywrite), IOR
(/0 read)andIOW (I/O write).

To access/O port50,the CPU will assereitherlOR or IOW (dependingpn whetherit wantsto readfrom
or write to thatport), while to accesavord 50 in memory the CPU will asserieitherMR or MW. In either
casethe CPU will placethe value50 on the addressus, but the valuesit simulianeouslyplaceson these
linesin thecontrolbuswill disinguish betweerl/O port50 andword 50 of memory

The programmetimself or herselfcontrolswhich of theselineswill be assertedby choosingwhich in-
struction to use.

MOV R2, [ 50]
and
IN R5, [ 50]

will both causethe value0x50to go out ontothe addressus, andin both caseshe responsevill be sent
backvia the databus. (Here R2 andR5 are CPU registers.) But the MOV will asserthe MR line in the
controlbus,while theIN instructionwill asserthelOR line in thatbus. As aresult,the MOV will resultin
copyirg thememorybyteataddres$0to R2, while the IN will copythebytefrom I/O port50to R5.

SincethelineslOR/IOW andMR/MW allow usto distinguishbetween/O portsandmemorywordshaving
identicaladdressesye candescribethis by sayingthatthe I/0O portshave a separateaddressspacefrom
thatof memory Thuswe will call thisthel/O addressspaceapproach

In our machinethekeyboardhasportswith addresse80 and61. For example,theinstructon
IN R3,[60]
would copyacharactefrom thekeyboards dataport, whichhasaddres$0, to the R3 register

Justaswith memorychips,theaddressesf I/O portsaredeterminedy combinatbnsof gatesvhoseoutpus
feedinto somethingdike a Chip Selectpin in agivenport.® Denotirg the Chip Selectpin by CS, we would
have in the caseof thekeyboardportataddres$2

CS = ATA6A5A4A3A2A1 A0

4.2 Memory-Mapped I/O Approach

Anotherapproachto the “duplicate portinemory address”problemdescribedabore is called memory-
mapped|/0.” 2

'Or moretypically, a setof ports. The keybcard portsin our exampleherewould typically be mountedon onecommonl/O
board providing acommoninterfacefor themto thebus.

2Unfortunately mary termsin the compuer field are“overloaded It hasbecomecommonon personatomptersto referto
the mappingof video monitor pixelsto memoryaddresssalsoas“memory-mappe I/O.” However, this is not the original useof
theterm,andshouldnot beconfusé with whatwe arediscusinghere.
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5 1/0 PROGRAMMING

Underthisapproachtherearenospecialinesin thecontrolbusto indicatel/O accessersusnemoryaccess
(thoughtherestill mustbe oneor two linesto distinguishareadfrom awrite, of course) andthusno special
I/O instructionssuchasIN andOUT. Onesimply usesordinaryinstrictionssuchasMOV, whetheroneis
accessindg/O portsor memory

Notethatwe canusethe memory-mappedpproactevenif we do have speciall/O instructonsandcontrol
lines, just by ignoringthem. In our machinehere,for instance,we retainthe addresse60 and61 for the
keyboardportsbut connectheir read/writepinsto the MR andMW linesinsteadof IOR andIOW. To read
acharactefrom theKeyboardDataPort60 andcopyit to amemorylocationCHARBUFFER:

MOV CHARBUFFER, [ 60]

Sincethisis anordinaryMOV instriction, the CPU is being“fooled” into thinking thatthe keyboarddata
portis physicaly a memorylocatian, whichthe MOV is reading.But of courseit is not memory

Oneadwantageof thememory-mappedpproactio I/O portaddressings thatonecaneasilyaccessheports
from a high-level languag suchasC directly, insteadof usingassemblyanguageby takingadwantageof
thefactthatthe* operatoin C allowsaccess$o specificmemorylocations For example theabove operation
couldbedonein a C programby having thedeclaration

char CharBuffer, *KDat aPt r;

andthenusirg thecode

KDat aPtr = 0x60;
CharBuffer = *KDataPtr;

We couldnotdothisdirectlywith thel/O addresspaceapproachbecausave have nowayin theC language
to makethe compilerproducelN or OUT instructbns. (Theabove codewould producea MOV.) However,
compilerson machinesvhich usethe I/O addresspaceapproachusualy includelibrary functiors which
canbecalledfrom C to dotheseoperatios; theauthorsof thesefunctionswrotethemin assemblyanguag.

5 1/O Programming

Considerthe caseof readinga charactefrom thekeyboard. The programwhichwill readthecharactehas
noideawhentheuserwill hit a key onthekeyboard.How shoutl the programbe written to dealwith this
time problem?(Notethatwe arefor the momentdiscusig programswhich directly accesghe keyboard,
ratherthangoingthroud the operatingsystemasis the casewith programsyouusuallywrite; moreonthis
pointlater) Therearethreebasicapproacheg;overedin thefollowing subgctions.

InputOutput:4



5 1/0 PROGRAMMING 5.1 Wait-Loopl/O

5.1 Wait-Loop I/O

As describedn the Appendixto thisdocumentBit 0 in our machines KeyboardStatusPort(KSP)tells us

whethera characteiis readyto reador not; a valueof 1 in this bit meansa characteis ready and0 means
theuserhasnotyettypeda characterWait-loop I/O thenconsiss of writing aloop, in which the program
keepdestingBit O of the KSP:

LP: IN R4,[61] ; get value of KSP
AND R4, 1 ; check Bit O
JZ LP ; if that bit is O, try again
DONE: I N R4, [60] ; finally, get the character

Duringthetime beforethe userhits akey, thevaluereadfrom the KSPwill alwayshave a0in Bit 0, sothat
the AND resultsin 0, andwe jump backto LP. But eventuallythe userwill hit a key, resultirg in Bit O of
theKSPbeingl, andwe leave theloop. We thenpick up thecharacteat DONE.

5.2 Interrupt-Driv enl/O

Wait-loop|/O is very waseful. Usuallythe speedof I/O deviceis very slow comparedo CPU speed.This

is particuhrly truefor I1/0O deviceswhich aremainly of a mechanicatatherthana purely electronicnature,
suchasprintersanddisk drives,andthusare usualy ordersof magnitudeslower thanCPU actions It is

evenworsefor a keyboard:Not only is humantyping extremelyslow relative to CPU speedsbut alsoa lot

of thetime theuseris nottyping atall; he/shenaybethinking, takinga break,or whatever.

Accordingy, if we usewait-loop I/0, the CPU mustexecutethe wait loop mary timesbetweersuccesse
I/O actions.Thisis wastedime andwastedCPU cycles.

An analogyis thefollowing. Suppose/ou areexpectinganimportantphonecall at the office. Imaginehow
wastefulit woud beif phonedidn’t have bells—-youwouldhave to repeatedlysay “Hello, hello,hello,...”

into the phore until thecall actuallycamein! Thiswoud beabig wasteof time. Thebell in thephonefrees
you from this; you cando otherthingsaroundthe office, without payingattentonto thephone becausehe
bell will notify youwhena call arrives.

Thusit would be niceto have an analogof a telephonebell in the computer This doesexist, in the form
of aninterrupt. It takesthe form of a sigral sentto the CPU by an I/O device. This signalforcesthe
CPUto suspendi.e. “interrupt” the currently-runnig program,say“X,” andswitchexecutionto another
procedurewhich we termtheinterrupt serviceroutine (ISR) for thatl/O device 3

Hereis a simpleexample(a bit more comple this time, sincewe are readingseseral charactersnot just
one):

3Thisis calleda hardware interrupt or extemal interrupt . Thosewho have doneasembly-languag@rogrammingon PCs
shouldnotconfusehis with the INT instruction.Thelatteris almostthesameasaprocedureéCALL instruction,andis usedon PCs
to implementsysemscalls,i.e. callsto the operatingsystem.
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5 1/0 PROGRAMMING 5.2 Interrupt-Drivenl/O

LP: ... ; do sone work in this |loop, maybe unrelated to keyboard

J LP

. ISR starts here
; the follow ng code nust be | oaded at address 0x1000000

PUSH R4 ; we wll use R4, etc. here, so nust save old ones
PUSH R5

PUSH R6

IN R4, [ 60] ; pick up the character fromthe KSP

MOV R5, COUNT ; get current character count, stored in nenory
MOV R6, a(CHARS) ; where does character array start?

ADD R6, R5 ; R6 now points to place for next character

MOV [ R6], R4 ; place the character there

POP R6 ; restore old register values

POP R5

POP R4

| RET ; back to the interrupted routine

Notethatthe SR mayor maynothave ary relationto whatis in theloop (startirg at LP). But thekey poirt
is that at sometimes (whenaer someonehits a key, in this case)the ISR will needto be run, and from
the point of view of theinterruped program,thattime is unpredictat®. In the examplehere,eachtime a
characteis typed,a differentinstructionwithin theloop mightgetinterrupted.

Whatkind of codemightbein theloop? Well, for example,consder a programto do someprinting. For
simplicity, let ussuppos thatthe printeris setup sothatwe give it onecharactemt atime. (Most modern
printerswould have usgive themgroupsof characterstatime, but the generabprincipe would be similar.)
Again, sincea printeris amechanicatievice, it is slow whencomparedo CPU speedslit would be quitea
wasteto usewait-loop I/0O, tying up the CPU betweerprinting of successie characters.

So,for example,we could put somesortof gamein the LP loop, sothatat leastthe userwould have some
entertainmenivhile the printing is beingdone.And eventhoughthe gamewould be interruped frequently
theuserwould never noticeit, sincetheexecutiontime for thelSR for eachcharactemwould be quitesmall.

Interruptsystemscan get quite complex. What happensfor example,whentwo 1/0O devicesbothissue
interruptsataboutthe sametime (i.e. within the sameinstructonin the LP loop)?Which onegetspriority?
And evenwhenthereis justoneinterruptatatime, how cantheprogramor CPU sensevhich of severall/O
devicesis theonewhich“rangthebell” in this case?Sinceeachl/O device will haveits own ISR, thisissue
mustberesohed. Therearemary possble resolutons,but we will notdiscus themhere.
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A SPECIFIATIONS OF OURMYTHICAL MACHINE 5.3 DirectMemoryAccessDMA)

5.3 DirectMemory Access(DMA)

In ourkeyboardISR exampleabove, whenauserhit akey, thelSR copiedthecharactefrom theKDP into a
register thencopiedtheregisterto memory Thisis wasteful;it would be moreefficientif we couldarrange
for the characteto go directly to memoryfrom the KDP. Thisis calleddir ect memory accesgDMA).

DMA is notneededor deviceswhich sendor receive charactersta slow rate,suchasakeyboard,but it is
oftenneededor somethiig like adiskdrive, whichsends/recgescharacterstvery highrates.Soin mary
machinesa diskdriveis connectedo aDMA controler, whichin turn connectgo the systembus.

A DMA controllerworksvery muchlike a CPU, in thesensdhatit canwork asa bus master like a CPU
does.Specifically a DMA controllercanreadfrom andwrite to memory i.e. asserthe MR andMW lines
in thebus, etc.

So,thedevicedriver programfor somethiig like adiskdrive will oftensimply sendacommando theDMA
controler, andthengo dormant.After the DMA controllerfinishesits assigment,sayingwriting onedisk
sectorto memory it causesninterrupt the ISR herewill be thedevice driver for thedisk thoughthelSR
won't have muchwork left to do.

A Specificatonsof Our Mythical Machine

Theinstructon setwill consis of:

MV X,y copy y to x

ADD X,y add y to x

SUB X,y subtract y from x

AND X,y AND together x and y, placing the result in x

R X,y OR together x and y, placing the result in x

NOT x peform a 1s-conpl enment operation on X

IN X,y do an input operation fromthe I/O port y, putting the
result in x

QuT vy, x do an output operation to the I/O port y, using x as source

JZ t jump to t if the Z bit is set

JN t jump to t if the Nbit is set

Jt junp unconditionally to t

CALL t call the subroutine at t

RET return from subroutine

| RET return frominterrupt service routine

PUSH x push x onto stack; x nust be a register

POP x pop stack and place the popped value into x; X nust be

a register

Herex canbe eithera registeror a memorylocatian, andy can be eithera register memorylocationor
a constantassumedo be in hex notaton), but x andy cannotboth be memorylocations(or a memory
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A SPECIFIATIONS OF OURMYTHICAL MACHINE

locationanda port). Registersaredenotedr0, R1, R2 andsoon, andalsoincludethe stackpoiner SP A
memorylocationcanbegiveneitherasalabel,aswith X in

MOV R2, X

asahex literal, asin

ADD R4, [ 2500]

or with indir ectaddressing asin
ADD R4, [ R6]

Note thatthe bracketsare usedto distinguishlabelsfrom constantsandregisteraddressig from indirect
addressingThus

ADD R4, [ 2500]

addswhateverisin memorylocation2500to R4, while

ADD R4, 2500

would addthenumber2500to R4, and

ADD R4, [ R6]

addswhateverisin thememorylocationpoiniedto by R6to R4, while
ADD R4, R6

addsthecontens of R6itselfto R4.
Onecanspecifytheaddres®f alableusingthenotatio a(), e.g.a(X) for theaddres®f X.

With thecontrol-tansferinstuctionsJZ,JN,JandCALL, thetargett is specifiedaswith memoryaddresses
above, i.e. eitherasalabelor asahex literal surrouedby brackets.

The Z (Zero)andN (Negative) bits are storedin a specialPS (ProgramStatus)register They reflectthe
resultof themostrecentALU operation(includng MOV, in whichthe ALU doesa copyoperatiof;, Z will
belor0, dependigonwhetherthelatestALU operatiorresultedn azerovalue,respectrely, andsimilarly
for N.

Thestackis assumedo grow towardO. Thusthe CALL instructonwill performthefollowing operatios:
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A SPECIFIATIONS OF OURMYTHICAL MACHINE

SP <-- SP-1
copy PCto the menory location pointed to by SP
copy t to the PC

An interruptwill causethefollowingto occurassoonasthe currentinstruction finishes:

CPU notices the Interrupt Request
line in the system bus has
been asserted by sone |/0O

devi ce
CPU pushes current PC value on stack ; save PC of interrupted routine
CPU pushes current PS value on stack ; save PS of interrupted routine
CPU does PC <-- 0X1000000 ; junp to ISR

ThelRET instructon “undoes”all of this

CPU pops stack and pl aced popped value ; restore old PS
in PS

CPU posp stack and pl aced popped value ; restore old PC
in PC

We assumehe machinehasa KeyboardStatusPort (KSP) at port 60, anda KeyboardDataPort (KDP) at
port61. The KSP’s bit 0 indicateswhethera charactehasarrived (codedl) or not (coded0). Beforethe
userhits a key, this bit is 0; whenthe userfinally hits a key, the bit changego 1; thenwhenthe program
readshatcharacteby readingthe KDP, thisbit revertsto O.

We will notdefineportsfor othermachineshere,sincethey will notbe neededor examplesbut a typical
machinewould have a numberof I/O devicesandthushave mary ports.
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