
Chapter 4– Input/Output Organization

4.1. After readingthe input data,it is necessaryto clearthe input statusflag before
theprogrambeginsa new readoperation.Otherwise,thesameinput datawould
bereada secondtime.

4.2. The ASCII codefor the numbers0 to 9 canbe obtainedby adding$30 to the
number. Thevalues10 to 15 arerepresentedby thelettersA to F, whoseASCII
codescanbeobtainedby adding$37to thecorrespondingbinarynumber.

Assumetheoutputstatusbit is
���

in registerStatus,andtheoutputdataregister
is Output.

Move #10,R0 UseR0ascounter
Move #LOC,R1 UseR1aspointer

Next Move (R1),R2 Getnext byte
Move R2,R3
Shift-right #4,R3 Preparebits

���
-
���

Call Convert
Move R2,R3 Preparebits

���
-
���

Call Convert
Move $20,R3 Print space
Call Print
Increment R1
Decrement R0
Branch� 0 Next Repeatif morebytesleft
End

Convert And #0F,R3 Keeponly low-order4 bits
Compare #9,R3
Branch� 0 Letters Branchif [R3] � 9
Or #$30,R3 Convert to ASCII, for values0 to 9
Branch Print

Letters Add #$37,R3 Convert to ASCII, for values10 to 15
Print BitTest #4,Status Testoutputstatusbit

Branch� 0 Print Loopbackif equalto 0
Move R3,Output Sendcharacterto outputregister
Return

4.3. 7CA4,7DA4, 7EA4,7FA4.

4.4. A subroutineis calledby a programinstructionto performa functionneededby
thecallingprogram.An interrupt-serviceroutineis initiatedby aneventsuchas
an input operationor a hardwareerror. The function it performsmaynot beat
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all relatedto the programbeingexecutedat the time of interruption. Hence,it
mustnotaffectany of thedataor statusinformationrelatingto thatprogram.

4.5. If executionof the interruptedinstructionis to be completedafter return from
interrupt,a large amountof informationneedsto be saved. This includesthe
contentsof any temporaryregisters,intermediateresults,etc. An alternative is
to abort the interruptedinstructionand start its executionfrom the beginning
afterreturnfrom interrupt. In this case,theresultsof aninstructionmustnot be
storedin registersor memorylocationsuntil it is guaranteedthat executionof
theinstructionwill becompletedwithout interruption.

4.6. (a) Interruptsshouldbeenabled,exceptwhenC is beingserviced.Thenesting
rulescanbeenforcedby manipulatingtheinterrupt-enableflagsin theinterfaces
of A andB.

(b) A andB shouldbeconnectedto INTR	 , andC to INTR 
 . Whenaninterrupt
requestis receivedfrom eitherA or B, interruptsfrom theotherdevice will be
automaticallydisableduntil the requesthasbeenserviced. However, interrupt
requestsfrom C will alwaysbeaccepted.

4.7. Interruptsaredisabledbeforethe interrupt-serviceroutineis entered.Oncede-
vice � turnsoff its interruptrequest,interruptsmaybesafelyenabledin thepro-
cessor. If the interfacecircuit of device � turnsoff its interruptrequestwhenit
receivesthe interruptacknowledgesignal,interruptsmaybe enabledat the be-
ginning of the interrupt-serviceroutineof device � . Otherwise,interruptsmay
beenabledonly after theinstructionthatcausesdevice � to turn off its interrupt
requesthasbeenexecuted.

4.8. Yes,becauseotherdevicesmaykeeptheinterruptrequestline asserted.

4.9. Thecontrolprogramincludesan interrupt-serviceroutine,INPUT, which reads
theinput characters.Transferof controlamongvariousprogramstakesplaceas
shown in thediagrambelow.

_ _

RTI

INT

INTERRUPTCALL

PROG INPUT

CONTROL

RTI

RET

A numberof statusvariablesarerequiredto coordinatethe functionsof PROG
andINPUT, asfollows.
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BLK-FULL: A binaryvariable,indicatingwhetherablock is full andreadyfor
processing.

IN-COUNT: Numberof charactersread.

IN-POINTER: Pointsat the locationwherethe next input characteris to be
stored.

PROG-BLK: Pointsat thelocationof theblock to beprocessedby PROG.

Two memorybuffers areneeded,eachcapableof storinga block of data. Let
BLK(0) andBLK(1) betheaddressesof thetwo memorybuffers. Thestructure
of CONTROL andINPUT canbedescribedasfollows.

CONTROL BLK-FULL := false
IN-POINTER:= BLK( � )
IN-COUNT := 0
Enableinterrupts
� := 0
Loop

Wait for BLK-FULL
If not lastblock then 


BLK-FULL := false Prepareto readthenext block
IN-POINTER:= BLK( ����� )
IN-COUNT := 0
Enableinterrupts�

PROG-BLK := BLK( � ) Processtheblock just read
Call PROG
If lastblock thenexit
�����������

EndLoop

Interrupt-serviceroutine
INPUT: Storeinput characterandincrementIN-COUNT andIN-POINTER

If IN-COUNT = N Then 

disableinterruptsfrom device
BLK-FULL := true �

Returnfrom interrupt

4.10. Correction: In the last paragraph, change “equivalent value” to “equivalent
condition”.

Assumethat the interfaceregistersfor eachvideo terminalare the sameas in
Figure4.3. A list of device addressesis storedin the memory, startingat DE-
VICES,wheretheaddressgivenin thelist, DEVADRS, is thatof DATAIN. The
pointersto dataareas,PNTR� , arealsostoredin a list, startingatPNTRS.

Note that dependingon the processor, several instructionsmay be neededto
performthefunctionof oneof theinstructionsusedbelow.
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POLL Move #20,R1 UseR1asdevicecounter, �
LOOP Move DEVICES(R1),R2 Getaddressof device �

BitTest #0,2(R2) Testinputstatusof a device
Branch�� 0 NXTDV Skip readoperationif not ready
Move PNTRS(R1),R3 Getpointerto datafor device �
MoveByte (R2),(R3)+ Getandstoreinput character
Move R3,PNTRS(R1) Updatepointerin memory

NXTDV Decrement R1
Branch� 0 LOOP
Return

INTERRUPT SameasPOLL, exceptthat it returnsoncea character
is read. If severaldevicesarereadyat thesametime,
theroutinewill beenteredseveraltimesin succession.

In casea, POLLmustbeexecutedatleast100timespersecond.Thus������� �!�"�
ms.

Theequivalentconditionfor caseb canbeobtainedbyconsideringthecasewhen
all 20 terminalsbecomereadyat thesametime. Thetime requiredfor interrupt
servicingmustbelessthantheinter-characterdelay. Thatis, #$�&%'#(�(�)%*���,+.-0/
�21(3 , or 34/5#(6$�879�$�(� char/s.

Thetime spentservicingtheterminalsin eachsecondis givenby:

Casea: Time �:���(�;%*<$�(�;%=�"�,+>- ns �?<(�A@ s
Caseb: Time �B#$�C%EDC%*#$�(�;%=�"�,+>-F%G���(�F��H(�$�ID ns

Caseb is abetterstrategy for D*/5�KJ # .
The readermay repeatthis problemusinga slightly more completemodel in
which the polling time, L , for caseM is a functionof the numberof terminals.
For example,assumethat L increasesby 0.5 @ s for eachterminalthat is ready,
thatis, LN�O#$�)P�#$�IDQ%Q�8J 6 .

4.11. (a) Readtheinterruptvectornumberfrom thedevice (1 transfer).
SavePCandSR(3 transferson a16-bit bus).
Readtheinterruptvector(2 transfers)andloadit in thePC.

(b) The68000instructionrequiringthemaximumnumberof memorytransfers
is:

MOVEM.L D0-D7/A0-A7,LOC.L
whereLOC.L is a 32-bit absoluteaddress. Four memory transfersare
neededto readthe instruction,followed by 2 transfersfor eachregister,
for a totalof 36.

(c) 36 for completionof currentinstructionplus6 for interrupthandling,for a
totalof 42.

4.12. (a) RTSVUXWE�&��RTSVUAYE�
RTSVUXWV#;��RTSVUAYV#)Z RTSVUAYE�
RTSVUXWV[;��RTSVUAYV[)Z RTSVUAYE�BZ RTS0UAY\#
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(b) Seelogic equationsin parta.

(c) Yes.

(d) In thecircuit below, DECIDE is usedto lock interruptrequests.Thepro-
cessorshouldsetthe interruptacknowledgesignal, INTA, after DECIDE
returnsto zero.This will causethehighestpriority requestto beacknowl-
edged. Note that latchesare placedat the inputs of the priority circuit.
They couldbeplacedat theoutputs,but the circuit would be lessreliable
wheninterruptschangeataboutthesametimeasarbitrationis takingplace
(racesmayoccur).

_ _

INTR1

INTR2

INTR3

Reset

]

^

_

`
DECIDE

a
INTA 1

b INTA 2

c INTA 3

INTA

d

e

f

g

h

4.13. In the circuit given below, registerA recordswhich device wasgiven a grant
mostrecently. Only oneof its outputsis equalto 1 atany giventime, identifying
the highest-priorityline. The falling edgeof DECIDE recordsthe resultsof
the currentarbitrationcycle in A andat the sametime recordsnew requestsin
registerB. Thispreventsrequeststhatarrive laterfrom changingthegrant.

The circuit requirescareful initialization, becauseoneandonly oneoutputof
registerA mustbe equalto 1. This outputdeterminesthe highest-priorityline
duringagivenarbitrationcycle. For example,if theLSB of A is equalto 1, point
E2will beequalto 0, giving REQ2thehighestpriority.
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_ _

E1

GR1

E2

GR2

E3

GR3

E4

GR4

ADECIDE

B

DECIDE

REQ2

REQ3

REQ1

REQ4

4.14. Thetruth tablefor a priority encoderis givenbelow.

1 2 3 4 5 6 7 IPL	 IPL 
 IPL
�

0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 1
x 1 0 0 0 0 0 0 1 0
x x 1 0 0 0 0 0 1 1
x x x 1 0 0 0 1 0 0
x x x x 1 0 0 1 0 1
x x x x x 1 0 1 1 0
x x x x x x 1 1 1 1

A possibleimplementationfor this priority circuit is asfollows:
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RTikjl	m��n � P�npo0PGnpqVP�n �

RTikj 
 ��n q P�n � P RTirj 	ps n 	 PGn �ut

RTikj � ��n � P�n o Z"n q P RTirj 	us n � PGn 
 Z"n 	 t
4.15. Assumethat the interfaceregistersare the sameas in Figure4.3 and that the

charactersto beprintedarestoredin thememory.

* ProgramA (MAIN) pointsto thecharacterstringandcallsDSPLY twice
MAIN MOVE.L #ISR,VECTOR Initialize interruptvector

ORI.B #$80,STATUS Enableinterruptsfrom device
MOVE #$2300,SR Setinterruptmaskto 3
MOVEA.L #CHARS,A0 Setpointerto characterlist
BSR DSPLY
MOVEA.L #CHARS,A0
BSR DSPLY
END MAIN

* SubroutineDSPLY printsthecharacterstringpointedto by A0
* Thelastcharacterin thestringmustbetheNULL character
DSPLY . . .

RTS
* ProgramB, theinterrupt-serviceroutine,pointsat thenumberstringandcallsDSPLY
ISR MOVEM.L A0, � (A7) Saveregistersused

MOVE.L NEWLINE,A0 Starta new line
BSR DSPLY
MOVEA.L #NMBRS,A0 Pointto thenumberstring
BSR DSPLY
MOVEM.L (A7)+,A0 Restoreregisters
RTE

* Charactersandnumbersto bedisplayed
CHARS CC /AB . . .Z/
NEWLINE CB $0D,$0A, 0 Codesfor CR,LF andNull
NMBRS CB $0D,$0A

CC /01 . . .901. . .901. . .9/
CB $0D,$0A, 0

WhenISR is entered,the interruptmaskin SR is automaticallysetto 4 by the
hardware.To allow interruptnesting,themaskmustbesetto 3 at thebeginning
of ISR.

4.16. Modify subroutineDSPLY in Problem4.15to keepcountof thenumberof char-
actersprintedin registerD1. BeforeISRreturns,it shouldcallRESTORE,which
sendsanumberof spacecharacters(ASCII code20
vq ) equalto thecountin D1.
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DSPLY . . .
MOVE #$2400,SR Disablekeyboardinterrupts
MOVEB D0,DATAOUT Print character
ADDQ #1,D1
MOVE #$2300,SR Enablekeyboardinterrupts
. . .

RESTORE MOVE.L D1,D2
BR TEST

LOOP BTST #1,STATUS
BEQ LOOP
MOVEB #$20,DATAOUT

TEST DBRA D2,LOOP
RTS

Notethatinterruptsaredisabledin DSPLY beforeprinting a characterto ensure
thatno furtherinterruptsareaccepteduntil thecountis updated.

4.17. The debuggercanusethe traceinterrupt to executethe saved instructionthen
regain control. The debuggerputsthe saved instructionat the correctaddress,
enablestraceinterruptsandreturns. The instructionwill be executed.Then,a
secondinterruptionwill occur, andthedebuggerbeginsexecutionagain.Thede-
buggercannow removetheprograminstruction,reinstallthebreakpoint,disable
traceinterrupts,thenreturnto resumeprogramexecution.

4.18. (a) Thereturnaddress,which is in registerR14 svc,is PC+4,wherePCis the
addressof theSWI instruction.

LDR R2,[R14,#-4] GetSWI instruction
BIC R2,R2,#&FFFFFF00 Clearhigh-orderbits

(b) Assumethat the low-order 8 bits in SWI have the values1, 2, 3, ... to
requestservicesnumber1, 2, 3, etc. UseregisterR3 to point to a table
of addressesof the correspondingroutines,at addresses[R3]+4, [R3]+8,
respectively.

ADR R3,EntryTable Getthetable’saddress
LDR R15,[R3,R2,LSL#2] Loadstartingaddressof routine

4.19. Eachdevicepulls theline down (closesaswitchto ground)whenit is not ready.
It openstheswitchwhenit is ready. Thus,theline will behighwhenall devices
areready.

4.20. Therequestfrom onedevicemaybemaskedby theother, becausetheprocessor
mayseeonly oneedge.

INTR

REQ1

REQ2
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4.21. Assumethat whenBR becomesactive, the processorassertsBG1 andkeepsit
asserteduntil BR is negated.

BG1

BR1

BG3

Dev. 1 Dev. 3Processor

Dev. 3 asserts BR

BBSY

4.22. (a) Device 2 requeststhe bus andreceivesa grant. Before it releasesthe bus,
device1 alsoassertsBR. Whendevice2 is finishednothingwill happen.BR and
BG1remainactive,but sincedevice1 doesnotseea transitiononBG1it cannot
becomethebusmaster.

(b) No devicemayassertBR if its BG input is active.

4.23. For betterclarity, changeBR to w�Y anduseaninverterwithdelay xp
 to generate
BG1.

BG1

BR3

BG3

BG4

d1

2d

d

W
d2

Assumingdevice3 assertsBG4 shortlyafterit dropsthebusrequest(delay xy	 ),
a spuriouspulseof width z{�|xp
}PG[8x~��xy	 will appearon BG4.

4.24. Referto the timing diagramin Problem4.23. AssumethatbothBR1 andBR5
areactivatedduringthedelayperiod xy	 . InputBG1will becomeactiveandat the
sametime thepulseon BG4 will travel to BG5. Thus,bothdeviceswill receive
a busgrantat thesametime.
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4.25. A statemachinefor the requiredcircuit is given in thefigurebelow. An output
calledACK hasbeenadded,indicatingwhenthedevice mayusethebus. Note
thattherestrictionin Solution4.22b above is observed(stateB).

BUSREQ, BGi, BBSY/BR, BG(i+1), BBSY, ACK

x1x/0100

x0x/0000

00x/0000

10x/0000

10x/1000

110/1000

1xx/0011

0xx/0000

x1x/0100

A C

D

B

4.26. The priority register in the circuit below contains1111for the highestpriority
deviceand0000for thelowest.

_ _

o.c.
ARB3*

o.c.
ARB2*

o.c.
ARB1*

o.c.
ARB0*

Winner

StartArbitrationregister
Priority
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4.27. A largerdistancemeanslongerdelayfor thesignalstraveling betweenthepro-
cessorandtheinputdevice. Primarily, thismeansthat �9	����y
 , � � �E�9	 and�9oX�E� �
will increase.Sincelongerdistancesmay alsomeanlarger skew, the intervals
� 
 �=� � and � � �G� � mayhave to be increasedto cover worst-casedifferencesin
propagationdelay.

In thecaseof Figure4.24,theclock periodmustbe increasedto accommodate
themaximumpropagationdelay.

4.28. A possiblecircuit is givenbelow.

_ _

D0

D7

Vcc

Drivers

���

A4

A5

��
�

DeviceSelected

AddressDecoder

Clock

���

Sensors

Tri-state

Enable

A15

A9

A8

Read/Write� ���9�9�

A3

A0
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4.29. Assumethat the displayhasthe bus addressFE40. The circuit below setsthe
Loadsignalto 0 duringthesecondhalf of thewrite cycle. Therisingedgeat the
endof theclock periodwill loadthedatainto thedisplayregister.

_ _

Display
7-segment

A0

A8,7,5,4

A3

A6

A9

A15

D0

D3

Clock

Read/Write� �T�T�T�

��

���

Load

Register
4-bit

�

4.30. GenerateSIN��������� in thesamewayasLoadin ProblemP4.29.Thissignalshould
load the dataon D6 into an Interrupt-Enableflip-flop, IntEn. The interruptre-
questcannow begeneratedasRTSVUAY�� �8RTS:Z�RT�p�9�k� .

4.31. Hardwareorganizationanda statediagramfor thememoryinterfacecircuit are
givenbelow.

MyAddress

MyAddress

A C

D

Read

Read
Enable
Slave-ready

Control

Memory Drivers
Tri-state

Data

Address

Clock

Slave-ready

EnableRead
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4.32. (a) Oncethememoryreceivestheaddressanddata,thebusis no longerneeded.
Operationsinvolving otherdevicescanproceed.

(b) Thebusprotocolmaybedesignedsuchthatno responseis neededfor write
operations,providedthatarrival of theaddressanddatain thefirst clockcycle is
guaranteed.Themainprecautionthatmustbetakenis thatthememoryinterface
cannotrespondto otherrequestsuntil it hascompletedthewrite operation.Thus,
a subsequentreador write operationmayencounteradditionaldelay.

Notethatwithout a responsesignaltheprocessoris not informedif thememory
doesnot receive thedatafor any reason.Also, we have assumeda simpleuni-
processorenvironment.For adiscussionof theconstraintsin parallel-processing
systems,seeChapter12.

4.33. In the caseof Figure4.24, the lack of responsewill not be detectedandpro-
cessingwill continue,leadingto erroneousresults.For this reason,a response
signalfrom thedeviceshouldbeprovided,eventhoughit is notessentialfor bus
operation.Theschemesof bothFigures4.25and4.26providearesponsesignal,
Slave-ready. No responsewould causethe bus to hangup. Thus,after some
time-outperiodthe processorshouldabortthe transactionandbegin executing
anappropriatebuserrorexceptionroutine.

4.34. Thedevicemaycontainabuffer to holdtheaddressvalueif it requiresadditional
timeto decodeit or to accesstherequesteddata.In thiscase,theaddressmaybe
removedfrom thebusafterthefirst cycle.

4.35. Minimum clock period= 4+5+6+10+3= 28 ns
Maximumclock speed= 35.7MHz

Thesecalculationsassumeno clockskew betweenthesenderandthereceiver.

4.36. �y
}��� � � busskew = 4 ns
�9	0���y
 = propagationdelay+ addressdecoding+ accesstime

= 1 to 5 + 6 + 5 to 10 = 12 to 21 ns
� � ���9	 = propagationdelay+ skew + setuptime

= 1 to 5 + 4 + 3 = 8 to 12 ns
�9o0��� � = propagationdelay= 1 to 5 ns
Minimum cycle = 4 + 12 + 8 + 1 = 25 ns
Maximumcycle = 4 + 21 + 12 + 5 = 42ns
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