Appendix A

TheLC-3b ISA

A.1 Overview

TheInstructionSetArchitecture(ISA) of the LC-3bis definedasfollows:

e Memory address space 16 bits, correspondingo 2'¢ locations,eachcontainingonebyte
(eightbits). Addressesarenumberedrom O (i.e, x0000)to 65,535(i.e., xFFFF).Addresses
are usedto identify memorylocationsand memory-mapped/O device registers. Certain
regionsof memoryareresenedfor specialusesasdescribedn FigureA.1.

e Memory addressability Eachmemorylocationcontainsonebyte (eightbits) of informa-
tion.

e Bit numbering Bits of all quantitiesare numberedfrom right to left, startingwith bit O.
Theleft-mostbit of the contentsof amemorylocationis bit 7.

e Memory alignment Two word-alignedmemorylocationsarerequiredto storeone 16-bit
word. Two memorylocationsareword-alignedif their addressediffer only in bit [0]. For
example,locationsx0006andx0007areword-alignedjocationsx0007andx0008arenot.

e Memory addressing Theaddres®f abyte of informationstoredin memoryis theaddress
of thelocationcontainingthatbyte. Theaddressf a word of informationstoredin memory
is the lower addres®f the pair of word-alignedmemorylocationscontainingthe word. For
example,a word storedin locationsx0006andx0007 hasthe addresx0006. Sincea word
canbestoredn memoryonly in two word-alignedocations theaddres®f aword of memory
is alwayseven.

e Endian-ness A wordstoredin memoryatwordaddres hasbits[7:0] storedin locationX
andbits [15:8] storedin locationX+1. Sincethelesssignificantbyte of theword is storedin
locationX andthe moresignificantbyteis storedin locationX+1 (thatis, thelesssignificant
bytefirst”), theorderingis calledlittle endian(for thelittle endfirst).
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Instructions Instructionsare 16 bits wide. Bits [15:12] specifythe opcode(operationto
be performed) bits [11:0] provide furtherinformationthatis neededo executethe instruc-
tion. Instructionsawaysoccuyy two word-alignedlocationsin the byte-addressableC-3b
memory Thespecificoperationof eachLC-3b instructionis describedn SectionA.3.

Program counter A 16-bit registercontainingthe word addresof the next instructionto
beprocessed.

General purposeregisters Eight 16-bitregistershumberedrom 000to 111.

Condition codes Threeone-bitregisters: N (negative), Z (zero) and P (positive). Load
instructions(LDB, LDW, and>&K) andoperatenstructions(ADD, AND, XOR, and SHF)
eachloadaresultinto oneof the eightgenerapurposeregisters.Theconditioncodesareset,
basednwhetherthatresult,takenasa 16-bit2’s complementnteger, is negatve (N =1, Z,P
=0), zero(Z =1, N,P=0), or positve (P = 1, N,Z = 0). All otherLC-3b instructionsleave
the conditioncodesunchanged.

Memory mapped I1/0  InputandOutputarehandledby load/storLDW/STW)instructions
using memoryaddresse$o designateeachl/O device register AddressexFEQO0 through
xFFFFhave beenallocatedto representhe addressesf I/0O devices. SeeFigureA.1. Also,
Table A.3 lists eachof the relevant device registersthat have beenidentifiedfor the LC-3b
thusfar, alongwith their correspondingssignecddressefom the memoryaddresspace.

Interrupt processing /O deviceshave thecapabilityof interruptingthe processorSection
A.4 describegshe mechanism.

Processor StatusRegister A 16-bitregister containingstatusnformationaboutthecurrent
procesghatis executing.Four bits of the PSRhave beendefinedthusfar. PSR[15]specifies
the privilege level of the executingprocess PSR[2:0]containthe conditioncodes(PSR[2]is
N, PSR[1]is Z, PSR[0]is P).

Privilege Mode PSR[15]= 0 is supervisormode, PSR[15]= 1 is usermode. Interrupt
initiation involveschanginghe privilege modeto supervisomode.Interruptserviceroutines
executein supervisomode.

Supervisor stack A region of memoryin supervisorspaceaccessiblevia the supervisor
stackpointer(SSP) WhenPSR[15]=0the stackpointer(R6) is SSP

User stack A region of memoryin userspaceaccessiblevia the userstackpointer(USP).
WhenPSR[15]= 1, the stackpointer(R6) is USP
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A.2 Notation

The notationin TableA.1 will be helpful in

tion A.3).

x0000
XO1EE Trap Vector Table
x0200
Interrupt Vector Table
XO3FF P
x0400
Operating System and
Supervisor Stack
X2FFF
x3000
Available for
User Programs
xFDFF
xFEOO
Device Register Addresses
XFFFF

FigureA.1: MemoryMap of theLC-3b

Notation

M eaning

XNumber
#Number
All:r]

amount4
BaseR

boffset6

DR

imm5

LABEL

LSHF(A, b)

Thenumberin hexadecimalotation.
Thenumberin decimalnotation.

Thefield delimitedby bit[l] ontheleft andbit[r] ontheright, of theda-
tum A. For example,if PCcontains001100110011111thenPC[15:9]
is 0011001.PCJ[2:2]is 1. If | andr arethe samebit numberthe notation
is usuallyabbreiated PC[2].

A four-bit field, bits [3:0], of a shift instruction,designatinghe number
of bits (absolutevalue)to shift. Range:0..15.

BaseRgyister;oneof RO..R7,usedin conjunctionwith a six-bit offsetto
computeBase+disetaddresses.

A six-bit value,bits [5:0] of aninstruction,usedwith theLDB andSTB
opcodesto computethe addresof a memoryoperand. Bits [5:0] are
taken as a six-bit signed2’s complementnteger, sign-extendedto 16
bits, andaddedo the baseregisterto form theaddressRange:-32..31.

DestinationRegister; oneof R0..R7,which specifieswhich registerthe
resultof aninstructionshouldbewritten to.

A five-bitimmediatevalue; bits [4:0] of aninstructionwhenusedasa
literal (immediate)value. Takenasa 5-bit, 2's complementnteger, it is
sign-extendedto 16 bits beforeit is used.Range:-16..15.

An assemblylanguageconstructthat identifiesa location symbolically
(i.e.,by meansof aname ratherthanits 16-bitaddress).

Shift A to the left by b bits. The vacatedbit positionsare filled with
zeros. The bits of A that are left-shifted out are dropped. For ex-
ample,if A = 1111111111111111andb = 5, thenLSHF(A, b) =
1111111111100000.

TableA.1: NotationalCornventions

understandinghe descriptionf the LC-3b instructions(Sec-
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Notation

Meaning

MEM[address]

mem[address]
offset6

PC

PCofset9

PCofsetll

PSR

RSHF(A,b, s)

setcc()

SEXT(A)

SP

SR,SR1,SR2

SSP
trap\ect8

UsP
ZEXT(A)

Denotesthe word startingat the given memory address. The byte at
mem[addressjormsbits[7:0] of theresultandthe bytemem[address+1]
forms bits[15:8] of the result. In all casesthe two addressesustbe
word-aligned.

Denoteshe8-bit contentof memoryatthegivenaddress.

A six-bit value;bits[5:0] of aninstruction;usedwith theLDW andSTW
opcodesto computethe addressof a memory operand. Bits[5:0] are
taken as a six-bit signed2’s complementnteger, sign-etendedto 16
bits, shiftedonebit to theleft, andthenaddedo thebaseregisterto form
theaddressRange:-32..31.

ProgramCounter;16-bit registerwhich containsthe memoryaddresof
the next instructionto be fetched. For example,during executionof the
instructionat addressA, the PC containsaddressA+2, indicatingthat
the next instructionis containedin locationsA+2 andA+3. The PC
mustalwaysbeword aligned.

A nine-bitvalue;bits [8:0] of aninstruction;usedwith theBR andLEA
opcodesto computean address. Treatedas a nine-bit 2's complement
integer, it is sign-extendedto 16 bits, shiftedonebit to theleft, andthen
addedo theincrementedC.Range-256..255.

An 11-bit value; bits[10:0] of aninstruction;usedwith the JSRopcode
to computethe target addresf a subroutinecall. Bits[10:0] aretaken
asan11-bit2’'s complemeninteger, sign-etendedto 16 bits shiftedone
bit to the left, andthenaddedto the incrementedPC to form the target
addressRange-1024..1023.

ProcessoStatusRegister; 16-bit registerwhich containsstatusnforma-
tion of the procesghatis running. PSR[15]= privilege mode.PSR[2:0]
containthe conditioncodes PSR[2]= N, PSR[1]=Z, PSR[0]=P.

Shift A to theright by b bits. The vacatedbit positionsarefilled by the
bit indicatedby s. The bits of A thatareright-shiftedout aredropped.
For example,if A = 1111111111111111andb =7 ands = 0, then
RSHF(A,b, s)=0000000111111111.

Indicatesthat conditioncodesN, Z, and P aresetbasedon the value of
theresultwrittento DR. If thevalueis negatve, N =1,Z=0,P= 0. If
thevalueis zero,N = 0,Z = 1, P= 0. If thevalueis positve,N = 0,Z
=0,P=1.

Sign-etendA. Themostsignificantbit of A is replicatedasmary times
asnecessaryo extendA to 16 bits. For example,if A =110000,then
SEXT(A)=1111111111110000.

Thecurrentstackpointer R6 is the currentstackpointer Therearetwo
stackspnefor eachprivilege mode.SPis SSPif PSR[15]=0; SPis USP
if PSR[15]=1.

SourceRggister; oneof RO..R7which specifieghe registerfrom which
asourceoperands obtained.

The supervisosstackpointer

An eightbit value; bits [7:0] of aninstruction;usedwith the TRAP op-
codeto determinghestartingaddres®f atrapserviceroutine.Bits [7:0]
aretakenasanunsignednteger, zero-etendedo 16 bits, andshiftedleft
onebit. Thisis theaddres®f the memorylocationcontainingthe start-
ing addres®f the correspondingerviceroutine.Range0..255.

Theuserstackpointer

Zero-extend A. Zeroesareappendedo the left-mostbit of A to extend
it to 16 bits. For example,if A = 110000,thenZEXT(A) = 00000000
00110000.

TableA.1: NotationalConventions(continued)
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A.3 Thelnstruction Set

TheLC-3bsupportsarich, butlean,instructionset. Eachl16-bitinstructionconsistof anopcodgbits[15:12])
plus 12 additionalbits to specifythe otherinformationwhich is neededo carry outthe work of thatinstruc-
tion. Figure A.2 summarizeshe 14 differentopcodesn the LC-3b andthe specificationof the remaining
bits of eachinstruction. The 15th and 16th 4-bit opcodesare not specified but areresened for future use.
FigureA.3 shavstheentireLC-3binstructionset. Onthefollowing pagestheinstructionswill bedescribed
in greatedetail. For eachinstruction we shav theassemblyanguageepresentatiortheformatof the 16-bit

instruction,theoperatiornof theinstruction,anEnglish-languagedescriptiorof its operationandoneor more

examplesof theinstruction.Whererelevant,additionalnotesabouttheinstructionarealsoprovided.
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I I I I I I I I T I I
ADD' 0001 DR SR1 |A| op.spec
Il Il Il L L L L L | L L
+ T T T T T T T T T T T
AND 0101 DR SR1 |A| op.spec
Il Il Il Il Il Il Il Il Il Il Il
I I I I T T T I T I I
BR 0000 nlzlp PCoffset9
1 1 1 1 1 | | 1 | 1 1
I I I T [ I I T I T I I
JMP 1100 000 BaseR 000000
1 1 1 | 1 1 1 | 1 | 1 1
I I I [ T I T T T I T I I
JSR(R) 0100 A operand.specifier
| 1 | | |
. — — — ——
LDB 0010 DR BaseR boffseté
. — — — ——
LDW 0110 DR BaseR offseté
. — — —
LEA 1110 DR PCoffset9
1 1 1 1 1 1 1 | | 1 | 1 1
I I I I I I T T T I T I I
[RTI 1000 000000000000
1 1 1 1 1 1 1 1 1 1 1 1 1 1
+ I I I [ I I I T I I
SHF 1101 DR SR |A|D| amount4
Il Il Il Il Il Il 1 | Il Il
I I I I I I T T I T I I
STB 0011 SR BaseR boffseté
— — — ——
STW 0111 SR BaseR offseté
Il Il Il Il Il Il 1 1 Il 1 Il Il
I I I I I I T T T I T I I
TRAP 1111 0000 trapvect8
Il Il Il Il Il Il Il | | Il | Il Il
+ T T T T T T T T T T T
XOR 1001 DR SR1 | A op.spec
Il Il Il Il Il Il 1 Il Il Il
T T T I T T T T T T T T T
t used 1010
notuse 1 1 1 1 1 1 | 1 | | 1 | 1 1
I I I [ I [ T I T T I T I I
not used 1011
Il Il Il Il Il Il 1 Il Il Il

FigureA.2: Formatof the instructionsfor the 16 LC-3b opcodes.NOTE: + indicatesinstructions
thatmodify conditioncodes.
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FigureA.3: Formatof theentireLC-3bInstructionSet. NOTE: + indicatesnstructionghatmodify

conditioncodes.
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ADD Addition

Assembler Formats

ADD DR, SR1,SR2
ADD DR, SR1,imm5

Encodings

Operation

if (bit[5] ==0)

DR =SR1+ SR2;
else

DR = SR1+ SEXT(immb5);
setce();

Description

If bit [5] is 0, thesecondsourceoperands obtainedfrom SR2.If bit [5] is 1, thesecondsourceoperands
obtainedby sign-extendingtheimmb5 field to 16 bits. In bothcasesthe secondsourceoperands addedo
the contentf SR1,andtheresultstoredin DR. The conditioncodesareset,basedn whethertheresultis
negative, zero,or positive.

Examples

ADD R2,R3,R4 iR2+ R3+R4
ADD R2,R3,#7 iR2+ R3+7
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AND

Assembler Formats

AND DR, SR1,SR2
AND DR, SR1,imm5

Encodings

Operation

if (bit[5] == 0)

DR =SR1AND SR2;

else

DR = SR1AND SEXT(immb5);

setce();

Description

Bitwiselogical AND

If bit [5] is 0, thesecondsourceoperands obtainedfrom SR2.If bit [5] is 1, thesecondsourceoperands
obtainedby sign-extendingtheimmb5 field to 16 bits. In eithercase the second-sourceperancandthe
contentof SR1arebitwise ANDed, andtheresultstoredin DR. Theconditioncodesareset,basedn
whetherthebinaryvalueproducedtakenasa2’'s complementnteger, is negative, zero,or positive.

Examples

AND
AND

R2,R3,R4
R2,R3,#7

i R2+ R3AND R4
y R2+ R3AND 7
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BR

Assembler Formats

BRn LABEL BRzp LABEL
BRz LABEL BRnp LABEL
BRp LABEL BRnz LABEL
BR' LABEL BRnzp LABEL
Encoding
15 12 11,10 9 8
T T T T T T T T T
0000 niz|p PCoffset?
1 1 1 1 | | | 1 |
Operation

if (n AND N) OR (z AND Z) OR (p AND P))
PC=PC + LSHF(SEXT(PCofset9),1);

Description

APPENDIXA. THELC-3BISA

Conditional Branch

The conditioncodesspecifiedby the stateof bits[11:9] aretestedasfollows: If bit [11] is set,N is testedf
bit [11] is clear, N is nottested.If bit [10] is set,Z is testedgtc. If any of theconditioncodegtesteds set,
theprogrambranchedo thelocationspecifiedby sign-extendingthe PCofset9field to 16 bits, left-shifting
it onebit, andaddingtheresultto theincremented®C. The PCofset9field specifieshe numberof

instructions forwardor backwards,to branchover.

Examples

BRzp LOOP
BR! NEXT

; Branchto LOOPIf thelastresultwaszeroor positive.

; UnconditionallyBranchto NEXT.

fTheassemblyanguageopcodeBR is interpretecthe sameasBRnzp;thatis, alwaysbranchto thetamgetaddress.

Thisis theincrementedC
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JMP Jump
RET Return from Subroutine

Assembler Formats

JMP BaseR
RET

Encodings

T T T T T T T T T T

I
JMP 1100 000 BaseR 000000
L | L L L

T T T T T T T T T T

000 111 000000
| | | |

RET 1100

Operation
PC=BaseR,;
Description

The programunconditionallyjumpsto thelocationspecifiedby the contentsof the baseregister Bits [8:6]
identify thebaseregister

Examples

JMP  R2 ; PC+ R2
RET ; PC+ R7

Notes

The RET instructionis a specialcaseof the IMPinstruction. The PCis loadedwith the contentof R7,
which containghelinkagebackto theinstructionfollowing the subroutinecall instruction.

If thebaseregistercontainsanoddaddressanillegal operandaddressxceptionoccurs.
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JSR Jump to Subroutine
JSRR

Assembler Formats

JSR LABEL
JSRR BaseR

Encodings
15 12 11 10 0

T
JSR 0100 1 PCoffset11
1 |

| | | | |

| | |

15 12 11 10 9 8 6 5 0
T T T T T T T T T

I
JSRR 0100 0| 00 | BaseR 000000
L L L L

| | | | |

Operation

R7=PC';
if (bit[11] ==0)
PC=BaseR;
else
PC=PC + LSHF(SEXT(PCofset11),1);

Description

First,theincrementedCis savedin R7. Thisis thelinkagebackto the calling routine. Then,the PCis
loadedwith the addres®of thefirstinstructionof the subroutinecausinganunconditionajumpto that
addressTheaddres®f the subroutings obtainedrom the baseregister(if bit[11] is 0), or theaddresss
computeday sign-extendingbits [10:0] to 16 bits, left-shifting the resultonebit, andthenaddingthis value
to theincrementedPC (if bit[11] is 1).

Examples
JSR QUEUE ; Puttheaddres®f theinstructionfollowing JSRinto R7; Jumpto QUEUE.
JSRR R3 ; Puttheaddresgollowing JSRRinto R7; Jumpto theaddresgontainedn R3.
Note

If bit[11] is O, the baseregistermustcontainaword addressl|f the baseregistercontainsanoddaddressan
illegal operandaddresgxceptionoccurs.

fThisis theincrementedPC.
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LDB

Assembler Format

LDB DR, BaseRpoffset6

Encoding

15 12 | 1 9 . 8 6 | 5

0

T T T T T T T T

| | | | |

T T T

boffseté

| | |

T

|

Operation

DR = SEXT(mem[BaseR SEXT(bofset6)]);
setce();

Description

13

L oad Byte

An addresss computedoy sign-extendingboffset6to 16 bits andaddingtheresultto the contentsof the
baseregister The 8-bit contentsof memoryatthis addresaresign-extendedandstoredinto DR. The
conditioncodesareset,basedn whetherthe 16-bit valueloadedinto DR is negative, zero,or positive.

Example

LDB R4,R2,#10 R4+ SEXT(mem[R2+ 10])
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L DW L oad Word

Assembler Format

LDW DR, BaseRpffset6

Encoding

15 12 | 1 9 8 ) 5 0
T T T T T T T T T T T

T
0110 DR BaseR offseté
| |

| | | | | | | |

Operation

DR = MEM[BaseR+ LSHF(SEXT(ofset6),1)];
setce();

Description

A word-alignedaddresss computedoy sign-extendingoffset6to 16 bits, left-shifting the resultby onebit,
andthenaddingthis to the contentsof the baseregister Theword startingat this addresss storedinto DR.
The conditioncodesareset,basedon whetherthevalueloadedis negative, zero,or positive.

Example
LDW R4,R2,#10 ;R4+ MEM[R2 +20]

Note

Thebaseregistermustcontainaword addresgi.e., its contentamustbe even). If thebaseregistercontains
anoddaddressanillegal operandaddressxceptionoccurs.
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LEA L oad Effective Address

Assembler Format

LEA DR,LABEL

Encoding

Operation

DR = PC' + LSHF(SEXT(PCafset9),1);
setcc();

Description

Theregisterspecifiecby DR is loadedwith theaddressormedby sign-etendingthe PCofset9to 16 bits,
left-shifting it onebit andthenaddingit to theincrementedC# The conditioncodesareset,basecn
whetherthevalue(i.e.,address)oadedis hegative, zero,or positive.

Example

LEA R4, TARGET ; R4+ addres®f TARGET

tThisis theincrementedC.
#The LEA instructiondoesnot readmemoryto obtainthe informationto loadinto DR. The addressitself, is loaded
into DR.
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NOTT Bitwise Complement

Assembler Format

NOT DR,SR

Encoding

Operation

DR =NOT(SR);
setce();

Description

Thecontentof SRarebitwisecomplementedndtheresultstoredin DR. The conditioncodesareset,based
onwhetherthe binaryvalueproducedtakenasa 2’s complementnteger, is negative, zero,or positive.

Example

NOT R4,R2 ; R4+ NOT(R2)

fThe NOT instructionis a specificencodingof the XOR instruction.SeealsoXOR.
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RETT Return from Subroutine

Assembler Format

RET

Encoding

|

Operation
PC=RY7;
Description

ThePCis loadedwith thevaluein R7. This causes returnfrom a previousJJSRinstruction.

Example

RET ; PC+— R7

Note

The contentof R7 mustbeanevenaddresslIf not, anillegal operandaddresg&xceptionoccurs.

fThe RET instructionis a specificencodingof the JIMP instruction.SeealsoJMP
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RTI Return from Interrupt

Assembler Format

RTI

Encoding

000000000000
|

| | | | | | | | | | | |

Operation

if (PSR[15]==1) privilegemodeviolation

PC= MEMIR6]; R6is the SSP

R6=R6+ 2;

TEMP = MEM[R6];

R6=R6+ 2;

PSR= TEMP; the privilege modeandconditioncodesof theinterruptedprocessarerestored

Description

Thetop two wordsarepoppedoff the stackandloadedinto PC,PSR.

Example

RTI ; PC,PSR+« toptwo valuespoppedoff the stack.

Notes

Onanexternalinterrupt,theinitiating sequencérst changeshe privilegemodeto superviso(PSR[15]=0).
Thenthe PSRandPC of theinterruptedorocessarepushedntothe supervisostackbeforeloadingthe PC
with the startingaddres®f theinterruptserviceroutine. The PSRthatis pushedntothe supervisoistack
containghe privilegelevel andthe conditioncodesof theinterruptedorocessTheinterruptserviceroutine
runswith supervisoiprivilege. Thelastinstructionin theserviceroutineis RTI, which returnscontrolto the
interruptedprocesdy poppingtwo valuesoff the supervisoistack first to restorethe PCto the addresof
theinstructionthatwasaboutto be processedvhentheinterruptwasinitiated,andsecondo restorethe
PSRto thevaluesthey hadwhentheinterruptwasinitiated. SeealsoSectionA.4.

RTI canbeexecutedonly if the processois in supervisoistate(i.e., PSR[15]= 0).
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SHF Bit Shift

Assembler Formats

LSHF DR,SR,amount4 ; left shift
RSHFL DR, SR,amount4 ; rightshiftlogical
RSHFA DR, SR,amount4 ; right shift arithmetic

Encodings
15‘ ‘ ‘12 H‘ ‘9 B‘ ‘6543‘ ‘ ‘0
LSHF 1101 DR SR | 0|0| amounts
15‘ ‘ ‘12 H‘ ‘9 8‘ ‘6543‘ ‘ ‘0
RSHFL 1101 DR SR |0|1| amountd
15‘ ‘ ‘12 H‘ ‘9 8‘ ‘6543‘ ‘ ‘0
RSHFA 1101 DR SR |1|1| amountd
Operation
if (bit[4] == 0)
DR = LSHF(SR,amount4);
else
if (bit[5] == 0)
DR = RSHF(SRamount40);
else
DR = RSHF(SR amount4 SR[15]);
setce();
Description

Bit [4] determineghedirection(left or right) of the shift; bit [5] determinesvhetheraright shift is
arithmeticor logical. If bit [4] is 0, the sourceoperandn SRis shiftedleft by the numberof bit positions
indicatedby amount4 If bit [4] is 1, the sourceoperands shiftedright by amountdbits. If the operationis a
right shift, bit [5] of theinstructiondeterminesvhetherthesignbit of the original sourceoperands
presered.If bit [5] is 1, theright shift is anarithmeticshift; thusthe original SR[15]is shiftedinto the
vacatedit positions.If bit[5] is 0, zeroesareshiftedinto thevacatedit positions.Theresultis storedin
DR. Theconditioncodesareset,basedn whethertheresultis negative, zero,or positive.

Examples

LSHF R2,R3,#3  ; R2+ LSHF(R3#3)
RSHFL R2,R3,#7 :R2+« RSHF(R3#7,0)
RSHRA R2,R3,#7 ;R2+« RSHF(R3#7,R3[15])
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STB Store Byte

Assembler Format

STB SR,BaseRpoffset6

Encoding

15 12 1 9 8 6 5 0
T T T T T T T T T T

T
0011 SR BaseR boffseté
Il

| | | | | | | | | |

Operation
mem[BaseRr SEXT(bofset6)]= SR[7:0];
Description

Thelow 8 bits of theregisterspecifiedby SR arestoredinto the memorylocationwhoseaddresss obtained
by sign-extendingboffset6to 16 bits andaddingtheresultto the contentsof the baseregister

Example

STB R4,R2,#10 ;mem[R2+10]+ R4
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STW Store Word

Assembler Format

STW SR,BaseRpffset6

Encoding

T
0111 SR BaseR offseté
| |

| | | | | | | | |

Operation
MEM[BaseR+ LSHF(SEXT(ofset6),1)] = SR;
Description

The contentsof SRarestoredinto theword-alignedmemorylocationwhoseaddresss obtainedby
sign-extendingoffset6to 16 bits, left-shifting the resultby onebit andaddingthis to the contentsof thebase
register

Example
STW R4,R2,#10 ; MEM[R2 +20]+ R4
Note

Thebaseregistermustcontainaword addresgi.e., its contentamustbe even). If thebaseregistercontains
anoddaddressanillegal operandaddres®xceptionoccurs.
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TRAP Operating System Call

Assembler Format

TRAP trapwector8

Encoding

T
0000 trapvect8
|

| | | | | | | |

Operation

R7=PC;
PC= MEM[LSHF(ZEXT(trapvects),1)];

Description

First R7 is loadedwith theincrementedPC.(This enablesareturnto theinstructionphysicallyfollowing the
TRAP instructionin the original programafterthe serviceroutinehascompletedexecution.) Thentrapwect8
is zero-extendedo 16 bits, andleft shiftedonebit, forming the addres®f the trapvectortableentrywhich
containgthe startingaddres®f the serviceroutine. The startingaddres®f the serviceroutineis loadedinto
PC.

Example
TRAP  x23 ; Directsthe operatingsystemto executetheIN systemcall. The startingaddress
; of this systemcall is containedn memaorylocationx0046.
Note

Memorylocationsx0000throughx01FFareavailableto containstartingaddressefor systemcalls specified
by their correspondingrapvectors.This region of memoryis calledthetrapvectortable. SeeTableA.2.

fThisis theincrementedPC.
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XOR Bitwise Exclusive-OR
NOT Bitwise Complement

Assembler Formats

XOR DR, SR1,SR2
XOR DR, SR1,imm5

NOT DR,SR
Encodings
15 12 11 9 8 6 5 4 3 2 0
T T T T T T T T T T
XOR 1001 DR SR1 0| oo SR2
151 l l 12 11 l l 9 8 l l 6 5 4 l l l 0
T T T T T T T T T T T
XOR 1001 DR SR1 1 imm5
151 l l 12 1 l l 9 8 l l 6 5 4 l l l l 0
T T T T T T T T T T T
NOT 1001 DR SR 1 11111
1 1 1 1 1 1 1 1 | 1 1
Operation
if (bit[5] == 0)
DR = SR1XOR SR2;
else
DR = SR1XOR SEXT(imm5);
setcc();
Description

If bit [5] is 0, thesecondsourceoperands obtainedfrom SR2.If bit [5] is 1, thesecondsourceoperands
obtainedby sign-extendingtheimmb5field to 16 bits. In both casesthe secondsourceoperands XORed
with the contentsof SR1,andtheresultstoredin DR. Theconditioncodesareset,basedn whetherthe
binaryvalueproducedfakenasa 2's complementnteger, is negative, zero,or positive.

Examples

XOR R3,R1,R2 ; R3+ R1XORR2
XOR R3,R1,#12 ; R3+ R1lwith bits[3], [2] complemented.
NOT R3,R2 ; R34+ NOT(R2)

Note

TheNOQOT instructionis a specialcaseof the XOR instruction.
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TRAPvector  Assembler Name  Description

x20 GETC Reada single characteifrom the keyboard. The characteiis not echoed
ontotheconsole.lts ASCII codeis copiedinto RO. The high eightbits of
RO arecleared.

x21 ouT Write acharactein RO[7:0] to the consoledisplay

x22 PUTS Write a string of ASCII characterso the consoledisplay Thecharacters

arecontainedn consecutie memorylocations pnecharactepermemory
location, startingwith the addressspecifiedin RO. Writing terminates
with theoccurrencef x00in amemorylocation.

x23 IN Print a prompton the screenand reada single characteifrom the key-
board. The characteiis echoedonto the consoledisplay andits ASCII
codeis copiedinto RO. The high eightbits of RO arecleared.

x25 HALT Halt executionandprint amessagen the console.

TableA.2: TRAP vectortable

Address 1/0O Register Name 1/0 Register Function

xFEO0O Keyboardstatusregister ~ Also known askKBSR. Thereadybit (bit [15]) indicatesif the keyboard
hasrecevedanew character

xFEO2 Keyboarddataregister Also knowvn asKBDR. Bits [7:0] containthe lastcharactetypedon the
keyboard.

xFEO04 Displaystatusregister Also known as DSR. The ready bit (bit [15]) indicatesif the display
device is readyto receve anothercharacteto print onthescreen.

xFEO6 Displaydataregister Also known asDDR. A charactemvritten in thelow byte of this register
will bedisplayedonthescreen.

xFFFE Machinecontrolregister  Also known as MCR. Bit [15] is the clock enablebit. When cleared,
instructionprocessingtops.

TableA.3: Device registerassignments

A.4 Interrupt Processing

Eventsexternalto the procesghatis runningareableto interruptthe processarA common
exampleof thisis interrupt-drizen|/O.

Associatedvith eachexternaleventthatcaninterruptthe processors aneight-bitinterruptvector
(i.e.,INTV) thatprovidesanentrypointinto a 256 entry interruptvectortable. The starting
addres®f theinterruptvectortableis x0200. Thatis, theinterruptvectortableoccupiesnemory
locationsx0200to xO03FF. Eachentryin theinterruptvectortablecontainghe startingaddres®of
theinterruptserviceroutinethathandleshe correspondingxternalevent.

In orderfor aninterruptto occur, thefollowing mustbetrue:

1. ThelnterruptEnablebit (IE) associatedvith the eventmustbeset(i.e.,IE=1).

2. Thepriority of theeventmustbe greaterthanthe priority of the procesghatis executing.

At thistime, the LC-3b ISA specifieonly oneeventthatcaninterruptthe processorKeyboard
input. Thisis anexampleof interrupt-drven|/O. To occur, bit [14] in the KeyboardStatus
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Registermustbe 1. In theLC-3b, the priority of thekeyboardinterruptis greaterthanthe priority
of userprograms.

If someonestrikesa key onthekeyboard,the procesghatis executingis interruptedf IE=1 and
the priority of the processexecutingis lessthanthe priority of the causeof theinterrupt. The
interruptserviceroutineis initiated asfollows:

1. IE istemporarilydisabledfor all new interrupts.i.e., no new interruptsaretemporarily
allowed accesgo the processor

2. Theprivilege modeis setto SupervisoMode (PSR[15]=0)if it is not alreadysetto
supervisomode.

3. R6is setto thesupervisorstackpointerif thatis notalreadythecase.
4. ThePSRandPCof theinterruptedprocessarepushedn to the supervisoistack.

5. Theinterruptingeventsuppliests eight-bitinterruptvector(INTV). Theinterruptvectorfor
thekeyboardis x40.

6. Theprocessoteft-shiftstheinterruptvectoronebit, yielding x80, andaddsit to thebase
addres®f theinterruptvectortable(x200),yielding the addres®f the memorylocation
(x0280),which containsthe startingaddres®f theinterruptserviceroutine.

7. Thecontentsof memorylocationx0280arereadandloadedinto the PC.
8. IE is againenabledor all interrupts.

9. Theprocessobeginsexecutionof theinterruptserviceroutine.

Thelastinstructionin aninterruptserviceroutineis RTI. Thetop two elementf the processor
stackarepoppedandloadedinto the PCandPSR respectiely. Processinghencontinueswvhere
theinterruptedorocesdeft off.





