
Appendix A

The LC-3b ISA

A.1 Overview

TheInstructionSetArchitecture(ISA) of theLC-3b is definedasfollows:

� Memory address space 16 bits, correspondingto
�����

locations,eachcontainingonebyte
(eightbits). Addressesarenumberedfrom 0 (i.e, x0000)to 65,535(i.e., xFFFF).Addresses
are usedto identify memorylocationsand memory-mappedI/O device registers. Certain
regionsof memoryarereservedfor specialuses,asdescribedin FigureA.1.

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

� Bit numbering Bits of all quantitiesarenumbered,from right to left, startingwith bit 0.
Theleft-mostbit of thecontentsof amemorylocationis bit 7.

� Memory alignment Two word-alignedmemorylocationsarerequiredto storeone16-bit
word. Two memorylocationsareword-alignedif their addressesdiffer only in bit [0]. For
example,locationsx0006andx0007areword-aligned;locationsx0007andx0008arenot.

� Memory addressing Theaddressof abyteof informationstoredin memoryis theaddress
of thelocationcontainingthatbyte. Theaddressof a word of informationstoredin memory
is the lower addressof thepair of word-alignedmemorylocationscontainingtheword. For
example,a word storedin locationsx0006andx0007hastheaddressx0006. Sincea word
canbestoredin memoryonly in two word-alignedlocations,theaddressof awordof memory
is alwayseven.

� Endian-ness A wordstoredin memoryatwordaddressX hasbits [7:0] storedin locationX
andbits [15:8] storedin locationX+1. Sincethelesssignificantbyteof theword is storedin
locationX andthemoresignificantbyteis storedin locationX+1 (thatis, thelesssignificant
byte”first”), theorderingis calledlittle endian(for thelittle endfirst).
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2 APPENDIXA. THE LC-3B ISA

� Instructions Instructionsare16 bits wide. Bits [15:12] specify the opcode(operationto
be performed),bits [11:0] provide further informationthat is neededto executethe instruc-
tion. Instructionsalwaysoccupy two word-alignedlocationsin thebyte-addressableLC-3b
memory. Thespecificoperationof eachLC-3b instructionis describedin SectionA.3.

� Program counter A 16-bit registercontainingtheword addressof thenext instructionto
beprocessed.

� General purpose registers Eight16-bit registers,numberedfrom 000to 111.

� Condition codes Threeone-bit registers: N (negative), Z (zero) and P (positive). Load
instructions(LDB, LDW, andLEA) andoperateinstructions(ADD, AND, XOR, andSHF)
eachloadaresultinto oneof theeightgeneralpurposeregisters.Theconditioncodesareset,
basedonwhetherthatresult,takenasa16-bit2’scomplementinteger, is negative (N = 1, Z,P
= 0), zero(Z = 1, N,P = 0), or positive (P = 1, N,Z = 0). All otherLC-3b instructionsleave
theconditioncodesunchanged.

� Memory mapped I/O InputandOutputarehandledby load/store(LDW/STW)instructions
using memoryaddressesto designateeachI/O device register. AddressesxFE00 through
xFFFFhave beenallocatedto representtheaddressesof I/O devices. SeeFigureA.1. Also,
TableA.3 lists eachof the relevant device registersthat have beenidentifiedfor the LC-3b
thusfar, alongwith their correspondingassignedaddressesfrom thememoryaddressspace.

� Interrupt processing I/O deviceshave thecapabilityof interruptingtheprocessor. Section
A.4 describesthemechanism.

� Processor Status Register A 16-bitregister, containingstatusinformationaboutthecurrent
processthatis executing.Four bits of thePSRhave beendefinedthusfar. PSR[15]specifies
theprivilegelevel of theexecutingprocess.PSR[2:0]containtheconditioncodes(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 involveschangingtheprivilegemodeto supervisormode.Interruptserviceroutines
executein supervisormode.

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

� User stack A region of memoryin userspaceaccessiblevia theuserstackpointer(USP).
WhenPSR[15]= 1, thestackpointer(R6) is USP.

Limbo
Line

Limbo
Line
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FigureA.1: MemoryMapof theLC-3b

A.2 Notation

Thenotationin TableA.1 will be helpful in understandingthedescriptionsof the LC-3b instructions(Sec-
tion A.3).

Notation Meaning

xNumber Thenumberin hexadecimalnotation.

#Number Thenumberin decimalnotation.

A[l:r] Thefield delimitedby bit[l] on theleft andbit[r] on theright, of theda-
tum A. For example,if PCcontains0011001100111111,thenPC[15:9]
is 0011001.PC[2:2]is 1. If l andr arethesamebit number, thenotation
is usuallyabbreviatedPC[2].

amount4 A four-bit field, bits [3:0], of a shift instruction,designatingthenumber
of bits (absolutevalue)to shift. Range:0..15.

BaseR BaseRegister;oneof R0..R7,usedin conjunctionwith asix-bit offsetto
computeBase+offsetaddresses.

boffset6 A six-bit value,bits [5:0] of aninstruction,usedwith theLDB andSTB
opcodesto computethe addressof a memoryoperand. Bits [5:0] are
taken as a six-bit signed2’s complementinteger, sign-extendedto 16
bits,andaddedto thebaseregisterto form theaddress.Range:-32..31.

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

imm5 A five-bit immediatevalue; bits [4:0] of an instructionwhenusedasa
literal (immediate)value.Takenasa 5-bit, 2’s complementinteger, it is
sign-extendedto 16bits beforeit is used.Range:-16..15.

LABEL An assemblylanguageconstructthat identifiesa locationsymbolically
(i.e.,by meansof aname,ratherthanits 16-bit address).

LSHF(A, b) Shift A to the left by b bits. The vacatedbit positionsarefilled with
zeros. The bits of A that are left-shifted out are dropped. For ex-
ample, if A � 1111 1111 1111 1111 and b = 5, then LSHF(A, b) �
1111111111100000.

TableA.1: NotationalConventions
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Notation Meaning

MEM[address] Denotesthe word startingat the given memoryaddress. The byte at
mem[address]formsbits[7:0]of theresultandthebytemem[address+1]
forms bits[15:8] of the result. In all casesthe two addressesmustbe
word-aligned.

mem[address] Denotesthe8-bit contentsof memoryat thegivenaddress.

offset6 A six-bit value;bits[5:0]of aninstruction;usedwith theLDW andSTW
opcodesto computethe addressof a memoryoperand. Bits[5:0] are
taken as a six-bit signed2’s complementinteger, sign-extendedto 16
bits,shiftedonebit to theleft, andthenaddedto thebaseregisterto form
theaddress.Range:-32..31.

PC ProgramCounter;16-bit registerwhich containsthememoryaddressof
thenext instructionto befetched.For example,duringexecutionof the
instructionat addressA, the PC containsaddressA � 2, indicatingthat
the next instructionis containedin locationsA � 2 andA � 3. The PC
mustalwaysbeword aligned.

PCoffset9 A nine-bitvalue;bits [8:0] of aninstruction;usedwith theBR andLEA
opcodesto computean address.Treatedasa nine-bit 2’s complement
integer, it is sign-extendedto 16bits,shiftedonebit to theleft, andthen
addedto theincrementedPC.Range-256..255.

PCoffset11 An 11-bit value;bits[10:0]of an instruction;usedwith theJSRopcode
to computethe target addressof a subroutinecall. Bits[10:0] aretaken
asan11-bit 2’scomplementinteger, sign-extendedto 16bitsshiftedone
bit to the left, andthenaddedto the incrementedPC to form the target
address.Range-1024..1023.

PSR ProcessorStatusRegister;16-bit registerwhich containsstatusinforma-
tion of theprocessthat is running.PSR[15]= privilegemode.PSR[2:0]
containtheconditioncodes.PSR[2]= N, PSR[1]= Z, PSR[0]= P.

RSHF(A,b, s) Shift A to theright by b bits. Thevacatedbit 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.

setcc() IndicatesthatconditioncodesN, Z, andP aresetbasedon thevalueof
theresultwritten to DR. If thevalueis negative,N � 1, Z � 0, P � 0. If
thevalueis zero,N � 0, Z � 1, P � 0. If thevalueis positive,N � 0, Z� 0, P � 1.

SEXT(A) Sign-extendA. Themostsignificantbit of A is replicatedasmany times
asnecessaryto extendA to 16 bits. For example,if A = 110000,then
SEXT(A) � 1111111111110000.

SP Thecurrentstackpointer. R6 is thecurrentstackpointer. Therearetwo
stacks,onefor eachprivilegemode.SPis SSPif PSR[15]= 0; SPis USP
if PSR[15]= 1.

SR,SR1,SR2 SourceRegister;oneof R0..R7which specifiestheregisterfrom which
asourceoperandis obtained.

SSP Thesupervisorstackpointer.

trapvect8 An eightbit value;bits [7:0] of an instruction;usedwith theTRAP op-
codeto determinethestartingaddressof atrapserviceroutine.Bits [7:0]
aretakenasanunsignedinteger, zero-extendedto 16bits,andshiftedleft
onebit. This is theaddressof thememorylocationcontainingthestart-
ing addressof thecorrespondingserviceroutine.Range0..255.

USP Theuserstackpointer.

ZEXT(A) Zero-extendA. Zeroesareappendedto 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 The Instruction Set

TheLC-3bsupportsarich,but lean,instructionset.Each16-bitinstructionconsistsof anopcode(bits[15:12])
plus12 additionalbits to specifytheotherinformationwhich is neededto carryout thework of thatinstruc-
tion. FigureA.2 summarizesthe 14 differentopcodesin the LC-3b andthe specificationof the remaining
bits of eachinstruction. The 15thand16th 4-bit opcodesarenot specified,but arereserved for future use.
FigureA.3 shows theentireLC-3b instructionset.On thefollowing pages,theinstructionswill bedescribed
in greaterdetail.For eachinstruction,weshow theassemblylanguagerepresentation,theformatof the16-bit
instruction,theoperationof theinstruction,anEnglish-languagedescriptionof its operation,andoneor more
examplesof theinstruction.Whererelevant,additionalnotesabouttheinstructionarealsoprovided.
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ADD Addition

Assembler Formats

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

Encodings

×=ØÈ×?× Ù Ú Û Ü Ý Þ Ø ß

×=Ü ×=ØÈ×?× Ù Ú Û Ü Ý ß

×=Ü
à�á|â

ã�ã�ãeä åMá à�á©ä ä æ çèçpé

ã�ã�ãcä åMá à�á¥ä ã ã�ã

Operation

if (bit[5] == 0)
DR = SR1+ SR2;

else
DR = SR1+ SEXT(imm5);

setcc();

Description

If bit [5] is 0, thesecondsourceoperandis obtainedfrom SR2.If bit [5] is 1, thesecondsourceoperandis
obtainedby sign-extendingtheimm5field to 16 bits. In bothcases,thesecondsourceoperandis addedto
thecontentsof SR1,andtheresultstoredin DR. Theconditioncodesareset,basedon whethertheresultis
negative,zero,or positive.

Examples

ADD R2,R3,R4 ; R2 ê R3+ R4

ADD R2,R3,#7 ; R2 ê R3 + 7
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AND Bitwise logical AND

Assembler Formats

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

Encodings

×=ØÈ×?× Ù Ú Û Ü Ý ß

ßØÞÝÜÛÚÙ×?××=Ø×=Ü

×=Ü
ãcä#ãeä åMá à�á©ä ä æ çèçpé

åMá à�á¥ä ã ã�ã à�á|âãeä#ãcä

Operation

if (bit[5] == 0)
DR = SR1AND SR2;

else
DR = SR1AND SEXT(imm5);

setcc();

Description

If bit [5] is 0, thesecondsourceoperandis obtainedfrom SR2.If bit [5] is 1, thesecondsourceoperandis
obtainedby sign-extendingtheimm5field to 16 bits. In eithercase,thesecond-sourceoperandandthe
contentsof SR1arebitwiseANDed,andtheresultstoredin DR. Theconditioncodesareset,basedon
whetherthebinaryvalueproduced,takenasa2’scomplementinteger, is negative,zero,or positive.

Examples

AND R2,R3,R4 ; R2 ê R3AND R4

AND R2,R3,#7 ; R2 ê R3 AND 7
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BR Conditional Branch

Assembler Formats

BRn LABEL BRzp LABEL
BRz LABEL BRnp LABEL
BRp LABEL BRnz LABEL
BRë LABEL BRnzp LABEL

Encoding

ìí î
×=Ü ×=ØÈ×?×ï×=ßðÙ Ú ß

ã�ã�ã�ã ñóòõô�ö;ö=÷ùø�úIû

Operation

if ((n AND N) OR(z AND Z) OR(p AND P))
PC= PCü + LSHF(SEXT(PCoffset9),1);

Description

Theconditioncodesspecifiedby thestateof bits [11:9] aretested,asfollows: If bit [11] is set,N is tested;if
bit [11] is clear, N is not tested.If bit [10] is set,Z is tested,etc. If any of theconditioncodestestedis set,
theprogrambranchesto thelocationspecifiedby sign-extendingthePCoffset9field to 16 bits, left-shifting
it onebit, andaddingtheresultto theincrementedPC.ThePCoffset9field specifiesthenumberof
instructions,forwardor backwards,to branchover.

Examples

BRzp LOOP ; Branchto LOOPif thelastresultwaszeroor positive.

BRë NEXT ; UnconditionallyBranchto NEXT.

ý
TheassemblylanguageopcodeBR is interpretedthesameasBRnzp;thatis, alwaysbranchto thetargetaddress.þ
This is theincrementedPC
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JMP Jump

RET Return from Subroutine

Assembler Formats

JMP BaseR
RET

Encodings

ÿ�ÿ�ÿ ÿ�ÿ�ÿ�ÿ�ÿ�ÿ
�������������� 	�

���������� ��� ÿ�ÿ

ÿ�ÿ�ÿ ����� ÿ�ÿ�ÿ�ÿ�ÿ�ÿ
������������������� ��� ÿ�ÿ

Operation

PC= BaseR;

Description

Theprogramunconditionallyjumpsto thelocationspecifiedby thecontentsof thebaseregister. Bits [8:6]
identify thebaseregister.

Examples

JMP R2 ; PC ê R2

RET ; PC ê R7

Notes

TheRET instructionis a specialcaseof theJMPinstruction.ThePCis loadedwith thecontentsof R7,
which containsthelinkagebackto theinstructionfollowing thesubroutinecall instruction.

If thebaseregistercontainsanoddaddress,anillegaloperandaddressexceptionoccurs.
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JSR Jump to Subroutine

JSRR
Assembler Formats

JSR LABEL
JSRR BaseR

Encodings

� �� ���������� � �"!$#%#%���$& ���

ÿ�ÿÿ 	�

����� ÿ�ÿ�ÿ�ÿ�ÿ�ÿ
������ ������������'(�)�

��'(� ÿ � ÿ�ÿ

ÿ � ÿ�ÿ

Operation

R7= PCë ;
if (bit[11] == 0)

PC= BaseR;
else

PC= PCë + LSHF(SEXT(PCoffset11),1);

Description

First, theincrementedPCis savedin R7. This is thelinkagebackto thecalling routine.Then,thePCis
loadedwith theaddressof thefirst instructionof thesubroutine,causinganunconditionaljump to that
address.Theaddressof thesubroutineis obtainedfrom thebaseregister(if bit[11] is 0), or theaddressis
computedby sign-extendingbits [10:0] to 16bits, left-shifting theresultonebit, andthenaddingthis value
to theincrementedPC(if bit[11] is 1).

Examples

JSR QUEUE ; Puttheaddressof theinstructionfollowing JSRinto R7; Jumpto QUEUE.

JSRR R3 ; Puttheaddressfollowing JSRRinto R7; Jumpto theaddresscontainedin R3.

Note

If bit[11] is 0, thebaseregistermustcontaina wordaddress.If thebaseregistercontainsanoddaddress,an
illegaloperandaddressexceptionoccurs.

ý
This is theincrementedPC.
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LDB Load Byte

Assembler Format

LDB DR, BaseR,boffset6

Encoding

×=Ü ×=Ø4×?× Ù Ú Û Ü ß*,+)÷ ø áã�ãcä-ã åMá - ô�ö;ö;÷ùø�ú/.

Operation

DR = SEXT(mem[BaseR+ SEXT(boffset6)]);
setcc();

Description

An addressis computedby sign-extendingboffset6to 16 bits andaddingtheresultto thecontentsof the
baseregister. The8-bit contentsof memoryat this addressaresign-extendedandstoredinto DR. The
conditioncodesareset,basedon whetherthe16-bit valueloadedinto DR is negative,zero,or positive.

Example

LDB R4,R2,#10 ; R4 ê SEXT(mem[R2+ 10])
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LDW Load Word

Assembler Format

LDW DR, BaseR,offset6

Encoding

×=Ü ×=Ø4×?× Ù Ú Û Ü ß*,+)÷ ø áåMáãcä�ä-ã ô�ö;ö;÷ùø)ú0.

Operation

DR = MEM[BaseR+ LSHF(SEXT(offset6),1)];
setcc();

Description

A word-alignedaddressis computedby sign-extendingoffset6to 16bits, left-shifting theresultby onebit,
andthenaddingthis to thecontentsof thebaseregister. Thewordstartingat this addressis storedinto DR.
Theconditioncodesareset,basedon whetherthevalueloadedis negative,zero,or positive.

Example

LDW R4,R2,#10 ; R4 ê MEM[R2 + 20]

Note

Thebaseregistermustcontaina wordaddress(i.e., its contentsmustbeeven). If thebaseregistercontains
anoddaddress,anillegaloperandaddressexceptionoccurs.
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LEA Load Effective Address

Assembler Format

LEA DR, LABEL

Encoding

×=Ü ×=ØÈ×?× Ù Ú ß
åMáä�ä�ä-ã ñóòõô�ö;ö=÷ùø�úIû

Operation

DR = PCë + LSHF(SEXT(PCoffset9),1);
setcc();

Description

Theregisterspecifiedby DR is loadedwith theaddressformedby sign-extendingthePCoffset9to 16 bits,
left-shifting it onebit andthenaddingit to theincrementedPC.ü Theconditioncodesareset,basedon
whetherthevalue(i.e.,address)loadedis negative,zero,or positive.

Example

LEA R4,TARGET ; R4 ê addressof TARGET

ý
This is theincrementedPC.þ
TheLEA instructiondoesnot readmemoryto obtaintheinformationto loadinto DR. Theaddress,itself, is loaded

into DR.
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NOT
1

Bitwise Complement

Assembler Format

NOT DR, SR

Encoding

ä�ä�ä�ä�ä
×=Ü ×=ØÈ×?× Ù Ú Û Ü Ý Þ Ø ß

åMáä-ã�ãcä à�á ä

Operation

DR = NOT(SR);
setcc();

Description

Thecontentsof SRarebitwisecomplementedandtheresultstoredin DR. Theconditioncodesareset,based
on whetherthebinaryvalueproduced,takenasa2’scomplementinteger, is negative,zero,or positive.

Example

NOT R4,R2 ; R4 ê NOT(R2)

ý
TheNOT instructionis a specificencodingof theXOR instruction.SeealsoXOR.
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RET
1

Return from Subroutine

Assembler Format

RET

Encoding

ã�ã�ã ä�ä�ä ã�ã�ã�ã�ã�ã
ßÜÛÚÙ×?××=Ø×=Ü

ä�ä#ã�ã

Operation

PC= R7;

Description

ThePCis loadedwith thevaluein R7. This causesa returnfrom apreviousJSRinstruction.

Example

RET ; PC ê R7

Note

Thecontentsof R7 mustbeanevenaddress.If not,anillegaloperandaddressexceptionoccurs.

ý
TheRET instructionis a specificencodingof theJMPinstruction.SeealsoJMP.
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RTI Return from Interrupt

Assembler Format

RTI

Encoding

×=Ü ×=Ø4×?× ß
ã�ã�ã�ã�ã�ã�ã�ã�ã�ã�ã�ãä#ã�ã�ã

Operation

if (PSR[15]== 1) privilegemodeviolation
PC= MEM[R6]; R6 is theSSP
R6 = R6 + 2;
TEMP= MEM[R6];
R6 = R6 + 2;
PSR= TEMP; theprivilegemodeandconditioncodesof theinterruptedprocessarerestored

Description

Thetop two wordsarepoppedoff thestackandloadedinto PC,PSR.

Example

RTI ; PC,PSR ê top two valuespoppedoff thestack.

Notes

Onanexternalinterrupt,theinitiating sequencefirst changestheprivilegemodeto supervisor(PSR[15]=0).
ThenthePSRandPCof theinterruptedprocessarepushedontothesupervisorstackbeforeloadingthePC
with thestartingaddressof theinterruptserviceroutine.ThePSRthatis pushedontothesupervisorstack
containstheprivilegelevel andtheconditioncodesof theinterruptedprocess.Theinterruptserviceroutine
runswith supervisorprivilege.Thelastinstructionin theserviceroutineis RTI, which returnscontrolto the
interruptedprocessby poppingtwo valuesoff thesupervisorstack,first to restorethePCto theaddressof
theinstructionthatwasaboutto beprocessedwhentheinterruptwasinitiated,andsecondto restorethe
PSRto thevaluesthey hadwhentheinterruptwasinitiated.SeealsoSectionA.4.

RTI canbeexecutedonly if theprocessoris in supervisorstate(i.e.,PSR[15]= 0).
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SHF Bit Shift

Assembler Formats

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

Encodings

2436587
9:36587;2
9:36587=<

>?>A@B> CED F�DGIH GIJKGLG MON POHRQ ST,UBVXW;Y4Z\[^]

>?>A@B> CED F�DGIH GIJKGLG MON POHRQ ST,UBVXW;Y4Z\[^]

>?>A@B> CED F�DGIH GIJKGLG MON POHRQ ST,UBVXW;Y4Z\[^]

@@
>@
>>

Operation

if (bit[4] == 0)
DR = LSHF(SR,amount4);

else
if (bit[5] == 0)

DR = RSHF(SR,amount4,0);
else

DR = RSHF(SR,amount4,SR[15]);
setcc();

Description

Bit [4] determinesthedirection(left or right) of theshift; bit [5] determineswhethera right shift is
arithmeticor logical. If bit [4] is 0, thesourceoperandin SRis shiftedleft by thenumberof bit positions
indicatedby amount4.If bit [4] is 1, thesourceoperandis shiftedright by amount4bits. If theoperationis a
right shift, bit [5] of theinstructiondetermineswhetherthesignbit of theoriginal sourceoperandis
preserved.If bit [5] is 1, theright shift is anarithmeticshift; thustheoriginalSR[15]is shiftedinto the
vacatedbit positions.If bit[5] is 0, zeroesareshiftedinto thevacatedbit positions.Theresultis storedin
DR. Theconditioncodesareset,basedonwhethertheresultis negative,zero,or positive.

Examples

LSHF R2,R3,#3 ; R2 ê LSHF(R3,#3)
RSHFL R2,R3,#7 ; R2 ê RSHF(R3,#7,0)
RSHFA R2,R3,#7 ; R2 ê RSHF(R3,#7,R3[15])
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STB Store Byte

Assembler Format

STB SR,BaseR,boffset6

Encoding

×=Ü ×=ØÈ×?× Ù Ú Û Ü ß*,+)÷ ø áã�ãcä�ä à�á - ô�ö;ö;÷ùø�ú/.

Operation

mem[BaseR+ SEXT(boffset6)]= SR[7:0];

Description

Thelow 8 bits of theregisterspecifiedby SRarestoredinto thememorylocationwhoseaddressis obtained
by sign-extendingboffset6to 16 bitsandaddingtheresultto thecontentsof thebaseregister.

Example

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

Assembler Format

STW SR,BaseR,offset6

Encoding

×=Ü ×=ØÈ×?× Ù Ú Û Ü ß*,+)÷ ø áà�áãcä�ä�ä ô�ö;ö;÷ùø)ú0.

Operation

MEM[BaseR+ LSHF(SEXT(offset6),1)] = SR;

Description

Thecontentsof SRarestoredinto theword-alignedmemorylocationwhoseaddressis obtainedby
sign-extendingoffset6to 16bits, left-shifting theresultby onebit andaddingthis to thecontentsof thebase
register.

Example

STW R4,R2,#10 ; MEM[R2 + 20] ê R4

Note

Thebaseregistermustcontaina wordaddress(i.e., its contentsmustbeeven). If thebaseregistercontains
anoddaddress,anillegaloperandaddressexceptionoccurs.
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TRAP Operating System Call

Assembler Format

TRAP trapvector8

Encoding
ß_Ú×?××=Ø×=Ü

ä�ä�ä�ä ã�ã�ã�ã úa` + î=b øEc�ú0d

Operation

R7 = PCë ;
PC= MEM[LSHF(ZEXT(trapvect8),1)];

Description

First R7 is loadedwith theincrementedPC.(Thisenablesa returnto theinstructionphysicallyfollowing the
TRAP instructionin theoriginalprogramaftertheserviceroutinehascompletedexecution.)Thentrapvect8
is zero-extendedto 16 bits,andleft shiftedonebit, forming theaddressof thetrapvectortableentrywhich
containsthestartingaddressof theserviceroutine.Thestartingaddressof theserviceroutineis loadedinto
PC.

Example

TRAP x23 ; Directstheoperatingsystemto executetheIN systemcall. Thestartingaddress
; of this systemcall is containedin memorylocationx0046.

Note

Memorylocationsx0000throughx01FFareavailableto containstartingaddressesfor systemcallsspecified
by their correspondingtrapvectors.This regionof memoryis calledthetrapvectortable.SeeTableA.2.

ý
This is 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

e(fhg
e(fhg
ijflk

m
n
n

o pqpsr
ntn=ntn=n

mtm uwv,x

yz{|}~��������{
yz{|}~��������{

��{ ������� ~ } | { z � � y

� vn mtm n uwv
� vn mtm n
� vn mtm n uwv n

uwv n

Operation

if (bit[5] == 0)
DR = SR1XOR SR2;

else
DR = SR1XOR SEXT(imm5);

setcc();

Description

If bit [5] is 0, thesecondsourceoperandis obtainedfrom SR2.If bit [5] is 1, thesecondsourceoperandis
obtainedby sign-extendingtheimm5field to 16 bits. In bothcases,thesecondsourceoperandis XORed
with thecontentsof SR1,andtheresultstoredin DR. Theconditioncodesareset,basedon whetherthe
binaryvalueproduced,takenasa 2’scomplementinteger, is negative,zero,or positive.

Examples

XOR R3,R1,R2 ; R3 ê R1 XOR R2

XOR R3,R1,#12 ; R3 ê R1with bits [3], [2] complemented.

NOT R3,R2 ; R3 ê NOT(R2)

Note

TheNOT instructionis a specialcaseof theXOR instruction.
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TRAP vector Assembler Name Description

x20 GETC Reada singlecharacterfrom the keyboard. The characteris not echoed
ontotheconsole.Its ASCII codeis copiedinto R0. Thehigheightbitsof
R0arecleared.

x21 OUT Write acharacterin R0[7:0] to theconsoledisplay.

x22 PUTS Write a stringof ASCII charactersto theconsoledisplay. Thecharacters
arecontainedin consecutivememorylocations,onecharacterpermemory
location, startingwith the addressspecifiedin R0. Writing terminates
with theoccurrenceof x00 in amemorylocation.

x23 IN Print a prompton the screenand reada singlecharacterfrom the key-
board. The characteris echoedonto the consoledisplay, andits ASCII
codeis copiedinto R0. Thehigh eightbits of R0arecleared.

x25 HALT Halt executionandprint amessageon theconsole.

TableA.2: TRAPvectortable

Address I/O Register Name I/O Register Function

xFE00 Keyboardstatusregister Also known asKBSR.Thereadybit (bit [15]) indicatesif thekeyboard
hasreceivedanew character.

xFE02 Keyboarddataregister Also known asKBDR. Bits [7:0] containthelastcharactertypedon the
keyboard.

xFE04 Displaystatusregister Also known as DSR. The readybit (bit [15]) indicatesif the display
device is readyto receive anothercharacterto print on thescreen.

xFE06 Displaydataregister Also known asDDR. A characterwritten in thelow byteof this register
will bedisplayedon thescreen.

xFFFE Machinecontrolregister Also known asMCR. Bit [15] is the clock enablebit. When cleared,
instructionprocessingstops.

TableA.3: Device registerassignments

A.4 Interrupt Processing

Eventsexternalto theprocessthatis runningareableto interrupttheprocessor. A common
exampleof this is interrupt-drivenI/O.

Associatedwith eachexternaleventthatcaninterrupttheprocessoris aneight-bit interruptvector
(i.e., INTV) thatprovidesanentrypoint into a256entryinterruptvectortable.Thestarting
addressof theinterruptvectortableis x0200.Thatis, theinterruptvectortableoccupiesmemory
locationsx0200to x03FF. Eachentryin theinterruptvectortablecontainsthestartingaddressof
theinterruptserviceroutinethathandlesthecorrespondingexternalevent.

In orderfor aninterruptto occur, thefollowing mustbetrue:

1. TheInterruptEnablebit (IE) associatedwith theeventmustbeset(i.e., IE=1).

2. Thepriority of theeventmustbegreaterthanthepriority of theprocessthatis executing.

At this time, theLC-3b ISA specifiesonly oneeventthatcaninterrupttheprocessor:Keyboard
input. This is anexampleof interrupt-drivenI/O. To occur, bit [14] in theKeyboardStatus
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Registermustbe1. In theLC-3b, thepriority of thekeyboardinterruptis greaterthanthepriority
of userprograms.

If someonestrikesa key on thekeyboard,theprocessthatis executingis interruptedif IE=1 and
thepriority of theprocessexecutingis lessthanthepriority of thecauseof theinterrupt.The
interruptserviceroutineis initiatedasfollows:

1. IE is temporarilydisabledfor all new interrupts.i.e.,no new interruptsaretemporarily
allowedaccessto theprocessor.

2. Theprivilegemodeis setto SupervisorMode(PSR[15]=0)if it is notalreadysetto
supervisormode.

3. R6 is setto thesupervisorstackpointerif thatis notalreadythecase.

4. ThePSRandPCof theinterruptedprocessarepushedon to thesupervisorstack.

5. Theinterruptingeventsuppliesits eight-bit interruptvector(INTV). Theinterruptvectorfor
thekeyboardis x40.

6. Theprocessorleft-shiftstheinterruptvectoronebit, yielding x80,andaddsit to thebase
addressof theinterruptvectortable(x200),yielding theaddressof thememorylocation
(x0280),whichcontainsthestartingaddressof theinterruptserviceroutine.

7. Thecontentsof memorylocationx0280arereadandloadedinto thePC.

8. IE is againenabledfor all interrupts.

9. Theprocessorbeginsexecutionof theinterruptserviceroutine.

Thelastinstructionin aninterruptserviceroutineis RTI. Thetop two elementsof theprocessor
stackarepoppedandloadedinto thePCandPSR,respectively. Processingthencontinueswhere
theinterruptedprocessleft off.




