Chapter 7

Assembly Language

Thefollowing is provided asreferencematerialto the Assemblyprocessandthe LC-

3bAssemblyLanguagelt hasbeenextractedfrom Intro to ComputingSystemsfrom
bits andgatesto C andbeyond, 2e, McGraw-Hill, 2004. In my urgeng to getthison

thewebsite,| mayhaveinadwertentlycreatednconsistenciedf youfind anythinghere
thatis missingan antecedenor otherwisemakesno sense pleasecontactme and/or
oneof the TAs. — Yale Patt

7.1 LC-3b Assembly Language

We will begin our study of the LC-3b assemblylanguageby meansof an example.
The programin Figure7.1 multipliesthe positive integerinitially storedin NUMBER
by six by addingtheintegerto itself six times. For example,if theintegeris 123,the
programcomputeghe productby adding123+ 123+ 123+ 123+ 123+ 123.
Theprogramconsistof 21 linesof code.We have addeda line number to eachline

of the programin orderto beableto referto individual lineseasily Thisis acommon
practice.Theseline numbersarenot partof the program. Tenlines startwith a semi-
colon, designatinghatthey arestrictly for the benefitof the humanreader More on
this momentarily Sevenlines (06, 07, 08, 0C, 0D, OE, and10) specifyactualinstruc-
tionsto betranslatednto instructionsin the ISA of the LC-3b, whichwill actuallybe
carriedoutwhenthe programruns. Theremainingfour lines (05,12, 13,and15) con-
tain pseudo-ops,whichre messagefrom the programmeto the translationprogram
to helpin the translationprocess.The translationprogramis calledan assembler (in
this casethe LC-3b assembler)andthetranslationprocesss calledassembly.

7.1.1 Instructions

Insteadof aninstructionbeing16 Os and 1s, asis the casein the LC-3b ISA, anin-
structionin assemblyanguageconsistof four parts,asshavn below:

LABEL OPCODE OPERANDS ; COMMENTS
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01

02 ; Programto multiply an integer by the constant 6.

03 ; Before execution, an integer nust be stored in NUVBER
04

05 .ORIG x3050

06 LEA R2, NUVBER

07 LDW R2, R2, #0

08 LEA R1, SI X

09 LDW R1, R1, #0

0A AND R3, R3, #0 ; Clear R3. It will
0B ; contain the product.
0C ; The inner |oop

oD ;

OE AGAIN ADD R3, R3, R2

OF ADD RL,RL, #1 ; Rl keeps track of
10 BRp AGAIN ; the iterations
11

12 HALT

13

14 NUMBER .BLKW 1

15 SIX .FILL  x0006

16 ;

17 . END

Figure7.1: An assembljlanguageprogram

Two of the parts(LABEL andCOMMENTS)areoptional. More onthatmomentarily

Opcodes and Operands

Two of the parts(OPCODEand OPERANDS)are mandatory. An instructionmust
have an OPCODE(the thing the instructionis to do), andthe appropriatenumberof
operandgthethingsit is supposedo doit to).

The OPCODEis a symbolicnamefor the opcodeof the correspondind.C-3b in-
struction. Theideais thatit is easierto remembemnoperationby the symbolicname
ADD, AND, or LDW thanby thefour-bit quantity0001,0101pr 0110.

The numberof operandsiepend®n the operationbeingperformed.For example,
the ADD instruction(line OE) requiresthreeoperandgtwo sourcego obtainthe num-
bersto beadded andonedestinatiorto designatevheretheresultis to be placed).All
threeoperandsnustbeexplicitly identifiedin theinstruction.

AGAIN ADD R3, R3, R2

The operanddo be addedareobtainedfrom register2 andfrom register3. Theresult
is to be placedin register3. We representachof the registers0 through7 asR0, R2,
..., R7.
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TheLEA instruction(line 06) requirestwo operandgthe memorylocationwhose
addresss to beread)andthe destinatiorregisterwhichis to containthataddressfter
theinstructioncompletessxecution. We will seemomentarilythat memorylocations
will begivensymbolicaddressesalledlabels. In this casethelocationwhoseaddress
is to bereadis giventhelabelNUMBER. Thedestinatiorinto whichthataddresss to
beloadedis register2.

LEA  R2, NUMBER

As we discussedn class,operandscanbe obtainedfrom registers,from memory or
they may be literal (i.e., immediate)valuesin the instruction. In the caseof register
operandsthe registersare explicitly representedsuchasR2 andR3 in line 0C). In
the caseof memoryoperandsthe symbolicnameof the memorylocationis explicitly
representesuchasNUMBER in line 06 andSIX in line 08). In thecaseof immediate
operandstheactualvalueis explicitly represente¢suchasthevalueO in line 0A).

AND R3, R3, #0 ; Cear R3. It will contain the product.

A literal valuemustcontaina symbolidentifying therepresentatiobaseof thenumber
We use# for decimal,x for hexadecimal,andb for binary. Sometimeghereis no
ambiguity suchasin the case3F0A, which is a hex number Nonethelessye write it
asx3F0A. Sometimeshereis ambiguity suchasin thecasel000.x1000representthe
decimalnumber4096,b1000representshe decimalnumber8, and#1000represents
thedecimalnumber1000.

Labels

Labelsare symbolicnameswhich are usedto identify memorylocationsthat arere-

ferredto explicitly in the program. In LC-3b assemblylanguagea label consistsof

from oneto 20 alphanumericharactergi.e., a capitalor lower casdetterof thealpha-

bet, or a decimaldigit), startingwith a letter of the alphabet.NOW, Under21,R2D2,

andC3POareall examplesof possiblelLC-3b assemblyjanguagdabels.
Therearetwo reasongor explicitly referringto amemorylocation.

1. Thelocationcontainsthetargetof a branchinstruction(for example AGAIN in
line OE).

2. Thelocationcontainsa valuethatis loadedor stored(for example, NUMBER,
line 14,andSIX, line 15).

ThelocationAGAIN is specificallyreferencedy the branchinstructionin line 10.
BRo AGAIN

If theresultof ADD R1,R1,#-1is positive (asevidencedby the P conditioncodebe-
ing set),thenthe programbrancheso the locationexplicitly referencecasAGAIN to
performanotheiteration.
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ThelocationNUMBER is specificallyreferencedby the LEA instructionin line 06.
Thevaluestoredin the memorylocationexplicitly referencecasNUMBER is loaded
into R2.

If alocationin the programis not explicitly referencedthenthereis no needto
giveit alabel.

Comments

Commentsaremessagemtendedonly for humanconsumption.They have no effect
onthetranslationprocessandindeedarenot actedon by the LC-3b Assembler They
areidentifiedin the programby semicolons A semicolonsignifiesthatthe restof the
line is a commentandis to be ignoredby the assemblerlf the semicolonis the first
non-blankcharacteontheline, theentireline is ignored.If the semicolorfollows the
operand®f aninstruction,thenonly thecomments ignoredby the assembler

The purposeof commentsis to make the programmore comprehensibldéo the
humanreader They help explain a nonintuitive aspectof an instructionor a setof
instructions.In line 0A, the comment‘Clear R3; it will containthe product”letsthe
readerknow that the instructionon line OA is initializing R3 prior to accumulating
the productof the two numbers.While the purposeof line 0A may be obviousto the
programmettoday it may not be the casetwo yearsfrom now, afterthe programmer
haswritten anadditional30,000lines of codeandcannotremembemwhy he/shewnrote
AND R3,R3,#0. It may alsobe the casethat two yearsfrom now, the programmer
no longerworks for the compary andthe compaly needsto modify the programin
responseéo a productupdate.|If the taskis assignedo someonenvho hasnever seen
thecodebefore,commentgyo along way to helpingcomprehension.

It is importantto make commentghatprovide additionalinsightandnotjustrestate
the obvious. Therearetwo reasondor this. First, commentghat restatethe obvious
area wasteof everyonestime. Secondthey tendto obscurethe commentshat say
somethingmportantbecausehey addclutterto the program.For example,in line OF
the comment‘DecrementR1” would be a badidea. It would provide no additional
insightto theinstruction,andit would addclutterto the page.

Another purposeof commentsand also the judicious use of extra blank spaces
to aline, is to make the visual presentatiorof a programeasierto understand.So,
for example,commentsareusedto separat@iecesof the programfrom eachotherto
make the programmorereadable Thatis, linesof codethatwork togetherto compute
a singleresultare placedon successie lines, while piecesof a programthat produce
separateesultsareseparatedrom eachother For example,notethatlinesOE through
10areseparatedrom therestof thecodeby linesOD and11. Thereis nothingonlines
0D and11 otherthanthe semicolons.

Extra spaceghat are ignored by the assembleiprovide an opportunityto align
elementsf a programfor easierreadability For example,all the opcodesstartin the
samecolumnonthepage.
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7.1.2 Pseudo-ops (Assembler Directives)

TheLC-3bassembleis aprogramthattakesasinputastringof charactersepresenting
a computerprogramwritten in LC-3b assemblyanguageandtranslatest into a pro-
gramin the ISA of the LC-3b. Pseudo-opsarehelpful to the assemblem performing
thattask.

Actually, a more formal namefor a pseudo-ogs assembler directive. They are
calledpseudo-opbecausehey donotreferto operationghatwill be performedby the
programduring execution. Rather the pseudo-ogs strictly a messageo the assem-
bler to help the assemblein the assemblyprocess.Oncethe assemblehandlesthe
messagethe pseudo-ops discarded.The LC-3b assemblecontainsfive pseudo-ops:
.ORIG, .FILL, .BLKW, .STRINGZ,and.END. All areeasilyrecognizabldy the dot
astheirfirst character

.ORIG

.ORIG tells the assemblewherein memoryto placethe LC-3b program. In
line 05, .ORIG x3050 says, start with location x3050. As a result, the LEA
R2,NUMBERinstructionwill beputin locationx3050.

FILL

.FILL tellstheassembleto setasidethe next locationin the programandinitial-
ize it with thevalueof theoperandln line 15, the ninth locationin theresultant
LC-3b programis initialized to the valuex0006.

.BLKW

.BLKW tellstheassembleto setasidesomenumberof sequentiamemoryloca-
tions(i.e.,aBLocK of Words)in theprogram.Theactualnumberis theoperand
of the .BLKW pseudo-op.In line 11, the pseudo-opnstructsthe assembleto
setasideonelocationin memory(andalsoto labelit NUMBER, incidentally).

The pseudo-opBLKW is particularly usefulwhenthe actualvalue of the
operands not yet known. For example,one might wantto setasidea location
in memoryfor storinga characteinput from a keyboard.It will notbeuntil the
programis run thatwe will know theidentity of thatkeystroke.
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.STRINGZ

.STRINGZtellstheassembleto initialize asequencef n+amemorylocations,
wherea = 1if nis odd,anda = 2if nis even. Theargumentis a sequencef n
charactersinside doublequotationmarks. Thefirst n + 1 bytesof memoryare
initialized with the ASCII codesof the correspondingharactersn the string,
followed by x00. A final byte x00 is addedif necessaryo endthe stringon a
word boundary The n+ 1t charactei(x00) providesa corvenientsentinelfor
processinghestringof ASCII codes.

For example the codefragment

.ORIG x3010
HELLO .STRIN&Z "Hello, Wrld!"

would resultin the assemblemitializing locationsx3010throughx301Dto the
following values:

x3010: x48
x3011: x65
x3012: x6C
x3013: x6C
x3014: x6F
x3015: x2C
x3016: x20
x3017: x57
x3018: x6F
x3019: x72
x301A: x6C
x301B: x64
x301C. x21
x301D: x00

.END

.END tells the assemblerwherethe programends. Any characterghat come
after .END will not be utilized by the assembler Note: .END doesnot stop
the programduring execution. In fact, .END doesnot even exist at the time of
execution.lt is simply adelimiter—it markstheendof thesourceprogram.

7.1.3 An Example

Theprogramshown in Figure7.2takesa charactethatis inputfrom thekeyboardand
afile andcountsthe numberof occurrencesf thatcharactein thatfile.
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01
02
03
04
05
06
07
08
09
0A
0B
0C
0D
OE
OF
10
11
12
13
14
15
16
17
18
19
1A
1B
1C
1D
1E
1F
20
21
22
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; Programto count occurrences of a character in a File

; Character to be input fromthe keyboard

; Result to be displayed on the nonitor

; Programworks only if no nore than 9 occurrences are found

: Initialization
.ORIG x3000
AND R2, R2, #0
LEA R3, PTR
LDW R3, R3, #0
TRAP x23
LDB R1, R3, #0
: Test character for end of file
TEST ADD R4, RL, #-4
BRz QUTPUT
;. Test character for match.
NOT R1, R1
ADD R1,R1, RO
NOT R1, R1

BRnp GETCHAR
ADD R2, R2, #1

: Get next character fromthe f

CETCHAR ADD  R3,R3, #1
LDB RL, R3, #0
BRizp  TEST

R2 is counter, initialize to 0
R3 is pointer to characters

RO gets character input
Rl gets the next character

; Test for EOT

If done, prepare the output

If a match, increment count.

If match, Rl = xFFFF
[f match, Rl = x0000
If no match, do not increnment

le

I ncrement the pointer
Rl gets the next character to test

Figure7.2: Theassemblyanguagerogramto countoccurrencesf acharacter
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23

24 ; Qutput the count.

25

26  QUTPUT LEA RO, ASCl | ; Load the ASCII tenplate
27 LDW RO, RO, #0

28 ADD RO, RO, R2 ; Convert binary to ASCl |
29 TRAP x21 ; ASCI1 code in RO is displayed
2A TRAP x25 ; Halt machi ne

2B

2C ; Storage for pointer and ASCI| tenplate

2D

2E  ASCl | .FILL  x0030

2F PTR .FILL  x4000

30 . END

Figure7.2: Theassemblytanguagerogramto countoccurrencesf a charactefcon-
tinued)

A few notesregardingthis program:

Threetimesduringthis program,assistance theform of aservicecall is required
of theoperatingsystem.In eachcasea TRAP instructionis used. TRAP x23 causes
characteto be input from the keyboardandplacedin RO (line OE). TRAP x21 causes
the ASCII codein RO to be displayedon the monitor (line 29). TRAP x25 causeghe
machineto be halted(line 2A).

The ASCII codesfor the decimaldigits 0 to 9 (0000to 1001)arex30to x39. The
corversionfrom binaryto ASCII is donesimply by addingx30 to the binary value of
thedecimaldigit. Line 2E shavsthelabel ASCII usedto identify thememaorylocation
containingx0030.

Thefile thatis to be examinedstartsat addresx4000 (seeline 2F). Usually, this
startingaddressvould not be known to the programmemvho is writing this program,
sincewe would want the programto work on files that will becomeavailablein the
future.

7.2 The Assembly Process

BeforeanLC-3bassemblyanguaggrogramcanbeexecutedjt mustfirst betranslated
into amachindanguageprogram thatis, onein which eachinstructionis in theLC-3b
ISA. It is thejob of the LC-3b assembleto performthattranslation.

7.2.1 A Two-Pass Process

In this section,we will seehow the assemblegoesthroughthe procesof translating
anassemblyjtanguageprograminto a machinelanguageprogram.We will useasour
runningexamplethe assemblyfanguageprogramof Figure7.2.



7.2. THEASSEMBLY PROCESS 151

You remembetthat thereis in generala one-to-onecorrespondencbetweenin-
structionsin anassemblylanguageprogramandinstructionsin the final machinelan-
guageprogram. We could attemptto performthis translationin one passthroughthe
assemblylanguageprogram. Startingfrom the top of Figure 7.2, the assembledis-
cardslines 01 to 09, sincethey containonly comments. Commentsare strictly for
humanconsumptionthey have no bearingon the translationprocess.The assembler
thenmovesonto line OA. Line OA is a pseudo-opit tells the assemblethatthe ma-
chinelanguageprogramis to starta locationx3000. The assemblethenmoveson to
line OB, whichit caneasilytranslatanto LC-3b machinecode.At this point, we have

x3000: 0101010010100000

The LC-3b assemblemoveson to translatethe next instruction(line 0C). Unfortu-
nately it is unableto do so,sinceit doesnotknow themeaningof thesymbolicaddress,
PTR.At this pointthe assembileis stuck,andthe assemblyproces<ails.

To prevent the above problemfrom occurring, the assemblyprocessis donein
two completepassegfrom beginningto .END) throughthe entireassemblyjlanguage
program.The objective of thefirst pasds to identify theactualbinaryaddressesorre-
spondingto the symbolicnamegor labels). This setof correspondencds known as
the symbol table. In passone,we constructthe symboltable. In passtwo, we trans-
late the individual assemblylanguageinstructionsinto their correspondingnachine
languagenstructions.

Thus,whentheassembleexaminedine OC for the purposeof translating

LEA R3, PTR

duringthe secondpassit alreadyknows the correspondencketweenPTR andx3028
(from thefirst pass).Thusit caneasilytranslatdine OC to

x3002: 1110011000010011

Theproblemof notknowing the 16-bitaddresgorrespondingo PTRnolongerexists.

7.2.2 TheFirst Pass: Creating the Symbol Table

For our purposesthe symboltableis simply a correspondencef symbolichnameswith
their 16-bit memoryaddressesWe obtainthesecorrespondencdsy passingthrough
the assemblflanguageprogramonce, noting which instructionis assignedo which
addressandidentifying eachlabelwith the addresof its assignedentry.

Recallthat we provide labelsin thosecasesvherewe have to referto a location,
eitherbecausdé is thetarmgetof abranchinstructionor becausé containdatathatmust
be loadedor stored. Consequentlyif we have not madeary programmingmistales,
andif weidentify all thelabels,we will haveidentifiedall thesymbolicaddresseased
in theprogram.

The above paragraphassumeshat our entire programexists betweenour .ORIG
and.END pseudo-opsThisis truefor theassembljfanguagegprogramof Figure7.2.

Thefirst passstarts afterdiscardinghecommentnlines01 to 09 by noting(line
0A) thatthe first instructionwill be assignedo addresx3000. We keeptrack of the
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locationassignedo eachinstructionby meansof a locationcounter(LC). TheLC is
initialized to theaddresspecifiedn .ORIG, thatis, x3000.

Theassembleexamineseachinstructionin sequenceandincrementgheLC once
for eachassemblyanguagenstruction.If theinstructionexaminedcontainsalabel,a
symboltableentryis madefor thatlabel, specifyingthe currentcontentsof LC asits
addressThefirst passterminatesvhenthe .END instructionis encountered.

The first instructionthat hasa label is atline 13. Sinceit is the sixth instruction
in the programandthe LC at that point containsx300A, a symboltableentryis con-
structedthus:

| Synbol | Address |
[ TEST | x300A |

The secondinstructionthathasa labelis at line 20. At this point, the LC hasbeen
incrementedo x3018. Thusa symboltableentryis constructedasfollows:

| Symbol | Address |
[ GETCHAR | x3018 |

At the conclusionof thefirst passthe symboltablehasthefollowing entries:

| Symbol | Address |
TEST X300A
GETCHAR | x3018
QUTPUT X301E
ASCI | x3028
PTR Xx302A

7.2.3 The Second Pass: Generating the Machine Language Pro-
gram

The secondpassconsistsof going throughthe assemblylanguageprograma second
time, line by line, thistime with thehelpof thesymboltable. At eachline, theassembly
languagenstructionis translatednto anLC-3b machindanguagenstruction.

Startingagainatthetop, theassembleagaindiscarddines 01 throughO9 because
they containonly comments.Line OA is the .ORIG pseudo-opwhich the assembler
usesto initialize LC to x3000. The assemblemoveson to line 0B, andproduceshe
machinelanguagenstruction010101001010000. Thenthe assemblemoveson to
line OC.

This time, when the assemblegetsto line 0OC, it can completelyassemblehe
instructionsinceit knows that PTR correspondg$o x302A. The instructionis LEA,
which hasan opcodeencodingof 1110. The Destinationregister(DR) is R3, thatis,
011.

PCofsetis computedasfollows: We know thatPTRis thelabelfor addresx302A,
andthattheincrementedCis LC+2, in this casex3004. SincePTR (x302A) mustbe
thesumof theincrementedPC(x3004)andtwice thesign-extended®Cofset(sincethe
offsetis in wordsandmemoryis byte-addressablepCofset mustbe x0013. Putting
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| Address| Binary |

001100000000000
x3000 | 010101001010000
x3002 | 111001100001001
x3004 | 011001101100000
x3006 | 111100000010001
x3008 | 001000101100000
x300A | 000110000111100
x300C | 0000010000001@0
x300E | 1001001001111m
x3010 | 000100100100000
x3012 | 1001001001111m
x3014 | 0000101000000m1
x3016 | 000101001010001
x3018 | 000101101110001
x301A | 0010001011000m0
x301C | 000011111111010
x301E | 111000000000000
x3020 | 0110000000000m0
x3022 | 000100000000000
x3024 | 111100000010001
x3026 | 111100000010001
x3028 | 0000000000110m0
x302A | 0100000000000m0

Figure 7.3: The machinelanguageprogramfor the assemblylanguageprogramof
Figure7.2

this all togethey x3002is setto 111001100001001, andthe LC is incrementedo
x3004.

Note: In orderto usetheLEA instruction,it is necessaryhatthe sourceof theload,
in this casethe addressvhoselabelis PTR,is not morethan+512 or -510 memory
locationsfrom the LEA instructionitself. If theaddresof PTR hadbeengreaterthan
LC+2 +5100r lessthanLC+2 -512, thenthe offset would not fit in bits [8:0] of the
instruction. In sucha case,an assemblyerror would have occurred,preventingthe
assemblyprocesdrom completingsuccessfully Fortunately PTRis closeenoughto
the LEA instruction,sotheinstructionassembledorrectly

The secondpasscontinues.At eachstep,the LC is incrementedandthe location
specifiedby LC is assignedhe translated_C-3b instructionor, in the caseof .FILL,
thevaluespecified.Whenthe secondpassencountergshe .END instruction,assembly
terminates.

Theresultingtranslatedorogramis shavn in Figure7.3.

That processwas, on a good day, merely tedious. Fortunately you do not have
to doit for aliving—the LC-3b assembledoesthat. And, sinceyou now know LC-



154 CHAPTER?7. ASSEMBLY LANGUAGE

3b assemblylanguage thereis no needto programin machinelanguage. Now we
canwrite our programssymbolicallyin LC-3b assemblyfanguageandinvoke the LC-
3b assembleto createthe machinelanguageversionsthat can executeon an LC-3b

computer



