CS611 Homework 1 DUE: 09/17/01

What to turn in

Turnin thewritten partsof the assignmentiuring classon the duedate. For the programmingpart, you shouldmail
your versionof thefile interpretation.ml andoneinterestingestcaseto nystrom@cs. cornell.edu by 5PM on
thatday.

1. Term equivalence

(a) Usingthelarge-stemperationabemanticef IMP, provethatthestatemenitf b then ¢y else ¢, is equivalent
toif = bthen ¢; esecy.
(b) Similarly, prove that commandsequences IMP canbe eitherleft or right associatie by shawving that
(co; €1); c2 isequivalentto co; (c1; ¢2)
2. Auto-increment expressions
Supposeave add C-like auto-incremenexpressiongo IMP. Givena variablez, z++ will incrementz by 1 and
evaluateto the previousvalueof z; ++z will incrementz by 1 andevaluateto the new valueof z. For example,
ANSWER := 1; whilei++ <= 4 do ANSWER := ANSWER x i

stores120in thevariableANSWER, while

ANSWER := 1; while++i <= 4 do ANSWER := ANSWER x* i

stores?4 in the variableANSWER.

(a) Write inferencerulesfor the large-stepperationabemanticgor thetwo auto-incremengxpressions.

(b) Sinceexpressionsannow modify the store,the form of the evaluationrelations({}) for arithmeticand
booleanexpressionanust change. Explain how the form of the relationschangesand describehow to
rewrite theinferencerulesfor bothexpressiontypes.You do not have to write the new inferencerules.

(c) Anotherissuethat ariseswhen expressionscan have side effectsis that their order of evaluationnow
matters.Theoperationakemanticor IMP presentedh classdo notgenerallyspecifyorderof evaluation.
For example theinferencerule in IMP for relationalexpressions:

{(ao,0) Uno (ar,o) I my

(ag <= a1,0)

wheret is trueiff ng < ny

doesnot specify which of ap and a; is evaluatedfirst. Thus, if z is initialized to 0, the expression
r++ <= =z may evaluateto eithertrue or false. With thesesemanticsJMP with auto-incremenis
non-deterministic Write the small-stepoperationakemanticof IMP with auto-incrementbeingsureto
definethelanguagesothatit is deterministic.

(d) Useinductiononderivationswith thesemanticyouwrotefor part2(c)to provethatarithmeticexpressions
aredeterministic.

3. Adding break

IMP is lackingmary featureof arealprogrammindanguagemostnotablyfunctionsanddatastructuresyhich
wewill studylater. In this problemyouwill addamechanisniike C's break statementhatallows a programto
terminatewhileloopsearly While thisis aseeminglyminor changeo thelanguagewe will seethatit radically
altersthe semanticof IMP.

As an example,the following program(alsofound in testB1.imp) shouldhalt with the value 8 in location
ANSWER!



aexp. == n | Loc | aexp. + aexp. | aexp. * aexp. | aexp. — aexp. | (aexp. )

bexp. ::= true | false | aexp. = aexp. | aerp, <= aexp. | not bexp,
| bexp. or bexp. | bexp. and bexp. | ( bexp. )

com. u= skip | break | Loc:= aexp. | if ( bexp. ) then { com. } else { com. }
| while ( bexp, ) do { com. } | com. ; com,

Figurel: IMP+break concretesyntax

while (true) do {
while (true) do {
ANSWER := ANSWER + 1;
if (ANSWER = 4) then {
break;
ANSWER := ANSWER + 10
} else {
skip
}
};
ANSWER := ANSWER * 2;
break

}

This examplebringsout several pointswhenaddingbreak to IMP. First, if the break occursin a sequencef

commandsthe remainderof the sequencéin this caseANSWER := ANSWER + 10) is not evaluated.Second,
theremustbeaway to keeptrack of wherethe programwill continueafterevaluatinga break command Since
whileloopsmaybenestedthesebreak continuationgorm a stack.

A continuation can be thoughtof as “the restof the evaluationof the program”, and we will study them
in more depthlater For now, we canthink of continuationsas“the next commandto be executed”,which,
in general,will be a sequenceepresentingll of the commandsemainingin the program. As we obsened
above, introducingbreak requiresthat we have the ability to both discardthe continuationof a commandn
a sequencendsave a continuationon a stacksowe know whereto pick up executionafter evaluatingbreak.
This suggestshatwe modify IMP’s programconfigurationgo bethefollowing: {ccur; Cnezt; P, o), Wherecey,
is the commandcurrentlybeingexecuted ¢, is the continuationof c.,,., p is a stackof commandswritten
Cp it Cp—1 ... [], eache; representinghe continuationof ary break commandsn thebodyof awhile
loop with nestingdepthi, ande is anIMP stateasusual.

Therearea few subtlepointsto address.Thefirst questionis this: Whathappensvhena break commands
executedoutsideof ary while -body (thatis whenc,,, = break andp = [])? This canbe considerednill-

formedprogramwhich shouldcauseanerrorto occur—our interpretewill modelthis by raisingthe exception
BadBreak definedin interpretation.ml. A break commandwvhich attemptgo terminatemoremoreloops
thanthecurrentnestingevel will similarly fail. Thesecondjuestioris this: Whatis thecontinuatiorof asingle-
commandorogramsuchasX := 37? SincesuchanIMP programshouldhalt after executingthe commandwe
couldadda speciaHalt continuatiornto theinterpreterbut to make thingseasierwe will adoptthe corvention
thatif the skip commandappearsasc,.;: thenthe programis to terminateafter evaluatingc,,,-. (This makes
theinterpreterslightly simplerto write.)

With theseobsenationsin hand,we cannow specifythe operationakemanticof IMP+break. Thenew judge-
mentswill be of the form {ccur, Cnest, p, ) 4 o'. As an example, considerthe following inferencerule



specifyingthe behavior of theassignmentommand:

(a, o) 4 {Cneat, SKip, p, o[n/X]) § o
(X ‘= Q, Cpexts P 0) 4 o

To evaluatethe commandX := a followedby ¢,,.,; With break continuations andstates, we first evaluate
thearithmeticexpression in stateos to obtainthenumbem. Next we evaluatethe continuationc,,,; with skip
asits continuation(indicatingthe programshouldthenhalt), the samep, anda new stateobtainedfrom o by
updatingX to ben.

Hereis theaxiomfor specifyingwhena programhalts:

(skip, skip, [, o) Y o
Hereis therule for evaluatinga skip commandaspartof a sequencef othercommands:

(Cnewta Sklpa P U) U UI
(Sklpa Cnext, P U) U OJ

(Cneat 7# SKip)

(a) Operational Semantics
Definethefull setof operationakemanticgor IMP+break usingtherulesabove asguidelines.You will
needto definethe properbehaior for theinteractionof break andwhile statementsln particular break
shoulddiscarde,,.,; andwhile shouldsare its continuationon thetop of p. Be careful!

(b) Implementation
Thelexerandparsehave alreadybeenmodifiedto supporthebreak commandlmplementtheinterpreter
for IMP+break asthefunctioninterpretBreak : breakConfig -> state foundin the sourcefile
interpretation.ml. The stackof continuationsp, is implementecby anAst.com list. Thisshould
be straightforvard,onceyou’ve decidedwhatthe operationakemanticshouldbe. Corversely if you can
implementthe interpretercorrectly you shouldbe ableto write down its operationasemanticsThe only
file youshouldmodify is interpretation.ml. No otherfile shouldbe modified.
Note that on programsnot containingthe break command;test andtestB shouldagree. Feelfreeto
posttestcasedo the newsgroup.Whenyou emailin your sourcecode,you shouldsubmitoneinteresting
testcaseof your own devising alongwith your modifiedinterpretation.ml.

Getting started

For problem3, you shoulddownloadthe file imp.tar.gz from the CS611web pagefor Homework 1 and
extractthe contentdo aworking directory.

Thesefiles containthe sourcecodeto a simpleIMP interpreter(thefile interpretation.ml) asdiscussedn

class.To makeit easieffor youto delugandtestyour code ,we have written alexerandparser(thelexer .m11

andimp.mly files). We've alsoincludeda pretty-printerfor theabstracsyntax(pprint .ml1). Thefile main.ml

containstwo functions,test andtestB, bothof typestring -> int thattake the nameof afile containing
IMP code pretty-printit, interpretthe program andprint outtheresultcontainedn the ANSWERIocation. The
testB functionwill beusedto run IMP programsextendedwith abreak constructasdescribedelon. Both of

thesefunctionscanbe calledfrom the top-loopof the ocamlsystem.Therearealsoa coupleof exampleIMP

programg(* . imp).

Feelfree to browsethroughthe sourcecode provided, but for the purposesof this assignmentthe only file
you shouldmodifyis interpretation.ml. The othercodemakesuseof OCamls modulesystem,but you
shouldnt needto know how it worksto do this assignment.

To compileyour IMP interpreter first untarimp . tar . gz. Be sureocaml is in your path. On the Solarisma-
chinesn theCSdepartmentit canbefoundat /usr/u/plg/bin/sparc-solaris. OntheWindowsmachines
in theCSdepartmentywe have placedacopy in \\bigbird\users\nystrom\ocaml, Ofr z: \nystrom\ocaml
if \\bigbird\users is mountedasusual. You candownloadyour own copy of OCamlfrom the Camlweb



pageathttp://caml.inria.fr. Youmake haveto adjusttheMakefile or, on Windows, make . bat to point
to your installationof OCaml. Now, run make. This will run a batchfile on Windows andinvoke make on
Unix. After the build completesyou shouldhave an executablenamedimp. At this point you shouldbe able
to run ocamlrun imp testl.imp atthe prompt. This will invoke theinterpreterfor unmodifiedIMP. Run-
ningocamlrun imp -break testl.imp will invokeyourinterpreterfor IMP+break. Thisshoulddisplaythe
errormessagéBad break’

The concretesyntaxof IMP is shavn in Figurel. It is essentiallythe abstractsyntaxdiscussedn classaug-
mentedwith parentheseand C-like syntaxfor if andwhile commands.Locationsare denotedby strings
containingonly upperor lower casealphabeticcharacters.Negative numbersare prefixed with ~ asin ML.
Keywordsareall in lower case.The arithmeticoperatorshave the usualprecedencandassociatiity, andyou
canput parenthesei to groupthem.Notethat ; actsasacommandseparatonot aterminator soyou will get
parseerrorsif you put ; attheendof asequence.



