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Turn in thewritten partsof theassignmentduringclasson theduedate.For theprogrammingpart,you shouldmail
yourversionof thefile 465$7,8:9<;=9,8:7,>:7%4�?@5�ACB�D andoneinterestingtestcaseto 5$EGF/7=9,?HB%I*J=F�AKJ�?:9<5,8=D=DLAM8@N:O by 5PM on
thatday.

1. P�Q�RTSUQWV,X@Y ZH[<\ Q@]H^_Q
(a) Usingthelarge-stepoperationalsemanticsof IMP, provethatthestatementif ` then acb else a6d is equivalent

to if ef` then aWd else acb .
(b) Similarly, prove that commandsequencesin IMP canbe eitherleft or right associative by showing thatg a b:h a djijh ajk is equivalentto a b@h g a d/h ajk i

2. l�X6mon@poYq]/^/RrQ�SsQ@]6mtQcu=v�R3Q6wMwcY n,]Hw
Supposewe addC-like auto-incrementexpressionsto IMP. Givena variable x , xGy=y will incrementx by 1 and
evaluateto thepreviousvalueof x ; y=y:x will incrementx by 1 andevaluateto thenew valueof x . For example,

z={,|@}=~=������� h while 4Hy=y�� ���
do
z={,|�}$~=������z={,|@}$~<��� 4

stores120in thevariable
z={,|@}=~=�

, while

z={,|@}=~=������� h while y=yG4�� ���
do
z={,|�}$~=������z={,|@}$~<��� 4

stores24 in thevariable
z={$|@}$~=�

.

(a) Write inferencerulesfor thelarge-stepoperationalsemanticsfor thetwo auto-incrementexpressions.

(b) Sinceexpressionscannow modify the store,the form of the evaluationrelations( � ) for arithmeticand
booleanexpressionsmustchange. Explain how the form of the relationschangesanddescribehow to
rewrite theinferencerulesfor bothexpressiontypes.You do nothave to write thenew inferencerules.

(c) Another issuethat ariseswhen expressionscan have side effects is that their order of evaluationnow
matters.Theoperationalsemanticsfor IMP presentedin classdonotgenerallyspecifyorderof evaluation.
For example,theinferencerule in IMP for relationalexpressions:

�C� b:�1��� ��� b �C� d/�1��� ��� d�C� b � � � d/�1��� where� is trueif f ��b����d

doesnot specify which of
� b and

� d is evaluatedfirst. Thus, if x is initialized to 0, the expression
xGy=y�� � x may evaluateto either true or false. With thesesemantics,IMP with auto-incrementis
non-deterministic.Write thesmall-stepoperationalsemanticsof IMP with auto-increment,beingsureto
definethelanguagesothatit is deterministic.

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

3. l��:�$Yq]W� break

IMP is lackingmany featuresof arealprogramminglanguage,mostnotablyfunctionsanddatastructures,which
wewill studylater. In thisproblemyouwill addamechanismlikeC’sbreak statementthatallowsaprogramto
terminatewhile loopsearly. While this is aseeminglyminorchangeto thelanguage,wewill seethatit radically
altersthesemanticsof IMP.

As an example,the following program(also found in 7,8*F/7:�"�"Ac4jB,; ) shouldhalt with the value8 in locationz<{,|@}$~=�
:
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�=� x@��� �3��� �( �¡�¢$£¤  �=� x:�%�¦¥ �=� x@�%�§  �=� x@��� � �=� x@�%�§  �=� x@���©¨ �<� x:�%�§  g��=� x@�%� i
` � x@��� �3��� 7=9:O*8ª ¬«$>=D,F@8ª  �=� x:�%� � �=� x@�%�§  �=� x@���©� � �=� x@���§ t5*?@7�` � x@���

 �` � x@���¦?:9` � x:�%�§ �` � x@���¦>@5,N�` � x@�%�§  g ` � x:�%� i
aj®H¯�� �3��� F/°%4W;± ¦²$9$8=>:°� �¡�¢$£ ��� �=� x@�%�§ �4/« g ` � x@��� i 7:³*8@5µ´saj®H¯¶�©·�8$D,F@8�´saj®H¯���·

 ¦¸=³�4�D<8 g ` � x@� � i N=?-´¹aj®H¯ � ·º �aj®H¯ � h aj®H¯ �

Figure1: IMP+break concretesyntax

¸=³�4�D<8¼»17=9<O*8*½	N$?U¾
¸=³�4@D<8¼»17<9<O*8G½	N$?¿¾z={$|@}$~=�ÁÀoÂÃz={,|�}$~=� yÄ��Å
4/«(» z={$|@}$~=�ºÂºÆ ½Ç7<³*8@5ª¾
²$9,8=>:°�Åz={,|@}$~<�ÈÀoÂ�z<{,|@}$~=� yÉ�HÊË 8$D,F@8�¾
F/°�4W;Ë

Ë Åz={,|@}$~<�ÈÀoÂ�z<{,|@}$~=�ªÌ¤Í Å
²$9,8=>:°Ë

This examplebringsout severalpointswhenaddingbreak to IMP. First, if thebreak occursin a sequenceof
commands,the remainderof the sequence(in this case

z={,|@}$~<�ÈÀoÂ�z<{,|@}$~=� yÉ�HÊ ) is not evaluated.Second,
theremustbeaway to keeptrackof wheretheprogramwill continueafterevaluatingabreak command.Since
while loopsmaybenested,thesebreak continuationsform a stack.

A continuation can be thoughtof as “the rest of the evaluationof the program”, and we will study them
in moredepthlater. For now, we canthink of continuationsas“the next commandto be executed”,which,
in general,will be a sequencerepresentingall of the commandsremainingin the program. As we observed
above, introducingbreak requiresthat we have the ability to both discardthe continuationof a commandin
a sequenceandsave a continuationon a stacksowe know whereto pick up executionafterevaluatingbreak.
Thissuggeststhatwemodify IMP’sprogramconfigurationsto bethefollowing:

� a �ÏÎHÐ � ajÑ@ÒoÓ_Ô �$Õ%�*��� , wherea �ÏÎHÐ
is thecommandcurrentlybeingexecuted,ajÑ:ÒÖÓ_Ô is thecontinuationof a �ÏÎHÐ , Õ is a stackof commands,written
ajÑ �3� ajÑ$×�d �3�,Ø_Ø6Ø*�3� a6d �3�*Ù Ú , eacha_Û representingthecontinuationof any break commandsin thebodyof a while
loopwith nestingdepthÜ , and � is anIMP stateasusual.

Therearea few subtlepointsto address.The first questionis this: Whathappenswhena break commandis
executedoutsideof any while -body (that is when a_�ÏÎHÐ � break and Õ �ÁÙ Ú

)? This canbe consideredan ill-
formedprogramwhich shouldcauseanerrorto occur—our interpreterwill modelthis by raisingtheexception
�,><N:�$9,8<>:° definedin 4W5$7,8:9:;$9,8:7,>@7�4�?@5�AÝB�D . A break commandwhich attemptsto terminatemoremoreloops
thanthecurrentnestinglevelwill similarly fail. Thesecondquestionis this: Whatis thecontinuationof asingle-
commandprogramsuchas Þ ÀoÂUß

? SincesuchanIMP programshouldhalt afterexecutingthecommand,we
couldaddaspecialà,>$D�7 continuationto theinterpreter, but to makethingseasier, wewill adopttheconvention
that if theskip commandappearsas a Ñ@ÒÖÓ6Ô thentheprogramis to terminateafterevaluating a6�ÏÎWÐ . (This makes
theinterpreterslightly simplerto write.)

With theseobservationsin hand,we cannow specifytheoperationalsemanticsof IMP+break. Thenew judge-
mentswill be of the form

� a �ÏÎHÐ � ajÑ@ÒÖÓ6Ô �,ÕG�G��� � ��á . As an example,considerthe following inferencerule
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specifyingthebehavior of theassignmentcommand:
�â� �G��� ��� � a_Ñ@ÒÖÓ6Ô � skip �,Õ%�*� Ù �ãHä Ú � � ��á� ä ��� � � ajÑ@ÒoÓ_Ô �$Õ%�*��� � ��á

To evaluatethecommandä ��� �
followedby a Ñ:ÒÖÓ_Ô with break continuationsÕ andstate� , we first evaluate

thearithmeticexpression
�

in state� to obtainthenumber� . Next weevaluatethecontinuationa Ñ@ÒoÓ_Ô with skip
asits continuation(indicatingthe programshouldthenhalt), the sameÕ , anda new stateobtainedfrom � by
updatingä to be � .

Hereis theaxiomfor specifyingwhena programhalts:

�
skip � skip � Ù Ú �*��� � �

Hereis therule for evaluatinga skip commandaspartof asequenceof othercommands:

� a Ñ@ÒÖÓ6Ôc� skip �,ÕG�,��� � ��á�
skip � a Ñ@ÒÖÓ6ÔK�,ÕG�,��� � � á

g ajÑ@ÒÖÓ6Ôæå� skip i

(a) çæv�Q@Rr[Wm�Y n*]H[<\$è=Q�Sæ[<]Wm�Y ^jw
Definethefull setof operationalsemanticsfor IMP+break usingtherulesabove asguidelines.You will
needto definetheproperbehavior for theinteractionof break andwhile statements.In particular, break
shoulddiscarda Ñ@ÒÖÓ6Ô andwhile shouldsave its continuationon thetop of Õ . Becareful!

(b) éêS�v:\ Q@SsQ�]WmM[Wm�Y n,]
Thelexerandparserhavealreadybeenmodifiedto supportthebreak command.Implementtheinterpreter
for IMP+break asthe function 4W5=7,8:9<;$9$8:7<�$9,8<>:° À ²$9,8<>:°$ë$?@5$«%4Hìºí,îïF/7,>@7,8 found in thesourcefile
4W5$7$8:9<;$9,8@7,>:7�4�?�5�ACB�D . Thestackof continuations,Õ , is implementedby an

z F/7tAKJ@?HB�D,4<F/7 . This should
bestraightforward,onceyou’vedecidedwhattheoperationalsemanticsshouldbe.Conversely, if you can
implementtheinterpretercorrectly, you shouldbeableto write down its operationalsemantics.Theonly
file youshouldmodify is 4W5$7,8@9<;$9,8:7$>:7�4�?@5¬ACB�D . No otherfile shouldbemodified.

Note that on programsnot containingthe break command,7,8*F/7 and 7,8,F/7<� shouldagree.Feel free to
posttestcasesto thenewsgroup.Whenyou email in your sourcecode,you shouldsubmitoneinteresting
testcaseof yourown devisingalongwith yourmodified 4W5$7,8:9:;$9,8:7,>@7�4�?@5�AÝB�D .

ð QjmÖm�Yq]H�µwMmM[�R3moQ6�
For problem3, you shoulddownloadthe file 4jB*;�AÖ7$>:9¬AÖì$ñ from the CS611web pagefor Homework 1 and
extractthecontentsto a workingdirectory.

Thesefiles containthesourcecodeto a simpleIMP interpreter(thefile 4W5$7,8@9<;$9,8:7$>:7�4�?@5¬ACB�D ) asdiscussedin
class.To make it easierfor you to debugandtestyourcode,wehavewrittena lexerandparser(the D:8:ò,8:9¬AÝB�D=D
and 4jB*;�AÝB�D@E files). We’vealsoincludedapretty-printerfor theabstractsyntax( ;=;$9�4W5=7¬ACB�D ). Thefile B�>G465�ACB�D
containstwo functions,7,8,F/7 and 7$8*F/7<� , bothof type F/7=9%4W5$ì¿í*îó4W5$7 that take thenameof a file containing
IMP code,pretty-printit, interprettheprogram,andprint out theresultcontainedin theANSWERlocation.The
7$8*F/7<� functionwill beusedto run IMP programsextendedwith a ²$9$8=>:° constructasdescribedbelow. Bothof
thesefunctionscanbecalledfrom thetop-loopof theocamlsystem.Therearealsoa coupleof exampleIMP
programs(

Ì Ac4cB*; ).
Feel free to browsethroughthe sourcecodeprovided, but for the purposesof this assignment,the only file
you shouldmodify is 4W5$7,8@9<;$9,8:7$>:7�4�?@5¬ACB�D . The othercodemakesuseof OCaml’s modulesystem,but you
shouldn’t needto know how it worksto do this assignment.

To compileyour IMP interpreter, first untar 4cB*;�AÖ7,>@9¬AÖì$ñ . Be sure ?*J@>HB�D is in your path. On theSolarisma-
chinesin theCSdepartment,it canbefoundat ô�O�F/9*ô/OGô�;GD@ì,ô�²�4W5Gô$FW;*>�9%J:í$F�?=D<>:9G4<F . OntheWindowsmachines
in theCSdepartment,wehaveplacedacopy in õ=õ�²�4Hì:²�4H9$N,õ/O�F@8:9%F@õ/5$E%FW7=9$?WB�õ:?*J/>HB�D , or ñ À õ�5$E%FH7=9,?HB�õ:?*J@>HB%D
if õ=õ/²�4Hì<²�4W9$N,õ�O�F�8:9%F is mountedasusual. You candownloadyour own copy of OCamlfrom the Caml web
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pageat ³$7=7<; À ô=ô,J@>WB�D�Ac4W5=9�4/>¦AÏ«<9 . You makehave to adjustthe ö,>:°$8<«%4@D<8 or, on Windows, B�>:°$8¦AÏ²*>:7 to point
to your installationof OCaml. Now, run B�>@°,8 . This will run a batchfile on Windows and invoke B�>@°,8 on
Unix. After thebuild completes,you shouldhave anexecutablenamed4jB*; . At this point you shouldbeable
to run ?*J@>HB�D@9<O=5�4jB,;¿7$8*F/7��"AK4jB*; at the prompt. This will invoke the interpreterfor unmodifiedIMP. Run-
ning ?,J@>HB�D@9:O=5�4jB*;�í�²$9$8=>:°Ã7,8*FH7��"Ac4jB,; will invokeyour interpreterfor IMP+break. Thisshoulddisplaythe
errormessage“Bad break.”

The concretesyntaxof IMP is shown in Figure1. It is essentiallythe abstractsyntaxdiscussedin classaug-
mentedwith parenthesesandC-like syntaxfor 4/« and ¸<³�4@D<8 commands.Locationsaredenotedby strings
containingonly upperor lower casealphabeticcharacters.Negative numbersareprefixed with ÷ as in ML.
Keywordsareall in lower case.Thearithmeticoperatorshave theusualprecedenceandassociativity, andyou
canput parenthesesin to groupthem.Notethat Å actsasacommandseparatornot a terminator, soyou will get
parseerrorsif you put Å at theendof a sequence.
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