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Whatis“softwarefoundations”?

Softwarefoundations(a.k.a.“theoryofprogramminglanguages”)isthestudy

ofthemeaningofprograms.

Thegoalisfindingwaystodescribeprogrambehaviorsthatarebothprecise

andabstract.

�Precisebecausewewouldliketoprovethingsabouthowprogramsbehave.

�Abstractbecausewewouldlikethetechniquesthatweusetoapplytolots

ofdifferentprograms,andlotsofdifferentprogramminglanguages.
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Whystudysoftwarefoundations?

�Tobeabletoprovespecificfactsaboutparticularprograms(i.e.,program

verification)

Importantinsomedomains(safety-criticalsystems,hardwaredesign,

securityprotocols,innerloopsofkeyalgorithms,...),butstillquite

difficultandexpensive

�Todevelopintuitionsforinformalreasoningaboutprograms

�Toprovegeneralfactsaboutalltheprogramsinagivenprogramming

language(e.g.,safetyorisolationproperties)

�Tounderstandlanguagefeatures(andtheirinteractions)deeplyand

developprinciplesforbetterlanguagedesign

PListhe“materialsscience”ofcomputerscience...
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Whatyoucanexpecttogetoutofthecourse

�Amoresophisticatedperspectiveonprograms,programminglanguages,

andtheactivityofprogramming

�Howtoviewprogramsandwholelanguagesasformal,mathematical

objects

�Howtomakeandproverigorousclaimsaboutthem

�Detailedstudyofarangeofbasiclanguagefeatures

�Deepintuitionsaboutkeylanguagepropertiessuchastypesafety

�Powerfultoolsforlanguagedesign,description,andanalysis

N.b.:mostgoodsoftwaredesignersarelanguagedesigners!
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Whatthiscourseisnot

�Anintroductiontoprogramming(ifthisiswhatyouwant,youshouldbe

inCIT591)

�Acourseonfunctionalprogramming(thoughwe’llbedoingsome

functionalprogrammingalongtheway)

�Acourseoncompilers(youshouldalreadyhavebasicconceptssuchas

lexicalanalysis,parsing,abstractsyntax,andscopeunderyourbelt)

�Acomparativesurveyofmanydifferentprogramminglanguagesandstyles

(boring!)

�Aseminaronprogramminglanguageresearch(seeCIS670,MW1:30-3:00,

Moore212!)
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Approaches

“Programmeaning”canbeapproachedinmanydifferentways.

�Denotationalsemanticsanddomaintheoryviewprogramsassimple

mathematicalobjects,abstractingawaytheirflowofcontroland

concentratingontheirinput-outputbehavior.

�ProgramlogicssuchasHoarelogicanddependenttypetheoriesfocuson

systemsoflogicalrulesforreasoningaboutprograms.

�Operationalsemanticsdescribesprogrambehaviorsbymeansofabstract

machines.Thisapproachissomewhatlower-levelthantheothers,butis

extremelyflexible.

�Processcalculifocusonthecommunicationandsynchronizationbehaviors

ofcomplexconcurrentsystems.

�Typesystemsdescribeapproximationsofprogrambehaviors,concentrating

ontheshapesofthevaluespassedbetweendifferentpartsoftheprogram.

CIS500,8September7
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Overview

Inthiscourse,wewillconcentrateonoperationaltechniquesandtypesystems.

�PartO:Background

�AtasteofOCaml

�Functionalprogrammingstyle

�PartI:Modellingprogramminglanguages

�Syntaxandoperationalsemantics

�Inductiveprooftechniques

�Thelambda-calculus

�Syntacticsugar;fullyabstracttranslations
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�PartII:Typesystems

�Simpletypes

�Typesafety

�References

�Subtyping

�PartIII:Object-orientedfeatures(casestudy)

�Asimpleimperativeobjectmodel

�AnanalysisofcoreJava
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AdministrativeStuff
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Personnel

Sendemailallstaff:cis500@cis.upenn.edu

Instructor:StephanieWeirich

Levine510

sweirich@cis.upenn.edu

Officehourstoday:

Wed,3:00–4:00

Noofficehoursnextweek

Officehours,beginningintwoweeks:

Wed,5:00–6:00andThu,4:00–5:00

TeachingAssistants:NateFoster

Officehours:Thurs4:30-5:30inGRW565

DimitriosVytiniotis

Officehours:Tues2:00-3:00inGRW565
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AdministrativeAssistant

CherylHickey,Levine502

IfyouareunabletoreachmepleasecontactCherylHickey,215-898-3538or

cherylh@central.cis.upenn.edu.Youmayfindyourclassfolderinthefiling

cabinetoutsideofRoom502Levineforallgradedhomeworksandextra

handouts.PleaseseeCherylforyourgradedexams.
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TemporaryPersonnel

IwillbeawayfromSeptember10toSeptember22.

Guestlecturersfornextthreelectures.

�Dr.BenjaminPierce,September13and15.

�Dr.ValTannen,September20.

Contactmeusingcourseemail:cis500@cis.upenn.edu.
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Information

Textbook:TypesandProgrammingLanguages,

BenjaminC.Pierce,MITPress,2002

Webpage:http://www.seas.upenn.edu/∼cis500

Newsgroup:upenn.cis.cis500

CIS500,8September14
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Exams

1.Firstmid-term:Wed,October13

2.Secondmid-term:Wed,November15

3.Final:TBA.

Additionaladministrativeinformationwillbepostedasnecessaryduringthe

semester.Keepaneyeonthecoursewebpageand(especially)thenewsgroup.
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Finalexam

ThefinalforthiscoursehasbeenscheduledbytheregistrarforThurs.

12/16/04,8:30-10:30.

ThefinalforCIS501hasbeenscheduledbytheregistrarforThurs.12/16/04,

11-1

Examcanberescheduledbyapetitionsignedbyeveryregisteredstudent.I’ll

passthepetitionaroundaftertheaddperiodisover(Friday,Sept24).

Ifyouhaveconstraints,otherthanCIScourses,sendthemto

cis500@cis.upenn.edu.
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Grading

Finalcoursegradeswillbecomputedasfollows:

�Homework:20%

�2midterms:20%each

�Final:40%
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ExtraCredit

Coursegradescanbeimprovedafterthesemesterendsintwoways:

1.A1/3lettergradeimprovementcanbeobtainedbydoingasubstantial

extracreditproject(∼30hourswork)duringtheSpringsemester.

2.Largergradeimprovementscan(only)beobtainedbysittinginonthe

coursenextyearandturninginallhomeworksandexams.Ifyouaredoing

thistoimproveyourgradefromlastyear,letmeknow.
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Collaboration

�Collaborationonhomeworkisstronglyencouraged

�Studyingwithotherpeopleisthebestwaytointernalizethematerial

�Formstudygroups!2or3peopleisanicesize.4istoomanyforallto

haveequalinput.

�Wewillhelpformgroupsforthosethathavenotalreadydoneso

�Evenifyouarefairlyconfidentaboutthecourse,youshouldbeinagroup.

“Youneverreallymisunderstandsomething

untilyoutrytoteachit...”

—Anon.
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Homework

�ReadingsfromTAPL

�Shouldbecompletedbeforelecture(seecoursewebpage).

�Doallonestarquestionswhilereading(donotneedtoturnin).

�Writedownquestionstoaskinclassorrecitation.

�Writtenhomework

�Smallpartofyourgrade,yetalargepartofyourunderstanding.

�Submitoneassignmentperstudygroup.Submitallassignmentsthis

semesterwiththesamegroup.Youmustformyourstudygroupbefore

thefirstassignmentisdue.Evenifyoufindthisassignmenteasy,you

willagroupforlaterassignments!

�Gradingisrandombutfair.Wemaynotgradeeveryproblem.

�Somesolutionsareinthebackofthebook.Writeyouranswerdown

beforelooking.

�Late(non-)policy:Homeworkwillnotbeacceptedaftertheannounced

deadline.
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FirstHomeworkAssignment

�ThefirsthomeworkassignmentisdueaweekfromMonday,September20,

bynoon.

�Theassignmentispostedonthecoursewebpage.

�Allassignmentsmustbetypesetandsubmittedelectronically.Theuseof

LaTeXisstronglyencouraged.

CIS500,8September21
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Recitations

�Everyoneintheclassshouldattendoneoftherecitationsections

�Therearetwokindsofrecitations:

1.Reviewsectionswillfocusonmaterialclosetowhatispresentedin

classandonhomeworks

2.Advancedsectionswillintroduceadditionalrelatedmaterial

3.Meetingsofrecitationsectionswillstartnextweek,exceptforthe

advancedrecitation.

Wed3:30-5:00PMDRLB4C2advanced

Wed3:30-5:00PMDRLB4E9review

Thurs1:30-3PMTowne321review

Thurs10:30-12PMTowne307review

Fri9:30-11AMTowne307review
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TheWPE-I

�PhDstudentsinCISmustpassafive-sectionWrittenPreliminaryExam

(WPE-I)

SoftwareFoundationsisoneofthefiveareas

�ThefinalforthiscourseisalsothesoftwarefoundationsWPE-Iexam

�Neartheendofthesemester,youwillbegivenanopportunitytodeclare

yourintentiontotakethefinalexamforWPEcredit

CIS500,8September23

'

&

$

%

TheWPE-I(continued)

�YoudonotneedtobeenrolledinthecoursetotaketheexamforWPE

credit

�IfyouareenrolledinthecourseandalsotaketheexamforWPEcredit,

youwillreceivetwogrades:alettergradeforthecoursefinalanda

Pass/FailfortheWPE

�YoumaytaketheexamforWPEcreditevenifyouarenotcurrently

enrolledinthePhDprogram.
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TheWPE-Isyllabus

�ReadingknowledgeofcoreOCaml

�Chapters1-11and13-19ofTAPL

CIS500,8September25
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Announcement

�ThedepartmentoffersaFacultyResearchSeminarmostweeksduringthe

Fallsemester

�Fridayafternoons,3:30–4:30,inLevineAuditorium

�SpeakersandtopicsareannouncedontheCISnewsgroups

�First-yearCISPhDstudentsarerequiredtoattend.Othersarewelcome.
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Whatisaprogramminglanguage?
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Syntax
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Definingaprogramminglanguage

Wecandefinethetermsofaprogramminglanguageinanumberofdifferent

ways.

HereisaBNFgrammarforaverysimplelanguageofbooleanexpressions:

t::=terms

trueconstanttrue

falseconstantfalse

nottnegation

iftthentelsetconditional

Terminology:

�thereisametavariable
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Anotherformofthedefinition

ThesetBofbooleantermsisthesmallestsetsuchthat

1.{true,false}⊆B;

2.ift1∈B,then{nott1}⊆B;

3.ift1∈B,t2∈B,andt3∈B,thenift1thent2elset3∈B.
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Abstractvs.concretesyntax

Q1:Doesthisgrammardefineasetofcharacterstrings,asetoftokenlists,or

asetofabstractsyntaxtrees?

A:Inasense,allthree.Butweareinterestedinabstractsyntaxtrees.

Forthisreason,grammarsliketheoneonthepreviousslidearesometimes

calledabstractgrammars.Anabstractgrammardefinesasetofabstract

syntaxtreesandsuggestsamappingfromcharacterstringstotrees.

Wethenwritetermsaslinearcharacterstringsratherthantreessimplyfor

convenience.Ifthereisanypotentialconfusionaboutwhattreeisintended,we

useparenthesestodisambiguate.
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Q:So,are

notfalse

not(false)

(((not(((((false))))))))

“thesameterm”?

Whatabout

true

notfalse

?
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AbstractSyntax,notsemantics

We’veonlydefinedtheabstractsyntaxofourlanguage.Thatmeansour

languageisjustasetofterms.

Wehaven’tassignedanymeaningstothosetermsyet.Sothereisnoreason

whyweshouldequatetrueornotfalse,they’rejustuninterpretedterms.

Soonwewillstarttalkingabouthowwecandecidewhatthesetermsmean.
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Semantics
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Definingwhatalanguage“means”

Aswellasdefiningthesyntaxofaprogramminglanguage,wealsoneedto

defineitssemanticsorthe“meaning”ofexpressionswritteninthatlanguage.

Stylesofsemantics

1.OperationalSemanticsspecifiesthebehaviorofprograms,muchlikean

interpreter.

2.DenotationalSemanticstranslatesprogramstoadomainthatwealready

knowthemeaningof:mathematics.Themeaningofatermisa

mathematicalobjectlikeafunction.

3.AxiomaticSemanticsdescribesthemeaningofaprogramthroughlaws

thatdescribeitsbehavior.

Inthiscoursewewillconcentrationonoperationalsemantics.
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OperationalSemantics

�Describestheevaluationofprogramsonanabstractmachine.

�Definedbyarelationbetweeneachprogramanditsresultofevaluation.

�Severalwaystodefineoperationalsemantics—we’lllookatafewinthis

course.

�Wewanttheprogramsnotfalseandtruetomeanthesamething.
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OperationalSemantics

EvalisarelationbetweentermsinB.Itisthesmallestsetsuchthat:

�(true,true)∈Eval

�(false,false)∈Eval

�(nott,true)∈Evalwhen(t,false)∈Eval

�(nott,false)∈Evalwhen(t,true)∈Eval

�(ift1thent2elset3,t)∈Evalwheneither:

�(t1,true)∈Evaland(t2,t)∈Eval

�(t1,false)∈Evaland(t3,t)∈Eval

If(t1,t2)∈Evalwesaythatt2isthemeaningoft1.

CIS500,8September37

'

&

$

%

OperationalSemantics

EvalisarelationbetweentermsinB.Itisthesmallestsetsuchthat:

�(true,true)∈Eval

�(false,false)∈Eval

�(nott,true)∈Evalwhen(t,false)∈Eval

�(nott,false)∈Evalwhen(t,true)∈Eval

�(ift1thent2elset3,t)∈Evalwheneither:

�(t1,true)∈Evaland(t2,t)∈Eval

�(t1,false)∈Evaland(t3,t)∈Eval

If(t1,t2)∈Evalwesaythatt2isthemeaningoft1.

CIS500,8September37-a

'

&

$

%

OperationalSemantics

EvalisarelationbetweentermsinB.Itisthesmallestsetsuchthat:

�(true,true)∈Eval

�(false,false)∈Eval

�(nott,true)∈Evalwhen(t,false)∈Eval

�(nott,false)∈Evalwhen(t,true)∈Eval

�(ift1thent2elset3,t)∈Evalwheneither:

�(t1,true)∈Evaland(t2,t)∈Eval

�(t1,false)∈Evaland(t3,t)∈Eval

If(t1,t2)∈Evalwesaythatt2isthemeaningoft1.

CIS500,8September37-b

'

&

$

%

OperationalSemantics

EvalisarelationbetweentermsinB.Itisthesmallestsetsuchthat:

�(true,true)∈Eval

�(false,false)∈Eval

�(nott,true)∈Evalwhen(t,false)∈Eval

�(nott,false)∈Evalwhen(t,true)∈Eval

�(ift1thent2elset3,t)∈Evalwheneither:

�(t1,true)∈Evaland(t2,t)∈Eval

�(t1,false)∈Evaland(t3,t)∈Eval

If(t1,t2)∈Evalwesaythatt2isthemeaningoft1.

CIS500,8September37-c



'

&

$

%

OperationalSemantics

EvalisarelationbetweentermsinB.Itisthesmallestsetsuchthat:

�(true,true)∈Eval

�(false,false)∈Eval

�(nott,true)∈Evalwhen(t,false)∈Eval

�(nott,false)∈Evalwhen(t,true)∈Eval

�(ift1thent2elset3,t)∈Evalwheneither:

�(t1,true)∈Evaland(t2,t)∈Eval

�(t1,false)∈Evaland(t3,t)∈Eval

If(t1,t2)∈Evalwesaythatt2isthemeaningoft1.

CIS500,8September37-d

'

&

$

%

OperationalSemantics

EvalisarelationbetweentermsinB.Itisthesmallestsetsuchthat:

�(true,true)∈Eval

�(false,false)∈Eval

�(nott,true)∈Evalwhen(t,false)∈Eval

�(nott,false)∈Evalwhen(t,true)∈Eval

�(ift1thent2elset3,t)∈Evalwheneither:

�(t1,true)∈Evaland(t2,t)∈Eval

�(t1,false)∈Evaland(t3,t)∈Eval

If(t1,t2)∈Evalwesaythatt2isthemeaningoft1.

CIS500,8September37-e

'

&

$

%

OperationalSemantics

EvalisarelationbetweentermsinB.Itisthesmallestsetsuchthat:

�(true,true)∈Eval

�(false,false)∈Eval

�(nott,true)∈Evalwhen(t,false)∈Eval

�(nott,false)∈Evalwhen(t,true)∈Eval

�(ift1thent2elset3,t)∈Evalwheneither:

�(t1,true)∈Evaland(t2,t)∈Eval

�(t1,false)∈Evaland(t3,t)∈Eval

If(t1,t2)∈Evalwesaythatt2isthemeaningoft1.
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Propertiesofbooleanlanguage

Nowthatwehavedefinedthesyntaxandsemanticsofthebooleanlanguage,

whatpropertiesaretrue?

�(true,false)6∈Eval.

�notfalseandtruehavethesamemeaning.

�Allbooleantermshavemeanings(Evalistotal).

�Thereisonlyonemeaningforeachterm(Evalisdeterministic).

Howdoweshowthatthesepropertiesaretrue?
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Provingpropertiesaboutprogramminglanguages

Wewanttoshowthatapropertyistrueforallt∈B?

Can’tdoitbycaseanalysis:Bisaninfiniteset.
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Example:Naturalnumberinduction

Principleofordinaryinductiononnaturalnumbers

SupposethatPisapredicateonthenaturalnumbers.Then:

IfP(0)

and,foralli∈N,P(i)impliesP(i+1),

thenP(n)holdsforalln∈N.
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Naturalnumbers

Thereasonthatwehaveaninductionprinciplefornaturalnumbers,isbecause

theyaredefinedinacertainway:

ThesetNisthesmallestsetsuchthat

1.0∈N.

2.Ifn∈Nthenn+1∈N.

Forshorthand,wesometimesabbreviate0+1as1,and0+1+1as2,and

0+1+1+1as3,etc.
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Example

Theorem:2
0

+2
1

+...+2
n

=2
n+1

−1,foreveryn.

Proof:

�LetP(i)be“2
0

+2
1

+...+2
i

=2
i+1

−1.”

�ShowP(0):

2
0

=1=2
1

−1

�ShowthatP(i)impliesP(i+1):

2
0

+2
1

+...+2
i+1

=(2
0

+2
1

+...+2
i
)+2

i+1

=(2
i+1

−1)+2
i+1

byIH

=2·(2
i+1

)−1

=2
i+2

−1

�Theresult(P(n)foralln)followsbytheprincipleofinduction.
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Example

Theorem:2
0

+2
1

+...+2
n

=2
n+1

−1,foreveryn.

Proof:

�LetP(i)be“2
0

+2
1

+...+2
i

=2
i+1

−1.”

�ShowP(0):

2
0

=1=2
1

−1

�ShowthatP(i)impliesP(i+1):

2
0

+2
1

+...+2
i+1

=(2
0

+2
1

+...+2
i
)+2

i+1

=(2
i+1

−1)+2
i+1

byIH

=2·(2
i+1

)−1

=2
i+2

−1

�Theresult(P(n)foralln)followsbytheprincipleofinduction.
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Example

Theorem:2
0

+2
1

+...+2
n

=2
n+1

−1,foreveryn.

Proof:

�LetP(i)be“2
0

+2
1

+...+2
i

=2
i+1

−1.”

�ShowP(0):

2
0

=1=2
1

−1

�ShowthatP(i)impliesP(i+1):

2
0

+2
1

+...+2
i+1

=(2
0

+2
1

+...+2
i
)+2

i+1

=(2
i+1

−1)+2
i+1

byIH

=2·(2
i+1

)−1

=2
i+2

−1
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Example

Theorem:2
0

+2
1

+...+2
n

=2
n+1

−1,foreveryn.

Proof:

�LetP(i)be“2
0

+2
1

+...+2
i

=2
i+1

−1.”

�ShowP(0):

2
0

=1=2
1

−1

�ShowthatP(i)impliesP(i+1):

2
0

+2
1

+...+2
i+1

=(2
0

+2
1

+...+2
i
)+2

i+1

=(2
i+1

−1)+2
i+1

byIH

=2·(2
i+1

)−1

=2
i+2

−1

�Theresult(P(n)foralln)followsbytheprincipleofinduction.
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Shorthandform

Theorem:2
0

+2
1

+...+2
n

=2
n+1

−1,foreveryn.

Proof:Byinductiononn.

�Basecase(n=0):2
0

=1=2
1

−1

�Inductivecase(n=i+1):

2
0

+2
1

+...+2
i+1

=(2
0

+2
1

+...+2
i
)+2

i+1

=(2
i+1

−1)+2
i+1

IH

=2·(2
i+1

)−1

=2
i+2

−1
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Inductivedefinitions

Thisisthesamewaywedefinedwhatbooleantermswere.

ThesetBofbooleantermsisthesmallestsetsuchthat

1.{true,false}⊆B;

2.ift1∈B,then{nott1}⊆B;

3.ift1∈B,t2∈B,andt3∈B,thenift1thent2elset3∈B.
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StructuralInduction

Wecanalsouseinductionforbooleanterms.Thewaywehavedefinedterms

givesusaninductionprinciple:

Forallt∈B,P(t)istrueifandonlyif

�P(true)andP(false)hold

�forallt1∈B,ifP(t1)holds,thenP(nott1)hold.

�forallt1,t2,t3∈B,ifP(t1),P(t2)andP(t3)holds,then

P(ift1thent2elset3)holds.
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Proofsbyinduction

We’llprovethatevaluationisdeterministic.Inotherwords:Foralltthere

existsatmostonet
′
suchthat(t,t

′
)∈Eval.

Thisgivesustheproperty:

P(t)=existsatmostonet
′
suchthat(t,t

′
)∈Eval.

Sowewanttoshow:

�P(true)(i.e.existsatmostonet
′

suchthat(true,t
′
)∈Eval)

�P(false)

�P(nott1)giventhatP(t1)holds.

�P(ift1thent2elset3)giventhatP(t1),P(t2)andP(t3)allhold.
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DefinitionofEval

Definition:Evalisthesmallestsetsuchthat:

�(true,true)∈Eval

�(false,false)∈Eval

�(nott,true)∈Evalwhen(t,false)∈Eval

�(nott,false)∈Evalwhen(t,true)∈Eval

�(ift1thent2elset3,t)∈Evalwheneither:

�(t1,true)∈Evaland(t2,t)∈Eval

�(t1,false)∈Evaland(t3,t)∈Eval
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