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Reminder: How Does a Computer Run Your C Program?

* You editnypr ogram ¢

* Youcompile: cc - o nyprogram myprogramc
— Preprocessorgeneratepreprocessed sourc@rypr ogram i)
— Compiler proper generateassembly program(rmypr ogr am s)
— Assemblergeneratesbject code(rmypr ogr am o)

— Linker generatesxecutable(nypr ogr am

e You“run”it: ./ myprogram
— Operating systemgenerates a new process
— Dynamic linker resolves references to shared libraries
— Loader generatesxecutable in-memory image

— CPU runs machine code
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Programming Language Implementation

Translation

Source languagprograms are translated int@rget languagerograms:

— Assembler:symbolic representation of machine code machine code

— Compiler: high(er)-level language— low(er)-level language

— Loader / link editor translates address references in object code indicated
by address tables to actual addresses

— Macroprocessor / preprocessoperforms macro expansion and code
fragment selection by applying rewriting rules

Software simulation — Virtual machines
Create a (low-level) program that acts as a “computer whose machine langue
is the high-level language”.

Thisinterpreter also acts as wirtual machine implementation.

Most “interpreters” first perform compilation into some internal representatiol
(sometimes exported agtecods.
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Stages in Translating a Program

Lexical analysis (Scanner): Breaking a program into primitive components,
calledtokens(identifiers, numbers, keywords, ...)

Syntactic analysis (Parsing):Creating a syntax tree of the program.

Symbol table: Storing information about declared objects (identifiers,
procedure names, ...)

Semantic analysis: Understanding the relationship among the tokens in
the program.

Optimization: Rewriting the syntax tree to create a more efficient program.
Code generation: Converting the parsed program into an executable form.

Each stage is based on a specification of the relevant language aspect!
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Describing Programming Languages

Syntax — Shapeof PL constructs

» What are thaokensof the language? —texical syntax, “word level”

* How are programs built from tokens? — Mostly uGentext-Free
Grammars (CFG) orBackus-Naur-Form (BNF) to describesyntax at the
“sentence level”

Semantics— Meaningof PL constructs
* Three major approaches to PL semantics:
— Axiomatic semantics: {p} Prog {q}
— Denotational semantics:Pr og denotesa mathematicafunction[[ Pr og]]
— Operational semantics: state transition sequence of an abstract machine

« “Static semantics”: aspects of program structure that are checked at compili
time, but cannot be captured by CFGs— context-sensitive syntax ):
— Scopes of names

— Typing
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Formal Languages, Grammars, Automata

A formal languageover an alphabet As a subset oA\".

Formal languages can lgeneratedoy grammars, recognizecy automata.

Phase |Input Output Grammar |Recognising | Generators
Alphabet Type Automata
Lexing |CharactersToken Type 3: Finite lex, flex
ocan | ex
Sequence |Regular Automata |, ok
Parsing| Tokens | Syntax Type 2: Pushdown |yacc, bison
ANTLR, JavaCC
Tree Context-Freg Automata ocani yacc,
happy

Two levels of formal languages:

 token languagesover character-level alphabet
» program languageover token alphabet
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Token Example: Identifiers in Java

Java 2 Language Spec. 3.8:

I dentifierChars:
Javaletter
I dentifierChars JavalLetterOrDigit

Conventional BNF:

Javaletter
IdentifierChars JavaLetterOrDigit

IdentifierChars ::=

Conventional CFG:

Javaletter
IdentifierChars JavaLetterOrDigit

IdentifierChars —
IdentifierChars —

“Railroad diagram”:

IdentifierChars = »JavaLettejL >

t{JavaLetterOrDigiF«J

Regular Expression:

IdentifierChars = Javaletter - JavaletterODigit”
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BNF in the Textbook

I nt eger
Digit

— Digit | Integer Digit
—0]1]2|3/41]5|/6|7|8]9

This is an abbreviation for the following set of CFG rules:

I nt eger
Integer —

Digit —0
Digit —1

— Digit

Integer Digit

Digit —09
Definition: A context-free grammar (CFG)is a tuple ¢/, N, S, p) where

« XY is a set ofterminal symbols

¢ Nis a set ofnonterminal symbols

¢ Se N isthestart symbol

e pC(Nx(NUX))isasetof rules;

arule A, w) is usually written A — "
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Derivations and Parse Trees

Integer — Integer Digit — Integer Digit

Digit — 35Digit — 352

Digit

— Digit Digit Digit — 3Digit

Integer — Integer Digit — Integer 2

— Integer Digit 2 — Integer 52 — Digit 52 — 352

I nt eger
/ ~
I nt eger Digit
— ™~ /
I nt eger Digit 2
/ /
Digit 5

/
3

66
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Regular Grammars

If all productions are of shagé; — t or N, — N,t, then the grammar is called
regular.

InputElement — WhiteSpacé Comment Token
WhiteSpace — "’ |\t [\r |\n|\f |\r\n

Token — Identifier | Keyword | Literal | Separator| Operator
Identifier — Letter | Identifier Letter| Identifier Digit

Letter — alb|...|z|A|B]|...|Z

Digit — 0]1]...]9

Keyword — boolean |else |if |[int [main |void|while
Separator = () [{ [} |: .
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Lexical Analysis

» The languagegenerated by regular grammaiare precisely the languages
accepted by finite-state automata

* These languages are callegjular languages
 Lexical syntax is defined as a settoken classes
« Each token class corresponds to a regular language (typically all disjoint)

 Lexical analysis: find out which tokenclass contains a prefix of the character
stream

SE3E03, 2005 1.74

Regular Grammars — Simplified Example

InputElement — WhiteSpace Token
WhiteSpace — '’ [\t |\r [\n |\f |\r\n
Token — Identifier | Number| Separator

Identifier — Letter | Identifier Letter| Identifier Digit
Number — Digit | Number Digit
Letter — alb|..|z|A|B]|..|Z
Digit — 0|1]...]9
Separator  — (|) [{ [} |: |,
Letter | whit umber
white (W .
Digit Digit

SimpleLexe

085 08 etter | Digit
white Identifier
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Lexical Analysis — Java Example

Making evaluation-on-demand explicit:
— callingnextToken() demands next token
— nextToken() callsreadChar () to demand characters

class Token {
public String type; // token type: Identifier, Number, Separator, or Other
public String value; // token value

}

public class TokenStream {
private boolean isEof = false;
private char nextChar ="’;  // next character in input stream
private BufferedReader input;

private char readChar (){ ... // details omitted
try {i =input.read();}... // details omitted
if (i == -1) { isEof =true; return (char)0; }
return (char)i;

76
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Lexical Analysis — Java Example (ctd.)

public Token nextToken() { // Return next token type and value
Token t = new Token();
t.type = "Other"; t.value ="";

/I first check for whitespace and bypass it
while (isWhiteSpace(nextChar)) { nextChar =readChar(); }

/I Then check for a Separator
if (isSep(nextChar)) {
ttype ="Separator";
t.value =t.value + nextChar;
nextChar =readChar();
returnt;

}

/I Then check for an Identifier
if (isLetter (nextChar)) { // get an Identifier
t.type ="ldentifier";
while ((isLetter (nextChar) || isDigit(nextChar))) {
t.value =t.value + nextChar;
nextChar =readChar();

}

SE3E03, 2005 1.98

Regular Expressions

Definition: A regular expressionover an alphabel is
¢, standing for the empty string

* anelement o’

+ alternativeM | N of two regular expressiortd andN

« concatenatioMN of two regular expressiortd andN

« iterationM™ of a regular expressiond

Each regular expression denotaggular language
- e={(}

If ac X, thena= {(a)}

M |N =M UN — union of languages

« MN =M -N — concatenation of languages

« M* = UM
icIN

100
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Extended Regular Expressions

e Mf=MM*= U M

i€IN\{0}

s M?=M |¢

[a-7 =a|b]|c]|---|y|z — requiresalinear ordering on
[a-zA-4 = [a-7 | [A-Z]

. =X

[fa-4 = X'\ [a-7]

— Read the UNIX manual pages forep andegr ep; compare the regular
expressions there with those here and with those in the textbook.

— Learnwhatwk andsed are used for (UNIX texts, manual pages), and what the
basic structure odwk andsed scripts is.

— Have you ever encountered any problems that you now would solvegrspg
awk, andsed?
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Regular Expression Examples

Nat = [0-9]"

* Integer=-7[0-9]"

Identifier = [a-zA-Z[a-zA-Z0-"

LineComment= // [M\An\t]"[\r\n\t]

Lexer Generatorsconvert regular expression token definitions into efficient
implementations of finite-state automata

— lex,flex,Jl ex,Al ex,ocan | ex, ...
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Regular Expressions vs. Context-Free Grammars

Definition: A regular expressionover an alphabel is
¢, standing for the empty string

* anelement oY
« alternativeM | N of two regular expressiorid andN

« concatenatioMN of two regular expressiortd andN
* iterationM™ of a regular expressiond

Definition: A context-free grammar (CFG)is a tuple ¢/, N, S, p) where

« XY is a set ofterminal symbols
* Nis a set ofnonterminal symbols
¢ Se N isthestart symbol

« pC(Nx(NUX)")isasetof rules;

arule A, w) is usually written A — "
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Regular Languages vs. Context-Free Languages

A language isegular iff there is a regular expression denoting it

* Fact: Alanguage is regular iff there is a DFA accepting it
* Fact: Alanguage is regular iff there is a NFA accepting it

A language isontext-freeiff there is a context-free grammar generating it
» Fact: Alanguage izontext-freeiff there is a pushdown-automaton
(= NFA with stack) accepting it
« Fact: All regular lanugages are context-free
» Fact: Many context-free languages arenot regular

Examples:
_ {anbn} — Uanbn

n:IN

— Expression languages with matching parentheses nested to arbitrary dept

— Palindromes
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An Expression Grammar

Assignment —
Expression —

Identifier = Expression
Term | Expression + Term | Expression — Term

Term — Factor | Term x Factor | Term/ Factor
Factor — ldentifier | Literal | ( Expression
48/ y+x 48/ (y +X) 48/ (y ! X 48/y I x (48/1y)/x
Parsing “(a+b) xc”
Expr — Term Expr
| Expr + Term |
| Expr — Term Term
7
Term — Factor Term *  Factor
I I
| Term x Factor Factor Identifier
| Term/ Factor ( / \ ) c/
Expr

Factor — ldent PN
Expr + Term

| Literal ‘
\
| ( Expr) Term Factor
\ \
Factor Identifier
\ /
Identifier b
/
a
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The (simplified) Jay Grammar in BNF (Textbook: B.2.2) Danglingel se

Program — void main ( ) { Declarations Statemenis [fStatement — if ( Expression) Statement

Declarations — ¢ | Declarations Declaration | if ( Expression) Statementel se Statement

Declaration —  Type Identifiers

Type — int | bool ean

Statements — ¢ | StatementsStatement

Statement — ;| Block | Assignment| IfStmt | WhileStmt

Block — { Statement}
if( x<0) if( y<0) y=y-1; else y=0; if( x<0) if( y<0) y=y-1; else y=0;
Solutions:

¢ non-CFG rules— C, C++
* extra non-terminabtatementNoShortH- Java
« end if,endif,fi —Ada

* no “short if’ — Haskell
voidmain( ) {int x; x =1;}
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Ambiguity EBNF — Extended BNF
Exp — Integer | Exp+ Exp | Exp— Exp | Exp* Exp | Exp/Exp Right-hand sides of productions are:
« strings of terminal and non-terminal symbols@onventional CFGs
« alternativesof such strings ilBNF
* regular expressions over terminal and non-terminal symboEBNF
All three variants have theame expressivity

« BNF can be directly translated into CFGs by expanding alternatives into sets
rules for the same non-terminal

» Transformation of EBNF into BNF may require additional non-terminals

4816/ 2 4816/ 2 » Certain EBNF grammars directly indugecursive descent parsers

Programming language grammars should not be ambiguous!



SE3E03, 2005 1.152

154

The (simplified) Jay Grammar in EBNF (Textbook: B.2.1)

void main ( ) '{' Declarations Statement}’

; | Block | Assignment| IfStmt | WhileStmt

Expression

Program —

Declarations —  {Declaration}”
Declaration —  Type Identifiers

Type — int | bool ean
Statements — {Statemen}’
Statement —

Block — '{' Statement§’
Assignment — Identifier =

Addition —  Termi{[+ | —]Term}"
Termt —  Factor {[ * | /]Factor}’
Factor —

“Railroad diagram™: Terml =
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Identifier | Literal | ( Expression

155

Java Expression Grammar (Fragment)

Primary:
Pri mar yNoNewAr r ay
ArrayCreati onExpression

Pri mar yNoNewAr r ay:

Literal
Type . class
void . class

this

d assNane. this

( Expression )

O assl nstanceCr eat i onExpr essi on
Fi el dAccess

Met hodl nvocat i on

ArrayAccess

C assl nst anceCr eat i onExpr essi on:

new C assOrlnterfaceType ( ArgunentLi Stope )
a assBodyom
Primary.new Identifier ( ArgumentLi Stope )
a assBodyom
Argunent Li st:
Expr essi on

Argunent Li st , Expression
Fi el dAccess:
Primary . ldentifier
super . ldentifier
Cl assNane .super . ldentifier
Met hodl nvocat i on:
Met hodNane ( Argunent Li st opt )

Primary . ldentifier ( ArgumentLi St op )
super . ldentifier ( Argunmentlist . )
Cl assNarme . super . ldentifier ( ArgunentLi St )

Post f i xExpr essi on:
Prinary
Expr essi onNane
Post | ncr enent Expr essi on
Post Decr enent Expr essi on

Unar yExpr essi on:
Prel ncr enent Expr essi on
PreDecr enent Expr essi on
+ Unar yExpressi on
- Unar yExpressi on
Unar yExpr essi onNot Pl usM nus

Prel ncrenent Expr essi on:
++ Unar yExpr essi on

PreDecr enent Expr essi on:
- Unar yExpr essi on

Unar yExpr essi onNot Pl usM nus:
Post f i XExpr essi on
~ Unar yExpr essi on
! Unar yExpr essi on
Cast Expr essi on

Cast Expr essi on:
( PrimtiveType )
( ReferenceType )

Unar yExpr essi on
Unar yExpr essi onNot Pl usM nus

Ml tiplicativeExpression:
Unar yExpr essi on
Ml tiplicativeExpression * UnaryExpression
Ml tiplicativeExpression / UnaryExpression
Ml tiplicativeExpression % Unar yExpressi on

Addi ti veExpr essi on:
Ml tiplicativeExpression
Addi tiveExpression + MiltiplicativeExpression
Addi tiveExpression - MiltiplicativeExpression

SE3E03, 2005 1.154

exp

exp

lexp

lex®

rexp
expg?®

1

L4 d
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exp

exp

lexp

lexy?

rexp
exp®

fexp
aexp

\

Ll

U
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Haskell Expression Grammar

exg :: [context=> ] type fexp — [fexd aexp
exgd aexp— qvar
exp** [qog™” exp*] | gcon
lexp | literal
rexp | ( exp)
(lexp | exp*?) qog") exp*? | (exg, ... exp)
- exp | [exp, ... exg ]
exp*tqod"" (rexp | exp*Y | [expl.exp] .. [exp] ]
\ apat, ... apat- > exp | [exdqual,...,qual]
| et declsi n exp | ( exp*lqog® )
i f expt hen expel se exp | ( lexp qop"" )
case expof {alts} | ( qop” expt)
do { stmtg | ( qop’ rexp )
fexp | qcon{ fbind,...,fbind, }
| aeXNycor { fhindy, ..., fbindn }
Commented Haskell Expression Grammar
ex® :: [context=> ] type ( expression type signature )
ziﬁ_” [aod™” exp*?]
lexg
rexg

(lexp | exp*?) qop' exp*?
- ex

exp** qog™ (rexd | exp*?)
\ apat, ... apat- > exp

| et declsi n exp

i f expt hen expel se exp
case expof { alts}

do { stmtg

fexp

[fexd aexp

qvar

gcon

literal

( exp)

(exp, exp, )

[expl, oexp ]

[ expl, exp] .. [exp] ]

[ exd qual, ..., qual]

( exp*tqop®? )

( lexp qog"" )

( qop” exp)

( qop” rexd )

qcon { fbind, ..., fbind, }
aeXRycon { fbindy, ..., fbindn }

( A abstraction n > 1)
(let expression)

( conditional )

( case expression)
(do expression)

( function application )
(variable)
( general constructor )

( parenthesized expression )
(tuple, k > 2)

(list, k > 1)

(arithmetic sequence )

(list comprehension, n> 1)
(left section)

(left section)

(right section)

(right section)

(labeled construction, n> 0)
(labeled update, n> 1)



Abstract Syntax

different derivations in expression grammar
different parse trees

“essentially the same”expression

after parsing, theame datastructurein the compiler:
identicalabstract syntax trees

Abstract syntax trees
e are, in a certain sense, “shortcuts” of the concrete syntax trees
« contain only the semantically relevant part of the program structure
» serve as bridge between syntax and semantics
— in language definitions
— in compilers

From Concrete to Abstract Syntax

Ident | Number | Expr Op Expr
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Parsing and Abstract Syntax

» Parsers are based on ttncrete syntax
« Parsersccepttoken strings as defined by thencrete grammar
» Parsergmplicitly construct a derivation tree for tloencrete grammar

« Parsers are usually directed to constalzstract syntax trees

« Abstract syntax treagpresent the program for compilation

« Abstract syntax trees represent the programdthsemantical purposes
« When comparing programming languages:

Which constructs are available in thabstract syntax?
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Abstract Syntax Trees in the Textbook

Conventional representation:
* Operators as node labels:”, “if_then_else_", sequence;(), “while_do_”

* Immediate constituents as successors

In the textbook:
 oriented towards implementation in Java

» Objects (records) as nodes

- Edges:
— superclass reference — subclass objdot alternatives

— object —field for constituents
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Abstract Syntax Example (Textbook / Java)

Expression = Variable | Value | Binary
Binary = Operatorop; Expressiorterml, term2

abstract class Expression {
/ method declarations

}

class Variable extends Expression {
String _name;
/ method implementations

}

class Binary extends Expression {
Operator op;
Expression term1, term2;
/I method implementations

}
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Recursive Descent Parsing in Java

Expr — Term{[+ | -] Term}’

Precondition for recursive descent parsers: next unconsumed tokekém.
Function calli nput . next Token() prepares next token.

private Expression expression() {

Binary b; Expression e;

e =term();

while (token.value.equals("+") || token.value.equals("-")) {
b =new Binary ();
bterml=¢;
b.op = new Operator (token.value);
token = input.nextToken();
bterm2 =term();
e =b;

}

return e;

}
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Writing a Recursive Descent Parser from EBNF

For each non-termin& and set of ruleé&\ — w:

¢ Add a new method definition witA as return type
» Create a new objeat: A

« For each memberof the sentential formy,

— If yis a non-terminal, call the method fgiand assign result to appropriate
field in x

— If yisterminal, check thabken= y and, if so, calhextTokemtherwise
syntax error

¢ If wcontains an iteration ¥ ”, insert awhile loop

« [f there is more than one alternative f&rinsertif or switch statements that
distinguish the alternatives

¢ Returnx
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Recursive Descent Parser: Textbook Class Design

« aConcreteSyntagbject encapsulatesiakenStream

« class invariant thetokenfield contains an unconsumed token
* most methodparsea syntactic category and return the abstract syntax tree

public class ConcreteSyntax {
Token token; I current token from the input stream
TokenStream input;

public ConcreteSyntax(TokenStream ts) { // Open the Jay source program
input =ts; /I as a TokenStream, and
token = input.nextToken(); /I retrieve its first Token

}

private void match (String s) {
if (token.value.equals(s)) token =input.nextToken();
else SyntaxError(s);

}
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Recursive Descent Parser for Jayprogram

private void match (String s) {
if (token.value.equals(s)) token =input.nextToken();
else SyntaxError(s);

}

public Program program() {
/I Program -->void main () '{' Declarations Statements '}
String[] header = {"void", "main”,"(",")"};
Program p = new Program();
for (int i=0; i<header length; i++)

match(header(i]);

match("{");
p.decpart = declarations();
p.body = statements();
match("}");
return p;

I/l bypass "void main ()"
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LL(1) Grammars

Recursive descent igap-down LL parsing algorithm : left-to-rightscan of the
input; leftmostderivation.

Expr — Term{[+ | -] Term}’
Term — Factor { [* | /] Factor}’

Factor — Ident | Integer | (Expr)
Thisis anLL Grammar :

* Noleft-recursion (asin e.g.Expr — Expr + Term):
Expr — Term Q Q— e | + Expr | - Expr
» Disjoint FIRSTsetsfor all alternatives:
FIRST(ident) = {ident}
FIRST(int) = {int}

FIRST(( (expr)) ) = {(}
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Pushdown Automata

A pushdowon automaton(PDA) (A, Q, q,, F, V, v, d) consists of:

« afinite Bl terminal alphabei

- afinite setQ of states with initial state ¢, € Q andteminal statesF C Q
+ afinitestack alphabetV, with aninitial stack symbol v,

« afinitetransistion relation ¢ : (A" x Q x V) + (Q x V%)

199

A configuration is a triple inA" x Q x V* consisting of unconsumed input, a state,

and a stack.

Theinitial configuration for a word w : A" is (w, Aor (Vo))-

¢ inducesA-transitions and-transitions that always remove the top symbol from
the stack and may put any number of symbols back on the stack.

An input word isacceptedif it can lead to a configuration with

* empty stack, or
¢ terminal state
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String Grammars — The Chomsky Hierarchy

200

Grammar level | Typical Recognising Separating
Grammar type | production Automata Languages
Chomsky-0 AaQY — Turing
(unrestricted) Qbczd Machines
Chomsky-1 abQc — Linearly-Bounded| a"b"c"
context-sensitive | abdYeZc Automata
Chomsky-2 Q — dYez Nondet. PDA Palindromes
context-free

Deterministic an”

PDA
Chomsky-3 Q — dYy Finite-State
regular Automata




