Compiler I: Syntax Analysis

Building a Modern Computer From First Principles
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Compiler architecture (front end)

(Chapter 10)
Jack Compiler ot
Syntax Analyzer '
Jack Toke- Code (Chapter 11) /s
P X Parser » Gene »
rogram nizer _ration 7 code
scanner|
(source) (target)

B Syntax analysis: understanding the structure of the source code
O Tokenizing: creating a stream of “atoms”
a Parsing: matching the atom stream with the language grammar
XML output = one way to demonstrate that the syntax analyzer works

B Code generation: reconstructing the semantics using the syntax of the
target code.

Tokenizing / Lexical analysis / scanning
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Cade fragment Tokens
while [count<=100) { /** demonstration */ while
count++; [
S{ body of while continues count
P <=
100
B Remove white space !
. i
B Construct a token list (language atoms) count
B Things to worry about: ++
e Language specific rules: g
e.g. how fo treat "++"
e Language-specific classifications:
keyword, symbol, identifier, integerCconstant, stringConstant,...
B While we are at it, we can have the tokenizer record not only the token, but
also its lexical classification (as defined by the source language grammar).
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C function to split a string into tokens

B char* strtok ( char* str, const char* delimiters );
e str: string to be broken into tokens

e delimiters: string containing the delimiter characters
/* strtok example */
$include <stdio.h>
#include <string.h>

int main ()
{
char str[] ="- This, a sample string.™;
char * pch;
printf ("Splitting string \"%s\" into tokens:\n",str);
pch = strtok (str,"™ ,.-");
while (pch != NULL)
{
printf ("%s\n",pch);
pch = strtok (NULL, "™ ,.-");
}

Jack Tokenizer

return 0; Output:
}

Splitting string "- This, a sample string." into tokens:
This
a
sample
string
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Source code
| if (x < 153) {let city = "Paris”;}

Tokenizer's output

<tokens>
<keyword> if </keyword>
<symbol> ( </symbol>
<identifier> x </identifier>
<symbol> &lt; </symbol>
<integerConstant> 153 </integerConstant>
<symbol> ) </symbol>
<symbol> { </symbol>
<keyword> let </keyword>
<identifier> city </identifier>
<symbol> = </symbol>
<stringConstant> Paris </stringConstant>
<symbol> ; </symbol>
<symbol> } </symbol>
</tokens>

Tokenizer
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Parsing

Parsing examples

B The tokenizer discussed thus far is part of a larger program called parser

B Each language is characterized by a grammar.
The parser is implemented to recognize this grammar in given texts

B The parsing process:
e A text is given and tokenized

e The parser determines weather or not the text can be generated from
the grammar

o In the process, the parser performs a complete structural analysis of
the text

B The text can be in an expression ina:
e Natural language (English, ...)

e Programming language (Jack, ...).
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English

Jack

He ate an apple on the desk.

‘ (5+3)*2 - sqrt(9*4)

parse

}
7N\

/

* sqrt

+/ \2 l
5/ \3 9/ \4

an apple
on the desk
Elements of Computing Systems, Nisan & Schocken, MIT Press, www.nand2tetris.org , Chapter 10: Compiler I: Syntax Analysis slide 10

Regular expressions

Context-free grammar

B a|b*

{e,"a","b", "bb", "bbb", ...}

® (alb)*

{8, “0", “b", “GG”, “Gb", “ba", “bb”, “GGG”, }

B ab*(cle)

{G, “GC", “Gb", “abc”, “abb”, “ClbbC”, “'}
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B S()
S—(9)
5SS
B S—alaS|bs
strings ending with 'a’
B S—>x
S—oy
S —> S+5
S5 S5-S5
S —> 5*S
S—>S/S
S (9)
(x+y)*x-x*y/(x+x)

Simple (terminal) forms / complex
(non-terminal) forms

Grammar = set of rules on how to
construct complex forms from
simpler forms

Highly recursive.
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Recursive descent parser A typical grammar of a typical C-like language

« Grammar Code sample
. A—bBlCC . A_(bB) program: statement; while (expression) {
if (expression)
statement: whileStatement statement;
| ifStatement while (expression) {
| /I other statement possibilities ... statement;
A() A(){ | "{" statementSequence "}* if (expression)
1 ="l statement;
{ Whlle (nQXT()__ b ){ whileStatement: “while® *(" expression ")" statement }
H —='la' WY while (expression) {
'f (nCXT()—— b ) { 601'( b )’ ifStatement: simplelf statement;
Wwory. . ifElse statement;
eat('b); B(): ! X
B() } simplelf: "if" (" expression ")" statement 3}
. v ifElse: "if" (" expression ")" statement if (expression) {
} else if (nex1'( == C) { } “else” statement statement;
- while (expression)
601'( Cc ), statementSequence: ** /I'null, i.e. the empty sequence statement;
C() | statement ;" statementSequence statement;
, }
expression: /I definition of an expression comes here if (expression)
} if (expression)
/I more definitions follow statement;
} ¥
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Parse tree progran: statement; Recursive descent parsing

statement: whileStatement
| ifStatement

| // other statement possibilities ... ’ r . . ST . code sample
- -y -y statement: whilestatement
Inpljt Text: statement | *{" statementSequence "} T while (expression) {
yz:lze(;c?#:::;éﬂ?r? *{/ whileStatement: “while” | // other statement possibilities follow Statenents
R “(" expression ")*" | *{'=statementSequence °}’ statement;
/7 ... ’ - SR while (expression) {
whi leStatement co whileStatement: ‘while’ ‘(‘ expression’)’ statement while (expression)
Tokenized: statement;
while ifStatement: ... /1 i £ definition comes here statement;
3

count statementSequence: *°  //null, ie. the empty sequence 3

<= | statement ‘;’ statementSequence

100 i . - g : :

) expression statement expression: ... //definition of an expression comes here

{ \ . /I more definitions follow

count

+ . . .

i statementSequence ® Highly recursive Parser implementation: a set of parsing

- / \ ) methods, one for each rule:

B LL(0) grammars: the first token
statement statementSequence determines in which rule we are B parseStatement()
B parseWhileStatement()
v B Inother grammars you have to = parselfStatement()
look ahead 1 or more tokens p
) B parseStatementSequence()

while  ( count <= 100 ) { count ++ ; - B Jack is almost LL(0). B parseExpression().
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The Jack grammar

Lexical eleme nis: The JTack language includes five types of terminal elements (tokens):
keyword:  'class'|'constructor' |'function' | method |'field'|'static'|
'rar'|'int' |'char'|'boolean’ |'void'|'true'|'false' |'null'|'this'|
'let'|'do' |'if'|'else' | 'while'|'return’

spmbol O LF IO LT R A ]
: E P
integerConstant: A decimal number in the range 0. 32767,

StringConstant "' A sequence of Unicode characters not including double quote or newline '

identifier: A sequence of letters, digits, and underscore (') not starting with a digit.

classMame:  identifier
subroutinelame:  identifier

varblame:  Identifier

Program structure: & Jack program is a collection of classes, each appeating in a separate file.
The compilation unit is a clags. A class iz a sequence of tokens stractured
according to the following context free syntax

class:  'class' classMame '{' classVarDec* subroutineDec* '}
classWVarDec:  (static'|'Cield ) type varame (' vallame)* '
type:  'int'|'char' | 'boolean' | classMHame

subtoutineDec:  (constructor'|'function' |method’) ('void |type) subroutinellame
(' parameterList')' subrowtineBody

parameterList:  ((type varlame) (' type varllame)®)?

subroutineBody:  '{' varDec* statements '}’

The Jack grammar (cont.)

X”: X appears verbatim

X: X is a language construct

vatDec:  'war'type varame (', varName)* ' ;' X?: X appears Oor 1 times

x*: x appears O or more times
x|y: either x or y appears

(x,y): x appears, theny.
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State ments:
statements:  statement®
statement:  letStatement | if3tatement | whileStatement | do3Statement | return3tatement
let3tatement:  'Let' vatMame ('[ expression']’? '=' expression ')’
if3tatement: i€ (' expression')''{' statements'} ('else''{' statements'}')?
while3tatement: ‘while''('expression')''{' statements'}’

dodtatement: 'do’ subroutineCall';'

Retumndtatement  'return' expression?';'

Expressions:
expression:  tetn (op term)®
term:  integerConstand | stringConstant | keywordConstant | varMame |
varMame '[' expression']’ | subroutineCall | '{' expression'y' | unaryOp term

subroutineCall:  subroutinellame '(' expressionlist')' | ( classMame | vartlame) ' subroutinell ame

'{' expressionlist')’ ..

X”: X appears verbatim
X: X is a language construct
x?: x appears O or 1 times
x*: x appears O or more times
x|y: either x or y appears

(X,y): x appears, theny.

expressionlist:  (expression(,' expressiom)® )7
op R PRTE T
unatyOp: =
EeywordConstant:  'true' |'false' |'null' | 'this'
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Jack syntax analyzer in action

JackTokenizer: atokenizer for the Jack language (proposed implementation)

Class Bar {
method Fraction foo(int y) {
var int temp; // a variable
let temp = (Xxx+12)*-63;

yntax analyzer
Syntax analyzer

B Using the language grammar,
a programmer can write
a syntax analyzer program (parser)

B The syntax analyzer takes a source text

<varDec>
<keyword> var </keyword>
<keyword> int </keyword>
<identifier> temp </identifier>
<symbol> ; </symbol>
</varDec>
<statements>
<letStatement>
<keyword> let </keyword>
<identifier> temp </identifier>
<symbol> = </symbol>

[kl

JackTokenizer: Removes all comments and white space from the input stream and breaks it into Jack-
language tokens, as specified by the Jack grammar.

Routine Arguments | Returns Function

Constructor input file / Opens the mput file/stream and gets ready
stream to tokenize it.

hasMoreTokens - Boolean Do we have more tokens in the input?

file and attempts to match it on the <expression>
language grammar <term>
B Tf successful, it can generate a parse free <symbol> ( </symbol>
in some structured format, e.g. XML <expression>
The syntax analyzer's algorithm shown in this slide: <term>
B If xxx is non-terminal, output: <identifier> xxx </identifier>
<XXX> </term>
Recursive code for the body of xxx <symbol> + </symbol>
</XXX>
<term>
B If xxx is terminal (keyword, symbol, constant, or identifier) , <int.Const.> 12 </int.Const.>
output: </term>
<XXX> </expression>
Xxx value
</XXX> i
Elements of Computing Systems, Nisan & Schocken, MIT Press, www.nand2tetris.org , Chapter 10: Compiler I: Syntax Analysis slide 19

advance - Gets the next token from the input and
malces it the current token. This method
should only be called if hasMoreTokens()
is true_ Initially there is no current token.
tokenType - KEYWORD, SYMBOL, Retums the type of the current token.
IDENTIFIER,
INT_CONST,
STRING_CONST
keyWord - CLASS, METHOD, Retums the keyword which is the current

FUNCTION,
CONSTRUCTOR, INT,
BOOLEAN, CHAR, VOID,
VAR, STATIC. FIELD,
LET, DO, IF, ELSE,
WHILE, RETURN, TRUE,
FALSE, NULL, THIS

token. Should be called only when
tokenType () is KEYWORD.
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JackTokenizer (cont.)

CompilationEngine: a recursive top-down parser for Jack

symbol —-=

Char

Retums the character which is the current
token. Should be called only when
tokenType () 1s SYMBOL.

identifier -

String

Retums the identifier which is the current
token. Should be called only when
tokenType () is IDENTIFIER

intVal

Int

Retums the integer value of the current
token. Should be called only when
tokenType () is INT_CONST

stringVal

String

Retums the string value of the current
token, without the double quotes. Should
be called onlv when tokenType () is
STRING CONST.
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The CompilationEngine effects the actual compilation output.

It gets its input from a JackTokenizer and emits its parsed structure into an

output file/stream.

The output is generated by a series of compi lexxx () routines, one for every

syntactic element xxx of the Jack grammar.

The contract between these routines is that each compi lexxx () routine should
read the syntactic construct xxx from the input, advance () the tokenizer
exactly beyond xxx, and output the parsing of xxx.

Thus, compi lexxx () may only be called if indeed xxx is the next syntactic

element of the input.

In the first version of the compiler, which we now build, this module emits a
structured printout of the code, wrapped in XML tags (defined in the specs of
project 10). In the final version of the compiler, this module generates
executable VM code (defined in the specs of project 11).

In both cases, the parsing logic and module API are exactly the same.
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CompilationEngine (cont.)

CompilationEngine (cont.)

Routine Arguments | Returns | Function

Constructor Input - Creates a new compilation engine with the
stream/file given input and output. The next routine
Oumut CanednnmtbecompileC;ass(L
stream/file

CompileClass

Compiles a complete class.

CompileClassVarDec

Compiles a static declaration or a field
declaration.

CompileSubroutine

Compiles a complete method, fimction, or
constmuctor.

compileParameterList

Compiles a (possibly empty) parameter
list. not mcluding the enclosing “ ()™.

compileVarDec

Compiles a var declaration.
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compileStatements -—

Compiles a sequence of statements, not
including the enclosing “{}”.

compileDo —

Compiles a do statement.

compilelLet —

Compiles a 1et statement.

compileWhile —

Compiles a while statement.

compileReturn —

Compiles a return statement.

compileIf —

Compiles an i f statement,
possibly with a trailing e1se clause.

Elements of Computing Systems, Nisan & Schocken, MIT Press, www.nand2tetris.org , Chapter 10: Compiler I: Syntax Analysis slide 24




CompilationEngine (cont.)

Summary and next step

CompileExpression

Compiles an expression.

CompileTerm

Compiles a term. This routine is faced
with a slight difficulty when trying to
decide between some of the altemative
parsing rules. Specifically, if the current
token is an identifier, the routine must
distinguish between a variable, an array

entry, and a subroutine call. A single look-

ahead token, which may be one of “[*,
“(*,or*.” suffices to distinguish
between the three possibilities. Any other
token is not part of this term and should
not be advanced over.

CompileExpressionList

Compiles a (possibly empty) comma-
separated list of expressions.
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B Syntax analysis: understanding syntax

B Code generation: constructing semantics

(Chapter 10)
Jack Compiler E ................
.
Syntax Analyzer .
—-a
Code (Chapter 11)
Jack » que- | Parser » Gene » M
Program nizer _ration 7 code

The code generation challenge:

B Extend the syntax analyzer into a full-blown compiler that, instead of
generating passive XML code, generates executable VM code

B Two challenges: (a) handling data, and (b) handling commands.
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Perspective

B The parse tree can be constructed on the fly
B Syntax analyzers can be built using:

e Lex tool for tokenizing (flex)

e Yacc tool for parsing (bison)

e Do everything from scratch (our approach ...)

B The Jack language is intentionally simple:
e Statement prefixes: let, do, ...

e No operator priority
e No error checking
e Basic data types, etc.

B Richer languages require more powerful compilers

The Jack compiler: desighed to illustrate the key ideas that underlie modern

compilers, leaving advanced features to more advanced courses

B Industrial-strength compilers: (LLVM)

e Have good error diaghostics

e Generate tight and efficient code
e Support parallel (multi-core) processors.
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