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Implementation of scanners



Course structure and Syllabus

I C5620T | Compilers - Principles and Implementation | 3-0-0-6 | PG

Title of the course |Compilers - Principles and Implementation
(L-T-P-C) (3-0-0-6)

Pre-requisite : .
1 Exposure to Data Structures and Algorithms, Computer Architecture, Automata

courses(s) Theory

Structure of a compiler, the compiled and interpreted execution models. Lexical
analysis and parsing using lex and yacc. Scope and visibility analysis. Data layout
and lifetime management of data. Runtime environment. Dynamic memory
3 |Course content allocation and Garbage collection. Translation of expressions, control structures,
and functions. Code generation and local optimizations, Lattice theory, register
allocation, instruction scheduling, optimizations - dataflow, control flow,
reaching definitions, and liveness analysis, code transformation-tiling, fusion.

1. Alfred V. Aho, Monica S. Lam, Ravi Sethi and Jeffrey D.Ullman:
Compilers: Principles, Techniques, and Tools, 2/E, AddisonWesley 2007.

2. Andrew Appel: Modern Compiler Implementation in C/ML/Java,

Texts/References Cambridge University Press, 2004

3. Dick Grune, Henri E. Bal, Cerial J.H. Jacobs and Koen G. Langendoen:
Maodern Compiler Design, John Wiley & Sons, Inc. 2000.

4. Michael L. Scott: Programming Language Pragmatics, Morgan Kaufman 2
Publishers, 2006. 5. Fisher and LeBlanc: Crafting a Compiler in C.




Assessment Plan

Midsem (25%),
Paper-based
Endsem (40%),

Short quiz (roughly one per class), best 20 taken. (20%)
Open(source) problem (7%),
Programming exercises, 2, (8%).



https://github.com/llvm/llvm-project/issues?q=is%3Aissue%20state%3Aopen%20mlir
https://github.com/llvm/llvm-project/issues?q=is%3Aissue%20state%3Aopen%20mlir

Grading

If vour numerical score is at least: | Your course grade will be at least:
90 AA
=0 AB
70 BB
G0 BC
50 CC
45 CD
40 DD

Change of thoughts about CS620T7? Act swiftly.




Why Study Compilers?



Job Postings: 2025 LLVM Developers' Meeting (swoogo.com)

Company Contact: Mike Edwards - llvmjobs2022@modu MOd UIOF

Company Description: Arm’s processors are shipped in billions of produ
with unique code generation challenges. LLVM is a foundational code gs
an Title: SE‘H iC'r ﬁ,\pp'e G I:JLJ CDFT"lpI |er- Backer Learning accelerators. For example, in the past year, 75 Arm engineer

performance optimization, security hardening, support for new instruction
an DESCFip‘tiﬂl"‘l‘ J&‘S a member 'Df the AGK Company Contact: Kristof Beyls - kristof.beyls@arm.com
compiler for current and future Apple GPUs
room for growth that works on every Apple

Job Title: Many LLVM-related jobs at Arm

Job Description: Your skills and knowledge of compiler fundament:

. ' 1 contribute to the LLVM community will help us develop innovative technc
Company Description: MATLAB® and Simulink® are the pro

security of the entire field of computing.
‘\ .v‘l athWOI-kS languages using state-of-the-art compiler technologies such as

stringent demands—for speed, memory, arca, standards corrs Arm always has lots of LLVM-related job vacancies open.
customers to implement their ideas and enable them to deplo;

customers and products span domains including Deep Lear‘

Generation.

Company Contact: Akshatha Bhat - akshath

; Company Description: Founded in 1987, Huawei is a leading global pro
technology infrastructure and smart devices. We invest heavily in f
technological breakthroughs that drive the world forward. We have more t
more than 170 countries and regions. Huawei's Heterogeneous Compiler L
fastest growing teams in the field of compilation technology.

‘ ' Company Contact: Shivani Bhardwaj - shivani.bhardwaj@huawei.com

Job Title: Junior Compiler Software Engineer

H UAW E I Job Description: Be a team player in a fast-paced R&D environment, wher

- LLVM-based compilers targeting next-generation mobile, network, or sen

Job Title: Compiler Engineer LLVM, Senior Software Engineer - JI’

ink® are the programming
anable our customers to i




* Few disciplines with deep theory +
practice

"..Theory and practice are two sides of the same
coin.." - Jeff Ullman, ACM Turing Award lecture.



Some PLosophical Questions

 Why are there so many programming languages®?
 Why are there new languages”?

 What is a good programming language?



Some PLosophical Questions

 Why are there so many programming languages®?

— Distinct often conflicting requirements of the application

domain

Scientific
Computing

Business
Applications

Systems
Programming

Machine
Learning

Floating-Point Arithmetic,
Parallelism Support,
Array Manipulation

No data loss (persistence), Reporting
capabilities, Data analysis tools

Fine-grained control of system
resources, real-time constraints

?

FORTRAN

SQL

C/C++

CUDA,
PyTorch, etc.



Some PLosophical Questions

 Why are there new languages”?
— To fill a technology gap

« E.g. arrival of Web and Java. Java’s design closely resembled
that of C++

e @torch.jit.script, torch.compile in PyTorch

Training a programmer on a new programming language is a dominant cost

« Widely-used languages are slow to change

« Easy to start a new language

10



Some PLosophical Questions

 What is a good Programming Language?

No universally accepted argument

11



Intro to Compilers

* One way to implement programming languages

* Programming languages are notations for
specifying computations to machines

Program > Compiler

» Target

« Target can be an assembly code, executable,

another source program etc.

12



Intro to Compilers

» Alternate way to implement programming

languages

Program ———

Data ——

Interpreter

»Output

13



Program ———» Compiler —— »Target

Offline Y
Output
Program >
8 Interpreter ———Output
Data >
Online

these are the two types of language processing systems



What is a Compiler?

Traditionally: Program that analyzes and translates from a high-level
language (e.g. C++) to low-level assembly language that can be
executed by the hardware

var a

int a, b; var b

3 = 3 mov 3 a

if (a < 4) ::j> mov 4 ri

g cmpl a rl

b = 2; jge 1 e

b else o mov 2 b
b = 3; :

) jmp 1 d

1l emmov 3 b
1 d:;done

15



Compilers are translators

*Fortran

C

C++

-Java

*Text processing
language
*HTML/XML
Command &
Scripting
Languages
*Natural Language
Domain Specific
Language

translate

d

=Machine code

=\Virtual machine code
=Transformed source
code

=Augmented source
code

=Low-level commands
*Semantic components
*Another language

16



Compilers are optimizers

« Can perform optimizations to make a program more

efficient

int a, b, c;

b =a + 3;
—€—=—1a—+ 35"
C = b;

var a
var b
var c

:;> mov a ril
addi 3 ri
mov rl b
mov a r2
addi 3 r2

mov r2 c

>

var a

var b

var c

mov a rl

addi 3 ri
mov rl b

mov rl c

17



Why do we need compilers?

Compilers provide portability

Old days: whenever a new machine was built, programs had to be
rewritten to support new instruction sets

IBM System/360 (1964): Common Instruction Set Architecture
(ISA) --- programs could be run on any machine which supported
ISA

— Common ISA is a huge deal (note continued existence of x806)

But still a problem: when new ISA is introduced (EPIC) or new
extensions added (x86-64), programs would have to be rewritten

Compilers bridge this gap: write new compiler for an ISA, and then

simply recompile programs!
18



Why do we need compilers?

Compilers enable high-performance and productivity

Old: programmers wrote in assembly language, architectures were
simple (no pipelines, caches, etc.)

« Close match between programs and machines --- easier to achieve
performance

New: programmers write in high level languages (Ruby, Python),
architectures are complex (superscalar, out-of-order execution,
multicore)

Compilers are needed to bridge this semantic gap

« Compilers let programmers write in high level languages and still get
good performance on complex architectures

19



Semantic Gap

 Python code that actually runs on GPU

import pycuda
import pycuda.autoinit from pycuda.tools import
make_default context

c = make default context()
d = c.get device() <iiii;ﬁ§

Impossible without Compilers

source: nvidia.com
20



R

Example: Compilers as Translators

High level language =— assembly language (e.g. gcc)
High level language = machine independent bytecode (e.g. javac)
Bytecode — native machine code (e.g. java’s JIT compiler)

High level language =— High level language
(e.g. domain-specific languages, many research languages)

How would you categorize a compiler that handles SQL queries?

21



HLL to Assembly

Program [— Compiler —»  Agsembly | — Assembler - Machine code

Compiler converts program to assembly

Assembler is machine-specific translator which converts assembly
to machine code

add $7 $8 $9 ($7 = $8 + $9 ) => 000000 00111 01000 01001 00000 100000

Conversion is usually one-to-one with some exceptions

* Program locations

 Variable names
22



HLL to Bytecode

Program [— Compiler — Bytecode |- Interpreter »  Execute!

Compiler converts program into machine independent
bytecode

* e.g. javac generates Java bytecode, C# compiler generates CIL
Interpreter then executes bytecode “on-the-fly”

Bytecode instructions are “executed” by invoking methods of
the interpreter, rather than directly executing on the machine

Aside: what are the pros and cons of this approach?

23



HLL to Bytecode to Assembly

Program [— Compiler —» Bytecode |- JIT Compiler —| Machine code

Compiler converts program into machine independent
bytecode

* e.g. javac generates Java bytecode, C# compiler generates CIL

Just-in-time compiler compiles code while program executes
to produce machine code

— Is this better or worse than a compiler which generates machine
code directly from the program?

24



History

* 1954: IBM 704

— Huge success
— Could do complex math

— Software cost > Hardware cost

Source: IBM ltaly,
https://commons.wikimedia.org/w/index.php?curid=48929471

How can we improve the efficiency of creating software?

25



History

« 1953: Speedcoding

— High-level programming language by John Backus
— Early form of interpreters
— Greatly reduced programming effort

— About 10x-20x slower

— Consumed lot of memory (~300 bytes = about 30%
RAM)

26



Fortran |

« 1957: Fortran released
— Building the compiler took 3 years

— Very successful: by 1958, 50% of all software created
was written in Fortran

 Influenced the design of:
— high-level programming languages e.g. BASIC
— practical compilers

Today’s compilers still preserve the structure of Fortran |

27



Structure of a Compiler

Scanner / Lexical
Analysis

Parser / Syntax
Analysis

Semantic Actions

Optimizer

Code Generator

28



Scanner

* Analogy: Humans processing English text

Rama 1s a neighbor.

Ra mais an eigh bor.

You have to do some work to align the spaces and understand
the sentence.

29



Scanner

Consider the program text if ((a < 4) {
b =5

— Has tokens that are:
1. keywords —if

2. Punctuation marks—-(, ), {, }, blankspaces, tab
space (\t), newlines (\n)

3. ldentifiers—a, b
Constants/Literals — 4, 5
5. Operators-<, =

P



Scanner

* A compiler starts by seeing only program text

if (a < 4) {
b =5
}

 as a series of letters

(i) (_F) c D ((J (a) (<J (4) ())
€ D ({J (\nJ (\-t) (b) (=J (5)
(\n) (})




Scanner

* A compiler starts by seeing only program text
* Scanner converts program text into string of fokens

(i) (.F) € D f() faJ (<J C4) €\)
€ D ({J C\nJ f\t) (b) c_) (5)
C\n) (})

* Analogy: Humans processing English text
— recognize words in Rama 1is a neighbor.
 Rama, is, a, neighbor

» Additional details such as punctuations(.), capitalizations (R), blank
spaces.

32



Scanner

« A compiler starts by seeing only program text
* Scanner converts program text into string of fokens

(i) (.FJ‘( J‘((’\‘(aJ‘mmlf)_)\
c D cro (4 J (4 -tJ (b) (=) (5)
\nc\n)\ r})

G O-C O~~~ )
(o)) ~amen

33



Scanner - Summary

* A compiler starts by seeing only program text
* Scanner converts program text into string of fokens

O O
O << 1

« But we still don’t know what the synfactic structure of the
program is

34



Exercise

Convert the following program text into tokens:

CcC=a+b * -60

35



Parser - Analogy

« Diagramming English sentences

Rama throws the big ball

/N T

Noun Verb Article Adjective Noun
Subject //////SEject
Sentence

Tree structure (inverted)

Group lower-level language elements to higher-level language elements 44



Parser

« Converts a string of tokens into parse tree or abstract
Syntax tree

« Captures syntactic structure of the code (i.e. “thisis an if
statement, with a then-block™

(O o<1
T o<

37



if ( ID(a) OP(<) LIT(4)
{ ID(b) OP(=) LIT(5)
if _stmt

7

Keyword (IF) ( cond-expr) { assign-stmt }

38



Parser

Converts a string of tokens into parse free or abstract
Syntax tree

Captures syntactic structure of the code (i.e. “thisis an if
statement, with a then-block”)

2 a

®6

_exps /'@ Ths

if-stmt

B

stmt_list » assign_stmt

7s

39



Exercise

What is the correct abstract syntax tree for the
following program statement?

pos = initPos + speed * 60
/\+ TN
e

N RN
AN o

40



Semantic Actions

Interpret the semantics of syntactic constructs

Refer to actions taken by the compiler based on the
semantics of program statements.

Up until now, we have looked at syntax of a program
— what is the difference?

41



Syntax vs. Semantics

« Syntax: “grammatical” structure of language

— What symbols, in what order, is a legal part of the
language?
« But something that is syntactically correct may mean nothing!
— “Colorless green ideas sleep furiously.”

« Semantics: meaning of language

— What does a particular set of symbols, in a particular
order mean?

 What does it mean to be an if statement?

— “evaluate the conditional, if the conditional is true, execute the then
clause, otherwise execute the else clause’

42



Semantic Actions — What is done?

» What actions are taken by compiler based on the semantics
of program statements ?

— Examples (analogy):

Ram said Ram has a big heart.

w2 1

Are they referring to the same person Ram?

Programming languages have rules to resolve ambiguities like above:
bind variables to their scopes:

int Ram = 1;
//some code here

{

int Ram = 2;

}

//some code here 43



Semantic Actions — What is done?

» What actions are taken by compiler based on the semantics
of program statements ?

— Examples:
Ram left her home in the evening

N

Usual naming conventions indicate that
there is a “type mismatch” between €¢Ram’
and ‘her’: they refer to different types.

- Programming languages have rules to enforce types
- Check for type inconsistencies

44



Semantic Actions — How is it done?

» What actions are taken by compiler based on the semantics
of program statements ?

— Building a symbol table

— Generating intermediate representations

45



Symbol Tables

« Alist of every declaration in the program, along with other
information

1. Variable declarations: types, scope

2. Function declarations: return types, # and type of
arguments

Example Program Symbol Table

Name Type Scope

Integer 1ii;
BEl 14 ii int global

ii = 3.5;

print ii;

46



Intermediate Representation

 Also called IR

« A (relatively) low level representation of the program
« But not machine-specific!

 One example: three address code

bge a, 4, done if (a < 4) {
mov 5, b b =5
done: //done! }

— Each instruction can take at most three operands (variables, literals,
or labels)

— Note: no registers!

47



Exercise

Explain the semantics of the following program stmt:

pos = initPos + speed * -60

48



A Note on Semantics

 How do you define semantics?

— Static semantics: properties of programs
 All variables must have type
» Expressions must use consistent types
» Can define using atiribute grammars

— Execution semantics: how does a program execute?
» Defined through operational or denotational semantics

« Beyond the scope of this course!

— For many languages, “the compiler is the specification”

49



Optimizer

 Transforms code to make it more efficient

 Different kinds, operating at different levels

— High-level optimizations
» Loop interchange, parallelization
» Operates at level of AST, or even source code

— Scalar optimizations
» Dead code elimination, common sub-expression elimination
» Operates on IR

— Local optimizations
« Strength reduction, constant folding
» Operates on small sequences of instructions

50



Optimizer

Reducing word usage (Analogy): .

Sunny felt a sense of having-experienced-it-before when

his bike started making a hissing sound

Exercise: is this optimization correct?

X =Y * 0 isthesameas X = 0

51



Code Generation

« (Generate assembly from intermediate representation

— Select which instruction to use
— Select which register to use

— Schedule instructions

if (a < 4) {
b =25

¥

~

‘bge a, 4 done\
mov 5, b

done: //done

-

1d a, ril
mov 4, r2
cmp rl, r2

bge done

mov 5, r3
st r3, b

done:

52



Code Generation

- Generate assembly from intermediate representation
— ISeIect which instruction to use‘

Lgelect which register to use |
chedule Instructions

Previous slide

mov 4, rl
ld a, r2
bge a, 4 done

cmp rl, r2
mov 5, b ::i::> ‘blt done

done: //done

mov 5, rl
T st rl, b
if (ac<4){ done:

b =25
} 53




- Structure of a Compiler

Source code
v

Scanner / Lexical
Analysis

I
Tokens

'

Parser / Syntax
Analysis

I
Syntax Tree

'

Semantic Actions

IR
\ 4

Optimizer

IR
\ 4

Code Generator

'

Executable

Use reqular expressions to define tokens. Can then use
scanner generators such as lex or flex.

Define language using context free grammars. Can then
use parser generators such as yacc or bison.

Semantic routines done by hand. But can be formalized.

Written manually. Automation is an active research area
(e.g. dataflow analysis frameworks)

Written manually.

54



- Structure of a Compiler

Source code
v

Scanner / Lexical Use regular expressions jg ens. Can then use
Analysis

Tokens
v
Parser / Syntax ext free grammars. Can then
Analysis ators such as yacc or bison.

IR
v
Optimizer Written manually. Automation is an active research area
”'q (e.g. dataflow analysis frameworks)
v
Code Generator Written manually.
'

Executable o9



Front-end vs. Back-end
|

Source code

« Scanner + Parser + Semantic actions + (high
level) optimizations called the front-end of a
compiler

* IR level optimizations and code generation front-end /
(instruction selection, scheduling, register analysis
allocation) called the back-end of a compiler
» Can build multiple front-ends for a particular
back-end

*e.g. gcc or g++ or many front-ends which

generate common intermediate language IR

(CIL) -

Optimizer

» Can build multiple back-ends for a particular ”':{
front-end v

«gcc allows targeting different architectures Code Generator

56

Executable



Design Considerations

« Compiler and programming language designs
influence each other

— Higher level languages are harder to compile
« More work to bridge the gap between language and assembly

— Flexible languages are often harder to compile

« Dynamic typing (Ruby, Python) makes a language very flexible,
but it is hard for a compiler to catch errors (in fact, many simply
won’t)

— Influenced by architectures

« RISC vs. CISC

Y



Suggested Reading

Alfred V. Aho, Monica S. Lam, Ravi Sethi and Jeffrey D.Uliman:

Compilers: Principles, Techniques, and Tools, 2/E, AddisonWesley

2007
— Chapter 1 (Sections: 1.1 t0 1.3, 1.5)

Fisher and LeBlanc: Crafting a Compiler with C
— Chapter 1 (Sections 1.1 to 1.3, 1.5)

58



Design and Implementation of
scanners and parsers

CS620,lITDharwad

59



Scanner - Motivation

 Why have a separate scanner when you can
combine this with syntax analyzer (parser)?

— Simplicity of design
« E.g. rid parser of handling whitespaces

— Improve compiler efficiency
« E.g. sophisticated buffering algorithms for reading input

— Improve compiler portability
« E.g. handling *M character in Linux (CR+LF in Windows)

CS620,lITDharwad
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1.

2.

Scanner - Tasks

Divide the program text into substrings or lexemes
— place dividers

|dentify the class of the substring identified

— Examples of predefined categories: ldentifiers,
keywords, operators, etc.
« |dentifier — strings of letters or digits starting with a letter
Integer — non-empty string of digits
Keyword — “f”, “else”, “for” etc.
Blankspace - \t, \n, “°
Operator — (, ), <, =, etc.

— Observation: substrings can be categoriezed i.e. follow some
pattern CS620,IITDharwad
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Exercise

 How many tokens of class identifier exist in the
code below?

for(int 1=0;i<10;i++) {

printf(“hello”);
}

CS620,lITDharwad
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Scanner Output

* A token corresponding to each lexeme
— Token is a pair: <class, value>

A string / lexeme / substring of program text

Program tokens
> Scanner > Parser

E.g. int x = 0; (Keyword, “int”),
(Identifier, “x7),

cc_
- f)

(Integer, “0”),
ﬂ'; P2/ 63
CS620.[ITDharwad



Scanners — interesting examples

* Fortran (white spaces are ignored)
DO 5 I = 1,25« DO Loop
DO 5 I = 1.25 <« Assignment statement

« PL/1 (keywords are not reserved)
DECLARE (ARG1, ARG2, . . ., ARGN);

e C++

Nested template: Quad<Square<Box>> b;
Stream input: std::cin >> bx;

CS620,lITDharwad
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Scanners — interesting examples
(discussion)

 How did we go about recognizing tokens in previous
examples?

— Scan left-to-right till a token is identified

— One token at a time: continue scanning the remaining
text till the next token is identified...

— Soon...

We always need to to identify tokens

....but we want to minimize the amount of look-ahead
done to simplify scanner implementation

CS620,lITDharwad 65



Scanners — what do we need to know?

1. How do we define tokens?
— Regular expressions
2. How do we recognize tokens?

— build code to find a lexeme that is a prefix and that
belongs to one of the classes.

3. How do we write lexers?

— E.g. use a lexer generator tool such as Flex

CS620,lITDharwad 66



Scanner / Lexical Analyzer -
flowchart

Lexical specification

Formalized through

e.g. ldentifiers are letter followed by

any sequence of digits or letters

Implementation

produce

Regular expressions

translated by

Black-Box
E.g. Scanner Generators Tools

CS620,lITDharwad
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Scanner / Lexical Analyzer -
flowchart

Formalized through

Lexical specification

e.g. ldentifiers are letter followed by

any sequence of digits or letters

Regular expressions

translated by

Black-Box
Hand-written code

CS620,lITDharwad
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Scanner Generators

« Essentially, tools for converting regular
expressions into scanners

- Lex (Flex) generates C/C++ scanner program

— ANTLR (ANother Tool for Language Recognition)
generates Java program for translating program text
(JFlex is a less popular option)

- Pylexer is a Python-based lexical analyzer (not a
scanner generator). [t just scans input, matches
regexps, and tokenizes. Doesn’t produce any program.

CS620,lITDharwad 69



Lex (Flex)

Commonly used Unix scanner generator (superseded by
Flex)

Flex is a domain specific language for writing scanners

Features:
® Character classes : define sets of characters (e.g., digits)

® TJoken definitions : regex {action to take}

70



Lex (Flex)

lex.1 »Lexer Compiler »lex.yy.c
1EX.yy.C » C Comp"er » a.out
input stream > a.out » tokens

CS620,lITDharwad



Lex (Flex)

* Format of lex.l (3 parts separated by % %)
format: name definition

Declarations « e.g. DIGIT [0-9]
Refer to DIGIT here

/USing {} braces {DIGIT}
%% expands to ([0-9])

Translation rules

format: pattern action

e.g. {DIGIT}+ {printf(“INTLITERAL”);

%676
User code mentioned here copied as is to lex.yy. C,

* Auxiliary functions



Example: Lex (Flex)

DIGIT [0-9]
ID [a—z][a-20-9]*

oo
oe

{DIGIT}+ {
printf( "An integer: %s (%d)\n", yytext,
atoi( yytext ) );

}

{DIGIT}+"."{DIGIT}* {
printf( "A float: %s (%2g)\n", yytext,
atof ( yytext ) );

}

if |then|begin|end|procedure| function {
printf( "A keyword: %s\n", yytext );

{ID} printf( "An identifier: %s\n", yytext ); 73
CS620,/ITDharwad



Lex (Flex)

® The order in which tokens are defined matters!

® Lex will match the longest possible token
e “ifa” becomes ID(ifa), not IF ID(a)

® |f two regexes both match, Lex uses the one defined first
e “if’” becomes IF, not ID(if)

® Use action blocks to process tokens as necessary
® Convert integer/float literals to numbers

® Remove quotes from string literals

CS620,IITDharwad
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Demo

CS323,IITDharwad
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Documentation

Flex (manual web-version):

Lexical Analysis With Flex, for Flex 2.6.2: Top
(westes.qithub.io)

Lex - A Lexical Analyzer Generator (compilertools.net)

ANTLR

CS323,IITDharwad
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http://web.mit.edu/gnu/doc/html/flex_1.html
http://web.mit.edu/gnu/doc/html/flex_1.html
http://web.mit.edu/gnu/doc/html/flex_1.html
http://web.mit.edu/gnu/doc/html/flex_1.html
https://westes.github.io/flex/manual/index.html#SEC_Contents
https://westes.github.io/flex/manual/index.html#SEC_Contents
https://westes.github.io/flex/manual/index.html#SEC_Contents
http://dinosaur.compilertools.net/lex/index.html
http://dinosaur.compilertools.net/lex/index.html
http://dinosaur.compilertools.net/lex/index.html
http://dinosaur.compilertools.net/lex/index.html
http://dinosaur.compilertools.net/lex/index.html
https://www.antlr.org/
https://www.antlr.org/
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