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JavaScript in Broad Fields
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JavaScript is Most Popular

https://madnight.github.io/githut/
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JavaScript Complex Semantics

 

function f(x) { return x == !x; }

Always return false?

NO!!
f([]) -> [] == ![] 
      -> [] == false 
      -> +[] == +false 
      -> 0 == 0 
      -> true
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https://github.com/denysdovhan/wtfjs#-examples
https://github.com/denysdovhan/wtfjs#-examples


/ 18JISET: JavaScript IR-based Semantics Extraction Toolchain 

ECMAScript - Spec. of JavaScript

https://developer.mozilla.org/en-US/docs/Web/JavaScript
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https://developer.mozilla.org/en-US/docs/Web/JavaScript
https://developer.mozilla.org/en-US/docs/Web/JavaScript
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IR-based Semantics Extraction
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IR-based Semantics Extraction

JavaScript 
Parser

AST-IR 
Translator

JS AST
[];

x = {}; 
x.__proto__ = 
  Array.prototype; 
x.length = 0;

The                            production in ES10ArrayLiteral
<latexit sha1_base64="Ojjk6PJoe4HzbnjexX+XjyPiTgY="></latexit>

The semantics of the first alternative for ArrayLiteral
<latexit sha1_base64="Ojjk6PJoe4HzbnjexX+XjyPiTgY="></latexit>

MANUALLY implemented
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let array = 
 ! (ArrayCreate 0) 
...

Core Idea

 
JavaScript IR-based 

Semantics Extraction Toolchain

JISET
<latexit sha1_base64="zGi1QbdUDUs/33xCKIKkVG8Re+U="></latexit>

The semantics of the first alternative for ArrayLiteral
<latexit sha1_base64="Ojjk6PJoe4HzbnjexX+XjyPiTgY="></latexit>

JavaScript 
Parser

AST-IRES 
Translator

JS AST
[];

let array = 
 ! (ArrayCreate 0) 
...

IRES 
(Intermediate Rep. 

for ES)
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The                            production in ES10ArrayLiteral
<latexit sha1_base64="Ojjk6PJoe4HzbnjexX+XjyPiTgY="></latexit>
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Overall Structure of JISET

IRES
JavaScript 

Parser

Algorithm 
Compiler

JS Parser 
Generator

JavaScript 
Program

AST-IRES 
Translator

JS AST

Algorithms

IRES 

Functions

�
<latexit sha1_base64="WUqYpOUqC3vDwpPsTXxORIYVrtc="></latexit>�

<latexit sha1_base64="WUqYpOUqC3vDwpPsTXxORIYVrtc="></latexit>�
<latexit sha1_base64="WUqYpOUqC3vDwpPsTXxORIYVrtc="></latexit>

ECMAScript 
Spec

Spec 
Extractor

Compile 
Rules

Global 
Setting

manual

JISET
<latexit sha1_base64="ysgxRi5QlRO1/7Bf3PUWihIgy1M="></latexit>

BNFES

A ::=B |C
<latexit sha1_base64="GLMXsP5/U3ZwfL4AED45+I3FVgA="></latexit>

Semantics

Syntax
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JS Parser Synthesis

JavaScript 
Parser

Parser 
Generator

BNFES

A ::=B |C
<latexit sha1_base64="GLMXsP5/U3ZwfL4AED45+I3FVgA="></latexit>

type P[T] = List[Boolean] => LAParser[T] 
lazy val ArrayLiteral: P[ArrayLiteral] = memo { 
  case List(Yield, Await) => 
  "[" ~ opt(Elision) ~ "]" 
      ^^ ArrayLiteral0 | 
  "[" ~ ElementList(Yield, Await) ~ "]" 
      ^^ ArrayLiteral1 | 
  "[" ~ ElementList(Yield, Await) 
      ~ "," ~ opt(Elision) ~ "]" 
      ^^ ArrayLiteral2 
}

The                            production in ES10ArrayLiteral
<latexit sha1_base64="Ojjk6PJoe4HzbnjexX+XjyPiTgY="></latexit>

The generated parser for ArrayLiteral
<latexit sha1_base64="Ojjk6PJoe4HzbnjexX+XjyPiTgY="></latexit>
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BNFES - BNF for ECMAScript
Productions

Conditions

Symbols

c ::= pi | !pi
<latexit sha1_base64="gkTUj5Z/f4dPuWH+F9QHpar1Wog="></latexit>

A(p1, · · · , pk) ::= (c1 ))?↵1 | · · · | (cn ))?↵n

where pi is a boolean parameter.
<latexit sha1_base64="qO6ArVnmTHtbf+3Tl5+Vso/tPJQ="></latexit>

Symbol s Description
✏ empty sequnce
a terminal

A(a1, · · · , ak) non-terminal
s? optional symbol
+s positive lookahead
�s negative lookahead
s \ s0 exclusion
h¬LTi no line-terminator

<latexit sha1_base64="xAIW0msXb7LIAol4kT7ShCluZLs="></latexit>

JavaScript 
Parser

Parser 
Generator

BNFES

A ::=B |C
<latexit sha1_base64="GLMXsP5/U3ZwfL4AED45+I3FVgA="></latexit>
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Parser 
Generator

Parser Generator

(POPL'04) Bryan Ford, "Parsing Expression Grammars: A Recognition-based Syntactic Foundation"

Parsing Expression Grammar (PEG)

JavaScript 
Parser

BNFES

A ::=B |C
<latexit sha1_base64="GLMXsP5/U3ZwfL4AED45+I3FVgA="></latexit>

+ Human-Readable Parsers

+ Easy to Support BNFES Features

+ Linear Parsing Time

- Different with BNFES (∵ Ordered Choices)

(ICFP’02) Bryan Ford, "Packrat parsing: simple, powerful, lazy, linear time, functional pearl"

Lookahead Parsing

08
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A ::= B; / B + B;
B ::= x / xy

<latexit sha1_base64="c4U3yUTVgtg33/szOsnlGxm2EaI="></latexit>

+<latexit sha1_base64="L2D6O47x1ABLeZxIJr3Lh+8+9dU="></latexit>

;
<latexit sha1_base64="qp/c//uqmsUIJYyYSfBYEtwyLYY="></latexit>B

<latexit sha1_base64="RZJ6oNqgFQAmKQowW3MOwd2s1M0="></latexit>

B
<latexit sha1_base64="RZJ6oNqgFQAmKQowW3MOwd2s1M0="></latexit>

A
<latexit sha1_base64="9/kbhyDWB7TmCc0AT4NYA+FN+p8="></latexit>

Parsing Expression Grammar

Input :

A
<latexit sha1_base64="9/kbhyDWB7TmCc0AT4NYA+FN+p8="></latexit>

;
<latexit sha1_base64="qp/c//uqmsUIJYyYSfBYEtwyLYY="></latexit>B

<latexit sha1_base64="RZJ6oNqgFQAmKQowW3MOwd2s1M0="></latexit>

x
<latexit sha1_base64="ATEyj11d3nehwdF3IrwB0AMnHp4="></latexit>

A
<latexit sha1_base64="9/kbhyDWB7TmCc0AT4NYA+FN+p8="></latexit>

xy;
<latexit sha1_base64="FCNufKMkETA3LgH70ZZbLvTBRCI="></latexit>

B
<latexit sha1_base64="RZJ6oNqgFQAmKQowW3MOwd2s1M0="></latexit>

x
<latexit sha1_base64="ATEyj11d3nehwdF3IrwB0AMnHp4="></latexit>

Always ignored
Unable to parse

• Ordered Choices (          )

A
<latexit sha1_base64="9/kbhyDWB7TmCc0AT4NYA+FN+p8="></latexit>

: non-terminal

x : terminal

: match

: mismatch

09

<latexit sha1_base64="uB2FopJOdfgJHYDxXWWSBFHaMIU="></latexit>

A/B
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B[;]
<latexit sha1_base64="+yHqzoZVmfOcc7cXOsMEFvYprOs="></latexit>

;[�]
<latexit sha1_base64="F2syU8r0umrpREjVr4NIjo+qfPQ="></latexit>

A[�]
<latexit sha1_base64="N1bvdwAFJ3IIhKNJDGd5FyH7hA0="></latexit>

x[;]
<latexit sha1_base64="TlCCZplmPT53lc3h/YrWNZYaYPY="></latexit>

Lookahead Parsing

Input : xy;
<latexit sha1_base64="FCNufKMkETA3LgH70ZZbLvTBRCI="></latexit>

A[�]
<latexit sha1_base64="N1bvdwAFJ3IIhKNJDGd5FyH7hA0="></latexit>

x[y]
<latexit sha1_base64="zeyAyLe2Vrqo9LUIfwqTqnjFYD0="></latexit>

y[;]
<latexit sha1_base64="Fg8ixyc3N+nsoIuA4/nL7y0v4bY="></latexit>

: non-terminal

: terminal

: match

: mismatch

A[x⇤]

x[x⇤]

�<latexit sha1_base64="ud9WyH/lqgTGyyF/q7haolLu7mU="></latexit> : end of input

Lookahead

A ::= B; / B + B;
B ::= x / xy

<latexit sha1_base64="c4U3yUTVgtg33/szOsnlGxm2EaI="></latexit>

10
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Lookahead Parsing
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3 PARSER GENERATOR
In this section, we explain how to automatically generate JavaScript
parsers from a given ECMAScript speci�cation.

3.1 BNFES: Grammar for ECMAScript
The ECMAScript speci�cation describes the JavaScript syntax using
an extension of the BNF notation. We formally de�ne the notation
and dub it BNFES. It consists of a number of productions with the
following form:

A(p1, · · · ,pk ) ::= (c1 ))?�1 | · · · | (cn ))?�n
The left-hand side of ::= represents a parametric non-terminal A
with multiple boolean parameters p1, · · · ,pk . If a non-terminal
takes no parameter, parentheses are omitted for brevity. A produc-
tion has multiple alternatives separated by | with optional condi-
tions. A condition c is either a boolean parameter p or its negation
!p. An alternative � is a sequence of symbols, where a symbol s is
one of the following:
• � : the empty sequence, which passes without any conditions
• a: a terminal, which is any token
• A(a1, · · · ,ak ): a non-terminal, which takes multiple arguments
where each argument ai is either a boolean value #t or #f, or a
parameter pi

• s?: option, which is the same with s | �
• +s (�s) : positive (negative) lookahead, which checks whether
s succeeds (fails) and never consumes any input

• srs 0: exclusion, which �rst checks whether s succeeds and then
checks whether the parsing result does not correspond to s 0

• h¬LTi: no line-terminator, which is a special symbol that re-
stricts the white spaces between two di�erent symbols

For example, consider the following production:

A(p) ::= p ) a | !p ) b | c
Then, A(#t) means a | c and A(#f) means b | c.

3.2 Lookahead Parsers
To support BNFES correctly, we propose a recursive descent parser
generator that handles both backtracking and lookahead tokens.

Approach. Our goal is to automatically generate a JavaScript
parser from a given ECMAScript grammarwritten in BNFES. Among
various parser generators, we chose Scala parser combinators de-
�ned in Parsing Expression Grammar (PEG) [13]. PEG is a top-down
(LL-style) recursive descent parser with backtracking. It visits each
alternative of a production in order and backtracks to its previous
production when parsing fails. We chose Scala parser combinators
because of the following reasons:
• Context-sensitive tokens: ECMAScript tokens are context-
sensitive because of JavaScript regular expressions and template
strings. For example, /x/g could be a single regular expression
token or four tokens that represent division by variables x

and g depending on enclosing contexts. Thus, lexers should be
evaluated during parsing not before parsing. Since Scala parser
combinators also treat lexers as parsers, we can use appropriate
lexers depending on parsing contexts.

• BNFES symbols: PEG can represent BNFES symbols intuitively
as we explain in Section 3.3.

�rst� (s1 · · · sn ) = �rsts (s1) :+ �rsts (s2 · · · sn )

where x :+ � =
⇢
x [ � if � 2 x
x otherwise

�rsts (� ) = {�}
�rsts (a) = {a}
�rsts (A(a1, · · · , ak )) = �rst� (�1) [ · · · [ �rst� (�n )

where A(a1, · · · , ak ) = �1 | · · · | �n
�rsts (s?) = �rsts (s) [ {�}
�rsts (+s) = �rsts (s)
�rsts (�s) = {�}
�rsts (srs0) = �rsts (s)
�rsts (h¬LTi) = {�}

Figure 5: Over-approximated �rst tokens of BNFES symbols

• Multiple starting non-terminals: Since ECMAScript 6, both
scripts and modules serve as starting points of parsers. Scala
parser combinators allow to use any non-terminals as parsers.

• Parsing at run-time: JavaScript supports the eval function
that parses a given JavaScript string value to code and evaluates
it. Moreover, syntax-directed abstract algorithms use special
phrases like “the N that is covered by P ,” which means that a
generalized parser parses the syntax tree P because �nding a
speci�c parser to correctly parse it requires its evaluation con-
text. When a JavaScript interpreter encounters such a phrase, it
decides a speci�c parser to N and parses the given syntax tree
P with the non-terminal N again at run time.

Problem: Prioritized Choices.While PEG provides all the fea-
tures we discussed so far, it has one fundamental problem: priori-
tized choices. In PEG, the pipe | operator denotes a prioritized choice;
even when multiple alternatives are applicable, PEG always picks
the �rst success alternative. However, some non-terminals of the
ECMAScript grammar accept multiple alternatives for given input
strings. For example, consider the following simpli�ed grammar of
the JavaScript expressions:

A ::= T; | A + T;

T ::= a | a(b)
The non-terminal T should accept both alternatives for a(b);, but
PEG-based parsers fail to parse it because the �rst alternative a suc-
ceeds �rst and the second alternative a(b) is not reachable. A simple
solution is to change the order of alternatives likeT ::= a(b) | a, but
ensuring correct order is not trivial because it requires calculation
of their inclusion relationship. Moreover, simple reordering does
not work for some productions:

A ::= B b

B ::= a | a b

The non-terminal A should successfully parse two strings ab and
abb, but it accepts only ab, and it accepts only abb if B ::= a b | a.
Hence, we should re-structure the above rules to accept both strings
in traditional PEG grammars.

Solution: Lookahead Tokens. To alleviate the problem, we
propose lookahead parsers, which are recursive descent parsers
extended with backtracking and lookahead tokens. They keep track
of the next possible tokens by statically calculating �rst tokens
of each symbol using the algorithm in Figure 5. For example, the
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(s1 · · · sn )[L] = s1[�rsts (s2 · · · sn ) :+ L] (s1 · · · sn )[L]
� [L] = +gets (L)
a[L] = a + gets (L)
A(a1, · · · , ak )[L] = �1[L] | · · · | �n [L]

where A(a1, · · · , ak ) = �1 | · · · | �n
s?[L] = s[L] | � [L]
(±s)[L] = ±(s[L])
(srs0)[L] = s[L]rs0
h¬LTi = h¬LTi + gets (L)

Figure 6: Formal semantics of lookahead parsers

following steps explain how to utilize lookahead tokens during
parsing with the input a(b);:

Each node s⇤[L] denotes a sequence of symbols s⇤ with a set of
lookahead tokens L. The parsing process follows a pre-order tra-
versal. It starts from the starting non-terminal A with the special
lookahead �, which denotes the end of inputs. Then, it visits the
�rst alternativeT; with the same lookahead. Each symbol is visited
with its corresponding lookahead, which is the �rst tokens of the
right next symbol. For example, for the symbol T , the next symbol
is ; and its �rst token is itself. Thus, the parser visits T with the
lookahead ;. The most important point here is the �rst alternative a
of the non-terminalT . The parser visits it with the lookahead ; but
the next token of the input string a(b); is ( rather than ;. Hence,
it fails to parse the input string even though the current token is
the same with the terminal a. Therefore, the parser can visit the
next alternative a(b) and successfully parses the input a(b);.

We formally de�ne the semantics of lookahead parsers in Fig-
ure 6. The helper function gets (L) generates a parser by combining
all tokens in the lookahead L using prioritized choices. In this case,
the order does not change the semantics of lookahead parsers be-
cause gets (L) just checks the existence of a given token.

3.3 Implementation
We implemented lookahead parsers by extending Scala parser com-
binators with two functions corresponding to Figure 5 and Figure 6.

AST Generation.We �rst automatically generate ASTs as Scala
case classes from a given BNFES grammar. Because lexical gram-
mars do not a�ect the ECMAScript semantics, we represent them
as string values. For parser grammars, we automatically synthe-
size a Scala �le that has classes of syntax trees. For each produc-
tion A(p1, · · · ,pk ) ::= (c1 ))?�1 | · · · | (cn ))?�n , the AST
generator de�nes the A trait and multiple subclasses Ai of A for
0  i  n � 1 that represents its alternatives. Each class Ai has
non-terminals in its corresponding alternative as its �elds. For in-
stance, the Arra�Literal production in Figure 3 gets automatically
translated to the following Scala classes:

trait ArrayLiteral extends AST
case class ArrayLiteral0(x1: Option[Elision])
case class ArrayLiteral1(x1: ElementList)
case class ArrayLiteral2(x1: ElementList, x3: Option[Elision])

Parser Generation. The next step is to automatically extract
parsers from the given BNFES grammar. The conversion fromBNFES
symbols into Scala code is as follows:

� ) MATCH

a ) "a"

A(a1, · · · , an ) ) A(a1, .. , an)

s? ) opt(s)

±s ) ±s
srs0 ) s\s’

h¬LTi ) NoLineTerminator

where MATCH denotes the empty sequence of lookahead parsers.
Each string literal gets implicitly converted to a lookahead parser
via Scala implicit conversion. The opt(s) function is the same with
s | MATCH. We also de�ne the \ operator between parsers to sup-
port exclusive parsers. Finally, we provide the NoLineTerminator

parser, which uses the white space parsers to check the existence of
line terminators. Our approach can support such a parser because
we also automatically generate lexers not only parsers of the EC-
MAScript syntax. Then, the automatically synthesized parser from
the production ArrayLiteral in Figure 3(a) is the one in Figure 3(b).

We support the automatic semicolon insertion algorithm, which
is the most distinctive parsing feature in ECMAScript. We extended
our parser implementation to keep track of the right-most position
that fails to be parsed in a given input. In ECMAScript, the token
at that position is de�ned as an o�ending token and the automatic
semicolon insertion algorithm is de�ned with such tokens. The
algorithm is simple whenwe already have the positions of o�ending
tokens. Thus, we just manually supported them by following the
rules in ECMAScript 2020. In addition, the rules rarely change; since
ECMAScript 5.1 written in 2011, only one sub-rule was added.

Discussion. While implementing lookahead parsers in Scala,
we resolved two issues.

First, one of the critical weak points of recursive descent parsing
with backtracking is its performance. To support backtracking, it
requires exponential time relative to the input size. Luckily, Ford et
al [12] proposed Packrat parsing that provides linear time complex-
ity using memoization. By treating each parser as a function from
the current input position to a parsing result, it just memoizes each
parser using input positions, which dramatically reduces redundant
parsing trials. In a similar way, we treat each lookahead parser as a
function from a pair of lookahead tokens and input positions to a
parsing result.

The second issue is that recursive descent parsers do not support
left recursion in grammars. If a grammar has a left recursion, its
parser falls into an in�nite loop. To resolve this problem, Warth
et al [24] proposed a mechanism to support not only direct left
recursion but also indirect one in Packrat parsing. While we can
adopt the mechanism, we found that the ECMAScript 2020 syntax
does not use indirect left recursion. Thus, we decided to just remove
direct left recursion by de�ning sub productions.

5

Algorithm for 
first tokens of BNFES

Algorithm for 
lookahead parsing

11
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Implementation

type P[T] = List[Boolean] => LAParser[T] 
lazy val ArrayLiteral: P[ArrayLiteral] = memo { 
  case List(Yield, Await) => 
  "[" ~ opt(Elision) ~ "]" 
      ^^ ArrayLiteral0 | 
  "[" ~ ElementList(Yield, Await) ~ "]" 
      ^^ ArrayLiteral1 | 
  "[" ~ ElementList(Yield, Await) 
      ~ "," ~ opt(Elision) ~ "]" 
      ^^ ArrayLiteral2 
}

The                            production in ES10ArrayLiteral
<latexit sha1_base64="Ojjk6PJoe4HzbnjexX+XjyPiTgY="></latexit>

The generated parser for ArrayLiteral
<latexit sha1_base64="Ojjk6PJoe4HzbnjexX+XjyPiTgY="></latexit>

Scala 
Parser Combinators

JavaScript 
Parser

Parser 
Generator

BNFES

A ::=B |C
<latexit sha1_base64="GLMXsP5/U3ZwfL4AED45+I3FVgA="></latexit>

12
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Evaluation - Syntax All Success!!

Test with JS programs 
in Test262

13
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Overview of JISET

IRES
JavaScript 

Parser

Algorithm 
Compiler

JS Parser 
Generator

JavaScript 
Program

AST-IRES 
Translator

JS AST

Algorithms

IRES 

Functions

�
<latexit sha1_base64="WUqYpOUqC3vDwpPsTXxORIYVrtc="></latexit>�

<latexit sha1_base64="WUqYpOUqC3vDwpPsTXxORIYVrtc="></latexit>�
<latexit sha1_base64="WUqYpOUqC3vDwpPsTXxORIYVrtc="></latexit>

ECMAScript 
Spec

Spec 
Extractor

Compile 
Rules

Global 
Setting

manual

JISET
<latexit sha1_base64="ysgxRi5QlRO1/7Bf3PUWihIgy1M="></latexit>

BNFES

A ::=B |C
<latexit sha1_base64="GLMXsP5/U3ZwfL4AED45+I3FVgA="></latexit>

Semantics

Syntax

HTML JS

JSON

JSON

Scala

Scala Scala

Scala

Scala

14
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Algorithm 
Compiler

JS Semantics Extraction

Algorithms

IRES 

Functions

�
<latexit sha1_base64="WUqYpOUqC3vDwpPsTXxORIYVrtc="></latexit>�

<latexit sha1_base64="WUqYpOUqC3vDwpPsTXxORIYVrtc="></latexit>�
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has been modified in a manner that would preclude the creation of new
own properties using [[Set]].

ArrayLiteral : [ Elision ]

1. Let array be ! ArrayCreate(0).
2. If Elision is present, then

a. Let len be the result of performing ArrayAccumulation for Elision with
arguments array and 0.

b. ReturnIfAbrupt(len).
3. Return array.

ArrayLiteral : [ ElementList ]

1. Let array be ! ArrayCreate(0).
2. Let len be the result of performing ArrayAccumulation for ElementList with

arguments array and 0.
3. ReturnIfAbrupt(len).
4. Return array.

ArrayLiteral : [ ElementList , Elision ]

1. Let array be ! ArrayCreate(0).
2. Let nextIndex be the result of performing ArrayAccumulation for ElementList with

arguments array and 0.
3. ReturnIfAbrupt(nextIndex).
4. If Elision is present, then

a. Let len be the result of performing ArrayAccumulation for Elision with
arguments array and nextIndex.

b. ReturnIfAbrupt(len).
5. Return array.

NOTE 1 An object initializer is an expression describing the initialization of an
Object, written in a form resembling a literal. It is a list of zero or more
pairs of property keys and associated values, enclosed in curly brackets.

12.2.5.2 Runtime Semantics: Evaluation

12.2.6 Object Initializer
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NOTE 1 An object initializer is an expression describing the initialization of an
Object, written in a form resembling a literal. It is a list of zero or more
pairs of property keys and associated values, enclosed in curly brackets.
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Evaluation - Semantics
≈ 95% Compiled
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Evaluation - Semantics
• Test262 - Official ECMAScript test suite

16,355 / 18,064 
(1,709 failed tests)

292 / 303 
(11 failed tests)

ES10

ES.Next

9 spec. errors 
in ES10

3 spec. errors 
in ES.Next

All Passed
18,064 / 18,064 

(all passed)

303 / 303 
(all passed)
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Size of ECMAScript
Edition Date # Pages

1 1997/06 110

2 1998/06 117

3 1999/12 188

5 2009/12 252

5.1 2011/06 258

6 2015/06 566

7 2016/06 586

8 2017/06 885

9 2018/06 805

10 2019/06 764
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Development cost of KJS
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a
<latexit sha1_base64="lIwHlv8bNCLPetUZt0E/oT96pTI="></latexit>

Parsing Expression Grammar

• Re-orderings are not always solutions

B
<latexit sha1_base64="RZJ6oNqgFQAmKQowW3MOwd2s1M0="></latexit>

A
<latexit sha1_base64="9/kbhyDWB7TmCc0AT4NYA+FN+p8="></latexit>

b
<latexit sha1_base64="TMR9OVkT4hXKIoe9DRRAw42pxkc="></latexit>

c
<latexit sha1_base64="jtYlf++DY9Sd+s55tjPkUz/f18M="></latexit>

abbc
<latexit sha1_base64="KpxFzAYJ4kV8y5CS1FXS3xaLPe0="></latexit>

A ::= B bc
B ::= a | ab

<latexit sha1_base64="Om6ZYExx5yv5eBhpn/3OjipxbZg="></latexit>

A ::= B bc
B ::= ab | a

<latexit sha1_base64="x01gLd9N8lKtzHplxLkWD3OKW/E="></latexit>

abc
<latexit sha1_base64="tJuokJEW/0lluoK46PfHQ0UORZo="></latexit>

B
<latexit sha1_base64="RZJ6oNqgFQAmKQowW3MOwd2s1M0="></latexit>

A
<latexit sha1_base64="9/kbhyDWB7TmCc0AT4NYA+FN+p8="></latexit>

b
<latexit sha1_base64="TMR9OVkT4hXKIoe9DRRAw42pxkc="></latexit>

c
<latexit sha1_base64="jtYlf++DY9Sd+s55tjPkUz/f18M="></latexit>

a
<latexit sha1_base64="lIwHlv8bNCLPetUZt0E/oT96pTI="></latexit> b

<latexit sha1_base64="TMR9OVkT4hXKIoe9DRRAw42pxkc="></latexit>
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