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Abstract—Modern programming follows the continuous inte-
gration (CI) and continuous deployment (CD) approach rather
than the traditional waterfall model. Even the development of
modern programming languages uses the CI/CD approach to
swiftly provide new language features and to adapt to new devel-
opment environments. Unlike in the conventional approach, in the
modern CI/CD approach, a language specification is no more the
oracle of the language semantics because both the specification
and its implementations (interpreters or compilers) can co-evolve.
In this setting, both the specification and implementations may
have bugs, and guaranteeing their correctness is non-trivial.

In this paper, we propose a novel N+1-version differential
testing to resolve the problem. Unlike the traditional differential
testing, our approach consists of three steps: 1) to automatically
synthesize programs guided by the syntax and semantics from a
given language specification, 2) to generate conformance tests by
injecting assertions to the synthesized programs to check their
final program states, 3) to detect bugs in the specification and
implementations via executing the conformance tests on multiple
implementations, and 4) to localize bugs on the specification
using statistical information. We actualize our approach for the
JavaScript programming language via JEST, which performs
N+1-version differential testing for modern JavaScript engines
and ECMAScript, the language specification describing the
syntax and semantics of JavaScript in a natural language. We
evaluated JEST with four JavaScript engines that support all
modern JavaScript language features and the latest version of
ECMAScript (ES11, 2020). JEST automatically synthesized 1,700
programs that covered 97.78% of syntax and 87.70% of semantics
from ES11. Using the assertion-injected JavaScript programs,
it detected 44 engine bugs in four different engines and 27
specification bugs in ES11.

Index Terms—JavaScript, conformance test generation, mech-
anized specification, differential testing

I. INTRODUCTION

In Peter O’Hearn’s keynote speech in ICSE 2020, he quoted
the following from Mark Zuckerberg’s Letter to Investors [1]:

The Hacker Way is an approach to building that in-
volves continuous improvement and iteration. Hack-
ers believe that somethings can always be better, and
that nothing is ever complete.

Indeed, modern programming follows the continuous integra-
tion (CI) and continuous deployment (CD) approach [2] rather
than the traditional waterfall model. Instead of a sequential
model that divides software development into several phases,
each of which takes time, CI/CD amounts to a cycle of quick

software development, deployment, and back to development
with feedback. Even the development of programming lan-
guages uses the CI/CD approach.

Consider JavaScript, one of the most widely used pro-
gramming languages for client-side and server-side program-
ming [3] and embedded systems [4]–[6]. Various JavaScript
engines provide diverse extensions to adapt to fast-changing
user demands. At the same time, ECMAScript, the offi-
cial specification that describes the syntax and semantics of
JavaScript, is annually updated since ECMAScript 6 (ES6,
2015) [7] to support new features in response to user demands.
Such updates in both the specification and implementations in
tandem make it difficult for them to be in sync.

Another example is Solidity [8], the standard smart contract
programming language for the Ethereum blockchain. The
Solidity language specification is continuously updated, and
the Solidity compiler is also frequently released. According to
Hwang and Ryu [9], the average number of days between
consecutive releases from Solidity 0.1.2 to 0.5.7 is 27. In
most cases, the Solidity compiler reflects updates in the
specification, but even the specification is revised according to
the semantics implemented in the compiler. As in JavaScript,
bidirectional effects in the specification and the implementa-
tion make it hard to guarantee their correspondence.

In this approach, both the specification and the implemen-
tation may contain bugs, and guaranteeing their correctness
is a challenging task. The conventional approach to build
a programming language is uni-directional from a language
specification to its implementation. The specification is be-
lieved to be correct and the conformance of an implementation
to the specification is checked by dynamic testing. Unlike in
the conventional approach, in the modern CI/CD approach,
the specification may not be the oracle, because both the
specification and the implementation can co-evolve.

In this paper, we propose a novel N+1-version differential

testing, which enables testing of co-evolving specifications
and their implementations. The differential testing [10] is a
testing technique, which executes N implementations of a
specification concurrently for each input, and detects a prob-
lem when the outputs are in disagreement. In addition to N
implementations, our approach tests the specification as well
using a mechanized specification. Recently, several approaches
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JavaScript Is Everywhere
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https://octoverse.github.com/

https://octoverse.github.com/
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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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JavaScript Complex Semantics
(+(+!+[]+[+[]]+[+!+[]]))[(!![]+[])[+[]]+(!![]+[][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+

[])[+[]]])[+!+[]+[+[]]]+([]+[])[([][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]]+[])[!
+[]+!+[]+!+[]]+(!![]+[][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]+([]
[[]]+[])[+!+[]]+(![]+[])[!+[]+!+[]+!+[]]+(!![]+[])[+[]]+(!![]+[])[+!+[]]+([][[]]+[])[+[]]+([][(![]+[])[+[]]
+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]]+[])[!+[]+!+[]+!+[]]+(!![]+[])[+[]]+(!![]+[][(![]+[])[+
[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]+(!![]+[])[+!+[]]][([][[]]+[])[+!+[]]+
(![]+[])[+!+[]]+((+[])[([][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]]+[])[!+[]+!+[]
+!+[]]+(!![]+[][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]+([][[]]+[])
[+!+[]]+(![]+[])[!+[]+!+[]+!+[]]+(!![]+[])[+[]]+(!![]+[])[+!+[]]+([][[]]+[])[+[]]+([][(![]+[])[+[]]+(![]+

[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]]+[])[!+[]+!+[]+!+[]]+(!![]+[])[+[]]+(!![]+[][(![]+[])[+[]]+(!
[]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]+(!![]+[])[+!+[]]]+[])[+!+[]+[+!+[]]]+(!![]+
[])[!+[]+!+[]+!+[]]]](!+[]+!+[]+[+!+[]])[+!+[]]+(!![]+[])[!+[]+!+[]+!+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[!+[]

+!+[]]+(!![]+[][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]

== "hello"== "hello"

(+(+!+[]+[+[]]+[+!+[]]))[(!![]+[])[+[]]+(!![]+[][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+
[])[+[]]])[+!+[]+[+[]]]+([]+[])[([][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]]+[])[!
+[]+!+[]+!+[]]+(!![]+[][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]+([]
[[]]+[])[+!+[]]+(![]+[])[!+[]+!+[]+!+[]]+(!![]+[])[+[]]+(!![]+[])[+!+[]]+([][[]]+[])[+[]]+([][(![]+[])[+[]]
+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]]+[])[!+[]+!+[]+!+[]]+(!![]+[])[+[]]+(!![]+[][(![]+[])[+
[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]+(!![]+[])[+!+[]]][([][[]]+[])[+!+[]]+
(![]+[])[+!+[]]+((+[])[([][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]]+[])[!+[]+!+[]
+!+[]]+(!![]+[][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]+([][[]]+[])
[+!+[]]+(![]+[])[!+[]+!+[]+!+[]]+(!![]+[])[+[]]+(!![]+[])[+!+[]]+([][[]]+[])[+[]]+([][(![]+[])[+[]]+(![]+

[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]]+[])[!+[]+!+[]+!+[]]+(!![]+[])[+[]]+(!![]+[][(![]+[])[+[]]+(!
[]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]+(!![]+[])[+!+[]]]+[])[+!+[]+[+!+[]]]+(!![]+
[])[!+[]+!+[]+!+[]]]](!+[]+!+[]+[+!+[]])[+!+[]]+(!![]+[])[!+[]+!+[]+!+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[!+[]

+!+[]]+(!![]+[][(![]+[])[+[]]+(![]+[])[!+[]+!+[]]+(![]+[])[+!+[]]+(!![]+[])[+[]]])[+!+[]+[+[]]]
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ECMAScript: JavaScript Specification

The production of ArrayLiteral in ES12
The Evaluation algorithm for 

the third alternative of ArrayLiteral in ES12

Syntax

Semantics
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Problem: Manual Conformance Check

JavaScript 
Engines

QuickJS
?

Conform

ECMAScript
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Problem: Fast Evolving JavaScript

1996    1998    2000    2002    2004    2008    2010    2012    2014

1997 - ES1 
First edition

1998 - ES2 
Editorial 
changes

1999 - ES3 
RegEx, String, 
Try/catch, etc

2009 - ES5 
getters/setters,

strict mode,

exceptions, etc

2011 - ES5.1 
Editorial 
Changes
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Problem: Fast Evolving JavaScript

1996    1998    2000    2002    2004    2008    2010    2012    2014    2016    2018    2020    2022

1997 - ES1 
First edition

1998 - ES2 
Editorial 
changes

1999 - ES3 
RegEx, String, 
Try/catch, etc

2009 - ES5 
getters/setters,

strict mode,

exceptions, etc

2011 - ES5.1 
Editorial 
Changes

2015 - ES6 
classes, modules, etc.

2016 - ES7 
destructuring patterns, etc.

Annual Releases

2017 - ES8 
object manipulation, etc.

2018 - ES9
2020 - ES11

ES.Next

2019 - ES10
2021 - ES12

ECMAScript 2021 (ES12) - 879 pages
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Problem: JavaScript is Open Source
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Main Idea: Mechanized Specification

extract Conform QuickJS

ECMAScript Mechanized 
Specification

JavaScript 
Engines

N+1-version 
Differential Testing
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.

1. Mechanized Spec. 
Extraction
[ASE'20]

Mechanized

Specification

DCS �¿�. 1•Xî ⌅\¯ò� ∏¥ Ö8| ⌅\ ê§lΩ∏ �� Ñ�.
⌅∞YÄ . 2022D. 46+iv Ω. ¿ƒP⇠: X��. (�8 |8)
Jihyeok Park. JavaScript Static Analysis for Evolving Language Specifica-
tions. School of Computing . 2022. 46+iv pages. Advisor: Sukyoung Ryu.
(Text in English)

� ]

ê§lΩ∏X Ÿ�x 1»¸ ı°\ X¯`@ ê§lΩ∏ ⌅\¯®‰X âŸD �UXå ttX0 ¥

5å Ã‡‰. lê‰@ t| t∞X‡ê ‰ë\ ê§lΩ∏ �� Ñ�0‰D ⌧⌧tT¿Ã, t‰@
®P ⇠Ÿ<\ $ƒ� ⇠»0– xŸ—}�t‡ $X– Ë}X‰. ⇣\, 2014D –Ä0 ê§lΩ∏X
∏¥ Ö8� ‰D 1‡⇠0 ‹ëXt⌧ t 8⌧î T Ï�tL‰. ¯ Y⌅ |8–⌧î ê§lΩ∏ ∏¥
Ö8\Ä0êŸ<\ê§lΩ∏��Ñ�0| ƒt¥î»\¥)›D⌧H\‰. tî 1)0ƒTÖ8
îú, 2) 0ƒT Ö8  ®1 Ä¨, ¯¨‡ 3) �� Ñ�0  ƒX 8 �¿ Ëƒ\ l1⌧‰. ¯ |8–⌧î
0ƒT Ö8 îú 0 D ⌧HX‡, t| t©t �• \‡ ê§lΩ∏ Ö8\Ä0 0ƒT Ö8| îú
\‰. ⇣\, ê§lΩ∏ ‘ƒD t©\ N+1-Ñ⌅ (Ñ L§⇧¸ 0ƒT Ö8X ¿Ö Ñ�D ⌧HX‡,
t| µt Ö8 ✏ ‘ƒX ∞hD Äú\‰. \Ö�<\, T¿ �� Ñ� 0 D ⌧HX‡, îú\ 0ƒT
Ö8\Ä0 êŸ<\ ê§lΩ∏ �� Ñ�0|  ƒ\‰. ¯ Y⌅ |8–⌧ ⌧‹\ )›@ ⌅\¯ò�
∏¥| ⌅\ Ö8, L§∏, ¯¨‡ ƒl‰X ıƒT| ⌅\ lX 0¿D »(` É<\ 0�\‰.

u Ï ± – ê§lΩ∏, 0ƒT Ö8 îú, Ö8 ¿Ö Ñ�, N+1-Ñ⌅ (Ñ L§⇧, T¿ �� Ñ�

Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.
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Engine

Bugs

Specification

Bugs
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Engines
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The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.
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Extraction

Mechanized

Specificationerent tools to detect bugs in JavaScript specifications and engines; JEST

2. Conformance 
Check

Engine

Bugs

Specification

Bugs

JavaScript

Engines

JISET: JavaScript IR-based Semantics Extraction Toolchain 
Jihyeok Park, Jihee Park, Seungmin An, and Sukyoung Ryu


(Published in ASE'20)

[ASE'20] [ICSE'21]



JEST: N+1-version Differential Testing of Both JavaScript Engines and Specification / 32

JISET [ASE'20]
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ECMAScript IRES
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JavaScript IR-based Semantics Extraction Toolchain 
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.
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JISET - Parser Generator (Syntax)

Parsing Expression Grammar 
(+ Lookahead Parsing)

(POPL'04) Bryan Ford, "Parsing Expression Grammars: A Recognition-based Syntactic Foundation"
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A ::= B; | B + B;
B ::= x | xy

<latexit sha1_base64="Cx84iCzeaI1ZCQzcAAHOt0S1F5c="></latexit>

xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

x+x;
<latexit sha1_base64="6tvJ7UVejFATLGDs9OaX6pBpz24=">AAACI3icbVDJSgNBFHzjbtz16GUwCIIQZlRQ8OJ28CIoGBUyg/R0XkyTnsXuN5LYzHd41YNf4028ePBf7Ik5uBU0FFVv64oyKTR53rszNDwyOjY+MVmZmp6ZnZtfWLzQaa441nkqU3UVMY1SJFgnQRKvMoUsjiReRp3D0r+8Q6VFmpxTL8MwZjeJaAnOyEphQNglItNd7+4W1/NVr+b14f4l/oBUYYDT6wUHgmbK8xgT4pJp3fC9jELDFAkusagEucaM8Q67wYalCYtRh6Z/deGuWqXptlJlX0JuX/3eYVisdS+ObGXMqK1/e6X4n9fIqbUTGpFkOWHCvxa1culS6pYRuE2hkJPsWcK4EvZWl7eZYpxsUJXgCO1fFJ7Yufsya7MIyQTlluyeF+bcL0yfxIURVGbm/07oL7nYqPmbtY2zrerewSC9CViGFVgDH7ZhD47hFOrA4RYe4BGenGfnxXl13r5Kh5xBzxL8gPPxCWzSpXA=</latexit>
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A ::= B; | B + B;
B ::= x | xy

<latexit sha1_base64="Cx84iCzeaI1ZCQzcAAHOt0S1F5c="></latexit>

xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

x+x;
<latexit sha1_base64="6tvJ7UVejFATLGDs9OaX6pBpz24=">AAACI3icbVDJSgNBFHzjbtz16GUwCIIQZlRQ8OJ28CIoGBUyg/R0XkyTnsXuN5LYzHd41YNf4028ePBf7Ik5uBU0FFVv64oyKTR53rszNDwyOjY+MVmZmp6ZnZtfWLzQaa441nkqU3UVMY1SJFgnQRKvMoUsjiReRp3D0r+8Q6VFmpxTL8MwZjeJaAnOyEphQNglItNd7+4W1/NVr+b14f4l/oBUYYDT6wUHgmbK8xgT4pJp3fC9jELDFAkusagEucaM8Q67wYalCYtRh6Z/deGuWqXptlJlX0JuX/3eYVisdS+ObGXMqK1/e6X4n9fIqbUTGpFkOWHCvxa1culS6pYRuE2hkJPsWcK4EvZWl7eZYpxsUJXgCO1fFJ7Yufsya7MIyQTlluyeF+bcL0yfxIURVGbm/07oL7nYqPmbtY2zrerewSC9CViGFVgDH7ZhD47hFOrA4RYe4BGenGfnxXl13r5Kh5xBzxL8gPPxCWzSpXA=</latexit>

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

<latexit sha1_base64="Gy2vXkNCxBEZUx9WCbJKa44pHvA="></latexit>

always 
ignored

xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

x+x;
<latexit sha1_base64="6tvJ7UVejFATLGDs9OaX6pBpz24=">AAACI3icbVDJSgNBFHzjbtz16GUwCIIQZlRQ8OJ28CIoGBUyg/R0XkyTnsXuN5LYzHd41YNf4028ePBf7Ik5uBU0FFVv64oyKTR53rszNDwyOjY+MVmZmp6ZnZtfWLzQaa441nkqU3UVMY1SJFgnQRKvMoUsjiReRp3D0r+8Q6VFmpxTL8MwZjeJaAnOyEphQNglItNd7+4W1/NVr+b14f4l/oBUYYDT6wUHgmbK8xgT4pJp3fC9jELDFAkusagEucaM8Q67wYalCYtRh6Z/deGuWqXptlJlX0JuX/3eYVisdS+ObGXMqK1/e6X4n9fIqbUTGpFkOWHCvxa1culS6pYRuE2hkJPsWcK4EvZWl7eZYpxsUJXgCO1fFJ7Yufsya7MIyQTlluyeF+bcL0yfxIURVGbm/07oL7nYqPmbtY2zrerewSC9CViGFVgDH7ZhD47hFOrA4RYe4BGenGfnxXl13r5Kh5xBzxL8gPPxCWzSpXA=</latexit>
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A ::= B; | B + B;
B ::= x | xy

<latexit sha1_base64="Cx84iCzeaI1ZCQzcAAHOt0S1F5c="></latexit>

xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

x+x;
<latexit sha1_base64="6tvJ7UVejFATLGDs9OaX6pBpz24=">AAACI3icbVDJSgNBFHzjbtz16GUwCIIQZlRQ8OJ28CIoGBUyg/R0XkyTnsXuN5LYzHd41YNf4028ePBf7Ik5uBU0FFVv64oyKTR53rszNDwyOjY+MVmZmp6ZnZtfWLzQaa441nkqU3UVMY1SJFgnQRKvMoUsjiReRp3D0r+8Q6VFmpxTL8MwZjeJaAnOyEphQNglItNd7+4W1/NVr+b14f4l/oBUYYDT6wUHgmbK8xgT4pJp3fC9jELDFAkusagEucaM8Q67wYalCYtRh6Z/deGuWqXptlJlX0JuX/3eYVisdS+ObGXMqK1/e6X4n9fIqbUTGpFkOWHCvxa1culS6pYRuE2hkJPsWcK4EvZWl7eZYpxsUJXgCO1fFJ7Yufsya7MIyQTlluyeF+bcL0yfxIURVGbm/07oL7nYqPmbtY2zrerewSC9CViGFVgDH7ZhD47hFOrA4RYe4BGenGfnxXl13r5Kh5xBzxL8gPPxCWzSpXA=</latexit>

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

<latexit sha1_base64="Gy2vXkNCxBEZUx9WCbJKa44pHvA="></latexit>

always 
ignored

xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

x+x;
<latexit sha1_base64="6tvJ7UVejFATLGDs9OaX6pBpz24=">AAACI3icbVDJSgNBFHzjbtz16GUwCIIQZlRQ8OJ28CIoGBUyg/R0XkyTnsXuN5LYzHd41YNf4028ePBf7Ik5uBU0FFVv64oyKTR53rszNDwyOjY+MVmZmp6ZnZtfWLzQaa441nkqU3UVMY1SJFgnQRKvMoUsjiReRp3D0r+8Q6VFmpxTL8MwZjeJaAnOyEphQNglItNd7+4W1/NVr+b14f4l/oBUYYDT6wUHgmbK8xgT4pJp3fC9jELDFAkusagEucaM8Q67wYalCYtRh6Z/deGuWqXptlJlX0JuX/3eYVisdS+ObGXMqK1/e6X4n9fIqbUTGpFkOWHCvxa1culS6pYRuE2hkJPsWcK4EvZWl7eZYpxsUJXgCO1fFJ7Yufsya7MIyQTlluyeF+bcL0yfxIURVGbm/07oL7nYqPmbtY2zrerewSC9CViGFVgDH7ZhD47hFOrA4RYe4BGenGfnxXl13r5Kh5xBzxL8gPPxCWzSpXA=</latexit>

xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

x+x;
<latexit sha1_base64="6tvJ7UVejFATLGDs9OaX6pBpz24=">AAACI3icbVDJSgNBFHzjbtz16GUwCIIQZlRQ8OJ28CIoGBUyg/R0XkyTnsXuN5LYzHd41YNf4028ePBf7Ik5uBU0FFVv64oyKTR53rszNDwyOjY+MVmZmp6ZnZtfWLzQaa441nkqU3UVMY1SJFgnQRKvMoUsjiReRp3D0r+8Q6VFmpxTL8MwZjeJaAnOyEphQNglItNd7+4W1/NVr+b14f4l/oBUYYDT6wUHgmbK8xgT4pJp3fC9jELDFAkusagEucaM8Q67wYalCYtRh6Z/deGuWqXptlJlX0JuX/3eYVisdS+ObGXMqK1/e6X4n9fIqbUTGpFkOWHCvxa1culS6pYRuE2hkJPsWcK4EvZWl7eZYpxsUJXgCO1fFJ7Yufsya7MIyQTlluyeF+bcL0yfxIURVGbm/07oL7nYqPmbtY2zrerewSC9CViGFVgDH7ZhD47hFOrA4RYe4BGenGfnxXl13r5Kh5xBzxL8gPPxCWzSpXA=</latexit>

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

<latexit sha1_base64="Gy2vXkNCxBEZUx9WCbJKa44pHvA="></latexit>
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A ::= B; / B + B;
B ::= x / xy

<latexit sha1_base64="Gy2vXkNCxBEZUx9WCbJKa44pHvA="></latexit>

input : xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

xy;
<latexit sha1_base64="U8uPUGiyhrVLaBAFUFKM0a7rj8k=">AAACInicbVDLSsNAFL3xbX3r0k2wCK5KooKCG18LN4JCq0JTZDK9tYOTZJi5EeuQ33CrC7/GnbgS/BgnbRe+DgwczrmvObGSwlAQfHgjo2PjE5NT05WZ2bn5hcWl5QuT5Zpjg2cy01cxMyhFig0SJPFKaWRJLPEyvj0q/cs71EZkaZ16ClsJu0lFR3BGTooiwnsisve9veJ6sRrUgj78vyQckioMcXa95EHUznieYEpcMmOaYaCoZZkmwSUWlSg3qBi/ZTfYdDRlCZqW7R9d+OtOafudTLuXkt9Xv3dYlhjTS2JXmTDqmt9eKf7nNXPq7LasSFVOmPLBok4ufcr8MgG/LTRykj1HGNfC3erzLtOMk8upEh2j+4vGUzf3QKoui5FsVG5RD7yw9bCwfZIUVlCZWfg7ob/kYrMWbtU2z7er+4fD9KZgFdZgA0LYgX04gTNoAAcFj/AEz96L9+q9ee+D0hFv2LMCP+B9fgH7waU8</latexit>

A[x⇤]
<latexit sha1_base64="2XEm+hvI9qbbuqQzobeLekhqdGY=">AAACJ3icbVC7SgNBFL3r2/iKWtosBkEswq4KWhq1sBEUjArZNcxObsyQ2QczdyVx2C+x1cKvsRMt/RMnMYWvAwOHc+5rTpRJocnz3p2x8YnJqemZ2dLc/MLiUnl55VKnueJY56lM1XXENEqRYJ0ESbzOFLI4kngVdY8G/tUdKi3S5IL6GYYxu01EW3BGVmqWl2qNgLBHRKZX3GyFzXLFq3pDuH+JPyIVGOGsuexA0Ep5HmNCXDKtG76XUWiYIsElFqUg15gx3mW32LA0YTHq0AwvL9wNq7TcdqrsS8gdqt87DIu17seRrYwZdfRvbyD+5zVyau+HRiRZTpjwr0XtXLqUuoMY3JZQyEn2LWFcCXuryztMMU42rFJwjPYvCk/t3JrMOixCMsFgS3bPC3PhF2ZI4sIIKmxm/u+E/pLL7aq/U90+360cHI7Sm4E1WIdN8GEPDuAEzqAOHHJ4gEd4cp6dF+fVefsqHXNGPavwA87HJ1KFplg=</latexit>

x[x⇤]
<latexit sha1_base64="4BzEio6TyrEpyfdWmkGjiL7hjH4="></latexit>

: non-terminal

: terminal

: match

: mismatch

A[�]
<latexit sha1_base64="9QZZ2k2Y2ZVg9yXnAbVqOgjBmJ4=">AAACHnicbVDLSgNBEOyNrxhfiR69LAbBU9hVQY+JevAiREg0kF1kdtIxQ2YfzPQKcdmf8KoHv8abeNW/cTbm4KtgoKjqnu6uIJFCk+N8WKW5+YXFpfJyZWV1bX2jWtu80nGqOHZ5LGPVC5hGKSLskiCJvUQhCwOJ18H4tPCv71BpEUcdmiToh+w2EkPBGRmp1+p7XCju31TrTsOZwv5L3Bmpwwztm5oF3iDmaYgRccm07rtOQn7GFAkuMa94qcaE8TG7xb6hEQtR+9l04dzeNcrAHsbKvIjsqfq9I2Oh1pMwMJUho5H+7RXif14/peGxn4koSQkj/jVomEqbYru43h4IhZzkxBDGlTC72nzEFONkMqp4Z2huUXhh/m3JZMQCpMwrpiT3PM86bp5NSZhngnKTmfs7ob/kar/hHjT2Lw/rzZNZemXYhh3YAxeOoAnn0IYucJDwAI/wZD1bL9ar9fZVWrJmPVvwA9b7J5DRot0=</latexit>

�<latexit sha1_base64="UuY8YOI9pFTy0StnhT4M1r6s4A4=">AAACG3icbVDLSgNBEOz1bXxFPXpZDIKnsBsFPcbHwYsQIYlCdpHZSScZMvtgpleIy36DVz34Nd7Eqwf/xkmyBzUWDBRV3dPdFSRSaHKcL2tufmFxaXlltbS2vrG5Vd7eaes4VRxbPJaxuguYRikibJEgiXeJQhYGEm+D4cXYv31ApUUcNWmUoB+yfiR6gjMyUsvjQvH7csWpOhPYs8QtSAUKNO63LfC6MU9DjIhLpnXHdRLyM6ZIcIl5yUs1JowPWR87hkYsRO1nk21z+8AoXbsXK/Misifqz46MhVqPwsBUhowG+q83Fv/zOin1Tv1MRElKGPHpoF4qbYrt8el2VyjkJEeGMK6E2dXmA6YYJxNQybtEc4vCa/PvmUwGLEDKvPGU5JHnWdPNswkJ80xQbjJz/yY0S9q1qntUrd0cV+rnRXorsAf7cAgunEAdrqABLeAg4Ame4cV6td6sd+tjWjpnFT278AvW5zd0W6HG</latexit>

: end of input

Lookahead 
Tokens

x[;]
<latexit sha1_base64="suQCUMMnfB4Z6nafurGCrkGEbCM="></latexit>

B[;]
<latexit sha1_base64="hKdDe42nbU+uw/dMTIadkAvk238=">AAACI3icbVDJSgNBFHzjbtwSPXoZDIKnMKOCgpe4HLwICiYKmUF6Oi+msWex+40Ym/kOr3rwa7yJFw/+i53l4FbQUFS9rSvKpNDkeR/O2PjE5NT0zGxpbn5hcalcWW7qNFccGzyVqbqMmEYpEmyQIImXmUIWRxIvopvDvn9xh0qLNDmnXoZhzK4T0RGckZXCg1ZAeE9EZq8Ir8pVr+YN4P4l/ohUYYTTq4oDQTvleYwJccm0bvleRqFhigSXWJSCXGPG+A27xpalCYtRh2ZwdeGuW6XtdlJlX0LuQP3eYVisdS+ObGXMqKt/e33xP6+VU2c3NCLJcsKEDxd1culS6vYjcNtCISfZs4RxJeytLu8yxTjZoErBEdq/KDyxc/dl1mURkgn6W7IHXphzvzADEhdGUGEz838n9Jc0N2v+Vm3zbLtaPxilNwOrsAYb4MMO1OEYTqEBHG7hEZ7g2XlxXp03531YOuaMelbgB5zPLzIfpU8=</latexit>

;[�]
<latexit sha1_base64="OsMyu26amX8OQtGAV1Jx/DUrsc8=">AAACKXicbVDJSgNBFHzjbtwSPXoZDIKnMKOCghe3gxchQqJCZgg9nRfT2LPQ/UaNzXyKVz34Nd7Uqz9iJ+bgVtBQVL2tK8qk0OR5b87Y+MTk1PTMbGlufmFxqVxZPtdprjg2eSpTdRkxjVIk2CRBEi8zhSyOJF5E10cD/+IGlRZp0qB+hmHMrhLRFZyRldrlSkB4R0Rmr2gFXCgetstVr+YN4f4l/ohUYYR6u+JA0El5HmNCXDKtW76XUWiYIsElFqUg15gxfs2usGVpwmLUoRneXrjrVum43VTZl5A7VL93GBZr3Y8jWxkz6unf3kD8z2vl1N0NjUiynDDhX4u6uXQpdQdBuB2hkJPsW8K4EvZWl/eYYpxsXKXgGO1fFJ7auQcy67EIyQSDLdk9L0zDL8yQxIURVNjM/N8J/SXnmzV/q7Z5tl3dPxylNwOrsAYb4MMO7MMJ1KEJHG7hAR7hyXl2XpxX5/2rdMwZ9azADzgfn0/bp2M=</latexit>

x[y]
<latexit sha1_base64="WBQYTj9J4uL7ataU2pGwN37Z1hM="></latexit>

y[;]
<latexit sha1_base64="HKf4leJorqwL0x73V62Csl/osUg="></latexit>
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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
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JISET - Algorithm Compiler (Semantics)

118 Compile Rules for 
Steps in Abstract Algorithms
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S = // statements 
  Let ~ V ~ be ~ E ~ . ^^ ILet 

E = // expressions 
  ! E                  ^^ EAbruptCheck | 
  str ~ ( ~ E ~ )      ^^ ECall        | 
  num                  ^^ _.toDouble

Simplified compile rules

Parsing rules Conversion Rules
S = // statements 
  Let ~ V ~ be ~ E ~ . ^^ ILet 

E = // expressions 
  ! E                  ^^ EAbruptCheck | 
  str ~ ( ~ E ~ )      ^^ ECall        | 
  num                  ^^ _.toDouble

Simplified compile rules

Parsing rules Conversion Rules
let array = ! (ArrayCreate 0)

ILet(array, EAbruptCheck( 
  ECall("ArrayCreate", 0)))
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JISET - Evaluation ≈ 95% Compiled

Complete 
Missing Parts

Passed All Tests
• Test262 

(Official Conformance Tests) 

- 18,064 applicable tests


• Parsing tests 

- Passed all 18,064 tests


• Evaluation Tests 

- Passed all 18,064 tests
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.

1. Mechanized Spec. 
Extraction

Mechanized

Specification
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.
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1. Exceptions (Exc) 
 

2. Aborts (Abort) 
 

3. Variable Values (Var) 
 

4. Object Values (Obj)

30

JEST - Assertion Injector (7 Kinds)

+ // Throw 
  let x = 42; 
  function x() {};

  var x = 1 + 2; 
+ $assert.sameValue(x, 3);

+ // Abort 
  var x = 42; x++;

  var x = {}, y = {}, z = { p: x, q: y }; 
+ $assert.sameValue(z.p, x); 
+ $assert.sameValue(z.q, y); 
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5. Object Properties (Desc) 
 
 
 

6. Property Keys (Key) 
 
 
 

7. Internal Methods and 
Slots (In)
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JEST - Assertion Injector (7 Kinds)
  var x = { p: 42 }; 
+ $verifyProperty(x, "p", { 
+   value: 42.0, writable: true, 
+   enumerable: true, configurable: true 
+ });

  var x = {[Symbol.match]: 0, p: 0, 3: 0, q: 0, 1: 0} 
+ $assert.compareArray( 
+   Reflect.ownKeys(x), 
+   ["1", "3", "p", "q", Symbol.match] 
+ );

  function f() {} 
+ $assert.sameValue(Object.getPrototypeOf(f), 
+                   Function.prototype); 
+ $assert.sameValue(Object.isExtensible(x), true); 
+ $assert.callable(f); 
+ $assert.constructable(f);
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JEST - Evaluation 44 Bugs in Engines

27 Bugs in Spec.
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.
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Abstract
The highly dynamic nature and complex semantics of JavaScript make it difficult to correctly understand
the behaviors of JavaScript programs. To automatically reason about them, researchers have developed
various JavaScript static analyzers that conform to ECMAScript, the standard specification of JavaScript.
However, all the existing JavaScript static analyzers are manually designed; thus, the current approach
is labor-intensive and error-prone. Moreover, since late 2014, this problem becomes more critical because
the JavaScript language itself rapidly evolves with a yearly release cadence and open development process.

In this thesis, we introduce a novel approach to automatically derive JavaScript static analyzers
from any version of ECMAScript. Our approach consists of three steps: 1) mechanized specification
extraction, 2) mechanized specification validity check, and 3) derivation of static analyzers. First, we
present a tool JISET that automatically extracts a mechanized specification from ECMAScript. We show
that it successfully extracts a mechanized specification from the latest ECMAScript. Then, we present
two different tools to detect bugs in JavaScript specifications and engines; JEST performs N+1-version
differential testing with JavaScript engines and JSTAR performs a type analysis for the mechanized
specification. Finally, we present JSAVER that automatically derives JavaScript static analyzers from
mechanized specifications using a meta-level static analysis. For evaluation, we derive a JavaScript
static analyzer from the latest ECMAScript and show that it successfully analyzes all applicable official
conformance tests in a sound way. We believe that the thesis would be the first step towards the
co-evolution of specifications, tests, and tools for programming languages.

Keywords JavaScript, mechanized specification extraction, N+1-version differential testing, specifica-
tion type analysis, meta-level static analysis.
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