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Language Specification (ECMA-262) of JavaScript
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NOTE The addition operator either performs string concatenation or numeric addition.

AdditiveExpression : AdditiveExpression  +  MultiplicativeExpression

1. Return ? EvaluateStringOrNumericBinaryExpression(AdditiveExpression, +, MultiplicativeExpression).

NOTE The - operator performs subtraction, producing the difference of its operands.
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a. Perform ? ArrayAccumulation of Elision with arguments array and 0.
3. Return array.

ArrayLiteral : [  ElementList ]

1. Let array be ! ArrayCreate(0).
2. Perform ? ArrayAccumulation of ElementList with arguments array and 0.
3. Return array.

ArrayLiteral : [  ElementList ,  Elisionopt  ]

1. Let array be ! ArrayCreate(0).
2. Let nextIndex be ? ArrayAccumulation of ElementList with arguments array and 0.
3. If Elision is present, then

a. Perform ? ArrayAccumulation of Elision with arguments array and nextIndex.
4. 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. The values need not be literals; they are
evaluated each time the object initializer is evaluated.

ObjectLiteral[Yield, Await]  :
{  }
{  PropertyDefinitionList[?Yield, ?Await]  }
{  PropertyDefinitionList[?Yield, ?Await]  ,  }

PropertyDefinitionList[Yield, Await]  :
PropertyDefinition[?Yield, ?Await]
PropertyDefinitionList[?Yield, ?Await]  ,  PropertyDefinition[?Yield, ?Await]

PropertyDefinition[Yield, Await]  :
IdentifierReference[?Yield, ?Await]
CoverInitializedName[?Yield, ?Await]
PropertyName[?Yield, ?Await]  :  AssignmentExpression[+In, ?Yield, ?Await]
MethodDefinition[?Yield, ?Await]
...  AssignmentExpression[+In, ?Yield, ?Await]

PropertyName[Yield, Await]  :
LiteralPropertyName
ComputedPropertyName[?Yield, ?Await]

LiteralPropertyName :
IdentifierName
StringLiteral
NumericLiteral

ComputedPropertyName[Yield, Await]  :
[  AssignmentExpression[+In, ?Yield, ?Await]  ]

13.2.5  Object Initializer

Syntax
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a. Perform ? ArrayAccumulation of Elision with arguments array and 0.
3. Return array.

ArrayLiteral : [  ElementList ]

1. Let array be ! ArrayCreate(0).
2. Perform ? ArrayAccumulation of ElementList with arguments array and 0.
3. Return array.

ArrayLiteral : [  ElementList ,  Elisionopt  ]

1. Let array be ! ArrayCreate(0).
2. Let nextIndex be ? ArrayAccumulation of ElementList with arguments array and 0.
3. If Elision is present, then

a. Perform ? ArrayAccumulation of Elision with arguments array and nextIndex.
4. 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. The values need not be literals; they are
evaluated each time the object initializer is evaluated.

ObjectLiteral[Yield, Await]  :
{  }
{  PropertyDefinitionList[?Yield, ?Await]  }
{  PropertyDefinitionList[?Yield, ?Await]  ,  }
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CoverInitializedName[?Yield, ?Await]
PropertyName[?Yield, ?Await]  :  AssignmentExpression[+In, ?Yield, ?Await]
MethodDefinition[?Yield, ?Await]
...  AssignmentExpression[+In, ?Yield, ?Await]

PropertyName[Yield, Await]  :
LiteralPropertyName
ComputedPropertyName[?Yield, ?Await]

LiteralPropertyName :
IdentifierName
StringLiteral
NumericLiteral

ComputedPropertyName[Yield, Await]  :
[  AssignmentExpression[+In, ?Yield, ?Await]  ]
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A Meta-Level Static Analysis for JavaScript
Anonymous Author(s)

In this report, we formalize a meta-level static analysis for
JavaScript as a de�ned-language with IRES as a de�ning-
language. We �rst de�ne IRES and a JavaScript de�nitional
interpreter as an IRES program. Then, we de�ne a meta-level
static analysis for JavaScript with the abstract semantics of
IRES in the abstract interpretation framework [2, 3]. In addi-
tion, we explain how to indirectly express abstract domains
and analysis sensitivities for JavaScript.

1 IRES: An IR for ECMAScript
We �rst de�ne IRES, an Intermediate Representation for EC-
MAScript, with its collecting and restricted semantics.

Programs P 3 % ::= 5 ⇤

Functions F 3 5 ::= syntax? def x(x⇤) {[l : 8]⇤}
Variables X 3 x
Labels L 3 l
Instructions I 3 8 ::= A B 4 | x B {} | x B 4(4⇤)

| if 4 l l | return 4
Expressions E 3 4 ::= Ep | op(4⇤) | A
References R 3 A ::= x | 4[4] | 4[4]js
Syntax and Notations. An IRES program % is a sequence

of functions. A function 5 is de�ned with its name, parame-
ters, and body instructions with labels. If it is de�ned with
the pre�x syntax, it is a syntax-directed function, otherwise,
a normal function. An instruction 8 is a reference update,
an object allocation, a function call, a branch, or a return
instruction. An expression 4 is a primitive value, a primitive
operation, or a reference expression. A reference is a vari-
able, an internal �eld access, or an external �eld access. For
a given program % , three helper functions func : L ! F ,
inst : L ! I, and next : L ! L return the function,
instruction, and next label, respectively, of a given label.

States f 2 S = L ⇥ E ⇥ C⇤ ⇥ H
Environments d 2 E = X �n��!V
Calling Contexts 2 2 C = L ⇥ E
Heaps ⌘ 2 H = A

�n��!L ⇥M ⇥Mjs

Internal Field Maps < 2 M = Vstr
�n��!V

External Field Maps <js 2 Mjs = Vstr
�n��!V

Values E 2 V = A ] Vp ] T ] F
Primitive Values Ep 2 Vp = Vbool ] Vint ] Vstr ] · · ·
JS ASTs C 2 T

Concrete States. An IRES state f 2 S consists of a label,
an environment, a stack of calling contexts, and a heap. An
environment d 2 E is a �nite mapping from variables to
values. A calling context 2 2 C consists of a label and an

environment of the caller. A heap ⌘ 2 H is a �nite map-
ping from addresses to labels for allocation sites and two
�nite mappings from strings to values. The former mapping
represents internal �elds accessible by 4[4], and the latter
represents external �elds accessible by 4[4]js. A value E 2 V
is an address, a primitive value (e.g., a boolean 1, an integer : ,
and a string B), a JavaScript AST C 2 T, or a function 5 2 F .
Since IRES treats JavaScript ASTs as its values, we de�ne

them with tree nodes � as follows:
T 3 C ::= g: hq⇤i
� 3 q ::= B | C

A JavaScript AST g: hq1, · · · ,q=i denotes :-th alternative
in the syntactic production of nonterminal symbol g with
multiple tree nodes q1, · · · ,q= . A tree node is a string for a
terminal symbol or another tree for a nonterminal symbol.
We de�ne several notations to easily deal with JavaScript
ASTs. The notation g: .eval denotes an Evaluation function of
:-th alternative in the production g . Similarly, the notation
C .eval denotes the Evaluation function of the AST C , and it
is same with g: .eval when C = g: h· · · i. The Evaluation of
each AST takes the AST itself and its tree nodes that are
nonterminals as arguments. The notation subs(C) denotes
tree nodes that are subtrees of C .

Collecting Semantics. We de�ne denotational semantics
of instructions J8K : S! S and expressions J4K : S! V in
Section 1.1 and Section 1.2, respectively. Then, the collecting
semantics J%K of an IRES program % is a set of reachable states
P(S) from the initial states S] ✓ S. We can compute it using
a �xpoint algorithm:

J%K = lim
=!1

�= (S])

with a transfer function � : P(S) ! P(S):
� (() = ( [ {f 0 2 S | f 2 ( ^ f {% f 0}

where f {% f 0 denotes the one-step transition of a state f
to another state f 0 in the program % :

f {% f 0 () f = (l , _, _, _) ^ Jinst(l )K(f) = f 0

Restricted Semantics. Moreover, the restricted semantics
J%KR : P(S) ! P(S) is a set of reachable states from the
initial states restricted by a given set of states:

J%KR (() = lim
=!1

�= (S] \ ()

1.1 Instructions
J8K : S! S

• Variable Assignments:

Jx B 4K(f) = (next(l ), d [x 7! E], 2,⌘)
1
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a. Perform ? ArrayAccumulation of Elision with arguments array and 0.
3. Return array.

ArrayLiteral : [  ElementList ]

1. Let array be ! ArrayCreate(0).
2. Perform ? ArrayAccumulation of ElementList with arguments array and 0.
3. Return array.

ArrayLiteral : [  ElementList ,  Elisionopt  ]

1. Let array be ! ArrayCreate(0).
2. Let nextIndex be ? ArrayAccumulation of ElementList with arguments array and 0.
3. If Elision is present, then

a. Perform ? ArrayAccumulation of Elision with arguments array and nextIndex.
4. 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. The values need not be literals; they are
evaluated each time the object initializer is evaluated.

ObjectLiteral[Yield, Await]  :
{  }
{  PropertyDefinitionList[?Yield, ?Await]  }
{  PropertyDefinitionList[?Yield, ?Await]  ,  }

PropertyDefinitionList[Yield, Await]  :
PropertyDefinition[?Yield, ?Await]
PropertyDefinitionList[?Yield, ?Await]  ,  PropertyDefinition[?Yield, ?Await]

PropertyDefinition[Yield, Await]  :
IdentifierReference[?Yield, ?Await]
CoverInitializedName[?Yield, ?Await]
PropertyName[?Yield, ?Await]  :  AssignmentExpression[+In, ?Yield, ?Await]
MethodDefinition[?Yield, ?Await]
...  AssignmentExpression[+In, ?Yield, ?Await]

PropertyName[Yield, Await]  :
LiteralPropertyName
ComputedPropertyName[?Yield, ?Await]

LiteralPropertyName :
IdentifierName
StringLiteral
NumericLiteral

ComputedPropertyName[Yield, Await]  :
[  AssignmentExpression[+In, ?Yield, ?Await]  ]
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syntax def ArrayLiteral[2].Evaluation( 
  this, ElementList, Elision 
){ 
  let array = [! (ArrayCreate 0)] 
  let nextIndex = 
    [? (ElementList.ArrayAccumulation array 0)] 
  if (! (= Elision absent)) 
    [? (Elision.ArrayAccumulation array nextIndex)] 
  return array 
}

118 compile rules for 
steps in abstract algorithms

IRES function for ArrayLiteral in ES13

Abstract algorithm for ArrayLiteral in ES13
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JSTAR - Evaluation

TABLE II: The analysis precision of JSTAR without refinement (no-refine), with refinement (refine), and their difference (�)

Checker Bug Kind Precision = (# True Bugs) / (# Detected Bugs)
no-refine refine �

Reference
UnknownVar 62 / 106 17 / 60 63 / 78 17 / 31 +1 / -28 / -29
DuplicatedVar 45 / 46 46 / 47 +1 / +1

Arity MissingParam 4 / 4 4 / 4 4 / 4 4 / 4 / /
Assertion Assertion 4 / 56 4 / 56 4 / 31 4 / 31 / -25 / -25

Operand
NoNumber 22 / 113 2 / 65 22 / 44 2 / 6 / -69 / -59
Abrupt 20 / 48 20 / 38 / -10

Total 92 / 279 (33.0%) 93 / 157 (59.2%) +1 / -122 (+26.3%)

(a) Life spans sorted by creation (b) The histogram of life spans

Fig. 7: Life spans of true bugs

A. Performance

Figure 6 shows the statistics of the type analysis using
JSTAR for 864 versions of ECMAScript: (a) the number of
analyzed functions, (b) the number of flow- and type-sensitive
views, (c) the number of worklist iterations, and (d) the analy-
sis time. For each version, JSTAR analyzed 1,696.6 functions
on average. Since ECMAScript has gradually evolved, it ana-
lyzed 1,491 functions for the first version in 2018 but analyzed
1,864 functions in the latest. JSTAR analyzes functions with
flow- and type-sensitive views. On average, each version has
92.0K views and each function has 54.1 views.

We measured the performance of JSTAR with the worklist
iteration number and the analysis time. For each version of
ECMAScript, JSTAR took 137.3 seconds with 301.6K worklist
iterations on average. The average analysis time is 8.0 seconds
for specification extraction (extract), 128.5 seconds for type
analysis (analyze), and 0.8 seconds for bug detection (detect).
The performance overhead is modest enough for JSTAR to be
integrated in the open development process of ECMAScript.

B. Precision

We measured the analysis precision with the ratio of true
bugs in the reported bugs by JSTAR. As summarized in the
refine column of Table II, the analysis precision is 59.2%; 93
out of 157 detected bugs are true bugs. The reference checker
detected the most bugs with 80.8% precision; 17 unknown
variables (UnknownVar) and 46 duplicated variable declara-
tions (DuplicatedVar) are true bugs. We found four missing
parameters (MissingParam) with 100.0% precision and four
assertion failures (Assertion) with 12.9% precision. Finally,
the operand checker detected two non-numeric operand bugs

(NoNumber) with 33.3% precision and 20 unchecked abrupt
completion bugs (Abrupt) with 52.6% precision.

To understand the impact of the detected true bugs, we
extended JSTAR to automatically extract when they are created
and resolved in the ECMAScript official repository. A bug is
created when it exists in a specific version but does not exist in
its previous version, and a bug is resolved vice versa. The life

span of a bug denotes the number of days between the created
date and the resolved date. Figure 7 illustrates the life spans of
true bugs; Figure 7(a) depicts the life spans sorted by creation
and Figure 7(b) depicts the histogram of the life spans in a
logarithmic scale. Among 93 true bugs, 49 bugs are inherited,
which means that they are created before 2018. Moreover, 14
bugs still exist in the latest ECMAScript, which are newly
detected by JSTAR. We discuss the details of 14 newly found
bugs in Section V-D. Even though we assume that 49 inherited
bugs are created on January 1, 2018, the average life span is
422.8 and the maximum life span is 1,164. All the bugs with
the maximum life span are inherited ones and they are all
newly detected.

We manually investigated 64 false-positive bugs to under-
stand why JSTAR detected them. Among them, 17 bugs are
due to extraction failure of mechanized specifications caused
by wrong writing styles. Because ECMAScript is written in
HTML, JISET extracts abstract algorithms using the emu-alg
HTML tag. Unfortunately, several abstract algorithms are
defined with the opening tag <emu-alg> but without the
closing tag </emu-alg>, which causes extraction failure of
mechanized specifications leading to false-positive bugs. The
remaining 47 bugs are due to imprecise analysis. We found
that 28 bugs are due to imprecise analysis of the conditions
of assertions and branches for specific function calls. For
example, consider the following algorithm step for GetValue:

Since IsPropertyReference always returns false when the
Base field of a given reference record is cunresolvable, the
field access V .[[Base]] cannot be cunresolvable on line 4.a.
However, because the type analysis does not compute such in-
formation, cunresolvable is also passed as the argument of
ToObject. We believe that an advanced refinement technique

59.2% 
Precision

93 Errors 
Detected

14 New Bugs 
In ES2021
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JSTAR - Occurrence Typing (On Going)
22.2.4.1 RegExp ( pattern, flags )

1. Let patternIsRegExp be ? IsRegExp(pattern).

2. ...
        b. If patternIsRegExp is true and flags is undefined, then

      i. Let patternConstructor be ? Get(pattern, "constructor").
      ...

5. Else if patternIsRegExp is true, then

   a. Let P be ? Get(pattern, "source").

https://tc39.es/ecma262/multipage/abstract-operations.html#sec-isregexp
https://tc39.es/ecma262/multipage/abstract-operations.html#sec-get-o-p
https://tc39.es/ecma262/multipage/abstract-operations.html#sec-get-o-p
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let x = ![];
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let x = 1 + 2; 
assert(x == 3);

let x = 42; 
assert(x == 42); let x = ![]; 

assert(x == false);

Final State-based 
Assertions
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2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

…

…

a. If opText is **, return ? BigInt::exponentiate(lnum, rnum).
b. If opText is /, return ? BigInt::divide(lnum, rnum).
c. If opText is %, return ? BigInt::remainder(lnum, rnum).
d. If opText is >>>, return ? BigInt::unsignedRightShift(lnum, rnum).

7. Let operation be the abstract operation associated with opText and Type(lnum) in the following
table:

opText Type(lnum) operation
** Number Number::exponentiate
* Number Number::multiply
* BigInt BigInt::multiply
/ Number Number::divide
% Number Number::remainder
+ Number Number::add
+ BigInt BigInt::add
- Number Number::subtract
- BigInt BigInt::subtract
<< Number Number::leftShift
<< BigInt BigInt::leftShift
>> Number Number::signedRightShift
>> BigInt BigInt::signedRightShift
>>> Number Number::unsignedRightShift
& Number Number::bitwiseAND
& BigInt BigInt::bitwiseAND
^ Number Number::bitwiseXOR
^ BigInt BigInt::bitwiseXOR
| Number Number::bitwiseOR
| BigInt BigInt::bitwiseOR

8. Return operation(lnum, rnum).

NOTE 1 No hint is provided in the calls to ToPrimitive in steps 1.a and 1.b. All standard
objects except Dates handle the absence of a hint as if number were given; Dates
handle the absence of a hint as if string were given. Exotic objects may handle the
absence of a hint in some other manner.

NOTE 2 Step 1.c differs from step 3 of the IsLessThan algorithm, by using the logical-or
operation instead of the logical-and operation.

1. Throw a TypeError exception.

mean the same things as:

1. Return ThrowCompletion(a newly created TypeError object).

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(argument).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(AbstractOperation()).

mean the same thing as:

1. Let hygienicTemp be AbstractOperation().
2. Assert: hygienicTemp is a Completion Record.
3. If hygienicTemp is an abrupt completion, return Completion(hygienicTemp).
4. Else, set hygienicTemp to hygienicTemp.[[Value]].

Where hygienicTemp is ephemeral and visible only in the steps pertaining to ReturnIfAbrupt.

Algorithms steps that say or are otherwise equivalent to:

1. Let result be AbstractOperation(ReturnIfAbrupt(argument)).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].
4. Let result be AbstractOperation(argument).

Invocations of abstract operations and syntax-directed operations that are prefixed by ? indicate
that ReturnIfAbrupt should be applied to the resulting Completion Record. For example, the step:

5.2.3.3  ReturnIfAbrupt

5.2.3.4  ReturnIfAbrupt Shorthands

…



/ 30PLSS 2025 21

JEST - Specification Coverage

2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

…

…

4 * 2n
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a. If opText is **, return ? BigInt::exponentiate(lnum, rnum).
b. If opText is /, return ? BigInt::divide(lnum, rnum).
c. If opText is %, return ? BigInt::remainder(lnum, rnum).
d. If opText is >>>, return ? BigInt::unsignedRightShift(lnum, rnum).

7. Let operation be the abstract operation associated with opText and Type(lnum) in the following
table:

opText Type(lnum) operation
** Number Number::exponentiate
* Number Number::multiply
* BigInt BigInt::multiply
/ Number Number::divide
% Number Number::remainder
+ Number Number::add
+ BigInt BigInt::add
- Number Number::subtract
- BigInt BigInt::subtract
<< Number Number::leftShift
<< BigInt BigInt::leftShift
>> Number Number::signedRightShift
>> BigInt BigInt::signedRightShift
>>> Number Number::unsignedRightShift
& Number Number::bitwiseAND
& BigInt BigInt::bitwiseAND
^ Number Number::bitwiseXOR
^ BigInt BigInt::bitwiseXOR
| Number Number::bitwiseOR
| BigInt BigInt::bitwiseOR

8. Return operation(lnum, rnum).

NOTE 1 No hint is provided in the calls to ToPrimitive in steps 1.a and 1.b. All standard
objects except Dates handle the absence of a hint as if number were given; Dates
handle the absence of a hint as if string were given. Exotic objects may handle the
absence of a hint in some other manner.

NOTE 2 Step 1.c differs from step 3 of the IsLessThan algorithm, by using the logical-or
operation instead of the logical-and operation.

1. Throw a TypeError exception.

mean the same things as:

1. Return ThrowCompletion(a newly created TypeError object).

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(argument).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(AbstractOperation()).

mean the same thing as:

1. Let hygienicTemp be AbstractOperation().
2. Assert: hygienicTemp is a Completion Record.
3. If hygienicTemp is an abrupt completion, return Completion(hygienicTemp).
4. Else, set hygienicTemp to hygienicTemp.[[Value]].

Where hygienicTemp is ephemeral and visible only in the steps pertaining to ReturnIfAbrupt.

Algorithms steps that say or are otherwise equivalent to:

1. Let result be AbstractOperation(ReturnIfAbrupt(argument)).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].
4. Let result be AbstractOperation(argument).

Invocations of abstract operations and syntax-directed operations that are prefixed by ? indicate
that ReturnIfAbrupt should be applied to the resulting Completion Record. For example, the step:

5.2.3.3  ReturnIfAbrupt

5.2.3.4  ReturnIfAbrupt Shorthands

…
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2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

…

…
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a. If opText is **, return ? BigInt::exponentiate(lnum, rnum).
b. If opText is /, return ? BigInt::divide(lnum, rnum).
c. If opText is %, return ? BigInt::remainder(lnum, rnum).
d. If opText is >>>, return ? BigInt::unsignedRightShift(lnum, rnum).

7. Let operation be the abstract operation associated with opText and Type(lnum) in the following
table:

opText Type(lnum) operation
** Number Number::exponentiate
* Number Number::multiply
* BigInt BigInt::multiply
/ Number Number::divide
% Number Number::remainder
+ Number Number::add
+ BigInt BigInt::add
- Number Number::subtract
- BigInt BigInt::subtract
<< Number Number::leftShift
<< BigInt BigInt::leftShift
>> Number Number::signedRightShift
>> BigInt BigInt::signedRightShift
>>> Number Number::unsignedRightShift
& Number Number::bitwiseAND
& BigInt BigInt::bitwiseAND
^ Number Number::bitwiseXOR
^ BigInt BigInt::bitwiseXOR
| Number Number::bitwiseOR
| BigInt BigInt::bitwiseOR

8. Return operation(lnum, rnum).

NOTE 1 No hint is provided in the calls to ToPrimitive in steps 1.a and 1.b. All standard
objects except Dates handle the absence of a hint as if number were given; Dates
handle the absence of a hint as if string were given. Exotic objects may handle the
absence of a hint in some other manner.

NOTE 2 Step 1.c differs from step 3 of the IsLessThan algorithm, by using the logical-or
operation instead of the logical-and operation.

1. Throw a TypeError exception.

mean the same things as:

1. Return ThrowCompletion(a newly created TypeError object).

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(argument).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(AbstractOperation()).

mean the same thing as:

1. Let hygienicTemp be AbstractOperation().
2. Assert: hygienicTemp is a Completion Record.
3. If hygienicTemp is an abrupt completion, return Completion(hygienicTemp).
4. Else, set hygienicTemp to hygienicTemp.[[Value]].

Where hygienicTemp is ephemeral and visible only in the steps pertaining to ReturnIfAbrupt.

Algorithms steps that say or are otherwise equivalent to:

1. Let result be AbstractOperation(ReturnIfAbrupt(argument)).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].
4. Let result be AbstractOperation(argument).

Invocations of abstract operations and syntax-directed operations that are prefixed by ? indicate
that ReturnIfAbrupt should be applied to the resulting Completion Record. For example, the step:

5.2.3.3  ReturnIfAbrupt

5.2.3.4  ReturnIfAbrupt Shorthands

…

1n - 2n
JS
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2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

…

…
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JS

a. If opText is **, return ? BigInt::exponentiate(lnum, rnum).
b. If opText is /, return ? BigInt::divide(lnum, rnum).
c. If opText is %, return ? BigInt::remainder(lnum, rnum).
d. If opText is >>>, return ? BigInt::unsignedRightShift(lnum, rnum).

7. Let operation be the abstract operation associated with opText and Type(lnum) in the following
table:

opText Type(lnum) operation
** Number Number::exponentiate
* Number Number::multiply
* BigInt BigInt::multiply
/ Number Number::divide
% Number Number::remainder
+ Number Number::add
+ BigInt BigInt::add
- Number Number::subtract
- BigInt BigInt::subtract
<< Number Number::leftShift
<< BigInt BigInt::leftShift
>> Number Number::signedRightShift
>> BigInt BigInt::signedRightShift
>>> Number Number::unsignedRightShift
& Number Number::bitwiseAND
& BigInt BigInt::bitwiseAND
^ Number Number::bitwiseXOR
^ BigInt BigInt::bitwiseXOR
| Number Number::bitwiseOR
| BigInt BigInt::bitwiseOR

8. Return operation(lnum, rnum).

NOTE 1 No hint is provided in the calls to ToPrimitive in steps 1.a and 1.b. All standard
objects except Dates handle the absence of a hint as if number were given; Dates
handle the absence of a hint as if string were given. Exotic objects may handle the
absence of a hint in some other manner.

NOTE 2 Step 1.c differs from step 3 of the IsLessThan algorithm, by using the logical-or
operation instead of the logical-and operation.

1. Throw a TypeError exception.

mean the same things as:

1. Return ThrowCompletion(a newly created TypeError object).

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(argument).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(AbstractOperation()).

mean the same thing as:

1. Let hygienicTemp be AbstractOperation().
2. Assert: hygienicTemp is a Completion Record.
3. If hygienicTemp is an abrupt completion, return Completion(hygienicTemp).
4. Else, set hygienicTemp to hygienicTemp.[[Value]].

Where hygienicTemp is ephemeral and visible only in the steps pertaining to ReturnIfAbrupt.

Algorithms steps that say or are otherwise equivalent to:

1. Let result be AbstractOperation(ReturnIfAbrupt(argument)).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].
4. Let result be AbstractOperation(argument).

Invocations of abstract operations and syntax-directed operations that are prefixed by ? indicate
that ReturnIfAbrupt should be applied to the resulting Completion Record. For example, the step:

5.2.3.3  ReturnIfAbrupt

5.2.3.4  ReturnIfAbrupt Shorthands

…

1n - 2n
JS

3 + 2
JS
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2. Let lval be ? GetValue(lref).
3. If lval is neither undefined nor null, return lval.
4. If IsAnonymousFunctionDefinition(AssignmentExpression) is true and IsIdentifierRef of

LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
5. Else,

a. Let rref be ? Evaluation of AssignmentExpression.
b. Let rval be ? GetValue(rref).

6. Perform ? PutValue(lref, rval).
7. Return rval.

NOTE When this expression occurs within strict mode code, it is a runtime error if lref in
step 1.d, 2, 2, 2, 2 is an unresolvable reference. If it is, a ReferenceError exception is
thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )
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LeftHandSideExpression is true, then
a. Let rval be ? NamedEvaluation of AssignmentExpression with argument lref.

[[ReferencedName]].
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thrown. Additionally, it is a runtime error if the lref in step 8, 7, 7, 6 is a reference to
a data property with the attribute value { [[Writable]]: false }, to an accessor
property with the attribute value { [[Set]]: undefined }, or to a non-existent
property of an object for which the IsExtensible predicate returns the value false.
In these cases a TypeError exception is thrown.

The abstract operation ApplyStringOrNumericBinaryOperator takes arguments lval (an
ECMAScript language value), opText (**, *, /, %, +, -, <<, >>, >>>, &, ^, or |), and rval (an
ECMAScript language value) and returns either a normal completion containing either a String, a
BigInt, or a Number, or a throw completion. It performs the following steps when called:

1. If opText is +, then
a. Let lprim be ? ToPrimitive(lval).
b. Let rprim be ? ToPrimitive(rval).
c. If lprim is a String or rprim is a String, then

i. Let lstr be ? ToString(lprim).
ii. Let rstr be ? ToString(rprim).

iii. Return the string-concatenation of lstr and rstr.
d. Set lval to lprim.
e. Set rval to rprim.

2. NOTE: At this point, it must be a numeric operation.
3. Let lnum be ? ToNumeric(lval).
4. Let rnum be ? ToNumeric(rval).
5. If Type(lnum) is not Type(rnum), throw a TypeError exception.
6. If lnum is a BigInt, then

13.15.3  ApplyStringOrNumericBinaryOperator ( lval, opText, rval )

…

…

17 + 2n
JS

a. If opText is **, return ? BigInt::exponentiate(lnum, rnum).
b. If opText is /, return ? BigInt::divide(lnum, rnum).
c. If opText is %, return ? BigInt::remainder(lnum, rnum).
d. If opText is >>>, return ? BigInt::unsignedRightShift(lnum, rnum).

7. Let operation be the abstract operation associated with opText and Type(lnum) in the following
table:

opText Type(lnum) operation
** Number Number::exponentiate
* Number Number::multiply
* BigInt BigInt::multiply
/ Number Number::divide
% Number Number::remainder
+ Number Number::add
+ BigInt BigInt::add
- Number Number::subtract
- BigInt BigInt::subtract
<< Number Number::leftShift
<< BigInt BigInt::leftShift
>> Number Number::signedRightShift
>> BigInt BigInt::signedRightShift
>>> Number Number::unsignedRightShift
& Number Number::bitwiseAND
& BigInt BigInt::bitwiseAND
^ Number Number::bitwiseXOR
^ BigInt BigInt::bitwiseXOR
| Number Number::bitwiseOR
| BigInt BigInt::bitwiseOR

8. Return operation(lnum, rnum).

NOTE 1 No hint is provided in the calls to ToPrimitive in steps 1.a and 1.b. All standard
objects except Dates handle the absence of a hint as if number were given; Dates
handle the absence of a hint as if string were given. Exotic objects may handle the
absence of a hint in some other manner.

NOTE 2 Step 1.c differs from step 3 of the IsLessThan algorithm, by using the logical-or
operation instead of the logical-and operation.

1. Throw a TypeError exception.

mean the same things as:

1. Return ThrowCompletion(a newly created TypeError object).

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(argument).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].

Algorithms steps that say or are otherwise equivalent to:

1. ReturnIfAbrupt(AbstractOperation()).

mean the same thing as:

1. Let hygienicTemp be AbstractOperation().
2. Assert: hygienicTemp is a Completion Record.
3. If hygienicTemp is an abrupt completion, return Completion(hygienicTemp).
4. Else, set hygienicTemp to hygienicTemp.[[Value]].

Where hygienicTemp is ephemeral and visible only in the steps pertaining to ReturnIfAbrupt.

Algorithms steps that say or are otherwise equivalent to:

1. Let result be AbstractOperation(ReturnIfAbrupt(argument)).

mean the same thing as:

1. Assert: argument is a Completion Record.
2. If argument is an abrupt completion, return Completion(argument).
3. Else, set argument to argument.[[Value]].
4. Let result be AbstractOperation(argument).

Invocations of abstract operations and syntax-directed operations that are prefixed by ? indicate
that ReturnIfAbrupt should be applied to the resulting Completion Record. For example, the step:

5.2.3.3  ReturnIfAbrupt

5.2.3.4  ReturnIfAbrupt Shorthands

…

1n + 2n
JS

3 + 2
JSAddition

1n - 23
JS

7n - 2n
JS

4 - 7
JSSubtraction
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[PLDI 2023] J. Park et al., “Feature-Sensitive Coverage for Conformance Testing of Programming Language Implementations”
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JEST - Evaluation
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[FSE 2025 Demo] M. Choe et al., “JSSpecVis: A JavaScript Language Specification Visualization Tool”
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JSSpecVis - Specification Visualizer
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[FSE 2022] J. Park et al., “Automatically Deriving JavaScript Static Analyzers from Specifications 
using Meta-level Static Analysis”
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JSAVER - Evaluation
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JEST - Final State-based Assertion Injection

function f() {}
JS

  function f() {} 

+ $assert.equal(Object.getPrototypeOf(f), Function.prototype); 

+ $assert.verifyProperty(f, "prototype", { 
+   writable: true, 
+   enumerable: false, 
+   configurable: false, 
+ }); 
 
+ $assert.compare(Reflect.ownKeys(f), ['length', 'name', 'prototype'], f); 
 
+ ...
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