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confirmed by the developers, and 136 newly discovered bugs. However, a higher k value may lead to an excessive number of tests.
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1 Introduction

The conformance testing of programming languages is essential for providing correct and consistent implementations.
In particular, it becomes more critical when multiple implementations exist for a programming language. For example,
JavaScript has multiple engines, including V8, SpiderMonkey, and JavaScriptCore. Python supports CPython as the
reference interpreter and other interpreters as well, such as PyPy, Jython, and IronPython. In such cases, the language
specification is the only source of truth for language semantics. The conformance tests are used to check whether
the implementations conform to the semantics described in the language specification. For example, Test262 [13] is
the official conformance test suite for JavaScript maintained by the Technical Committee 39 (TC39). It is widely used
by JavaScript engine developers to check whether their implementations conform to the official JavaScript language
specification, ECMA-262 [12].

The quality of conformance tests is often evaluated using their coverage for the mechanized specification of the target
language. A mechanized specification [5, 7, 17, 35, 40, 46] is an executable and formal specification of the language
semantics, which is usually written in a metalanguage or framework, such as K [47], Ott [49], and Skel [6]. We can
measure the quality of a test suite by measuring its coverage for the mechanized specification using diverse graph
coverage [2] criteria defined over the control-flow graph (CFG) of the specification. Higher coverage of the test suite
denotes that it covers more test requirements (TRs) of the language semantics, which is a good indicator of the quality
of the test suite. While we can measure the code coverage of a test suite for “actual language implementations”, it leads
to different coverage for different implementations. On the contrary, coverage for “language specifications” leads to
uniform coverage because they are based on the same language semantics. In addition, the coverage for specifications

can be used to reduce the number of tests in a test suite using test minimization techniques [55, 59].

1.1 Problem: Limitation of Coverage for Language Specification

However, traditional graph coverage criteria may not produce high-quality conformance tests for language specifications
because of a modular definition of the semantics. Language semantics are often defined using numerous helper functions,
which may themselves rely on other helper functions. While such a modular definition reduces the size of the mechanized
specification and enhances its readability, it may degrade the quality of conformance testing because of the overlapped

TRs in different or the same language features.

Overlapped TRs in Different Language Features. First, traditional graph coverage may not distinguish TRs of
different language features when their semantics use the same functions, degrading conformance testing quality. For
example, consider a mechanized specification for JavaScript that represents the abstract algorithms described in the
official language specification, ECMA-262 [12]. Here, most of the semantics for the addition and subtraction operators
are defined using the same EvaluateStringOrNumericBinaryExpression algorithm. If conformance tests for the
addition operator already cover the TRs in the algorithm, most conformance tests for the subtraction operator are
removed after the coverage-guided test minimization process. However, real-world JavaScript engines are highly
optimized and often have specialized execution paths for different language features, even though their semantics share
the same parts in the specification. For example, V8 engine has specialized execution path for addition with a complex
finite machine to handle both numeric and string addition, while it uses a generic execution path for subtraction.
Therefore, we need to test possible edge cases for subtraction as well, although similar ones for addition are already

tested.
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Overlapped TRs in the Same Language Feature. Furthermore, it may not distinguish TRs of different parts
of the same language feature when their semantics descriptions use the same functions, degrading the quality of
conformance testing. For example, consider the mechanized specification for JavaScript again. In JavaScript, the
String.prototype.normalize built-in API normalizes a given string into a normalization form named by a given
argument. The definition of the semantics for this built-in API feature uses the ToString algorithm as a helper
function twice to represent conversions to strings for 1) this value and 2) the first argument of the API call. Assume
that a conformance test suite already covers the TRs in the ToString algorithm thanks to various values for this value.
Then, there is no chance to generate new conformance tests that check edge cases of the conversion from the first

argument to string when performing coverage-guided fuzzing.

1.2 Our Solution: Feature-Sensitive Coverage

To alleviate this problem, we introduce feature-sensitive (FS) coverage, an extended coverage criterion to generate
high-quality conformance tests for programming language implementations. It is a general extension of graph coverage,
refining TRs using the innermost enclosing language features. FS coverage resolves the problem of sharing the same
helper functions for the semantics of different language features.

We also present a feature-call-path-sensitive (FCPS) coverage, a variant of FS coverage with feature-call-paths from
language features to TRs. FCPS coverage resolves the problem of sharing the same helper functions for the semantics of
different parts in the same language feature. We extend both coverage criteria using the k-limiting approach as k-FS
coverage and k-FCPS coverage.

To evaluate the effectiveness of the new coverage criteria, we apply them to a conformance test synthesis task
for a real-world programming language. We select JavaScript as the evaluation target because 1) it has the most
up-to-date mechanized specification and 2) it has the official conformance test suite, Test262 [13]. We extend JEST [39],
the state-of-the-art JavaScript conformance test synthesizer using coverage-guided mutational fuzzing, with various
FS and FCPS coverage criteria. For the language specification ECMA-262 for ES13, our tool automatically synthesizes
237,981 conformance tests in 50 hours with five coverage criteria. We evaluated the synthesized conformance tests with
eight mainstream JavaScript implementations (four engines and four transpilers) and discovered bugs in all of them.
The tool detected 157 conformance bugs, 139 confirmed by the developers and 136 newly discovered bugs.

Our contributions are as follows:

e We introduce novel feature-sensitive (FS) coverage to discriminate TRs with the innermost enclosing language
features to enhance the quality of conformance testing for programming language implementations.

o We extend it to feature-call-path-sensitive (FCPS) coverage to further improve the conformance testing quality by
considering the call-paths from language features to TRs.

e We experimentally show that our new coverage criteria outperform the traditional coverage criteria in the
context of conformance bug detection with eight mainstream JavaScript implementations (four engines and four

transpilers) with the ECMA-262 for ES13. The tool uncovered 136 brand-new bugs.

This article extends a previously published conference paper [42]. Specifically, we update the status of conformance
bugs detected by our tool listed in Table 1 and introduce selective FS/FCPS coverage criteria. For k-FS or k-FCPS coverage,
a higher k value leads to an excessive number of tests during conformance test synthesis due to the exponential growth
of TRs. The selective k-FS/FCPS coverage criteria address this issue by reducing the number of tests while maintaining
their quality, achieved by identifying key feature stacks for the target language implementation. While any method
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Fig. 1. Syntax of AdditiveExpressionin ECMA-262 for ES13.

can be used to extract key feature stacks for the selective criteria, we propose a way for transpilers based on online
learning of triggering-features. To evaluate effectiveness, we compare conformance testing results between selective and
non-selective 2-FCPS coverage. Note that we use the mechanized specification for ES15 instead of ES13 in the extended
experiments because the ESMeta now targets the latest specification for ES15.

In the remainder, we explain background and motivation for our work (§2). Then, we formally define our feature-
sensitive coverage criteria and its variants (§3) and its selective approach (§4). Finally, we detail the implementation of
a conformance test synthesizer using our new coverage criteria and selective approach (§5), evaluate it on real-world

implementations (§6), discuss threats to validity (§7), compare with other related work (§8), and conclude (§9).

2 Background and Motivation

In this section, we explain why traditional graph coverage may not produce high-quality conformance tests using
JavaScript as an example language. We select JavaScript because its mechanized specifications are actively maintained,
while most mechanized specifications of other languages are outdated. Since all the existing JavaScript mechanized
specifications [15, 23, 36, 40] closely capture the abstract algorithms in ECMA-262 [12], we show how JavaScript
mechanized specifications describe the JavaScript syntax and semantics using ECMA-262. Then, we explain the control-
flow graph (CFG) of abstract algorithms in ECMA-262 and how to use the CFG in coverage-guided fuzzing. Finally,
we demonstrate why a simple node coverage criterion cannot fully discriminate different parts in different language

features or even in the same language feature.

2.1 JavaScript Language Specification (ECMA-262)

This section first explains how ECMA-262 describes the JavaScript syntax and semantics using simple examples. Then,

we define JavaScript language features used in the remainder of the paper.

Syntax. ECMA-262 defines the JavaScript syntax with a variant of the extended Backus—Naur form (EBNF). It consists
of syntactic productions defined with multiple alternatives; each alternative is a sequence of symbols. Unlike the original
EBNEF, its nonterminals are parametric with boolean arguments: ? denotes passing the argument as is, and + and ~
denote passing true and false, respectively. In addition, it supports various extensions, including context-sensitive
symbols and conditional alternatives. For example, consider a simple additive expression: 1 + 2 It computes the addition
of two Number values, 1 and 2. Figure 1 describes its syntax with the production of AdditiveExpression! It requires two
boolean parameters, Yield and Await, and consists of three alternatives. The second (or third) alternative consists of

three symbols: a nonterminal AdditiveExpression, a terminal + (or -), and a nonterminal MultiplicativeExpression.

Lhttps://tc39.es/ecma262/2022/#prod- AdditiveExpression
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Syntax-directed operations (SDOs)

Evaluation of AdditiveExpression : AdditiveExpression + MultiplicativeExpression
1. Return ? 2 EvaluateStringOrNumericBinaryExpression e!(AdditiveExpression, +, MultiplicativeExpression). @3

Evaluation of AdditiveExpression : AdditiveExpression = MultiplicativeExpression
1. Return ? o EvaluateStringOrNumericBinaryExpression e*(AdditiveExpression, -, MultiplicativeExpression). e°

Normal algorithms

EvaluateStringOrNumericBinaryExpression ( lefiOperand, opText, rightOperand )
7
L]

5. Return ? ¢ ApplyStringOrNumericBinaryOperator o8(lval, opText, rval). #1°
ApplyStringOrNumericBinaryOperator ( [val, opText, rval )
11

3. Let [num be ? @13 ToNumeric 12(lval).
4. Let rnum be ? o1 ToNumeric o (rval).
5. If Type(Inum) is different from Type(rnum) 16,

o18

throw a TypeError exception. | 17

ToNumeric ( value)
o19

2. If Type(primValue) is BigInt ¢2°, o1

.22

Built-in methods

Number ( value)

1. If value is present 23, then

a. Let prim be ? 2% ToNumeric o4(value).
26
)

Fig. 2. Semantics of 1) the syntax of + and - operators (top) and 2) the Number built-in APl (bottom) that shares the same normal
algorithms (middle) in ECMA-262 for ES13.

Semantics. ECMA-262 defines the JavaScript semantics using abstract algorithms, and there are three kinds of

abstract algorithms in Figure 2:

(1) Syntax-directed operations (SDOs) (e.g., Evaluation of AdditiveExpression : - -- in Figure 2)
(2) Normal algorithms (e.g., ToNumeric in Figure 2)
(3) Built-in methods (e.g., Number in Figure 2)

A syntax-directed operation (SDO) defines the semantics of each syntactic production alternative. It consists of 1) target
alternative, 2) name, 3) optional parameters, and 4) body. The body is pseudo-code in English, detailing well-structured
steps. For example, the two abstract algorithms in Figure 2 are SDOs for the second and third alternatives of the
AdditiveExpression production about addition (+) and subtraction (-) operators, respectively. Both are named Evaluation
without optional parameters, and their bodies invoke the EvaluateStringOrNumericBinaryExpression ? algorithm.
JavaScript abstract syntax trees (ASTs) are values, with AdditiveExpression and MultiplicativeExpression metavariables
storing ASTs of the left- and right-hand sides. For instance, given 1 + 2, the metavariables hold ASTs for the Number

literals 1 and 2. A completion record represents evaluation results for control flow, while abrupt completions represent

2https://tc39.es/ecmaZ62/2022/#5&:(:— evaluatestringornumericbinaryexpression
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Syntactic Feature (fadd) Built-in APl Feature (fB:Number)

f EvaluateStringOr- ApplyStringOr- ToNumeric : Number :
1

caIII 7\ 1 car | O_> . Ll . ( > o | N\ Ll #t loan
1 7 e . 12 19 24 oo
#t #
ret 3 2 ret m (18) # Ga
| # |

1
1 Evaluation of AdditiveExpression: _ +

ret

WG :

call J m 1
#t #,
ret
6 5
I # I ret I \22/ I ret I 2 #t @ Iret
L
1 Evaluation of AdditiveExpression: _ + _ 4 #t
s mmsms s D : algorithm @ :node @ tbranch  ——> :flow caIIE zcall rety :return
Syntactic Feature (fsub)

Fig. 3. Control-flow graph (CFG) of abstract algorithms in Figure 2.

exceptional flows. The “?” operator checks for abrupt completions, returning them immediately if found, or otherwise
returning the value in the normal completion record. Thus, “?” implicitly branches and captures semantic edge cases.

A normal algorithm is the primary form of an abstract algorithm defined by its 1) name, 2) parameters, and 3) body.
These opaque functions are provided by the JavaScript engine, not implemented in JavaScript. For example, both SDOs
in Figure 2 use the same normal algorithm EvaluateStringOrNumericBinaryExpression and transitively use other
ones, such as ApplyStringOrNumericBinaryOperator® and ToNumeric*. Thus, at least three normal algorithms
are shared in the semantics of the + and- operators.

A built-in method defines the semantics of a JavaScript built-in API. For example, Number.prototype.toString or
Object.getPrototypeOf are representative built-in APIs. They are opaque functions that are not directly implemented
in JavaScript but are provided by the JavaScript engine. For example, the bottom of Figure 2 describes the semantics
of the Number built-in APL Since its primary functionality is to convert a given JavaScript value to its corresponding

Number value, it also uses the normal algorithm ToNumeric as a helper function.

Language Features. In JavaScript, a language feature is 1) a syntactic feature or 2) a built-in API feature. A syntactic
feature is related to a specific JavaScript syntax consisting of an alternative in a syntactic production and its corresponding
SDO. On the other hand, a built-in API feature is related to a built-in API instead of a specific syntax. For example, the +
and - operators are syntactic features (fadq4 and fiup) defined by the second and third alternatives of AdditiveExpression
and their Evaluation SDOs. The Number built-in method describes the semantics of the built-in Number API feature

(fB:Number)~

2.2 Control Flow Graph (CFG) of ECMA-262

To define conformance test suite coverage using graph coverage criteria, a directed graph of the JavaScript mechanized
specification is needed. The most common form is a control-flow graph (CFG), where nodes represent instruction

sequences and edges represent control flows.

Shttps://tc39.es/ecma262/2022/#sec-applystringornumericbinaryoperator
https://tc39.es/ecma262/2022/#sec-tonumeric
Shttps://tc39.es/ecma262/2022/#sec-number-constructor-number-value
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Evaluation of AdditiveExpression + MultiplicativeExpression
EvaluateStringOrNumericBinaryExpression
ApplyStringOrNumericBinaryOperator

ToNumeric ToNumeric
call #f ret ret ret

cal el gal el S Bllo22 - - 20 5590 s g M EA - - PR, ...

Fig. 4. The execution path of the test (JavaScript program) t,44 = 2n + 1 according to the CFG in Figure 3.

For example, Figure 3 depicts a CFG of the abstract algorithms in Figure 2. Thick boxes indicate algorithms, circles
(or diamonds) represent nodes (or branches), and arrows denote edges with optional annotations for branches (#t or
#f) and function calls (call) and returns (ret). The labels inside nodes match the labels annotated in the algorithms in
Figure 2. Let us apply coverage-guided fuzzing [33] with a node coverage criterion in the CFG and assume that a simple
JavaScript program, 1 + 2, exists in the program pool. The program does not cover the red node 21 because it does not
satisfy the condition in the branch 20 because the left- and right-hand sides of 1 + 2 are both Number values rather
than BigInt values. However, if another program, 3n + 4n, is generated during the fuzzing process, it covers the red

node 21 because it satisfies the condition in the branch 20.

2.3 Motivation

Unfortunately, a node coverage criterion for CFGs of mechanized specifications cannot fully discriminate different
parts in different language features or even in the same feature. We explain such cases with examples using the CFG in

Figure 3.

Overlapped TRs in Different Language Features. The semantics of different language features may use the
same abstract algorithms as helper functions. For example, the semantics of + and - operators transitively use Ap-
plyStringOrNumericBinaryOperator. In the algorithm, the red node 17 represents throwing TypeError exception.
If the program pool contains a program 2n + 1, it covers the red node 17 because it has different types of numeric
values, a Bignt 2n and a Number 1, as the left-hand and right-hand sides of the + operator. Similarly, another program
2n - 1 using the - operator covers the node. However, 2n - 1 will not be added to the program pool because the node
17 is already covered by 2n + 1, even though 2n - 1 may reveal a different implementation of the semantics. For a
higher quality of conformance testing, a more fine-grained definition of graph coverage is necessary to discriminate

2n + 1and 2n - 1.

Overlapped TRs in the Same Language Feature. In addition, different parts in the semantics of the same language
feature may use the same algorithm more than once. For example, the semantics of the + operator uses ApplyStringOr-
NumericBinaryOperator, and it invokes ToNumeric twice in the nodes 12 and 14. Now, assume that the current
program pool contains a program 2n + 1 again. Then, the red node 21 is covered by the program 2n + 1 because the
left-hand side is a BigInt 2n. It means that another similar program 1 + 2n would not be added to the program pool
because the test requirement for the node 21 is already covered by 2n + 1. However, 1 + 2n is also a meaningful test

case because it checks the edge case when the right-hand side of the + operator is a BigInt value.
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3 Feature-Sensitive Coverage

This section formulates a general definition of graph coverage for a directed graph and explains representative coverage
criteria as examples. Then, we introduce feature-sensitive (FS) coverage criteria as general extensions of graph coverage
criteria to discriminate semantics between different language features. Finally, we define feature-call-path-sensitive
(FCPS) coverage criteria as variants of FS coverage criteria to distinguish different semantics parts of the same language

feature.

3.1 Notations

First, we define notations for graph coverage criteria. A directed graph G = (N,N,, N, E) consists of:

e N : a set of nodes
e N,,Ny C N : a set of initial and final nodes
o ECNXNX(AW{L}): aset of edges optionally annotated with annotations A

The notation n — n’ denotes an edge from a node n to a node n’ with an annotation a € A. If an edge has an empty
annotation L, we omit the annotation: n — n’. In a given directed graph G, a path p € Pg is a sequence of one or more
nodes, where each pair of adjacent nodes is an edge:

ap am-1 aj
Pe={ng— - ——=n, | ni — nis1 €EAn, € N},

am-1

The length of a path is defined as ||ng &, de nm|| = m. A path p is a subpath (C) of a path p’ when p is
a subsequence of p’. We use the notation < for a prefix relation, and first(p) and last(p) denote the first and last
nodes of the path p, respectively. A path p is a test path when it starts at an initial node and ends at a final node:
first(p) € N, A last(p) € Ny. Then, pathg : T — Pg is a mapping from a test t € T to a test path in G, and we call
pathg(t) the execution path of t.

Example. Consider the CFG G in Figure 3 and the following JS programs as a test set T C T:

T:{--', fadd =2n + 1, tsyp=2n - 1, } (l)

Figure 4 shows the execution path pathg (adq) of the test t,qq, and pathg (¢sub) is equal to this path except for nodes 1, 2,
and 3 in the Evaluation SDO for addition replaced with nodes 4, 5, and 6 in the Evaluation SDO for subtraction. The
following path p is a subpath of both pathg (tadd) and pathg(tsub) and its length is ||p|| = 3:

ret # #t
p=22-515 16 = (17, ()

3.2 Graph Coverage

We formulate graph coverage criteria based on [2]:

cover

Definition 3.1 (Graph Coverage). A graph coverage criterion Cg = (Rg, ~ ) for a given directed graph G is defined
with:

e a set of test requirements (TRs) Rg
e a cover relation “~"'C Pg x Rg between paths and TRs
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In a specific graph coverage criterion Cg, we say that a path p covers a TR r € Rg when p “~ r. A test t € T covers
r if there exists a prefix path p of its execution path that covers it:

cover cover

t ~ r & JpePg. (pIpathg(t) Ap ~ 1) 3)
A test set T C T satisfies a criterion Cg when it covers all feasible TRs:
T+ Cs & VreRg. (risfeasible = 3t € T. t “% r)

where a TR r is feasible if there exists a possible test t € T that covers . If T + Cg = T + Cf; for any test set T, we say

Cg subsumes Cg, and use the notation: Cg > Cy;. The subsumption relation between graph coverage criteria is a preorder.

Definition 3.2 (Node Coverage Cgfde). The node coverage criterion C&°de = (N, “%") for G is defined with:

o the set of TRs Rg is a set of nodes: Rg = N
e a path p covers a node n when it ends with the node n:°

N n = last(p) =n

P

The node coverage criterion is the most common graph coverage criterion whose TRs are nodes, and we can generalize

it into k-limiting path coverage criteria using paths:

Definition 3.3 (k-Limiting Path Coverage). In a k-limiting path coverage criterion Cgpath,

o the set of TRs Rg is a set of paths whose lengths are bounded by k: Rg = {p € Pg | [Ipll < k}
e apath p covers a path p’ when their last nodes are equal and the path p’ is a subpath of p:

cover

~ p = last(p) =last(p’) Ap' T p

Now, the node coverage criterion can be redefined as the 0-limiting path coverage criterion (Cé;'oath = C;‘d"de), and

other graph coverage criteria match with k-limiting path coverages:

.. l-path
e The edge coverage criterion is Cg pa
. . . 2-path
e The edge-pair coverage criterion is C;

o The complete path coverage criterion is CE,: path

Note that k-limiting path coverage criteria utilize the inequality for path lengths ||p|| < k rather than equality ||p|| = k.
Thus, if i < j, the set of TRs in C(gpath is always a subset of that in Cé:path, and Cépath subsumes C(gpath. The branch
coverage criterion is a variant of the edge coverage criterion that treats only out-edges of conditional branches as TRs.
It is possible to merge multiple coverage criteria by defining unions of their TRs and cover relations. For example, a
node-or-branch coverage criterion is a merge of node and branch coverage criteria.

The complete path coverage criterion might have infinite TRs because of recursions and loop structures. To resolve
this problem, [2] have presented a simple path coverage criterion or a prime path coverage criterion. However, even such
advanced structural coverage criteria still need many TRs for the entire control-flow graphs. Hence, they are usually

used for unit testing [29] in practice with intra-procedural control-flow graphs.

®Another way to define node coverage is using a visit relation between paths and any nodes in the paths. However, we use a cover relation between paths
and the last nodes in the paths because it is suitable for further extensions of graph coverage.

Manuscript submitted to ACM



10 Kanguk Lee, Seunghwan Kim, Jihyeok Park, and Sukyoung Ryu

Example. Consider the CFG G in Figure 3 and the test set T in (1). If we measure the 3-limiting path coverage Cé; path
for T, both the node labeled 17 and the path p in (2) are test requirements Rg. First, the prefix path, whose last node
is 17, of pathg(fadd) covers both TRs: the node labeled 17 and p. Thus, the test t,4¢ for addition covers both of them.
Similarly, the test t,p, for subtraction covers both of them for the same reason. Unfortunately, either t,qq or ts,, might

be removed in the program pool because they cover the same TRs, the node labeled 17 and the path p.

3.3 Feature-Sensitive (FS) Coverage

To alleviate the problem introduced in §2.3, we present feature-sensitive (FS) coverage criteria as general extensions of

any graph coverages depending on the following three components:

e a given graph coverage criterion Cg
o a set of language features F

o a feature mapping feat : N — F w {_L}, a partial mapping from nodes to language features

where feat(n) = L means that there is no language feature for the node n. A feature mapping feat can be constructed by
looking up the language features in the semantics, feat(n) = f if the node n is in the language feature f’s semantic
definition. Each semantic node is created under at most one such function, and the feature mapping feat is therefore
single-valued and unambiguous by construction. For example, for the CFG G in Figure 3, we define the feature mapping
feat as in Equation (4).

We first define the call-site stack p |ca1€ N* of a path p as a sequence of nodes constructed by:

€ ifp=n
. , call ,
[+ s last(p)] i p = p o A = [+ 1]
p Ical[= ) ret
[, o] ifp=p —n Ap'|can= 11+, nm]
P’ e if p=yp’ % n, wherea ¢ {call, ret}

In other words, p |can keeps only call-sites not matched with return-sites in the path p; a call-site is a node having a call
I t

edge (2—>) as its out-edge, and a return-site is a node having a return edge (L) as its in-edge. Then, we define the

feature extractor extg : Pg |can— F W { L} as a partial mapping from call-site stacks to the innermost enclosing language

features F:
fif Fi.st feat(n;) = f AVj > i. feat(n;) = L
ext([ny, -+, np]) =
L otherwise

Similarly, extg(p |call) = L means that there is no language feature for the path p.

Definition 3.4 (Feature-Sensitive (FS) Coverage). For a given graph coverage criterion Cg = (Rg, “~"), the feature-

sensitive (FS) coverage criterion Cés = (R, “¥™) is defined with:

o the set of feature-sensitive test requirements (FS-TRs) Rf&S is a set of TRs optionally with language features:
RY =Rg x (Fw {L})

e apath p covers a FS-TR (r, f) when p covers the TR r and f is the innermost enclosing language feature of p:

cover

p o (r.f) = p ~ rAextp(plan) =f
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Example. For the CFG G in Figure 3, assume that the feature mapping is as follows:

fadd if ne {1,273}
oNumber | if 1 € {23, 24,25, 26}
feat(n) = Joituenber (4)
fub if ne{4,5,6}
L otherwise

Consider two tests t,qq and tgyp in the test set T (1), and the following two prefix paths p,44 and psyb, whose last nodes

are labeled 17, of their execution paths:

call call call call ret #f call ret #f #t
Padd: r—1l—>-+ 58— >12—---—13>14—---—15—>16 > 17

call call call call ret #f call ret #f #t
Psub: o —™4—> o8 —> - >12— - > 1305 14— - —15—>16 > 17

First, the call-site stack of p,dd iS padd |call= [- - - , 1, 8] because other call-sites labeled 12 and 14 are removed by matched
return-sites labeled 13 and 15, respectively. Since there is no feature mapping for the call-site labeled 8, the innermost
enclosing feature of padq is extg(padd |call) = feat(1) = foqd- Hence, if we use a FS node coverage criterion C(;S[mde],
the path p,dq covers a FS-TR (17, fadd), and the test t,qq for addition covers it as well. In a similar way, the innermost
enclosing language feature of psup is extp(psub |call) = feat(4) = foub. It means that ts, covers a new FS-TR (17, foup)
instead of (17, faqd) and remains in the program pool.

In addition, we extend extg to apply the k-limiting approach to FS coverage criteria. The extended feature extractor

extg : PG |cal— F=F collects feature stacks with at most k enclosing language features:

€ if k=0vm=0
exti([ms, . n]) = extE [y i)+ £ feat(n) = f
eXt{E([nla ce Nye1]) otherwise

cover

Definition 3.5 (k-Limiting Feature-Sensitive (k-FS) Coverage). For a given Cg = (Rg, ~ ), the k-limiting feature-
sensitive (k-FS) coverage criterion CE’FS = (R'{}f FS ¥ is defined:

o the set of k-feature-sensitive test requirements (k-FS-TRs) Rg FS is a set of TRs with at most k features:
RE™ =Rg x F<*

e apath p covers a k-FS-TR (r, J_‘) when p covers the TR r and f is the k-most enclosing language features of p:

cover

» cover (r,]_c) = p rA ext{;(p|call) :j_r

Example. Consider a JavaScript program [] - (2n+1) as a test t with the graph in Figure 3. It throws a TypeError
exception in the node labeled 17 during the execution of its sub-expression 2n + 1. Let p be a prefix path, whose last
node is labeled 17, of the execution path of t. Then, ext]% (p) = [fsubs fadd] because the innermost enclosing feature is fqd,
and the next enclosing one is fsyp for the path p. If we use 2-FS node coverage criterion CéFS[nOde], the set of 2-FS-TRs
is R(ZE;FS = (N,F=?), and the test t covers a 2-FS-TR (17, [ fsubs fadd])-

The k-FS coverage criteria divide TRs using each combination of different language features. In particular, the k-FS
coverage criteria with k > 2 are helpful to cover edge cases in JavaScript engines and transpilers because they are

heavily optimized and handle even the same language features differently depending on which language features are
Manuscript submitted to ACM
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used together. For example, a destructuring pattern’ helps developers easily declare variables with the values stored in
the properties of an object or an array. However, JavaScript engines and transpilers often have a different execution
path to handle the pattern when it is declared in a for-in/of statement. Actually, the GraalJS engine and the Babel
transpiler contain conformance bugs® and crashing bugs’, respectively, that are reproducible only with a combination

of a destructuring pattern and a for-in/of statement.

3.4 Feature-Call-Path-Sensitive (FCPS) Coverage

As explained in §2.3, a more fine-grained set of test requirements is necessary to distinguish different parts of the
semantics in the same language feature. Thus, we define feature-call-path-sensitive (FCPS) coverage criteria as variants
of FS coverage criteria. The core idea is to distinguish TRs using paths from the innermost enclosing language features.
However, if we keep paths as they are, the number of TRs exponentially increases because of the path explosion caused
by sequential branches. Hence, we abstract a path p to a corresponding feature-call-path fo, € Fep = F X Pg |cail, which
consists of the innermost enclosing feature and a subsequence of the call-site stack p |ca from the feature. We define

the feature-call-path extractor extz,, : Pg |cai— (Fep W {L}):

L if m=0
(fs [nm]) if feat(ny,) = f
extzy (Do) =1 £, i =

ol m]) 3 fop = (f. [+ om0 1) AT ) =
(.7 ) if fop = (/,70)

where fo, = extp,, ([n1,- -+, nm-1]). The algorithm starts with L, denoting no feature-call-path for p, because no

enclosing feature exists in the beginning (m = 0). It then recursively keeps the call-sites in a given call-site stack
P |call- However, it refreshes the result when there exists a mapping from the current call-site to a language feature
(feat(n,,) = f). It also removes cycles to prevent a possibly infinite length of feature-call-path and removes duplicated
cases (3i. s.t. n] = np). In our evaluation environment, this cycle removal reduced the number of FCPS TRs by

approximately 6%.

cover:

Definition 3.6 (Feature-Call-Path-Sensitive (FCPS) Coverage). For a given Cg = (Rg,

sensitive (FCPS) coverage criterion C(gcps = (RECPS, ") is defined:

), the feature-call-path-

o the set of feature-call-path-sensitive test requirements (FCPS-TRs) Récps is a set of TRs with optional
feature-call-paths:
RE® =Ro X (Fop W (1))
e apath p covers a FCPS-TR (r, f;,) when p covers the TR r and f, is the feature-call-path extracted from p:

cover

» cover (r,fcp) = p X rA ext]Fcp (P|ca||) =fCP

Example. We show two examples for FCPS node coverage criteria. First, consider the two JS programs, tp = 2n + 1
and t; =1 + 2n, as tests with the CFG in Figure 3. If we use FS node coverage criterion Cgsl nOdeI, both tests ty and t;

cover the same FS-TR (21, f,q4), and one of them might be removed in the program pool. However, if we use FCPS

"https://tc39.es/ecma262/2022/#sec- destructuring-assignment
8https://github.com/oracle/graaljs/issues/656
“https://github.com/babel/babel/issues/15100
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ResolveBinding GetldentifierReference
call [— — —
—_— —> . .o

Syntactic Feature J J
------------- ; call , call

Fig. 5. CFG of abstract algorithms for IdentifierReference.

&«

Evaluation of
IdentifierReference : Identifier

node coverage criterion Cgcps[mde], to and t; cover different FCPS-TRs (21, (fadd, [1.8,12])) and (21, (fadd, [1, 8, 14])),
respectively. The other example is about the cycles in the call-site stacks with the graph in Figure 5. It depicts an
excerpt from the CFG of abstract algorithms in ECMA-262 for ES13 transitively used in fiq, a syntactic feature defined
by the first alternative of IdentifierReference and its Evaluation SDO. Assume that we do not remove cycles in the
feature-call-paths F, during the extraction algorithm extg,,. Then, since the algorithm GetldentifierReference
contains a self-recursion, there exists an infinite number of possible feature-call-paths from fig4 to the node labeled 29:
(fids [27,28]), (fid, [27,28,30]), (fid» [27,28,30,30]), and so on. Thus, we remove cycles in feature-call-paths to resolve
this issue, and there exists only two possible feature-call-paths: (fig, [27, 28]) and (fi4, [27, 28,30]).

Similar to the extension of FS coverage criteria to k-FS coverage criteria, we define k-FCPS coverage criteria by

extending extr,, into exté : PG |call— Ffpk:
cp

(€, €) ifk=0vm=0
(f filnm])  iffeat(nm) = f Aextt ([nn, e onma]) = (£, )
ethcp([nls"’ JNMm]) = ij if]Tp= (¢, €)

(Folng- D) if fop = (Fulngy--- nl, ) A 3 st nf = ny
(f.7 ) if fop = (f7)

where Ffpk = F=K X Pg |call is a set of extended feature-call-paths, and ]Tp = eXtJ’;cp([nl’ s o))

cover

Definition 3.7 (k-Limiting Feature-Call-Path-Sensitive (k-FCPS) Coverage). For a given Cg = (Rg, ~ ), the k-limiting

feature-call-path-sensitive (k-FCPS) coverage criterion CgFCPS = (Rg FCPS SN is defined with

o the set of k-feature-call-path-sensitive test requirements (k-FCPS-TRs) Rg FCPS is a set of TRs with the
extended feature-call-paths bounded by k:

k-FCPS <k
REFCPS = Rg x FZ!

e apath p covers a k-FCPS-TR (r, f(‘;_p) when p covers the TR r and ]Tp is the extended feature-call-path extracted
from p bounded by k:
p cover (r,ﬁp) = p RN eXt]];Cp (p |ca||) = ﬁp
We prove Theorem 3.9 for the subsumption relations between k-FS and k-FCPS coverage criteria. Figure 6 illustrates

the relations using edges annotated with equations in Theorem 3.9.
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FCPS _ ~1-FCPS . >-FCPS
cFCPs _ ¢ c?
- ¢ ®) B)

© ©

FS 1-FS 2-FS
Cu’: = Cg G
° ¢ (A) (A)

Fig. 6. Subsumption relations between k-FS/FCPS coverage.

, cover’

Lemma 3.8. Cg = (Rg, “X™) and Ci = (R, ~" ) are given graph coverage criteria. Then, Cg subsumes Cf; (i.e., Cg>Cg)

if there exists a feasible TRr € Rg that satisfies the following condition for each feasible TRr" € R(;:

cover

VteT. t ‘X r =t % . (5)

Proor. Assume T + Cg. For a given feasible TR r’ € R’ let r € Rg be the feasible TR satisfying (5). Then, there

cover cover r,

exists a test t € T such that t "~ r because r is feasible and T + Cg. Finally, ¢ O

Theorem 3.9 (Subsumption Relation). For a given integer k > 0, the following three subsumption relations (> ) satisfy:

(A) C@-Fs > C(ékfl)-FS (B) CE-FCPS > Cgcfl)-FCPS (©) CE-FCPS > Cé—rs

Proor. We prove (A) using Lemma 3.8, and omit the other cases because their proofs are similar. Let k > 0. For
a given feasible (k — 1)-FS-TR (r, T), there exists a test t € T such that t “~" (r, J_”) because (r, ]_”) is feasible. There
exists a prefix path p of pathg(t) such that p “~" (r, 7) (. (3)). Then, a k-FS-TR (r, ext]];(p |cann)) satisfies the condition
(5) because of the inductive definition of ext]]; in (3.3). Finally, k-FS coverage criteria subsume (k — 1)-FS coverage

criteria. o

4 Selective Feature-Sensitive Coverage

While k-FS and k-FCPS coverage criteria can improve the quality of conformance testing, a high k value leads to an
exponential growth in test requirements and generates an infeasible number of test cases. We observe that not all
feature stacks are equally significant for a given language implementation. For example, Babel does not transpile let
declarations if the target environment supports ES6+ features, and we do not need to test the transpilation of let
declarations in this case. It means that we can reduce the number of test requirements and test cases while preserving
the effectiveness of the coverage criteria by focusing on the key feature stacks. To achieve this, we introduce selective

variants of the feature-sensitive coverage criteria.

4.1 Selective Feature-Sensitive (sFS) Coverage

We first introduce k-selective feature-sensitive (k-sFS) coverage criteria, defined with a given set of key feature stacks
F C F* that is specified externally (e.g., by users) for a target language implementation. Note that # should have
at least the empty feature stack (¢ € ¥) to represent feature-insensitive test requirements. The feature trimmer
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trim’; : F=k — 7=k i5 a function that recursively trims outermost features to key feature stacks:

€ if k=0vm=0
triml,;_-([ﬁ,"',fm]): [fioe s fml if [fi,- o, fml efék

trim];,( [f.---,fm]) otherwise

Note that F=¥ is the set of key feature stacks with a bounded length of k:
?'Sk={f‘]_‘e7-'/\‘]7‘sk}.
We define k-sFS coverage using the feature trimmer trim’;.
Definition 4.1 (k-Selective Feature-Sensitive (k-sFS) Coverage). For a given Cg = (Ra, “~ ), the k-selective feature-
sensitive (k-sFS) coverage criterion Cg'SFS = (Rg sFS ¥ is defined with:
o the set of k-selective-feature-sensitive test requirements (k-sFS-TRs) R{é’ sFS is a set of TRs with the key
feature stacks bounded by k:
RESFS =Rg X 7:Sk
e apath p covers a k-sFS-TR (r, ]_”) when p covers the TR r and 7 is the trimmed feature stack extracted from p
bounded by k:

cover

P cover (r,]_”) = p r A trim];_-o eXtTIE(P|caII) =]_C

k

Similarly, we define k-selective feature-call-path-sensitive (k-sFCPS) coverage criteria using the feature trimmer trim.

cover

Definition 4.2 (k-Selective-Feature-Call-Path-Sensitive (k-sFCPS) Coverage). For a given Cg = (Rg, ~ ), the k-
selective feature-call-path-sensitive (k-sFCPS) coverage criterion Cg'SFCPS = (Rg SFCPS X1 is defined with:

o the set of k-selective-feature-call-path-sensitive test requirements (k-sFCPS-TRs) Ré’ SFCPS is a set of TRs
with the key extended feature-call-paths bounded by k:

k-sFCPS _ <k
RG =Rg X 7:CP

where ﬁgk = Ték X Pg |ca|l
e apath p covers a k-sFCPS-TR (r, ]Tp) when p covers the TR r and ]?p is the trimmed feature-call-path extracted
from p bounded by k:

cover

P fp) = p X A exth (plan) = (i) A (triml(H).7) = fop
Example. Consider the following JavaScript programs as tests with the graph in Figure 3:
=01+ @ +1) L=00-(@ +1) t3=[1+(@2n -1 fy=01- (@ -1
and the prefix paths p; of t;, whose last nodes are all 17. Then, their enclosing feature stacks with a bound of 2 are:

ext2(p1) = [fadds fadd] ext(p2) = [ foubs fadd] exth(p3) = [ fadds foub] ext?(pa) = [ foubs fub]

Now, suppose we use 2-sFS coverage with the following set of key feature stacks to focus on 1) addition enclosed by
subtraction ([ fsub, fadd] and 2) subtraction ([ feup]):

F = {[foubs fadd]. [foun} -
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2
7

trim’-( [ fadds fadd]) = € trim’([foubs fadd]) = [foubs fada]  trim’-([fadas frub]) = [feub]  trim%([foubs foub]) = [foub]
and the tests cover the following 2-sFS-TRs:
70 AL fus fd) A fw])  t T (A7 [fuw])

Theorem 4.3 (Subsumption Relation). For a given integer k > 0 and a set of key feature stacks F =¥, the following five

Then, the enclosing features are trimmed via trim?- as follows:

1

subsumption relations (> ) satisfy:

. k—1)-sFS . k—1)-sFCPS N .
(A) C(IésFS > Cé;, 1)-s (B) CESFCPS > Cé; 1)-s ©) C(/(c3 FS Césfs
(D) Ck-FCPS > Ck-sFCPS (E) Ck-sFCPS > Ck-sFS

G G G G

ProoF. These cases follow similarly from Theorem 3.9. O

4.2 Statistical Key Feature Stack Selection for Transpilers

As an example of key feature stack selection, we introduce a method to select key feature stacks for JS-to-]JS transpilers
using statistical information from the test generation process. JavaScript transpilers are only activated when certain
features are present in the input program, and such features differ across transpilers. This observation motivates the
key idea to 1) keep track of the triggering-feature set F C [F during the test generation process and 2) determine the key
feature stacks & C F* based on the triggering-features.

Collecting Triggering-Feature Set F. Let T C T be a finite set of generated tests, and Ty C T be a subset of tests
whose execution paths contain at least one node n corresponding to a feature f € F (i.e., feat(n) = f). Then, the set T¢

is further divided into two parts:
Tf+ = {t €Ty | t triggers the transpilation} T, = {t €Ty | t does not trigger the transpilation}

If nearly all tests in Ty belong to Tf+, then any test having f is likely to trigger the transpilation. Based on this intuition,
we define the triggering-score /(f) of each feature f € F:

Definition 4.4 (Triggering-Score ). The triggering-score y(f) € [0, 1] for a feature f € F is defined as the proportion
of tests in Ty that trigger the transpilation process:
It
y(f) = T

We use this triggering-score to collect triggering-feature set F with a predefined 1) upper threshold 8, and 2) lower
threshold 6;. If ¢/(f) exceeds the 0,,, then f is added to F. If /(f) falls below the 6;, then f is removed from F. Since the
set of generated tests T is continuously updated throughout the test generation, the target feature set F is also updated
dynamically. This process ensures that F remains relevant to the transpilation process as the test generation progresses.
Threshold values can be configured based on the specific needs of the transpiler implementation. In our evaluation, we
use 0, = 0.999 to only keep features that almost always (i.e., 99.9% of the time) trigger the transpilation process. We use
0; = 0.995 slightly lower than 6,, to mitigate possible fluctuations in the triggering-feature set while the gathered data
set is still small.

The values of 0, and 0; are selected based on an empirical comparison of three settings: (1) 8, = 0.99 and 6; = 0.95,

(2) 6, = 0.999 and 0; = 0.995, and (3) 8, = 0; = 1. More relaxed thresholds will increase the number of selected features,
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leading to more test requirements and test cases. Importantly, relaxing the thresholds does not reduce bug detection
capability, as previously selected features remain included; instead, it monotonically increases test requirements and test
cases. In contrast, setting the thresholds to the strict extreme 6, = 6; = 1 removes features whose triggering behavior
has any exceptional edge cases, which can exclude valuable test requirements and lead to a noticeable reduction in
detected bugs. Therefore, this empirical comparison helps us find the least relaxed threshold that balances test size
reduction and bug detection. We do not explore adaptive thresholds that dynamically adjust based on feature discovery
or test generation progress. While such schemes may further improve the balance between test size and bug detection,
they would require additional implementation-specific information to assess whether the current triggering feature set
is overly large or overly restricted. Therefore, we leave the exploration of such online feedback mechanisms for future
work.

On average, setting (1) results in 46,270 tests and detects 17.0 bugs, Setting (2) results in 37,432 tests and detects 16.3
bugs, offering a reasonable balance between test size reduction and bug detection. Setting (3) results in smaller test
size of 30,118 but detects only 13.7 bugs on average, a significant drop compared to the first two settings. Among the
three transpilers (Babel, SWC, and Terser), Terser shows more significant drop in bug detection than the others when
using setting (3). This implies that Terser has more exceptional edge-cases where a feature does not always trigger the
transpilation, and using stricter thresholds harms its bug detection capability. Based on these results, we concluded that

setting (2) is the most effective and selected it for the evaluation.

Example. Consider a language feature f,44. Suppose we have generated 10, 000 tests, among which 2,000 tests
contain the feature f,qq; i.e., |T| = 10,000 and |Tfadd| = 2,000. Out of the 2,000 tests, suppose 1,999 tests trigger the
T

"
JSadd

transpilation; i.e., ‘ =1,999 and |Tf_dd| = 1. Then, the triggering-score of the feature f,4q is:

1,999
=2 =0.9995 > 6, = 0.999
Y Uadd) = 3 500 “
Since the triggering-score exceeds the upper threshold 0, we add the feature f,4q to the triggering-feature set F:

F =FU{fad}

After generating more tests, suppose the updated triggering-score of the feature f,44 becomes:
3,900
=—"— =0.975 < 6; =0.995
¥(faaa) = 00 |
Since the triggering-score falls below the lower threshold 8;, we remove the feature f,4q from the triggering-feature set
F:
F=F\{faad}

Identifying Key Feature Stacks 7. Given the triggering-feature set F, we identify key feature stacks ¥ by con-
sidering the enclosing feature stacks whose outermost feature belongs to F. We observe that a transpiler triggers
transpilation process when a specific feature is present, but it follows a different transpilation pass depending on how
the internal components of that feature are structured. For example, static blocks of classes is a triggering-feature in
Babel whose target version is ES6. However, Babel applies different transpilation passes depending on the internal

components of the static block. A transpiler bug is only triggered when the internal components are lexical variable
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Fig. 7. Overall structure of JEST¢g with a (selective) k-FS/FCPS coverage criterion.

declarations.'® Thus, we define the set of key feature stacks ¥ as follows:

(}‘:{J_‘GIF* ]_C=[fl""’fm]/\f1€F}

Example. Consider the triggering-feature set as:

F= {f;ub}

indicating that the transpiler is triggered by the subtraction operation. Following our definition, the key feature stacks

are:
F = {[fsubl, [fsubs fadd]s [foubs foubls [foubs fadds faad], - - -}

As a result, test requirements where the outermost enclosing feature is f;,}, are all treated distinctly. If we use the 2-sFS
coverage with 7, the TRs are divided into different 2-sFS-TRs with the following key feature stacks with a bound of 2:

7_~£2 = {[f;ub]s [f;ub’f;ldd]’ [f;ub’f;ub]}

This outcome aligns with our initial intuition that all inner features enclosed by the triggering-feature f;,, should be

treated distinctly, as the transpiler behavior may vary depending on the internal components of the triggering-feature.

5 Implementation

This section introduces JEST¢, our JavaScript conformance test synthesizer supporting (selective) k-FS and k-FCPS
coverage criteria, and explains how it can detect conformance bugs in JavaScript implementations. Figure 7 illustrates
its overall structure. JEST¢g takes 1) a mechanized specification extracted by ESMeta [1] and 2) a coverage criterion Cg
and performs coverage-guided fuzzing using the CFG of the mechanized specification. To support k-(s)FS and k-(s)FCPS
coverage criteria, JEST¢s extends four modules from JEST [39] and adds an optional module called the Feature Stack
Extractor for selective k-FS/FCPS coverage criteria with a given transpiler.

1Ohttps://github.com/babel/babel/issues/15099
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Seed Synthesizer: As the first step, it automatically synthesizes a set of JavaScript programs as the initial
program pool. It uses the JavaScript syntax described in the language specification to cover diverse alternatives
in syntactic productions. JEST¢ uses two existing synthesizers: 1) a non-recursive synthesizer and 2) a built-in

synthesizer.

Target Selector: To measure the coverage in the CFG, it extracts the execution path of each program in the
pool by interpreting it using the abstract algorithms in the specification. While the baseline tool supports only a
node-or-branch coverage criterion, we extend it to support k-FS and k-FCPS node-or-branch coverage criteria as
well. If a program does not cover new TRs, it removes the program from the pool. Then, it selects a program
in the pool as a mutation target that potentially increases the coverage or stops the iteration when the current

status satisfies the termination condition.

Program Mutator: To increase the coverage in the CFG, it repeatedly tries to mutate a JavaScript program to a
new one using mutation methods. JEST¢ uses five mutation methods: 1) random mutation, 2) nearest syntax tree

mutation, 3) string substitution, 4) object substitution, and 5) statement insertion.

Assertion Injector: After the mutation iteration, it automatically injects seven kinds of assertions from each
program in the pool. The assertions represent the expected final state of each program according to the semantics
described in the specification. As a result, each pair of a program and the corresponding extracted assertions is a

conformance test for JavaScript.

Feature Stack Extractor: It is an optional module for selective k-FS/FCPS coverage criteria with a given
transpiler. During the mutation iteration, it checks whether a mutated program triggers transpilation and updates
key feature stacks ¥ by keeping track of the triggering-feature set F. As explained in §4, we use 6, = 0.999 and
0; = 0.995 as the upper and lower thresholds for the selective k-FS/FCPS coverage criteria, respectively.

A synthesized conformance test consists of a JavaScript program and corresponding assertions. To check a JavaScript
engine’s conformance, it is enough to run the program in the test and assertions together using the target engine. If at
least one assertion fails, the target engine has a conformance bug related to the test. To check a JavaScript transpiler’s
conformance, we should transpile the program in the test using the target transpiler. If the transpiler abnormally
terminates, it has a conformance bug because programs in conformance tests are valid. Otherwise, we should run the
transpiled program and assertions together using a trusted engine. If at least one assertion fails, the target transpiler

has a conformance bug related to the test.

6 Evaluation

This section evaluates feature-sensitive coverage criteria with the following research questions:

¢ RQ1 (Conformance Bug Detection): How many conformance bugs in JavaScript implementations are detected
by synthesized conformance tests? (§6.1)

o RQ2 (Effectiveness of k-FS Coverage): Are higher k-FS coverage criteria more effective than lower k-FS
coverage criteria in detecting conformance bugs? (§6.2)

e RQ3 (Effectiveness of k-FCPS Coverage): Are k-FCPS coverage criteria more effective than k-FS coverage
criteria in detecting conformance bugs? (§6.3)

¢ RQ4 (Comparison with Test262): Can synthesized conformance tests complement Test262, the official

JavaScript conformance suite maintained manually? (§6.4)
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Table 1. Detected conformance bugs in JavaScript engines and transpilers

Kind Name Version Release # Detected Unique Bugs
#New | # Confirmed | # Reported
A% v10.8.121 | 2022.10.06 3 3 4
JsC v615.1.10 | 2022.10.26 26 26 26
Engine GraalJS v22.2.0 2022.07.26 11 11 11
SpiderMonkey | v107.0b4 2022.10.24 2 4 4
Total 42 44 45
Babel v7.19.1 2022.09.15 37 37 39
SwcC v1.3.10 2022.10.21 37 37 47
Transpiler | Terser v5.15.1 2022.10.05 19 19 19
Obfuscator v4.0.0 2022.02.15 1 2 7
Total 94 95 112
Total 136 139 157

¢ ROQ5 (Effectiveness of Selective Coverage): Do selective coverage criteria effectively reduce the number of
synthesized conformance tests while maintaining the effectiveness of conformance bug detection? (§6.5)
¢ RQ6 (Memory and Runtime Overheads): What is the memory and runtime overhead of using feature-sensitive

coverage criteria? (§6.6)

We apply JESTy, to the JavaScript language specification for ES13 [12], which synthesized 237,981 conformance tests
in 50 hours with five graph coverage criteria: 1) 0-FS, 2) 1-FS, 3) 2-FS, 4) 1-FCPS, and 5) 2-FCPS node-or-branch coverage.
We performed our experiments with five Ubuntu machines with a 4.0GHz Intel(R) Core(TM) i7-6700k and 32GB of
RAM (Samsung DDR4 2133MHz 8GB™4).

Using the synthesized JavaScript conformance tests, we check the conformance of eight mainstream implementations
listed in Table 1. We select them as evaluation targets because they support all the language features in ES13. V8, JSC,
and SpiderMonkey are JavaScript engines used in web browsers, Google Chrome, Apple Safari, and Mozilla Firefox,
respectively, and Graal]S is a JavaScript engine by Oracle. Babel and SWC are transpilers that desugar new language
features into old ones, usually ES5.1 features, for legacy host environments. Terser is a code compressor that reduces
code size, and Obfuscator obfuscates code to make it hard to understand and reverse-engineering. For the transpiler
conformance check, we use V8 as the default engine to execute transpiled code with assertions. If a test fails on V8, we
use another engine that passes the test; if a test fails on all engines, we do not use the test.

To summarize the evaluation results: the synthesized conformance tests detected 157 conformance bugs across major
JavaScript engines and transpilers, including 139 that were officially confirmed by developers. Increasing the feature-
sensitivity level of coverage (k-FS) led to progressively better bug detection, with 55, 83, and 102 bugs detected using 0-FS,
1-FS, and 2-FS, respectively. The feature-call-path-sensitive (FCPS) variant further improved effectiveness, detecting 87
and 111 bugs using 1-FCPS and 2-FCPS coverage, respectively. The synthesized tests also achieved significantly higher
specification coverage than the official Test262 suite, covering many specification behaviors that Test262 misses. Finally,
the selective coverage strategy reduced the number of generated tests by more than 70% while preserving 92.5% of
bug-finding effectiveness, demonstrating its practical utility.
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Table 2. Comparison of synthesized conformance tests guided by five graph coverage criteria

L # Covered k-F(CP)S-TR (k)
Coverage Criteria Cg # Syn. Test | # Bug
# Node | #Branch | # Total

0-FS node-or-branch (0-fs) 10.0 5.6 15.6 2,111 55
1-FS node-or-branch (1-fs) 79.3 45.7 125.0 6,766 83
2-FS node-or-branch (2-fs) 1,199.8 696.3 1,896.1 97,423 102
1-FCPS node-or-branch (1-fcps) 179.7 97.6 2773 9,092 87
2-FCPS node-or-branch (2-fcps) 2,323.1 1,297.6 3,620.7 122,589 111

6.1 Conformance Bug Detection

Table 1 summarizes the conformance bugs detected by JEST¢ in all the evaluation targets. We manually inspected the
failed conformance test cases, found 157 unique conformance bugs (45 in engines and 112 in transpilers), and reported
them to the corresponding developers. As a result, 139 out of 157 bugs were officially confirmed, and 136 were newly
discovered. The other 18 reported bugs are still under review, or developers have not yet responded. We present two

real-world bug examples.

Example 1. JavaScript engines must follow the execution order of language features described in the language
specification. However, we found a bug!! related to the execution order of the delete operation that causes the execution
of originally unreachable code in Graal]S. For example, while the following should return false, it throws an exception

with "ERR" by executing unreachable code inside the arrow function in Graal]S:

false && delete (() => { throw "ERR"; 3})(); // Expected: false

In addition, we detected another bug!? related to the execution order of property reads in all target engines. ECMA-262

may consider changing the semantics according to the one used in most implementations.

Example 2. One of the complex language features in JavaScript is asynchronous functions and generators introduced
in ES6 (2015). We detected a bug'® in SpiderMonkey that breaks the logic of asynchronous function calls. For example,
the following code must return a rejected Promise object because a non-iterable value undefined is assigned to an array

destructuring pattern [] in the async arrow function:
(async function ([]) {})(); // Expected: A rejected Promise object
However, it unexpectedly terminates with a TypeError exception in SpiderMonkey. A developer of SpiderMonkey said:

“The async-function spec was changed at some point [...] this is also not covered by test262”

6.2 Effectiveness of k-FS Coverage

Table 2 shows the result of conformance test synthesis via JEST¢g with five graph coverage criteria. Note that 0-FS
node-or-branch coverage criterion is the same with the node-or-branch coverage criterion. To evaluate the effectiveness
of k-FS coverage criteria, we compare the synthesized conformance tests guided by different k-FS node-or-branch
coverage criteria (0-fs, 1-fs, and 2-fs in Table 2). The second to the fourth columns denote the numbers of covered k-FS-
Uhttps://github.com/oracle/graaljs/issues/671

2https://github.com/tc39/ecma262/issues/2659
Bhttps://bugzilla.mozilla.org/show_bug.cgi?id=1799288
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or k-FCPS-TRs for nodes (# Node), branches (# Branch), and both (# Total), respectively. The fifth and the sixth columns
denote the numbers of synthesized conformance tests (# Syn. Test) and detected unique bugs (# Bug), respectively.
The results show that higher k-FS coverage criteria are more effective than lower k-FS. On average, 8.03 (125.0K /
15.6K) 1-FS-TRs exist per each 0-FS-TR, and 15.17 (1,896.1K / 125.0K) 2-FS-TRs exist per each 1-FS-TR. It means that
each node or branch is used in 8.03 different language features, and each language feature could be used in 15.17 other
language features on average. For more detailed information, we draw a histogram of the number of covered 1-FS-TRs
(or 2-FS-TRs) per each covered 0-FS-TR (or 1-FS-TR) in Figures 8 (a) and (b). The largest number of covered 1-FS-TRs
per each covered 0-FS-TR is 303 for a node in the [[GetOwnProperty]] algorithm. In other words, this algorithm
is used in 303 different language features, because the semantics of many syntactic or built-in API features use this
algorithm to access object properties. The largest number of covered 2-FS-TRs per each covered 1-FS-TR is 116 for a
node whose innermost enclosing feature is the syntactic feature fiq for identifier references explained in §3.4. In other
words, the syntactic feature fiq is used in 116 different language features, because identifier references can be used
in diverse syntactic features, such as function names, destructuring patterns, and property definitions. The number
of synthesized tests increased 3.21x (6,766 / 2,111) from 0-FS to 1-FS coverage criteria and 14.4x (97,423 / 6,766) from
1-FS to 2-FS coverage criteria. In addition, the number of detected unique bugs also increased when using higher k-FS
node-or-branch coverage criteria. The baseline with 0-FS coverage criterion detects 55 conformance bugs in engines and
transpilers. The conformance tests synthesized with 1-FS coverage criterion detect 28 (83 - 55) more conformance bugs,
and tests synthesized with 2-FS coverage criterion detect 19 (102 - 83) more bugs. Now, we present two bug examples

that show the effectiveness of k-FS coverage criteria.

Example 3. JavaScript provides diverse for-loops as syntactic features defined with the ForStatement production.
Among them, a for-loop with a let-binding is its third alternative. While it normally has one or more name bindings,
we can pass an empty list of name bindings using an empty object destructuring pattern{}. However, Babel crashes

when transpiling a for-loop with empty name bindings for let:!*
for (let {} = @; ©; ) ; // Expected: Normally terminates

Because the CreatePerlIterationEnvironment algorithm that checks the empty name bindings is used for other
language features, the tests synthesized with a 0-FS coverage criterion failed to detect this conformance bug. On
the other hand, feature-sensitive coverage criteria can discriminate the usage of the empty name binding checking
semantics in different language features. Thus, we successfully detected this conformance bug with 1-FS, 2-FS, 1-FCPS,

and 2-FCPS coverage criteria.

Example 4. JavaScript provides computed properties to allow defining property names using any expressions. For
example, let’s define an object using a computed property: let x = { ["a"+"b"]1() { return 42 } }.Then, x is an object
having a property ab that stores a function as a method of the object: x.ab() === 42. In addition, it also assigns the name
property of the function as the property name: x.ab.name === "ab". However, JSC does not follow this semantics when
the computed property is used for an async method inside classes. For example, the following program checks whether

the name property of the async method in the class C is "f":1
class C { async ["f"] () {} } // Expected: C.prototype.f.name === "f"

Yhttps://github.com/babel/babel/issues/15100
Shttps://bugs.webkit.org/show_bug.cgi?id=247725
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However, the name property is "async" instead of "f" in the JSC engine. Since it is a combination of a class, an async
method, and a computed property, 0 or 1-FS coverage criteria may not keep it in the final program pool. On the other
hand, 2-FS coverage criterion can discriminate it with other tests. If a conformance test covers 2-FS-TR consisting of
two syntactic features AsyncMethod production with PropMethod SDO and ComputedPropertyName production with
PropMethod SDO, it can find this conformance bug. Our experiment successfully detected this conformance bug with

tests synthesized with 2-FS and 2-FCPS coverage criteria.

6.3 Effectiveness of k-FCPS Coverage

We evaluate the effectiveness of k-FCPS coverage criteria compared to k-FS coverage criteria. According to Table 2,
the number of covered 1-FCPS- and 2-FCPS-TRs are 277.3K and 3,620.7K, respectively. Thus, 2.22 (277.3K / 125.0K)
1-FCPS-TRs exist per each 1-FS-TR, and 1.91 (3,620.7K / 1,896.1K) 2-FCPS-TRs exist per each 2-FS-TR on average. It means
that 2.22 and 1.91 feature-call-paths exist from the innermost language features to nodes or branches in each 1-FS-TR
and 2-FS-TR, respectively. We also draw a histogram of the number of covered 1-FCPS-TRs (or 2-FCPS-TRs) per each
covered 1-FS-TR (or 2-FS-TR) in Figures 8 (c) and (d). The largest number of covered 1-FCPS-TRs per 1-FS-TR is 70 for a
node in the Array.prototype. splice built-in method. It is a powerful built-in API feature that changes the contents of
an array having quite complex semantics. Thus, the number of possible feature-call-paths in this feature is much larger
than the others. The largest number of 2-FCPS-TRs per 2-FS-TR is 53 for a node whose innermost enclosing feature is a
syntactic feature for yield expressions because it touches various helper functions for asynchronous behaviors. Because
of the increased number of TRs, the number of synthesized tests also increased 1.34x (9,092 / 6,766) from 1-FS to 1-FCPS
coverage criteria and 1.26x (122,589 / 97,423) from 2-FS to 2-FCPS coverage criteria. In addition, the number of detected
unique bugs also increased when using k-FCPS coverage criteria than k-FS coverage criteria. The conformance tests
synthesized with 1-FCPS and 2-FCPS coverage criteria detected 4 (87 - 83) and 9 (111 - 102) more conformance bugs
than 1-FS and 2-FS coverage criteria, respectively. We introduce a conformance bug that shows the effectiveness of

k-FCPS coverage criteria compared to the k-FS coverage criteria.

Example 5. The String.prototype.normalize built-in API normalizes a given string into the normalization form
named by a given argument. For example, "abc".normalize("NFC") produces the NFC normalization form of "abc". If
an invalid name (e.g., "") is given as the argument, it should throw a RangeError exception. However, the following

program normally terminates in Graal]S:

String.prototype.normalize.call(@®, ""); // Expected: RangeError

k-FS coverage criteria even with a high k value cannot detect this bug, while 1-FCPS and 2-FCPS coverage criteria can.
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Fig. 9. Covered k-FS-TRs and k-FCPS-TRs for synthesized tests via JEST¢g and Test262

6.4 Comparison with Test262

We compare the coverage of synthesized conformance tests with that of Test262, the official conformance test suite. As
described in §5, the baseline tool JEST relies on the mechanized specification extracted by ESMeta. Thus, we filter out
tests in Test262 that utilize language features not supported in the mechanized specification. We use the methodology in
the literature [15, 36, 40] to remove inapplicable tests in Test262. Then, we measured the coverage of 23,910 applicable
tests with five k-FS/FCPS node-or-branch coverage.

Figure 9 shows (a) Venn diagrams of the numbers of covered k-FS-TRs and k-FCPS-TRs for the synthesized confor-
mance tests (syn-test) via JEST¢; and applicable conformance tests in Test262 (test262) and (b) their changes over time.
Without any feature-sensitive coverages, the coverage of synthesized tests is less than that of Test262, and only 5.2%
(0.9K) 0-FS-TRs are newly covered by the synthesized tests. On the other hand, the numbers of k-FS-TRs covered by only
synthesized tests increase when using higher k: 28.7K (19.0%) for 1-FS-TRs and 1.65M (80.8%) for 2-FS-TRs. In addition,
the number of 1-FCPS-TRs (or 2-FCPS-TRs) covered by only synthesized tests is higher than the number of 1-FS-TRs (or
2-FS-TRs) covered by only synthesized tests: 80.0K (21.6%) for 1-FCPS-TRs and 3.26M (82.0%) for 2-FCPS-TRs. Figure 9(b)
also shows that the coverage of Test262 is better than that of synthesized tests without any feature-sensitive coverages,
but the coverage of synthesized tests outperforms Test262 with 2-F(CP)S-TRs.

6.5 Effectiveness of Selective Coverage

This section is an extended part from the conference paper [42] and evaluates the effectiveness of selective coverage
criteria described in §4 that utilize statistical information to select key feature stacks for transpilers. We use the
mechanized specification for ES15 instead of ES13 in the extended experiments because the ESMeta now targets the
latest specification for ES15. Additionally, selective coverage criteria are meaningless if transpilers transform most of
the JavaScript programs. For example, Obfuscator obfuscates all programs, and Babel and SWC transpile most programs
if their target versions are ES5.1. Thus, we use the same versions of transpilers listed in Table 1 as evaluation targets but
exclude Obfuscator and change target language versions of Babel and SWC to ES6 instead of ES5.1. All configurations
in this section were evaluated on the same machine, and our analysis focuses solely on relative comparisons between
coverage criteria. To compare the non-selective and selective coverage criteria, we perform the conformance test
synthesis using a non-selective (2-FCPS) criterion and a selective (2-sFCPS) criterion in 50 hours for each transpiler. We
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Table 3. Statistics of conformance test synthesis with non-selective (2-FCPS) and selective (2-sFCPS) coverage for transpilers.

Transpiler Ca # Feature | # Feature Stack #TR # Syn. Test | # Bug | Transpiled
2-FCPS 1,179 1,391.22K | 3,845.6K 127,868 18 34.67%

Babel (ES6) | 2-sFCPS 231 272.58K | 1,047.4K 41,540 18 78.42%
A 0.196x 0.196x 0.272x 0.325x | 1.000x 2.262x

2-FCPS 1,179 1,391.22K | 3,845.6K 127,868 11 28.70%

SWC (ES6) | 2-sFCPS 228 269.04K 897.8K 32,368 11 93.43%
A 0.193x 0.193x 0.233x 0.253x | 1.000x 3.256x

2-FCPS 1,179 1,391.22K | 3,845.6K 127,868 24 68.06%

Terser 2-sFCPS 184 217.12K 967.7K 38,390 20 94.66%

A 0.156x 0.156x 0.252x 0.300x | 0.833x 1.391x

2-FCPS 1,179 1,391.22K | 3,845.6K 127,868 17.7 43.81%

Average | 2-sFCPS 214 252.91K | 971.6K 37432 | 163 88.83%
A 0.182x 0.182x 0.252x 0.293x | 0.925x 2.028x

target 2-FCPS coverage criterion because it generates the largest number of synthesized conformance tests among the
five graph coverage criteria.

Table 3 shows the comparison of the conformance test synthesis results. First two columns indicate the transpiler and
the coverage criteria, respectively. The remaining columns provide various statistics of the synthesized conformance
tests, including the number of triggering-features (# Feature), the number of key feature stacks (# Feature Stack),
the number of test requirements (# TR), the number of synthesized conformance tests (# Syn. Test), the number of
detected unique bugs (# Bug), and the ratio of tests transpiled by the transpiler relative to the total synthesized tests
(Transpiled). While there is no concept of triggering-features or key feature stacks in the non-selective coverage
criteria, we count all touched features and feature stacks as triggering-features and key feature stacks, respectively, to
compare them with the selective coverage criteria. The delta (A) row for each transpiler is calculated by dividing the
value of 2-FCPS by that of 2-sFCPS for each metric. The average row provides the average values of the three transpilers.

The results show that selective coverage criteria can reduce the number of test requirements or synthesized tests
while maintaining the effectiveness of conformance bug detection. The number of test requirements decreased 0.252x
on average, and the number of synthesized tests decreased 0.293x on average from 2-FCPS to 2-sFCPS coverage criteria.
This decrease is because selective coverage criteria can focus on key feature stacks that are more likely to trigger
conformance bugs. The selective approach collects 214 triggering-features on average and identifies 252.91K key feature
stacks, which are 18.2% and 18.2% of the touched features and feature stacks, respectively. However, the effectiveness of
conformance bug detection is not significantly affected by the selective coverage criteria. The synthesized tests with
the 2-FCPS coverage criterion detect a total of 46 transpiler bugs, and the tests with the 2-sFCPS coverage criterion
detect 43 bugs, which is 92.5% of the total bugs.

6.6 Memory and Runtime Overheads

We measure the memory and runtime overheads introduced by feature-sensitive coverage criteria during conformance
test synthesis. All experiments in this section were conducted on a machine equipped with 4.5 GHz AMD Ryzen 9
7950X processor and 128 GB of RAM.
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Fig. 11. Runtime of conformance test synthesis with different coverage criteria

Figure 10 shows the memory usage over time for (a) non-selective and (b) selective coverage criteria. In the non-

selective case (Figure 10a), increasing feature sensitivity from 0-FS to 1-FS and adding call-path sensitivity at the same

level (1-FCPS) has only a slight additional cost. In contrast, increasing k from 1-FS to 2-FS causes a significant jump,

indicating that the number of tracked test requirements (TRs) grows more sharply with higher feature depth than with

added feature-call-path sensitivity.

In the selective case (Figure 10b), memory usage is noticeably reduced across all targets. Among transpilers, Terser,
which has a smaller triggering feature set (184 features), consumes less memory than Babel and SWC (231 and 228

features, respectively), highlighting that selective coverage scales with the size of the target feature set. We note that a
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transient spike in the 1-FS line around the 30-hour is likely due to delayed garbage collection and does not reflect the
behavior of the coverage criteria.

To measure runtime overheads, we break down the average per-test time into five steps:

(1) Mutated program execution, which collects coverage information.

(2) Global coverage update, which merges the new coverage into the global coverage information.
(3) Transpiler execution (selective only), to determine triggered features.

(4) Feature set update (selective only), which updates the target feature set.

(5) Assertion injection, which inserts assertions to convert the mutant into a test.

In selective coverage criteria, steps (1) and (2) run in parallel with step (3), sharing system resources.

Figure 11 presents the average runtime of each step across coverage criteria. For non-selective coverage, step (1)
dominates the cost per test. Notably, adding feature-call-path sensitivity to 1-FS (i.e., 1-FCPS) increases the time for step
(2) more than increasing the feature depth from k = 1 to k = 2 (0.34 ms to 0.76 ms vs. 0.34 ms to 0.47 ms), suggesting that
indexing call-path-sensitive coverage incurs more overhead in this step than indexing additional feature-depth alone.

Interestingly, the time spent in step (5), assertion injection, decreases by 20% when moving from 1-FS to 2-FS or from
1-FCPS to 2-FCPS. This is likely because higher feature sensitivity, generating more diverse and complex programs,
leads to larger portion of programs that throw exceptions, for which only simple assertions checking for exceptions are
injected. Since more complex assertions like equality checks are only generated for normally terminating programs,
this reduces the average time spent in assertion injection.

For selective coverage criteria, runtime for step (1) and (2) is higher than in non-selective cases for Babel and SWC,
likely due to shared system load from parallel transpiler execution. In contrast, Terser’s lighter transpilation results in
similar step (1) and (2) times between selective and non-selective cases, also not causing any additional delays from
parallel execution. For step (3), transpiler execution time for Babel (12.3 ms) is significantly higher than for SWC (0.9 ms)
and Terser (1.1 ms), likely due to Babel’s more extensive transformations. SWC exhibits particularly fast transpilation;
however, its aggressively parallel execution leads to increased resource contention, which slows down steps (1) and
(2) when executed concurrently. Feature set update (step 4) is negligible in runtime cost (less than 0.02 ms) across all
transpilers.

Note that the average runtime of overlapping parallel steps (step (1)/(2) vs. step (3)) may exceed the maximum
of either individually. This occurs because averages are computed across multiple tests, where different steps may

dominate on a per-test basis.

7 Threats to Validity

Evaluation Target. Although we primarily use JavaScript as our target language, the underlying principles of
FS/FCPS coverage criteria are language-agnostic. ECMAScript specifications are relatively modular and algorithmic,
which simplifies identifying language features and their semantic boundaries. For languages defined using operational
semantics, FS/FCPS coverage can be applied by treating inference rules or semantic functions corresponding to syntactic
constructs as features. Similarly, for denotational semantics, language features can be derived from the semantic clauses
associated with each syntactic form. For languages with macro systems or non-hierarchical syntactic constructs, FS
coverage would require incorporating macro expansion or preprocessing phases into the mechanized semantics; in such
cases, macro definitions or expansion rules could be treated as language features. These potential extensions suggest
that the applicability of FS/FCPS coverage primarily depends on the availability of a mechanized specification with
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identifiable semantic components, rather than on the specific structure of ECMAScript. Given that diverse programming
languages, including OCaml [35], C [5], Java [7], WebAssembly [60], and POSIX shell [17], provide mechanized
specifications, we expect our coverage criteria to be applicable to a wide range of programming languages. Instead, for
target implementations, we use eight mainstream JavaScript engines and transpilers to show the general effectiveness

of our coverage criteria for conformance testing.

Generalizability of Selective Coverage. While we propose and evaluate a way to extract a triggering-feature set from
JS-to-]S transpilers for selective FS/FCPS coverage, we currently lack an evaluation on other language implementations
(e.g., JS-to-C transpilers, engines, interpreters). These implementations do not have the same obvious trigger-based
activations as transpilers. For example, a JavaScript engine will attempt to execute all input code without skipping
or altering language features. This difference makes it challenging to directly apply the same black-box key feature
stack extraction method used for transpilers to other types of implementations. That said, this limitation is not inherent
to the concept of selective coverage. In principle, one could redefine what a trigger means for engines by choosing a
suitable internal event or condition as the trigger signal. For instance, with proper gray-box instrumentation of an
engine, a user-defined trigger could be an event such as the activation of the JIT compiler or the use of a specialized
optimization path. We did not explore this direction in the current work due to complexity and tooling constraints,
and we leave a systematic investigation of such instrumentation-based selective coverage for future work. Also, our
evaluation of selective coverage focuses on 2-FCPS, which is the most effective configuration for bug detection and
generates the largest number of test requirements. The selective approach applies identically to both k-FS and k-FCPS,
and thus generalizes to both coverage criteria. However, we do not separately evaluate selective FS, as it provides
limited additional insight beyond selective FCPS relative to the cost of additional experiments. Furthermore, we do not

evaluate k > 3 due to the exponential growth of test requirements and the resulting resource constraints.

Threshold Sensitivity. The choice of upper 6, and lower 6; thresholds affects the trade-off between test reduction
and bug retention capabilities of the selective coverage criteria. As explained in §4.2, we use 8, = 0.999 and 6; = 0.995
in our evaluation. The results show that these thresholds are effective because they allow us to retain 92.5% of the bugs
and reduce the number of tests by 72.4% on average. However, the optimal choice of thresholds is not universal and

may vary depending on the target language implementation and the conformance testing goal.

Coverage Calculation Overhead. If we use FS/FCPS coverage criteria, we need to calculate the innermost enclosing
language features for each test case. Additionally, we need to collect the key feature stacks for selective coverage. While

it introduces overhead in the test synthesis process, it is negligible compared to the overall test synthesis time.

Conformance Test Synthesis Time. As shown in Figure 9b, our test synthesis process using FS/FCPS coverage
takes up to 50 hours per language version. While this may seem expensive, we argue that the cost is acceptable in
practice because the mechanized language specification evolves much more slowly than language implementations. In
most cases, a complete test regeneration is only needed when the specification is updated, typically on an annual cycle
(e.g., ECMA-262 editions). Even for internal drafts or staging versions, specification-level changes tend to occur at a
granularity of days rather than hours, making our approach viable for maintaining conformance suites in real-world
settings.

For the selective approach, which does rely on implementation-specific behavior, we acknowledge that its reuse
window may be shorter. However, triggering features tend to remain stable over most development cycles, enabling the

generated tests to remain useful over time.
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8 Related Work

Coverage Criteria in Software Testing. Coverage criteria in software testing are essential in measuring the quality of
test inputs. The most common ones are structural coverage criteria in a given program’s control-flow graph (CFG) [2, 10],
data-flow information [20], or types [4]. On the other hand, model-based coverage [52] criteria consider specialized
abstract behavior models and define the TRs in the model. Such models include state transitions [3], autonomous
driving systems [24], deep neural networks [31, 34, 44, 50, 56]. However, there are no specialized coverage criteria
for programming language implementations. In this paper, we first presented feature-sensitive criteria as general
extensions of graph coverage criteria for PL implementations to discriminate TRs based on enclosing language features

or feature-call-paths.

Mechanized Specification. Researchers have presented mechanized specifications to formally describe the semantics
of diverse programming languages, such as OCaml [35], C [5], C++[46], Java [7], and POSIX shell [17]. At the same
time, general metalanguages or frameworks for mechanized language specifications have emerged as well. For example,
[49] presented Ott as a tool that compiles language semantics into proof assistant code and supports a metalanguage
used in defining language semantics as inference rules. The K framework [47] proposed a formalism for writing
operational semantics and provides a derivation of verifiers directly from the semantics. [6] developed a skeletal
semantics framework in Coq for creating big-step semantics based on the structure of semantics.

For JavaScript, diverse mechanized specifications have been presented based on ECMA-262 [12]. KJS [36] utilizes
the K framework, and [15] presented a metalanguage, JSIL, for ES5.1. Researchers have used them in diverse fields:
verification [15], symbolic execution [16], abstract interpretation-based static analysis [21, 22, 26, 41, 48], and double
debugger [8]. However, most of them focused on only ES5.1, released in 2011, and required manual description of
the semantics. On the other hand, ESMeta supports a metalanguage IRgg for the latest version of ECMA-262 and the
automatic extraction of mechanized specification used in conformance test synthesis [39], specification type analysis [38],
and static analyzer derivation [37]. Hence, we implemented JEST¢s based on ESMeta to synthesize conformance tests

from the latest version of ECMA-262 with feature-sensitive coverages.

Conformance Testing for JavaScript. Diverse host environments support JavaScript engines, and even JavaScript
transpilers become essential tools in the deployment process of JavaScript applications. Therefore, ensuring the
conformance of engines and transpilers according to the language specification is crucial to consistent execution
environments for JavaScript. The current solution is to maintain conformance tests by hand, and engine and transpiler
developers commonly utilize Test262 [13], the official JavaScript conformance test suite. Researchers have focused
on testing engines to detect bugs using generation-based fuzzing [11, 18, 19], mutation-based fuzzing [43, 53, 54],
deep learning [27, 58], and differential testing [28, 32, 51]. However, most existing techniques focused on detecting
crashing bugs or security vulnerabilities rather than conformance bugs. While ComroRrT [58] targets conformance
bugs, it heavily relies on differential testing instead of the semantics. On the other hand, JEST [39] is the first tool that
synthesizes JavaScript conformance tests according to the semantics described in ECMA-262. We implemented JESTg

by augmenting it with (selective) k-FS/FCPS coverage criteria and outperformed the ability of bug detection of the JEST.

Testing Language Implementations. Beyond JavaScript, a substantial work has investigated testing techniques
for language implementations. A widely adopted approach is differential testing, which executes the same program
across multiple implementations and detects behavioral differences. For example, Csmith and its successors generate
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random C programs to expose miscompilation bugs in compilers [30, 57]. More recent work combines differential
testing with fuzzing and coverage guidance, including coverage-directed approaches for Java Virtual Machines that
guide test generation using runtime code coverage of a reference JVM implementation [9], graybox fuzzing of C
compilers and analyzers [14], and interpreter-guided differential testing of JIT compilers [45]. Related work based
on metamorphic testing generates semantics-preserving program variants to detect inconsistencies within a single
compiler or runtime [25]. While these approaches have been effective in discovering crashes and miscompilations,
they generally lack coverage criteria defined directly over formal language semantics, which limits their ability to

systematically detect semantics-level conformance bugs.

9 Conclusion

Conformance testing using graph coverage has been one of the most promising approaches to support correct and
consistent programming language implementations. However, since language implementations often utilize different
execution paths even for the same language features, traditional graph coverage does not produce high-quality
conformance tests. In this paper, we present novel coverage criteria designed for language implementations: feature-
sensitive (FS) and feature-call-path-sensitive (FCPS) coverage by refining given test requirements using enclosing language
features and feature-call-paths. Our experiments show that our new criteria outperform the traditional criteria in
the context of conformance bug detection in real-world JavaScript implementations. In addition, we present selective
FS/FCPS coverage criteria to reduce the number of tests while preserving the test quality by identifying key feature

stacks for the target language implementation.
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