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Abstract
Modern Java compilers, such as Just-In-Time (JIT) and Ahead-Of-
Time (AOT) compilers, often infer and analyze complex inter-class
structures to perform program optimizations while preserving se-
mantic correctness. However, incorrect inference of these structures
during compilation can lead to critical bugs, as observed in pro-
duction compilers like HotSpot and R8. Despite their effectiveness,
existing Java fuzzing tools fail to adequately explore inter-class re-
lationships, focusing instead on simpler intra-class or intra-method
constructs. To bridge this gap, we present InterFuzz, the first fuzzing
framework designed to systematically generate Java test cases with
complex inter-class structures. InterFuzz introduces a novel concept
of Heterogeneous Program Graph (HPG) to abstract and manipulate
inter-class relationships. It then employs Inter-Class Mutators to
construct intricate interactions, and utilizes graph complexities to
guide test generation toward high-diversity code. Our evaluation
shows that InterFuzz effectively uncovers compiler bugs that elude
traditional fuzzers, having discovered 24 new bugs across HotSpot,
ART, and R8. Among these, 20 bugs are confirmed by developers
and 16 bugs hinge on intricate inter-class structures.
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1 Introduction
Java is a widely adopted programming language renowned for its
cross-platform compatibility, achieved through compilation into
bytecode executed by the Java Virtual Machine (JVM). To enhance
performance and efficiency, modern JVMs incorporate optimizing
compilers such as Just-In-Time (JIT) [22, 25, 34] and Ahead-Of-
Time (AOT) compilers [17, 21], which transform code while pre-
serving program semantics. JIT compilers, like HotSpot in Open-
JDK, dynamically optimize frequently executed code regions at
runtime based on profiling data. In contrast, AOT compilers, such
as R8 [13, 35, 57] in the Android ecosystem, perform static analysis
and optimization during the build process to reduce app size, obfus-
cate code, and enhance security. These optimizations are required
to maintain semantic equivalence to prevent functional errors or
system crashes. Furthermore, Android Runtime (ART) adopts a hy-
brid approach by combining AOT compilation at installation with
JIT optimization during execution, thereby achieving the balance
between fast app startup and sustained runtime performance.

Object-Oriented Programming (OOP) creates software on the ba-
sis of Objects, which encapsulate both states and behaviors [39].
Java embraces this paradigm through the use of Classes, which
act as blueprints for instantiating objects by defining their shared
attributes and methods. Beyond the definition of individual objects,
Java provides a rich set of mechanisms to structure and coordinate
interactions among objects through what we term as inter-class
structures in this study, such as inheritance, interface implementa-
tion, and nested classes. These structures are essential for building
modular, extensible, and maintainable software systems, as they
enable code reuse, abstraction, and polymorphism. For example,
inheritance allows a class (the derived class) to inherit properties
and behaviors from another class (the base class), simplifying the
extension of functionality and reducing code duplication.

The complex relationships formed by inter-class structures are
crucial for Java compilers to perform various optimizations dur-
ing compilation. A flawed inference and analysis towards such
relationships can lead to incorrect optimizations, causing logical
errors or even program crashes. As an example, Listing 1 details
a bug we discover in HotSpot’s JIT optimizing compiler [49]. This
issue stems from the flawed analysis in terms of a specific inter-
class structure, which ultimately leads to incorrect compilation.
Specifically, when Class C1 creates an instance of Class C2 (line
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1 class C1 {

2 static String str;

3 void foo() { new C2(str); }

4 }

5 class C2 {

6 static { C1.str = "hello"; }

7 C2(String str) {

8 if (str == null)

9 throw new Exception("should not null");

10 }}

11 // call C1.foo(), expected no exception

Listing 1: A mis-compilation bug (i.e., JDK-8357782 [49]) in
HotSpot JIT compiler caused by the flawed analysis of an
inter-class structure

3), C2’s static initializer block (line 6) modifies the static field str
in C1 before its constructor is executed (line 7). The HotSpot JIT
optimizer fails to correctly analyze the order of this cross-class
field access, and erroneously assumes that str is still null during
the constructor’s execution, thus leading to a semantic error. The
inter-class structures in the test case are essential to trigger this bug.
According to our preliminary study (see Section 3.1), such bugs are
pervasive in production compilers. For instance, for 76.4% of the
historical bugs in the R8 compiler, the corresponding bug-triggering
test cases contain complex inter-class structures. Therefore, it is
crucial to validate Java optimization compilers to evaluate if they
can optimize programs with complex inter-class structures.

Unfortunately, existing Java compiler fuzzing techniques strug-
gle to generate test cases that can reveal bugs related to inter-class
optimizations. Current approaches fall into two main categories:
generation-based [3, 18] andmutation-based [14, 23, 54, 56, 58, 59, 61,
62] fuzzers. However, both largely focus on intra-class or intra-
method structures, limiting their ability to create complex,
multi-class test programs. For example, tools like JITFuzz [54]
and MopFuzzer [56] target single-class constructs or specific JVM
optimizations, while others like Jetris [61] rely on single-method
code snippets. As a result, these tools are ineffective at exploring
the rich inter-class interactions necessary to expose certain types
of compiler optimization bugs. This highlights the urgent need for
a new fuzzing approach that can systematically generate test cases
with diverse and complex inter-class structures.

However, generating test cases with complex inter-class struc-
tures remains a significant challenge. First, modeling such struc-
tures is difficult due to the variety of mechanisms classes can in-
teract, through instantiation, method calls, or field access, each
involving diverse and intricate syntactic constructs (Challenge 1).
Existing approaches largely focus on intra-class logic or support
only limited inter-class interactions, making them inadequate for
capturing the full complexity of class relationships. Second, generat-
ing and manipulating programs with complex inter-class structures
is non-trivial, which requires careful adherence to various syntactic
and semantic constraints. Otherwise, invalid test cases can be easily
generated (Challenge 2). Third, incorporating inter-class structures
into fuzzing seeds greatly expands the search space of test case
generation, as the diverse syntactic variations lead to a combinato-
rial explosion. Consequently, even small changes can significantly

affect semantics, making it hard to generate effective test cases
efficiently without proper guidance (Challenge 3).

To address the above challenges, we present InterFuzz in this
study. To address Challenge 1, we propose a novel concept of Het-
erogeneous Program Graph (HPG), which offers a unified, high-
level abstraction to represent diverse inter-class structures. Par-
ticularly, it models these structures as directed edges connecting
program entities, making it easier to analyze and manipulate re-
lationships among classes. For Challenge 2, we design a series of
Inter-Class Mutators to create complex inter-class structures in
Java code. Such mutators transform the challenging task of generat-
ing complex inter-class structures into a more tractable, high-level
process of graph manipulation. For Challenge 3, we utilize a Graph
Complexity metric based on the diversity and scale of edge types
per node to guide fuzzing, which captures the variety and complex-
ity of inter-class structures. InterFuzz prioritizes mutators likely to
increase graph complexity, generating test cases with richer inter-
class structures to better expose compiler optimization defects.

Extensive evaluations demonstrate InterFuzz’s superior perfor-
mance in uncovering compiler optimization bugs. In particular,
InterFuzz has successfully identified 24 new bugs in three major
Java compilers (i.e., HotSpot, Android Runtime, and R8). Among
them, 20 have been confirmed by the official developers. What
stands out is that 16 of these confirmed bugs depend on complex
inter-class structures, which traditional fuzzers struggle to cover.
Within a 24-hour testing period, it outperforms all baselines in the
number of bugs detected and achieves greater code coverage on
ART and R8, compilers with a strong focus on inter-class optimiza-
tion. InterFuzz’s high efficiency is primarily attributed to its core
mechanism of graph-complexity guidance. Ablation studies reveal
that, compared to a random mutation strategy, this mechanism
steers test cases toward more complex structures, thereby boosting
its capability to find sophisticated bugs in optimizing compilers.

To summarize, this study makes the following key contributions.
•Originality: To our best knowledge, we are the first to validate

Java compilers in terms of the perspective of inter-class structures.
• Approach: We propose a concept of heterogeneous program

graph to represent inter-class structures, based on which we design
a novel approach InterFuzz to fuzzing Java compilers via generating
seeds with complex inter-class structures.

• Evaluation:We substantiate our idea as an automated testing
tool, InterFuzz, which has detected 9 bugs in R8, 4 in OpenJDK, and
7 in ART. Among these, 16 bugs are identified as inter-class related.

• Open-Source: Our idea is highly extensible and can be eas-
ily generalized to other languages. We thus open-source our tool
InterFuzz and all the reported bugs to facilitate future research at:
https://github.com/CGCL-codes/InterFuzz.

2 Background
2.1 Java Optimizing Compilers
Java code is typically compiled into bytecode by the javac compiler
and then executed by the Java Virtual Machine (JVM). To enhance
the performance and efficiency of Java programs, JVMs often in-
clude various optimizing compilers, such as Just-In-Time (JIT) [22,
25, 34] andAhead-Of-Time (AOT) [17, 21] compilers, which enhance
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Java code performance or reduce its size while ensuring program
semantic equivalence to avoid system errors or crashes.

JIT compilers, such as HotSpot [4, 41] of OpenJDK, optimize
frequently executed “hot spots” code at runtime, dynamically im-
proving efficiency based on real-time execution conditions. For
example, in the HotSpot JVM, frequently called methods within
a loop are typically inlined directly into the loop body, reducing
the overhead of method invocation. By comparison, AOT com-
pilers, such as R8 [13, 57] in the Android ecosystem, analyze and
optimize the codebase before runtime. Additionally, the Android
Runtime (ART) [11] employs a sophisticated hybrid strategy. It
uses AOT compilationwhen an app is installed to ensure fast startup
times, and then leverages a built-in JIT compiler during execution to
further optimize performance by profiling and recompiling hotspots
on the fly. Optimizations in these compilers must strictly preserve
semantic equivalence [53], as any violation will result in a defec-
tive program and critical failures such as incorrect calculations or
system crashes.

In this study, we select HotSpot, ART, and R8 as our subjects
because these optimizing compilers are widely used. In 2024, over
90% of JDK distributions use HotSpot or a HotSpot-based JVM [20],
71.85% of mobile phones use the Android operating system, and 1.68
million apps are available in the Google Play Store [9]. Meanwhile,
R8 is the default compiler in the Android build process.

2.2 Inter-Class Structures in Java
Object-Oriented Programming (OOP) creates software on the ba-
sis of Object. Java implements this paradigm through Class and
Interface, constructs that act as the blueprint for creating objects
by defining their common structures and behaviors. Additionally,
Java offers diverse mechanisms for handling interactions among
objects through what we term inter-class structures, such as
inheritance, interface implementation, and nested classes. For in-
stance, inheritance is a mechanism in OOP that enables a class,
known as the derived class, to inherit properties and methods from
another class, referred to as the base class.

The Java Language Specification introduces complete inter-class
structures. Specifically, take the Java 17 Language Specification [32]
as an example, which is the most widely used version now [38],
it declares a Class as follows: ClassDeclaration: {ClassModifier}

class TypeIdentifier [TypeParameters] [ClassExtends] [Class

Implements] [ClassPermits] ClassBody, through which we can es-
tablish various relationships among classes:
• TypeParameters constrain the types a generic class can handle,
forming Generic Bounds as an inter-class structure.

• ClassExtends establishes an Inheritance structure.
• ClassImplements declares the interfaces a class implements, form-
ing an Interface Implementation structure.

• ClassPermits restricts inheritance by specifying which classes
are permitted to extend the current class.

• ClassBody primarily consists of fields and methods. These mem-
bers can refer to other classes, such as by accessing their fields or
invoking their methods. We define the reference to other classes
in ClassBody as a Reference structure.
Furthermore, new classes or interfaces can be defined within the

ClassBody, creating a Nesting structure. Based on the above and

the declaration of interfaces, we can categorize inter-class relation-
ships into five main types: Inheritance, Interface Implementation,
Nesting, Generic Bounds, and Reference.

1 // Run a worklist algorithm to search for a subclass

2 // of the target group (including the classes in the

3 // target group) where adding the interfaces from

4 // the source group would change method resolution.

5 Map <DexProgramClass , DexMethodSignatureSet >

rootDefaultInterfaceMethodsOfInterest =

6 MapUtils.transform(

7 toGroup ,IdentityHashMap ::new ,Function.identity (),

8 ignoreArgument (() -> defaultIntfMethods));

Listing 2: R8’s source code that handles both Inheritance and
Interface Implementation during optimizaion

The real example in Listing 1 indicates that it is crucial for com-
pilers to correctly handle inter-class relationships when performing
optimization to ensure the stability and correctness of compilers.
Listing 2 shows how the R8 compiler carefully considers inter-
class structures such as Inheritance and Interface Implementation
when optimizing program sizes [36]. Specifically, before reducing a
class, R8 verifies whether its subclasses and implemented interfaces
remain compatible with the reduction. Such checks allow R8 to
correctly identify and process only those classes that are genuinely
safe to reduce. However, such logic is often complex, and thus prone
to be defective, eventually leading to pervasive bugs (see Section 3.1
for statistics). Unfortunately, such bugs can hardly be detected by
existing state-of-the-art approaches [14, 23, 54, 56, 58, 59, 61, 62]
since all of them have overlooked the inter-class structures of seeds
when performing fuzzing.

3 Motivation and Insights
3.1 Pervasiveness of Inter-Class Bugs
To further highlight the importance of testing Java optimizing com-
pilers from the inter-class perspective, we first investigate the per-
vasiveness of bugs triggered by inter-class structures. In particular,
we perform a preliminary study based on all historical compiler
bugs to investigate whether their bug-revealing programs include
inter-class structures. Specifically, we focus on widely used Java
compilers (i.e., HotSpot, Android Runtime (ART), and R8), and col-
lect historical bug-revealing programs from their mainline reposi-
tories. Following previous work [62], we collect all bug-revealing
programs from the test suites associated with historical bugs of the
above compilers. In total, we collect 4,127 programs for HotSpot,
3,547 for R8, and 1,075 for Android Runtime, respectively.

We leverage Spoon [33] to analyze the code structures of the
corresponding bug-revealing programs. Specifically, we identify
Inheritance and Interface Implementation structures by match-
ing the extends and implements keywords. Nesting structures
are detected by checking whether a class or interface is defined
inside another class or interface. We recognize Generic-Bound
structures by checking for bounded type parameters. Reference
structures are identified by scanning a class’s fields, methods, and
constructors for any access, invocation, or instantiation involving
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other classes or interfaces. A program is classified as having inter-
class structures if it exhibits at least one of the five aforementioned
types. A given program can contain multiple inter-class structures.

Table 1: Proportion of bugs with inter-class structures in
historical bug-revealing programs and the average number
of inter-class structures per test program

Compiler #Test #Inter-Class Test
#Avg Inter-Class
Structures Per Test

HotSpot 4,127 1,111 (26.9%) 28.5
ART 1,075 536 (49.9%) 49.4
R8 3,547 2,711 (76.4%) 69.2

As indicated in Table 1, a significant portion of historical bug-
revealing programs in Java compilers rely on inter-class structures.
In HotSpot, 1,111 (26.9%) of these programs contain such structures.
This proportion is even higher in R8 and ART, at 2,711 (76.4%) and
536 (49.9%), respectively. This portion may be over-approximated
since we do not verify whether the bugs can only be triggered with
inter-class structures. However, the impact is limited as our inspec-
tion procedure follows standard practice in compiler development
and bug fixing. In particular, when developers fix a bug, they first
reduce the bug-triggering program to a Minimal Reproducible Ex-
ample (MRE) [37, 43] to isolate the root cause. For example, HotSpot
records JDK-8290910 [46] and JDK-8260370 [47], where developers
use C-Reduce [8], a test-case reduction tool, to obtain theMRE. If the
reduced MRE still contains inter-class structures (e.g., Inheritance),
this provides strong evidence that such structures are necessary to
trigger the bug. R8 is highly sensitive to inter-class structures due
to its aggressive, whole-program restructuring aimed at reducing
application size. Its irreversible transformations, such as redun-
dant class elimination, depend entirely on the correctness of static
analysis, making it particularly vulnerable to complex inter-class
structures. In contrast, HotSpot’s JIT compiler is less affected be-
cause it leverages runtime information to guide optimizations and
performs less inter-class analysis. Furthermore, its deoptimization
mechanism allows it to safely reverse speculative optimizations if
runtime assumptions change. ART’s hybrid approach of JIT and
AOT places it between these two extremes. While its AOT optimiza-
tions are static and irreversible like R8’s, they are less aggressive
and more focused on performance, resulting in an intermediate
level of vulnerability to bugs arising from inter-class structures.

Moreover, the nature of these necessary inter-class structures is
far from simple. The average number of inter-class structures per
test program, 28.5 in HotSpot, 49.4 in R8, and a striking 69.2 in ART,
strongly suggests that triggering these bugs often requires a com-
plex context woven from substantial inter-class structures. Since
historical bug-revealing programs are minimized to the smallest
reproducible examples, any remaining inter-class structures are, by
practice, a necessary condition for triggering these bugs.

Finding: Triggering a large portion of real-world bugs in Java
compilers demands more than simple code constructs. It re-
quires test cases embodying complex inter-class structures.

3.2 A Motivating Example and Insights
Listing 3 illustrates a bug we discover in the Android code shrinker
component of the R8 Compiler. The bugmanifests as amis-compilation
error. In particular, instead of the correct output “I1.foo I2.foo”, the
program incorrectly produces “I2.foo I2.foo”. Such amis-compilation
can lead to severe runtime errors, especially for large-scale systems.

1 interface I1 {

2 default void foo() { System.out.println("I1.foo"); }

3 }

4 interface I2 extends I1 { // Inheritance

5 default void foo() { System.out.println("I2.foo"); }

6 }

7 class C1 implements I1 {} // Interface Implementation

8 class C2 implements I2 {} // Interface Implementation

9 class C0 {

10 public static void main(String [] args) {

11 C1 c1=new C1(); C2 c2=new C2(); // Reference

12 c1.foo(); c2.foo(); // Reference

13 }}

Listing 3: A test case triggering a mis-compilation bug
(i.e., IssueTracker-420228751 [50]) in R8. Its mutation process
adds inter-class structures and inter-class entities.

The complex inter-class structures in the test case are es-
sential to trigger the bug. In the code as shown in Listing 3, two
distinct interfaces, I1 and I2, are involved, where I2 extends I1 and
both of them define a method foo printing the signatures. Corre-
spondingly, classes C1 and C2 implement I1 and I2 respectively. In
this example, the complex inter-class structures include Inheritance
between I1 and I2, Interface Implementation, and Reference from
C0 to C1 and C2. This bug stems from a flaw in R8’s class-merging
process, an optimization designed to reduce program size [13]. In
this case, R8 incorrectly deems C1 and C2 to be semantically equiva-
lent, assuming their respective foo() methods are interchangeable.
This misjudgment stems from its flawed analysis of the Inheritance
between their interfaces, I1 and I2. Consequently, a method call
to c1.foo, which should resolve to I1’s implementation (printing
“I1.foo”), is wrongly dispatched to the behavior defined in I2 (print-
ing “I2.foo”). Such inter-class structures are essential to trigger the
bug, and removing any one of the structures, such as the Interface
Inheritance between I1 and I2 or the Inter-Class Method Invocation
between C0.main and C1.foo, prevents the mis-compilation bug,
as the incorrect merge process will not be triggered.

Unfortunately, it is hard for existing Java compiler testing
techniques to generate a test case that can trigger such bugs.
Existing fuzzing techniques for Java compilers can be broadly clas-
sified into two categories [29, 63]: generation-based and mutation-
based. However, both categories tend to focus on structures within
a single class or method. As a result, they struggle to effectively gen-
erate test cases with complex inter-class structures. Generation-
based fuzzers [3, 18] create test cases from scratch according to a
predefined input model, such as a grammar. JavaFuzzer [18] is a
prominent example, capable of generating test cases with numerous
arithmetic operations. However, its input model does not account
for inter-class structures, limiting it to generating only single-class
tests.Mutation-based fuzzers [14, 23, 54, 56, 58, 59, 61, 62], on the
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other hand, modify existing valid test cases (also known as seeds)
to create new ones. While they have achieved notable success, their
mutation strategies are also primarily confined to intra-class or
intra-method structures. For instance, JITFuzz [54] employs four
carefully designed mutators to trigger specific JVM optimizations,
such as function inlining, simplification, scalar replacement, and
escape analysis. However, the optimizations targeted by these mu-
tators are intra-class, meaning the mutator does not alter the pro-
gram’s inter-class structures and cannot generate test cases with
complex inter-class structures. Similarly, Jetris [61] generates test
cases by extracting code snippets from historical bug-revealing
programs. These snippets, however, typically involve only single-
method logic. Consequently, the synthesized test cases often lack
complex inter-class structures required to reveal certain types of
bugs. In summary, such deficiencies of existing fuzzing tools pre-
vent them from adequately uncovering bugs related to inter-class
optimizations in Java compilers. Therefore, there is a clear and
pressing need for a novel fuzzer capable of effectively generating
tests with rich inter-class structures.

However, generating test caseswith complex inter-class struc-
tures that can trigger compiler bugs is challenging. First, mod-
eling complex inter-class structures is challenging (Challenge 1).
The relationships among classes are inherently intricate, as classes
can interact through various mechanisms such as instantiation,
method invocation, or field access. Generating test cases that cap-
ture such inter-class interactions requires a comprehensive under-
standing of the language’s diverse syntactic constructs. Second,
generating and manipulating test cases with inter-class structures is
non-trivial (Challenge 2). Generating inter-class structures neces-
sitates careful adherence to various syntactic and semantic con-
straints, including access modifiers, inheritance hierarchies, and
method signatures. Failure to respect these constraints may result
in syntactically invalid or semantically incorrect code, ultimately
leading to invalid or ineffective test cases. Third, incorporating inter-
class structures into seed generation substantially expands the search
space, potentially compromising fuzzing efficiency (Challenge 3).
The diverse syntactic options for inter-class structures lead to an
explosion of possible combinations when mutating testing seeds.
Even minor changes within a combination can significantly alter
the program’s semantics. Therefore, without effective techniques
to systematically explore this enlarged search space, the testing
efficiency can be compromised.

Our idea. We address the above challenges based on the fol-
lowing insights. First, to tackle Challenge 1, we introduce a novel
concept of Heterogeneous Program Graph (HPG) as a unified yet
succinct representation for various inter-class structures. Specifi-
cally, we abstract the diverse syntactic implementations of inter-
class structures into distinct edge types in the graph. By analyzing
and manipulating graphs, we can uniformly analyze a wide vari-
ety of inter-class structures. Second, for Challenge 2, we design
Inter-Class Mutators that generate complex inter-class structures
within a seed program via manipulating the HPG of the program. By
abstracting concepts like inheritance or reference into distinct edge
types, we transform the challenging task of mutating inter-class
structures into a more tractable, high-level process of graphmanipu-
lations. Third, for Challenge 3, we introduce a Graph Complexity

Metric for HPGs that captures two key aspects of inter-class struc-
tures: the diversity of structure types and their total quantity. A
higher complexity indicates a greater variety and number of edge
types, reflecting richer and more numerous inter-class structures
in the corresponding program. The fuzzing process is then directed
to prioritize mutators that increase HPG’s complexity, enabling it
to efficiently navigate the search space to generate complex test
cases that are more likely to trigger compiler bugs.

4 Approach
We substantiate the above idea as an automated fuzzing tool, Inter-
Fuzz, and Figure 1 shows its overview. InterFuzz begins with a Java
seed file. In Step 1, this file is parsed to construct an initial HPG.
In Step 2, a mutator is chosen from a pool of inter-class mutators,
which is designed to add inter-class structures by expanding the
HPG, through weighted random selection. This mutator is then
applied to the current graph and Java file, producing a new, more
complex HPG and an updated Java file. Then, the resulting change
in graph complexity is computed and used for Step 3, where the
weight of the chosen mutator is updated to guide the selection
of the most effective mutator in the future. After a set number
of iterations, InterFuzz generates a complex HPG and the corre-
sponding Java test case file with complex inter-class structures.
This generated file is then used to test the target Java optimizing
compilers (e.g., OpenJDK or ART), specifically to validate their anal-
ysis and optimizations of complex inter-class structures through
differential testing.

Overview
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Figure 1: Overview of InterFuzz

4.1 Heterogeneous Program Graph
The variety of inter-class structures in Java, such as Inheritance, In-
terface Implementation, and Reference, poses a significant challenge
for unified analysis and manipulation. For example, a reference
structure between two classes can be established through class
instantiation, method calls, or field access. Similarly, interface im-
plementation is not limited to the implements keyword. It can also
be achieved using lambda expressions for functional interfaces or
anonymous classes for temporary implementations. To tackle the
challenge of representing these structures uniformly, we introduce
the concept of Heterogeneous ProgramGraph (HPG) to represent
such structures. HPG is a directed graph and contains multiple types
of nodes and edges, making it ideal for modeling complex systems
with various entities and connections. The participating entities,
such as classes and methods, are treated as nodes. The structural
relationships between them, such as extends, implements, or calls,
are represented as distinct types of edges.
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Definition 4.1 (Heterogeneous Program Graph (HPG)). Follow-
ing existing studies [55, 60], HPG for a program P is defined as
𝐻𝑃𝐺 (P), 𝐻𝑃𝐺 (P) = (𝑉P ,T , 𝐸P , E). Here, 𝑉P is the set of inter-
class entities of P, as the nodes of the graph, with the set of types
defined as T . Similarly, 𝐸P is the set of inter-class structures of P,
as the edges of the graph, with the set of types defined as E.

The HPG design offers a high-level abstraction of Java’s inter-
class structures by unifying diverse syntactical details into a graph
representation. For instance, a single edge type, such as Reference,
can represent a wide range of concrete implementations, includ-
ing inter-class method calls and field accesses. Similarly, the HPG
design simplifies and standardizes the manipulation of inter-class
structures. For example, we can generate or adjust these structures
by simply adding or modifying nodes and edges on the HPG. Fur-
thermore, the HPG allows us to reframe the search for complex
class combinations as a problem of graph expansion. In essence,
this transforms the abstract and vague concept of “structural com-
plexity” into a concrete, analyzable mathematical model as “graph
complexity”. Such a design enables InterFuzz to quantify the com-
plexity of inter-class structures and leverage this metric to guide
the generation of more intricate test cases.

Definition 4.2 (Inter-Class Entity (Node)). In an HPG, nodes
represent the program’s inter-class entities, which are the funda-
mental components involved in inter-class structures. To concisely
cover inter-class structures, we identify four types of entities, with
the set of node types denoted as T :

T = {𝐶𝑙𝑎𝑠𝑠, 𝐼𝑛𝑡 𝑓 , 𝑀𝑡𝑑, 𝐹𝑙𝑑} (1)

Class (𝐶𝑙𝑎𝑠𝑠) and interface (𝐼𝑛𝑡 𝑓 ) are the core components in inter-
class structures such as Inheritance, Interface Implementation, and
Nesting, while method (𝑀𝑡𝑑) and field (𝐹𝑙𝑑) participate in the Ref-
erence structures. For a program P, the node set 𝑉P of its HPG
represents all inter-class entities in the program. Each node 𝑣 ∈ 𝑉P
is a tuple 𝑣 = (𝑡, 𝑛), where 𝑡 is the node type, belonging to the node
type set T (i.e., 𝑡 ∈ T ), and 𝑛 is the node attribute, which refers to
the name of the entity or other relevant information (e.g., for the
method I1.foo in the motivating example, the node type 𝑡 is𝑀𝑡𝑑 ,
and 𝑛 includes details like it is a non-static method).

The design of nodes aims to cover multiple similar Java entities
in a unified way. A𝐶𝑙𝑎𝑠𝑠 node, for instance, can represent not only
a regular class but also an enum or a record. To distinguish between
them, we use the node’s attributes (i.e., 𝑛) to record specific features.

Definition 4.3 (Inter-class Structures (Edge)). For a program P,
the edge set 𝐸P represents the collection of all inter-class structures
in the program. The edges in the HPG are directed edges. Each edge
𝑒 ∈ 𝐸P is a tuple 𝑒 = (𝑣𝑠 , 𝑣𝑡 , 𝑟 , 𝑛), where 𝑣𝑠 is the source node, 𝑣𝑡 is
the target node, and 𝑟 is the edge type (i.e., 𝑟 ∈ E), and 𝑛 is the edge
attribute capturing additional properties of the related inter-class
structure. The HPG contains five edge types, with the set of edge
types denoted as E.

E = { Inheritance, Interface Implementation,
Nesting,Generic Bounds, Reference} (2)

As previously stated, Java offers a rich variety of constructs for
implementing inter-class structures. However, we limit our analy-
sis to the most common syntactic forms in the current design as

shown in Table 2 for the following reasons. First, programming
languages are inherently dynamic, with new features being intro-
duced continuously, making it challenging to model all possible
constructs comprehensively. Moreover, the primary goal of our
work is to validate the effectiveness of the proposed inter-class
fuzzing approach. Second, our evaluation shows that even when
limited to five common structural patterns, the approach remains
effective in uncovering compiler bugs (see Section 5). Finally, our
approach is highly extensible; it can be easily adapted by incorpo-
rating additional node or edge types. Furthermore, the underlying
idea is language-agnostic and can be applied to other programming
languages as well.

class C0

void main(String[])

Inheritance

interface I1

default void foo()

interface I2

default void foo()

class C1

void foo()

class C2

void foo()

Interface
Implement

Interface
ImplementReference

Object
Instantiaion

Reference
Method

Invocation

Figure 2: HPG of the motivating example

The HPG models program semantics at the granularity of inter-
class structures. For instance, Figure 2 shows the HPG of the moti-
vating example in Section 3.2. Specifically, a Reference edge from
method C0.main to classes C1 and C2 signifies the instantiation
of these classes within that method. The Inheritance edge from
interface I2 to I1 indicates that I2 extends I1.

4.2 Inter-Class Graph Mutators
Manipulating Java test code with complex inter-class structures is
challenging. Directly modifying source code to add these structures
is not only complex but also risks violating Java’s syntax constraints.
By utilizing the Heterogeneous Program Graph (HPG) defined in Sec-
tion 4.1, we can transform the challenging task of generating Java
programs with complex inter-class structures into the manipulation
of nodes and edges on the HPG. In particular, InterFuzz designs a
set of Inter-Class Mutators that proactively mutate inter-class
structures of a program by operating on the corresponding HPG.

A core principle for inter-class mutators is modularity: each mu-
tator should perform an atomic operation on the HPG. This design
minimizes interference between mutators, reducing the disruption
caused by adding new structures to existing ones. It also enables the
construction of complex inter-class structures by combining simple
operations, which is exactly the goal of our generation process.
Specifically, we categorize inter-class mutators into two types: node
addition and edge addition. Node addition involves adding a new
node to the graph, which corresponds to creating a new inter-class
entity in the program. For example, InterFuzz can apply an “Add
Class Node” mutator to insert a class node in the graph, generating
a new class in the code. Edge addition, on the other hand, involves
adding an edge between existing nodes, which introduces a new
inter-class structure. For instance, applying an “Add Inheritance
Edge” mutator connects two class nodes in the graph, making one
class inherit from another in the program. These atomic operations
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Table 2: Edge type definition in the heterogeneous program graph. Edges are directed, from “Source Node (A)” to “Target Node
(B)”, with “Description” indicating the inter-class structure represented by the edge and “Example” providing the code text.

Inter-Class
Structure Source Node Target Node Description Example

Inheritance Class A Class B A inherit B with extends keyword class A extends B
Intf A Intf interface A extends B

Interface Implementation Class A Intf A implements B with implements keyword class A implement B

Nesting Class/Intf A Class/Intf B Static class/interface B or is defined inside class/interface A. class A { static class B { ...} }
Class/Intf A Class B Non-static Class B is defined inside class/interface A. class A { class B { ...} }

Generic Bounds Class/Intf A Class/Intf B Constrains the type parameter T of A to be a subtype of B. class A⟨T extends B⟩

Reference
Mtd A Class/Intf B Method A instantiate class/interface B, which not define A. void A { B b = new B(); }
Mtd A Fld B Method A accesses field B, which is located in another class. void A { someClass.B; }
Mtd A Mtd B Method A invokes method B, which is located in another class. void A { B b = new B(); }Approach

Class 
C1

Class 
C2

  class C1 { ... } 
- class C2 {
+ class C2 extends C1 { 
    ... 
  } 

Class 
C1

Class 
C2

  class C1 { 
    ... // other code
+   class C2 { ... } 
  } 
- class C2 { ... }

Inheritance

Nesting

On HPG On Java CodeInter-Class Mutator

Add Inheritance Edge 

Add Nesting Edge 

Class
（Inter-Class Entity）

+ class C0 { } // empty class 
  ... // other codeAdd Class Node 

Class 
C0

Add Reference Edge

  class C1 { void m1() { ... } }
  class C2 { 
    void m2() {
+     C1 c1 = new C1();
+     c1.m1();
      ... // other code
  } }

Class
C1

Method
m1()

Reference

Class
C2

Method
m2()

Figure 3: Three inter-class mutators (4/9) designed in Inter-
Fuzz to generate inter-class structures

reduce dependencies between changes, making it more tractable
and flexible to introduce complex inter-class structures. Notably, In-
terFuzz does not need to convert the HPG back to Java code. Instead,
it constructs the corresponding HPG for each seed program, using
it solely as an abstract representation serving for the mutation and
guiding process.

In practice, we design mutators for five types of inter-class struc-
tures (i.e., five edge types in HPG) and four types of inter-class
entities (i.e., four node types in HPG). Each mutator performs node
or edge addition on the HPG, which modifies the corresponding
class relationships in the Java test case code. These mutators are
designed to prevent syntactically invalid or semantically incorrect
code. By design, they account for potential issues such as cyclic calls,
cyclic inheritance, and multiple inheritance, which are carefully
handled within InterFuzz’s implementation. For instance, when
adding an Inheritance edge, InterFuzz verifies that the new edge
does not introduce an inheritance cycle in the HPG, in compliance
with the Java language specification. Due to page limit, we only
describe four representative mutators in detail as shown in Figure 3,
with others accessible in our artifact website.

Add Inheritance edge. This mutator introduces Inheritance
structures into the program. InterFuzz selects two compatible nodes
(e.g., classes C1 and C2) and connects them with an Inheritance edge,
which translates to an extends declaration in the source code.

Add Nesting edge. This mutator creates Nesting structures. It
models a refactoring on the HPG by adding a directed nesting edge

from an outer class to an inner class. For instance, adding an edge
from C1 to C2 corresponds to transforming C2 into a nested type
within the scope of C1.

Add Reference edge. This mutator introduces reference struc-
tures between classes in the seed program. These structures can
take various forms, such as class instantiations, method calls, and
field accesses. For example, a reference structure can be established
by calling a method from one class within another method. As
shown in Figure 3, class C1 defines method m1, and class C2 de-
fines method m2. A reference relationship can be established in
method m1 by instantiating class C2 and calling its method m2. In
the HPG, this corresponds to a reference edge from method node
m1 to method node m2.

Add Class node. This mutator adds a new class node (e.g., C0
in Figure 3) to the HPG, creating a new class. Although this does
not directly introduce inter-class structures, subsequent mutations
can apply other mutators to the new class C0.

The inter-class mutators used in InterFuzz are designed to be
extensible. If more inter-class structures need to be considered,
future work can expand the types of nodes and edges in the HPG to
represent additional inter-class structures or capture more details
about them. At the same time, the design of inter-class mutators
can be extended to align with these structures. Moreover, the HPG
and inter-class mutator design are language-agnostic. Future work
can adapt them for other OOP languages, such as C++.

4.3 Graph Complexity Guidance
As aforementioned, test cases with complex inter-class structures
are vital for validating Java optimizing compilers. During the muta-
tion process, our goal is to generate seeds with intricate inter-class
structures, and our insight is simple and adheres to the empirical
statistics as shown in Table 1: test cases with more complex inter-class
structures are more likely to trigger diverse behaviors related to inter-
class optimizations, thus uncovering potential bugs. Therefore, we
quantify a graph’s complexity from two aspects: edge entropy and
node degree. The edge entropy measures the diversity of edge types
associated with a node, while the node degree measures the number
of edges connected to a node. We comprehensively consider the
edge entropy of each node’s connected edges and the degree of
each node as its complexity, and then sum the complexities of all
nodes to obtain the complexity of a graph. A higher graph complex-
ity, therefore, indicates that a program contains richer inter-class
structures. This graph complexity guides the mutation process of
InterFuzz. InterFuzz selects a mutator based on its assigned weight
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(set equally initially). After applying a mutation, InterFuzz recalcu-
lates these weights based on changes in terms of graph complexity.
This rewards mutators that are more likely to increase complexity,
boosting their weights for future selections.

The edge entropy of a node 𝑒 measures the diversity of edge
types associated with that node [40], defined as

𝐻 (𝑒) = −
∑︁
𝑡 ∈E

𝑝 (𝑡) log𝑝 (𝑡)/log |E | (3)

where E is the set of edge types, and 𝑝 (𝑡) is the proportion of
edges of type 𝑡 among the edges connected to node 𝑒 . If a node has
multiple types of edges (e.g., a class that inherits from another class
and implements multiple interfaces), its edge entropy is high.

Similarly, the node degree of a node 𝑒 , denoted as Deg(𝑒), mea-
sures the number of edges connected to the node [2]. A high node
degree indicates that the node is connected to more edges, partici-
pating in a larger number of inter-class structures. For example, if
a method node is called by multiple inter-class functions or calls
multiple inter-class functions, its degree will be high.

In HPG, we define the complexity of a node as the product of its
edge entropy and degree marked as𝐶 (𝑒), and a graph’s complexity
is the sum of the complexities of all nodes as

𝐶 (𝐻𝑃𝐺 (P)) =
∑︁
𝑒∈𝑉P

𝐶 (𝑒) =
∑︁
𝑒∈𝑉P

𝐻 (𝑒) · Deg(𝑒) (4)

The above definition offers two merits. (1) Node complexity in-
tegrates both the diversity of edge types and the number of edges,
providing a comprehensive measure of a node’s involvement in
inter-class structures. (2) Graph complexity reflects the overall di-
versity of inter-class structures in the program, facilitating guidance
for mutation operations.

To guide the mutation process, we define Δ to measure the com-
plexity change of an HPG before and after applying a mutator:

Δ = 𝐶 (𝐻𝑃𝐺 (P′)) −𝐶 (𝐻𝑃𝐺 (P)) (5)

where𝐻𝑃𝐺 (P) represents the graph beforemutation, and𝐻𝑃𝐺 (P′)
represents the graph after mutation. A positive Δ indicates that the
mutator has successfully increased the graph’s complexity, while a
negative or zero Δ suggests it has not. We assign each mutator an
initial weight, which determines its probability of being selected.
The probability of selecting a mutator𝑚 is:

𝑃 (𝑚) = 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚)/
∑︁

𝑚′∈𝑀
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚′) (6)

where𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚) is the weight of graph mutator𝑚, and𝑀 is the
set of all graph mutators. After each mutation, the weight of the
applied mutator is updated based on Δ:

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚) = 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑚) + Δ (7)

If Δ > 0, the mutator’s weight increases, favoring its selection
in future iterations. If Δ ≤ 0, the weight decreases, reducing its
likelihood of selection.

Design principles of the weighting mechanism. By using
node complexity as the key metric, we assess the variety and num-
ber of inter-class structures, rewarding mutators that create diverse
inter-class patterns. We avoid simplistic metrics like node or edge
counts since they tend to produce ineffective graphs as they ig-
nore the connections among nodes or edges. On the contrary, our

complexity formula 𝐶 (𝑒) = 𝐻 (𝑒) · Deg(𝑒) emphasizes the con-
nections among nodes and edges, as well as their diversity, thus
creating more effective graphs. For example, by introducing diverse
structures over time instead of repeating the same one, we achieve
two effects. This approach increases the node’s degree, 𝐷𝑒𝑔(𝑒), by
adding new connections, and also raises its edge entropy, 𝐻 (𝑒), by
adding variety. The combined growth boosts the node’s complex-
ity, which aligns with our goal of generating complex inter-class
structures. Consequently, the weight mechanism steers mutations
toward complex HPG and inter-class structures in the program.

4.4 Test Oracle and Test Case Reduction
InterFuzz employs the following two test oracles to detect bugs:

Crash. A bug is detected if the JVM crashes during execution.
The cause is analyzed using the corresponding crash log, such as
hs_err_pid.log for HotSpot JVM. Other JVM implementations,
like R8 and ART, generate their own crash logs for similar analysis.

Semantic error. InterFuzz compares the outputs of different Java
compilers to detect semantic errors. The process is as follow:
(1) InterFuzz compiles the generated test case with javac to get

JVM bytecode.
(2) It runs R8 to translate the JVM bytecode into ART bytecode.
(3) It executes the JVM bytecode on JVM and records the output

𝑂JVM, and executes the ART bytecode on ART to obtain 𝑂ART.
(4) A semantic error is detected when 𝑂JVM and 𝑂ART differ.

Such inconsistencies may come from any of the three compilers:
R8, the JVM, or ART. To isolate the root cause, we manually inspect
each case and determine which compiler is buggy.

Test case reduction. InterFuzz generates test cases with com-
plex inter-class structures, and thus the resulting programs tend
to be large and difficult for developers to understand. In practice,
many bugs can still be triggered by only a few key structures. We
therefore adopt a semi-automated approach to reduce test cases.
We first apply a state-of-the-art test case reduction tool [8, 44] and
then manually remove non-essential inter-class structures until
further deletion no longer triggers the bug.

5 Evaluation
This section presents our experimental design for evaluating the
usefulness and effectiveness of InterFuzz. The evaluation is guided
by answering the following research questions:
• RQ1: How effective is InterFuzz in detecting bugs?
• RQ2: Does InterFuzz outperform other Java compiler testing
approaches?

• RQ3: What is the impact of InterFuzz’s key design components?

5.1 Experiment Setup
Target Java optimizing compilers.We choose three widely used
Java optimizing compilers as our targets: HotSpot, Android Run-
time (ART), and R8. For HotSpot, we select OpenJDK [7], a highly
popular implementation of the HotSpot virtual machine. Specifi-
cally, we build the mainline development branch for JDK 26 at the
commit hash ee0d30 [31]. For ART, we target the latest version of
the Android Open Source Project (AOSP) [1]. We build ART from the
AOSP mainline repository at the commit hash 648461. For R8, we
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compile the compiler from the mainline branch of Google’s official
R8 repository [16], using the commit hash 922e1a.

Environment. We run our experiments on a Linux server with
dual Intel Xeon Gold 6248R CPUs and 256GB of RAM. We im-
plement the tool’s design using Spoon [33], an open-source li-
brary for analyzing, rewriting, transforming, and transpiling Java
source code. To measure code coverage, we compile the Java op-
timizing compiler with gcov [10, 26] and use JaCoCo [12] to col-
lect and analyze coverage data. For HotSpot, we use its built-in
–enable-native-coverage option to enable gcov support. For ART,
we enable gcov support with the built-in NATIVE_COVERAGE=true
option. For R8, we use JaCoCo for runtime instrumentation to gather
coverage information. Both gcov and JaCoCo are widely used tools
that provide detailed code coverage information.

Parameters. Our practice suggests that 200 iterations can bal-
ance generation efficiency and effectiveness when exploring inter-
class structures. As InterFuzz introduces complex inter-class struc-
tures, an excessively complex seed will degrade compilation and
execution efficiency. Therefore, we set the maximum number of
iterations to 200. We also initialize the weight of each inter-class
mutation operator to 0.1 at the start of fuzzing iterations.

Seed pools. Following prior work, we use JavaFuzzer [18] to
generate initial seed test cases. JavaFuzzer can generate numerous
small, random test cases using predefined heuristics to thoroughly
test the Java VM compiler and runtime across diverse scenarios. The
seeds generated by JavaFuzzer contain naive inter-class structures.
Each test case only consists of two classes: Test and FuzzerUtils. The
only inter-class interaction between the Test class and FuzzerUtils
involves basic references throughmethod calls, without inheritance,
interfaces, or other complex dependencies.

Baselines. InterFuzz is the first to propose a testing mechanism
for analyzing and optimizing inter-class structures in Java opti-
mizing compilers. To demonstrate its effectiveness in detecting
issues with inter-class structures in Java optimizing compilers, we
compare it with four state-of-the-art baselines: Artemis [23], Mop-
Fuzzer [56], JITFuzz [54], and Jetris [61]. Artemis, MopFuzzer, and
JITFuzz are designed for JVM JIT testing, primarily focusing on
mutating intra-class or even intra-method structures to evaluate
JIT optimization behaviors. Jetris tests the JVM as a whole by gener-
alizing bug-revealing patterns from historical bugs and using these
patterns to guide the generation of additional program components.
While existing work does not focus on testing inter-class structures,
their generated test cases might still contain various structures,
potentially triggering certain bugs. For a fair comparison, we use
the same pool generated by JavaFuzzer for all baseline works.

5.2 RQ1: Bug Detection Ability of InterFuzz
Detected bugs.We conduct a three-month test on the latest ver-
sions of HotSpot, ART, and R8 using our tool. InterFuzz detects 24
bugs in total, with 20 confirmed as genuine by developers (4 for
HotSpot, 7 for ART, and 9 for R8). Detailed bug statistics are shown
in Table 3. Bugs in the Confirmed state are issues that developers
have acknowledged but have not yet fixed. The high number of
bugs found in R8 stems from its primary goal, which focuses on
whole-program optimization, aiming to reduce the app size. This
process requires analyzing and aggressively optimizing extensive

Table 3: Breakdown of detected bugs by InterFuzz

No. Bug ID Compiler Symptom Status Inter-Class
Related Priority

1 8357782 HotSpot Semantic Error Fixed ✓ P3
2 8361699 HotSpot Crash Fixed ✓ P3
3 8357381 HotSpot Crash Confirmed ✓ P3
4 8357242 HotSpot Semantic Error Duplicate ✗ P4
5 405152615 ART Semantic Error Fixed ✗ P2
6 418897611 ART Semantic Error Confirmed ✓ P2
7 369670481 ART Semantic Error Confirmed ✓ P3
8 369739225 ART Semantic Error Confirmed ✓ P3
9 405149431 ART Semantic Error Confirmed ✗ P3
10 410253904 ART Semantic Error Confirmed ✗ P3
11 405149432 ART Semantic Error Duplicate ✓ P3
12 412524379 R8 Crash Fixed ✓ P1
13 419464490 R8 Crash Fixed ✓ P1
14 379347946 R8 Semantic Error Fixed ✓ P1
15 420228751 R8 Semantic Error Fixed ✓ P2
16 367915233 R8 Semantic Error Fixed ✓ P2
17 426351560 R8 Semantic Error Fixed ✓ P2
18 418719343 R8 Semantic Error Fixed ✓ P2
19 419404081 R8 Semantic Error Confirmed ✓ P2
20 372806451 R8 Semantic Error Duplicate ✓ P2

inter-class structures. Consequently, the complexity of its imple-
mentation leads to a higher potential for hidden bugs. On the other
hand, InterFuzz detects fewer bugs for HotSpot since it focuses on
improving runtime performance by optimizing the execution of
“hot” code snippets. Therefore, it performs fewer complex analyses
and optimizations across classes, and thus contains fewer bugs.

Among the bugs detected by InterFuzz, 4 directly cause compiler
crashes, while 16 result in semantic errors in the compiled output.
Semantic errors refer to cases where the program optimized by the
compiler produces unexpected behavior or runtime errors. For com-
piler testing, detecting semantic errors is crucial, as they can lead
to unpredictable program behaviors or crashes during execution.
However, semantic errors are often hard to uncover because they
typically stem from logical flaws in the compiler’s analysis and
optimization. The presence of these bugs shows that InterFuzz can
effectively probe subtle logical errors in optimizing compilers.

Inter-class related bugs. Among the 20 confirmed bugs, 16
require inter-class structures to trigger: 3 in HotSpot, 4 in ART, and
9 in R8. To simplify each bug test case while preserving the bug,
we use reduction tools Perses [44] and CReduce [8], combined with
manual reduction. For the resulting reduced test cases, we apply
the same criteria as in the preliminary study (Section 3.1) to assess
whether inter-class structures are necessary to trigger the bugs. If a
bug’s reduced test case involves any of these structures, we consider
it requires inter-class structures to be triggered. These 17 inter-class
related bugs cannot be detected by other baseline tools. The inter-
class structures they involve are absent in JavaFuzzer seeds, and
the mutation processes of other baselines cannot introduce these
complex inter-class structures required to trigger the bug.

These inter-class triggered bugs are a long-standing challenge
for Java compilers and directly affect developers. When the com-
piler crashes, it can delay app releases. A representative case is
JDK-7064302 [45], where a complex inter-class structure triggers
a HotSpot optimization error that causes Tomcat to crash at run-
time. Furthermore, the inter-class related bugs we find are consid-
ered high-priority by developers. The HotSpot team labels JDK-
8361699 [48] as “Impact=High” and fixes it promptly. The R8 team
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fixes our reported issue (Issue 412524379 [52]) within two hours,
which highlights the practical importance of these findings.

1 class C0 {

2 interface I1 {

3 default void foo() {

4 System.out.println("C0.I1.foo");

5 } }

6 interface I2 {

7 default void foo() {

8 System.out.println("C0.I2.foo");

9 } }

10 class C1 implements I1, I2 {

11 public void foo() {

12 I1.super.foo();

13 } } }

Listing 4: An R8 compiler crash bug (i.e., Issue-8357782 [51])
caused by the flawed analysis of Nesting structure

Here, we use a bug detected by InterFuzz to illustrate how it vali-
dates the handling of inter-class structures in optimizing compilers.
Listing 4 shows a simplified test case generated by InterFuzz that
causes the R8 compiler to crash during compilation [51]. In this
test, Interface Implementation and Reference structures are nested
in class C0: the inner class C1 implements interfaces I1 and I2 and
calls the default method foo() from I1 via super. The crash oc-
curs because R8 fails to resolve foo() in I1when analyzing the call
I1.super.foo() (line 12), treats its implementation as null, and
triggers a null pointer exception. R8 developers note that this bug is
a partially unresolved issue from a previous bug in R8. Specifically,
for the case that interfaces and classes are not nested inside C0,
the bug is already fixed. By generating seeds with nested class and
interface structures, InterFuzz exposes this incomplete fix, and the
developers comment as follows: “a special case that has not changed
for a long time and has not been reported by users.” This case shows
that InterFuzz can construct complex inter-class structures and
reveal subtle bugs in the compiler’s analysis and optimization.

5.3 RQ2: Comparison with Existing Baselines
In this RQ, we compare InterFuzzwith four baseline tools (i.e., Mop-
Fuzzer, Artemis, Jetris, and JITFuzz) in terms of both code coverage
and bug detection capabilities. To ensure a fair experiment, we use
the same seed pool for all tools, generated by JavaFuzzer.
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Figure 4: Comparison of line coverage

Coverage onHotSpot/ART/R8. For coverage, we run each tool
for 24 hours on instrumented versions of HotSpot, ART, and R8. We
average the results from three consecutive runs to ensure stability.

Figure 4 shows the detailed coverage results. InterFuzz achieves
51.0% and 55.2% line coverage on ART and R8, respectively. On
R8, it outperforms the best baseline, MopFuzzer, by 9.7%, and ex-
ceeds Artemis, Jetris, and JITFuzz by 8.4%, 14.0%, and 24.9%. This
advantage stems from the fact that both ART and R8 place a greater
emphasis on analyzing and optimizing inter-class structures. This
suggests InterFuzz is better at generating complex inter-class struc-
tures, covering more inter-class-related code. Since InterFuzz is
specifically designed to generate complex inter-class patterns, it
effectively targets the relevant code within these compilers. In con-
trast, on HotSpot, InterFuzz achieves 43.2% coverage, which is lower
than some baseline tools. This result is expected, as HotSpot focuses
on optimizing “hot” code within methods rather than the inter-class
structures that InterFuzz targets. In summary, InterFuzz generates
test code that effectively targets inter-class structure handling, lead-
ing to higher coverage than the other tools.

Table 4: Comparison of bug detection ability on HotSpot,
ART, and R8. The numbers in parentheses indicate the count
of detected inter-class related bugs.

Compiler InterFuzz MopFuzzer Artemis Jetris JITFuzz
HotSpot 2 (2) 3 (0) 3 (0) 2 (0) 1 (0)
ART 2 (2) 1 (0) 0 (0) 1 (0) 0 (0)
R8 3 (3) 0 (0) 1 (0) 0 (0) 0 (0)
Total 7 (7) 4 (0) 4 (0) 3 (0) 1 (0)

Bug detection ability for HotSpot/ART/R8. We run each
tool for 24 hours on the debug builds of HotSpot, ART, and R8 to
evaluate the ability of bug detection. Table 4 shows the number of
bugs detected. Specifically, InterFuzz detects a total of 7 bugs, which
involve complex inter-class structures that other tools cannot detect.
On compilers focusing more on inter-class structures (i.e., ART
and R8), InterFuzz outperforms others in terms of the number of
detected bugs. MopFuzzer, Artemis, Jetris, and JITFuzz find 4, 4, 3,
and 1 bugs, respectively. However, none of these bugs are caused by
inter-class structures. Overall, InterFuzz excels compared to other
tools in identifying bugs related to inter-class structures.

5.4 RQ3: Component Contribution of InterFuzz
In this RQ, we evaluate the contribution of InterFuzz’s key com-
ponents. We compare InterFuzz with a variant, InterFuzz𝑟 , which
randomly selects inter-class mutators instead of being guided by
graph complexity. The comparison is based on the generated graph
complexity and bug detection ability.

Graph complexity. We run InterFuzz and InterFuzz𝑟 for 24
hours andmeasure the graph complexity of their final seeds (i.e., the
200th generation of mutations). Figure 5 shows the comparison
results. The test cases generated by InterFuzz achieve an average
graph complexity of 250.8, significantly higher than InterFuzz𝑟 ’s
average of 110.3, as confirmed by Mann-Whitney U test (𝑝𝑈 <

0.05) [30]. This result demonstrates that our complexity-guided
approach is highly effective, successfully steering the mutation
process toward generating programs with more intricate inter-class
structures than the random strategy.
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Table 5: Bugs detected by
InterFuzz and InterFuzz𝑟

Compiler InterF. InterF.𝑟
HotSpot 2 (2) 1 (0)

ART 2 (2) 0 (0)

R8 3 (3) 2 (2)

Total 7 (7) 3 (2)

Bugdetection ability.We further compare InterFuzz and InterFuzz𝑟
in terms of bug detection ability. Following the same experimental
setup as RQ2, we run InterFuzz and InterFuzz𝑟 on HotSpot, ART,
and R8 for 24 hours each. As shown in Table 5, the results show
that InterFuzz detects 7 bugs, while InterFuzz𝑟 finds only 2 bugs.
This suggests that using graph complexity as guidance in the mu-
tation process enables InterFuzz to generate test cases effectively
and efficiently with complex inter-class structures.

6 Discussion
6.1 Limitation of InterFuzz
InterFuzz abstracts program into HPG and manipulates HPG by
inter-class mutators to generate test cases with complex inter-class
structures. Such a design offers a unified representation and eases
the process of mutation. However, the variety of the generated test
cases is also limited by the definition of HPG. A specific example is
that InterFuzz currently only handles explicitly defined classes in
the HPG and does not yet support Java’s anonymous classes, result-
ing in a lack of ability to generate test cases containing anonymous
classes. However, since we are the first to propose to validate Java
compilers in terms of complex inter-class structures, our approach
is novel and points out a promising direction for future research.
More importantly, our evaluation demonstrates that the current
design of HPG can already achieve promising performance. In the
future, we plan to enrich the definition of HPG and further ex-
plore the design of more complex mutators to enhance InterFuzz’s
performance.

6.2 Generalizability of InterFuzz
The core design of InterFuzz is founded on two key components:
the Heterogeneous Program Graph (HPG), which models inter-class
structures, and Inter-class Mutators, which manipulate these struc-
tures. This architecture is fundamental to the framework’s exten-
sibility. Specifically, InterFuzz can be easily extended to cover a
more comprehensive set of features within Java by extending the
definition of HPG and mutators. For instance, to support structures
not yet covered, like Java’s Annotations, we can simply add new
node or edge types to the HPG to represent them. On the other
hand, InterFuzz can be efficiently adapted to other object-oriented
languages like C++, Python, or Kotlin and used to test their com-
pilers (e.g., GCC and LLVM). Because the HPG serves as a generic
abstraction of program structures, higher-level components such
as complexity metrics and test generation strategies remain largely
language-agnostic. Porting InterFuzz to a new language mainly
involves two steps: (1) mapping the new language’s object-oriented

constructs to the HPG and (2) implementing inter-class mutators
that follow the language’s syntax and typing rules. For example,
in C++, we can extend the definition of HPG to support template
classes, virtual functions, and other C++-specific features.

7 Related Work
We discuss related work on compiler testing.

Testing Java compilers. Fuzz testing for Java compilers is pri-
marily divided into two categories based on the origin of test
cases: generation-based and mutation-based. Generation-based
methods [3, 18] create test cases from scratch using predefined
models, which are often confined to fixed class structures, making
it difficult to cover complex inter-class interaction scenarios and
their associated bugs. Mutation-based methods [5, 6, 14, 19, 23, 54,
56, 58, 59, 61, 62] are the current mainstream, exploring new pro-
gram states by modifying existing “seed” programs. In addition to
works mentioned as baselines in evaluation, LeJit [58] automati-
cally extracts templates from existing Java code and executes them
to generate concrete programs for testing Java JIT compilers. JOp-
Fuzzer [19] targets JIT compiler behavior by combining different
compiler options with source code mutations. Despite their var-
ied approaches, these techniques mainly focus on intra-procedural
structures. They generally lack the ability to effectively generate
and manipulate complex inter-class structures. These efforts are
orthogonal to our design, offering potential for further integration
to complement capabilities.

Testing other OOP languages’ compilers. Compiler test-
ing has also made significant progress for other object-oriented
programming languages with complex inter-class structures, like
C++ [27, 28], Python [24], and Kotlin [15, 42]. For C++ compilers,
YARPGen [27] employs generation policies to guide a random pro-
gram generator. This process creates test cases specifically designed
to trigger scalar optimizations in C and C++ compilers. To test the
Python runtime system, PYRTFuzz [24] combines generation-based
program creation and mutation-based generation of application in-
puts. While these approaches are highly effective at testing specific
compiler mechanisms, their ability to probe complex inter-class
interactions within their respective languages remains limited.

8 Conclusion
We are the first to validate Java optimizing compilers with complex
inter-class structures. We present InterFuzz in this study, a new
fuzzing framework, which abstracts programs into Heterogeneous
Program Graph (HPG) and guides the fuzzing by the complexity
of graph. InterFuzz has identified 20 new bugs in major compilers
such as HotSpot, ART, and R8. Crucially, most of these bugs are
known blind spots for existing fuzzers. We believe this work can
contribute to the development of more reliable Java optimizing
compilers.
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