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Abstract

Modern web applications often require heterogeneous technology stacks, such as the combination
of Java and JavaScript. Existing methods, such as REST APIs or manual data conversion, are
complex, error-prone, and reduce developer productivity. Despite their complementary roles,
Java for robust server-side logic and JavaScript for dynamic front-end interactions, seamless in-
tegration of both technologies remains a challenge.

This thesis addresses this problem by extending the WebImage-API of GraalVM and developing
Java libraries that provide wrappers for core JavaScript objects and enable a Java-first approach
to building Vue.js components. This allows Java code to interact directly with JavaScript objects
and front-end frameworks without manual conversion or additional boilerplate.

The outcome demonstrates that Java applications can run in both the browser and Node.js,
while allowing reactive front-end components management from Java. Developers benefit from
simplified cross-language integration, improved maintainability, and increased productivity, lay-
ing the foundation for further Java-first web development.

Kurzfassung

Moderne Webanwendungen benötigen oft heterogene Technologiestacks, zum Beispiel die Kombi-
nation von Java und JavaScript. Bestehende Methoden wie REST-APIs oder manuelle Datenkon-
vertierungen sind jedoch komplex, fehleranfällig und verringern die Produktivität der Entwickler.
Obwohl Java für stabile serverseitige Anwendungen und JavaScript für interaktive Front-End-
Funktionalitäten einander komplementieren, bleibt eine reibungslose Integration beider Tech-
nologien eine Herausforderung.

Diese Arbeit adressiert das Problem, indem die WebImage-API von GraalVM erweitert und
Java-Bibliotheken entwickelt werden, die Wrapper für zentrale JavaScript-Objekte bereitstellen
und einen Java-first-Ansatz zur Erstellung von Vue.js-Komponenten ermöglichen. Dadurch
kann Java-Code direkt mit JavaScript-Objekten und Front-End-Frameworks interagieren, ohne
manuelle Konvertierungen oder zusätzlichen Boilerplate-Code.

Das Ergebnis zeigt, dass Java-Anwendungen sowohl im Browser als auch in Node.js ausgeführt
werden können und dabei reaktive Front-End-Komponenten aus Java heraus verwaltet werden.
Entwickler profitieren von vereinfachter Sprachintegration, verbesserter Wartbarkeit und höherer
Produktivität, was eine Grundlage für zukünftige Java-first-Webentwicklung schafft.
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1 Introduction

1.1 Motivation

Modern web applications frequently operate on heterogeneous technology stacks, integrating mul-
tiple programming languages. Java and JavaScript are two of the most popular languages [36],
each fulfilling a distinct role in software development. Java, with its type safety, maturity, and
robustness, remains a leading choice for server-side and enterprise applications [44], powering
large-scale and reliable backend systems. JavaScript, in contrast, is the established standard
for building interactive and dynamic web experiences directly in the browser [14], enabling rich,
responsive user interfaces. Together, they form a complementary pair for modern web develop-
ment, each excelling in its domain.

Bridging these languages is often challenging. Traditional integration methods, such as REST
endpoints or manual data transformation, can introduce unnecessary complexity. Issues like in-
complete API documentation, run-time type mismatches, and duplicated logic across languages
increase maintenance effort and reduce developer productivity [35] [42]. These approaches also
obscure the potential for more direct, seamless communication between client and server code. In
particular, executing Java code in the browser could allow for tighter integration with server-side
logic and richer interactions without relying on fragile, error-prone translation layers.

GraalVM1 provides a versatile solution to these challenges by enabling multiple languages to
execute within a single runtime environment [34]. Its WebImage API extends this capability
to the browser, allowing Java code to interact directly with JavaScript objects, web APIs, and
reactive UI frameworks. This approach eliminates much of the complexity of traditional integra-
tion methods, offering cross-language execution with minimal overhead, improved consistency,
and better maintainability. Developers can leverage the strengths of both Java and JavaScript
without sacrificing performance or introducing redundant logic.

1.2 Objectives and Scope

The objective of this thesis is to explore and implement a solution that enables seamless inter-
operability between Java2 and JavaScript3. This solution allows developers to access JavaScript
objects and code directly from Java without the need for complex conversions or additional dec-
larations. Achieving this level of interoperability makes it possible to combine the strengths of
both languages in a unified and efficient manner. Without such a solution, developers would have
to manually define every JavaScript object they need on the Java side or convert objects returned
from JavaScript themselves, making the development process significantly more error-prone and
time-consuming.

To accomplish this, the GraalVM WebImage API needed to be enhanced and extended, as
it supported only the most basic JavaScript types such as JSObject for generic objects, JSValue

1GraalVM - official website: https://www.graalvm.org/
2Java - official website: https://www.java.com
3JavaScript - documentation on MDN: https://developer.mozilla.org/en-US/docs/Web/JavaScript
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for arbitrary JavaScript values, JSString for strings, JSSymbol for symbols, JSNumber for num-
bers, and JSError for values thrown by the JavaScript side. While these primitives provide a
foundation for basic cross-language interaction, they are insufficient for real-world applications
in which developers rely on the rich ecosystem of built-in JavaScript objects and browser-like
constructs.

These extensions and improvements were implemented through direct contributions to the GraalVM
WebImage API. Additionally, a Java library was developed on top of the WebImage API. This
library provides Java wrappers for the most common core JavaScript built-in objects4 that are
not supported by the WebImage API itself (e.g., Array, Function, Map, and many others). These
wrappers enable developers to interact with JavaScript objects through a natural Java interface
without defining additional classes, performing manual conversions, or learning the underlying
API in detail. As a result, common development tasks become more intuitive, allowing develop-
ers to concentrate on the core functionality of the application instead of dealing with low-level
interoperability issues.

Building on this foundation, a separate Java library was created to enable a Java-first approach
to building Vue.js5 components. This library allows front-end components to be defined and
managed directly in Java using the Vue Options API. Its purpose is to explore both the po-
tential and the challenges of managing a reactive front-end framework entirely from Java via
GraalVM, demonstrating the practicality as well as the limitations of this approach.

4JavaScript built-in objects - documentation on MDN: https://developer.mozilla.org/en-US/docs/Web/J
avaScript/Reference/Global_Objects

5Vue.js - official website: https://vuejs.org
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1.3 Research Questions

Building on this motivation and scope, this work will examine how interoperability between Java
and JavaScript can be improved.

The following three research questions will guide the investigation:

1. How can Java wrappers for ECMAScript (JavaScript) objects be implemented,
and what improvements might this bring to interoperability?

2. How can Vue.js components be defined and managed directly in Java without
compromising core framework features such as reactivity, component lifecycle
management, and state consistency?

3. What improvements and enhancements need to be implemented in GraalVM’s
Web Image API?

Together, these questions provide a foundation for evaluating the feasibility, benefits, and limi-
tations of a Java-first approach to interoperable development leveraging the polyglot capabilities
of GraalVM.

1.4 Outcomes and Insights

This project successfully developed a Java library implementing core ECMAScript objects, along-
side a second library for defining and managing Vue.js components in Java. It demonstrates that
Java applications can effectively run in web browsers and Node.js environments using GraalVM,
making a Java-first approach to reactive web development feasible and practical.

During development, several technical challenges were addressed, including integration issues
between GraalVM and Vue.js, Native Image compilation constraints, and testing limitations.
Solutions to these challenges not only enabled the libraries to function correctly but also con-
tributed improvements to GraalVM itself.

The results show that combining GraalVM with the WebImage Interop API provides several
advantages for integrating Java and JavaScript. For example, the developed libraries allow di-
rect manipulation of JavaScript objects from Java without additional boilerplate, enable Java
lambdas and functions to be passed seamlessly to JavaScript. Moreover, JavaScript objects like
Array or Set can be created and manipulation in Java. Additionally, these libraries support
reactive front-end frameworks like Vue.js. These capabilities reduce interop complexity, simplify
cross-language integration, and allow developers to focus on application logic rather than bridg-
ing Java and JavaScript, providing a practical foundation for further extensions and reactive
Java-first web development.

3



2 Background

2.1 GraalVM

GraalVM, part of the OpenJDK Graal Project6, which originated from the Maxine VM project [41]
and was developed by Oracle Labs, is a multi-language virtual machine that supports polyglot
execution [34]. GraalVM enables high-performance execution across a variety of languages, rang-
ing from JVM-based languages like Java and Kotlin, to interpreted languages such as JavaScript,
WebAssembly(Wasm)7, and Python, as well as compiled languages including C/C++, Rust, and
Swift.

This is achieved through the use of Graal, the compiler for GraalVM, which is written entirely
in Java, providing developers with the means to produce efficient and performant code.

A central feature of GraalVM is its polyglot interoperability model, which provides a unified
mechanism for exchanging data, invoking functions, and sharing memory across languages [7].
The Polyglot API 8 allows Java program to evaluate JavaScript code, access ECMAScript objects,
or integrate with external applications without relying on separate processes or serialization-
based communication [8].

2.2 WebImage API

The WebImage API is a recent addition to GraalVM that provides an experimental mechanism
for interoperability between Java and JavaScript in the context of native-image and WebAssem-
bly backends [20] [6]. This API enables Java programs to interact with JavaScript objects,
such as arrays or strings, through wrapper classes, reducing some of the complexity typically
associated with cross-language integration. Although the API is still under development and its
feature set is limited compared to the Polyglot API, it presents a promising approach for efficient
interoperability in native or WebAssembly-targeted applications.

Despite its potential, the WebImage API is currently available only as a preview feature, and
publicly available documentation remains limited. While additional insights into its design and
implementation exist, they are not publicly accessible and therefore cannot be discussed in this
work.

Accordingly, the following overview focuses on the publicly exposed API surface, including its
annotations and foundational classes, to provide a clear understanding of the API’s current
structure without relying on non-public information.

6Graal Project - OpenJDK project page: http://openjdk.java.net/projects/graal
7WebAssembly - official website: https://webassembly.org/
8Polyglot API - GraalVM SDK documentation: https://www.graalvm.org/sdk/javadoc/org/graalvm/poly

glot/package-summary.html
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2.2.1 Annotations

In this section, the key annotations of the WebImage API, such as @JS, @JS.Coerce, @JS.Import,
@JS.Export, and the @JS.Code, are explained in detail, outlining their roles in enabling Java
methods and classes to interoperate seamlessly with JavaScript code [30].

• @JS
The @JS annotation replaces the body of a Java method with JavaScript code. The
JavaScript code is specified by the value() member of the annotation. Methods anno-
tated with @JS can be declared as native, as their Java body is not used at run-time.

1 @JS("return obj.hashCode ();")
2 public static native Integer hashCode(Object obj);

This annotation defines a 1:1 mapping between Java and JavaScript data types, ensuring
that arguments and return values are correctly converted. For instance:

- Java null ↔ JavaScript null

- JSBoolean ↔ JavaScript Boolean

- JSNumber ↔ JavaScript Number

- JSString ↔ JavaScript String

- Other Java classes ↔ JavaScript Proxy objects

• @JS.Coerce
The @JS.Coerce annotation, when used alongside @JS, enables implicit conversion (co-
ercion) between Java and JavaScript types. Java arguments passed to a @JS-annotated
method are automatically converted to the corresponding JavaScript types, and JavaScript
return values are converted back to Java.

Coercion rules include:

- Java primitive and wrapper types (boolean, int, double, etc.) → JavaScript Number
or Boolean

- long and BigInteger → JavaScript BigInt

- String → JavaScript String

- Functional-interface objects → JavaScript Function

- Other objects → JavaScript Proxy or corresponding JSValue subclass

• @JS.Import
The @JS.Import annotation marks a Java class as representing a JavaScript class from the
global scope. The annotated class must directly extend JSObject.

Example usage:

1 @JS.Import("HTMLDocument")
2 public class HTMLDocumentImpl extends JSObject {
3 ...
4 }

5



The value() member specifies the name of the JavaScript class, defaulting to the Java
class name if left empty.

• @JS.Export
The @JS.Export annotation signals that the annotated class should be exported from the
VM class. Exported classes are always included in the image and accessible from JavaScript,
even if closed-world analysis would otherwise remove them.

• @JS.Code
The @JS.Code annotation allows Java classes to include JavaScript snippets in the image.
These snippets contain declarations necessary for the annotated Java class to function
properly. The code executes before any other code in the image.

- @JS.Code.Include: Specifies a path to a JavaScript file rather than embedding the
code directly. The code from a given path is included only once even if multiple classes
reference it.

2.2.2 Classes

The WebImage API provides Java classes representing JavaScript values, including JSValue,
JSObject, JSString, JSNumber, JSBoolean, JSSymbol, JSBigInt, JSUndefined, and Thrown-
FromJavaScript. These classes enable Java code to access, manipulate, and convert JavaScript
values while preserving their semantics.

• JSValue
JSValue is the abstract base class representing any JavaScript value within the WebImage
API [28]. It unifies access to JavaScript primitives and objects and is extended by types
such as JSString, JSNumber, JSBoolean, JSObject, and JSSymbol. The JavaScript null
value is mapped directly to Java null, while undefined is represented by the singleton
JSUndefined.

A central feature of JSValue is its coercion mechanism. Methods such as asInt(), as-
String(), or asBoolean() convert the underlying JavaScript value to corresponding Java
types, and as(Class<T>) provides a generic coercion interface. Invalid conversions result
in a ClassCastException, ensuring type safety.

Additionally, JSValue exposes JavaScript semantics through methods like typeof() and
isUndefined(), allowing Java programs to inspect and handle JavaScript values precisely.
Overall, it provides the foundational representation and conversion logic essential for Java-
JavaScript interoperability in the WebImage API.

• JSObject
JSObject is a Java wrapper for JavaScript objects [24]. Every JavaScript object returned
to Java is wrapped in a JSObject instance, which acts as a Java mirror, while the original
object remains the JavaScript mirror. This allows field access via get and set methods,
as well as method invocation through invoke or call.

6



Example: creating and interacting with a JavaScript object from Java:

1 @JS("return {x: x, y: y};")
2 public static native JSObject createPoint(double x, double y;);
3

4 JSObject point1 = createPoint (1.2, 5.4);
5 int x = point1.get("x", Integer.class);
6 point1.set("y", 1.3)

JSObject can represent both anonymous objects and JavaScript functions, and also serves
as a base class for declaring JavaScript classes in Java. Subclasses of JSObject map Java
fields directly to JavaScript properties.

1 @JS.Import("Date")
2 public class JSDate extends JSObject {
3

4 public long time;
5

6 @JS.Coerce
7 @JS("return this.getTime ();")
8 public native long getTime ();
9

10 @JS.Coerce
11 @JS("return this.setTime(Number(time ));")
12 public native void setTime(long time);
13 }
14

15 public static void main(String [] args) {
16

17 JSDate date = new JSDate ();
18

19 date.time = 1_700_000_000_000L;
20 long t1 = date.time;
21 date.setTime(t1 + 3_600_000 );
22 long t2 = date.getTime ();
23 }

What this example shows:

1. A Java class (JSDate) annotated with @JS.Import, which wraps the existing JavaScript
Date class, is declared.

2. A new object of this Java class is constructed.

3. The time property of this object is accessed and set to a value, internally propagated
to the JavaScript property.

7



4. The time property of the underlying JavaScript object is set and accessed via a Java
function, whose body is replaced by the JavaScript code specified in the @JS annota-
tion.

• JSUndefined
The JSUndefined class is a Java representation of the JavaScript undefined value [27].
This allows Java code interacting with JavaScript via GraalVM to handle undefined values.

• JSString
The JSString class represents a JavaScript String in Java [25]. It extends JSValue and
enables Java code to create and work with JavaScript strings. Strings can be instanti-
ated from Java using JSString.of(String). The asString() method provides the Java
String equivalent of the underlying JavaScript value, allowing seamless use in Java code
while maintaining JavaScript string behavior.

• JSNumber
The JSNumber class is a Java wrapper for a JavaScript Number [23]. It allows numeric values
to be created in Java and used in JavaScript. A JSNumber can be constructed from a Java
double using JSNumber.of(double). The class offers methods to convert the underlying
number into different Java numeric types, such as Integer, Long, Double, and others,
enabling flexible integration with Java computations.

• JSBoolean
The JSBoolean class represents a JavaScript Boolean in Java [22]. It enables Java code to
create and manipulate boolean values in JavaScript. Java booleans can be converted to the
corresponding JavaScript values using JSBoolean.of(boolean), JSBoolean.createTrue(),
and JSBoolean.createFalse(), which return true and false, respectively. The asBoolean()
method retrieves the value as a Java Boolean.

• JSSymbol
A JavaScript Symbol is represented by the JSSymbol class [26]. This class allows for the
creation and handling of symbols from Java code.

• JSBigInt
The JSBigInt class models a JavaScript BigInt value in Java [21]. The class provides
access to the JavaScript value and supports conversion to various Java numeric types,
enabling smooth interoperability with Java code while maintaining BigInt semantics.

• ThrownFromJavaScript
ThrownFromJavaScript represents any value thrown by JavaScript code, it is not limited
to just errors [29]. It wraps the JavaScript object that was thrown and can be accessed via
getThrownObject().

All of these classes except for ThrownFromJavaScript implement common methods such as
equals(Object that), hashCode(), typeof(), and stringValue(), providing consistent be-
havior across different Java representations of JavaScript values.

8



2.3 Vue.js and Reactive State Management

Vue 3 (Vue.js) is a well-established used JavaScript framework for front-end development, created
to streamline the development of building web applications [38]. It is a progressive JavaScript
framework built upon standard web technologies such as JavaScript and HTML. Vue provides
a lightweight, declarative, component-oriented architecture that enables efficient development
of both simple and complex user interfaces, while allowing seamless integration into existing
applications or scaling to support full-featured single-page applications [15]. Implementation of
components can be achieved in two distinct ways, either using the Options API or the newer
Composition API. Using the Options API, the logic of a component can be implemented in
an object-based structure with options like data, methods, computed, and props. These defined
properties are accessible through this within a function. In contrast, the Composition API
enables defining a component’s logic using a functional and reactive programming approach. It
offers a more flexible and expressive way to organize and manage a component’s behavior, espe-
cially for complex applications.

A core feature of Vue is its reactive state management, a feature that allows the framework
to automatically keep the user interface synchronized with the underlying data. This means
that, when a property of an object is changed, Vue detects this change and automatically up-
dates all parts of the user interface that depend on this value. In Vue, data is made reactive
by JavaScript Proxies9. The Composition API gives developers a very explicit way to define
reactive state. Using functions like reactive() for objects, ref() for single values, computed()
for derived values, and watch() to observe changes, developers can create a reactive state that
automatically responds to updates. The Options API also benefits from Vue reactivity system,
though it does so more implicitly. When defining a component’s state in the data() function,
Vue automatically converts that object into a reactive state. Essentially, the Options API pro-
vides a simpler approach than the Composition API to Vue’s reactivity system, and therefore it
was chosen as the preferred API to be implemented in Java, as detailed in Section 3.4.

9JavaScript Proxies - documentation on MDN: https://developer.mozilla.org/en-US/docs/Web/JavaScrip
t/Reference/Global_Objects/Proxy
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3 Implementation

3.1 Architecture Overview

JS Engine + Wasm Runtime

GraalVM WebImage API

GraalVM WebImage Interop

GraalVM Vue Interop

Java Applications Java GUI Applications

Web-Browser / Node.js

Ja
va

co
d
e
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p
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Figure 1: Component architecture for Java applications executing as
JavaScript or WebAssembly in the browser or Node.js

Figure 1 illustrates the architecture of the system and its execution context. The entire system
runs in a web browser or Node.js, using a JavaScript engine (e.g., V8 or SpiderMonkey) with built-
in WebAssembly support [43] [40]. Java code is compiled ahead of time using GraalVM Native
Image to either JavaScript (JS) or WebAssembly (Wasm). At runtime, both the JavaScript and
Wasm artifacts execute entirely inside the JavaScript engine and interact with native JavaScript
libraries and browser APIs.

GraalVM WebImage API (Core API) Implemented partially in Java (for the polyglot
API) and partially handled by the GraalVM Native Image compilation process, this layer repre-
sents the foundation of the architecture. It exposes primitive JavaScript values and objects (e.g.,
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JSValue, JSObject and JSString) to Java code, enabling Java programs to interact directly
with the browser DOM or Node.js runtime. Java code using this API is compiled ahead of time
to JavaScript or WebAssembly and executes inside the target environment.

GraalVM WebImage Interop Implemented entirely in Java, this layer provides higher-level,
type-safe wrappers for commonly used JavaScript constructs, including arrays, functions, maps,
and iterators. It abstracts low-level conversions and coercions, allowing developers to interact
with JavaScript objects naturally from Java. Compiled by GraalVM Native Image, the resulting
JavaScript or WebAssembly executes in the browser or Node.js without modification.

GraalVM Vue Interop This layer enables Java-first development of Vue.js applications. It
wraps Vue concepts, such as applications, components, and reactive state, in Java, using the
WebImage API and interop layers to enable communication between Java and JavaScript. At
runtime, Java code compiled to JavaScript or WebAssembly runs in the browser and works with
the native Vue.js framework, letting developers write all application logic, components, and state
management in Java.

Application Layer The top layer consists of application-specific programs, either general Java
applications or GUI applications using Vue. Developers write all application logic in Java, which
GraalVM compiles to JavaScript or WebAssembly. Vue-based applications also include HTML
templates and minimal bootstrap JavaScript code, but the core logic and UI definitions are en-
tirely in Java. Execution occurs in the browser or Node.js environment, leveraging the compiled
artifacts and the underlying GraalVM runtime.

In summary, the architecture separates concerns between low-level runtime interoperability,
reusable abstractions, framework integration, and application logic. Most of the code is written
in Java. At runtime, the compiled JavaScript or WebAssembly executes entirely in the browser
or Node.js, interacting seamlessly with native JavaScript libraries and the DOM.

3.2 Enhancements to WebImage: Streamlining Type Conversions and
ECMAScript Interoperability

As preparation for implementing the Java Wrapper Library for the core ECMAScript objects,
the WebImage API was updated. A key focus of this update was to streamline type conversions
by combine them in a single, centralized mechanism to improve type safety and reduce errors
and exceptions when handling values between the Java and JavaScript sides. Resulting in a more
robust foundation for reliable interaction between Java and JavaScript values. Another important
part of this update is the extension and modification of existing WebImage API classes (e.g.,
JSObject and JSString), to enable full JavaScript interoperability.

3.2.1 JSValue: Streamlined Type Conversions

The JSValue class represents any JavaScript value within the WebImage API, as previously
discussed in Section 2.2.2. To improve type casting when working with dynamic values, a new
utility method, checkedCoerce(), was introduced in the JSValue class. This method combines
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and simplifies type-conversion logic by allowing safe coercion of an Object to a specific type,
while also handling cases where the value itself is a JSValue.

1 @SuppressWarnings("unchecked")
2 public static <R> R checkedCoerce(Object value , Class <R> cls) {
3 if (value instanceof JSValue jsResult) {
4 return jsResult.as(cls);
5 }
6 return (R) value;
7 }

The method first checks whether the given object is an instance of JSValue. If it is, it delegates
the conversion to the as() method of JSValue, which encapsulates the logic for safely converting
JavaScript values to the requested Java type. If the object is not a JSValue, it falls back to a
standard unchecked cast. The @SuppressWarnings("unchecked") annotation is used to avoid
compiler warnings for this cast, acknowledging that the developer is confident in the type safety
at this point.

Using checkedCoerce() simplifies explicit casting and reduces the chance of run-time Class-
CastExceptions. Previously, retrieving a value from a JSObject required an exact Java type:

1 int count = (Integer) data.get("count");

If the value was a JSValue (e.g., JSNumber), this cast would fail, even though the underlying
number could be converted to an Integer.

Using checkedCoerce(), the same operation becomes safer and more expressive:

1 int count = JSValue.checkedCoerce(data.get("count"),Integer.class);

If the value is a JSValue, its as() method performs a type-aware conversion using JavaScript
semantics. This allows many values that would previously cause a cast error (e.g., numeric
JSValues, like JSNumber), to be converted correctly. Only values that are truly incompatible
with the requested type will still throw a ClassCastException. As a result, cast failures are less
frequent, the code is cleaner, and dynamic JavaScript values can be handled more safely and in
a more maintainable way.

3.2.2 ThrownFromJavaScript

The class previously known as JSError has been renamed to ThrownFromJavaScript to better
reflect its actual purpose. The original name suggested a direct relationship with JavaScript’s
native Error object, which was misleading. In practice, the class is used to represent any value
thrown from JavaScript, regardless of whether it is an instance of Error, a primitive value, or
a custom object. The new name clarifies this broader responsibility and avoids the implication
that the class exclusively models JavaScript Error types. This improves semantic accuracy and
ensures that the run-time behavior is more intuitively understood by developers.
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3.2.3 Extending JSObject, JSNumber, JSString, and JSSymbol for Full JavaScript
Interoperability

While all the following classes JSObject, JSNumber, JSString and JSSymbol, already existed
in the GraalVM WebImage API, they lacked many of their standard JavaScript (ECMAScript
202510) counterpart functions and constants needed for the WebImage Interoperability layer.

To address the limitations of the existing GraalVM WebImage API, all relevant standard JavaScript
functions and constants were added to JSObject, JSNumber, JSString, and JSSymbol. This
ensures that each class now fully supports the behavior expected of its native JavaScript coun-
terpart.
Specifically:

• JSObject now includes methods for property access, enumeration, and prototype manipu-
lation, such as defineProperties(), keys(), and groupBy().

• JSNumber implements numeric operations and methods like toFixed(), toExponential(),
and toPrecision(), but also constants like EPSILON, MAX_VALUE and NaN.

• JSString provides string manipulation methods such as charAt(), concat(), includes(),
substring(), and split(), and new constructors (e.g.; fromCharCode() and fromCode-
Point()).

• JSSymbol supports creation, registration, and retrieval operations, including Symbol.for(),
Symbol.keyFor(), and usage as unique object keys.

By adding the almost full set of standard functions for each type, the GraalVM WebImage API
now allows seamless interoperability with JavaScript code. This makes the run-time behavior of
these classes more predictable and consistent, closely mirroring their native JavaScript behavior.

However, not all standard object functions could be implemented. The JSObject class is cur-
rently missing the following functions: assign(), getOwnPropertyDescriptors(), getOwnProp-
ertySymbols(), getPrototypeOf(), and hasOwnProperty(). All of these functions interact
with the properties of the proxy underlying the JSObject and interfere with hidden fields of the
proxy. Therefore, these functions were skipped for the time being. They can be added in the
future once GraalVM is updated to prevent this interference.

The complete set of modifications and tests, including the newly added functions, constants
and new tests, is documented in the corresponding GraalVM GitHub repository11 as well as in
the official WebImage API documentation12.

10ECMAScript 2025 - official standard documentation: https://ecma-international.org/publications-and
-standards/standards/ecma-262/

11GraalVM - GitHub repository: https://github.com/oracle/graal
12GraalVM WebImage API - SDK documentation: https://www.graalvm.org/sdk/javadoc/org/graalvm/we

bimage/api/package-summary.html
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3.3 Java Wrapper Library for core ECMAScript objects

To enable seamless interaction between Java and JavaScript objects, a dedicated Java library13

was developed. This library, which provides Java wrappers for the core JavaScript standard
built-in objects, is also available on Maven Central14, making it easy to include in any Java
project.

While the library does not wrap every possible JavaScript object, it focuses on the most im-
portant and commonly used objects, ensuring practical coverage for typical Java-JavaScript
interoperability scenarios.

The following section provides an overview over the implemented Java wrapper classes in this
library. Beginning with a description of how the wrapper classes are implemented. Followed
by two concrete examples, due to space constraints the other implemented classes and exact
implantation, can be found in the library’s GitHub repository.

3.3.1 Structure of the implemented classes

Each Java wrapper class follows a similar structure. Let us now take a closer look at this
structure.

Class Declaration

1 @JS.Import("Array")
2 public class JSArray extends JSObject {
3 ...
4 }

Beginning with the class declaration, each class is annotated with @JS.Import, which indicates
that this Java class corresponds to a global JavaScript object. In this case this Java class
corresponds to the global JavaScript Array object. The @JS.Import annotation requires the
annotated class to be a direct subclass of JSObject. Consequently, this class inherits all the
generic JavaScript object behavior from JSObject while adding functionality specific to this
Java wrapper (for example, the features of the JavaScript array object in JSArray).

Constructors

Each class, excluding ones, which only contain static properties and static methods, has at least
one constructor. Most of these classes provide the constructor in form of static methods, such as
JSArray, JSFunction or JSIterator. Other classes need to be created like a normal Java class,
like JSMap or JSSet and then can be filled with values.

13GraalVM WebImage Interop Library - source code on GitHub: https://github.com/Atur256/graalvm-web
image-interop

14GraalVM WebImage Interop Library - Maven Central: https://mvnrepository.com/artifact/io.github.a
tur256.graalvm-webimage-interop/graalvm-webimage-interop
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Examples:

1 JSArray arr = JSArray.of("a", "b", "c");
2 JSSet set = new JSSet (). add (1). add (2). add (3);

Properties

The wrapped JavaScript objects often contain properties, these properties need to be accessible
from the Java code. This is solved by the fact that all wrappers extend JSObject, as properties
of JSObject point to the native properties of the underlying JavaScript object.

1 @JS.Import("Set")
2 public class JSSet extends JSObject {
3 public int size;
4 ...
5 }

So if the property size is accessed for a JSSet, the WebImage API delegates this access to the
underlying JavaScript Set object, where the size is accessed and coerced to the specified Java
data type, for this example int.

But not all properties can be implemented in this way, Java requires constants to be prefixed by
the keyword static. Which will not work as the WebImage API currently can not point from
constant/static fields to the fields of the underlying JavaScript object. To solve this problem,
these static properties where implemented as methods. Such as this example for the Euler’s
constant of the JavaScript Math object, which is represented as a method which internal calls
the constant on the Math object.

1 @JS.Coerce
2 @JS("return Math.E;")
3 public static native double e();

Methods

All wrapper classes contain methods, here we will use the log() method of JSMath as an example
to show the implementation of methods.

1 @JS.Coerce
2 @JS("return Math.log(x);")
3 public static native double log(double x);

All methods are either annotated with @JS.Coerce (like this example) to automatic coerce the
parameter and return values to the specified Java type or not if no automatic coercion is desired.
Via the @JS annotation, the JavaScript code which should be wrapped, can be specified. Here
the arguments need to match the parameters of the wrapper function. Also, all methods that
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are annotated with @JS need to be prefixed with the keyword native.

After familiarizing us with the structure of these implemented classes, we can now take a look
at the implementation of two concrete examples: JSArray and JSFunction.

3.3.2 JSArray

The JSArray class provides a Java wrapper for the native JavaScript Array object. It exposes the
constructors, static methods, instance properties, and instance methods of a JavaScript array,
enabling seamless interaction with JavaScript array functionality from Java code.

Constructors

The JSArray class provides multiple static methods to create instances from a wide range of
Java objects.

1 JSArray arr1 = JSArray.from(new int[]{1, 2});
2 JSArray arr2 = JSArray.from("abc");

The JSArray.from() method creates a JSArray from various Java objects, including primitive
arrays, object arrays, strings, Iterable instances, and other JSArray objects.

1 JSArray arr3 = JSArray.of("a", "b", "c");
2 JSArray arr4 = JSArray.of(1, 2, 3);
3 JSArray emptyArr = JSArray.of();

Complementary to JSArray.from(), the JSArray.of() method creates arrays from Java vari-
adic arguments. If no arguments are provided, it returns an empty JSArray. This provides a
convenient and concise way to initialize arrays directly from individual values.

1 JSPromise p1 = JSPromise.resolve(JSNumber.of (1));
2 JSPromise p2 = JSPromise.resolve(JSNumber.of (2));
3 JSPromise p3 = JSPromise.resolve(JSNumber.of (3));
4 JSArray promiseArr = JSArray.of(p1 , p2 , p3);
5 JSPromise arr6 = JSArray.fromAsync(promiseArr );

Finally, JSArray.fromAsync() allows the creation of a JSArray from a Promise that resolves
to an iterable, from an array (or any iterable) of Promises, or from an async iterable.

Properties

JSArray provides only a single property: length

1 JSArray arr = JSArray.of(1, 2, 3);
2 int len = arr.length;
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The length property of JSArray provides access to the length of the JSArray. Setting this value
is prohibited by the underlying WebImage API mechanisms and will result in a ThrownFrom-
JavaScript error.

Methods

The JSArray class provides all static and instance methods of the JavaScript Array15 including:

• Element Access: Methods like at(int index) and its typed variant at(int index,
Class<R> cls) provide safe access to elements with automatic type coercion using JS-
Value.checkedCoerce().

• Core Array Operations: Implements common operations such as concat(), slice(),
splice(), reverse(), sort(), and immutable variants like toReversed(), toSorted(),
and toSpliced().

• Iteration & Analysis: Includes iterator helpers (entries(), keys(), values()), iter-
ation methods (forEach()), and higher-order array methods such as every(), some(),
filter(), map(), flat(), and flatMap().

• Mutation Methods: Provides safe methods for adding or removing elements (push(),
pop(), shift(), unshift()) and filling or updating elements (fill(), with()).

• Search & Indexing: Includes methods for element lookup (includes(), indexOf(),
lastIndexOf(), find(), findIndex(), findLast(), findLastIndex()) with optional
type-safe coercion.

• Reduction: Implements reduce() and reduceRight() with support for initial values and
type coercion.

• String Conversion: Methods such as join() and toJSString() allow easy conversion
of the array to string representations, preserving readability and debug support.

Example Usage of JSArray

1 JSArray arr = JSArray.of(1, 2, 3);
2 arr.push (4);
3 int first = arr.at(0, Integer.class);
4 int last = arr.pop(Integer.class);
5 JSArray doubled = arr.map(JSFunction.fromFunc (( JSNumber x) ->
6 JSNumber.of(x.asInt () * 2)));

This example shows how a JSArray can be created from variadic int values. Then how a value
can be added to the array via push(). After adding a value, it also shows how to retrieve values
from the array. at() can be used to retrieve a value from the JSArray at a certain index, this
value is then coerced to a Java Integer. Via pop() the last value of the JSArray is removed

15JavaScript Array - documentation on MDN: https://developer.mozilla.org/en-US/docs/Web/JavaScrip
t/Reference/Global_Objects/Array
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and returned and again coerced to an Integer. Finally, a new JSArray is created via the map()
method. Which takes a JSFunction as an input. This function takes a JSNumber as input
doubles this value and then returns this number. The map() method applies this JSFunction to
each value of the JSArray and then returns a new array with doubled values.

3.3.3 JSFunction

The JSFunction class provides a wrapper class for native JavaScript Function, but also for Java
functions, thereby also allowing the passing of Java functional interfaces or lambdas. It exposes
constructors, static methods, instance properties, and instance methods of a JavaScript function,
allowing Java code to create, pass, and invoke JavaScript functions, as well as pass Java functions
(such as functional interfaces or lambdas) to JavaScript. These passed JSFunction objects are
fully compatible with JavaScript and can be used like normal JavaScript functions.

Constructors

1 JSFunction fun1 = JSFunction.fromBody("return ’Result: ’ + arg;");
2 JSFunction fun2 = JSFunction.fromArgs(
3 new String []{"a", "b"}, "return a + b;");
4 JSFunction fun3 = JSFunction.of(
5 (BiFunction <Integer , Integer , Integer >) (a, b) -> a * b);

A JSFunction can be created in multiple ways, demonstrated by the code above. We can split
these constructors into two groups, the first group representing the constructors to create a
JSFunction from JavaScript code by a Java String. This includes JSFunction.fromBody()
and JSFunction.fromArgs(). JSFunction.fromBody() takes a Java String of the JavaScript
Function body as input, while JSFunction.fromArgs() accepts the arguments names as a
String[] or as a comma-separated list in a single String, and the Function body as a String.
JSFunction.fromArgs() requires argument names to exactly match the names used in the func-
tion body, otherwise a runtime exception occurs. The latter allows for more than one argument
or named arguments in the function body. The second group includes JSFunction.of() and
JSFunction.withThis() (creating a JSFunction with the this context as the first parameter),
these two methods allow for the creation of a JSFunction from a Java functional interface or a
Java lambda. Both methods provide overloads for the most commonly used functional interfaces
and also offer a generic overload to support other or custom functional interfaces.

Properties

The JSFunction class provides three properties:

• length - The number of expected arguments of the JSFunction

• name - The name of the JSFunction.

• prototype - The prototype object of the JSFunction.
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Methods

The JSFunction wrapper provides methods to bind a this context and to invoke a JSFunction:

• invoke(): Invokes a JSFunction using the provided arguments as variadic values.

• call(): Invokes a JSFunction with an explicitly provided this context, along with addi-
tional arguments as variadic values.

• bind(): Binds a specified this context to a JSFunction, returning the function with the
bound context.

All of these methods also provide raw overloads (suffixed with "Raw": for example, invokeRaw()
for invoke()) that automatically coerce both parameters and return values. These raw methods
are intended for use with JavaScript functions. In contrast, the normal versions only coerce
return values, allowing Java values to be passed to a JSFunction created from Java functional
interfaces or lambdas without converting the input values back to Java types inside the function.

Example Usage of JSFunction

To illustrate these capabilities in practice, the following examples demonstrates creating JS-
Functions, invoking them with and without a this context, and using a higher-order function
approach to manipulate values.

Example 1: Simple Function Creation and Invocation

1 JSFunction fun = JSFunction.of(() -> JSNumber.of (42));
2 int result = fun.invoke(Integer.class);

This example demonstrates the simplest way to create a JSFunction by wrapping a Java lambda
with no parameters. The function always returns the number 42. The invoke() method calls
the function and safely coerces the JavaScript return value to a Java Integer.

Example 2: Function with Parameters and Return Value

1 JSFunction fun = JSFunction.of(( JSNumber x, JSNumber y) ->
2 JSNumber.of(x.asInt () * y.asInt ());
3

4 int result = fun.invokeRaw(Integer.class , 10, 5);

Here, the function accepts two parameters (x and y) and returns their multiplied value. This
time the invokeRaw() method is used to show that when the raw version is called, the function’s
parameters are automatically coerced to JavaScript values, even if Java values are provided.
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Example 3: Using this Context

1 JSObject obj = JSObject.create ();
2 obj.set("factor", 3);
3

4 JSFunction fun = JSFunction.withThis(
5 (JSObject self , Integer x) ->
6 x * self.get("factor", Integer.class)
7 );
8

9 int result = fun.call(Integer.class , obj , 7);

This JSFunction takes a this context and a parameter x as input. Then multiplies the value
of x by the value of the field factor from the object provided as the this context. The this
context is provided by the called method call().

1 funWithThis = fun.bind(obj);
2 int result = funWithThis.invoke(Integer.class , 7);

The same result can also be achieved via the usage of the bind(), where the this context is
bound to the JSFunction. Then the returned function can be normally invoked via invoke.

3.3.4 Other implemented classes

While only the JSArray and JSFunction classes were looked at in more detail, other Java
wrappers were also implemented for the following JavaScript objects: JSDate, JSError, JSIntl,
JSIterator, JSJson, JSMap, JSMath, JSPromise, JSRegExp, JSSet, and JSUri. For further
details, please consult the project’s source code available in the library’s GitHub repository16.

3.3.5 Testing

To increase confidence that implemented classes and methods behave as expected and to help
detect potential errors, tests were developed alongside the class implementations. Each class has
a corresponding test that verifies its behavior using JUnit assertions. The code below shows an
example of such a test, specifically testing the creation and invocation of a JSFunction.

1 public static void testFunction () {
2 JSFunction fun1 = JSFunction.of(( String arg) -> "Hello , " + arg);
3 JSFunction fun2 = JSFunction.of(( Integer arg) -> arg * 10);
4 ...
5 String result1 = fun1.invoke(String.class , "Alice");
6 int result2 = fun2.invoke(Integer.class , 42);
7 ...
8 assertEquals("Hello , Alice", result1 );
9 assertEquals (420, result2 );

16GraalVM WebImage Interop Library - source code on GitHub: https://github.com/Atur256/graalvm-web
image-interop
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10 ...
11 }

The initial idea to use JUnit tests was abandoned because the tests include native code, which
must be compiled with native-image. Standard JUnit tests cannot be used for this purpose,
as they run as regular Java code. To address this, the Maven build process was adapted to
allow both the standard compilation of the library and a compilation that includes the test
code via a separate profile: -Ptest-native. Once compiled, the tests can be executed using
Node.js. To automate this workflow, a GitHub Action was created that first sets up the GraalVM
environment, then compiles the library with the tests using native-image, and finally runs the
tests.

3.4 Integration of Java-Defined Vue Components

To illustrate the capabilities of the GraalVM WebImage API and the GraalVM WebImage In-
terop Library in combination with reactive frameworks, a second Java library was developed.
The GraalVM Vue Interop library17, also available on Maven Central18, provides basic wrappers
for the Vue.js framework. Vue.js was selected due to its Option API, which offers a relatively
straightforward structure for integration within Java. While the primary focus of this library is
the Options API, selected features of the Composition API were also wrapped to provide addi-
tional flexibility.

The Java API consists of three classes, each fulfilling a specific role in the framework integration.

3.4.1 Vue class

The Vue class provides access to the top-level functions offered by Vue.js, such as createApp(),
ref(), and watch(). Since Vue.js allows global functions, but Java does not, the Vue class
exposes these functions as static methods, effectively wrapping most of Vue’s top-level API for
use within Java applications.

3.4.2 VueApp class

The VueApp encapsulates a Vue application instance, which is returned by the createApp()
method from the Java Vue class. It contains a basic set of instance methods including mount(),
component() and use().

3.4.3 Component class

The Component class is the core of the API and represents a Vue.js-style component in Java.
Similar to Vue.js’s component system, it allows the UI to be split into independent and reusable
parts. This class includes most options from the Options API, such as template, data, methods,
and many more. The abstract Component class also serves as a base class for custom component

17GraalVM Vue Interop Library - source code on GitHub: https://github.com/Atur256/graalvm-vue-interop
18GraalVM Vue Interop Library - Maven Central: https://mvnrepository.com/artifact/io.github.atur256

.graalvm-vue-interop/graalvm-vue-interop
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implementations, where all required fields or methods must be implemented or overridden with
appropriate data or logic.

For more details, please refer to the source code of this project on the library’s GitHub repository.

3.4.4 Counter Example

To better illustrate how this library can be used to develop Vue applications from Java, we will
now take a look at a simple counter example:

1 public class RootComponent extends Component {
2

3 public RootComponent () {
4 this.template = JSString.of("""
5 <div class="app">
6 <h1 >{{ title }}</h1>
7 <p>Count: {{ count }}</p>
8 <p>Status: {{ status }}</p>
9 <button @click =" increment">Increment </button >

10 </div >
11 """);
12

13 this.methods = new Methods ();
14 this.computed = new Computed ();
15 }
16

17 public JSObject data() {
18 return new Data ();
19 }
20

21 private static class Data extends JSObject {
22 public String title = "Counter App";
23 public JSNumber count = JSNumber.of(0);
24 }
25

26 private static class Methods extends JSObject {
27 public JSFunction increment = JSFunction.withThis(
28 (JSObject self) -> {
29 int current = JSValue.checkedCoerce(
30 self.get("count"), Integer.class);
31 self.set("count", JSNumber.of(current + 1));
32 });
33 }
34

35
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36 private static class Computed extends JSObject {
37 public JSFunction status = JSFunction.of(
38 (JSObject self) -> {
39 int value = JSValue.checkedCoerce(
40 self.get("count"), Integer.class);
41 return JSString.of(value > 4 ? "High" : "Low");
42 });
43 }
44 }
45

46 public class CounterExample {
47 public static void main(String [] args) {
48

49 Component component = new RootComponent ();
50 VueApp app = Vue.createApp(component );
51 app.mount ();
52 }
53 }

Figure 2: Counter Example running in a web browser (Firefox).

In this example, the RootComponent extends the abstract Component base class and overrides
key fields and methods to define the application’s behavior.

• Template: The template field defines the HTML structure of the component. It dis-
plays the application title (title), the current counter value (count), a computed status
(status), and a button that triggers the increment method when clicked.

• Methods: The methods field holds a JSObject containing JSFunctions. Here, it contains
a single function that increments count by one each time it is invoked. The function name
must match the event handler name used in the template (e.g., increment).

• Computed: The computed field contains reactive functions that automatically update
when their dependent data changes. In this example, status is a function that returns
"High" if count is greater than 4, and "Low" otherwise.

• Data: To mimic Vue.js’s data() function, which returns a reactive state, this Java imple-
mentation splits it into a field and a method. The Data field holds a JSObject defining
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the reactive values title (the application title) and count (initialized to 0). The data()
method returns this Data object, providing a reactive state.

An instance of this RootComponent is created and passed to Vue.createApp(component), which
initializes the application using the defined template, data, methods, and computed properties.
The resulting VueApp is mounted via app.mount() and renders the component to the DOM. The
resulting application is shown in Figure 2. Clicking the Increment button triggers the increment
method, updating count. This automatically updates the UI and the status computed property,
reflecting Vue.js’s reactive behavior.

3.4.5 Other Examples

For additional examples, please refer to the GitHub Repository19 of this project. This repository
includes more advanced examples, such as demonstrations of component hierarchies, lifecycle
updates, watch effects, and other features.

19GraalVM Vue Interop Library - source code on GitHub: https://github.com/Atur256/graalvm-vue-interop
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4 Related Work

Thanks to the cross-device compatibility of web platforms and browsers, they can run on almost
every consumer device, making them a popular choice for application deployment. This makes
languages like JavaScript and WebAssembly common targets for development [39]. To avoid
rewriting existing applications in other languages, many projects focus on compiling or translat-
ing various languages into JavaScript or WebAssembly [12] [1].

In this section, we present a brief overview of the most common approaches. A detailed dis-
cussion of how the interoperability of these approaches compares to GraalVM WebImage
Interop will follow in the next section 5, allowing for a focused overview here without immedi-
ate comparison.

4.1 GWT Web Toolkit

The GWT Web Toolkit (formerly Google Web Toolkit) [10] is an open-source framework de-
veloped by Google for building web applications in Java. GWT provides its own compiler (the
GWT compiler) [9], which converts Java code into JavaScript, allowing Java applications to be
transformed into fully working JavaScript applications. However, GWT has some drawbacks,
primarily its support for only a small subset of the JDK [9]. This trade-off was accepted, to
achieve high performance and efficiency.

Although GWT was succeeded by J2CL in 2025, it is still used in many Google products, such
as Google Ads (formerly Google AdWords) and Google Wallet. Google Web Toolkit continues
to be developed and maintained as a community-driven, open-source project.

4.2 J2CL (Java to Closure JavaScript transpiler)

Due to new trends in the web ecosystem and evolving requirements, J2CL [5] emerged as a
successor to GWT. It is a powerful transpiler developed by Google, specifically designed to
convert Java classes into JavaScript files, which are then merged and optimized by Google’s
Closure Compiler20. J2CL serves as an underlying technology for several Google Workspace apps,
including Gmail, Docs, Slides, and Calendar, and can therefore be seen as a tested and currently
used solution. While it also supports WebAssembly, this feature is still in an experimental
stage [4].

4.3 TeaVM

TeaVM [37] is an ahead-of-time (AOT) compiler that translates Java bytecode into JavaScript
and WebAssembly. It is closely related to Google Web Toolkit (GWT), but unlike GWT or
J2CL, TeaVM operates on compiled Java class files rather than source code. This approach not
only eliminates the need for Java source code but also enables the compilation of other JVM
languages, such as Kotlin or Scala. TeaVM offers one of the most high-performance solutions for
compiling Java to JavaScript and WebAssembly, producing compact JavaScript output.

20Closure Compiler - official documentation: https://developers.google.com/closure/compiler
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4.4 CherrpJ

CheerpJ [18] is a commercial solution that focuses on running arbitrary and unmodified Java
applications in the browser [16]. It combines a WebAssembly-based Java Virtual Machine with a
JIT compiler that translates Java bytecode into JavaScript or WebAssembly [17] [19]. CheerpJ
provides a full Java SE runtime based on OpenJDK21, including support for graphical user in-
terfaces (e.g., Swing or AWT), reflection, and dynamic class loading, overcoming the limitations
of solutions that support only a subset of Java.

In contrast to other solutions listed here, CheerpJ does not compile any runtime components,
such as standard library methods, into the final JavaScript file. Instead, the CheerpJ runtime
downloads all runtime components dynamically on demand from the Leaning Technologies server.

4.5 Bytecoder

Bytecoder [32] is an open-source AOT compiler that translates JVM bytecode into JavaScript
or WebAssembly. It operates on compiled class files rather than Java source code, allowing it to
support a variety of JVM languages, though compatibility may vary. While Bytecoder is based
on the OpenJDK JRE class library, it does not provide all classes from the Java standard library,
and some classes are implemented with custom solutions [33].

4.6 Excluded/Unmaintained Projects

Unmaintained projects, such as JSweet [13], JWebAssembly [11], Dragome [2], and Doppio-
JVM [31], were excluded from this overview. While some of these projects initially offered
promising approaches, a lack of active maintenance over several years has rendered them no
longer viable for new development.

Table 1 summarizes the Java-to-JavaScript and Java-to-WebAssembly solutions discussed in this
section and provides a high-level comparison of their characteristics.

21OpenJDK - official website: https://openjdk.org/
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Table 1: Overview of Java-to-JavaScript/WebAssembly compilers and their main advantages.
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5 Evaluation and Comparison

This section evaluates GraalVM WebImage Interop in comparison with alternative solutions
discussed in Section 4. The main focus lies in Java-JavaScript interoperability, which is the
primary contribution of this work. The goal is to assess how effectively each approach supports
interaction between Java and JavaScript. It also aims to highlight the practical implications for
developers performing common interop tasks.

5.1 Assessment Criteria

The assessment is qualitative, based on representative examples of common interop tasks. The
criteria include:

• Interop boilerplate: The amount of additional code required to create, pass, and ma-
nipulate JavaScript values (arrays, objects, functions) from Java. Smaller, more localized
interop code indicates a more expressive API [3].

• Expressiveness of interop constructs: How naturally Java language features, such as
lambdas, functional interfaces, and type abstractions, can represent JavaScript concepts
without extra glue code or annotations.

• Structural complexity: The number of auxiliary interfaces, annotations, and wrapper
constructs needed to implement equivalent interop functionality, and the resulting impact
on code structure and readability.

• Integration with reactive JavaScript frameworks: The ability of Java-defined objects
and functions to work with reactive frameworks (e.g., Vue.js) without requiring additional
manual synchronization or interoperability layers.

Code size is considered as an indicative measure of interop boilerplate and structural complexity,
rather than as a precise quantitative metric.

5.2 Excluded solutions

Some solutions are omitted from this comparison due to their fundamentally different approaches
or limited adoption:

• CheerpJ: Provides a full Java Virtual Machine in the browser, executing native Java
bytecode. Its approach differs substantially from translation- or interop-based solutions,
so it is not included in this interop-focused evaluation.

• Bytecoder: Omitted due to its limited adoption and ecosystem support.

5.3 Comparison of Solutions

5.3.1 Interop Boilerplate and Code Size

Representative interop examples were implemented in each solution to illustrate differences in
boilerplate and structural overhead.
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Creating a JavaScript array:

• GraalVM WebImage Interop allows concise, single-line array declarations:

1 JSArray arr = JSArray.of("Alice", "Bob", "Charlie");

• TeaVM also supports single-line array creation using its JSArray.of() helper from the
JSO API22:

1 JSArray <String > arr = JSArray.of("Alice", "Bob", "Charlie");

This syntax is similarly concise, but relies on TeaVM’s JSO overlay classes and the appro-
priate API dependency.

• GWT requires extra boilerplate for native arrays. Using JSNI (JavaScript Native Inter-
face)23, arrays can be declared in a native method:

1 native JsArrayString getNamesNative () /* -{
2 return ["Alice", "Bob", "Charlie "];
3 }-*/;
4

5 JsArrayString arr = getNamesNative ();

Alternatively, the JsArray24 / JsArrayString 25 API provides a Java-friendly interface:

1 JsArrayString arr = JsArrayString.createArray (). cast ();
2 arr.push("Alice");
3 arr.push("Bob");
4 arr.push("Charlie");

This approach requires multiple method calls or wrapper classes to construct and manip-
ulate arrays.

22TeaVM JSO - JavaScript interop library documentation: https://javadoc.io/doc/org.teavm/teavm-jso/l
atest/org/teavm/jso/package-summary.html

23GWT JSNI — JavaScript Native Interface guide: https://www.gwtproject.org/doc/latest/DevGuideCodi
ngBasicsJSNI.html

24GWT JsArray — GWT JavaScript array API: https://www.gwtproject.org/javadoc/latest/com/google
/gwt/core/client/JsArray.html

25GWT JsArrayString — GWT JavaScript array of strings API: https://www.gwtproject.org/javadoc/lat
est/com/google/gwt/core/client/JsArrayString.html
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• J2CL uses JS Interop26 annotations to expose native JavaScript arrays:

1 @JsType(isNative = true , namespace = JsPackage.GLOBAL ,
2 name = "Array")
3 public class JsArray <T> {
4 public native void push(T value);
5 public native T get(int index);
6 }
7

8 JsArray <String > arr = new JsArray <>();
9 arr.push("Alice");

10 arr.push("Bob");
11 arr.push("Charlie");

While providing a Java-friendly API, this approach requires explicit insertion method calls
for the array creation.

5.3.2 Expressiveness and Structural Complexity

To illustrate interop expressiveness, we consider the example of passing a Java function to
JavaScript.

• GraalVM WebImage Interop allows direct use of Java lambdas using the provided
JavaScript wrapper types:

1 JSFunction fun = JSFunction.of(( JSNumber a, JSNumber b) ->
2 JSNumber.of(a.asInt () + b.asInt ()));

This approach allows functions to be used directly from JavaScript, with minimal glue
code.

• GWT and J2CL require additional interfaces and annotations to achieve similar func-
tionality:

1 @JsFunction
2 public interface Predicate {
3 boolean test(int value );
4 }
5

6 Predicate isEven = x -> x % 2 == 0;

This introduces extra code structure and additional annotations for lambdas.

26GWT JsInterop — GWT JavaScript Interop guide: https://www.gwtproject.org/doc/latest/DevGuideCo
dingBasicsJsInterop.html
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• TeaVM requires custom interfaces, multiple annotations, and explicit type conversions:

1 @JSFunctor
2 public interface JSPredicate <T> extends JSObject {
3 boolean test(T value);
4 }
5

6 @JSExport
7 public static JSPredicate <JSNumber > isEven () {
8 return value -> {
9 int intValue = value.intValue ();

10 return intValue % 2 == 0;
11 };
12 }

While functional, this approach involves more boilerplate, wrapper interfaces, and type
casting, increasing structural complexity.

5.3.3 Support for Reactive Frameworks

GraalVM WebImage Interop, together with the GraalVM Vue Interop library, provides direct
integration with reactive JavaScript frameworks (in the case of Vue.js via the GraalVM Vue
Interop library, see Section 3.4). Java-defined objects and functions can participate in reactive
flows without requiring additional interoperability layers or manual synchronization.

Other solutions, such as GWT, J2CL, and TeaVM, require explicit interop code or annotations
to achieve similar reactive behavior.

5.4 Summary of Findings

Overall, GraalVM WebImage Interop requires less interop boilerplate for Java-JavaScript interop
tasks, supports direct use of Java language constructs, and enables reactive behavior by default.
In comparison to the evaluated alternatives, these characteristics result in more concise interop
code and fewer auxiliary interfaces or annotations in interop-focused scenarios. A qualitative
summary of the comparison is provided in Table 2, based on interop boilerplate, structural
complexity, and support for reactive JavaScript frameworks.

Solution Interop Boilerplate Structural Complexity Reactive Framework Support
GraalVM WebImage

Interop
Low Low Yes

TeaVM Medium High Limited
GWT High Medium Limited
J2CL High High Limited

Table 2: Qualitative comparison of Java-JavaScript interoperability characteristics across evalu-
ated solutions.
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6 Conclusions, Reflections, and Future Directions

6.1 Key Findings

This project successfully achieved its primary goal of developing a Java library implementing core
ECMAScript objects, along with a second library for defining and managing Vue.js components
in Java. Several technical challenges were encountered during development, but all of them could
eventually be solved.

The work also uncovered and helped address bugs in GraalVM Native Image compilation, such as
issues with the this context in Java Vue.js integrations, contributing improvements to GraalVM.

Finally, the results of this project demonstrate that Java applications can effectively run in
web browsers and/or Node.js environments using GraalVM. It also shows that a Java-first devel-
opment of web applications is both feasible and practical. Combining GraalVM and GraalVM
WebImage Interop offers clear advantages in integration, and developer experience.

6.2 Challenges and Limitations

Several challenges were faced during the course of this project. The most significant issues and
their respective solutions are described below.

The primary challenge resulted from improvements to the GraalVM WebImage API, which re-
quired changes within GraalVM itself. This forced the use of a GraalVM version that included
these changes. The two possible approaches were, either compiling GraalVM locally, or wait-
ing for an official release, which would have significantly delayed the project. The issue was
ultimately addressed by using GraalVM Early Access (EA) builds that already contained the
necessary changes, though this required additional coordination with Oracle, as these EA builds
were temporarily discontinued.

Another challenge was a bug in the interaction between GraalVM and Vue.js that caused the
this context in Java-based Vue methods to break. Deeper investigation revealed that conflicting
uses of proxy objects in GraalVM and Vue.js to led to incorrect proxy instances being passed
to Vue, disrupting its reactivity system. The issue was resolved through changes implemented
within GraalVM by Oracle.

The final challenge concerned testing. Standard testing frameworks such as JUnit were un-
suitable because the code must first be compiled using GraalVM Native Image before execution.
To address this limitation, a custom testing solution was implemented, allowing test code written
as normal application code rather than under the test package to be included or excluded at
compile time. A GitHub Actions workflow was then created to compile the library, including
tests, using Native Image and execute them via Node.js on each push, effectively replicating the
behavior of a standard JUnit workflow.

32



6.3 Recommendations and Future Directions

Despite the progress achieved, certain limitations and unresolved issues in GraalVM leave room
for further enhancements. Functionality currently missing due to these limitations could be
incorporated in future releases, and the library could be extended to support a broader range
of ECMAScript features while improving robustness, maintainability, and performance. Key
directions for future work are outlined below.

6.3.1 Extending GraalVM WebImage Interop

An obvious area for improvement is expanding GraalVM WebImage Interop to support a more
comprehensive set of ECMAScript objects. While the current library covers many core types,
other widely used JavaScript APIs (e.g., Event27 and fetch28) remain unsupported. Support for
these APIs could be added by extending the existing library or creating a separate, complemen-
tary library, which would improve modularity and allow independent evolution of higher-level
API wrappers.

6.3.2 Decoupling Object Implementations from GraalVM

Currently, some ECMAScript object implementations (e.g., JSBigInt, JSBoolean, JSNumber,
JSObject, JSString, and JSSymbol) are part of GraalVM and therefore tightly coupled to
GraalVM release cycles, limiting flexibility and slowing iteration. Moving these implementations
into the GraalVM WebImage Interop library would allow independent updates and faster bug
fixes.

6.3.3 Annotation for Vue Component Fields

Future work could reduce boilerplate in Java-based Vue.js component declarations by introducing
annotation-based metadata (e.g., @VueMethod, @VueComputed, @VueData). A compiler feature or
a reflection-based approach could then generate corresponding Vue component options automati-
cally, simplifying component definitions and improving developer ergonomics. Initial attempts to
use reflection were limited by GraalVM Native Image, but future improvements or compile-time
annotation processing could open up this way.

6.4 Concluding Remarks

This thesis demonstrated that Java applications can effectively run in web browsers and Node.js
environments using GraalVM, and that a Java-first approach to reactive web development is
viable. The libraries developed for ECMAScript objects and Vue.js components addressed key
technical challenges and contributed to improvements in GraalVM itself. The work also high-
lights opportunities for extending ECMAScript support, decoupling object implementations, and
streamlining Vue component development. Overall, this project provides a foundation for further
research and practical development in Java-based web application frameworks.

27JavaScript Event - documentation on MDN: https://developer.mozilla.org/en-US/docs/Web/API/Event
28Fetch API - documentation on MDN: https://developer.mozilla.org/en-US/docs/Web/API/Fetch_API
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A Implemented Java Libraries

A.1 GraalVM WebImage Interop

This library provides Java wrappers for core JavaScript objects using GraalVM WebImage API. It
allows seamless interaction between Java and JavaScript environments in web-based applications.

• Source Code: https://github.com/Atur256/graalvm-webimage-interop

• Maven Artifact: https://mvnrepository.com/artifact/io.github.atur256.graal
vm-webimage-interop/graalvm-webimage-interop

A.2 GraalVM Vue Interop

This library enables Java-first development of Vue.js components using GraalVM WebImage
interop, allowing developers to write Vue.js components in Java while maintaining full interop-
erability with JavaScript.

• Source Code: https://github.com/Atur256/graalvm-vue-interop

• Maven Artifact: https://mvnrepository.com/artifact/io.github.atur256.graal
vm-vue-interop/graalvm-vue-interop

B Development Stack

The following list outlines the software stack and tools used during development and testing:

• Operating System: Fedora Linux 4229

• IDE: IntelliJ IDEA 2025.2.530

• Java Distribution: Oracle GraalVM 25.0.131

• Build Tool: Apache Maven 3.9.932

• Node.js: v22.21.1 (LTS)33

• Browser: Mozilla Firefox 146.034

• Version Control: Git with GitHub as the remote repository platform35

29Fedora Linux - official website: https://www.fedoraproject.org/
30IntelliJ IDEA - official website: https://www.jetbrains.com/idea/download
31Oracle GraalVM - official website: https://www.graalvm.org/
32Apache Maven - official website: https://maven.apache.org/
33Node.js - official website: https://nodejs.org/en
34Mozilla Firefox - official website: https://www.firefox.com
35GitHub - official website: https://github.com/
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