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Kurzfassung

Polyglotte Programmierung bedeutet, Programme in mehreren Programmiersprachen
zu schreiben, was SoftwareentwicklerInnen eine breitere Auswahl an Bibliotheken und
Frameworks fiir den Aufbau von Anwendungen ermoglicht. GraalVM ist eine polyglotte
virtuelle Maschine und ermdoglicht eine schnelle und direkte Interaktion zwischen Pro-
grammiersprachen. Diese Ebene der Sprachintegration ist jedoch vergleichsweise neu,

und daher ist die Unterstiitzung durch Tools begrenzt.

Diese Arbeit untersucht, wie polyglotte Programmierung besser unterstiitzt werden kann,
wobei der Schwerpunkt auf der Integration in das bestehende Java-Okosystem liegt.
GraalVM bietet derzeit ein reflektives API, um auf Objekte aus Sprachen wie Python,
JavaScript, Ruby usw. zuzugreifen. Java-Entwickler mochten jedoch auf fremdsprachige
Objekte auf die gleiche Weise zugreifen konnen wie auf Java-Objekte. Die Idee dieser
Arbeit ist es daher, vorhandene statische Typinformationen zu nutzen, um Java-Klassen
mit Schnittstellen fiir den Zugriff auf Fremdobjekte zu generieren und das reflektive API

dahinter zu verstecken.

Heutzutage verfiigen weit verbreitete Python-Pakete bereits {iber Typinformationen. Ty-
peScript, das auf JavaScript aufbaut, ermoglicht ebenfalls das Hinzufiigen von Typinfor-
mationen. Um es Java-Entwicklern zu erleichtern, géangige Pakete in Python, TypeScript
oder anderen Programmiersprachen zu verwenden, besteht die Idee dieser Arbeit darin,
Java-Klassen und Schnittstellen fiir hdufig verwendete Pakete wie NumPy in Python zu

generieren.



Abstract

Polyglot programming is the practice of writing programs in multiple programming lan-
guages, which gives software engineers a broader choice in terms of software libraries and
frameworks they can use for building applications. GraalVM is a polyglot virtual machine
and enables fast and direct interaction between programming languages. However, this
level of language integration is comparatively new, and consequently, tooling support is
limited.

This thesis explores how to better support polyglot programming with a focus on inte-
gration with existing Java development environments. GraalVM currently provides a
reflective API for accessing objects in languages such as Python, JavaScript, Ruby, and
others. However, Java developers prefer to access objects from foreign languages in the
same way as Java objects. The idea of this thesis is therefore to leverage existing static type
information of foreign languages to generate Java classes with interfaces for accessing

foreign objects and thus hiding the reflective APL

Today, widely used Python packages already include type information. TypeScript, which
builds on JavaScript, also allows one to add type information. In order to make it easy for
Java developers to use common packages in Python, TypeScript, or other programming
languages, the idea of this thesis is to generate Java classes and interfaces for commonly
used packages such as Python’s NumPy.
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1 Introduction

New programming languages are still emerging in great numbers, all with their particular
strengths and weaknesses, and many of them are tailored towards a particular domain.
Programmers also become more and more multilingual and want to write code in the
language that is most suited for their tasks. This calls for better interoperability between

programming languages.

GraalVM [1, 2] offers a polyglot execution environment supporting multiple languages
such as Java, Python, Ruby, JavaScript and others. It allows programmers to access objects
and methods written in a foreign language (the guest language) from a host language.
However, interoperability between Java and guest languages on GraalVM needs some

boilerplate code, which is tedious to write and error-prone.

Thus, the goal of our work was to simplify interoperability by automatically generating
interfaces for accessing objects written in a guest language. As a first step, we generate
Java interfaces for Python classes, which can then be used to access objects and to call
methods as if they were Java methods. Our results show that this is feasible in spite of
possible differences in the type systems, and it makes interoperability simpler and more

fail-safe.

In this thesis we show:

* A tool for leveraging foreign language-specific type information for generating Java

interfaces to access foreign objects.
¢ An approach for bridging the gap between Python’s and Java’s type system.

* An evaluation showing that our approach works and does not add significant run

time overhead.



1 Introduction

We start our exploration in Section 1.1 with a motivation and an illustrative example,
followed by an examination of existing related work in Section 1.2. In Chapter 2, we
give some details on the required background, specifically covering the concepts of
GraalVJ, its foreign language implementation framework (Truffle), and its support for

interoperability.

Then, we elaborate on the practical application of our tool in Chapter 3, showing its usage.
Chapter 4 describes the abstract internal architecture of our tool, after which Chapter 5
provides more insights into the implementation of specific features.

These latter chapters explain the process of generating Java interfaces from Python classes,
describing the necessary information and addressing differences in the type systems. In
Chapter 6, we assess our approach in terms of performance and memory overhead, while

also highlighting certain limitations. Finally, Chapter 7 summarizes the thesis.



1 Introduction

1.1 Motivation

Interfacing between programming languages is essential for creating complex software
systems that leverage the strengths of different languages. In order to illustrate our

approach, we will start with a simple example.

The Python standard library contains a module called turtle which provides a set of
primitives to allow programmers to create graphics using a turtle metaphor. For this
thesis, we will use a simplified version that can be found in Listing 1.1. It consists of a
Python class Turtle which has a position and a move () method as well as a global function

init (), which creates a new instance of that class.

If we want to access this library from Java we quickly run into an obvious issue: The Java
compiler does not know how to handle Python code and therefore cannot simply import
it. This means that we have to somehow create a wrapper around the Python class that
tells Java how the class is supposed to be used. In general, there are two ways for creating
such a wrapper:

* A generic interface that provides access to arbitrary Python elements such as classes,
methods and fields.

* An interface specific to the library we want to target.

class Turtle:

pos_x =0

pos_y = 0

def move(self, x: int, y: int):
self .pos_x = x
self .pos_y =y

def init(x: int, y: int):
global turtle
turtle = Turtle ()

turtle.move(x, y)

Listing 1.1: A simplified version of the turtle class.
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Both of these approaches have advantages and disadvantages. With the generic approach
it would be possible to:

* Reuse the wrapper for multiple libraries.
* Cover large amounts of functionality with little wrapper code.
¢ Choose from one of several existing solutions.
However, this comes with the disadvantages of:
* Not being able to rely on editor or tool support.
e Significantly poorer readability.
¢ Having to deal with Python-specific language features in Java code.

Writing specific interfaces solves all of the above disadvantages by abstracting the generic
part of the approach and allowing tools to extract and use meta-information. For example,
in Listing 1.2 we can see a possible Java interface for the turtle class. It represents the
Python class as a Java interface, using Java’s common practices such as getter and setter
methods for accessing the fields. All Python members that are not inside a class are

collected in another Java interface called Global.

interface Turtle {
int getPosX();
void setPosX(int posX);
int getPosY();
void setPosY(int posY);

void move (int x, int y);
}
interface Global {
Turtle newTurtle();
Turtle getTurtle ();

void init(int x, int y);

Listing 1.2: Java interfaces for the turtle class.
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Since this is a Java interface, any Java code that uses it does not need to care about whether
the underlying implementation is actually a Python library or not. Thus, it can be used
like any other Java code. This also means that full type checking is provided: If one were
to misspell the name getTurtle() as getTrutle(), the Java compiler would immediately
catch that mistake before even executing the resulting application.

Interfaces also allow for complex initialization code to be hidden away: Listing 1.3 shows
an example of how to use Python’s turtle class by using the reflective GraalVM APL In
comparison, Listing 1.4 shows its use with the generated Java interfaces, which is shorter
and more readable, since it avoids any boilerplate code and hides most of the initialization
logic in the buildGlobal () method.

try (Context context = Context.newBuilder ()
.option("python.DontWriteBytecodeFlag", "true")
.build ()) {

context.eval (source);

Value global = context.getBindings ("python");
global.getMember ("init") .execute (1, 2);

Value turtle = global.getMember ("turtle");
int turtleX = turtle.getMember ("pos_x").asInt();
System.out.println(turtleX);

Listing 1.3: Usage of the turtle library without generated interfaces.

try (Global global = buildGlobal()) {
global.init (1, 2);

Turtle turtle = global.getTurtle();

int turtleX = turtle.getPosX();
System.out.println(turtleX);

Listing 1.4: Usage of the turtle library with generated interfaces.
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Unfortunately, this approach comes with a downside: We need to create and implement
these interfaces. Writing such interfaces for every library that is used may require thou-
sands of lines of code. This alone is a reason for not using this approach, but there is more:
Every time the Python library is changed the Java equivalent needs to reflect these changes.
Current Java tooling cannot help with that since Java does not know if the interface still

matches the Python code.

This is exactly what we want to improve. By providing tool support for writing and main-

taining Java interfaces for foreign libraries, these issues can be solved automatically.

1.2 Related Work

There are numerous approaches that enable interoperability between Java and other
languages. However, we concentrate on work that aims specifically at using foreign

languages from Java, not the other way around.

1.2.1 Transpilers

Transpilers are translating source code from one programming language into another.
There are transpilers that transform JavaScript or Python code to Java code and are
therefore implicitly generating Java interfaces from foreign language types. For example,
DukeScript [3] is able to translate from JavaScript to Java. Another example is VOC
[4], which transpiles Python code to Java code. Since transpilers are processing source
code, they also do not need to execute the application to obtain meta information about
types, which is preferable as we have argued in a previous section. In contrast to our
work, transpilers convert the foreign code parts to Java and thus make the program a
single-language application. In our approach, we generate interfaces to access the foreign

code parts without transforming them.

1.2.2 Java embedded Python (JEP)

JEP [5] embeds a full CPython runtime into the Java process and communicates via the

Java Native Interface (JNI). JEP is basically a cross-language runtime for Java and Python
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and provides a generic language interoperability API very much like GraalVM’s Truffle
InteropLibrary. In order to improve usability with NumPy, JEP comes with a few manually
written Java interfaces representing certain Python classes. However, JEP does not provide
any mechanism to automatically generate Java interfaces.

1.2.3 Jython

Jython [6] is an implementation of the Python language that runs on a Java VM. It compiles
Python source code to Java bytecode. Jython provides a Java API for accessing Python
objects, but this API was written manually and only represents built-in types and objects.
Since it is possible to statically compile Python applications and distribute them as Java
archives (JARs), it is in principle possible to extract Java interfaces from the bytecode.
However, Jython provides no documentation for that. Also, Jython does not use any
Python type information to generate Java signatures. Furthermore, Jython is discontinued
and only supports Python 2.

1.2.4 Component Object Model (COM)

Microsoft’s COM [7] is a widely used framework for inter-process communication used
mainly in Windows environments. COM offers a standardized way to create and manage
software components that can be seamlessly integrated into various applications, regard-
less of the programming language used for their development. COM achieves this by
using a set of interfaces defined by the components. These interfaces are written in a
language-independent interface description language and are used to generate a runtime
environment that allows components to interact transparently, abstracting from low-level

memory management and communication protocols.



2 Background

We implemented our tool on top of GraalVM [1, 2] - a Java virtual machine that allows poly-
glot programming. Section 2.1 introduces GraalVM in general and Section 2.2 describes

how interoperability works in GraalVM using our initial example.

2.1 GraalVM

GraalVM is a high-performance polyglot virtual machine developed by Oracle Labs and
designed to accelerate the execution of applications written in Java and other Java Virtual
Machine (JVM) based languages. The core component of GraalVM is the Graal compiler,
a modular, production-quality, high-performance just-in-time (JIT) compiler written in
Java that transforms Java bytecode to machine code. GraalVM offers two ways to run Java
applications: on the GraalVM, which is based on the HotSpot JVM, or as an ahead-of-time
(AOT) compiled native executable.

The modular design of the Graal compiler enables a variety of use cases. In particular,
this is leveraged to realize GraalVM’s language implementation framework Truffle[8],
which basically is a special compiler phase. Truffle enables the implementation of any
programming language under GraalVM, which is achieved by writing an abstract syntax
tree (AST) interpreter in Java and by providing implementations for certain generic
language interfaces like the polyglot API. Foreign-language programs are compiled to
Truffle ASTs, which are then interpreted and eventually JIT-compiled to efficient native

code.

While Truffle can run without any special Java runtime, GraalVM’s polyglot engine
makes it possible to mix multiple programming languages in a single application while
eliminating foreign language call costs. GraalVM contains runtimes for several languages
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as well as a debugger, a profiler, and many other development, debugging, and analysis
tools, most of which can work with foreign languages.

To implement the AST interpreter, languages need to provide a parser that reads the
source code and creates a Truffle AST. Since it is almost impossible to provide an AST that
tits all possible languages, Truffle defines a general interface for AST nodes. This interface
makes it possible for the Truffle framework to consume any language-specific AST. In
addition to that, Truffle also provides some common nodes for operations that apply to
many languages. These, for example, are nodes for representing call targets (functions),
for performing calls, for implementing control structures such as loops, for reading and

writing object attributes, and for many more operations [9].

Additionally, language implementations can use Truffle’s components to implement
specific language features and to avoid some boilerplate code. For example, Truffle comes
with the Dynamic Object Model that can be used to implement objects where attributes can

be added and removed at run time.

One of the main goals of Truffle is that any language implementation on top of Truffle will
be fast. Truffle does this by transforming language-specific AST to the Graal compiler’s
intermediate representation. This is then handed over to the Graal compiler, which

performs extensive optimizations to generate fast code.

2.2 Interoperability

Under GraalVM, Java and any other supported language, including those implemented
with the Truffle framework, can directly interoperate with each other and pass data back
and forth in the same memory space. At the time of writing, GraalVM provides imple-
mentations for JavaScript, Ruby, Python, R, LLVM-based languages, and WebAssembly.

The language interoperability on GraalVM is enabled by the polyglot API that allows
communication between objects via a predefined set of messages. The language imple-
menters are responsible for implementing this polyglot interface required for language
interoperability. On the consumer side of the polyglot interface, GraalVM offers a simple
but comprehensive set of primitives, such as the ones used in Listing 1.3, to interact with

other languages. Figure 2.1 shows an example for how this might look like.
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Usage Language implementation

@ExportMessage
Object readMember(String name,
@Cached @Shared("fromJavaStringNode")
TruffleString.FromJavaStringNode fromJavaStringNode,
@CachedLibrary("this")
DynamicObjectLibrary objectLibrary)
throws UnknownIdentifierException {
value.getMember("example"); <> Object result = objectLibrary.getOrDefault(
this,
fromJavaStringNode.execute(name, SLLanguage.STRING_ENCODING),
null);
if (result == null) {
/* Property does not exist. */
throw UnknownIdentifierException.create(name);

¥

return result;

Figure 2.1: An example use of a polyglot API and its implementation. Taken from the SimpleLan-
guage.

10
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Before we detail the inner workings of our tool we will show how a user would interact
with it. This affects the internal structure to some extent and should give a general
overview of what the tool is supposed to be used for.

The main purpose of the tool is to generate Java interfaces from Python code. The user
should be able to specify a target Python file, the name of how the Python file’s global
scope should be called in the Java interfaces, a package name for the generated interfaces

and an output directory.

3.1 Command line tool

In its most basic form, our tool can be used as a command line tool. This allows users
to directly control it with the upside of having precise control over our tool but with the
downside of having to manually execute it every time they need to generate interfaces.

We chose to provide this kind of usage because it is the simplest way to implement a user
interface that can be used by most software developers. While it requires the user to know
how to use a command line interface, it gives them full control over the tool.

One example for executing the tool using the command line can be seen in Listing 3.1.

./igen example.py Example at.jku.igen.example ../java/

Listing 3.1: Example for invoking the interface generator using the command line.

11
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The command invocation is made up of the following components:

The tool binary itself (igen).
* The Python file from which the Java types should be generated (example.py).

¢ The Java name of the global scope (Example). This object also allows the user of the
generated interface to initialize the polyglot AP

¢ The package name of the generated interfaces (at. jku.igen.example).

¢ The directory in which the Java files should be placed (. ./java/). The tool will
automatically generate subdirectories according to the package name.

3.2 Maven plugin

A more convenient way to use the interface generator is using a Maven plugin. Maven is
a build tool that can be used to automate Java compilation. It includes predefined tasks
for compiling code as well as for downloading and including project dependencies. It can
also be extended using plugins written in Java.

Since we expect the user of the interface generator to regenerate Java interfaces every
time the Python target changes, we implemented a plugin that will generate the required
interfaces every time the project is built. This way the user does not have to manually
run the tool after every change. Further, we can also use Maven's extensive ecosystem for
providing plugins and dependencies to provide an easy installation method for our tool.
Maven is able to automatically download plugins and execute them.

To include the interface generator in a project, one can extend the project’s Maven config-
uration file, the pom.xml. This file contains a section dedicated to plugins which can be
extended with the example seen in Listing 3.2.

12
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<plugin>
<groupId>at. jku.igen</groupIld>
<artifactId>interface-generator -maven-plugin</artifactId>
<version>0.1.0</version>
<configuration>
<target >example.py</target>
<name >Example </name >
<packageName >at . jku.igen.example </packageName >
</configuration>
</plugin>

Listing 3.2: Example for invoking the interface generator using the Maven plugin.

The arguments are the same as for the command line with two small differences:

* You can specify a version of the interface generator. Maven will automatically make
sure that the correct version is installed and executed.

* You do not need to specify an output directory. By default, it will put the files into a
temporary directory for generated sources.

3.3 Annotation processor

Similar to using a Maven plugin, we also provide a way to use an annotation processor to
generate the sources.
@GenerateInterfaces (target = "example.py", name = "Example")

Listing 3.3: Example for invoking the interface generator using annotation processors.

It can be used by simply annotating Java code which intends to use a Python class with
the annotation in Listing 3.3. This way the user can make a logical association between
the Java code and the Python code. Like the Maven plugin, this will generate interfaces
every time the code is compiled.

13
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By default, the tool will place the result in a temporary directory. It will also use the
current package name for the generated interfaces, though it will append a ”"generated”
subfolder meaning that ”at.jku.igen.example” would produce interfaces for the package
"at.jku.igen.example.generated”.

3.4 ’standalone” tool

While developing the interface generator, the Python implementation for GraalVM had a
tool called ”standalone”. This tool provided some templates for Java developers who were
looking to embed Python code in Java. It was planned to extend this tool to add interface
generating capabilities. However, soon after this decision, the tool was deprecated in
favor of Maven Archetypes. Maven Archetypes provide templates for new projects or
new features of projects.

graalpy -m standalone generate example.py Example

at.jku.igen.example ../java/

Listing 3.4: Example for invoking the interface generator using the standalone tool.

The original plan was to add a “generate” sub-command to the standalone tool like in
Listing 3.4. The arguments that follow the sub-command are the same as in the command
line execution described before.

3.5 Graphical interface

We also considered implementing a graphical user interface for the interface generator.
This would allow a user to have a nice visual interface that could be used to easily
configure the tool, potentially leading to an improvement of the user experience and a

reduction in usage errors.

However, we decided that this is outside the scope of our thesis: The methods described
above are sufficient for a user to run the interface generator, and they can be used to build
such a graphical interface. Further, in this thesis we want to put our main focus on the

inner workings of the tool.
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The interface generator is made up of multiple components as shown in Figure 4.1.

There are 3 modules that handle the user input and pass the resulting command to the
generator. The generator is responsible for orchestrating the entire process:

e First the types are extracted from the input files.

* Then, the resulting data is transformed so that they can be converted to correct Java
code (see Figure 4.2).

* Finally, the type printer converts the internal data structure into actual Java code.

This modular architecture makes it easy to replace the type extractor with one from another
language, facilitating support for different programming languages without affecting the
core functionality of the system. Each module is responsible for a specific aspect of the

conversion process, promoting a clear separation of concerns.

By dividing the functionality into distinct components the system achieves a separation of
concerns. This design principle enhances maintainability by isolating different responsi-
bilities and minimizing dependencies between components. As a result, modifications or
updates to one module can be made with minimal impact on the others, improving the
overall flexibility and robustness of the tool.

Additionally, this modular architecture greatly simplifies the task of writing unit tests.
Each module can be tested independently, allowing for focused testing of specific func-
tionalities without the need to consider the entire system’s behavior. This granularity in
testing enhances the overall reliability of the tool, as it enables thorough validation of each

component’s functionality in isolation.
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Command line Type extractor

Type transformer

Y

Maven plugin > Generator

A

Annotation processor Type printer

Figure 4.1: An abstract overview of the interface generator architecture.

These three modules all use the same data structure seen in Figure 4.2 to communicate with
each other. It encapsulates all the information needed to print the resulting interface.

At the root of the data structure is the package which holds the
* package name,
* alist of interfaces and
* the root interface representing the global scope of the target.

An interface holds the name as it will be used in the Java code as well as the original guest
name. Separating Java names from guest names allows the interface generator to represent
names that are not allowed in Java and to convert naming conventions of other languages
without affecting the actual functionality of the code. An interface also holds a list of super
types, of which there can be multiple, as well as a list of members. In order to support

generics, an interface also contains a list of type arguments.

A member will eventually be turned into a Java interface method, which means that its
type can be described by its parameters. The first parameter in this list is interpreted as the
return type, which is why the parameter list always contains at least one parameter. In
addition to a Java and guest name, a member also keeps track of whether it is representing
a variable, a method, etc. This is not required for generating plain Java interfaces, but for
generating their implementation. Like an interface, a member also contains a list of type

arguments.
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Figure 4.2: The type model used to pass information between generator components.

A parameter simply contains its name and its type. It is useful for parameters to store also the
guest name of a parameter because some languages require the parameter to be explicitly
specified when calling a function or method.

A type identifier is used for the super types of interfaces and the type of a parameter. It
simply stores the name of the actual type. If the name matches that of an interface then
the type identifier refers to that, otherwise, it may refer to a set of built-in Java types. It is
the job of the type extractor to change the interface names to prevent name clashes. A type
identifier also keeps track of whether the current type is a generic one, in which case the
type lookup is changed to check for generic declarations in the corresponding member and
then in the interface. Also contained within a type identifier is another set of type identifiers
that represent the generic arguments passed to the current type.

An example of how a piece of code might map to this data structure can be seen in
Figure 4.3: The figure shows the definition of a Python function that takes a list of a
generic type T and returns a list of strings. In the graph that results from this code, the
type argument T appears twice: Once in the Member node and once in the parameter’s
Type identifier node. The dotted line indicates that the type argument in the parameter
refers to the same one as the one in the Member node.
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Package
at.jku.igen.example
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Interface
Example
Member
T = TypeVar('T") example
def example(arg: list[T]) -> list[int]: ... Type args: T P S
I
Parameter Parameter
return arg
Type identifier Type identifier
list list
Type identifier Type identifier }
int T (generic)

Figure 4.3: The relationship between code and the data structure.
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When we started our project, we decided that we wanted to build our tool in a way that
allows us to generate interfaces from multiple different target languages. We ended up
implementing it for Python, TypeScript, and WebAssembly, but in the following section,
we will focus only on Python as almost all concepts can be directly applied also to other

languages.

5.1 Type Extractor

To achieve our goal, we first need to extract meta information from the declarations written
in other languages and to fill the data structure described in the previous chapter. We
could write a module that turns type information directly into that data structure, however,
that has two disadvantages:

¢ The GraalVM runtime does not have an easy way of filling an existing data structure.
This means that all the conversion code would have to be implemented in Java,
and we can’t easily rely on existing infrastructure, which is often written in other
languages.

¢ Since the type extractor only needs to extract the type information necessary to
generate the requested interfaces, adding support for some other language or for

some other kind of type extractor would require us to rewrite this logic every time.

Because of this we decided to define an interface found in Listing 5.1. It contains a simple
visitor pattern allowing us to write core logic using Java which then uses this interface
to retrieve type information. When compared to Figure 4.2 one can see that the interface
captures all elements required to fill our data structure.
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public interface LanguageVisitor <Type, Member> {
enum Kind A
CLASS,
FUNCTION,
VARIABLE,
GETTER,
SETTER,
CONSTRUCTOR,
ARRAY

Type getGlobal ();

Member [] getMembers (Type value);
Type [] getTypeArguments(Type type);
Member [] getMemberTypeArguments (Member type);

String getTypeName (Type type);

String getVariableName (Member member);
String getGetterName (Member member);
String getSetterName (Member member);
String getGuestName (Member member);
String getTypeGuestName (Type member);

Type getType (Member member);
Kind getTypeKind (Type type);

Member [] getSuperTypes (Type type);
Kind getMemberKind (Member member);

Listing 5.1: The type extractor interface.
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Implementing this interface can be done in two ways: using dynamic analysis or static

analysis.

For our first prototype, we used dynamic analysis. In order to extract the required meta
information we simply ran the target program and afterward traversed the global scope
for any information we could find. For simple programs, this actually worked well and

produced satisfying results.

Because Python uses classes and functions as run time objects, we were able to extract

their basic layout from these objects.

However, running the target program is not a good solution for most projects. You would
actually need to execute all the code of the target project and somehow compensate for
any side effects that this code has. When trying to use this technique on more complex
examples we quickly found the following downsides of this approach:

* Dynamic analysis requires execution. This means that if the target code relies on
side effects, one would need to find a way to execute the target in a reliable and
reproducible manner. Moreover, since we are generating code intended for interop-
erability, the target is likely intended to be called using the interfaces that are yet to
be generated.

Even if that is not the case, the program may access the file system, the network, or
other systems that can influence the behavior of future executions. Furthermore,
executing all parts of a complex program may even be impossible. For example, if
the program requires user input that is not available at the time of development,

there is no way to execute the target.

* Inaccurate types. Only the state of the program that is actually executed can be
modeled. This is not an issue in statically typed languages, but since many scripting
languages allow fields to change their type this leads to much more general and
sometimes wrong types. If the extracted meta information shows that a field is of
type int, but at run time it contains a string then this will cause an exception when

this field is accessed.

* Reduced type information. Some scripting languages allow developers to optionally
specify type information. If the runtime of such languages decides to completely

discard the meta information, there is no way to completely extract them using
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dynamic analysis. For example, most Python implementations do not retain infor-
mation about function parameter types or return types. This is especially bad since
this would mean that all parameters would have to be generalized as being of type
Object in Java.

Because of these issues we decided to switch to static analysis. For that we need to
analyze the target source code for relevant type information. This is not as easy as
dynamic analysis since every language has a different syntactic structure that needs to be
analyzed. Furthermore, since dynamic languages often do not require the specification
of types, some developers completely omit them, making extracting type information
very difficult. It is in principle possible to extract meta-information without explicit type
information. However, that would be too complex to include in a simple tool that is
supposed to generate Java interfaces. We therefore decided to rely on existing tools such
as mypy which already does type inference. These tools usually write the extracted type
information into separate files, which we can then use to generate our interfaces.

That said, the parsing of those files is not trivial either. While they generally do not
include much code, they require some sort of static analysis in order to get actual meta
information. For example, Python offers ”stub files” which should only contain type
information. However, this information is stored in the form of Python code, which means
that one still needs to do a static analysis of Python code.

Because of this, we decided to write our type extractor with the help of existing tools and
libraries, which are already capable to do the required work. For some languages such as
TypeScript, we were able to achieve our goal with only very little work but for Python,
we ran into some issues. There are some popular tools that do all the static analysis, but
they either do not expose a documented interface to access the type information or are
not supported by the GraalVM environment at the time of writing this thesis. At first, we
tried to use Python’s built-in AST module to create our type extractor. This worked to

some extent but failed when we tried to apply it to real Python projects such as NumPy.

Because of this, we decided to use mypy, which is a static type checker for Python and
therefore already implements all the features we need. Unfortunately, even though its
Python module provides a way to extract the necessary meta information, there is little to

no documentation on it other than the comments in the code itself.
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Nevertheless, by reading mypy’s code and finding some similar examples online we were

able to extract the data we needed.

5.1.1 mypy

In order to use mypy, one needs to be able to pass arguments to its core routine found in

mypy .main. To construct the objects needed for these arguments, the process\_options ()

method of that package can be called. It takes a list of strings that contain the arguments a

user would pass to mypy’s command line interface and turns them into a Python object

that represents these arguments.

We configure mypy with the following options:

The target module. The process\_options () method takes one or more target mod-
ules to parse. Since we are only interested in generating types for one specific
module we only pass a single target. The important thing to note here is that mypy
expects the module to be in the current working directory. This means that before

we can parse the target module we first have to switch to the correct directory.

No incremental analysis. mypy supports an incremental mode that writes temporary
cache files to the file system in order to speed up subsequent runs. However, since
we do not intend to run mypy as a language server we do not benefit much from
this optimization but would end up with unnecessary files in our current directory.
Thus, we disable this option.

Ignore errors. Since we want to continue generating Java interfaces even if the target

has a minor error, we instruct mypy to continue parsing even if some occur.

Show traceback. In case mypy encounters some major error, this option allows for
more detailed error reporting.

Preserve ASTs. Usually, mypy would discard the Abstract Syntax Tree of the target
as soon as type checking is completed. However, since we want to extract type
information we need the AST in order to query its types later on.
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This argument object is then passed to the build () method, which does the actual parsing
and analysis of the Python code. It then returns a build result object which contains a
graph of the parsed files, as well as the description of any error that happened.

The type information of the global object can be found in the first node of the graph.
The tree property of that node refers to a MypyFile. This object is the root node that
can be used to extract the type information using the interface defined in Listing 5.1.
Figure 5.1 shows the mypy internal data structure that holds the type information. It is not
necessary to fully comprehend this quite complicated graph in order to understand how
the interface generator works. The figure is simply intended to show that while the graph
is quite complex, the operations needed to implement the interface in Listing 5.1 can often
be achieved by accessing just a single property. It is also of note that the nodes of the
graph are almost split into a left- and a right-hand side: The left-hand side represents the
information stored in the Python AST, while the right-hand side is an abstract description
of Python types.

After implementing the type extractor using mypy we found that it provides all the
information we require with one exception: Python has a feature that allows a user to
specify which objects should be imported if someone imports an entire module using

import * from module

This is done by specifying a module-level variable called \_\_al1\_\_ that simply contains
a list of strings with the exported objects. However, since any Python code can be used to
fill that list, it may be impossible to statically determine its contents. For most modules,
this list is static and mypy can take that to determine the imported objects. But other
modules, such as the popular numpy module has more complex logic not supported by
mypy. In such cases, as a workaround, we simply generate types for all objects in the
scope of the exported module.

5.1.2 Virtual Environment
In order to use mypy in our interface generator, it needs to exist in the executing envi-

ronment. In Python, this is usually done by installing the package using pip, which is a

Python package manager. However, since we are distributing our tool as a Maven package,
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this is inconvenient. The user would have to manually setup the environment and install
mypy-

In Python, external packages are usually installed in a virtual environment. This is a
directory that contains all the necessary files to run a Python program. This includes the
Python interpreter, the standard library, and any external packages. This is useful because
it allows the user to install packages without affecting the global Python installation.

In order to allow the user to use the interface generator without having to manually set up
this environment, we decided to include mypy in the Java resources of our project. This
task is less trivial than it sounds since the way to include the virtual environment in the

Java resources has been continuously changing since the project started.

In the beginning of our project, one had to manually create a virtual environment and
distribute it with the project. This has the downside that we would have to extract the

virtual environment on launch, which is not ideal.

Later on in the project, we had to load the virtual environment directly from the resources
folder of the project. However, at the time that was a manual process, and you had to
write a virtual file system in order for it to work. The virtual file system example in the
official GraalVM repositories had a number of bugs that we had to fix before we could use
it.

Now, at the time of writing, there is a Maven package that has this virtual file system
included and a Maven build step that installs the desired package as well. This means
that we can simply include the virtual environment in the resources folder, and it will be

automatically used at run time.

5.2 Type Transformer

After we used mypy to extract all the necessary type information, the Type Transformer
component is responsible for turning this into a representation that can eventually be
printed as Java interfaces. As there are many differences between languages, this stage
is mostly concerned with language-specific idiosyncrasies and inaccuracies and turning

them into the closest possible Java representation.
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For this we defined several steps that are executed in sequence. Each step takes all the
type information of a module, processes it, and passes it to the next step. Every step is
designed to solve one specific problem, making it easy to maintain and extend.

5.2.1 Classify Generic Transformer

The first step does not actually modify the type information. Instead, it simply figures
out which of the types are generic. This is important, since later stages need to be able to

rename generics to generate correct Java code.

Listing 5.2 shows an example of using generics; the resulting Java interface can be seen
in Listing 5.3. The interface and its method uses one generic type parameter each. The
Classify Generic Transformer walks our data structure to mark which of the arguments of
the example method should be considered generic. In this specific case it would mark T1
of the first argument and T2 of the second argument as generic. It is important to note that

only the inner T2 is marked as generic, the ExampleInterface itself is not marked.

T1
T2

TypeVar (°T1°)
TypeVar (°T27)

class ExampleInterface(Generic[T1]):

def method(argl: T1, arg2: Examplelnterface[T2]) -> None:

Listing 5.2: A more complex example of a Python class which uses generics.

interface Examplelnterface<T1> {

<T2> void method (Tl argl, ExampleInterface<T2> arg2);

Listing 5.3: The interfaces generated from Listing 5.2

5.2.2 Undefined Reference Transformer

The second step filters out undefined references. Since the data structure used to represent

the type information uses reference-by-name it is possible that some types do not exist.
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This can happen for built-in types, but it can also happen if the target’s type information
is not complete.

In the example interface in Listing 5.4 the parameters of the method use a type Undefined
which is not defined anywhere. If a type is not found, we replace it with the Java type
Object. In this example the first parameter would turn directly into an object while the
second parameter would turn into a list of objects, as seen in Listing 5.5.

class Examplelnterface:

def method(argl: Undefined, arg2: list[Undefined]) -> None:

Listing 5.4: A Python class that uses a type which does not exist.

interface ExampleInterface {

void exampleMethod(Object argl, List<0Object> arg2);

Listing 5.5: The interface generated from Listing 5.4.

5.2.3 lllegal Names Transformer

The illegal names transformer searches for names that cannot be used for Java interfaces
and interface members. This includes existing names such as “Integer”, ”String” or
”Exception” but also checks for names with special symbols and for reserved identifiers
such as ”_". If such a name is found, the transformer converts it into a similar identifier
that is valid by removing illegal characters and appending underscores at the end of the

name until the name becomes valid.

In Listing 5.6 the name of the method would turn into “int_" of Listing 5.7.
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class Examplelnterface:

def int () -> None:

Listing 5.6: An interface that uses an illegal name.

interface ExampleInterface {

void int_ ();

Listing 5.7: The interface generated from Listing 5.6.

5.2.4 Generic Parameter Count Transformer

This transformation step makes sure that all referenced types use the correct amount of
generic type arguments. Missing arguments are appended at the end, while extraneous
ones are simply removed. These situations can occur since Python does not require the

developer to specify all generic arguments; the remaining ones simply remain generic.

In the example of Listing 5.8 the parameter of the method Foo uses too many generic
parameters. Foo only defines one parameter, yet it passes two objects as type arguments.
In order to resolve this, the transformer will remove the second object, resulting in only
one generic parameter as seen in Listing 5.9.

T = TypeVar (’T?)

class Foo(Generic[T]):

pass

class Examplelnterface:

def method(param: Foo[object, object]) -> None:

Listing 5.8: A class that uses too many generic parameters.

interface Foo<T> {}

interface ExampleInterface {

void method (Foo<0Object> param);

Listing 5.9: The interface generated from Listing 5.8.
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5.2.5 Generic Class Parameter Transformer

Because Java erases generic type arguments at run time, it is necessary to provide the
implementation with the correct type at run time. If the return type of a method is generic,
it is not possible to determine which type it should be. Therefore, if a generic return type

is used, we add an input parameter that specifies the resulting type.

In the example of Listing 5.10 we add a parameter of the type Class<T> seen in Listing 5.11.
To avoid naming collisions among parameters, the name of the class parameter is the
name of the class type prefixed with two underscores. If there is already such a parameter,

we add a consecutive number at the end of the name.

T = TypeVar(’T?)
class Examplelnterface:

def method() -> T:

Listing 5.10: A Python class that uses a generic return type.

interface ExampleInterface {
<T> T method(Class<T> __T);

Listing 5.11: An interface that uses a generic return type. Generated from Listing 5.10

5.2.6 Inheritance Transformer

Next, we added a step that ensures that all inheritance rules of Java can be applied. For this,
we find all super and child classes and then make sure that the arguments are properly

typed.

For this we need to first figure out if there is an incompatibility in the first place. We
determine the number of input parameters and their type for each member of the same
name and compare them with each other. For this, we need to consider that generic types

are considered to be objects.

When we find a conflict we first try to determine if one type is strictly more general than
the other and use that one if that is the case. Otherwise, we turn it into a union of both

types.
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B D
+ example(): long + example(): long
A C E
+ example(): Object + example(): long + example(): long

Figure 5.2: Example for inconsistent multiple inheritance before the transformation is applied.

One example that shows the need for this transformer can be seen in Figure 5.2. Here we

have 5 Python classes that are connected by multiple inheritance.

The first issue arises when A inherits from B: Both have the same method but A has a more
general return type. This is not allowed in Java, so we modify B to use the more general
type Object as well.

But now class C no longer works because it inherits from B: The return type long cannot
be used when overriding a method with the more specific return type Object. It needs to
be converted to the type Long instead. This now propagates to classes D and E as well.

This means that even though A and E do not inherit from each other, they still affect each
other. Therefore, we need to walk the entire graph of super and child classes to apply this

transformation. The resulting graph is shown in Figure 5.3.

5.2.7 Remove Unused Generic Transformer
For the next step we look at each member individually and determine, whether all of its
generic parameters are used. If they are not, we simply remove them.

This can happen when there are previous transformers, such as the Undefined Reference
Transformer, that change some of the parameter types or the return type. For example, in

Listing 5.12 the type of the method argument is turned into a Java object, but the method
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B D
+ example(): Object + example(): Long
+ example(): Object + example(): Long + example(): Long

Figure 5.3: Example for inconsistent multiple inheritance after the transformation is applied.

is still considered to have the generic type argument T. Since we no longer have any use
for this type argument, we simply remove it to get an interface as seen in Listing 5.13.

T = TypeVar(’T?’)
class Examplelnterface:
def method(arg: Undefined[T]) -> None:

Listing 5.12: A Python class with a generic method that has a generic type argument which is not
required for the Java interface.

interface ExamplelInterface {

void method(Object arg);

Listing 5.13: The interface generated from Listing 5.12.

5.2.8 Remove Duplicate Transformer

After all the previous steps, especially the inheritance one, it is possible to have the same
name and signature for multiple members. In this case, we can simply remove all but

one.

It is important to note that in many scripting languages including Python, it is not allowed

to have more than one implementation of a method. However, they usually allow the
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developer to manually define overloads using type annotation. In Python, these would
usually be located in a separate ”.pyi” file and look like Listing 5.14. The resulting interface
can be seen in Listing 5.15.

T = TypeVar(’T?)

class Examplelnterface:
def method(arg: object) -> object:
def method(arg: T) -> T:

Listing 5.14: A Python class containing overlapping overloads.

interface ExamplelInterface {

Object method(Object arg);

Listing 5.15: The interface generated from Listing 5.14.

5.2.9 Generate Implementation Transformer

In the last step, we need to determine which methods should be generated for the classes
implementing the interfaces. Since the implementation of an interface needs to contain
the methods of all super interfaces, this step aggregates all those required methods so that
the type printer does not need to traverse the inheritance chain.

In Listing 5.16 and Listing 5.17 one can see an example Python program and the generated
Java interfaces. One of the interfaces inherits the other while both contain one method
each. However, in the generated implementation seen in Listing 5.18 we need to emit both
the method of the sub-interface and the method from the super-interface. We cannot use

inheritance for implementations because they do not support multiple inheritance.

class Examplelnterface:
def methodA () -> None:

class ExampleSubInterface (ExampleInterface):
def methodB() -> None:

Listing 5.16: Two Python classes where one inherits the other.
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interface ExampleInterface {
void methodA () ;

X

interface ExampleSubInterface extends ExampleInterface {
void methodB () ;

Listing 5.17: The interfaces generated from Listing 5.16.

class ExampleSubInterfacelmpl implements ExampleSubInterface {
void methodA () { /* ... */ }
void methodB() { /* ... */ }

Listing 5.18: The resulting implementation for Listing 5.16’s ExampleSublnterface.

5.3 Type Printer

Once all transformations are applied the interfaces can be converted into actual Java code.
For this, the printer component uses a number of templates to convert each part of the
data structure into the appropriate code.

Until now, we didn’t really need to know about the underlying mechanisms that are
responsible for connecting the Java code to Python. In our work, we chose to use the
GraalVM for this. If one would want to use a different system instead, they would have to

replace the Type Printer with their own implementation.

5.3.1 Basic interfaces
The easiest parts to print are the actual Java interfaces. Since the type transformers already

make sure that our data structure does not violate any of the Java syntax and semantic

rules, we can simply iterate over all interfaces and their members to write them to a file.
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def example(arg: int) -> str: ...

|

Package Interface Member
at.jku.igen.example Example example

Type identifier
— it
long

Parameter
arg

A

A 4

Parameter Type Ig::ntlf/er

return String

interface Example {
String example(long arg);
}

Figure 5.4: An example of the entire interface generation process for a simple interface.

In Figure 5.4 you can see a Python method, its internal representation as a data structure
as well as the resulting Java interface method. The crossed-out parts in the data structure
show the changes applied by the transformers.

5.3.2 Utility classes

In order to simplify the generation of interface implementations we first define two utility

classes and one utility interface.

The first class is an implementation of the Java List interface. The GraalVM already
provides a polyglot list implementation that represents a Python 1ist. However, this
implementation does not know about the generated interfaces and their implementations.
If one were to try to retrieve an element from the list using the get () method they would

not receive the correct implementation but a GraalVM Value instead. Therefore, we wrap
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interface __GuestValue {
Value __unwrap();

b
Listing 5.19: An interface that allows the user to retreive the underlying GraalVM value of an
implementation.

the GraalVM list with our own implementation which makes sure to convert the GraalVM

values as needed.

The second class inherits from the Java InvocationHandler and is responsible for turning

GraalVM Values into generated interfaces. This is needed for generic return types.

A Java invocation handler is a Java class that inherits the InvocationHandler interface.
An invocation handler is allowed to pretend to implement a Java interface even though
it does not. If one of the methods of this virtual interface implementation is called, the

invoke () method is called instead, along with information about the original call target.

Next, we add a utility interface in every generation process that allows a user to retrieve the
underlying GraalVM value in case the generated interfaces are wrong or the user desires
access to hidden features like calling private methods. This interface seen in Listing 5.19
defines an unwrap () method which returns the described value. Every generated class
implements this interface. Since the generated Java interfaces do not implement it and the
interfaces never reference the implementation, the user usually does not see the unwrap ()
method, which helps keeping the interfaces small and closely related to the Python classes.
If users want to use the utility interface they have to explicitly cast an interface instance to

the utility interface and use the unwrap () method.
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5.3.3 Implementations

GraalVM uses different methods for specific invocation kinds:

e Constructor invocation:

public void Calendar (long year, long month) {

this.__instance.getMember ("Calendar")

.newlInstance (year, month);

Listing 5.20: An example for a constructor invocation.

e Method invocation:

public void addEvent (Object event) {

this.__instance.invokeMember ("add_event", event);

Listing 5.21: An example for a method invocation.

e Field access:

public long getYear () {
return this.__instance.getMember ("year").asLong();

}
public void setYear(long year) {

this.__instance.putMember ("year", year);

Listing 5.22: An example for a field access.

5.3.4 Root interface
The interface that represents the global scope of the Python target receives some special

care: it contains some static members that allow users to create a new instance of the root

implementation. It also implements Java’s AutoCloseable interface which is responsible
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for cleaning up the underlying GraalVM resources once the Python code is no longer
needed.

Another GraalVM-specific detail is that you cannot directly invoke methods on the global
scope. Instead of using invokeMember (), we need to first retrieve them using getMember (),
followed by an execute () call. A full example of that can be seen in Listing 5.23.

public Calender createCalender (Object event) {
return new Calender.CalenderImpl(
this.__instance
.getMember ("create_calender")
.execute (event)

)

Listing 5.23: An example for method invocation in the global scope.

5.3.5 Objects

Objects in Java require special handling due to the uncertainty of their wrapped status.
This is a critical aspect to consider when invoking methods, as demonstrated in the
previous example.

In this example, we are passing an object named event to the addEvent () method. How-
ever, we cannot be sure whether this object is wrapped or not. This uncertainty necessitates
a check to determine the object’s status.

To address this, we employ a conditional check:

event instanceof __GuestValue
? ((__GuestValue)event).__unwrap ()
event

This operation checks if the event object is an instance of \_\_GuestValue. If it is, the

object is unwrapped using the \_\_unwrap () method. If it is not, the object is left as it is.
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This approach ensures that we are always working with unwrapped objects, thereby
adhering to Java’s type rules. It is a crucial step in maintaining the integrity of our method

invocation and ensuring that our program logic is consistent with Java’s type system.

Overloading

Overloading is a feature that Java interfaces do support. However, there are still some

differences from other languages. In Java, an overloaded method must have:
¢ a different number of arguments or
e different order of data types of corresponding arguments or
* one sequence of data types being more specific than any other.
Furthermore, all generic types are handled as "Object” due to type erasure.

We have to make sure that the Java interfaces conform to these rules since scripting
languages that rely on dynamic typing generally do not enforce most of these rules. This
often leads developers to use types that reflect their program’s logic but do not conform
to Java’s type rules. This would not be a problem if these types were to be used only by
the application written in the guest language. However, since the Java compiler checks all
of these rules at compile time we need to make sure that types always conform to Java’s
type rules.

Furthermore, Python and other languages support using literals for overloads. This means
that if a function takes a string parameter there can be overloaded versions for the specific

argument strings “foo” and “bar”.

To solve this, we had to combine such kinds of overloads and use their more general type
instead. In some cases we found it more suitable to discard them completely.
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Operators

One difference between Python and Java is that Python allows developers to overload
operators. This is especially useful for math-related tasks since code that uses these
overloaded operators resembles the mathematical operations more closely. Unfortunately,
Java does not support this, so we had to work with appropriately named methods. For
example, in order to overload the operator "+” we generate an add () method instead.

Unfortunately, when trying to generate interfaces for real projects we found that the
Python code often used operators in combination with named methods, which caused a

lot of name clashes.

Inheritance

One of the features that Java interfaces support is inheritance. This is very useful because
it allows us to generate interfaces that closely resemble the class structures of the target
program. If we could not use inheritance we would have to include the members of all

super classes in every interface, which would bloat interfaces very quickly.

Another feature we can make use of is Java’s instanceof check: Because we generate a
Java interface for every Python class, one can check if an object is an instance of a guest
class by simply checking if it is an instance of the generated interface.

One problem with using interface inheritance is that just like with overloads, overriding
a method is also inconsistent between Python and Java. While testing our generator on
real projects we found that often the child classes had members that were more general
than their parents, which is not allowed in Java. The only way for us to solve this was to

generalize the super interface so that it could handle any child type we could find.

Constructors

Most languages, including Python, offer some form of constructors. While Java also has
constructors for classes, it does not have them for interfaces. It is possible to nest subclasses
in interfaces, e.g. allowing developers to create a new instance of Global.Turtle, but this

is not sufficient because such classes will always be considered to be static. In Python, a
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constructor is itself an object which can be assigned to a variable at run time. This means
that the constructor can be attached to an instance of that interface, is not static, and may
change at run time. Because of this we decided to generate an interface method whose
names match the name of the type to be generated. They are distinct from other methods
since they start with a capital letter. For the example of Global.Turtle, we generate a
method Turtle in the interface Global.

Type unions

Another feature popular in scripting languages is type unions: Since Python is dynamically
typed, it is perfectly valid for a variable to contain a string and later a boolean. Python
handles this by considering this variable as being of a type that can be string or boolean.
The only equivalent of this in Java is to declare the variable with the type Object. This
would allow the value to be a string or a boolean, but would also allow any other type.
We would like to provide a little bit more type safety.

To do this we need to solve two problems:
* how to represent input parameter types and
* how to represent return types.
We will start with the return type, which is easier to handle.

When receiving a return value that can be of different types we do not know at compile
time which type it actually is. Thus, we have to manually check it at run time and only
then convert it to the correct type. This actually already exists in Truffle’s interop API and
we can simply take the parts relevant to the types of the union. When a return value can
be either a string or a boolean we make its type StringOrBooleanUnion (see Listing 5.24).
The caller can then use the methods isBoolean() and isString() to find out whether the
value is a boolean or a string and convert it appropriately with asBoolean() or asString()
as shown in Listing 5.25.

For input parameters with a union type, the situation is different. Here we know the type
at compile time and only have to check whether it is a permitted one. One possible solution
is to generate a new overload of the interface method for every possible combination
of types. However, as this makes the number of methods grow exponentially with the
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interface StringOrBooleanUnion {
boolean isBoolean ();
boolean asBoolean ();
boolean isString();
String asString();

Listing 5.24: Representation of a union of strings and booleans for return types.

StringOrBooleanUnion result = Global.getStringOrBoolean();
if (result.isBoolean()) {

boolean value = result.asBoolean();
/)

} else {
String value = result.asString();
//

Listing 5.25: Example usage of a union return type.

number of arguments it is not a good solution. Thus, we generate another, completely
different set of interfaces that assist us with type checking (see Listing 5.26).

For every possible type of that union, we generate a specific interface that represents that
type and make it inherit from our union interface. Usually, inheritance is used to add
functionality, but we just use the fact that a child is more specific than its parent to limit

the child interface to a single type.

After that, we generate a static method that converts a value of a certain type to the

corresponding child interface generated above.

If all the static methods have the same name, Java will automatically pick a fitting one
through overloading and then check if its return type matches the required type of the
input parameter. This means that to use unions for input parameters the user always has

to call one of these static methods before as shown in Listing 5.27.
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interface StringOrBooleanUnion {
Object value();
b
interface StringUnion extends StringOrBooleanUnion {}
interface BooleanUnion extends StringOrBooleanUnion {}

class Union {
static StringUnion from(String value) {...}
static BooleanUnion from(boolean value) {...}

Listing 5.26: Representation of a union of strings and booleans for input parameters.

Global.useStringOrBoolean (Union.from("foo"));
Global.useStringOrBoolean (Union.from(true));

Listing 5.27: Example usage of a union parameters.

5.4 Generics

Another issue with generating implementations for interfaces are generics. One example
of that can be seen in Listing 5.28 where there is a Python class that inherits from some
other Python class. At first glance, one might assume that one can simply use the same
generic type parameter T for both methods as seen in Listing 5.29.

But this is incorrect: Even though both type parameters have the same name they can
still have different values. This is because the generic type parameter of the child was not
passed to the parent class. If one had written

class Child(Generic[T], Parent[T]):

instead then it would be the same. Without this, they are different type arguments. Because

of that we have to rename the type arguments as seen in Listing 5.30
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T = TypeVar("T")
class Parent (Generic[T]):
def methodA(arg: T) -> None:

T = TypeVar("T")
class Child(Generic[T], Parent):
def methodB(arg: T) -> None:

Listing 5.28: Two Python classes that use a generic type argument of the same name.

class ChildImpl<T> implements Child {
void methodA(arg: T) {/*...x/}
void methodB(arg: T) {/#...x*/}

Listing 5.29: A wrong implementation of the child from Listing 5.28.

class ChildImpl<T1, T2> implements Child {
void methodA(arg: T1) {/*...%*/}
void methodB(arg: T2) {/*...*/}

Listing 5.30: A correct implementation of the child from Listing 5.28.
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In this chapter we will evaluate our approach of generating Java interfaces. We will
start by discussing the means of how the generated interfaces can be evaluated. We will
then present and discuss the results of various benchmarks. Finally, we will discuss the
limitations of the generated interfaces and how they could be overcome.

6.1 Evaluation Criteria

The main purpose of generating Java interfaces is to improve the developer experience
when working with foreign code. This makes it hard to find objective criteria to evaluate
the generated interfaces. In order to narrow down what could be considered beneficial
or detrimental when working with the generated interfaces, we decided to explore the

following criteria we set for ourselves:

¢ Using a Java interface instead of the reflective API should not have a significant
impact on the performance of the program.

¢ Using a Java interface should not increase the effort required by the developer to
use the foreign code.

* The interface generator should be able to generate a valid Java interface even if some
used Python features are not supported by the generator.

6.2 Performance

The first criterion we set for ourselves was that using a Java interface instead of the

reflective API should not have a significant impact on the performance of the program.
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In order to evaluate this, we decided to write a set of benchmarks that compare the
performance of a program that uses the generated interfaces to a program that does not
use the generated interfaces. We then compared the results of these benchmarks to see if

there was a significant difference in performance.

def add(a: int, b: int) -> int:

return a + b

class ComplexObject:
def __init__(self, value: int):

self .value = value

class ComplexHandler:
def handle(self, v: ComplexObject) -> ComplexObject:

return ComplexObject(v.value + 1)

def handle2(self, v0: ComplexObject, vl: ComplexObject,
v2: ComplexObject, v3: ComplexObject, v4: ComplexObject,
v5: ComplexObject, v6: ComplexObject, v7: ComplexObject,
v8: ComplexObject, v9: ComplexObject) -> ComplexObject:
return ComplexObject (v0.value + vl.value + v2.value +
v3.value + v4.value + vb.value + v6.value + v7.value +

v8.value + v9.value)

Listing 6.1: A small Python example used to evaluate performance

For this set of benchmarks, we measured the overhead of calling a foreign function. The

Python code in Listing 6.1 is supposed to represent three cases:

¢ A simple function that takes two integers and returns their sum. This is supposed to

represent one of the simplest possible cases of calling a foreign function.

* A more complex function that takes a complex object and returns a modified version
of it. This is supposed to represent a more realistic case of calling a foreign function.
While the costs for passing an object are the same as for passing a primitive value,
the interfaces generated for the complex object may have an impact on the run time

performance.
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* A complex function taking many arguments. This case is extended to exaggerate
the previous case since there are several interfaces that need to be unwrapped when

executing this function.

Listing 6.3 shows the Java benchmarks used to measure the calls to the Python code in
Listing 6.1. They are supposed to test each of the cases with and without the generated
interfaces. In this code, calculator, handler, and handlerValue are the generated inter-
faces for the Python code in Listing 6.1. value and complexObjectValue are the reflective
API objects that are used to call the Python code without the generated interfaces. Further,
calculator and value represent the same global scope of the Python code.

For this we used the Java Microbenchmark Harness (JMH), which is a Java library that
allows for easy creation of benchmarks. It ensures the code under test is run multiple
times in order to get a more accurate result. It also removes the first iterations of the
benchmark results in order to omit the warmup time of the JVM.

When executing these benchmarks we expected to see a negligible difference between the
benchmarks that use the generated interfaces and the benchmarks that use the reflective
API directly. This is because we expect the Java compiler to inline the generated interface

methods, which should result in the same performance as the manual implementation.

We ran the benchmarks on a machine with a 12th Gen Intel® Core™ i9-12900K processor
and 32 GB of RAM. We used GraalVM version 24.0.1 running on WSL 2.

The result of the benchmarks can be seen in Figure 6.1. In this graph, we can see the time
it takes to call the foreign functions in nanoseconds. The box plots show the distribution
of the time it takes to call a function. In this graph we omitted the outliers of the box
plots, which would have had values up to 1.63 milliseconds, making the graph unreadable.
Since these outliers occurred at a rate of one time in many thousands of iterations and
happened across all benchmarks, we decided that they were not relevant for the graph
and were likely a result of either unfinished warmup or operating system scheduling.

Furthermore, when looking at the results in the graph, one might come to the conclusion
that since the values differ slightly between benchmarks there must be some impact.
However, the differences between these benchmarks are only in the range of 10 nanosec-
onds, which is a very small amount of time. Further, every time the benchmarks are

repeated these differences change and there is no clear winner for benchmarks that use
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//Primitive call with interfaces
@Benchmark
public Object benchmarkInterfaceAdd (){
return calculator.add(1, 2);
}
//Primitive call without interfaces
@Benchmark
public Object benchmarkManualAdd (){
return value.getMember ("add").execute(1l, 2).asLong();
}
//Complex call with interfaces
@Benchmark
public Object benchmarkInterfaceComplex () {
return handler.handle(object);
}
//Complex call without interfaces
@Benchmark
public Object benchmarkManualComplex () {
return handlerValue.getMember ("handle")
.execute (complexObjectValue);
}
//Complex call with tnterfaces (10 Parameters)
@Benchmark
public Object benchmarkInterfaceBigComplex () {
return handler.handle2(
object, object, object, object, object,
object, object, object, object, object);
}
//Compler call without interfaces (10 Parameters)
@Benchmark
public Object benchmarkManualBigComplex () {
return complexHandlerValue.getMember ("handle2").execute (
complexObjectValue, complexObjectValue,
complexObjectValue, complexObjectValue,
complexObjectValue, complexObjectValue,
complexObjectValue, complexObjectValue,
complexObjectValue, complexObjectValue);

Listing 6.2: Benchmarks to show the time necessary to call another language
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Figure 6.1: Benchmarks showing the time necessary to call foreign language methods after
warmup.

the generated interfaces or the manual implementation. This indicates that the overhead

of using the generated Java interfaces is negligible.

While writing these benchmark we ran into an interesting effect. Initially we wrote the
manual benchmarks using the invokeMember () method of the Value class. This method
combines the lookup of the function and the execution of the function in one method.
However, the generated interfaces still used the getMember () and the execute () method
(see Listing 6.3). This caused a significant difference in our benchmarks. Figure 6.2 depicts
the benchmarks with the additional methods that use invokeMember (). One can clearly
see that the performance of the benchmarks that use invokeMember () are about twice
as fast as the benchmarks that use getMember () and execute (). This makes sense since
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the invokeMember () method is one method while getMember () and execute() are two
methods.

However, we decided to take a closer look at this surprisingly large overhead, especially
of the getMember () method. When stepping through the code using a debugger, the
problem was quickly revealed: Since Python is a single-threaded language, every call from
Java, which is a multithreaded language, must be synchronized. This is done using the
Global Interpreter Lock (GIL) in Python. This lock is acquired every time a call is made to
the Python logic. This is also done in the getMember () method. This means that calling
invokeMember () saves one global unlock and lock operation, which is why it is faster.

This shows some open potential for the GraalVM compiler. If the compiler could recognize
that these calls are made in a single-threaded context, it could remove the synchronization
overhead.

This also raises the question of whether we should switch the generated interfaces to use
the invokeMember () method. However, when we tried to do this, we ran into a problem:
The invokeMember () method fails in special, obscure, and completely undocumented
cases. For example, when we first started the project, it would not work when invoking
global methods and raise a non-descriptive exception. This is why we decided to stick
with the getMember () and execute () methods.
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//Primitive call without interfaces

@Benchmark
public Object benchmarkManualAddInvoke (){
return value.invokeMember ("add", 1, 2).asLong(Q);
}
//Complex call without interfaces
@Benchmark

public Object benchmarkManualComplexInvoke () {

return handlerValue.invokeMember ("handle",
complexObjectValue);

3

//Complex call without <interfaces (10 Parameters)

@Benchmark

public Object benchmarkManualBigComplexInvoke () {
return complexHandlerValue.invokeMember ("handle2",
complexObjectValue, complexObjectValue,
complexObjectValue, complexObjectValue,
complexObjectValue, complexObjectValue,
complexObjectValue, complexObjectValue,
complexObjectValue, complexObjectValue);

+

Listing 6.3: Benchmarks to show the time necessary to call foreign language methods
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Figure 6.2: Benchmarks showing the difference between invokeMember () calls and getMember ()
and execute () calls.
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6.3 Effort

The second criterion we set for ourselves was that using a Java interface should not
increase the effort required by the developer to use the foreign code. In order to show this,
we decided to present some examples of how the generated interfaces replace boilerplate
code that would have to be written manually. Also, in all examples in this section, all

hardcoded strings were replaced by calls to the generated interfaces.

6.3.1 Initialization

The first example shows the initialization of the foreign code. In Listing 6.4 we see the
code that is required to initialize the foreign code without the generated interfaces. In
this code, we have to manually create a context, allow access to the foreign code, and
then get the object that we want to use. In Listing 6.5 we see the code that is required to
initialize the foreign code with the generated interfaces. In this code, we only have to call
the fromDefault () method of the generated interface.

Value calculator = Context.newBuilder ("python")
.allowHostAccess (HostAccess.ALL)
.allowAllAccess (true)
.allowExperimentalOptions (true)
.option("python.ForceImportSite", "true")
.build ()

.getBindings ("python");

Listing 6.4: Initialization without generated interfaces

Calculator calculator = Calculator.fromDefault ();

Listing 6.5: Initialization with generated interfaces

6.3.2 Function Calls

The second example shows the call of a foreign function. In Listing 6.6 we see the code
that is required to call a foreign function without the generated interfaces. In this code
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we have to manually call the getMember () and execute () methods of the object that we
want to use. In Listing 6.7 we see the code that is required to call a foreign function with
the generated interfaces. In this code we only have to call the method of the generated
interface.

calculator.getMember ("add").execute(l, 2);

Listing 6.6: Function call without generated interfaces

calculator.add (1, 2);

Listing 6.7: Function call with generated interfaces

6.3.3 Code Completion

The third criterion shows the code completion in an IDE. In Figure 6.3 we see the code
completion in Intelli] IDEA. In this figure we see that the IDE is able to suggest the methods
that are available on the object that we are using. This is possible because the IDE is able
to read the generated interfaces and use them to suggest the methods that are available.

calculator‘.L

o add (long x, long y) long
@ div (long x, long y) long
o mul(long x, long y) long
o sub (long x, long y) long
@ equals (Object obhj) boolean
™ hashCode () int
@ toString () String
™ getClass () Class<? extends Calculator>
) notify () void
) notifyAll1() void
™ wait () void
AN At + (T Aana +Fimann+MITT5-0 Ve A
Strg+Unten and Strg+Oben will move caret down and up in the editor Next Tip

Figure 6.3: Code completion in Intelli] IDEA.
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6.4 Missing Functionality

The third criterion we set for ourselves was that the interface generator should be able to
generate a basic interface even if some of the used Python features are not supported by

the generator or some of the Python type information is not accurate.

One example of this is the Python code in Listing 6.8. In this code the declared type of
the argument is wrong: Even though it specifies an int, the function expects a str as an
argument. The interface generator has no knowledge about this error and generates an
interface that expects an int as an argument as seen in Listing 6.9. This is because the
interface generator does not check the actual implementation of the function, but only the

type annotations.
def example(a: int) -> str:
return "hello" + a # this only works if a is a string

Listing 6.8: Python code with wrong type

interface Example {

Value __unwrap(); //Access to the underlying object

String example(int a);

Listing 6.9: (Simplified) generated interface for Python code with wrong type

In order to call this function with a string as a parameter, the user would have to man-
ually convert the Example to a Value before calling the function. This can be seen in
Listing 6.10.

String result = example.__unwrap().getMember ("example")

.execute (1) .asString ();

Listing 6.10: Calling a function with an unexpected type
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6.5 Deep Java Library

In this section, we want to show how the generated interfaces can be used in a real-world
application. When reading the results of the previous benchmarks, one might argue that
synthetic benchmarks are not suitable for that purpose. Further, no matter what synthetic
benchmarks we write, they will always yield similar results, as the generated interfaces
are not intended to improve performance. Therefore, we decided to demonstrate the use

of generated interfaces in a real-world application.

For that, we set out to find an application that was already using Java-Python interop,
which was not easy. Further, it needs to be open source and written in a way that allows

for easy modification.

Fortunately, we found such a program in the Deep Java Library (DJL). DJL is a high-level
Java API for deep learning. It provides a set of high-level APIs for building and training
deep learning models. DJL is designed to be easy to use and requires minimal code
changes to run on different deep learning engines. DJL allows a developer to choose
between the underlying frameworks MXNet, PyTorch, and TensorFlow. DJL also provides
a set of pre-trained models that can be used for inference.

In order to show the effectiveness of our generated interface, we decided to add a new
engine to DJL. This engine is a reimplementation of the PyTorch engine, which is currently
using the Java Native Interface to achieve its purpose.

First, we implemented the new engine using manual GraalVM calls, without our generated

interfaces. We did this so we could later compare the two implementations.

After that we implemented the new engine using the generated interfaces. This was done
by running the interface generator on the PyTorch library and then using the generated
interfaces to replace all relevant calls.

DJL comes with a set of example programs that demonstrate how to use the library. One
of them is an object detection program that uses a pre-trained model to detect objects in an
image. It takes the image shown in Figure 6.4 as input and outputs the detected objects.

Running this example as a performance benchmark yields the unsurprising result shown

in Figure 6.5. The performance differences between the two implementations are negligible.
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Figure 6.4: Image used for object detection.
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Figure 6.5: Comparison between generated interfaces and manual implementation after warmup.

There is little chance that the user would notice a difference in performance between the
two implementations when one iteration takes about half a second to compute.

Significantly more interesting is the experience of using the generated interfaces. As
expected, the implementation without generated interfaces required a lot of cross-checking

and hardcoded strings.

On the other hand, the implementation with the generated interfaces was much easier to
implement. The conversion from the manual implementation to the generated interfaces
was straightforward, replacing each call with the generated interface. While this barely
reduced the amount of lines of code, the type safety came with noticeable improvements.
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Figure 6.6: Comparison between generated interfaces and manual implementation.

With the generated interfaces it was easier to see what purpose a specific value had, instead
of all types being the same Value type. The conversion also revealed a mistake in the
manual implementation: The manual implementation called the wrong Python function,
which was not caught by the compiler: the argmax() function had its first argument
passed twice, while the second one should have been null. This bug was not detected
when running the example programs since the function happened to return the correct

result for the specific set of arguments that were passed.

However, unfortunately, the generated interfaces could not cover all required cases. Fig-
ure 6.6 shows the number of string literals (131 in total) that could not be replaced by a
call to a generated interface. This is a significant amount of string literals that could not be

replaced.

Figure 6.7 gives a more detailed breakdown of why a string literal could not be replaced

by a call to a generated interface.

* Module refers to string literals that refer to a module that is not part of the generated
interface. This is the most common reason why a string literal could not be replaced

by a call to a generated interface.
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Extra

' Name clash

Wrong types

Missing types

Figure 6.7: Breakdown of why a string literal could not be replaced by a call to a generated

interface.

* Extra refers to string literals that could not be replaced by a call to a generated
interface because the interface generator does not support the feature that the string
literal is used for.

One example of this is Python’s slice. This data structure allows a user to index a
list using a range of indices. The interface generator does not generate an interface
for this data structure and does not generate an entry for index accesses. This means
that the user has to use a string literal to access the elements of a list.

Wrong types could not be replaced because the types provided by the Python type
annotations do not match the actual implementation of these types.

Missing types could not be replaced because the Python type annotations do not
provide enough information to generate an interface.

Name clash could not be replaced because the Python type has multiple meth-
ods or properties with a similar name. One example would be a class that has
\_\_div\_\_Q), div() and div\_Q), all of which get translated into div() in the
Java interface.

6.5.1 Examples of limitations

One example for the limitations listed above is specific to the PyTorch library: The library

accepts various types of lists, tuples, arrays and tensors as inputs. All of them are simply
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interpreted as a sequence of values to be processed. However, since the code of the library
does not know of the GraalVM polyglot interface, it rejects all types of lists created with
Java code.

Another issue was the from\_blob() function, which is not available in the Python
wrapper. Fortunately, we were able to work around this using the slightly less efficient
frombuffer () function. However, this is where the next problem arose: the frombuffer ()
function expects an array of bytes, which have to be in the range of 0 to 255. However, if
one tries to pass a byte array from Java to Python, by default it is converted into a list of
integers ranging from -128 to 127. This is because Java uses signed bytes, while Python
uses unsigned bytes. This means that we had to manually convert the byte array to a list
of integers in the range of 0 to 255 before passing it to the frombuffer () function.

We could add an option to the interface generator to generate a method that converts a
byte array to a list of integers in the range of 0 to 255. However, not all Python functions
expect their arrays to be unsigned. Implementing a global solution would mean that
either all byte arrays are converted to unsigned bytes or that the user has to manually
convert the arrays. The only solution would be to specify the expected range of the array
elements in the interface, but at that point, the conversion could be done manually by the

developer.

Yet another example of what we didn’t generate types for is the slice object. This object
is used to index a list using a range of indices. The library uses this object to extract parts
of a tensor. While we can generate an interface for the slice object itself, the GraalVM

polyglot interface does not support calling indices that are not numeric.

Further, Python also supports indexing using a tuple of values, usually used for multidi-
mensional arrays. Similarly, this is not supported by the GraalVM polyglot interface.

Listing 6.11 shows the actual implementation of this workaround in more detail. The
function torchIndexAdvGet () takes a tensor and a list of indices. If the list of indices
contains only one element, the function uses the index directly. If the list contains more
than one element, the function converts the list of indices to a tuple and uses that to index
the tensor. The workaround consists of writing two small lambda functions in Python
that do the actual indexing. These lambdas are then called with the required values. Since
this is not a generated interface, we have to manually retrieve the underlying value of the
tensor and pass it to the lambda function. Passing the tensor directly would result in the
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Tensor torchIndexAdvGet (
Tensor handle, List<Value> torchIndexHandle) {

Value converter;
if (torchIndexHandle.size () == 1) {

converter = eval("lambda h, i: h[il");
} else {
converter = eval("lambda h, i: h[tuple(i)]");

Value converted =
converter.execute (handle.__unwrap(), torchIndexHandle);
return new Tensor.TensorImpl (converted);

Listing 6.11: Workaround for the missing slice index

wrapper being sent to Python. This would result in an error because the wrapper does not
have the desired indexer.
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7 Conclusion

In this thesis, we presented a tool to generate Java interfaces and implementations for
accessing foreign language code with the goal of simplifying the interaction between
languages. An important aspect of the tool is that it is able to generate code that is idiomatic
to the target language. This is achieved by using an existing tool to parse the Abstract
Syntax Tree (AST) from the guest language. Then, using a set of transformations, the AST
is converted into an idiomatic Java style, and incompatible features are removed.

This allows developers to use the generated interfaces as if they were written in the same
language, which includes the support a modern editor for Java would provide. Further,
the developers have to worry less about the quirks of the guest language.

We showed how we constructed the tool, beginning with the intended usage. We then
described the architecture of the tool, which consists of a parser, a transformer, and a code
generator. Then, we described the implementation of the individual components in more
detail. Finally, we demonstrated the performance and usefulness of the tool using a set of
synthetic benchmarks and a real-world example.

The benchmarks showed that the tool is able to generate useful code and that the perfor-
mance of the generated code is comparable to the performance of the original code. The
real-world example showed that the tool can be used to integrate a foreign language into
a Java project with minimal effort.
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