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Abstract

A debugger is an essential tool in modern software development, allowing developers to inspect
and better understand program execution. Sulong, the LLVM runtime of GraalVM, officially
supports debugging and expression evaluation for C. Although some C++ features work out of
the box, many do not, as C++ is not explicitly supported. In particular, evaluating method
calls fails due to differences in language semantics, such as name mangling and object-oriented

paradigm.

The goal of this thesis is to extend Sulongs expression evaluation to support C+4++ method
calls. This requires analyzing the semantic and structural differences between C and C++ at
the LLVM level and adapting the existing infrastructure accordingly. The finished result allows

developers to evaluate C++ method call expressions during debugging.
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Chapter 1

Introduction

A core part of a developers everyday toolkit is their trusty debugger. With it, the developer
gains unique insights into the code and its execution, something even the ubiquitous console
logging cannot fully provide. A debugger allows breaking at specific lines of code, inspect-
ing variable values, watching and manipulating them if needed, and jumping to breakpoints.
With expressions evaluation, it is possible to execute any code the developer wants to execute,

allowing them to call methods and modify variables.

GraalVM [1] is no exception. Since it is written in Java, it can be debugged like any other Java
program. GraalVM also supports many other languages via the Truffle Framework, including
C and C++. However, debugging these languages is significantly more challenging due to the
way they are executed. In the specific case of Sulong, which executes LLVM [2] bitcode, a
separate debugging solution was developed for the C language. Expression evaluation for C++
is currently not supported, since the existing C-specific solution relies on assumptions about
the C language that do not hold for C++-. While C++ is a superset of C, it introduces many
essential features with different syntax or semantics that are not present in C. As a result, the

current C-specific debugging solution does not work for C++.

The debugging capabilities are now being extended to partially support C++, focusing on
method calls via expression evaluations. The aim is to bridge the LLVM differences between

these languages.

The next section will provide background information, explain relevant concepts and show why

the current solution does not work with C++4-. The third chapter makes a short dive into
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Sulong and how debugging works. The fourth chapter describes the implementation and how
the solution was developed. In the fith chapter a example program is debugged to demonstrate

the implementation. In the last chapter.
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Chapter 2

Background

2.1 GraalVM

GraalVM [1][3] is an ecosystem based on the Java Virtual Machine (JVM). Its specialty lies
in its speed and its ability to work across multiple programming languages, which is known
as polyglot programming [4]. Like many modern JDKs, GraalVM uses just-in-time (JIT)
compilation to enhance performance. Another option is to use the Native Image feature to

compile Java bytecode ahead-of-time (AOT) into native machine code.

JS ﬂ‘®de"3 | @ M Lg ® e
: 1K © (D

4
GraalVM Compiler

Figure 2.1: GraalVM architecture
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2.2 Truffle

The Truffle Language Implementation Framework [5] allows a developer to integrate their lan-
guage with GraalVM without implementing the runtime. Polyglot support is provided by the
Truffle framework. Its interpreter-based design allows the use of multiple languages within the
same program, as shown in Figure 2.1. Every language that is integrated with the framework
can call and use all other supported languages, as well as JVM-based code such as Java, Scala,
Kotlin, and Clojure. For example, you can call a JavaScript function inside your Java code. A
very important reason why you would develop a language with the Truffle framework is to use
the highly optimized GraalVM JIT compiler. This way, you only need to implement an AST
interpreter for your language. The runtime, including optimizations and polyglot support, is

then provided and continuously optimized by the Truffle framework.

2.3 LLVM

LLVM [2][6] is a project around compilers for fast languages. The source code can be trans-
formed into an intermediate representation (LLVM IR), also known as LLVM bitcode, which
can be optimized and compiled into machine code. The final step is to convert the IR into
native code for the target platform. An important fact to mention about the low-level IR code
is that there are no high-level language features. This includes object-oriented programming,
which is a big part of C++.

Sulong [7][8] is a Truffle implementation for LLVM bitcode. Any code that is compiled to
LLVM bitcode can run with Sulong. This includes common languages such as C, C++, Swift,

and others.

2.4 Name Mangling

Name mangling [9] is a technique used to solve naming conflicts. It works by encoding the
complete information about a method, variable, or class into its name, resulting in an unique

name.
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int sum(int a, int b);
long sum(long a, long b);

Listing 2.1: sum methods

One reason why this is necessary in C++ is the feature of overloading. Overloading allows the
use of the same function name with different parameters or parameter types. As long as the

parameters are not identical, C4++ handles this through name mangling.

This is required because overloading is a high-level concept, while LLVM is a low-level repre-
sentation and does not allow one symbol name for multiple symbols.

sum(10, 20); /] —> _Z3sumii
sum(10L, 20L); // —> _Z3sumll

Listing 2.2: Mangled sum methods

2.5 Method Calls

class Foo {
public:
void bar(int x);

b

Foo f;
f.bar(5); // -> _ZN3Foo3barEi(f, 5)

Listing 2.3: Method call with receiver object

In object-oriented programming languages, the receiver object, called this or self in many
languages, usually refers to the object instance from which the method is being called. Many
languages treat the receiver object as a special keyword. However, under the hood, the receiver
object is simply an extra parameter of a method. The reasons are the same as in name mangling.
This is a high-level concept and cannot be represented in low-level bitcode. Passing the instance

reference as the first parameter is the workaround to this problem.
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2.6 Debugging and Debug Expressions

Since Sulong [7] is an LLVM runtime, debugging is not straightforward[10]. The source code
is compiled down to LLVM and executed as such, essentially debugging LLVM itself, yet what
you see on the screen is the original source. Debugging the LLVM bitcode directly would
be counterproductive and is not an acceptable solution. The current C debugging solution
establishes a connection between the LLVM bitcode and the C source code by using a small
and simplified compiler that evaluates the entered expressions. In this way, the connection

between source code and runtime is created.
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Chapter 3

Sulong and Debugging Limitation

In the last chapter, we talked abstractly about GraalVM, Sulong, LLVM, and the general
paradigms and concepts behind them. To better understand which parts of the codebase need
to change, we will now go a step further and look at the concepts and current state of debugging

in Sulong.

3.1 DebugExprNode

It is important to understand how the current debugger works. It uses a parser that takes in
expressions, for example sum(10, 20), builds an AST, and evaluates it. These expressions are
broken down into nodes. In example 3.1 the expression tree of the sum method is shown. First,
the ConstNode (10) and ConstNode (20) are evaluated. Then, using the results of those nodes,

the FunctionCallNode is executed, resulting in the value 30 when evaluated.
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FunctionCallNode: sum

ConstNode: 10 ConstNode: 20

Figure 3.1: AST diagram for the expression sum(10, 20)

This piece of information is important because we need to identify the correct nodes that must

be adjusted or modified so that debugging expressions can work correctly with C++.

3.1.1 Why is code compiled with clang debuggable but not when
compiled with clang++7

Let us start with a simple C++ example. This is a basic function call that works in C and
should also work in C++, since C++ is a superset of C:

#include <stdio.h>

int sum(int a, int b) {

return a + b;

}

int main() {
int result = sum(10, 20);
printf ("%d\n", result);
return 0;

We cannot debug the same code that works in C if it is compiled with clang++ instead of
clang. This is because, in C++, function names are mangled, as explained in the name
mangling chapter. If we try to evaluate sum(1, 2) in the debugger using code compiled with
clang++, we get an error saying that the function does not exist. The same expression works

fine with clang. To prove that the function is actually compiled and that the issue is name
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mangling, we can evaluate the mangled version _Z3sumii(1, 2), and we get 3 as the result.
This clearly shows that the debugger has the context for the methods but cannot match the

mangled names correctly.

The reason Receiver Methods do not work is that they were never properly implemented for
C++. To make Receiver Methods work, the first argument would need to be the receiver

itself, as described in the background section.
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Chapter 4

Implementation

In this chapter, we dive into the implementation and solution of how method evaluation for
debugging was implemented, while also discussing the challenges and possible solutions along
the way. Since there are two main problems to solve, we will tackle them separately in two
sections. The first focuses on regular method calls. The second covers class method calls that

need to be supported with the new C++ integration.

4.1 Basic functions

In this section, we tackle class method calls and how they were solved, while also giving an idea

of what the challenges were.

We mentioned earlier in the previous chapter that we need to find the correct node to adjust.
In this case, it is the DebugExprFunctionCallNode, where method calls are evaluated. Below
is the flowchart 4.1, a simplified version of DebugExprFunctionCallNode, just to get an idea

of how it works.

First, we check if the method name exists in the LLVM-context. If it does, we try to call it.
When the method call runs without a problem, we return the value. Otherwise, an error is

thrown if the method call fails or the name does not exist in the first place.
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Does the function name exist in the llvm-

context?
Nes

Try calling the function

No
Did the function call succeed?
Return error: Symbol not found Return value

End

Figure 4.1: Flowchart: method call

Here we hit our first problem. GraalVM and Sulong theoretically have all the information
needed to look into the scope of the program and select the correct method every time. But
instead, there is only a HashMap ScopeChain.linkageName from method name to mangled
name. This is because debugging support was implemented without taking this into account.

To really fix this, a major overhaul would be needed, which is out of scope for this thesis.

So, if we take the sum example, and we first define a sum with ints and then one with longs, the
HashMap will only keep the last registered sum function, since the previous ones get overridden.

We can clearly see this in the figure 4.2.
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Key Value

sum ' o _Z3sumii

After registering the second sum

\4

sum > _Z3sumll

Figure 4.2: Map with linkage names and methods

So the choice was either to support method calls without overloading, or to build the linkage
name based on how the method was called. The second option was chosen. Since there was
already a CXXDemangler class using a factory pattern, a matching CXXMangler was written.
The only job of this class is to encode a method name and its parameters into a mangled

name.

With this class, we can now adjust the algorithm inside the DebugExprFunctionCallNode. It
starts the same as before: Does the method name exist in the context? Try to call it with the
original name. If that fails, repeat the same steps with the mangled version of the name. In

this way, we now support C++ but we also maintain compatibility with C.
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Does the function name exist in the livm-
context?

Try again with mangled name

| X(GS
N\

Try calling the function

No
Did the function call succeed?
— Return error: Symbol not found Return value

End

Figure 4.3: Flowchart: method call adjusted for C+-+

Now that regular functions work, we can move on to class methods and take a look at how

expressions like foo.sum() are handled.
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4.2 Receiver Methods

In this section, we tackle class method calls and how they were solved, while also giving an idea

of what the challenges were.

One would assume that the parser uses DebugExprFunctionCallNode for an expression like
foo.sum(10, 20), but that is not the case. Since function pointers with structs exist in C, this
was taken into account when the debugger was developed. See 4.1 for an example code of func-
tion pointers. Inside the DebugExprNodeFactory, where nodes are created based on the parser,
there is a method called createFunctionCall that handles all function calls coming from the
parser. In this method, we need to extend the logic to support DebugExpr0bjectMemberNode,

which is the node type used for the expression foo.sum(10, 20).

struct Foo {
int (+sum)(int, int);

};

struct Foo foo;
foo.sum(2, 3); // 5

Listing 4.1: Function pointer call via a struct

Extending the logic means adjusting DebugExprObjectMemberNode so that a function call can
be made. The best way to do this is to create a DebugExprFunctionCallNode using the infor-
mation from DebugExpr0bjectMemberNode. Since this node represents a class, it is derived from
LLVMSourceClassLikeType, which holds all the class method information and has a method
to generate mangled names. With that information, we can write logic that takes the method
name and parameters and gives us a mangled name. The flowchart in Figure 4.4 shows this

behaviour.
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Start

Y

Loop over all

Loop ends

return empty

methods of the class

Method name
matches?

yes

Parameter
count matches?

yes

T A A

no

Do all parameter
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Figure 4.4: Flowchart: Get mangled name by method name and parameter types
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A 4

return

end

method.getLinkageName()
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Chapter 5

Demo

In this chapter, a simple C++ program will be compiled and debugged with Chrome DevTools

to show the newly supported expressions that previously did not work.

#include <iostreams>

class Foo {
public:
int __attribute__ ((noinline)) sum(int a, int b) {
return a + b;
}
b

int sum(int a, int b) {
return a + b;

}

int main() {
Foo+ foo = new Foo();

int resultl = foo->sum(10, 5);
int result2 = sum(10, 5);

std ::cout << "foo->sum(10,._5) =" << resultl << std::endl;

std ::cout << "sum(10,_5) " << result2 << std::endl;

return 0;

Listing 5.1: Demo: Class method and regular function

First, we compile the program demo . cpp with clang++ into demo.so. The __attribute__((noinline))
is needed because otherwise the sum method gets inlined, and we can no longer execute expres-

sions like foo->sum(10, 5) since the method no longer exists in the scope.
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Then we debug it with Sulong. In the terminal where we started the debugger, we run
mx 11i --experimental-options --inspect --1llvm.C++Interop klass2.so. We can see
the two outputs from the main method. In the DevTools console, we can now evaluate the
expressions foo->sum(10,5) and sum(10,5), and both of them work as expected, returning 15

as seen highlighted in the console of Figure 5.1.

Console Metwork &  Sources Performance &  Memory 2]
Scripts  Workspace 3 : [ Klass2.cpp x ot & 0 T 3
» ¢ Fileyff 3 LD ST - (©® Paused on breakpoint
« [ home/halil 3 class Foo { » Watch
» £ mw/cache/LLVM_ORG S, 4 public: i
e 5 int _ attribute_ (({noinline)) sum{int a, int b) { v Breakpoints
» B3 graalvm-dev/graal [ Teturn a + b; [[J Pause on uncaught exceptions
7 }
8
v Scope
int sum({int a, int b} { ~ Block

Teturn a # b; + foo: Foo* @x5d3206b9de3d

+ resultl: int 15
» result2: int 15

o ant main{) {

5 Foo* foo = new Foo(); » Global 11vm-scopechain
6 w Call Stack
7 int resultl = foo->sum(1@, 5); » main e p—
int result2 = sum{1@, 5); I
20 std::cout << "foo->sum(1@, 5) = " << resultl << std::endl;
bl std::cout << "sum{1@, 5) = " << result2 << std::endl;
23 return B;
4}
-
{3} Line23, Column 14 Coverage: nfa
Console Al assistance A ®
B @ MainContextv | & Y Filter Default levels v | Nolssues  £83

* foo->sum{1@, 5)
<« '15

> sum(1@, 5)

< "15

Figure 5.1: Chrome Devtools: Debugging demo.cpp
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Chapter 6

Conclusion

In this thesis, the debugging capabilities of Sulong were extended, in particular the expression
evaluation for method calls in C+4. This task was done in two steps. First, for regular
methods, Sulong was adjusted to call the correct name by also looking up the mangled name in
addition to the unmangled one. In the second step, a feature was added that allows resolving
method calls on objects to the correct method. The implementation of the expression evaluation
described in this thesis is available on GitHub [11].

Although the current implementation handles many common cases well, several limitations
became clear during evaluation and testing. The debugger currently supports only static bind-
ing, so function calls that should be resolved dynamically are instead resolved statically. In
addition, virtually inherited fields are not yet supported, whereas non-virtually inherited fields
work as expected. With support for these features, the debugger would cover a much broader

portion of the object-oriented aspects of C++.
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