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Abstract
Lazarus is an intentionally compact platform featuring an optimizing compiler, a lightweight virtual
machine and IDE integration. Its small size, lets students explore every compilation stage by
experimenting with a compiler inspired by modern systems. At the core lies an incremental parser,
that only re-parses the surrounding areas of the changed text in an IDE environment, and an
SSA-based optimizer. The target machine is a register-based virtual machine, that mimics native
architectures, and provides a debugger. This paper presents both the source language, and its
register-based virtual machine, while discussing an often neglected feature in compiler design: the
incremental parser.
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1 Introduction

Computer science degrees often include courses on language design and implementation
intended to instruct students on the process of specifying formal languages through the
usage of context-free grammars, as well as the processes used to analyze and handle source
code. Under this context, programming languages are usually the subject of a course’s
practical work, although in a simplified form, such as subsets of C or Forth. Given the
inherent theory and complexity of compilers, which are not the focus of the class, they
are often neglected and replaced by abstract models, such as Intermediate Representations
(IRs) and Stack-Based Virtual Machines. While these serve their purpose in education and
non-academic environments, the backend components and processes mostly remain as black
boxes, creating a very large gap in understanding.

Furthermore, in recent decades, “Programming Languages” have undergone drastic
changes facilitated by increased computational resources. Compilers can now (and are
expected to) empower code editors with sophisticated tooling tied to the language ecosystem,
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such as providing type information, inline documentation, real-time diagnostics, auto-fix
suggestions, auto-completion, refactoring primitives, and much more. Moreover, this tooling
is the cornerstone of a new wave of revolution in the programming language and framework
ecosystems. It is directly exposed via MCP (Model Context Protocol) [2, 3] to AI agents,
such as Dart (and Flutter) MCP [24], or in other novel approaches where languages are built
specifically for this purpose: the so-called AI-native languages like MoonBit [18].

This shift has created a significant architectural divergence compared to the academic
models taught in these courses or classical compiler textbooks regarded as the “gold standard”
worldwide, such as The Dragon Book [1] and Appel [4]; these are now quickly becoming
out-of-sync with industry practice. This issue is even more severe in other areas of the
spectrum: optimization, machine code generation, debugging, etc., because of their increased
complexity and lower-level nature. Moreover, while many compilers rely on the LLVM
infrastructure [32, 34], which is not beginner-friendly to study and modify without prior
knowledge and experience. This led to the creation of a simpler, smaller, and easier-to-modify
programming language infrastructure introduced in this paper.

This paper is organized in seven sections. Section 1 presents the project context and
motivation. Section 2 provides an overview of related work and industry practice. Section 3
presents a brief description of the source language. Section 4 goes into detail of the architecture
of the virtual machine. Section 5 introduces the compiler/infrastructure architecture. Section
6 explores the incremental parser algorithm. Finally, section 7 closes the paper with the
conclusions and possible future directions for the project.

2 State of the Art

A compiler is divided into three main parts: the front-end, middle-end, and back-end. The
front-end deals with the source language itself; it reads the input text (source program),
validates it, and extracts its semantic meaning. The middle-end performs optimization
passes on the source program aimed at improving the program execution performance. The
back-end is responsible for producing assembly code. To complete the Compilation process,
there is still the need for an assembler that translates the assembly code generated by the
compiler into an object file (LLVM actually bundles the assembler and produces the object
file directly from its representation, skipping the translations). Additionally, a mechanism to
resolve external symbols is needed, such as a linker in C or dynamic resolution at runtime as
in Java. For compiled programs to be executed, they need a runtime environment, such as
an operating system or virtual machine, as well as standard libraries that might have been
linked with.

2.1 Compiler Front-End
The front-end is the component used for the interface with code editors. Microsoft developed
the Language Server Protocol (LSP) [38] as a standardized way for different code editors
to request common and expected features from the front-end. Moreover, since the source
code document is constantly changing and those changes must propagate to the front-end,
meaning the front-end itself must also efficiently represent text in a format that is both
easy and convenient for the analysis it performs as well as for user editing. Text editors
usually use variants of Line Arrays, Piece Tables, Gap Buffers, and Ropes [36, 7, 6]; which
may be augmented by extra metadata to help with line breaks and encoding formats. Line
Arrays keep an array where each position is a string representation of the line. Gap Buffers
operate on the premise that multiple consecutive user operations are performed around the
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same position, and as such when an insert operation is performed it allocates space for the
successive insertions. Piece Tables try to optimize a requirement of code editors, the undo
operation, and essentially keeps the original source and tracks the changes, requiring multiple
jumps to query the up-to-date source, but reducing overall editor memory. Ropes on the
other hand operate on balanced tree structures, making an insertion a join of nodes, this
structure has the great advantage of immutability, making it one of the ideal options for
front-ends.

The first step in a front-end is to take the input textual stream and produce tokens (like
words in English), this is lexical analysis. Then comes parsing, checks the token sequence
against grammar rules and produces a representation of the input program in a tree form: the
syntax tree. Traditionally, this tree removes redundant information (e.g., spacing, comments,
parentheses around conditions, or in math expressions), creating an abstract (not concrete)
representation: the Abstract Syntax Tree (AST). On the other side of the spectrum, Roslyn
(the C# compiler) [37] produces a tree containing every syntactical detail (a 1:1 mapping),
known as Concrete Syntax Tree (CST). Compilers such as Go tend to opt for a middle
ground; the tree still contains details like parentheses, and comments (kept in a separate
table in Go), but spacing, line breaks, and other non-essential information for the compiler
are discarded.

To create a parser, a language must first be described by a grammar, which defines the
productions (rules) used both for generation (the derivation of language sentences) and for
recognition. The rules make use of tokens (terminal symbols), and non-terminal symbols.
Two main core parsing stratagies exist: one is Top-Down (TD) – usually implemented by
parsing algorithms of the LL family – where the structure is built from the beginning (top
of the tree) to the end (bottom); for example, a sentence must contain a subject and a
predicate, and so on down to the word. The other is Bottom-Up (BU) – usually implemented
by parsing algorithms of the LR family – that analyze input terminals until recognize the
right-side of a production reducing, at this moment, the input sequence to the non-terminal
in the left-side of that production; and proceed so far, so on, until be able to reduce the
complete input sequence to a non-terminal that is the root of the tree. For example, a name
is a subject, and the subject plus a predicate form a sentence (the sentence is only recognized
(accepted) when both elements are found). The needed grammars can be represented in
common formats such as EBNF [26], which will be adopted throughout this paper.

Given that creating a lexer/parser for a set of grammar rules is a systematic and repetitive
work, several amazing parser (and lexer) generators were developed. The most famous ones
are Lex/Yacc (the eldest, inspirational, and the most used around the world by the C
community1), Tree Sitter [9] (an incremental parsing library/generator developed for the
Atom code editor based on Generalized LR theory) and ANTLR [43] (Another Tool for
Language Recognition based on Adaptive LL theory)2. Incremental parsers are those capable
of being aware of a change (from a code editor) and producing a brand-new CST by piecing
together a previously built CST with minimal lexing/parsing, covering just the changed
region. While these generators are very capable, most commercial-grade compilers end up
handwriting a Recursive Descent Parser (follows the TD strategy, but resorts to several tricks
to solve ambiguities, including but not limited to arbitrary look-ahead, LR-like behavior, and
semantic/syntactical aware parsing/lexing). The choice for RD parsers happens because they
are easy to make, capable of better/custom error recovery and messages, and feature gating –
the ability to control access to language features, as is the case of versioning, variants (e.g., a
single compiler for all C-family languages), enabling experimental language features.

1 Nowadays available for Python as a module: PLY.
2 A similar version is also, at present, available for the Python community as a module: Lark.

SLATE 2026



19:4 Lazarus: Where Compilers Meet Education

The next step is semantic analysis or binding, where the syntax tree is processed and
types and other contextual conditions (semantic constraints) are checked. Most compilers
tend to store this information in one of two places: the syntax tree itself (also called the
annotated syntax tree) or by producing a brand-new bound tree. Most compilers end up doing
multiple passes through the entire tree, performing different semantic analysis tasks: declaring
classes, fields, and methods; then expression-level type checking. In these pipelines, each step
creates/augments a symbol based on previously known symbols (variables, functions, classes,
or anything relevant) and stores them in a centralized structure: the symbol table. Symbols
generally use lazy evaluation, and there are multiple passes to avoid ordering problems (e.g.,
a function using another function declared later). In recent times, several compilers have also
adopted Hindley-Milner [25, 40] based type systems that employ constraint solving systems
to automatically deduce types. Moreover, most compilers cache the values computed along
these passes (or parts of the passes; or much more simply on a per file/library basis) so they
can be used for incremental semantic analysis.

2.2 Compiler Middle-End
For the rest of the compilation pipeline, most brand-new compilers tend to rely on the LLVM
infrastructure, although MSVC, GCC, Go, and other compilers still prefer to build their
own (for better compilation time, flexibility, simplicity, and other reasons). These systems
work on an Intermediate Representation (IR) that the front-end must emit, to allow for
optimizations to be constructed on a common infrastructure and tooling. In the past, IRs
were high-level and quite similar to the source language, but nowadays most IRs opt for being
low-level. This generalizes and canonicalizes the source, making it uniform (no semantic-
specific constructs), enabling easier reasoning and transformation, which in turn improves
the correctness of optimizations and the generalization (more powerful) and composability
of them. Furthermore, some optimizations always require target-specific information (e.g.,
vectorization); as such, it is common to specify target details, such as architecture, extensions,
operating system, and others; and pass them along the optimization pipeline.

IRs nowadays also use sparse representation that encode directly variable def-use chains
(what variable uses a certain definition) and use-def chains. This is augmented by variable
immutability (and a special Phi function for merging control flow branches), known as Static
Single Assignment (SSA) form [16, 45]. To convert to this form, it is necessary to insert Phi
instructions at control flow join points to merge incoming values; the set of nodes where such
insertions may be required is the dominance frontier [44, 35]. This set can be calculated
in multiple ways and may use sophisticated algorithms and data structures such as the
DJ-Graph [47, 33]. Given the complexity of this task, LLVM introduced a convenient way
for front-ends not to have to implement this logic every time; it uses a “memory-based”
form (stack allocations and read/write operations) whose variables are then promoted to
SSA registers via the mem2reg pass. This form is also convenient for calculating liveness
information, which indicates what variables are live at the end of a block (needed by a
successor block) and in the beginning of a block (used in the block or a successor), as well as
other data-flow analyzes.

Most compilers also implement hundreds of small optimizations for different use cases and
patterns, making their study an impossible task. As such, only a handful of optimizations
considered to be some of the main ones will be discussed. Sparse Conditional Constant
Propagation [51] performs a form of Dead Code Elimination (removing unused branches/vari-
ables) and evaluates constant expressions together to improve the accuracy of constant value
detection. Global Value Numbering (GVN)/Global Code Motion (GCM) [10] merge redund-
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ant operations that compute the same value and hoist code to better places (e.g., outside
loops), performing a form of redundancy elimination and loop-invariant code motion. More
general forms of redundancy elimination, such as partial redundancy, where a computation
may occur in one but not all execution paths, can augment the GVN algorithm [48]. This
is the reasoning behind the deprecation of more classical algorithms for the task, such as
SSAPRE [41, 27, 28]. With the widespread use of streams in languages, algorithms have also
been developed to perform stream fusion, which combines multiple passes over data into a
single pass and conversion to standard imperative constructs [29].

The question of the order of optimizations led to the combination of different sorts
of optimizations into singular passes, in an attempt to improve compilation speed and
effectiveness [13, 15]. Moreover, GVN/GCM optimizations require a particular internal
structure: a graph where the notion of definitions is discarded since edges represent usage.
This internal structure (which still holds to the SSA property) has been adopted as the core
intermediate representation of some compilers and is named the Sea of Nodes [14, 11, 12].
This representation led to the development of new SSA conversion algorithms that require
no prior analysis [8], and more advanced peephole optimizations (optimizations requiring no
prior analysis), enabling optimizing one-pass front-ends where parsing directly produces the
IR (which is automatically optimized on creation), and type checking is also performed on
the IR itself before iterating through more advanced optimizations. This approach generally
produces much higher-quality code faster, but its main disadvantage for traditional compilers
is that GCM is non-optionally integrated, making debugging much more difficult.

2.3 Compiler Target Machine
Before continuing with the pipeline it is important to better understand the general target of
a compiler. A CPU or virtual machine can only execute a defined set of instructions, which
operate on specific data types and registers and access memory in particular ways [42]. All
instructions must also follow a specific encoding format, and the Instruction Set Architecture
(ISA) defines all of these aspects. On top of the hardware layer itself, there is usually an
operating system [5]; for all intents and purposes, it is just like a big virtual machine that
exposes an interface to access system resources via system calls. The program itself is not
just code; it also contains other information such as imported/exported symbols, libraries to
load, signatures, debug information, and other metadata. That referred information is stored
in the image/container format (e.g., PE (.exe/.dll) in Windows and ELF in Linux/other
Unix-like systems). Moreover, there are several other details that need to be specified, such
as naming conventions, calling conventions, stack layout, exception models, among others.
These details about how a compiled program interacts with the OS, hardware, and other
binaries are called the Application Binary Interface (ABI).

Virtual machines provide the ability to run isolated environments of an ABI that may
correspond to a physical ABI (e.g., x86_64, ARM) or a completely virtual one. Several
compilers for well-known programming languages (e.g., Java, C#, F#, Visual Basic, Python,
etc.) resort to a virtual machine approach for some of its advantages, such as portability
– which Java popularized with the “write once run everywhere” slogan – or performance
reasons (in comparison to tree-walk interpreters). These virtual machines can include extra
facilities compared to real architectures, such as an unlimited number of registers or “locals”,
or no registers at all (just a stack). Furthermore, the virtual machine can be augmented
to compile the running application to the native architecture on demand. Essentially, this
“bundles a compiler” (a Just-in-Time (JIT) Compiler) which can use its knowledge about the
running program (e.g., frequently executed paths) that would not be known without runtime
support, to safely optimize the program more aggressively than an ahead-of-time compiler
ever could.
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Beyond the image that the runtime environment executes, there is an additional layer of
metadata designed to enable debugging. This information provides a mapping between logical
language constructs (e.g., variables and parameters) and physical ones (e.g., memory/stack
locations and registers), as well as mapping addresses to line information, among others [17].
Virtual machines allow for much richer debug information since they do not have the
constraints of physical architectures. This flexibility enables specialized ways to simplify this
mapping, such as custom debug-specific instructions that provide fine-grained information,
or even high-level constructs such as classes being delayed into the runtime with all their
information. Furthermore, virtual machines typically execute de-optimized code during
debugging, rolling back from highly optimized code that is executing. This allows the
usage of an almost direct correspondence from the source code, significantly enhancing the
debugging experience and enabling more complex features [31, 30]. While it is technically
possible to achieve the same in native architectures, doing so would introduce substantial
instrumentation overhead, even more than the already present one (the operating system’s
middle-man overhead). To bridge the gap between debuggers and code editors, there are
several protocols, such as the Debug Adapter Protocol (DAP) [39], that standardize common
functionality; but given the versatility of some debuggers and the features they provide, the
usage of these protocols can be limited. Certain debuggers provide powerful tools – such as,
time-travel debugging (stepping backwards), predictive debugging (seeing future execution
paths when execution is paused), custom data visualizers (displaying 3D models) – which
are highly specific to certain use cases of that specific debugger and cannot be expected to
be standardized.

2.4 Compiler Back-end
Returning to the compilation pipeline, the back-end must take the mostly architecture-
agnostic IR and produce the final target-dependent assembly. The journey begins with
instruction selection, where IR instructions are converted into their target equivalents. This
task presents some interesting aspects. The first is the possibility of a non-direct mapping: a
singular native instruction might merge multiple IR ones (e.g., in x86_64, the Load Effective
Address instruction is usually used to replace multiple arithmetic operations that follow
the pattern base + index ∗ scale + offset), or vice versa. The other interesting detail is
that the order in which instructions are presented to the CPU might affect performance
(because of hardware details like pipelining). It is very common to perform scheduling after
selection for this purpose, or to take these patterns into account during selection itself.
Conceptually speaking, this step is quite simple, and even simple tree-pattern matching [19]
can do it. Register allocation usually follows, and this is arguably the most intricate step of
the back-end. In this step, the compiler must assign a place to variables, and when there
is no room for the variables, they must be temporarily stored in the memory stack. This
problem is NP-complete, so heuristics and other mechanisms are used. There are some
simplistic algorithms that yield excellent results, like Linear Scan [47], which have been used
successfully in both compilers and JIT-based virtual machines. Other approaches involve
the equivalence to the graph-coloring problem and do exactly that, such as Chaitin-Briggs
style, Iterated Register Allocation [22, 46], and some of its generalizations. Other approaches
even take advantage of the SSA property and use chordal graphs to solve the problem. This
last approach raises an interesting question: where is the best place to destroy (remove)
SSA? This destruction process involves replacing Phis with copy instructions on incoming
blocks, and some compilers prefer to perform this even before instruction selection. Although
destroying during the register allocation process has clear advantages for analysis, and some
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back-ends opt for this approach as well. While there are always variations to the pipeline
described, and every single compiler ends up making significant architectural changes to it,
this is especially true in the back-end.

3 Language

The high-level programming language to be compiled, named Lazarus (after the infra-
structure3), is designed as a statically typed, imperative, and object-oriented programming
language with a focus on familiarity and simplicity. The built-in atomic types include String,
Number, and Boolean. The numbers are represented by double-precision floating-point values
(IEEE 754), just like JavaScript. Moreover, the language has array support and is also garbage
collected. The standard control-flow structures are supported, such as the if-else, for,
while and do statements. The variables are mostly type-inferred, although the return type
and argument types still require explicit type declarations. The language also provides some
extra native functionality for writing to the console and some basic graphical capabilities. It
uses braces and semicolons, allowing for an easy transition from C# (the language in which
the infrastructure was written), although it deviates from some syntax choices of C-style to
simplify the compiler itself. The most significant change is found in the generic syntax, which
removes the less than (<) and greater than (>) symbols, given that they would introduce
ambiguities into the language. The generic support is used to provide the built-in types, in
particular the Nullable@(T) and Array@(T). Given the large scope of the language, only
a small subset is described. Currently, the language accepts only a single input file, which
must be composed of declarations (classes or functions), described by the top level grammar
in Listing 1.

Listing 1 Top-level language grammar.
ClassDeclaration →
| "class" ID GenericParameterDeclaration? ClassExtends? ClassBody
ClassExtends → " extends " TypeExpression
ClassBody → "{" ClassMember∗ "}"
ClassMember → Field | Method
Field → ID Typing ";"
Method → (" virtual " | " override ")? Function
FunctionDeclaration → "fun" Function
Function →
| ID GenericParameterDeclaration? "(" ParameterList? ")" Typing? Block
ParameterList → Parameter ("," Parameter )∗

Parameter → ID Typing
Typing → ":" TypeExpression
TypeExpression →
| "fun" "(" TypeExpressionList? ")" Typing? "?"?

| ID GenericArgument? "?"?

TypeExpressionList → TypeExpression ("," TypeExpression )∗

GenericParameterDeclaration → "@" "(" ID (" ," ID)∗ ")"
GenericArgument → "@" "(" TypeExpression ("," TypeExpression )∗ ")"

3 It came to our attention that Lazarus is an established name in the industry, yet we opted to retain it,
as it was chosen as an allusion to the biblical narrative, and the project’s revival from a prior attempt.
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The language intentionally leaves out access modifiers, which are helpful in large-scale
systems but mostly useless in small-scale “scripts”, which this language aims for. Having
said that, by convention, fields starting with the underscore character are considered private
(but are accessible nonetheless). The only modifiers available in the language are virtual

and override, which are applicable only to methods. A virtual method indicates that the
method can be overwritten by another class; such a class must specify the intent using the
override keyword. This choice allows for exact control over the methods present in the tables
required for virtual dispatching. The typing system also natively uses nullable types, which
is syntactic sugar for the Nullable@(T ) class type, and function pointers, although it can be
easily extended to support closures down the road. Regarding generics, generic arguments
cannot be refined as of now, since there is no interface or trait support; this presents a
challenge for real-use cases of the language.

Listing 2 shows a simple program written in Lazarus to illustrate the basics of the
language. The example is a function (the main one) to print a header text and the numbers
between 1 and 5, one per line, using a “for” loop. Listing 3 shows a more complex example,
by computing the number of primes from 1 to 20 using the Eratosthenes Sieve.

Listing 2 Minimal program sample.
fun main () {

print (" Hello World !\n");

for (var i = 1; i <= 5; i = i + 1) {
print (" Number $i\n");

}
}

Listing 3 Eratosthenes Sieve in Lazarus.
class PrimeEratosthenesSieve {

n: Number ;
isPrime : Array@ ( Boolean );

init(nbr: Number ) {
n = nbr;
isPrime = new Array@ ( Boolean )(n + 1, true );
isPrime .set (0, false );
isPrime .set (1, false );

}

run () {
for (var i = 2; i * i <= n; i = i + 1) {

if (! isPrime .at(i)) continue ;

for (var j = i * i; j <= n; j = j + i)
isPrime .set(j, false );

}
}

countPrimes (): Number {
var count = 0;

for (var i = 0; i < isPrime . length ; i = i + 1)
if ( isPrime .at(i))
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count = count + 1;

return count;
}

}

fun main () {
var nbr = 20;
var sieve = new PrimeEratosthenesSieve (nbr );
sieve.run ();
var count = sieve. countPrimes ();

print (" There are $count primes from 1 to $nbr ");
}

3.1 Language Analysis
The language itself is parsed by a handwritten recursive descent parser, which makes use
of a precedence table for correctly parsing expressions. Moreover, this parser employs a
custom error recovery mechanism that attempts to never consume tokens beyond a statement,
by keeping a global recovery synchronization set with the token that close and open new
statements, and not crossing that boundary when already in panic mode. The parser produces
a CST (Concrete Syntax Tree) [23], by keeping every error and whitespace (trivia tokens)
attached the tokens in the tree, enabling the code formatter and the incremental parser,
improving the developer experience and productivity. The exact internals of the incremental
nature of the parsing algorithm will be discussed later.

The semantic analysis is composed of multiple passes. First, the class declaration pass
declares all available classes, making it possible to reference them later even if their declaration
is present after usage. Next is the class inheritance pass, which maps and checks the possibility
of the class hierarchy. Symbol information is created in a lazy fashion; meaning generic class
fields and methods are only physically created when they are queried, making it possible to
write code such as class A extends B@(C) even though the fields and methods were not
declared (this occurs in the next pass). Moreover, since virtual functions might not have
been declared, it is not possible to determine if an override method is possible; therefore, a
following pass dedicated solely to these checks is necessary. Last, the function pass performs
type checking and produces a bound tree with this information.

4 Virtual Machine

The Virtual Machine was designed to be a lightweight alternative to native architectures,
allowing cross-platform execution without heavy emulators. Moreover, this approach proves
useful as it allows for the study of debuggers without relying on operating systems and their
complex debugging APIs. This machine is register-based; most instructions cannot operate on
memory directly, requiring values to be loaded into registers or being immediate. Furthermore,
the program has access to a stack where temporary values (e.g., spilled variables) can be
placed and arguments can be passed to functions with a variable number of parameters
(which are called variadics). While this stack is traditionally also used for call management
in native architectures, it was opted to separate it into an implicit stack, ensuring that a
program cannot accidentally corrupt this information and minimizing function prologues
and epilogues. The program can also allocate memory on the heap; in which case, the
memory is automatically garbage collected. Since no symbolic names are used by the virtual
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machine, access to data in these heap-allocated structs must be done by offsetting the base
value. Moreover, since all kinds of values are considered boxed (reference types), this offset
corresponds to the field index. A program itself has multiple sections, mainly the code and
data sections, which contain the instructions to be executed and constant strings respectively.
This data section can be extended in the future to allow for constant data besides strings to
enable jump tables commonly used by switch statements, virtual dispatch tables (which are
currently created at instantiation time), richer typing tables, among other common use cases.
Figure 1 contains a visual representation of the described architecture.

Program Memory

(Code & Text Segments)

Control Unit

Instruction

Register
Instruction

Decoder

Aritmetic and Logic Unit

Memory Unit

12 General Purpose

Registers

Internal Registers:

Stack Pointer

Base/Frame Pointer

Program Counter
Heap Memory

Stack Memory Call Stack Memory

Figure 1 Virtual Machine Architecture Diagram.

The Instruction Set Architecture of this machine contains several opcodes to perform
standard arithmetic and logic operations, to perform calling and returning, nullability
checks, stack management, jumping, to allocate and operate on heap structures,
and some extra special instructions meant to interface with the user (the system call
instruction) and to call the debugger (equivalent to the int3 instruction in x86, which
is used to call the debug exception handler and is inserted by the debugger; this will be
explained later). The encoding schema for the instructions has a variable length depending
on the variant of the instruction. An instruction can contain up to three arguments, and only
two of them can vary (such as immediate or register). This variant information is stored
in the two upper bits, leaving the rest of the byte for the opcode; this, in turn, enables
up to 26 = 64 opcodes. The actual argument encoding follows this byte, and immediate
values are stored in little-endian order. The architecture follows a Reduced Instruction Set
Architecture (RISC) style, preferring simple instructions rather than more compact and
efficient ones. In the future, this machine can be extended to support a second register class
for vector registers and the corresponding arithmetic and logic instructions to operate on
them, enabling the study of Single Instruction Multiple Data (SIMD) used by vectorization
optimizations. The compiled code is loaded from a container format that can hold more than
the two aforementioned sections (the code and strings). These two extra sections hold linking
and debugging information. The linking section contains information about exported symbols
and imported symbols, enabling the linker to effectively resolve locations and produce an
executable. The debug tables contain line, variable, typing, and other information based
on a subset of the DWARF standard. Listing 4 contains an implementation in the virtual
machine assembly for the program in Listing 2.

Listing 4 Minimal assembly sample.
. strings

"Hello World !\n"
" Number "
"\n"

.end

entry main:
mov #0 r8 ; moves "Hello World !\n" to register 8
syscall 0 ; call print ( register 8 is printed )
mov 1 r9 ; i = 1
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loopCond :
leF64 r9 5 r8 ; i <= 5
jumpIf @loopBody @loopExit r8

loopBody :
mov #1 r8 ; moves " Number " to register 8
f64ToStr r9 r10 ; converts variable i to string
addStr r8 r10 r8 ; interpolates the string
mov #2 r10 ; moves "\n" to register 10
addStr r8 r10 r8 ; interpolates the string
syscall 0 ; call print
addF64 r9 1 r9 ; i = i + 1
jump loopCond

loopExit :
return

The virtual machine’s debugging approach also mimics that of production-ready native
debuggers. The typical way these debuggers handle breakpoints is by replacing the instruction
with an interrupt (like int3 in x86, already mentioned). When the Control Unit hits that
program instruction, the operating system is called and transfers execution to the debugger.
That instruction must be the shortest possible (int3 is one byte) to ensure it does not overlap
with a second instruction, while the original is kept in the debugger, ensuring it can then
continue execution. This virtual machine uses the same approach, just streamlined by the fact
that there is no middleman between the debuggee and the debugger. Standard stepping is
implemented based on the same principles: step in executes instructions until the line changes,
while step over does the same but also decodes the current instruction to take into account
calls. Native debuggers sometimes end up disassembling the machine code and speculating
where the control flow is going to end (faster than single-step instruction execution because
of operating system overhead), which was again streamlined in this debugger. Step out is
the most interesting one: it is not possible to simply take the return address and insert a
temporary breakpoint there because of recursion; so, instead, it modifies the call stack value
to a virtual machine-controlled address (a breakpoint instruction outside code space) so that
when hit, the debugger knows it can replace the program counter. Native architectures use a
similar approach but tend to replace it with an invalid address instead (since the operating
system notifies the debugger).

5 Architecture

The compiler front-end follows the same architecture as Roslyn and is quite similar in many
details, with several internal APIs being almost identical. The middle-end and back-end were
inspired by LLVM, but the chosen architecture significantly differs from it. Figure 2 contains
a diagram of the high-level overview of the final architecture of the compiler infrastructure.
The “Common” submodule contains the internal data structures for text representation
and diagnostic information. These structures are used by the rest of the infrastructure,
including the actual LSP/DAP, which automatically translates to/from the protocol specific
to each. The Frontend submodule contains everything related to the Lazarus language itself,
ranging from representations to the documentation processing engine, and some services,
such as the code formatter. The Middle/Back-end contains the IR representation, as well
as the implementation of different optimization passes and machine code generation. The
virtual machine assembler implements the architecture-specific parts for the backend, such as
defining available registers and instructions and producing the actual machine code. Lastly,
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the virtual machine submodule contains the execution and debugging engines as well as
the bytecode representation. Complementary to the Compiler Framework is the suite of
tools containing the Command Line Interface (CLI) (lz) to run and execute Lazarus code
from the terminal, as well as the LSP/DAP server (lzs). The latter tool uses the Server
module, which contains a generic implementation of the Base Protocol, the LSP and DAP
protocols, enabling code reuse, as well as the Lazarus-specific implementation. Lastly, the
Plugin module contains the Visual Studio Code-specific code for launching lzs and connecting
to it as a client. The LSP uses some custom messages to provide extra functionality, such
as the syntax tree visualizer, the control flow graph viewer, and the optimization pipeline
inspector. These extra tools provide direct access to internal structures used within the
compiler for several tasks, enhancing understanding of the inner workings by streamlining
their visualizations, and serving as debug tools for compiler engineers.

Compiler CLI

LSP/DAP Server

CLI

Tools

Server Protocol

Lazarus LSP

Lazarus DAP

Server

Compiler

Framework

Virtual Machine

Virtual Machine

Architecture Data

Common

Diagnostic

Representation
Text Abstraction Tab Formatter

Lazarus Plugin

Visual Studio Code

Source Code

Frontend

Syntax Tree Bound Tree

Syntactic Analyzer Semantic Analyzer

Symbols

IR Generator

Documentation

Processor

Compilation Service

Middle/Back-end

IR Representation

RegAlloc Optimizer

Code Generator

Abstract

Architecture Data

Virtual Machine

Assembler

Virtual Machine

Bytecode

Figure 2 Lazarus Infrastructure Architecture Diagram.

The entire architecture was also built around the principle of providing access to the
internals of the system in a more visual and easy to understand way, which is accomplished by
exposing this information via Visual Studio Code extension. For brevity, it is only going to be
enumerated some of them. The syntax tree is exposed to the user, and it highlights the nodes
changed by the incremental parser. The entirety of the pipeline stages (i.e., optimizations,
and code generation) are exposed in a textual form that highlights the changes. A function’s
control flow graph used by the bound tree can be displayed.

6 Incremental Parser

As already mentioned, an incremental parser is the technology that enables efficient re-use
of previous Syntax Trees, by only reparsing changed regions of the source code; making a
crucial feature for the compiler’s integration in an IDE. The system is built on top of two
very important properties of the Concrete Syntax Tree. The first one being immutability.
After creation, it is not possible to change the tree, hence the usage of bound trees, making it
possible to completely reuse subtrees in other places, as is the case with the refactoring tools,
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the code formatter, and of course the incremental parser. Another advantage of this property
is trivial concurrency, although it has not been exploited by the compiler yet. The second
property is that the used tree is actually not the one produced by the parser. If every node
knew its exact position in the source code (i.e., line and column information), any edit action
would force rebuilding the entire parse tree after the change. Instead, the parser produces
a persistent tree, which is informally called the “green” tree, that keeps track of the width
of the node and not its position. Since knowing the exact position is often required, a new
tree (the “red” tree) is created, which is just a thin wrapper over the green one, and does
the position calculations [49, 50]. This red tree is not fully created at once; doing so would
negate the effects of the incremental parser, but rather when a child of a node is accessed,
all the children of that node are created. Since not all parsed trees need to be traversed
in their entirety, for instance, a new change has been received while the user is typing, not
all red tree’s nodes are going to be fully created. While the actual implementation uses an
index based position, which simplifies the algorithm, it can be modified to also include line
and column spans, enabling the red tree to present the position in a more convenient format;
though the current approach just computes this information on-request and is incrementally
updated by the text representation (a modified rope data structure with line and column
cache). The definitions of these two trees are generated by a Source Generator.

Note that the lexical analyzer, now, does not keep track of position, and can also be
called independently of the position, as long as its source is confined to token boundaries. In
turn, the incremental parse tree rebuilding algorithm, called the Blender, can call the lexer
only when it is needed. This also means that the parser cannot use the lexer, doing so would
produce brand-new tokens instead of re-using from the previous tree. As such, the Blender
and the Lexer implement a common interface, which also enables non-terminal nodes to be
exposed to the parser. This interface can be found in Listing 5.

Listing 5 ITokenStream interface.
internal interface ITokenStream {

GreenToken PeekToken ();
GreenToken ConsumeToken ();
bool TryPeekNonTerminal ([ MaybeNullWhen (false )] out GreenNode ? n);
bool TryTakeNonTerminal ([ MaybeNullWhen (false )] out GreenNode ? n);

}

The Blender can take the green tree of a previous compilation (the baseline), and locate
the change by using a work stack. For this process, the work stack is initialized with the
root node of the baseline tree. While the change has not been dealt with, the top of the
stack is examined, and if the range overlaps with the change, the node is decomposed into
its children. If the top node range is located before the change it is stored into another stack
(the left stack), and discarded from the work one. When the top of the stack is a token
that falls within the change range, then it is discarded and the algorithm stops. The left
stack contains the nodes that fall behind the change, and the work stack the ones that lay
after the change. A final stack is produced with these nodes, so that when popped they
remain in the order the parser expects, with a caveat the range in the source text change
entry is also included in the appropriate place in this stack. Rather than requesting tokens
directly, the parser uses an ITokenStream interface, that can be found in Listing 5. This
enables the parser to operate identically whether it is reading from the lexer (which reads
from the source text directly), or the Blender (reading the tokens of the baseline tree and
only from the lexer for the changed region). Furthermore, this interface was later extended
for the Blender to expose non-terminal nodes, allowing the parser to check in key points
(e.g., in a ParseStatement) if the next node matches the expected type, avoiding parsing
entire sub-trees.
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Since in the Blender operations, a token may indeed provoke other tokens to change
(e.g., commenting code), the same sorts of interface is needed for the base source and the
Blender that the lexer uses, enables following nodes/tokens to be broken up until its textual
representation. The PeekCharacter that it would contain, cannot modify the current stack,
since it may be used by the lexer to detect a token boundary; the same principle applies
to the PeekToken. The parser can then simply check while parsing if there is a node of the
appropriate kind (e.g., a statement) at the beginning of parsing that particular kind, and
reusing if that is the case. Figure 3 contains the execution of the Blender in an incremental
parser; the added code fragment is highlighted in red, as well as the newly created nodes in
the end.

Baseline: print a; print b; print c;

Current: print a; print bb; print c;

Statement List

Print Statement 1 Print Statement 2 Print Statement 3

print a ; print b ; print c ;

Statement List

Print Statement 2

Print Statement 1

Print Statement 3

Work Stack Left Stack

Print Statement 2 Print Statement 1

Print Statement 3

Print Statement 1

Print Statement 3

print

b

;

Final Stack

Print Statement 3

Text Range ...

Print Statement 1

Statement List

Print Statement 1 Print Statement 2 Print Statement 3

print a ; print bb ; print c ;

Print Statement 1

Print Statement 3

b

;

Print Statement 1

Print Statement 3

;

Print Statement 1Print Statement 3

Baseline Tree

Current Tree

print

Figure 3 Blender Algorithm.

This algorithm can be trivially extended to support multiple changes. First the list of
changes must be in order, and when the first iteration of the specified algorithm finishes, the
text change is added to the left stack, and the cycle continues until the end. Furthermore,
there is no need to construct a stack at all; one can simply create a tree cursor that knows
its position in the tree and is capable of moving to the first child, to the next child (sibling),
and to the parent, this way the incremental parse tree rebuilding algorithm can be performed
while parsing. This incremental parsing algorithm is based on the algorithm found in the
Roslyn compiler, that started as a piece of work of Neal Gafter [20, 21].

7 Conclusion

The initial aim for the project was to build a pedagogical tool that students could use
to modify, debug, and self-learn from their tinkering, while empowering them with the
background knowledge required to go into production compilers and learn. Given the small



R. Gonçalves, P. R. Henriques, and J. C. Ramalho 19:15

size (<20k lines of code) in comparison to the rich feature set, and the inspiration and
similarity to production compilers, we consider that this goal was attained from the design
and implementation perspective. However, tests with end users are missing to prove this
learning thesis. The incremental parser on its own already pushes the envelopes of what is
traditionally thought and discussed in academic environments.

Moreover, the system was built in a modular fashion, following closely the architecture
already detailed, which allows for easy usage and swapping of components, enabling other
compiler designers to use the platform and extend it without actually modifying it. Further-
more, although the target audience is a master’s class on compilers, which is taken after an
introductory class of language processing, it also enables other classes besides compiler-centric
ones to use this resource as well. Computation systems classes can employ this tool chain to
demonstrate the basics (essential concepts) of computer architectures and machine coding
in Assembly language. More introductory classes such as language processing can use the
intermediate representation, providing students with hands-on experience with LLVM-like
infrastructures without the heavy-weight and complexity usually associated with them.

The size of the infrastructure as a whole is showing to be an advantage way beyond
the educational sphere. As it currently stands, it is already being used to experiment with
new technologies, such as Model Context Protocol built-in to the compiler itself, enabling
further research that may one day power the next generation of the programming language
ecosystem.

The Lazarus language, while somewhat complex, spanning through all the core concepts
of Imperative and Object-Oriented styles, still is a very capable language capable of rather
complex “scripts” and graphical user interface capabilities, but fundamentally, it is only
intended to provide the means of experimenting with the system and aiding in the research
and experimentation taken by students. Though the pedagogical strategy was not discussed
in this paper, given it would shift the focus of the paper away from the technical topics and
use the necessary space in the process, it is hopefully going to be discussed on a future paper.

Regarding future work, some immediate goals are to continue the development of the
webpage and make the entire tool chain generally available. We envision this site, not
only as a way to provide the platform as a whole, but also as a means of sharing learning
resources, samples and documenting the project with visual and practical explanations to
better illustrate the inner workings and the architectural choices made. Furthermore, we
want to start conducting diversified testing with end-users to comprehend the learning curve
of both using the platform and as a means of a study material. Long-term, the main goal is
to evolve the infrastructure to a point where it would be able to self-host itself (i.e., mostly
written in the Lazarus language).
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