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Abstract

Modern software systems increasingly combine multiple programming languages, which improves
productivity but introduces severe complexity in build systems, testing, and deployment. The Universal Multi-
Language Compiler (UMLC) is a cross-platform development tool designed to streamline coding across
multiple programming languages through a single, unified interface. By automatically detecting the source
language, the system routes code to appropriate frontends and normalizes it into a shared Canonical Abstract
Syntax Tree (AST). This AST is then translated into LLVM Intermediate Representation (IR) to apply cross-
language optimizations before generating native binaries. UMLC integrates code compilation, execution, and
real-time output display within a user-friendly GUI, significantly enhancing developer productivity and
reducing the learning curve associated with fragmented toolchains. The system currently supports C, C++,
Java, and Python, with an extensible architecture that facilitates the addition of new languages. Experimental
evaluation demonstrates that UMLC achieves compilation accuracy comparable to dedicated single-language
compilers, while offering substantial workflow improvements for multi-language development scenarios.
Keywords: Abstract syntax tree; Cross-platform development,; Integrated development environment; LLVM;
Multi-language compiler.

1. Introduction
In today’s software development landscape,
programmers frequently work with multiple

multiple programming languages — including C,
C++, Java, and Python — to reduce dependency on

programming languages, each requiring its own
compiler, development environment, and distinct
workflow. This fragmentation leads to inefficiencies,
increased complexity in managing cross-language
projects, and a steep learning curve for both novice
and experienced developers. Developers struggle
with integrating artifacts compiled by different
toolchains and reconciling mismatched Application
Binary Interfaces (ABIs) (Bodik et al., 2013; Yang et
al., 2024). To address these challenges, the Universal
Multi-Language Compiler (UMLC) serves as a
unified platform that abstracts language-specific
boundaries at the intermediate level. The primary
goal of the project is to create one platform for

separate tools (Mahadevan et al., 2020; Parr, 2025).
It features automatic language detection, cross-
language parsing, and the generation of a unified
Canonical Abstract Syntax Tree (Lattner et al., 2020).
By wrapping these powerful compiler technologies in
an intuitive graphical user interface (GUI) with real-
time output and syntax highlighting, UMLC
simplifies the coding process. The conventional
approach to multi-language development requires
developers to install and configure multiple
compilers, each with its own set of flags, environment
variables, and dependencies. UMLC eliminates this
overhead by providing a unified interface that
handles language detection, front-end parsing, AST
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normalization, and LLVM IR  generation
transparently. This integrated approach significantly
reduces configuration overhead while maintaining
the compilation quality expected of native toolchains
(Lattner and Adve, 2004; MLIR, 2021). The
remainder of this paper is organized as follows:
Section II reviews related work in multi-language
compilation and unified development environments.
Section III describes the methodology and system
architecture of UMLC. Section IV presents
experimental results and performance analysis.
Section V concludes the paper with directions for
future work [1-5].
1.1. Literature Review
Prior work in unified compilation has explored
various approaches to multi-language integration.
Lattner and Adve (2004) introduced the LLVM
compiler infrastructure, establishing the foundation
for language-agnostic optimization through a
common IR. Their work demonstrated that multiple
language frontends could converge into a unified
optimization pipeline, significantly influencing
subsequent compiler research. The LLVM IR serves
as a robust platform for applying target-independent
optimizations across languages compiled from
different source paradigms (Lattner et al., 2020).
Bodik et al. (2013) explored program synthesis
approaches that abstract over language boundaries,
while Yang et al. (2024) investigated cross-language
type system unification strategies. The MLIR (Multi-
Level Intermediate Representation) project extended
LLVM’s philosophy to domain-specific languages,
providing a scalable framework for heterogeneous
compilation (MLIR, 2021). Parr (2025) developed
ANTLR, a powerful parser generator that facilitates
the construction of language-specific frontends.
Mahadevan et al. (2020) studied IDE integration
patterns for polyglot development environments.
CrossTL (2024) demonstrated universal IR design for
GPU and systems languages, validating the viability
of multi-language translation pipelines. These works
collectively motivate the design of UMLC, which
synthesizes these advances into a developer-friendly,
GUI-based unified compilation environment.
1.2. System Architecture Overview

UMLC follows a classical three-stage compiler
architecture adapted for multi-language
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environments. At the frontend layer, language-
specific parsers — built using ANTLR4 for Java and
Python, and Clang’s LibTooling for C and C++ —
transform source code into language-native ASTs. A
normalization module then maps each language-
specific AST into a Canonical AST, providing a
common structural representation. This Canonical
AST is subsequently lowered to LLVM IR, enabling
the application of standard optimization passes such
as constant folding, dead code elimination, and loop
unrolling. The backend LLVM code generator then
produces native binaries for the target platform. The
GUI layer, implemented using Java Swing, integrates
a code editor with syntax highlighting, a language
selector, and a real-time output console, abstracting
the entire pipeline from the end user.

2. Methodology

The UMLC system is implemented in Java and
integrates with LLVM through the Java Native
Interface (JNI). The language detection module uses
file extension analysis and heuristic keyword
scanning to identify the source language
automatically. Once identified, the appropriate
language frontend is invoked: Clang-based parsing
for C and C++, ANTLR4-generated parsers for Java
and Python. Each frontend produces a language-
specific parse tree that is subsequently normalized
into the Canonical AST using a visitor-pattern
transformation module. The Canonical AST nodes
represent common programming constructs —
variable  declarations,  assignments, function
definitions, conditionals, and loops — in a language-
neutral form. The LLVM IR generation phase
traverses the Canonical AST and emits corresponding
LLVM IR instructions using the LLVM C API. The
generated IR is then passed through LLVM’s
optimization pipeline at the -O2 level by default, with
user-selectable optimization levels exposed via the
GUI. Finally, LLVM’s code generation backend
produces  architecture-specific ~ binaries. = The
execution module runs the compiled binary in a
sandboxed subprocess, capturing standard output and
error streams for display in the GUI console. The GUI
is designed for usability and accessibility. It provides
a tabbed editor supporting multiple open source files,
a language indicator panel, an optimization level
selector, and a split-pane output console. The syntax
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highlighter uses a custom tokenizer for each
supported language. Error messages from the
compilation pipeline are parsed and displayed with
file name, line number, and descriptive error text,
guiding developers toward rapid resolution [6-10].

Table 1 Supported Programming Languages and
Corresponding Frontends in UMLC

Lanouace Frontend Optimization
stas Parser Support
Clang LLVM -00 to -
C/e LibTooling 03
Java ANTLR4 LLVM -O0 to -
Parser 03
Pvthon ANTLR4 LLVM -0O0 to -
Y Parser 03
2.1. Tables

Table 1 summarizes the four currently supported
programming  languages in UMLC, their
corresponding frontend parsers, and the optimization
levels supported through LLVM. All languages share
the same backend optimization infrastructure,
ensuring consistent performance tuning options
across the platform.
2.2. Figures

Figures in UMLC documentation illustrate the
system  architecture, the  Canonical = AST
normalization pipeline, and the GUI layout.

wLCLn6000eREPn LT
Flgure 1 UMLC Three-Stage Compllatlon
Pipeline Architecture
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Figure 1 depicts the high-level three-stage
compilation pipeline of UMLC, showing the flow
from source code through the language-specific
frontend, Canonical AST, LLVM IR, and finally to
native binary output. Figure 2 shows the UMLC
graphical user interface with its editor, language
selector, and output console panels.

3. Results and Discussion

3.1. Results
UMLC was tested on a suite of benchmark programs
in C, C++, Java, and Python, including standard
algorithmic problems (sorting, searching, matrix
multiplication) and utility programs (file I/O, string
parsing). For each benchmark, compilation time,
output correctness, and binary performance were
measured and compared against native compilers
(GCC 13, OpenJDK 17, CPython 3.11). UMLC
achieved 100% output correctness across all test
cases. Compilation overhead introduced by the
Canonical AST normalization layer was measured at
an average of 12% over native compilation time,
which 1is acceptable given the multi-language
integration benefits. The GUI responsiveness was
evaluated using time-to-first-output metrics, with an
average display latency of 180ms for programs
producing moderate output volumes.
3.2. Discussion

The 12% compilation overhead introduced by
UMLC’s Canonical AST normalization layer is
notably lower than originally anticipated. This can be
attributed to the efficient visitor-pattern traversal and
the avoidance of redundant AST passes. The
overhead is justified given that UMLC eliminates the
need for developers to maintain separate build
configurations, which typically incurs far greater
time costs. The correctness results confirm that the
Canonical AST accurately captures language
semantics for all tested constructs, including closures
(Python), generics (Java), and pointers (C/C++). A
notable challenge encountered during development
was the handling of Python’s dynamic typing in the
statically-typed Canonical AST. The solution
adopted was to introduce type inference annotations
at the normalization stage, which resolved most type-
related ambiguities. However, certain advanced
Python metaprogramming patterns (e.g., dynamically
generated class attributes) remain outside UMLC’s
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current scope. These limitations are clearly flagged as
error messages in the GUI, guiding users to refactor
affected code sections. Future work will explore type
inference improvements and support for additional
languages including Rust and Go. The experimental
results demonstrate that the proposed UMC-SDK
successfully  supports unified multi-language
compilation and execution wusing a modular
architecture. The system accurately performed
language detection, parsing, AST generation,
optimization, and runtime execution for C, C++,
Java, and Python programs. The frontend factory
improved scalability by allowing easy integration of
new programming languages without modifying the
complete compiler structure. The use of AST
representation simplified code analysis, optimization,
and execution processes. Overall, the results confirm
that UMC-SDK provides an effective and scalable
framework for multi-language compiler development
and compiler design experimentation [11-15].

User Layer (CL1/ IDE)

1

Language Detection Layer

Frontend Layer

Parsing Layer

.

Canonical AST Layer

!

Optimization Layer

/\

Runtime Execution Layer

Figure 2 UMLC Graphical User Interface
Showing Editor, Language Selector, and Output
Console

QOutput Layer

Conclusion

This paper presented the Universal Multi-Language
Compiler (UMLC), a cross-platform development
tool that unifies the compilation and execution of C,
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C++, Java, and Python programs through a single
graphical interface. UMLC addresses the significant
workflow inefficiencies faced by developers working
across multiple programming languages by
abstracting language-specific compiler details behind
a Canonical AST and LLVM IR pipeline.
Experimental evaluation on a suite of benchmark
programs confirmed 100% output correctness and a
modest 12% compilation overhead relative to native
toolchains, demonstrating that UMLC delivers
practical utility without sacrificing correctness. The
GUI integration further reduces cognitive overhead
for developers, particularly those new to multi-
language environments. Future directions include
extending language support to Rust and Go,
integrating a debugger interface, and exploring
machine learning-guided optimization pass selection
at the LLVM IR level (Compiler Generated
Feedback, 2024). UMLC represents a meaningful
step toward language-agnostic software development
environments.
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