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Abstract

The LoongArch instruction set architecture (ISA) has become a cornerstone in efforts to build a secure, autonomous,
and high-performance domestic computing ecosystem. To make Loongson processors practical for real software
deployment, a dependable and well-optimized compiler is essential—particularly for emerging 32-bit platforms such
as LoongArch32R. This study develops a complete and reproducible workflow for adapting and optimizing the GNU C
Compiler (GCC) for LoongArch32R, enabling reliable instruction generation and performance-focused code
transformation. The work combines several technical components: validation of the GCC backend, execution through
QEMU in both user-level and system-level environments, incorporation of the MOS teaching operating system with
custom benchmark applications, detailed examination of LSX SIMD auto-vectorization, and the introduction of a
prototype custom vector instruction (VCUBE.W) through assembler-level extension. A structured benchmarking suite—
including matrix multiplication, prime sieve, STREAM-like memory workloads, and memory operations—was
implemented to evaluate optimization levels and compiler behavior. Performance measurements were analyzed and
visualized using Python-based graphing tools. The experimental results show clear runtime improvements from
standard optimization flags and demonstrate partial vectorization benefits, verifying that the ported compiler is
functional, stable, and capable of generating efficient LoongArch32R code. Overall, the framework produced in this work
offers a practical foundation for future compiler development, educational use, and broader software ecosystem
support for LoongArch-based systems.

Keywords: Loongarch; GCC; Compiler Porting; Vectorization; LSX; Loongson; QEMU; Performance Optimization; MOS;
Embedded Systems

1. Introduction

The continuing evolution of domestic processor architectures has created increasing demand for robust, efficient, and
fully optimized compiler infrastructures. Loongson’s LoongArch architecture represents one of the most significant
steps toward China’s independent computing ecosystem, offering a clean RISC ISA with a modern design philosophy,
reduced legacy constraints, and extensibility for future microarchitectural enhancements [1]. The official LoongArch
manuals define a stable and modular architecture, where the base instruction set, register formats, pipeline model, and
privileged architecture together form the foundation for operating systems, toolchains, and application development
[2]. Its vector extensions, LSX and LASX, provide architectural support for SIMD operations and high-throughput
workloads, making compiler optimization essential for exploiting the full potential of LoongArch hardware [3].

Compilers play a central role in bridging high-level programs and hardware execution. This is especially true for new
architectures, where backend maturity directly determines application portability, runtime performance, and system-
level stability. Compiler and architectural research consistently emphasize that performance depends on instruction
selection, register allocation, memory hierarchy interactions, and branch prediction characteristics, all of which require
architecture-specific adaptation [5]. Classical compiler design further notes that backend implementation—including
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instruction lowering, optimization passes, and code generation is fundamental for achieving correctness and efficiency
on modern RISC processors [6]. LoongArch’s expanding ecosystem, combined with its unique relocation model, ABI
conventions, and vector ISA, makes compiler porting critical for ensuring software compatibility across embedded,
general-purpose, and high-performance domains.

Measuring compiler effectiveness commonly involves evaluating speedup, which quantifies performance improvement
relative to a baseline optimization level. For a given benchmark, if the baseline execution time is Ty and the optimized
execution time is To, the speedup S is defined as

S =Tb /TO,

Avalue greater than one indicates a positive improvement, while a value less than one reflects a regression. This metric,
widely used in computer architecture and compiler evaluation, provides a unified basis for comparing multiple
optimization strategies across workloads ranging from matrix multiplication to streaming memory kernels [5], [19],
[20].

When evaluating multiple benchmarks, an aggregated metric such as a normalized performance index is useful for
summarizing performance trends across diverse workloads. If a benchmark iii has baseline execution time Ti» and
optimized time Tio the normalized performance contribution is

Pi = Ti,b/Ti,o,

and averaging these values helps capture the overall impact of compiler optimizations on LoongArch-based systems
[19], [22].

Despite growing interest in LoongArch, challenges remain. Incomplete auto-vectorization support, limited instruction
pattern coverage, unstable relocation handling, and immature linker behavior have been highlighted in prior work on
porting system components such as Gold and incremental linkers [4], [13]. System-level components—including branch
prediction mechanisms and memory management units—have also required redesign to match LoongArch’s execution
model, illustrating the deep coupling between compiler outputs and microarchitectural behavior [7], [10]. Concurrently,
enhancements such as thread-local storage optimization demonstrate ongoing efforts to fine-tune low-level runtime
behavior for improved performance and correctness [9].

Broader literature reinforces the relevance of such work. The shift from frequency scaling to architectural parallelism
has placed compilers at the center of extracting performance from modern hardware, as famously articulated in
discussions on the end of “free performance” from hardware improvements [17]. Advances in SIMD execution,
vectorization research, and high-throughput accelerators further emphasize the role of optimized compiler backends
for achieving competitive performance across workloads [20], [21]. Similarly, embedded systems research highlights
that compiler decisions can greatly influence performance, footprint, and energy efficiency, reinforcing the need for
architecture-specific optimization pipelines [11], [19].

However, despite progress in hardware and kernel-level development for LoongArch, academic literature still contains
limited detailed studies focusing specifically on GCC porting and optimization for LoongArch32. Existing works often
address isolated architectural components such as MMUs, TLS, or branch prediction—or focus on higher-level formal
verification and ISA comparisons rather than practical backend implementation [10], [12], [14], [15]. Simulator-based
evaluation, especially using QEMU, has been used to test early toolchains and instruction behavior for new architectures,
and remains essential for validating compiler output before deployment on physical Loongson processors [22], [25].

This work contributes to filling this research gap by presenting a complete workflow for porting and optimizing GCC for
the 32-bit LoongArch architecture. The work includes backend stabilization, system-mode boot validation through a
lightweight MOS kernel, vector instruction verification, custom instruction encoding, and quantitative benchmarking
across well-established workloads. By grounding the compiler porting process in theoretical and contemporary
literature, and by linking optimization performance to established computational metrics, the study supports ongoing
efforts to strengthen the LoongArch software ecosystem and extend domestic processor competitiveness in both
academic and industrial domains.
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2. Background and Literature Review

LoongArch has rapidly developed into one of the most strategically important domestic processor architectures. Its
design philosophy, described in early architectural studies, emphasizes simplicity, extensibility, and independence from
legacy constraints, making it a strong foundation for modern RISC execution pipelines and operating system support
[1]- The official architectural manuals released by Loongson detail the base instructions, register layouts, privileged ISA,
and system-level extensions, forming the canonical specification for compiler and linker development [2]. Similarly, the
vector extension manuals define LSX and LASX operations, which enable SIMD acceleration of computationally intensive
workloads; these extensions directly influence auto-vectorization strategies and pattern-matching logic in compilers

[3].

Parallel research on LoongArch system software has addressed components that interact closely with compiler-
generated code. Studies on linker porting such as adapting the Gold linker and improving incremental linking—
demonstrate the complexity of LoongArch’s relocation model and symbol resolution behavior, both of which must be
handled correctly by compilers for reliable binary generation [4], [13]. Research on branch prediction and pipeline
design provides context for understanding how compiler decisions, such as instruction scheduling or loop restructuring,
impact branch behavior and runtime efficiency [7]. The implementation of optimized thread-local storage mechanisms
and memory management units further demonstrates the tight relationship between compiler output and runtime
correctness, especially for OS kernels and low-level system code [9], [10].

Broader compiler and architecture literature reinforces the techniques required to build a robust LoongArch backend.
Foundational texts describe optimization methods—including instruction scheduling, register allocation, loop
transformations, and interprocedural analysis that remain essential for backend design [5], [6]. Research on code
compression, embedded RISC processors, and energy-efficient execution highlights the importance of compiler
optimization in constrained environments, where instruction encoding and optimization quality strongly influence
system performance [11], [19]. Formal verification research and SMT-based analyses further illuminate the importance
of correctness in backend implementation, especially for newer ISAs where toolchains undergo rapid iteration [12],
[14].

Comparative ISA literature, particularly work on RISC-V, provides useful design parallels. RISC-V’s modular ISA, clean
encoding rules, and maturing compiler ecosystem illustrate the benefits of transparent specifications and community-
driven toolchain development, offering insights applicable to LoongArch backend evolution [15]. Research on high-
performance accelerators such as Google’s TPU demonstrates the increasing role of compiler technology in maximizing
hardware capabilities, especially in vector and tensor computation-heavy domains [21]. Machine-learning-based design
studies further highlight the shift toward compiler-driven hardware performance modeling, underscoring the relevance
of robust code generation strategies [16].

Optimization for vector instructions has been extensively studied in SIMD architectures, providing insights into
dependency analysis, loop unrolling, and instruction selection mechanisms required for efficient LSX/LASX utilization
[20]. The LoongArch vector ISA reflects many of these principles, reinforcing the need for precise compiler mappings to
achieve meaningful performance gains. With the decline of frequency scaling and the rise of parallelism, the role of
compilers in extracting data-level parallelism becomes even more critical, as noted in influential arguments about the
end of implicit performance improvements [17].

Finally, system-mode emulation using platforms such as QEMU continues to serve as an essential environment for
validating compiler output, especially when hardware access is limited. Recent surveys of QEMU-based fault-injection
and emulation demonstrate its versatility in evaluating architectural correctness, instruction behavior, and system
robustness during early-stage development [25]. Lightweight operating system research further emphasizes the
importance of compiler-generated code for system initialization, process management, and resource control,
highlighting the interdependence between compiler behavior and OS kernel design [23].

3. Methodology

This chapter outlines the methodological framework used to port, validate, and optimize the GNU C Compiler (GCC) for
the 32-bit LoongArch (LA32R) architecture. The approach was designed to ensure correctness, performance efficiency,
and extensibility of the toolchain while maintaining compatibility with both user-mode and kernel-mode execution
environments. The workflow consisted of five interconnected phases: toolchain reconstruction, operating system-level
validation, benchmark integration, optimization workflow evaluation, and ISA extensibility experimentation.
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Table 1 Summary of Methodological Components

Component Purpose Output

Toolchain reconstruction Rebuild GCC, Binutils for LA32R Functional compiler + assembler + linker

MOS system-mode validation | Check ELF loading and ABI behavior | Executable MOS programs

User-mode benchmarking Gather performance metrics Runtime dataset
LSX vectorization analysis Detect SIMD transformation Vectorized assembly output
Custom ISA prototype Demonstrate extensibility VCUBE.W encoding + disassembly

Table 1 shows the Summary of Methodological Components.

The foundation of this work was the reconstruction and customization of the LA32R cross-toolchain, including Binutils,
GCC 8.3.0, and supporting libraries, tailored to generate correct ELF32-LoongArch binaries. The toolchain was rebuilt
and configured with LoongArch-specific ABI rules, relocation models, and calling conventions, drawing from prior
compiler engineering work for RISC architectures [4],[7],[11]. Special emphasis was placed on stabilizing the assembler
and linker components, ensuring that object files generated by the compiler could be correctly interpreted by both the
loader and the QEMU-based execution environment.

Following this, system-level validation was conducted using a customized instructional operating system, MOS (Minimal
0S), compiled for LA32R and executed through QEMU in system mode. MOS served as a controlled environment to
validate binary loading, dynamic relocation, ELF section parsing, and user-level program execution within a real kernel
context. This step confirmed not only the correctness of the compiler output but also its compatibility with kernel-level
mechanisms such as memory management, trap handling, and system-call interfaces. This aligns with earlier
approaches that used minimal OS layers to verify compiler correctness for MIPS, RISC-V, and ARM architectures
[8.[12],[18].

Performance benchmarking was then integrated directly into the compiler porting workflow. Four representative
computational kernels MATMUL, STREAM, SIEVE, and MEMOPS—were selected because they represent core
performance dimensions: arithmetic intensity, memory bandwidth, branching behavior, and load/store efficiency.
These benchmarks were compiled under multiple optimization levels (00, 02, 03, Ofast, LTO) to evaluate the impact of
GCC optimization passes on LA32R code generation. The methodology followed established benchmarking practices
used in low-level compiler evaluation research [2],[9],[20].

To integrate the evaluation with MOS, each benchmark kernel was converted into a loadable MOS program, allowing
consistency checks across both user-mode and kernel-mode executions. MOS execution validated system-level behavior
such as application binary interface (ABI) compatibility and dynamic data region management. Meanwhile, user-mode
execution on QEMU provided more accurate timing results by avoiding kernel overheads. This dual-path methodology
ensured that both correctness and performance aspects of the compiler port were rigorously examined.

Optimization workflow analysis constituted the next phase. Auto-vectorization capabilities were evaluated by compiling
benchmarks with LSX (Loongson SIMD Extension) enabled, detecting vector instructions (VLD, VST, VADD.W, VMUL.W)
in the generated assembly. Although QEMU lacks functional LSX execution for LA32R, assembly-level analysis remained
valid and aligned with methodologies commonly used in vectorization studies [6],[14],[22]. The presence of SIMD load-
store and compute instructions confirmed that GCC's vectorizer recognized the loop structures in MATMUL and
STREAM.

Finally, ISA extensibility was explored through the introduction of a custom prototype instruction, VCUBE.W,
implemented at the assembler level via Binutils. The objective was to demonstrate that the LA32R ISA and compilation
pipeline can accommodate new vector instructions—an important characteristic for modern architectures targeting
domain-specific acceleration [1],[13]. The instruction was encoded, assembled, and successfully disassembled,
confirming correct integration into the toolchain.

356



International Journal of Science and Research Archive, 2025, 17(03), 353-363

4. Experimental Setup and Results

This chapter presents the performance evaluation of the LA32R compiler port using the benchmark suite integrated
during the methodology stage. Results focus on assessing compiler optimization behavior, runtime performance, auto-
vectorization patterns, memory scaling characteristics, operating system compatibility, and ISA extensibility. All
benchmarks were executed under controlled conditions using QEMU user-mode for performance measurements and
QEMU system-mode (via MOS) for functional verification.

The benchmarking suite includes four representative kernels: MATMUL (compute-bound), STREAM (memory-
bandwidth-bound), SIEVE (branch-bound), and MEMOPS (load/store intensive). These categories align with prior
microarchitectural evaluation studies for RISC processors, providing a balanced view of compiler behavior across key
instruction patterns [2],[9],[15].

Performance measurements were collected under five optimization levels: 00 (baseline), 02, 03, Ofast, and LTO. Figure-
based interpretations are provided for clarity. Each figure should be placed where indicated below, and each is
accompanied by descriptive analysis suitable for journal publication.

Average LoongArch32R Runtime per Optimization Level
(Mean across all benchmarks)
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Figure 1 Average Runtime Across Optimization Levels

Figure 1 compares the average runtime across all benchmarks for each optimization level. The results illustrate
consistent and expected optimization behavior: 00 exhibits the highest runtime due to lack of optimization, 02 and 03
significantly reduce computation times by enabling loop unrolling and improved register allocation, Ofast delivers the
most aggressive improvements through non-strict floating-point optimizations, and LTO provides competitive whole-
program optimization benefits.

Table 2 Runtime Reduction Relative to 00 (Averaged Across Benchmarks)

Optimization | Speedup vs 00
02 -1.8x
03 -2.4x
Ofast -3.0x
LTO -2.7x
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In this table 2 gains match expectations from GCC literature regarding typical effects of enabling aggressive optimization
passes [5].[7].

Loongirch32R Runtime per Benchmark and Optimization Level
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Figure 2 Provide caption to the figure

This figure 2 decomposes the performance per benchmark, revealing the specific characteristics of each workload.
MATMUL shows the largest improvements under 03 and Ofast due to arithmetic intensity and loop regularity. STREAM
is constrained by memory bandwidth, particularly in QEMU’s memory model, resulting in diminishing returns after 02.
SIEVE exhibits gain from reduced branch overhead and improved scheduling, while MEMOPS benefits modestly due to
load-store dominance.

Table 3 Optimization Impact on Individual Benchmarks

Benchmark 03 vs 00 Ofast vs 00 LTO vs 00
MATMUL -3.2x -3.8x -3.4x
STREAM -1.7x -1.75x -1.6x
SIEVE -2.0x -2.5x -2.3x
MEMOPS -1.5x -1.8x -1.6x

Table 3 provide quantitative confirmation of the compiler’s optimization capabilities across workloads of differing

computational nature.
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Figure 3 combined speedup chart offers a consolidated view of performance improvements. Ofast consistently delivers
the highest gains, aligned with prior studies discussing the effectiveness of aggressive floating-point relaxations and
loop transformations [14]. LTO provides substantial improvements with reduced binary size, offering an optimal
balance for embedded applications.
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Figure 4 STREAM Scaling Characteristics

Figure 4 the STREAM scaling analysis shows increasing bandwidth with larger workloads until memory saturation
occurs, after which performance plateaus. This behavior aligns with STREAM’s canonical profile and validates that the
compiler correctly scales memory-intensive workloads. Similar scaling limitations have been documented in Loongson
and MIPS simulations with constrained memory models [19] ,[21].
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All benchmarks were successfully executed under MOS in QEMU system mode, confirming ABI correctness, executable
loading behavior, and consistent runtime function. This step ensures that the compiler port is not only performance-
correct but also system-integrated.

Table 4 MOS Execution Verification

Program Result Status

mos_matmul | Outputs checksum, exits normally PASS

mos_stream Completes memory bandwidth test | PASS

mos_sieve Outputs prime count correctly PASS

mos_memops | Completes memory stress test PASS

Results in table 4 demonstrate kernel-level stability of the toolchain.

Table 5 Vectorization Summary

Benchmark | SIMD Transformations Outcome

MATMUL Vectorized loops, LSX arithmetic | Successful

STREAM Vectorized load/store loops Successful
SIEVE Not vectorizable Expected
MEMOPS Partial vectorization Limited benefit

In table-5 assembly-level inspection of LSX-enabled builds showed the presence of vector load-store instructions (VLD,
VST) and arithmetic vector operations (VADD.W, VMUL.W) in MATMUL and STREAM. Although functional execution
was not possible due to QEMU’s lack of LSX support for LA32R, the vectorized assembly confirms that the compiler's
auto-vectorization passes are working as intended. This pattern mirrors auto-vectorization results reported in earlier
RISC-V and Loongson SIMD studies [14],[22].

Table 6 Custom Instruction Validation

Stage Result

Opcode integration Successful

Assembler recognition Successful via encoded form
Objdump decoding Correct mnemonic expansion
ISA extensibility demonstration | Verified

Table 6 Custom Instruction Validation shows a prototype custom vector instruction, VCUBE.W, was integrated through
Binutils and successfully assembled and disassembled. This demonstrates that the LoongArch ISA and associated
toolchain are extensible an important property for future domain-specific acceleration.

5. Discussion and Implications

The results obtained from the porting, benchmarking, and optimization of the GCC-based toolchain for the 32-bit
LoongArch architecture reveal several meaningful insights regarding compiler maturity, architectural behavior, and the
viability of domestic CPU ecosystems. The experimental evidence illustrates both the strengths and limitations of
current LA32R compilation technology, demonstrating observable performance improvements under higher
optimization levels and confirming functional correctness through system-level execution.

From the benchmarking analysis, it is evident that arithmetic-intensive workloads such as MATMUL benefit the most
from optimization levels beyond -02, with -03 and -Ofast reducing execution time significantly. This behavior aligns
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with classical compiler theory, where aggressive loop transformations and strength reduction have historically been
most impactful in dense numerical kernels [6], [12]. Conversely, memory-bound workloads like STREAM and MEMOPS
exhibit more modest gains, reflecting the fundamental bottleneck posed by memory bandwidth rather than instruction-
level optimization. Such findings are consistent with prior work examining memory-bound behavior in RISC systems
and highlight the intrinsic limits of compiler-based tuning for these workloads [17], [21].

The introduction of LSX vectorization showed that GCC is capable of generating SIMD-style instructions—such as VLD,
VST, VADD.W, and VMUL.W—when provided with appropriate compilation flags and when the loop structure is
conducive to vectorization. Although these instructions cannot be executed directly under the current QEMU-LA32R
model, their generation confirms partial backend functionality and suggests that the groundwork for full SIMD
enablement is already present. This aligns with recent literature documenting the progressive enhancement of
LoongArch’s SIMD toolchain ecosystem [5], [10]. The ability of the compiler to produce vectorized kernels indicates
promising future paths for performance scaling and establishes a baseline for hardware co-design research.

One of the most significant contributions of this study is the successful integration of a custom vector instruction
prototype (VCUBE.W) into Binutils. Even though execution support is not available in QEMU or hardware, correct
encoding, assembly, and disassembly demonstrate the extensibility of the LoongArch GNU toolchain. This mirrors
current industry trends where custom or semi-custom ISA extensions are increasingly adopted to accelerate domain-
specific workloads, particularly in Al and computer vision [1], [8], [22]. For Loongson, such extensibility is strategically
relevant, enabling domestic architectures to evolve rapidly in response to new algorithmic demands without relying on
foreign ISA ecosystems.

System-level validation through MOS further strengthens confidence in the correctness of the toolchain. The successful
execution of user applications—including benchmark variants compiled with all optimization levels—confirms ABI
compatibility, ELF correctness, stack integrity, and syscall-path stability. These are foundational requirements for any
sustainable CPU ecosystem and align with the fundamental validation approaches suggested in compiler verification
literature [4], [13], [15].

A notable implication of the findings is that LA32R, despite its relative immaturity compared to established ISAs like
ARM or RISC-V, demonstrates a stable foundation for compiler-level development and experimentation. The ability to
reconstruct and validate a complete cross-compiler toolchain, run it through an operating system, and integrate
extensible ISA features indicates that the architecture is well-positioned for academic and industrial exploration.

At the same time, several limitations were identified. The absence of LSX execution support in QEMU constrains
empirical SIMD-level performance evaluation an area that future LoongArch ecosystem updates will need to address.
Additionally, the GCC backend for LA32R appears significantly less mature than its LA64 counterpart, with fewer
heuristics for aggressive auto-vectorization and limited instruction scheduling features. These gaps are consistent with
comparatively limited published research focused specifically on 32-bit LoongArch optimization [20]. Addressing these
limitations could form part of a larger national effort to elevate domestic compiler infrastructures to global standards.

Overall, the work demonstrates not only the technical feasibility of compiler porting on LA32R but also its strategic
value. The findings reinforce that compiler ecosystems form a central pillar of CPU competitiveness, particularly for
emerging domestic architectures seeking global relevance. This study provides a replicable methodology—covering
toolchain reconstruction, 0S-based validation, benchmark analysis, and ISA extension—that can serve as a foundation
for future LoongArch research.

6. Conclusion

This research successfully achieved the porting, validation, optimization, and extension of a GCC-based compiler
toolchain for the 32-bit LoongArch architecture. Through a structured methodology grounded in compiler engineering
best practices, the study reconstructed a fully functional cross-toolchain, verified system-level behavior through MOS,
analyzed optimization effects using representative benchmark workloads, and demonstrated ISA extensibility by
integrating a prototype custom instruction.

The outcomes underscore several important conclusions. First, the GCC port for LA32R is sufficiently stable for practical
use, capable of producing correct executables and supporting multiple compiler optimization levels. Second, the
architectural behavior of LA32R exhibits expected RISC-style characteristics: arithmetic workloads respond strongly to
optimization, while memory-bound workloads show constrained speedups. Third, GCC’'s LoongArch backend is capable
of generating LSX vector instructions, confirming a functional—though not fully matured—SIMD code generation path.
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Fourth, the successful integration of a custom instruction into Binutils highlights the extensibility and adaptability of
the LoongArch toolchain, a capability that will be increasingly important for future domain-specific designs.

These findings collectively provide a strong foundation for future research. Promising directions include: (1) enabling
full LSX execution support in QEMU to evaluate SIMD performance empirically; (2) extending the compiler backend
with improved auto-vectorization heuristics tailored to Loongson microarchitectures; (3) designing and testing
additional domain-specific custom instructions for Al, signal processing, and multimedia workloads; and (4) integrating
the toolchain with more advanced operating systems such as uClibc or Linux-LA variants.

Ultimately, the study contributes not only a functional toolchain and experimental dataset but also a reproducible
framework for academic researchers and industry engineers seeking to enhance the domestic LoongArch ecosystem.
As China and other nations invest heavily in CPU independence and compiler innovation, research such as this plays a
crucial role in shaping a future where domestic architectures can compete globally on performance, adaptability, and
technological sovereignty.
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