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Abstract
Migrating legacy C code to Rust is increasingly desirable, yet
existing C-to-Rust translators preprocessmacros, conditional
compilation, and includes away before translation, producing
flat and repetitive Rust output. Such output cannot serve as
a migration target: a translated codebase that a development
team can adopt as the new source of truth.
We present Oxidize, a structure-preserving C-to-Rust

translator with macro-retention capabilities. Oxidize in-
troduces macro contraction and invoke-expand, two new
algorithms that lift textual preprocessor constructs into
the translator’s intermediate representation rather than ex-
panding them away. Object- and function-like C macros are
retained as Rust macros, with hygiene checks and per-call-
site argument types handling Rust’s scoping and typing.
Across nine real-world C codebases of varied size, Oxi-

dize preserves substantially more macros than C2Rust and
rust-bindgen, while remaining competitive on per-program
execution-success rates across single-file translatability
benchmarks.

CCS Concepts: • Software and its engineering → Incre-
mental compilers; Preprocessors; Source code genera-
tion.

Keywords: Translation, Source-to-source, Transpilation, C,
Rust, Preprocessor, Macros, Abstract Syntax Tree, Metapro-
gramming, Structure preservation
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1 Introduction
C remains the foundation of modern systems software, pow-
ering operating systems, device drivers, databases, and em-
bedded platforms. Unfortunately, C’s lack of memory safety
is a dominant source of vulnerabilities: Microsoft and Google
both report that about 70% of their severe security issues arise
from memory-unsafe code [9, 18, 37]. The growing industry
consensus—from recent White House statements [33] to the
integration of Rust into the Linux kernel [21]—underscores
the urgency of migrating away from C.
Rust is an attractive target language: it combines strong

safety guarantees with high performance and a growing
ecosystem. Rewriting millions of lines of legacy C by hand is
infeasible, so automated C-to-Rust translation is appealing,
and several translators (also called source-to-source com-
pilers or transpilers) have emerged: e.g., C2Rust, CRUST,
Corrode, and Citrus. The critical obstacle they all face is
the C preprocessor. Macros, conditional compilation, and
#include encode developer-defined abstractions, build con-
figurations, and module boundaries—in short, the structure
of the program as humans maintain it. Existing translators
preprocess this structure away before translation, replacing
macro invocations with their textual expansions and collaps-
ing all configurations into a single build variant. The result is
flat and repetitive Rust output that is difficult to read, debug,
or evolve.
Migration targets need structure. We refer to the form of
the translated code that a development team adopts as the
new source of truth as a migration target. For Rust output
to serve as a migration target, it must be (i) maintainable
without referring back to the original C, (ii) readable enough
to support direct code review and bug reports, and (iii) struc-
tured so that subsequent edits compose with existing pat-
terns rather than fight them. Producing migration-grade

https://www.acm.org/publications/policies/artifact-review-and-badging-current
https://www.acm.org/publications/policies/artifact-review-and-badging-current
https://orcid.org/0009-0000-1477-2616
mailto:robbe.de.greef@vub.be
https://orcid.org/0009-0009-5405-186X
mailto:theo.engels@mil.be
https://orcid.org/0009-0004-1674-7878
mailto:felix.van.den.broucke@vub.be
https://orcid.org/0000-0002-8196-9889
mailto:ken.hasselmann@mil.be
https://orcid.org/0000-0001-6608-6562
mailto:antonio.paolillo@vub.be
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3842654.3848533
https://doi.org/10.1145/3842654.3848533


EuroSys ’27, April 19–23, 2027, Rabat, Morocco R. De Greef, T. Engels, F. Van den Broucke, K. Hasselmann, A. Paolillo

output therefore requires structure preservation: keeping the
developer-defined abstractions visible in the translated code,
instead of erasing them at the preprocessing step. This paper
focuses on macros as one of these abstractions; conditional
compilation and #include structure are addressed by re-
lated [24] and future work.
Listing 1 illustrates the point on a real example from the

DOOM source code. The macro logical_gamemission en-
codes the relationship between the active build target and
the displayed game; it is invoked at thirteen call sites across
six source files. C2Rust, like other existing translators, in-
lines the macro at every call site, scattering the abstraction
throughout the codebase; rust-bindgen does not emit a Rust
binding because the macro body is not a plain constant ex-
pression. The result is thirteen identical ternaries tomaintain,
no longer linked to a single named definition. Preserving the
macro—the focus of this paper—keeps the abstraction intact
at a single, named site.
This paper.We present Oxidize, a structure-preserving C-to-
Rust translator. At its core is an intermediate representation
that retains preprocessor-level macro constructs through-
out translation, together with two new algorithms—macro
contraction and invoke-expand—that systematically translate
object- and function-like C macros into Rust macros, even
in complex codebases. We call this lifting the preprocessor:
macro contraction and invoke-expand recover the textual
expansions performed by the preprocessor as named, struc-
tured macro invocations in the IR, raising them from the
token level to a level where they can be analyzed, typed, and
translated. The resulting Rust code is semantically equivalent
to the original C while remaining readable and maintainable.
A prototype of Oxidize appeared as an earlier WIP paper [3];
this paper presents the complete macro-translation design
and a full-scale evaluation.

We evaluate Oxidize along two axes: (1)Macro preservation
across real codebases.We runOxidize on the original build sys-
tems of nine real-world C codebases of varied size, including
sl, lolcat, nyancat, smaz, FIGlet, bzip2, zlib, libpng, andDOOM ;
we compare per-file translation and macro retention against
C2Rust and rust-bindgen: at equal file coverage with C2Rust
(129 of 146 files), Oxidize retains 98% of macro definitions
against 52%, and it is the only tool in this comparison that
preserves function-like macros. (2) Robustness across diverse
program inputs. On handwritten unit tests, LLM-generated
programs, CodeNet samples, Csmith, and a Csmith extension
we built (Macsmith) to emit macro-rich programs, Oxidize
achieves end-to-end translation success competitive with
the strongest rule-based baseline (96% against 99%).
Contributions. This paper provides two contributions:
• Macro-preserving translation algorithms: macro con-
traction at each invocation site, invoke-expand driven by
a macro dependency graph for nested macro definitions,

// doomstat.h:69 (DOOM, github.com/ozkl/doomgeneric)
#define logical_gamemission \

(gamemission == pack_chex ? doom : \
gamemission == pack_hacx ? doom2 : gamemission)

// ... used at 13 call sites across 6 files,
// e.g. d_main.c:758:
if (logical_gamemission == doom) { /* ... */ }

(a) Original C: the macro names a per-build-target abstraction used
widely across the codebase.

// every call site becomes a fresh inlined ternary:
if (if gamemission == pack_chex { doom }

else if gamemission == pack_hacx { doom2 }
else { gamemission })
== doom { /* ... */ }

(b) C2Rust: the macro is inlined at every call site; the developer-
named abstraction is gone, and the same logic is duplicated wher-
ever the macro was used.

macro_rules! logical_gamemission { () => {
(if gamemission == pack_chex { doom }
else if gamemission == pack_hacx { doom2 }
else { gamemission })

}; }
// ...
if logical_gamemission!() == doom { /* ... */ }

(c) Oxidize: the macro definition becomes a Rust macro; each of the
thirteen call sites preserves the original abstraction.

Listing 1.Why structure preservation matters for migration.
The macro logical_gamemission from the DOOM source
code encodes the relationship between the active build target
and the displayed game; it is invoked at thirteen call sites
across six source files. C2Rust translates the macro defini-
tion by inlining it at every call site; rust-bindgen drops the
macro entirely from its output, because its body is not a pure
constant. Oxidize preserves the macro as a Rust macro, so
the abstraction remains a single editable definition.

and helper-trait macro typing that defers C’s implicit con-
versions to Rust’s trait resolver, hosted in a structure-
preserving IR that retains developer macro abstractions
through translation. Concurrent work by Peng et al. [24]
achieves a related goal through a complementary architec-
ture (a wrapper around an unmodified C-to-Rust transla-
tor); we discuss the differentiation in §2.5.

• An extensive empirical evaluation: nine real-world
codebases evaluated on their original build systems, a per-
class macro breakdown against rule-based translators in-
cluding rust-bindgen, and an adversarial fuzzing study
using Csmith and Macsmith.

2 Related Work
The idea of automating the migration of C codebases into
Rust has gained traction in both academia and industry,
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Table 1. Oxidize features compared with the related work.
✗ = not supported, ✛ = planned, ∼ = not fully supported, ✓
= supported. rust-bindgen generates Rust FFI bindings rather
than Rust translations of the C source; included here for the
macro-handling comparison.

Project
Features

C C++ Macros Comm-
entsObj. Fn.

Ru
le
-b
as
ed

Corrode ✓ ✗ ✗ ✗ ✗
Citrus ∼ ✗ ✗ ✗ ✗
CRUST ∼ ∼ ✗ ✗ ✓
C2Rust ✓ ✗ ✓ ✛ ✗
Hayroll [24] ✓ ✗ ✓ ∼ ✗
Oxidize ✓ ✛ ✓ ✓ ✛
Cpp2Rust [25] ✗ ✓ ✗ ✗ ✗

bindgen [38] ✓ ∼ ∼ ✗ ∼

LL
M C2SaferRust ✓ ✗ ✗ ✗ ✗

Sactor ✓ ✗ ✗ ✗ ✗

driven by the potential to eliminate memory-unsafe con-
structs while retaining performance. A recent CACM survey
by Hong and Ryu [11] states the practical problem: exist-
ing C-to-Rust translators are useful, but their output is both
unsafe (it relies on Rust features the compiler cannot ver-
ify) and unidiomatic (it does not exploit Rust’s high-level
constructs). Two main approaches have emerged: rule-based
translators, which rely on static analysis and syntactic rewrit-
ing, and LLM-based translators, which leverage large lan-
guage models to generate idiomatic Rust. Both lose the pre-
processor, for different reasons: rule-based tools translate
the preprocessed source, so macros, conditional compilation,
and source inclusion disappear before translation begins,
while LLM-based tools do read the original source but inline
or rewrite its macros, with no guarantee that an abstraction
survives. Macro preservation, the focus of this paper, attacks
the unidiomaticity gap at its root: expanding a macro turns
one named abstraction into code repeated at every call site,
which no Rust programmer would write, whereas Rust’s
own macro system can host that abstraction directly. Earlier
work on macro processing for source-to-source translation
provides important antecedents, which we revisit in §2.4.

2.1 Rule-Based Translators
Early tools such as Corrode [30], Citrus [16], and CRUST [31]
demonstrated that syntactic C-to-Rust translation is feasible,
but all remain incomplete and unmaintained. C2Rust [12] is
the most mature and widely used; it produces largely unsafe
Rust, with only partial support for object-like macros and
none for function-like macros. As summarized in Table 1,
none of these systems systematically preserve macros, mak-
ing their output difficult to maintain.

2.2 LLM-Based Translators
Recent work has turned to LLM-assisted translation, in-
cluding EvoC2Rust [39], GenC2Rust [40], C2RustTV [43],
RustMap [2], C2SaferRust [19], and Sactor [44]. These sys-
tems aim to produce idiomatic or safe Rust by combining
LLMs with static analysis, skeleton generation, or test suites.
While promising, LLM-based translators are inherently non-
deterministic and slower than rule-based tools. They incur a
per-program API cost that rule-based pipelines do not, mak-
ing them expensive by comparison. Their evaluations target
different properties: compilation and test-pass rates at mod-
ule granularity, idiomaticity, or less unsafe code than C2Rust
emits. None reports macro preservation, the property §5.1
measures; our own §5.2 evaluation is single-file.
Industrial investment is following the same direction:

Canonical and UKRI fund a multi-year University of Bristol
project on a neurosymbolic C-to-Rust platform that com-
bines LLM translation with fuzzing and formal-equivalence
validation [29]; that group has studied LLM translation to
Rust with differential fuzzing [5]. The project’s announce-
ment casts translation that preserves C’s structure “too
literally” as the obstacle to idiomatic output. “Structure”,
however, names two different things. C’s low-level idioms
should indeed give way to idiomatic Rust over time, and
such refinement could operate on preserved structure (§6).
Developer-defined abstractions, macros first among them,
are the structure worth keeping: an abstraction expanded
away is lost to every later pass, idiomatic or not (§1).
Our evaluation includes the two strongest models avail-

able at the time of writing, invoked through an agentic
compile-and-fix loop (Claude Opus 4.7, OpenAI GPT-5.3
Codex), and the C2SaferRust refinement pipeline, to con-
trol the question “what does an LLM alone produce, with
and without rule-based scaffolding?” Configuration is in §5.2.

2.3 Benchmarks and Datasets
Several recent efforts have proposed benchmarks to evalu-
ate C-to-Rust translators. CRUST-Bench [14] contains 100
C repositories paired with manually written safe-Rust inter-
faces and test cases. C2Rust-Bench [32] distils 2,905 represen-
tative functions from a pool of 15,503. Large-scale datasets
such as Project CodeNet [26] also provide diverse C programs
for evaluation.We use Project CodeNet among our single-file
datasets, and complement these benchmarks with generator-
produced programs from Csmith and our macro-focused
extension of it, which stress macro-heavy and corner-case
constructs (§5.2). All of them are single-file by construction;
our macro-preservation study instead runs on whole code-
bases with their original build systems (§5.1).

2.4 Macro Support in Source-to-Source Translation
The challenge of translating preprocessor macros while
preserving program structure has been studied in earlier
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source-to-source translation work. Most directly relevant is
the Rosetta Translator of Andrews, Del Vigna, and Molloy [1],
which translates pTAL—a proprietary block-structured lan-
guage derived from Algol-60—to C++ while preserving
macros, conditional compilation regions, and source inclu-
sion. Rosetta introduces two notions central to its approach:
a virtual source (the token stream the parser sees, after pre-
processing) and a fragment tree (which records every macro
expansion, parameter substitution, and source inclusion).
The two trees are “joined at the tokens”: leaves of the syntax
tree are also leaves of the fragment tree. Macro bodies are
translated at their use sites rather than at their definition sites,
since only at use can sufficient context be recovered for pars-
ing and translation; the source generator then re-assembles
the translated fragments into target text files.

Ourmacro contraction algorithm (§4.1) shares this insight—
identify expansion sites in the post-preprocessing AST,
then re-attach them to their definitions—but operates in
a markedly harder setting. Rosetta’s source and target both
use unhygienic, text-based preprocessor macros, so a trans-
lated macro body inherits the same identifier-capturing
semantics as the original. Oxidize translates into Rust’s
hygienic macro_rules! system, which forbids accidental
capture, requires explicit type handling for type-generic pat-
terns, and constrains where macro invocations may appear.
The hygiene checks (§4), helper-trait macro typing, and cast
macro are responses to that paradigm shift, and have no
direct analogue in Rosetta.
Beyond translation, prior research has studied the C pre-

processor through the lens of analysis and refactoring, e.g., by
modeling preprocessor decision graphs, inferring safe refac-
torings, or parsing the unexpanded program [7, 8, 17, 20].
These approaches keep the preprocessor in place rather than
translating its constructs into higher-level language features.

2.5 Concurrent Work: Hayroll
Concurrent with our work, Peng et al. [24] introduce Hay-
roll, a modular wrapper that adds macro and conditional-
compilation awareness to an existing C-to-Rust translator
(currently C2Rust) without modifying it. Hayroll has two
layers: a symbolic executor (Pioneer) that derives per-line
preprocessor activation conditions and translates #if and
#ifdef directives into Rust #[cfg] attributes, and a string-
level macro analyzer combinedwith a tag-based seed/harvest
mechanism (Seeder/Reaper) that survives translation through
the underlying tool, so that translated macro regions can
be recovered as Rust macro_rules! or fn items. On three
benchmarks (CRUST-Bench, LibmCS, zlib; 62.8K LoC), Hay-
roll reports 74% syntactical-macro retention, with a 20×
translation runtime overhead over C2Rust alone [24, §5].
Hayroll’s contributions and ours are largely complemen-

tary, with two notable differences. First, Hayroll handles
conditional compilation natively; Oxidize currently does not,
though we discuss this as an extension path (§6). Second,

two of our techniques have no analogue in Hayroll: our
invoke-expand algorithm (§4.2) classifies and resolves nested
macro definitions, a case Hayroll explicitly does not han-
dle [24, §6.1]; and ourmacro typing infrastructure (§4: helper
traits, type parameters, and the cast macro) addresses C’s
type-generic patterns (e.g., ADD macros that work on both
integer and pointer operands), for which Hayroll emits one
definition per type combination and Oxidize a single one.

2.6 Concurrent Work: Cpp2Rust
Also concurrent with our work, Popescu et al. [25] present
Cpp2Rust, a translator from a subset of C++ to memory-safe
Rust. The two systems address different source languages but
share the strategic question of how to relate structure preser-
vation to safety, and take opposite design points. Cpp2Rust
parses C++ with libclang and emits Rust that uses a run-
time library: every variable is wrapped in Rc<RefCell<T>>,
and C++ pointers are translated to a smart pointer type that
encodes offset arithmetic and aliasing through reference
counting. Ownership and mutability checks that Rust would
normally enforce at compile time are thereby deferred to
runtime. An iterative source-to-source optimizer removes
those wrappers where its intra-procedural analysis can prove
they are unnecessary. The reported supported subset is size-
able but not comprehensive: full templates via instantiation,
classes with default copy/move constructors, inheritance
from pure-virtual bases, and a curated set of STL contain-
ers are handled, but exceptions, user-defined copy/move
constructors, multi-threaded code, multiple inheritance, and
several language idioms (unions, bitfields, goto, volatile,
dynamic_cast) are excluded [25, §4]. On two real applica-
tions (WOFF2 and Brunsli; 13K LoC), the resulting safe Rust
ranges from 2% slower than the original C++ to 6× slower,
with a single unsafe block in the runtime library.

Cpp2Rust and Oxidize are complementary in two senses.
First, their coverage differs: Cpp2Rust supports C++ features
that Oxidize does not, while Oxidize preserves C macros,
which Cpp2Rust, like other translators, expands away. Sec-
ond, the two approaches embody opposite answers to the
safety question: Cpp2Rust achieves safety up front, at the
cost of runtime checks that its optimizer then removes where
it can prove them unnecessary; Oxidize preserves the input’s
structure so that later refinement passes can recover owner-
ship, aliasing, and bounds information statically (§6).

3 Background
3.1 C vs. Rust in brief
C remains the lingua franca of systems software, but its
permissive memory model—manual allocation, unchecked
pointer arithmetic, implicit conversions, and pervasive un-
defined behavior—is a primary source of vulnerabilities and
maintenance risk. In contrast, Rust enforces memory safety
at compile time through ownership, borrowing, and lifetimes;



Lifting the Preprocessor with Oxidize: Structure-Preserving C-to-Rust Translation EuroSys ’27, April 19–23, 2027, Rabat, Morocco

references are statically checked by the borrow checker, elim-
inating broad classes of memory errors while retaining per-
formance comparable to C.

This semantic gap matters for automated migration. Syn-
tactic translation is the easy part; reconciling language se-
mantics is not. Commonly used C constructs such as implicit
conversions, raw-pointer arithmetic, and unstructured con-
trol flow must be mapped to explicit and verifiably safe Rust
constructs. Even seemingly benign differences—e.g., C’s in-
teger promotions and “usual arithmetic conversions” that
coerce operands toward a common type [13, §6.3], also doc-
umented in the GNU C reference manual [36]—can change
program behavior if translated naively. Any practical C-to-
Rust tool must therefore (1) preserve intent and structure for
human maintainers, and (2) expose C’s implicit behaviors
(e.g., promotions, macro expansions) as explicit constructs
in the Rust output.

3.2 The C Preprocessor and Macros
A central obstacle to maintainable C-to-Rust translation
is the C preprocessor. The C standard defines a multi-
phase translation pipeline in which the first four phases
are purely preprocessing: trigraph replacement, line splicing,
tokenization (including comment removal), and directive
handling (macro expansion, inclusion, and conditional com-
pilation) [13, §5.1.1.2]. Critically, this process is purely textual
and runs before C compilation, allowing macro invocations
to appear anywhere in the source file without regard to C’s
syntax.
Preprocessor directives. The main #-directives [13, §6.10]
are:

Macro definitions. Object-like macros bind an identifier
to a replacement token sequence; function-like macros do the
same but may contain macro arguments that are expanded
in the body [13, §6.10.3]. Both expand textually [34].
Conditional compilation. #if/#elif/#else evaluate

constant expressions, including with the defined opera-
tor (and shorthands #ifdef/#ifndef) to test macro pres-
ence [13, §6.10.1]. Using macros in the condition of these
constructs can further enhance their expressiveness.

Inclusion. #include copies header contents into the cur-
rent translation unit and is widely used for modularization.
Undefinition. #undef removes a binding; later redefini-

tions are legal and affect later expansions [13, §6.10.3.4].
Expansion semantics. The preprocessor performs a left-to-
right scan over preprocessing tokens, expanding identifiers
bound as macros; the currently expanding macro is disabled
to prevent infinite recursion, then re-enabled after its body
is fully processed [13, §6.10.3.4]. Arguments to function-like
macros are parsed as balanced token sequences (tracking
nested parentheses) and substituted into the replacement list.
Because expansion is textual and context-free w.r.t. C’s AST,
macros can be invoked in positions that would be ill-formed

in C prior to expansion (e.g., substituting punctuators or par-
tial expressions). This enables powerful metaprogramming
but discards structural information a translator might rely
on.
Hygiene. Because the C preprocessor expansion is purely
textual, it does not preserve lexical scoping. Macros may
introduce identifiers that shadow or capture user-defined
names, leading to subtle bugs. Rust macros are hygienic by
construction, preventing such capture; this semantic gap
must be handled during translation.
Why this breaks translators.Most C-to-Rust translators
invoke the preprocessor first and feed only the expanded
C program to their front end. This simplifies parsing but
discards critical structure: constants become inlined liter-
als, obscuring intent; generic patterns encoded as function-
like macros turn into ad hoc code clones; configuration logic
(#if trees) collapses into a single build variant, hindering
portability; name- and scope-related tricks (stringification #,
token-pasting ##) lose their provenance, complicating faith-
ful translation. The result is “flat” Rust output that is hard
to read, reason about, or evolve: precisely what migration
projects cannot afford.

3.3 Rust Macros
Rust also supports macros, but they are structured, hygienic,
and integrated into the language. Declarative macro_rules!
macros match over parsed token trees, expand within the
AST after parsing, and are validated by fragment specifiers
(e.g., $e:expr) [28]. Hygiene prevents accidental capture and
ensures identifiers refer to their intended bindings. Proce-
dural macros are written as ordinary Rust functions inside
dedicated proc-macro crates: they receive a stream of input
tokens and emit a stream of output tokens, letting arbitrary
Rust code run at compile time for transformations beyond
what macro_rules! pattern matching can express (e.g., cus-
tom #[derive] implementations). Unlike the preprocessor,
Rust macro invocations are allowed only in specific syntactic
positions; expansion is staged (a worklist queues nested invo-
cations), and there is no disabled-macro context akin to the
preprocessor because recursion is controlled by expansion
depth.

3.4 Implications for C-to-Rust Translation
Two implications follow:

1. Macro preservation is essential for maintainabil-
ity. For Rust output to serve as a migration target (cf. §1)—
a translated codebase that a development team adopts as
the new source of truth—it must satisfy three properties: (i)
maintainability without referring back to the original C; (ii)
readability sufficient to support code review and bug reports;
and (iii) structural compatibility with subsequent edits, so
that future patches compose with existing patterns rather
than fight them. A translator that preprocesses macros away
erases design intent and configuration structure, producing
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flat output that fails (i)–(iii). A macro-aware pipeline that
retains macros at the Rust level (where possible) keeps those
abstractions available in the output: a necessary condition
for maintainability, readability, and structural compatibility
(see §6).

2. Implicit C semantics must be made explicit. Pre-
processor choices, integer promotions, and arithmetic con-
versions [13, §6.3] should become explicit Rust constructs
(types, casts, or cfg-gated items) to avoid semantic drift.

Why the preprocessor is hard to “refactor away”. His-
torically, the C preprocessor was introduced after C’s initial
design, modeled on assembler macro facilities and imple-
mented as a separate tool [27], which explains its loose inte-
gration and text-level operation.
Prior research has mostly targeted analysis and refactor-

ing with the preprocessor in place rather than translating its
constructs into higher-level language features (see §2.4 for
details). As a result, existing C-to-Rust tools typically side-
step macro preservation entirely—the core gap this paper
addresses.

3.5 What Oxidize Translates: Macro Classes
The C preprocessor’s textual operation means a macro body
may contain arbitrary token sequences—not necessarily valid
C expressions or statements—and a macro invocation may
appear in any source context. To enable translation rather
than blind expansion, Oxidize commits to a precise scope.
Accepted: expression-like macros. Oxidize targets expres-
sion-like macros: macros whose body, after resolution of any
nested macros (§4.2), parses as a valid C expression. This
subset spans both object-like macros (e.g., constants and con-
ditional ternaries such as logical_gamemission from List-
ing 1) and function-like macros (e.g., MAX(a,b) or ADD(x,y)).
A macro invocation is translated only when its invocation
site also occurs in a valid C expression context; the macro-
contraction algorithm of §4.1 identifies the qualifying invo-
cation sites.
Conservatively expanded: everything else. Macros falling
outside this subset are conservatively expanded: their text is
inlined exactly as the C preprocessor would, just as in ex-
isting translators. Specifically, Oxidize expands rather than
translates macros that are (i) empty, (ii) statement-like, (iii)
unparseable as a single expression after invoke-expand, (iv)
only invoked in non-expression contexts (e.g., as a partial
syntactic fragment such as Listing 3), (v) failing hygiene
checks (§4), (vi) type-defining (#define TYPE int), or (vii)
using stringification (#) or token-pasting (##). This guaran-
tees that Oxidize never fails because of an unsupported macro:
the worst case for an unsupported macro is the same flat
output prior tools produce.
Empirical distribution. Expression-like macros dominate
in practice. Two representative codebases illustrate the trend:
FIGlet (68 of 86 macros, 79%) and DOOM (889 of 999, 89%)
classify as expression-like under our libclang-based analyzer;

Parser Front-end language
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Into IR 
translator

Middleware
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Front-end
source code

Back-end 
source code

Front-end
AST

Front-end
AST IR

IRIR IR

Back-end
AST

Back-end
AST

Front end
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Middleware

Figure 1. Architecture of Oxidize. Unlike typical translators
that map C directly to Rust, Oxidize adopts a compiler-style
three-phase design. The front end (blue) parses C into an
annotated IR, the middleware (green) applies macro-aware
passes and future safety analyses, and the back end (orange)
generates readable Rust code.

the remainder are empty, unparseable, or statement-like. Our
broader evaluation across nine real-world codebases (§5.1)
confirms this pattern and breaks the accepted subset down
further—constant-valued vs. non-constant object macros,
and function-like macros by typing pattern—to expose where
Oxidize provides value over rust-bindgen, which translates
only the constant-valued slice.
Extension paths. The macro-contraction approach extends
naturally to two classes that are presently conservatively
expanded. Type macros can be supported by applying con-
traction to types in addition to expressions. Statement macros
in the common do {...} while(0) idiom can be supported
by recognizing the wrapper and translating the body as a
Rust block expression. We discuss both in §6.

4 Design of Oxidize & Macro Translation
Architecture in brief. Oxidize is a three-phase translator
(front, middle, back end; Figure 1) operating over an ex-
plicit, AST-like intermediate representation (IR) that mirrors
a Rust AST but carries C-specific nodes (raw pointer arith-
metic, unstructured control flow, preprocessor traces) and
macro-related annotations. The front end parses C with lib-
clang, then runs the four incremental passes presented below
(contraction, invoke-expand, hygiene, typing) to lift macro
structure into the IR. Further front-end passes restructure
unstructured control flow (goto, fallthrough switch) with
a Stackifier-style algorithm [15, 42], rewriting irreducible
loops into a dispatch loop; translate variadic function defi-
nitions to Rust’s C-variadic functions; and handle function
pointers, unions, and anonymous records. Bitfields remain
unsupported (§6). The middle end is currently empty; the
back end serialises the IR to Rust via the Ruast library. The
architectural choice driving this paper is the explicit IR: it
splits macro recognition and translation into small, separa-
ble passes rather than a monolithic source-to-source rewrite.
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#include <ctype.h>
int foo() {
return isspace('a');

}

(a) Original

// [...] the expansion of <ctype.h>
int foo() {
return ((*__ctype_b_loc())[(int)(('a'))] &

(unsigned short int) _ISspace);
}

(b) Preprocessed

Listing 2. C program testing if the character 'a' is a space.

1 #define MINUS_ONE -1
2 int foo() {
3 // expands to 'return 1 -1;':
4 return 1 MINUS_ONE;
5 }

Listing 3. Syntactically correct C program using an
expression-like macro in a non-expression context.

Implementation details (pass scheduling, IR node taxonomy,
back-end emission) appear in our technical report [4].

C programs rely heavily on the preprocessor: an empirical
study of 1.4MLOC across 26 packages found that about 25%
of all lines expand amacro [6]. Macros fill long-standing gaps
in the language. Object-like macros serve as compile-time
constants without creating linker symbols, avoiding errors
in header files where const is unsafe. Function-like macros
provide type-generic code in the absence of templates; since
C11, they are also used with _Generic to emulate overloading.

Most translators sidestep this complexity by invoking the
preprocessor upfront [12, README.md]. While this simpli-
fies parsing, it destroys macro structure. Listing 2 illustrates
the effect: a call to the standard isspace macro expands into
low-level code that is correct but nearly unreadable. Such
output undermines the goal of producing maintainable Rust.
isspace is used here for illustration; Oxidize’s scope is to pre-
serve developer-defined macros and their use sites in the
migration target. Replacing C standard-library macros and
functions with their idiomatic Rust counterparts (e.g., isspace
→ char::is_ascii_whitespace) is a separate, complemen-
tary goal we revisit in §6.
Oxidize instead translates macros directly into Rust con-

structs. By retaining their intent rather than their expansion,
Oxidize produces code that remains both semantically faith-
ful and comprehensible.
As established in §3.5, Oxidize accepts expression-like

macros: macros whose body parses as a valid C expression
after invoke-expand resolution and whose invocation sites
occur in expression contexts. All other macros are conserva-
tively expanded. The remainder of this section presents the
algorithms that recognize and translate this subset.

4.1 Macro-Contraction Algorithm
Restricting to expression-like macros addresses many cases,
but not all. Two challenges remain: (1) expression-like
macros may still be invoked in non-expression contexts,

producing syntactically invalid Rust; and (2) invoking the
preprocessor discards macro structure.

Listing 3 illustrates the first issue. The macro MINUS_ONE ex-
pands to -1, a valid C expression on its own. But the invo-
cation return 1 MINUS_ONE; places the macro immediately after
a literal: the C preprocessor tolerates this, yet the resulting
token stream is not a valid expression context before ex-
pansion. Classification must therefore be per invocation site,
not per definition: the MINUS_ONE definition is accepted (body
parses as an expression) and Oxidize emits a Rust macro_rules!
for it; the line-4 invocation is nonetheless conservatively
expanded because its post-preprocessing source range fuses
with the adjacent literal into a single 1 -1 subtraction node
in the C AST, with no expression-context node covering
the expansion. Two invocations of the same definition can
thus receive different verdicts, driven by surrounding AST
shape. To address these challenges we introduce the macro-
contraction algorithm. The key idea is to preprocess the file
as usual, but to contract back expression-like macros into
explicit invocations in the AST. This enables us to (i) reuse
mature preprocessor implementations while (ii) preserving
only macro invocations in valid expression contexts.

The algorithm proceeds as follows:

• Preprocess the file with a macro-aware frontend (e.g.,
libclang), recording each macro definition and every
expansion site with its start/end offsets. All candidate
macros are placed in a valid macro list.

• Parse each macro body as a C expression. If parsing
fails, remove it from the valid list.

• Parse the preprocessed file into a C AST.
• Traverse the AST. For each expression node, check
whether its source range matches a recorded expan-
sion. If so, and if the corresponding macro is in the
valid list, replace the expansion with an explicit macro
invocation. Otherwise, leave the expansion as-is.

This process contracts away spurious expansions while
retaining macros that are both syntactically valid and seman-
tically recoverable, laying the groundwork for further passes
such as dependency analysis (§4.2).

4.2 Invoke-Expand Algorithm
While the macro-contraction algorithm retains correct

macro invocations, it can misclassify certain macros as non-
expression-like because their bodies contain other macros
that have not yet been expanded. Listing 4 illustrates this
case: the macro FOO is not a valid expression unless the nested
macro PLUS is expanded first.
To resolve such cases, we introduce the invoke-expand

algorithm. The key idea is to reason about nested macro
usage through aMacro Dependency Graph (MDG). The MDG
is a directed acyclic graph𝐺 = (𝑉 , 𝐸) where each node 𝑣 ∈ 𝑉

corresponds to a macro definition, and each edge (𝑢, 𝑣) ∈ 𝐸

indicates that the body of 𝑢 contains an invocation of 𝑣 .
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1 #define THREE 3
2 #define PLUS +
3 #define BAZ THREE
4 #define FOO(a) a PLUS BAZ
5 int main() {
6 return FOO(2);
7 }

Listing 4. Example C pro-
gram with nested macros.
FOO depends on PLUS and
BAZ; at first sight FOO is not
expression-like, but after ex-
panding PLUS it becomes one.

FOO
a + BAZ

invoke

PLUS
+

expand BAZ
THREE

invoke

THREE
3

invoke

Figure 2. Macro Depen-
dency Graph (MDG) for List-
ing 4. The invoke-expand
algorithm classifies PLUS as
expand and FOO, BAZ, THREE

as invoke, yielding a valid
expression-like macro.

Cyclic dependencies are not permitted in the MDG. If
recursive macro expansion is detected, the corresponding
macro invocation is conservatively classified as expand. This
restriction is necessary because the recursion semantics of
C preprocessor macros do not directly correspond to Rust
macro expansion semantics.

The algorithm processes each macro definition as follows.
1. Graph construction. The source file is scanned and every
macro definition is added as a node. If the body of a macro
𝑀 references another macro 𝑁 , we add an edge (𝑀, 𝑁 ) to
the MDG. A fresh MDG is built for every C translation unit.
2. Depth-first traversal. Every macro definition serves in
turn as a starting point, since the MDG generally has several
roots; results are memoised, so each macro is visited once.
The traversal is depth-first, and each macro𝑀 is classified
in post-order, after all macros it references. We attempt to
parse its body as a C expression. If successful, 𝑀 is tagged
as invoke (to be preserved as a macro invocation). If pars-
ing fails, 𝑀 is tagged as expand (to be replaced by its fully
expanded body).
3. Inductive handling. Because 𝑀 is classified only after
its dependencies, the tags are assigned in a topological order
of the MDG, and the classification of 𝑀 builds inductively
on the decisions made for its dependencies.
The result is that only the minimal set of macros needed

to yield valid expression-like macros are expanded. In the
example of Listing 4, PLUS is classified as expand, while FOO be-
comes invoke, yielding a valid expression at its call site: Ox-
idize emits macro_rules! FOO { ($a:expr) => { $a + BAZ!() }; } (sim-
plified; the emitted definition also carries the type parameters
of §4.4). Figure 2 shows the corresponding MDG, with nodes
annotated by their final classification.

4.3 Macro Hygiene
Because macro invocations are purely text-based copy-and-
paste operations, they lack any notion of scoping or hygiene.
This makes them susceptible to shadowing and other hygiene

1 #define STRCPY(x,y) strcpy((x),(y))
2
3 int main() {
4 int (*strcpy)(char*, char*) = otherfunc;
5 char a[] = "Hello";
6 char b[] = "abc";
7 STRCPY(a, b); // Expands to strcpy((a), (b));
8 // No safe Rust equivalent.
9 // Would resolve to local variable, not the libc strcpy.
10 }

Listing 5. Example of an unhygienic C macro that cannot
be safely translated to Rust because of identifier shadowing.

issues. Rust macros, in contrast, are hygienic by design, so
this semantic gap must be addressed during translation.
Listing 5 shows a concrete case. Here, the macro STRCPY

expands to a call to strcpy, but within main the identifier
strcpy has been shadowed by a local function pointer. The
expansion therefore resolves to the local identifier rather
than the standard library function, silently changing the se-
mantics of the code. Such captures occur in practice: Linux
v2.6.32 defined VMALLOC_END on ia64 as an alias for the
global vmalloc_end, and mm/vmalloc.c later declared a local
const unsigned long vmalloc_end initialised from VMALLOC_END, so af-
ter expansion the variable was initialised from itself; the
kernel’s fix was to drop the macro [10].
To ensure correctness, Oxidize enforces a hygiene disci-

pline on macros: all identifiers used in a macro body must
either be macro parameters or globally defined symbols that
are not shadowed at invocation sites. If this condition is
violated, the invocation is replaced by its preprocessor ex-
pansion, kept from the front end, and a translation warning
is issued. This prevents unsafe shadowing from leaking into
the Rust code.

While such macros are legal in C, they are generally con-
sidered a code smell since their semantics depend on fragile
interactions with the surrounding scope. By flagging and ex-
panding them, Oxidize preserves semantics while signaling
potential maintainability issues to the developer. Expansion
at this stage remains possible despite having already passed
the contraction phase, because it is performed directly on
the parsed AST: the macro invocation is simply replaced by
the macro body’s AST.

4.4 Macro Typing
Macros lack any information on the types of their arguments,
since they are merely token sequences without any associ-
ated type data. This limitation is not unique to C—all syn-
tactic macro systems (including Rust’s) expand purely on to-
kens. In C, however, the effect is magnified by the language’s
implicit conversions: integer promotions, usual arithmetic
conversions, and pointer arithmetic all change semantics de-
pending on operand types. In regular code, a translator can
analyze types and insert explicit casts to preserve behavior.
Inside macros, this context is missing, so naive translation
can yield compilation errors or diverging semantics.
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#define ASN(x,y) \
x = y

void foo() {
int x;
char y = 12;
ASN(x, y);

}

(a) C

macro_rules! ASN {
($x:expr,$y:expr)=>
{ $x = $y }

}
fn foo() {
let mut x: i32;
let mut y: i8 = 12;
ASN!(x, y);

}

(b) Naive Rust (bro-
ken)

macro_rules! ASN {
($x:expr,$y:expr,
$ty:ty)=>
{ $x = $y as $ty }

}
fn foo() {
let mut x: i32;
let mut y: i8 = 12;
ASN!(x, y, i32);

}

(c) Corrected Rust

Listing 6. Assignment macro: C source (a), naive Rust trans-
lation that breaks because the implicit char-to-i32 coercion
is not preserved (b), and the corrected Rust that adds an
explicit as cast through a typing parameter (c).

1 #define ADD(x, y) x + y
2 void foo() {
3 int x = ADD(1, 2);
4 int* y = ADD(&x, 1);
5 }

Listing 7. Example of a C program using an addition oper-
ator in a macro resulting in both an addition and a pointer
arithmetic operation being performed in said macro.

To bridge this gap, Oxidize employs three complementary
strategies: macro type parameters, helper traits, and a generic
cast macro. Together, they ensure that expression-like macros
remain both correct and idiomatic when translated into Rust.
Macro Type Parameters. Some macros hide implicit casts.
For example, the ASN macro in Listing 6 performs an as-
signment where C would insert an implicit conversion from
char to int. In Rust, the naive translation fails because no
implicit cast is available. The key observation is that while
we cannot infer the exact type in advance, we can detect
that a cast must occur. Oxidize therefore extends the macro
with an explicit type parameter, inferred at each call site,
as shown in Listing 6c. This preserves correctness without
losing readability.
Helper Traits. Other macros overload operators in ways
that depend on operand types. Consider the ADD macro in
Listing 7, used both for integer addition and for pointer arith-
metic. Oxidize pre-generates a trait module once per transla-
tion: for 16 of C’s binary operators, one generic trait, such as
HelperAdd<T> (Listing 8), where T is the right-hand operand type,
Self the left-hand one, and the associated Output the result type.
Each pair of primitive operand types gets an impl applying
C’s usual arithmetic conversions [13, §6.3.1.8]; combinations
C forbids (floating-point operands of bitwise operators) are
pruned. Pointer arithmetic is handled by a similar mecha-
nism in a separate pass. At a call site ADD(x, y) Oxidize emits
x.helper_add(&y) (Listing 9), and Rust’s trait resolver selects the
impl matching the operand types, so Oxidize never has to
infer them itself.
Cast Macro. Finally, some C casts cannot be mapped directly
to Rust’s as operator (notably arrays and function pointers,

1 trait HelperAdd<T> {
2 type Output;
3 unsafe fn helper_add(&self, rhs: &T) -> Self::Output;
4 }
5 impl HelperAdd::<i32> for i32 {
6 type Output = i32;
7 unsafe fn helper_add(&self, rhs: &i32) -> Self::Output {
8 *self + *rhs
9 }
10 }
11 impl<T> HelperAdd::<i32> for *mut T {
12 type Output = *mut T;
13 unsafe fn helper_add(&self, rhs: &i32) -> Self::Output {
14 unsafe { self.offset(*rhs as isize) }
15 }
16 }
17 unsafe fn foo() {
18 let mut x: i32 = 1.helper_add(&2);
19 let y: *mut i32 = (&raw mut x).helper_add(&1);
20 }

Listing 8. Rust helper trait HelperAdd emulates C’s over-
loaded + semantics (as used in Listing 7). The same syntactic
construct (helper_add) performs either integer addition or
pointer arithmetic, depending on operand types.

1 trait HelperAdd<T> // ...
2 macro_rules! ADD {
3 ($x: expr, $y: expr) => {
4 $x.helper_add(& $y)
5 }
6 }
7 unsafe fn foo() {
8 let mut x: i32 = ADD!(1, 2);
9 let y: *mut i32 = ADD!(&raw mut x, 1);
10 }

Listing 9. Translated ADD macro from Listing 7 in Rust. The
macro expands to calls to helper_add, preserving C’s type-
dependent behavior within a single syntactic construct.

1 macro_rules! helper_cast {
2 (regular, $lhs: expr, $rhs: ty) => {
3 $lhs as $rhs
4 };
5 (array, $lhs: expr, $rhs: ty) => {
6 $lhs.as_ptr() as $rhs
7 };
8 }
9 // at each invocation the translator fills in the kind:
10 helper_cast!(regular, x, i64)
11 helper_cast!(array, buf, *const u8)

Listing 10. Implementation of a (here simplified) generic
Rust casting macro helper_cast, which abstracts different
categories of casts. The regular case performs primitive
casts directly, while the array case lowers an array to a
pointer using as_ptr() before casting. Additional variants
can be added to support other C-to-Rust cast semantics; the
last two lines show invocations as the translator emits them.

which require a sequence such as as_ptr() + slice coercion +
pointer cast). Oxidize provides a generic helper_castmacro
(Listing 10) that dispatches on an explicit “kind” argument
the translator fills in at each invocation.
These three strategies cover the main classes of typing

issues in macro translation. Type parameters make implicit
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casts explicit, helper traits capture operator overloading id-
ioms, and the cast macro handles C’s corner-case conver-
sions. Combined with macro contraction, invoke-expand,
and hygiene, they complete the macro-preservation pipeline
in Oxidize, allowing even complex expression-like macros
from real-world C codebases to be rendered as correct Rust.
In practice, the four passes above run sequentially per C

translation unit: contraction, invoke-expand, hygiene checks,
then typing. The result is Rust code faithful to the semantics
of the original C while exposing implicit behaviours in a
maintainable form.

5 Evaluation
Our evaluation answers two questions. RQ1: Can Oxidize
preserve macros across real-world C codebases better than ex-
isting translators? RQ2: How robust is Oxidize compared to
prior work across diverse datasets of C programs? §5.1 ad-
dresses RQ1 on macro-heavy real-world applications; §5.2
addresses RQ2 across six single-file datasets and closes with
a performance-overhead note.

5.1 Macro Preservation (RQ1)
We evaluate Oxidize’s ability to preserve macros across real-
world, macro-heavy codebases. The evaluation answers two
complementary questions per codebase: coverage (howmuch
of the source each tool turns into compilable Rust) and re-
tention (of the macros that fall within scope, how many each
tool preserves as explicit Rust constructs). The two questions
admit different denominators and therefore separate figures.
Selected programs. We evaluate nine codebases selected by
the following criteria: open-source, pure C, a self-contained
build system, and an end-to-end smoke validation for the
resulting binaries (in-tree tests where the codebase ships
them; a manual run otherwise: for doomgeneric, launching
and briefly playing the game). The nine (146 source files,
141 kLoC, see Figure 3 for per-codebase sizes) span interac-
tive utilities (sl, lolcat, nyancat), text processing (FIGlet),
compression (zlib, bzip2, smaz), system libraries (libpng),
and a full game engine (doomgeneric).
Methodology. For each codebase we run a build interception
pass that records every translation unit (TU)’s compilation
flags, then invoke each translator on every TU and compile
its outputwith rustc, so that only translations rustc accepts
are counted. Macro definitions and call sites are enumerated
by walking each TU with libclang into a per-codebasemacro
census. Each translator’s Rust output is parsed with tree-
sitter to identify surviving definitions (macro_rules! or pub
const items) and surviving invocations.
We compare Oxidize against C2Rust (default and experi-

mental1) and rust-bindgen. The two C2Rust variants appear
alongside Oxidize as the columns in Figure 3; rust-bindgen

1Both --translate-const-macros and --translate-fn-macros set to
experimental.
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66/146  (45%)
33.9k/140.6k (24%)

129/146  (88%)
102.7k/140.6k (73%)

129/146  (88%)
87.2k/140.6k (62%)

Figure 3. Per-codebase coverage of files accepted by rustc
after each tool’s translation. Cells show the number of source
files (top, in bold) and source LoC (bottom), both in absolute
counts and as a percentage of the codebase total, plus the
manual smoke outcome of the hybrid binary (third line).

emits FFI bindings rather than function bodies and there-
fore joins the comparison only in the retention figure (Fig-
ure 4). Hayroll [24] appears in neither figure; we discuss it
separately below. LLM-backed tools are not part of RQ1:
per-macro retention is ill-defined for output that inlines
or rewrites macros freely, and agentic translation of whole
codebases remains costly: porting Bun’s 535k lines of Zig to
Rust took up to 64 parallel Claude agents 11 days and about
$165,000 in API usage [35], whereas our entire single-file
LLM evaluation cost about $550 of usage credit (§5.2).
Coverage. Figure 3 reports, per codebase, the fraction of
source files whose translated Rust is accepted by rustc. Ox-
idize and C2Rust each translate 129 of 146 source files
(88%) pooled across the nine codebases; C2Rust experimen-
tal reaches 66/146 (45%). Oxidize reaches 100% file coverage
on eight of the nine codebases (sl, nyancat, lolcat, smaz,
FIGlet, zlib, bzip2, and doomgeneric); on doomgeneric
alone this represents 84/84 files and 59 kLoC of game-engine
source. Its single lower-coverage outlier is libpng at 7/24
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Figure 4.Macro retention on the per-TU inter-
section where both Oxidize and C2Rust pass
rustc. Cells: distinct definitions retained (top,
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Figure 5. Exec-OK rates: rows are datasets, columns are translation tools
(Oxidize and C2Rust first, then the other rule-based tools, then the LLM-
backed ones). Cells show successful runs / total runs (percentage).

(29%), where C2Rust reaches 14/24. Pooled by LoC, C2Rust
leads with 73% against Oxidize’s 62%: Oxidize’s remaining
failures concentrate on large files (libpng’s 17 failing files
average 3.1 kLoC each). Beyond per-file acceptance, each
cell’s third line reports a manual end-to-end smoke outcome.
For every (codebase, tool) pair we link a hybrid binary: trans-
lated TUs as Rust objects, untranslated TUs as their original
C objects. The tag records whether that binary builds, links,
and passes its smoke validation (running), or where it first
fails (build / link / run). Oxidize yields a running binary
on all nine codebases, C2Rust on eight, and C2Rust experi-
mental on six. The exception is telling: C2Rust translates 81
of doomgeneric’s 84 files and the binary links, but it panics
at start-up on an out-of-bounds index in translated code.
Compiling in isolation does not imply a runnable binary.
Macro population. The nine codebases collectively define
2862 macro definitions across 14 419 call sites, including
277 function-like-expression and 95 function-like-statement
definitions; four of the nine declare more than 25 function-
like macros each (libpng alone declares 190). The full per-
codebase, per-class breakdown is in our technical report [4].
Macro retention. Figure 4 reports per-class retention re-
stricted to the per-TU intersection where both Oxidize and
C2Rust pass rustc’s compilation (120 files across the nine
codebases, covering 1863 distinct macros in the per-class
union). The intersection is the only file set on which a per-
tool retention comparison is dimensionally fair: tools are
scored on the same TUs, so a difference in coverage cannot
inflate or depress retention.
The main result is the function-like-expression row: Oxi-

dize retains all 134 definitions and 551 of the class’s 1485
call sites (37%); every other tool retains 0 on both axes. This

is the class that motivates the contribution: function-like
macros are a routine maintainability construct and no other
tool in the figure preserves them at any rate. The two axes
use different denominators. Definitions are scored against a
per-class union, the macros that at least one tool retains, so
a macro no translator can keep penalises none of them; call
sites are scored against every call site of the class in scope.
Two consequences follow. Statement-like macros have no
row at all: none of the 67 invoked in the qualified TUs is
retained by any tool, Oxidize included, since they fall outside
the expression-like subset of §3.5. And within the classes
shown, 1 constant-literal, 31 non-constant-expression, 38
function-like-expression and 185 other macros are invoked
but retained by nobody: they sit outside the definition de-
nominators, but their call sites count against every tool.

On the object-like classes, the split shows how close rust-
bindgen, which can only emit constants, comes to Oxidize.
For constant-literal macros (1365 in the union), Oxidize re-
tains 1354 (99%) and rust-bindgen 1218 (89%); C2Rust trails
at 751 (55%) and C2Rust experimental at 130 (10%). Constant-
expression—object-like macros whose body is a non-literal
constant such as (1 << SHIFT)—saturates at 70/70 for Oxi-
dize versus 65 (93%) for bindgen and 55 (79%) for C2Rust.Non-
constant-expression—object-like macros whose body names
an identifier, a syntactic class that also catches aliases of
other constants (cf. Listing 1)—is where the constant-folding
tools fall behind: out of 283, Oxidize retains 250 (88%), bind-
gen 167 (59%), and C2Rust 150 (53%). Oxidize therefore beats
bindgen on every constant class while remaining the only
tool in Figure 4 that preserves function-like macros.

C2Rust’s lower retention on constant macros is partly an
artifact of its translation strategy rather than its inability to
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translate such macros. C2Rust only translates macros that
are referenced in the code as it requires the usage of the
macro to determine the type of the generated constant. As a
result, C2Rust does not provide a configuration flag to force
the translation of unused macros and scores significantly
lower than Oxidize and rust-bindgen.

Pooled across all classes, Oxidize retains 1818/1863 (98%)
of the union’s macro definitions, against rust-bindgen’s
1461/1863 (78%), C2Rust’s 962/1863 (52%), and C2Rust exper-
imental’s 181/1863 (10%).
C2Rust experimental: invocations without definitions.
The 10% pooled retention for C2Rust experimental is the
visible end of a structural failure: the experimental function-
macro mode emits macro invocations (NAME!(. . . )) at ev-
ery call site but never emits the corresponding macro_rules!
definitions, so the output cannot compile. Figure 3 shows the
same result on the coverage axis: 66/146 files pass rustc un-
der C2Rust experimental against 129/146 for default C2Rust.
Bindgen as a bindings generator.We include rust-bindgen
in the retention comparison as the baseline, but with the
caveat that bindgen emits FFI bindings (extern declarations
and pub const items) rather than implementation code.
Bindgen never emits function bodies; for that reason it does
not appear in Figure 3. On Figure 4, bindgen trails Oxidize
on every constant row and reaches 0% on every function-like
row, by design rather than by implementation gap.
Hayroll on whole-codebase inputs. We also ran Hay-
roll [24] (§2.5) on all nine codebases, with a 15-minute
timeout per file. It translates 88 of the 146 files, and 72
of them compile (49%, against 129 (88%) for Oxidize). On
doomgeneric, 56 of its 84 files compile, fewer than C2Rust
alone (81), whose output it refines, and the binary faults at
start-up, as C2Rust’s does. On zlib and libpng it completes
2 of 41 files, and 34 hit the timeout; Hayroll’s authors report
this limit and evaluate zlib with exploration restricted to
five configuration flags [24, §5, §6.1]. Translating the nine
codebases took Hayroll at least 11 hours, 9.5 of them in the
38 files cut off at the timeout, against one hour for Oxidize
and about a minute for C2Rust. Our retention metric, which
counts macro definitions and invocations in the output, finds
none in Hayroll’s: Hayroll reconstructs macros as Rust func-
tions specialised per argument type or as macro_rules! [24,
§2.3.1, §3.5], and none survives as a macro on our codebases.
Measured this way, Hayroll trails Oxidize on coverage, reten-
tion and translation time. Since Hayroll does not complete
38 files within the timeout and preserves no macro that our
metric can count, we report its results here rather than as a
column of Figures 3 and 4.
Conclusion. Across the nine codebases, Oxidize and C2Rust
translate the same share of files (129/146), and on the 120 files
where both succeed Oxidize retains 98% of macro definitions
against 52% for C2Rust and 78% for rust-bindgen. It exceeds
rust-bindgen on every constant macro class and is the only
tool in Figure 4 with non-zero retention on function-like

macros (all 134 function-like-expression definitions and 37%
of the class’s call sites). These results answer RQ1: at equal
coverage, Oxidize preserves the macro structure central to
a maintainable Rust port at substantially higher rates than
existing rule-based tools.

5.2 Translatability across Datasets (RQ2)
Macro preservation (RQ1) is central to maintainability, but
a translator is only useful if it produces correct, executable
code. We therefore assess translatability: the ability to trans-
late single-file C programs into Rust programs that compile
under rustc and reproduce the original program’s output
and exit code, measured across diverse datasets.
We evaluate Oxidize alongside nine other translators,

grouped left-to-right in Figure 5: the main rule-based base-
line C2Rust [12]; the concurrent academic translators Hay-
roll [24] and Cpp2Rust [25]; the legacy rule-based translators
Corrode [30], CRUST [31], and Citrus [16]; and LLM-backed
tools (Claude Opus 4.7, Codex GPT-5.3, both invoked through
an agentic compile-and-fix loop, and C2SaferRust [19]).
Datasets.We evaluate on six single-file datasets. Handwrit-
ten unit tests (102 programs) cover core C constructs (structs,
enums, pointers, control flow). LLM-generated programs (56)
add algorithmic tasks. LLM-generated macros (34) stress ad-
vanced macros (X-macros, variadics). CodeNet (108) samples
real submissions from the IBM CodeNet collection [26] as a
real-world workload. Csmith (120) and Macsmith (120) are
random-program generators tuned to stress different trans-
lator surfaces: upstream Csmith [41] (with goto, without
bitfields) probes control-flow translation; Macsmith extends
Csmith with object- and function-like macro emission to
probe macro handling on adversarially generated inputs.
Evaluation protocol. For each program we measure three
outcomes: (1) Translate-OK : the tool emits Rust code; (2)
Compile-OK : the emitted Rust code compiles under rustc;
and (3) Exec-OK : the resulting binary’s standard-output and
exit code match the C reference. Our main metric is Exec-OK :
a successful Exec-OK requires the prior two to succeed. All
experiments run on identical hardware, in per-tool Docker
environments composed with pythainer [22], with fixed flags
(gcc -O3 for the C reference, cargo build --release for
Rust), and no manual edits are applied to translator outputs.
LLM tool configuration. The LLM-backed tools run under
a configuration fixed by our evaluation pipeline: a prompt
template (identical for both agentic tools, see our technical
report [4]) providing the C source, the reference test cases
and the required output path, with the source’s directory
linked into the working directory so that headers resolve;
pinned model identifiers (Claude Opus 4.7, Codex GPT-5.3);
and each tool’s own agentic compile-and-fix loop, at default
settings except Codex’s reasoning effort, set to high. The 10-
minute per-file cap applied to every tool bounds each loop;
there is no iteration limit. The prompt templates, per-tool
settings, and the pipeline are part of our artifact.
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Figure 6. Runtime (top) and memory (bottom) overhead of the translated programs relative to Clang (baseline = 1.0): median
over 10 runs per benchmark (columns, ordered by runtime overhead) and configuration (rows); grey cells have no valid
measurement. Oxidize closely tracks Clang in runtime, with most benchmarks within 5–10% and no systematic slowdown
compared to C2Rust. In memory, Oxidize follows C2Rust; the benchmarks that usemorememory than C (e.g., math, mandelbrot,
nbod) do so in every Rust configuration, idiomatic Rust included: a language/runtime effect rather than a translation artifact.

Results. Figure 5 reports per-(dataset, tool) Exec-OK rates.
Aggregated across the 540 single-file programs in the six
datasets, the two main rule-based tools are closely matched:
C2Rust passes 533/540 (99%) and Oxidize passes 519/540
(96%). Both reach 100% on Handwritten and the LLM pro-
grams, and stay above 90% on the harder datasets (Csmith
andMacsmith). Considered alongside Figure 4, this is the cen-
tral RQ2 finding: Oxidize preserves themacro structure of the
input at substantially higher rates than the other rule-based
tools, while staying within three points of C2Rust’s Exec-OK.
Hayroll reaches 99/102 on Handwritten, 56/56 and 33/34 on
the LLM programs and 108/108 on CodeNet (454/540 pooled),
but only 62/120 on the macro-dense Macsmith programs: the
Rust it generates for reconstructed macros does not always
compile (e.g., #define M_8 (void*)0 becomes a function
with no return type). The LLM-backed tools tell a differ-
ent story. Claude and Codex achieve perfect or near-perfect
Exec-OK on Handwritten, the LLM programs, and CodeNet.
On the random-program datasets they degrade more visibly:
92/120 (77%) and 89/120 (74%) on Csmith, 82/120 (68%) and
102/120 (85%) on Macsmith. C2SaferRust is near-perfect on
the LLM programs and CodeNet but reaches only 25/102 on
Handwritten and about 40% on the random sets. CRUST and
Citrus are at or near zero everywhere; Corrode holds up on

the small sets but drops to 19/108 on CodeNet and to zero on
the random ones. All three are included for completeness.
Cost and operational considerations.Beyond per-program
success rates, three operational properties separate LLM-
backed translators (Claude, Codex, C2SaferRust) from rule-
based ones. Wall-clock per file: across the 540 single-file
programs, the mainline rule-based tools have median trans-
lation times under two seconds (C2Rust 0.37 s, Oxidize 1.45 s)
and 𝑝95 below 30 s. The LLM-backed tools sit one to two
orders of magnitude higher: median 18.9 s for Claude, 47.4 s
for Codex, with 𝑝95 in the few-minute range and occasional
timeouts at the ten-minute per-file cap. Cost: the LLM eval-
uation for this paper incurred approximately $550 net of
VAT in third-party inference API charges, with per-file costs
ranging from a few cents to several dollars depending on
file size and the agentic loop’s iteration count. Code privacy:
LLM-backed translation routes the C source through a third-
party inference API; for codebases under non-disclosure
agreements or export controls, this rules out the deploy-
ment shape unless an on-premise model is substituted. None
of these properties affect the syntactic translation quality
reported in Figure 5, but together they constrain the oper-
ational viability of LLM-backed translation in practice; the
rule-based tools (including Oxidize) face none of them.



EuroSys ’27, April 19–23, 2027, Rabat, Morocco R. De Greef, T. Engels, F. Van den Broucke, K. Hasselmann, A. Paolillo

Performance overhead. A separate concern is whether Oxi-
dize’s output runs as fast as the original C: a translator that
produces correct but slow Rust would not be a viable migra-
tion path. We compared the runtime and memory of Oxi-
dize’s output against the original C (compiled with gcc -O3)
and against hand-written Rust on a standard microbench-
mark suite, using benchkit [23]. Figure 6 reports the per-
benchmark runtime and memory overhead. In runtime, Oxi-
dize’s output tracks Clang within 5–10% on most workloads,
as C2Rust does; in memory it matches C2Rust almost entirely,
and the benchmarks on which it uses more memory than C
are those on which every measured Rust configuration does.
The full methodology is in our technical report [4].
Conclusion. Oxidize achieves Exec-OK rates competitive
with C2Rust across the six single-file datasets (96% versus
99% pooled), while preserving function-like macros, which
C2Rust does not (§5.1). The LLM-backed tools are competi-
tive on raw Exec-OK on small and real-world datasets but
degrade on adversarial inputs and carry operational con-
straints (wall-clock, cost, code privacy) that rule-based tools
do not. RQ2 is thereby answered: Oxidize translates correctly
across diverse single-file workloads without sacrificing the
maintainability properties RQ1 measures.

6 Limitations
C language features. Some C language features remain
unsupported, most notably bitfields. While Rust does not
support bitfields directly, various crates exist that provide
support through procedural macros. Supporting bitfields
using such helper crates remains future work in Oxidize.
Unsupported macro classes. As detailed in §3.5, Oxidize
accepts the expression-like macro subset and conserva-
tively expands the rest, so translation never fails on macros.
The two most prominent unsupported classes are type
macros (#define TYPE int) and statement macros. Both are
amenable to the same macro-contraction technique: type
macros require running contraction over types in addition to
expressions, and the prevalent do {...} while(0) idiom
can be recognized and translated as a Rust block expression.
Neither is implemented in the current prototype; we expect
both to be straightforward extensions. Statement macros
that declare local variables in the enclosing scope (rather than
within a do {...} while(0) wrapper) need one more step:
Rust’s macro hygiene hides local bindings a macro body
introduces, so each declared name must become an extra
identifier parameter, as Oxidize already does for types (§4).
Oxidize also does not currently support the C preproces-

sor’s stringification (#) and token-pasting (##) operators,
whose semantics do not map cleanly onto Rust’s macro sys-
tem. In addition, conditional-compilation constructs are re-
solved during preprocessing rather than translated into Rust
#[cfg(...)] attributes. Preserving configuration structure
across translation remains future work.

Maintainability evidence.Wemeasure macro preservation,
a necessary condition formaintainable output: an abstraction
expanded away can no longer be maintained as one. We
do not measure maintainability itself; a developer study of
review and post-translation edit effort, and of readability
relative to human-written Rust, remains future work.
Code quality. Although Oxidize improves readability com-
pared to prior translators, its output still contains unsafe
blocks and non-idiomatic constructs. Hong and Ryu argue
for a chain of refinement passes over translator output, each
replacing a specific unsafe or unidiomatic pattern with a
Rust-native equivalent [11]; Oxidize’s structure-preserving
IR is designed to host such passes natively rather than as
post-processing over expanded code. The isspace example
of Listing 2 illustrates the kind of low-level expansion that
would benefit from a future standard-library-mapping pass
that recognizes idiomatic C constructs and substitutes their
Rust counterparts (e.g., char::is_whitespace).

7 Conclusion
We presented Oxidize, the first complex-macro-preserving C-
to-Rust translator [3]. Unlike prior tools, Oxidize contracts,
types, and preserves macros with their original intent, en-
abling semantic equivalence and developer-readable code.
Our evaluation shows that this approach allows Oxidize to
translate substantially more macros than competing transla-
tors and achieves robust translatability across datasets.
Future work. We plan to broaden the range of target appli-
cations to include drivers, databases, and other system-level
frameworks; to extend the macro-contraction technique to
type macros and statement macros; to expand both perfor-
mance benchmarking and translatability testing so that future
evaluations can be standardized across multiple languages
and workloads; and to explore LLM-assisted authoring of
individual refinement passes over the IR, where each gener-
ated pass is small and checkable, as an alternative to LLM
translation of whole programs.
Outlook. By preserving macros, Oxidize shows structure-
preserving translation to be practical on macro-heavy code-
bases, a necessary condition for maintainable migration. Our
longer-term vision is to evolve Oxidize into a general frame-
work for structure-preserving migration across program-
ming languages—one that preserves the semantics of legacy
code while keeping it open to ongoing maintenance.
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