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Abstract

Macros are a central feature of the Rust programming language, en-
abling metaprogramming and compile-time code generation. How-
ever, there is limited empirical understanding into how they are
used in practice. Using a descriptive survey design, we analyze
macro usage across the 99 most popular open-source Rust repos-
itories on GitHub, comprising 4,001 crates and 2,215,517 total in-
vocations, with a custom Tree-sitter-based static analysis pipeline.
We address three research questions: (RQ1) how are invocations
distributed across macro categories (declarative, derive, attribute,
function-like). (RQ2) how concentrated is macro usage around a
small set of widely-used ecosystem crates. (RQ3) how does invoca-
tion density vary across project domains. We find that declarative
macros dominate macro definitions while function-like and declar-
ative call sites jointly dominate macro invocations. Derive and
attribute macros are concentrated among a small set of widely-
used ecosystem crates: Three crates alone account for 31.9% of
user-defined attribute invocations. Finally, educational and AI/LLM-
oriented projects exhibit higher density than general-purpose ap-
plication code.
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1 Introduction

Rust is a modern systems programming language recognized for its
performance, concurrency support, and robust memory safety guar-
antees achieved without the overhead of a garbage collector [7, 10].
Among Rust’s key distinguishing features is its powerful macro
system, enabling metaprogramming and compile-time code gen-
eration. Macros enable abstraction, reduce boilerplate code, and
allow developers to express domain-specific logic [9]. Due to their
versatility, macros are often used not only within Rust’s standard
library and compiler internals but also across third-party crates
(the Rust ecosystem’s unit of compilation and distribution) and
applications, supporting tasks such as automatic trait derivation,
syntactic transformations, and custom compile-time behaviors.

Despite their widespread adoption, there remains limited empir-
ical evidence regarding how macros are used in Rust, particularly
at a large scale. Ernst et al. [4] and Dietrich [3] analyze C macro
usage. Pappas and Gazzillo [16] address macro portability within
C, while Peng et al. [17] address portability to Rust. The absence
of studies on macro usage in Rust poses challenges for language
designers, tool developers, and practitioners aiming to understand
maintainability, complexity, and productivity implications.

In this paper, using a descriptive survey design, we conduct the
first large-scale empirical characterization of macro usage patterns
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in Rust, to the best of our knowledge. It covers the 99 most popular
open-source Rust repositories on GitHub, comprising 4,001 crates
and more than 2.2 million macro invocations. We aim to systemat-
ically identify trends in macro usage, categorize prevalent macro
types, and reveal which projects rely most heavily on macros.

To achieve these goals, we developed FERROMETER,! a static anal-
ysis tool using GitHub’s GraphQL API and the Tree-sitter frame-
work [2]. Our tool classifies macro usage into four categories: declar-
ative macros, derive macros, attribute macros, and function-like
macros, enabling a detailed quantitative assessment of macro usage
patterns. Our results show that declarative macros dominate macro
definitions while function-like and declarative call sites jointly
dominate macro invocations, reflecting their ease of use and ver-
satility. In particular, derive and attribute macros from prominent
crates such as serde and tokio demonstrate broad adoption across
diverse project contexts. Macro usage intensity also varies across
domains, with educational and AI/LLM-oriented projects exhibiting
the highest density, indicating that domain context meaningfully
shapes macro adoption.

We believe that this study provides guidance for both Rust de-
velopers and researchers. Understanding macro adoption practices
can inform future macro-aware tooling developments, improve
maintainability and readability in macro-intensive projects, and
contribute to better guidelines and documentation.

More specifically, from a software-reuse perspective, macros are
themselves a reuse mechanism: Rather than duplicating boilerplate
across projects, developers reuse macro definitions published by
ecosystem crates, invoking them uniformly across otherwise unre-
lated codebases. Our RQ2 findings characterize this reuse pattern
concretely: A small number of crates supply the macros that a large
share of the ecosystem imports and invokes. This is analogous to
how reusable architectural frameworks standardize cross-cutting
concerns in component-based systems.

The remainder of this paper is structured as follows. Section 2
reviews Rust’s macro system and motivates the need for empirical
investigation. Section 3 details our methodology for data collection
and analysis. Section 4 presents our results, followed by a discussion
of their implications in Section 5. Section 6 addresses threats to
validity, and we review related work in Section 7. Finally, Section 8
concludes the paper and proposes future research directions.

2 Background and Motivation

Rust is a statically typed systems programming language designed
for performance-critical applications, providing safety and concur-
rency guarantees without relying on a garbage collector [7, 10]. The

'From ferro-, evoking iron and rust, and -meter, a measuring instrument
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macro system is a core feature, allowing sophisticated metaprogram-
ming and compile-time code generation. Using macros, developers
can eliminate boilerplate code, achieve higher levels of abstrac-
tion, and express domain-specific constructs, all without sacrificing
runtime efficiency or static safety guarantees.

Unlike traditional macro systems found in languages like C or
C++, which rely on textual substitution performed by preproces-
sors, Rust macros operate directly on tokens rather than raw text.
C preprocessor macros suffer from several well-documented pit-
falls: argument expressions are substituted verbatim, so a macro
like #define SQUARE(x) x*x evaluates SQUARE (1+2) to 1+2%1+2
= 5 rather than 9. Macros can silently capture variables from the
surrounding scope, causing subtle name-clash bugs, and there is
no type checking on arguments, so type errors are only caught
(if at all) after expansion. Rust avoids these pitfalls: declarative
macro_rules! macros are token-based and hygienic, meaning their
internal bindings cannot capture or be captured by identifiers at
the call site. Procedural macros are also token-based but are unhy-
gienic, and are best understood as compile-time token transforma-
tions whose output is subsequently type-checked by the compiler.
Rust’s macro system is categorized into declarative and procedural
macros [9], each tailored to distinct use cases and complexity levels.

Declarative macros, defined using the macro_rules! syntax,
are pattern-matching macros that transform code snippets accord-
ing to predefined rules. They are widely used due to their sim-
plicity, readability, and hygienic expansion behavior, making them
accessible even to developers new to metaprogramming. Listing 1
defines a vec! macro: the pattern $($x:expr) , * matches a comma-
separated sequence of expressions, and the expansion pushes each
matched expression onto a freshly allocated Vec. A call such as
vec![1, 2, 3] expands to three push calls, code that would other-
wise be written by hand for every collection initialization. Without
vec!, initializing a three-element vector requires declaring a Vec,
calling push three times, and returning it, four lines of code instead
of one. Declarative macros eliminate this class of boilerplate.

Listing 1: Declarative macro for vector initialization

macro_rules! vec {
( $( $x:expr ) ,« ) =>{
{
let mut temp_vec = Vec::new();
$( temp_vec.push($x); )=
temp_vec
}

1

Procedural macros, in contrast, offer deeper customization by
running at compile time and transforming token streams repre-
senting Rust syntax. They can be understood as functions from a
TokenStream to another TokenStream, coming in three main vari-
eties: derive macros, attribute macros, and function-like macros. De-
rive macros automate trait implementations, reducing boilerplate in
scenarios such as serialization or debugging. For instance, Listing 2
shows an example from the serde crate that uses derive macros
to automatically generate serialization code, simplifying data in-
terchange across different formats. This use of #[derive(...)]
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spares developers from implementing boilerplate code for data
interchange, making it useful for data-centric applications.

Listing 2: Derive macro for automatic serialization

#[derive (Serialize ,
struct User {
String ,
u3i2,

Deserialize)]

name :
age:

Attribute macros enable annotations that transform code items,
altering their behavior or generating auxiliary code. An example is
the tokio runtime macro, which conveniently encapsulates setup
for asynchronous programming, as seen in Listing 3.

Listing 3: Attribute macro from the tokio crate

#[tokio :: main]
async fn main() {
asynchronous

code here

Function-like procedural macros share call-site syntax with
declarative macros (i.e., name! (.. .)) but are implemented as Rust
programs that receive a token stream and return a transformed
token stream. They are used when pattern-matching is insuffi-
cient. For example, quote! from the quote crate constructs Rust
token trees programmatically, and sqlx’s query! macro verifies
SQL statements against a live database at compile time. As they are
compiled as separate crates, function-like macros have access to
the full Rust language and crate dependencies, making them more
powerful than declarative macros, at the cost of higher complexity.

The Rust macro system is hygienic, meaning that it guarantees
that identifiers introduced by a macro expansion do not accidentally
capture or are captured by identifiers in the surrounding code. This
is also called referential transparency of bindings [19]. If a declara-
tive macro internally uses a variable named temp, that binding is
invisible to the caller’s scope, and vice versa. This prevents typical
bugs from C macros, where a helper variable inside a macro could
clash with a same-named variable at the call site, and makes macro
expansions compositional: two independently authored macros can
be used together without risk of identifier interference [6].

Macros are integral to Rust’s rich and growing ecosystem. Popu-
lar libraries such as serde, tokio, and thiserror heavily rely on
macros to offer concise, expressive APIs for common development
scenarios: Serialization, asynchronous programming, and error han-
dling. Despite their extensive use and practical importance, detailed
empirical analyses of macro adoption and usage patterns remain
sparse, leaving open questions about how developers use macros
in large, real-world projects.

3 Methodology

We designed and implemented a static analysis pipeline to analyze
macro usage patterns within Rust’s open-source ecosystem. Fig-
ure 1 shows the two-phase pipeline implemented in FERROMETER.
Phase 1 (corpus collection) queries GitHub’s GraphQL API for the
top-99 starred Rust repositories, clones them, and walks the filesys-
tem to discover crates, producing a corpus lockfile that pins the
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exact repository state for reproducibility. Phase 2 (static analysis)
passes each .rs file through Tree-sitter, classifies every macro in-
vocation into one of four categories, normalizes counts by lines of
code, and emits the per-repository results.csv and an interactive
HTML report. The subsections that follow detail each step. Phase
1 constitutes the survey’s sampling frame, the population from
which the corpus is drawn. Phase 2 implements the measurement
instrument applied uniformly to every sampled repository.

Study design. This study follows a descriptive survey design [20].
We formulate three research questions, each targeting a distinct
aspect of macro usage that cannot be answered by inspection of
individual repositories:

RQ1 How are macro invocations distributed across the four macro
categories (declarative, derive, attribute, and function-like)?
We expected function-like and declarative macros to domi-
nate invocation counts, since utility macros like println!
and vec! are invoked repeatedly per function, whereas de-
rive and attribute macros apply once per declaration.

RQ2 How concentrated is macro usage around a small set of
widely-used ecosystem crates? We expected usage to mirror
crates.io’s well-known long-tail concentration, since macros
are typically distributed by crates solving cross-cutting prob-
lems (serialization, async execution, error handling), concen-
trating invocations in a few providers.

RQ3 How does invocation density vary across project domains?
We expected variation by domain: educational projects’ ped-
agogical code samples may over-represent idiomatic macro
use, while projects that build infrastructure code and rely on
serialization and async I/O should elevate derive/attribute
usage relative to application code, which has more hand-
written logic.

The methodology that follows describes how FERROMETER was
designed to answer these questions at scale.

3.1 Corpus Construction

We began by using GitHub’s GraphQL API to select the top 99
public Rust repositories on GitHub based on their star count as
of data collection. This popularity-based selection ensures a focus
on mature, widely adopted, and actively maintained projects. We
chose n = 100% as a corpus size large enough to expose ecosystem-
level concentration patterns (RQ2) while keeping per-repository
statistics (RQ3) interpretable and the manual domain-labeling task
tractable. The exact threshold is not critical to the qualitative find-
ings, as our sensitivity analysis (Section 6) confirms.

To assess domain coverage, we assigned each of the 99 reposito-
ries to one of six categories: systems and CLI tools (29 repos), appli-
cations (20), Al and LLM tooling (17), libraries (17), developer tools
(11), and educational projects (5) (two repositories are excluded
from the RQ3 density analysis due to anomalous ts_cloc_ratio val-
ues, see Section 6). The labeling proceeded in two steps. First, we
used a large language model as an initial-pass classifier following
the LLM-as-judge methodology [14], providing each repository’s
name, GitHub description, README, and primary topic tags as

2We queried the top-100 at the beginning of June 2026, but GitHub’s GraphQL API
included a repository in which the majority of code is not in Rust, so we discarded it.
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input and prompting it to assign a single category from the six-
class scheme. Second, one author of this paper reviewed every
LLM-proposed label against the repository’s README and source,
adjusting 13 of 99 labels (13.1%). The human-adjusted labels are
the ground truth used in all downstream analyses. The LLM step
served as a labor-saving first pass, not as an independent rater.

We acknowledge that LLM-assisted labeling carries risks of
prompt sensitivity and category bias that human review only par-
tially mitigates [14], and that the resulting labels have not been
validated against an independent second human rater. We discuss
the implications in Section 6.

Crate and workspace identification. Rust projects are structured
by crates, identified by the presence of a Cargo. toml file. However,
repositories often define workspaces aggregating multiple crates.
To correctly identify analyzable crates, we recursively traversed
each repository’s filesystem, distinguishing between workspace
configurations (with a [workspace] section) and individual crate
configurations (with a [package] section). Only directories defin-
ing crates were analyzed further.

Filtering and file selection. Instead of performing traditional up-
front filtering, we adopted an incremental parsing strategy for file
selection. Each . rs source file found was immediately parsed using
Tree-sitter. Files failing initial parsing, often test fixtures or inten-
tionally malformed code, were excluded immediately, minimizing
unnecessary overhead. This strategy proved practical and robust,
filtering irrelevant or unusable files without requiring additional
manual configuration.

3.2 Parsing and Macro Classification

Syntax tree analysis with Tree-sitter. We chose Tree-sitter® due
to its speed, scalability, and incremental parsing capabilities, well-
suited for analyzing large-scale codebases across diverse projects.
Tree-sitter produces structured Abstract Syntax Trees (ASTs) with
precise positional information, enabling detailed extraction of macro
definitions and invocations.

Specifically, we extracted macro_invocation nodes, macro defi-
nitions (macro_definition nodes, or procedural macro attributes),
and derive lists and attribute annotations. As a simplified illustra-
tion, consider the following declarative macro definition presented
in Listing 4. The #[macro_export] attribute exposes the macro at
the crate root, making it visible to importers.

Listing 4: Simple declarative macro definition

#[ macro_export]
macro_rules! say_hello {
0 =>{
println! ("Hello, jworld!");

¥

Tree-sitter captures such definitions, distinguishing identifiers,
patterns, and expansions, enabling precise downstream classifi-
cation and analysis. Our tool parses the code into the following
high-level structure.

Shttps://tree-sitter.github.io
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Figure 1: End-to-end macro analysis pipeline.

source_file
+-- macro_definition
+-- identifier: say_hello
+-- rules
+-- pattern
+-- expansion

This structure enables rule-based detection of where macros are
declared and used, independent of stylistic differences.

Macro type classification and heuristics. Macros were classified
into four categories: declarative macros, derive macros, attribute
macros, and function-like macros, as shown in Table 1. However,
due to Tree-sitter’s purely syntactic parsing limitations, ambigui-
ties occasionally arose, particularly in distinguishing function-like
procedural macros from declarative macros. To mitigate these am-
biguities, we relied on heuristics informed by syntactic context
and known macro sets from standard libraries and popular crates.
While this introduced a minor classification approximation, it was
consistent across all analyzed projects and sufficiently accurate for
large-scale pattern analysis.

Table 1: Macro categories and characteristics

Type Description

Declarative Defined using macro_rules!; match-based;
user-defined.

Derive Used via #[derive(...)]; automatically
implements traits.

Attribute Custom annotations like #[tokio: :main];
may change item behavior.

Function-like Invoked like macros but implemented as

procedural transformations.

Declarative/function-like conflation. Declarative (macro_rules!)
and function-like procedural macros share identical call syntax, so
Tree-sitter parses both as the same AST node type. Separating them
would require macro expansion, which we did not perform. The

two result columns therefore report the same counter. We quantify
the impact in what follows.

3.3 Classifier Validation

Before reporting results, we present an empirical validation of the
classification approach described above. This validation quantifies
how reliably the syntactic heuristics in Section 3.2 correspond to
human judgment, and motivates the merged declarative/function-
like category used in all quantitative claims that follow.

To assess the reliability of our classification heuristics, we con-
ducted an inter-rater validation study. We drew a stratified ran-
dom sample with target n = 50 per category to achieve adequate
per-category precision estimates. The allocation is therefore non-
proportional to corpus distribution. The built-in attribute and user-
defined attribute strata received smaller allocations (34 and 16 re-
spectively) because the population of user-defined attribute paths
in the corpus was smaller than the declarative or derive populations.
For each instance we extracted the surrounding source context.

Two researchers labeled all 200 items independently and blind
to each other: one author of this paper, with extensive previous
experience with macros, preprocessors, and software reuse, and one
independent rater who is a professional software developer with
experience using Rust. For practical reasons, we sampled candidate
items by text-pattern matching across the corpus rather than by
re-invoking the AST-based analyzer. Nine items were subsequently
identified as text-pattern false positives (macro names appearing
inside string literals or comments) and excluded from validation as
not representative of the AST-based pipeline’s output, leaving 191
comparable pairs.

Inter-rater reliability. Cohen’s kappa between the two labelers
was k = 0.917 (Almost perfect on the Landis-Koch scale [12]),
with 93.7% raw agreement, indicating strong agreement between
independent raters.

Per-category precision. Using Author 1’s labels as the resolved
label and the tool’s predicted category as the hypothesis, we com-
puted per-category precision (Table 2). Derive macros achieved



How Rust Projects Use Macros

perfect precision (100.0%), confirming that #[derive(...)] syn-
tax is unambiguous. User-defined attributes reached 75.0% and
built-in attributes 67.6%. The apparent precision of the combined
declarative/function-like category was 34.1%: Of the 91 instances
the tool labeled as declarative, 60 were judged to be function-like
procedural macros and only 31 to be genuine macro_rules! in-
vocations. This directly quantifies the known limitation described
above and motivates treating declarative and function-like as a
single merged category in all quantitative claims.

Table 2: Per-category classifier precision from inter-rater
validation (n = 191, 9 unsure items excluded). Resolved label
= Author 1.

Category Prec. TP/ pred.
Derive 100.0% 50 /50
User-defined attr ~ 75.0% 12/ 16
Built-in attr 67.6% 23/34
Decl.+Fn-like® 34.1% 31/91

TConflation artifact; see text.

To enable fair comparison across repositories of varying sizes,
we normalized all invocation counts by lines of code, reporting
macro invocation density as invocations per thousand lines of code
(KLoC). Collected data were serialized to JSON and aggregated into
a per-repository CSV for statistical analysis; an interactive HTML
report was generated automatically from the same JSON and is
included in the replication package. FERROMETER integrates four
modules: a GitHub GraphQL client for corpus selection, a filesystem
crawler for crate discovery, Tree-sitter bindings for parsing, and a
macro walker that collects invocation and definition statistics.

4 Results

Our dataset comprises 4,001 crates drawn from 99 repositories,
yielding 2,215,517 total macro invocations. In what follows, we
answer each of the three research questions.

4.1 ROQ1: Invocation Distribution Across Macro
Categories

How are macro invocations distributed across the four macro cate-
gories (declarative, derive, attribute, and function-like)?

Figure 2 shows the distribution of macro invocations across
the four categories. The combined function-like and declarative
category accounts for the majority of invocations (54.0%), followed
by built-in attributes (31.1%, with #[derive] alone representing
6.1% of all invocations) and user-defined attribute macros (14.9%).
Exact counts appear in Tables 3-9.

Built-in attributes. Table 3 lists the seven most frequently
invoked built-in attributes. #[test] leads, reflecting the Rust com-
munity’s strong testing culture, followed by #[derive] (trait au-
tomation) and #[cfg] (conditional compilation).

User-defined attribute macros. Table 4 shows the seven most
common user-defined attribute macros. The top three originate
from serde (#[serde]), tokio (#[tokio: :test]), and thiserror
(#Lerror]). Ranks four and six (#[stable] and #[unstable]) are
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Figure 2: Distribution of macro invocations by type.

Table 3: Top 7 built-in attributes by invocation count (% of
all built-in attr invocations)

Attribute Invocations %
#[ test] 152,194 22.1%
#[derive] 135,216 19.6%
#lcfgl 101,987 14.8%
#[inline] 95,978 13.9%
#[doc] 54,237 7.9%
#[cfg_attr] 50,200  7.3%
#[allow] 32,777 4.8%

compiler-internal stability annotations present because the Rust
compiler repository is part of the corpus.

Table 4: Top 7 user-defined attribute macros by invocation
count (% of all user-defined attr invocations)

Macro Invocations %
#[serde] 54,292 16.5%
#[tokio: :test] 32,678 9.9%
#[error] 18,026 5.5%
#[stable] 17,029 5.2%
#[rstest] 16,554  5.0%
#[unstable] 14,203 4.3%
#[prost] 11,237 3.4%

Function-like and declarative macros. Table 5 lists the seven
most invoked function-like and declarative macros, with the share
of its category total. Testing assertions (assert_eq!, assert!) lead
by a wide margin, reflecting the volume of test code in popular
repositories. Six of the seven entries are standard-library macros;
the exception is json! from serde_json (rank 6). Table 6 shows
the top seven after excluding standard-library macros (qualified
and unqualified aliases merged, e.g., Llog: : debug! and debug! com-
bined). The non-std list is dominated by logging macros from the
log and tracing crates (debug!,warn!, info!, error!),JSON con-
struction (json! from serde_json), error propagation (anyhow!
from anyhow), and a token-matching macro (T!) defined locally in
parser-heavy projects (surrealdb, biome).
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Note that Tree-sitter cannot reliably distinguish declarative (e.g.,
macro_rules!) from function-like procedural macro call sites at
the syntactic level. Both share the macro_invocation AST node
kind and are reported under a single counter (see Section 6).

Table 5: Top 7 function-like and declarative macros by invo-
cation count (% of category total)

Macro Invocations %
assert_eq! 306,747 25.6%
assert! 180,009 15.0%
format! 106,970 8.9%
vec! 100,630 8.4%
matches! 28,121 2.3%
json! 25,078  2.1%
write! 23,416 2.0%

Table 6: Top 7 non-std function-like macros by invocation
count (% of non-std fn-like total; standard-library macros
excluded; qualified/unqualified aliases merged)

Macro Invocations %
json! 32,921 9.2%
debug! 18,434 5.2%
warn! 15,109 4.2%
info! 14,888 4.2%
error! 11,541 3.2%
anyhow! 10,864 3.1%
T! 10,279  2.9%

Derive macros. The corpus contains 135,216 derive annotations
generating 482,069 individual trait derivations (median: 3 traits per
annotation). Table 7 shows the seven most derived traits, with their
share of all trait derivations; Debug and Clone dominate, reflecting
near-universal adoption for debugging and cloning. Table 8 shows
the top seven after excluding core-language traits (Debug, Clone,
Copy, PartialEq, Eq, Hash, etc.), revealing that serde’s serializa-
tion traits (Serialize, Deserialize) account for nearly half of all
non-std derivations.

Table 7: Top 7 derived traits by total derivation count (% of
all trait derivations)

Trait Derivations %
Debug 93,938 19.5%
Clone 86,545 18.0%
PartialEq 49,301 10.2%
Serialize 37,489 7.8%
Deserialize 35,386 7.3%
Eq 34262 7.1%
Default 24,768 5.1%

Teixeira and Drumond

Table 8: Top 7 non-std derived traits by count (% of non-
std derivations; core-trait derivations excluded: Debug, Clone,
Copy, etc.)

Trait Derivations %
Serialize 37,489 25.2%
Deserialize 35,386 23.8%
serde 12,013 8.1%
prost 4,577 3.1%
Message 4,337 2.9%
JsonSchema 4,010 2.7%
Error 3,762 2.5%

Macro definitions. Table 9 breaks down the 7,577 macro def-
initions found across the corpus. Declarative definitions (7,112)
outnumber procedural ones by more than 17-to-1, confirming that
macro_rules! remains the primary vehicle for macro authoring
despite the power of procedural macros.

Table 9: Macro definitions by type

Type Definitions
Declarative (macro_rules!) 7,112
Derive (proc macro) 208
Attribute (proc macro) 154
Function-like (proc macro) 103
Total 7,577

Answer to RQ1. Function-like and declarative macros dom-
inate usage at 54.0%. This combined figure should be read with
the classifier’s validated limitation in mind (Section 3.3), since our
current tooling cannot reliably disaggregate the two categories
from syntactic data alone. Built-in attributes (31.1%) reflect core
language idioms: Testing, trait automation, and conditional compi-
lation. User-defined attribute macros (14.9%) are led by a small set
of ecosystem crates. At the definition level, macro_rules! greatly
outnumbers procedural definitions, indicating that macro authoring
is less common than macro consumption.

4.2 RQ2: Concentration of Usage Around
Ecosystem Crates

How concentrated is macro usage around a small set of widely-used
ecosystem crates?

Among user-defined attribute macros, the three most frequent
entries in Table 4 account for 31.9% of all user-defined attribute
invocations; the top seven cover 49.8%. This concentration is driven
chiefly by serde, tokio, and thiserror, whose combined invoca-
tions account for nearly a third (31.9%) of all user-defined attribute
usage.

A parallel pattern appears in derive macros: The seven most
derived traits (Table 7) account for 75.0% of all 482,069 individual
derivations. Serialize and Deserialize from serde together rep-
resent 15.1% of all derivations, confirming serde’s outsized role in
the ecosystem. The same concentration holds for non-std derives: as
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shown in Table 8, Serialize and Deserialize together account
for nearly half of all non-standard trait derivations.

The function-like/declarative category shows the same pattern
at the ecosystem level (Table 6): after excluding standard-library
macros, logging infrastructure (log/tracing) and error handling
(anyhow) drive the majority of non-std function-like invocations.

At the definition level, rust-lang/rust accounts for the largest
share of macro definitions (7,112 declarative), since it hosts the
compiler internals and standard-library macros consumed by all
other projects.

Answer to RQ2. Macro usage is strongly concentrated. Three
ecosystem crates (serde, tokio, thiserror) account for 31.9%
(nearly a third) of all user-defined attribute usage, with the top seven
covering 49.8%; serde alone shapes 15.1% of all trait derivations.
The same concentration pattern holds for non-std function-like
macros, where logging and error-handling crates dominate.

The concentration pattern observed here is qualitatively similar
to what Zoghbi et al. [21] report for potentially dangerous effects in
the Rust ecosystem (roughly 3% of top crates account for the bulk of
flagged effects), and to broader findings on ecosystem dependency
networks: A small number of upstream providers shape behavior
across a large number of downstream consumers. The implication
for our study is that macro adoption is not uniformly distributed
across the corpus but flows through a small number of influential
providers whose API decisions propagate to virtually every project
that depends on them.

4.3 RQ3: Invocation Density Across Project
Domains

How does invocation density vary across project domains?

Macro invocation density (invocations per KLoC) varies substan-
tially across repositories. The corpus-wide median is 78.4 inv/KLoC,
with valid-data repositories ranging from 23.1 to 147.3 inv/KLoC
(repositories with ts_cloc_ratio < 0.5 excluded; see Section 6).

Table 10 lists the ten highest-density repositories. Two patterns
are visible: Educational projects (rust-course, Rust) anchor the
top, while the remainder mixes command-line utilities (coreutils,
starship, fnm) with AI/LLM- related projects (openhuman, fhevm).
The latter cluster is consistent with the elevated median density
we observe for the ai-llm domain overall (Table 11).

To quantify per-domain differences, we manually assigned each
of the 99 repositories to one of six project-domain categories (n
counts reflect the 97 valid-ratio repositories): systems-cli (n = 29),
application (n = 20), ai-llm (n = 16), library (n = 17), devtools
(n = 11), and educational (n = 4). Table 11 reports median density
per domain for the 97 valid-ratio repositories.

A Kruskal-Wallis H-test confirmed that densities differ signifi-
cantly across domains (H(5) = 25.39, p = 0.00012). Pairwise Mann—
Whitney U tests with Bonferroni-Holm correction identified 3 of 15
pairs as significant at the family-wise a = 0.05 level. All three sig-
nificant pairs involve the application domain and have large effect
sizes (|r| > 0.53): ai-llm vs. application (pagj = 0.0019, |r| = 0.756),
application vs. educational (p,gj = 0.034, [r| = 0.900), and appli-
cation vs. systems-cli (pagj = 0.025, |r| = 0.534). In all three cases
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Table 10: Top 10 repositories by macro invocation density
(inv/KLoC). Repositories with ts_cloc_ratio < 0.5 are excluded
(Section 6).

Repository Density
sunface/rust-course 147.3
rtk-ai/rtk 138.3
uutils/coreutils 128.8
googleworkspace/cli 127.1
TheAlgorithms/Rust 117.6
zama-ai/fhevm 117.4
tinyhumansai/openhuman 113.7
starship/starship 110.2
Schniz/fnm 110.0
zeroclaw-labs/zeroclaw 109.7

the application domain has the lowest median density (61.3 inv/K-
LoC), significantly below ai-llm (95.1 inv/KLoC), educational (104.0
inv/KLoC), and systems-cli (80.1 inv/KLoC).

Table 11: Median macro invocation density (inv/KLoC) by
project domain. Kruskal-Wallis H = 25.39, df =5, p = 0.00012.
Repositories with ts_cloc_ratio < 0.5 excluded.

Domain Repos Median inv/KLoC
educational 4 104.0
ai-llm 16 95.1
systems-cli 29 80.1
library 17 77.2
devtools 11 67.5
application 20 61.3

Answer to RQ3. Density varies substantially across the corpus
(23.1-147.3 inv/KLoC; median 78.4). Domain is a statistically sig-
nificant moderator (H(5) = 25.39, p = 0.00012). General-purpose
application projects exhibit significantly lower density than AI/LLM,
educational, and systems-CLI projects (all p,q; < 0.05, large effect
sizes), indicating that macro adoption is meaningfully shaped by
the role a project plays in the ecosystem.

5 Discussion

With 2.2 million invocations across 99 repositories, macros perme-
ate virtually every aspect of Rust development: Testing, serializa-
tion, async runtimes, error propagation, and platform abstraction.
The 54.0% share attributable to declarative and function-like call
sites (RQ1) confirms their role as the primary workhorse for code
abstraction. Derive and attribute macros account for the remainder,
concentrated on a small set of ecosystem crates (RQ2): The top
three user-defined attribute providers supply nearly a third of all
user-attribute invocations, while Serialize/Deserialize alone
represent 15.1% of trait derivations. This concentration reflects
macros functioning as a de facto reuse mechanism at ecosystem
scale. Invocation density (RQ3) varies by more than 6X across the
corpus, with educational and AI/LLM-oriented projects at the high
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end and general-purpose applications at the low end, suggesting
that domain context is a meaningful moderator of macro adoption.

Macro definitions paint a complementary picture. macro_rules!
accounts for 7,112 of the 7,577 definitions, dwarfing procedural
variants. Repos at the top of the definition count do not always
top the invocation count, confirming that macro authorship and
macro consumption are distinct activities. Most projects consume
macros from ecosystem crates without defining many of their own.
rust-lang/rust is the single outlier: Its density is modest relative
to its size, yet it contributes the largest share of macro definitions
(stdlib built-ins used everywhere else in the corpus).

Our findings characterize what macros are used and how much
they are used. They do not reveal why. We observe that AI/LLM-
oriented projects have unusually high macro density, but cannot
determine whether this reflects deliberate architectural choices, a
particular demographic of contributors, or selection effects in which
LLM-related tools tend to be built rapidly on macro-heavy frame-
works. Similarly, we observe that application-domain projects have
the lowest density, but cannot infer whether this reflects a deliber-
ate preference for runtime flexibility over compile-time generation,
or simply that application developers encounter fewer use cases
where macros are the natural tool. These are empirical questions
that longitudinal or interview-based studies could address.

5.1 Implications for Practitioners

The obtained data sketch a clear authoring discipline. Declarative
macro_rules! accounts for 7,112 of the 7,577 macro definitions
in the corpus, and has by far the lowest authorship barrier of any
macro form: A project that repeats a multi-arm pattern can intro-
duce a local declarative macro with negligible maintenance cost
and immediate consistency benefit. Procedural macros, in contrast,
demand more deliberate treatment. They must be compiled as sep-
arate crates and interact with the compiler’s proc_macro API, so
mixing them into application crates risks circular dependencies
and slower incremental builds. Our data are consistent with this
practice: the corpus’s 103 function-like and 208 derive proc-macro
definitions concentrate in a small number of library crates rather
than spreading thinly across applications.

On the consumption side, RQ2 suggests a strong default: prefer
established ecosystem macros over custom ones. Three providers
(serde, tokio, thiserror) supply 31.9% of all user-defined at-
tribute invocations corpus-wide. In the case of serde, Serialize
and Deserialize alone account for 15.1% of trait derivations. Thus,
rolling a custom attribute or derive macro for functionality already
covered by a well-maintained crate increases maintenance burden
without proportionate benefit. Macro density itself, finally, deserves
attention as a maintainability signal. RQ3 shows densities vary-
ing by more than 6X across the corpus, with the highest-density
repositories clustering at the educational and AI/LLM ends of the
spectrum. We hypothesize, though do not directly test, that in
production codebases sustained high density could indicate over-
reliance on compile-time generation, with attendant costs in build
time and debuggability. Validating this and establishing whether
invocation density is a useful complement to conventional metrics
like test coverage and cyclomatic complexity is a natural direction
for future work.
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This authorship-consumption asymmetry has a practical con-
sequence that runs through the rest of this discussion: The Rust
developer’s primary relationship with macros is as a consumer, not
an author. The macro system’s visible complexity, with four cat-
egories, procedural compilation model, hygiene rules, is largely
encapsulated behind the APIs of a handful of ecosystem crates. Un-
derstanding that asymmetry shapes the guidance we offer: Advice
to practitioners focuses on consumption discipline, while advice
to tool builders and researchers targets the gap between what syn-
tactic analysis can see and what semantic analysis would need to
see.

5.2 Implications for Tool Builders and
Researchers

For the tooling community, the headline implication is that macro-
awareness is not optional in Rust static analysis. With 2.2 million
invocations across 99 repositories, a tool that cannot see through
macro expansions is blind to a substantial fraction of the code under
analysis. IDEs, linters, refactoring engines, and semantic-search
tools must either integrate with rust-analyzer’s macro expansion
infrastructure or invoke cargo expand; pure syntactic heuristics
are insufficient even for basic distinctions. Our classifier validation
(Section 3.3) makes this concrete: 60 of the 91 call sites our tool
labeled as declarative turn out to be function-like procedural macros,
a distinction that matters for any tool reasoning about where code
is generated and what dependencies it crosses.

Beyond expansion, the density figures from RQ3 argue for expos-
ing macro density as a first-class project metric, visible in repository
dashboards and CI quality gates alongside coverage and complexity,
so maintainers can detect macro-heavy growth as it happens rather
than after build times become a problem.

For language designers and the research community, the concen-
tration patterns in RQ2 suggest that derive and attribute macros are
natural targets for ecosystem standardization. Nearly a third (31.9%)
of all user-defined attribute usage flows through three crates, and
a comparable share of trait derivations through one. Language-
level initiatives, such as stabilizing additional built-in derives, or
providing standard interfaces for common derive patterns, could
reduce dependence on third-party proc-macro crates and improve
interoperability across the ecosystem.

More broadly, the dataset we release is intended to support
follow-up empirical work: longitudinal studies of how macro usage
evolves with the language, semantic studies of what expansion ac-
tually generates, and cross-language comparisons with the macro
systems of Scheme, Racket, Nim, and Elixir are all natural exten-
sions that the present snapshot enables but does not itself perform.

6 Threats to Validity

Threats to validity are organized following the four categories pro-
posed by Wohlin et al. [20]: construct (whether our measurements
capture what they claim to capture), internal (whether observed
patterns arise from the phenomenon rather than from artifacts of
our method), external (the generalizability of our findings beyond
the studied corpus), and conclusion (the statistical strength of our
inferences). For each category we report the main threats and the
mitigations we applied.
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6.1 Construct Validity

Tooling, parsing, and categorization. Our analysis relies on Tree-
sitter’s syntactic parsing, which cannot distinguish declarative from
function-like procedural macros at the call site and does not eval-
uate conditional compilation, uniformly over-counting macros in
inactive paths. Our four-category classifier embeds heuristic choices
accordingly: curated standard/ecosystem macro lists, syntactic con-
text disambiguation, and the merged declarative/function-like cate-
gory. The inter-rater validation (Section 3.3, k = 0.917) quantifies
their impact: Derive and user-defined attribute macros achieve high
precision (> 75%), while the declarative/function-like conflation
remains the one exception, treated by merging the categories. Fu-
ture work could refine these heuristics by integrating semantic
resolution from rust-analyzer or compiler-internal tooling.

False positives in syntactic identification. Some repositories con-
tain intentionally malformed Rust, test scaffolding, or benchmark
fixtures that do not reflect production usage, and macros embedded
in documentation examples, comments, or string literals may occa-
sionally be misidentified. We mitigate these by excluding known
test and fixture directories and skipping files that fail initial Tree-
sitter parsing.

LOC reliability and density exclusions. Our density metric (invo-
cations per KLoC) relies on Tree-sitter line counts, cross-validated
against CLOC via the ts_cloc_ratio column. Two repositories* show
anomalously low ratios (0.006, 0.13) from non-standard directory
layouts causing incomplete crate discovery. We exclude repositories
with ts_cloc_ratio < 0.5 from RQ3 density claims (2 excluded, 97
retained), while RQ1/RQ2 counts include every repository.

Domain labeling. The six-category domain assignment used in
RQ3 was produced by an LLM first-pass classifier (13 of 99 labels
subsequently adjusted by one author), not multiple independent
human raters. This introduces three limitations: First, the LLM’s
choices may favor categories overrepresented in its training dis-
tribution. Second, single-rater adjustment cannot detect bias the
LLM and human share. Finally, no inter-rater agreement statistic is
available, unlike for the macro classifier (Section 3.3). We mitigate
these by releasing the LLM prompt, model version, and both raw
and human-adjusted labels, enabling external auditing.

Semantic granularity. Our analysis is purely syntactic and does
not examine macros’ runtime behavior, generated code size, or
maintainability impact. A simple identifier replacement and a com-
plex code-generating expansion are counted equally; our findings
therefore reflect usage frequency rather than semantic weight.

6.2 Internal Validity

Because our study is descriptive and observational rather than
experimental, internal validity threats are limited: We make no
causal claims about what produces the observed patterns. The main
threat is researcher bias in qualitative interpretation. Our RQ3
narrative (Section 4.3) and discussion (Section 5) reflect one reading
of which patterns are noteworthy. We mitigate this by releasing
the full per-repository dataset for external re-analysis.

4rust-lang/rustlings and ruvnet/RuView
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6.3 External Validity

Selection bias and representativeness. We analyzed the 99 most
popular Rust repositories on GitHub by star count, assuming pop-
ularity correlates with maturity, community relevance, and best
practices. This choice may omit less visible repositories, private
industry code, or experimental research tools; stratified sampling
from curated registries (e.g., 1ib.rs) is a complementary strategy
for better coverage of less-starred, production-grade crates. Edu-
cational repositories in particular, frequent in the top-starred set,
document macro use pedagogically and may overrepresent density
relative to production code.

To assess whether the 4 educational repositories distort our
density findings, we re-ran the Kruskal-Wallis and pairwise Mann—
Whitney tests after removing them. The results remain consistent:
H =20.26 (df =4, p = 0.00044), still highly significant, with 2 of
10 pairwise comparisons surviving Bonferroni correction (versus
3/15 in the full analysis). The two surviving significant pairs both
involve application-domain repositories, confirming that the key
density contrast is not an artifact of including educational projects.

Temporal scope. Our analysis is a snapshot of macro usage at
a specific point in time, and the rapid evolution of Rust’s macro
features and ecosystem conventions means that usage trends may
shift as new features stabilize and legacy patterns deprecate.

6.4 Conclusion Validity

Several factors affect the statistical strength of RQ3. First, the ed-
ucational (n = 4) and devtools (n = 11) groups have small sample
sizes, limiting the power of pairwise tests involving them; of the
three significant pairs reported in Section 4.3, only ai-llm vs. appli-
cation and application vs. systems-cli involve groups with n > 10
on both sides. Second, we use Kruskal-Wallis and Mann-Whitney
U tests because per-repository density is right-skewed and not nor-
mally distributed, trading statistical power for robustness. Third,
we applied a Bonferroni-Holm correction across the 15 pairwise
comparisons; reported p,q; values are adjusted accordingly.

Finally, the corpus-level percentages reported in RQ1 and RQ2
(Section 4.1-4.2) are descriptive rather than inferential. Beyond
these statistical considerations, our measurement instrument’s own
reliability is a conclusion validity concern: The inter-rater validation
(Section 3.3, k = 0.917, 93.7% raw agreement) confirms reliable
category assignments for derive, built-in attribute, and user-defined
attribute invocations, with the declarative/function-like conflation
(Construct Validity, above) as the one exception.

7 Related Work

Hygienic, structured macro systems trace to Kohlbecker et al.’s orig-
inal hygiene algorithm [11] and Weise and Crew’s programmable
syntax macros [19], both developed to avoid the identifier-capture
and context-dependent-expansion pitfalls of textual substitution
systems like the C preprocessor (Section 2). Flatt’s composability
and phase-separation principles [6] d irectly inform Rust’s macro
design. Ernst et al. [4] present a large-scale empirical analysis of
macro usage in C, categorizing definitions by form (object-like or
function-like) and flagging complexity and maintainability con-
cerns from heavy usage. Our work is similar, but benefits from
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Rust’s structured macro system and syntax trees for finer-grained
classification and density analysis.

Pappas and Gazzillo [16] present Maki, a semantic-analysis tool
that classifies C macros by their portability to safer languages like
Rust, finding many are more portable than previously thought.
Unlike Maki’s focus on C-to-Rust portability and transformation,
our work characterizes usage within the Rust ecosystem itself;
Maki’s semantic categorization could nonetheless inform future
maintainability-oriented analyses of Rust macros.

Dietrich [3] introduces CppSig, which extracts type signatures
from C macro invocations to reconstruct functional equivalents,
complementing Mennie and Clarke’s [15] work on transforming
parameterless macros into constants. Unlike this reconstruction-
oriented goal, our work characterizes macro usage at scale across
Rust projects, where invocations are explicit and AST-aligned and
signature inference is less critical than in C.

Static analysis in the presence of macros remains challenging
across ecosystems: Késtner et al.’s TypeChef [8] handles macros via
variability-aware parsing for C, showing that accurate analysis re-
quires resolving macros’ syntactic and semantic intricacies. Rust’s
structured macro system eases but does not eliminate this. Proce-
dural macros and conditional compilation still introduce parsing
complexity, which we address via Tree-sitter’s syntactic parsing
supplemented by classification heuristics.

Evans et al. [5] surveyed the prevalence of unsafe code across
open-source Rust projects, finding it selective and typically confined
to a small fraction of each codebase. Astrauskas et al. [1] extended
this line of inquiry to ask why programmers reach for unsafe,
identifying FFI, performance-critical operations, and low-level data
structure implementation as primary drivers. Qin et al. [18] con-
ducted a systematic study of memory and thread safety bugs in
real-world Rust programs, cataloging root causes and suggesting
tooling improvements. Li et al. [13] analyzed unstable compiler
feature usage across crates.io, characterizing which features are
adopted in production and the migration patterns when they stabi-
lize. These studies characterize how Rust’s safety guarantees and
ownership model play out in practice. Zoghbi et al. [21] introduce
Cargo Scan, a side-effects analysis for auditing third-party Rust
crates, finding that potentially dangerous effects are concentrated in
roughly 3% of the top crates on crates.io. This concentration pattern
resonates with our finding that macro consumption is dominated by
a small set of ecosystem crates (RQ2). Our work is complementary:
Rather than safety features, we study macros, an orthogonal but
equally central part of Rust, providing the first systematic, large-
scale empirical characterization of macro usage patterns across
diverse open-source projects, to the best of our knowledge.

8 Conclusion and Future Work

This work presents the first large-scale empirical characterization
of macro usage patterns in Rust to our knowledge, analyzing 99 pop-
ular open-source repositories (4,001 crates, 2.2 million invocations)
with the custom FERROMETER pipeline. Our three main findings are:
(i) declarative macros dominate macro definitions while function-
like and declarative call sites jointly dominate macro invocations;
(ii) usage is strongly concentrated around a small set of ecosys-
tem crates that function as de facto reuse providers, led by serde,
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tokio, and thiserror; and (iii) macro invocation density varies
significantly across project domains, with educational and AI/LLM
projects at the high end and general-purpose application code at
the low end.

The findings open several directions for future work. On the em-
pirical side, our analysis is a snapshot of macro usage at a specific
point in time. Longitudinal studies tracking the same repositories
across major Rust editions would help. Such studies could reveal
whether the ecosystem’s heavy reliance on a small set of macro
providers is stable, or whether it shifts as new language features
reduce the need for third-party crates. Cross-language comparisons
with the macro systems of Scheme, Racket, Nim, and Elixir would sit-
uate Rust’s patterns within the broader scenario of hygienic macro
adoption. On the tooling side, purely syntactic analysis cannot dis-
tinguish declarative from function-like invocations, a limitation
that affects any tool reasoning about this distinction, including
refactoring engines, semantic search, and dependency analyzers.
Such tools must integrate macro expansion via rust-analyzer or
cargo expand. The corpus and validation set we release provide a
concrete benchmark for evaluating such approaches. Finally, the
density metric introduced here (macro invocations per KLoC) could
become a standard component of Rust project health dashboards
and CI pipelines, surfacing macro-heavy growth before it affects
build times or maintainability; the FERROMETER pipeline is designed
to support exactly that kind of continuous monitoring.

Artifact Availability

FERROMETER, the analysis pipeline, and the replication dataset are
archived on Zenodo under the MIT license: https://doi.org/10.5281/
zenodo.21866345. The corresponding source repository is avail-
able on GitHub at https://github.com/STAR-RG/ferrometer. The
archive includes FERROMETER’s Rust implementation, the Python
analysis and table-generation scripts, the corpus lockfile of the
repositories used in this submission (corpus/sbcars-2026/), the
per-repository CSV (results.csv), the validation sample and scor-
ing results, and the generated interactive HTML report. See the
README . md file at the root of the repository for details on how to
reproduce the results.
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