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Abstract

Compilers are critical infrastructure whose correctness
affects every program they translate. Automated compiler
testing has uncovered thousands of bugs in production
compilers such as GCC and LLVM. However, existing com-
piler fuzzers primarily explore programs with conventional
control-flow and data-flow structures because they generate
inputs through ordinary language constructs. Consequently,
an important testing dimension remains largely unexplored:
the handling of legal but structurally unusual programs.
This paper presents EBFuzz, a compiler fuzzer designed
to systematically explore this neglected testing dimension.
Our key insight is that GNU C extended inline assembly
provides a rare mechanism for influencing the control-flow
and data-flow information used by compiler analyses. Be-
cause the compiler cannot fully analyze the semantics of
inline assembly, it must conservatively model the effects
described by programmer-provided declarations. EBFuzz
exploits this capability to systematically construct legal
yet structurally unusual programs through control-flow
edge injection and data-flow perturbation. The resulting
programs remain valid and compilable, yet are difficult or
impossible for existing compiler fuzzers to generate through
conventional source-level mutations. We evaluate EBFuzz
on GCC and LLVM against representative compiler testing
approaches spanning random generation, coverage-guided
mutation, and real-world code injection. EBFuzz discovers
80% more unique bugs than the strongest baseline and is
the only approach that continues finding new bugs beyond
the first fifteen hours of testing. It achieves 5.9 and 5.6
percentage points higher branch coverage on GCC and
LLVM, respectively, with the largest gains occurring in com-
piler components responsible for processing control-flow
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and data-flow information. Overall, EBFuzz discovered 10
previously unknown compiler bugs, 9 of which have been
confirmed or fixed by developers.
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1 Introduction

Compilers are critical components of modern software in-
frastructure. Virtually all software is processed by a compiler
before deployment. A bug in the compiler can silently intro-
duce incorrect behavior into any program it translates, po-
tentially affecting millions of downstream users [23, 27, 29].
Given the scale and complexity of modern production com-
pilers such as GCC and LLVM, each comprising millions of
lines of code, exhaustive manual verification is infeasible.
Automated compiler testing is therefore essential [16, 29].

Over the past decade, compiler testing techniques have
achieved remarkable success. Random program generators
such as Csmith [29] and YARPGen [16] generate large num-
bers of valid programs and identify compiler bugs through
differential testing, either across optimization levels or across
different compilers. Equivalence-modulo-input (EMI) tech-
niques [11] generate diverse program variants while preserv-
ing program semantics. Coverage-guided mutators such as
GrayC [5] apply grammar-aware transformations to maxi-
mize compiler code coverage. Collectively, these techniques
have uncovered thousands of previously unknown bugs in
production compilers.

Despite their success, existing compiler fuzzers share
an important limitation: they generate programs primarily
through ordinary language constructs. Although these tech-
niques explore a wide range of source-level features and
execution behaviors, the resulting programs typically exhibit
conventional control-flow and data-flow structures. Loops
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follow familiar patterns, control transfers are expressed
through standard language constructs, and data dependen-
cies remain largely consistent with programmer intent.
Consequently, compiler code responsible for handling legal
but structurally unusual programs receives comparatively
little testing. As a result, hidden structural assumptions em-
bedded in compiler analyses and optimizations may remain
undiscovered. For example, optimization passes may im-
plicitly assume that control-flow edges arise from ordinary
language constructs or that data-flow relationships follow
patterns commonly produced by source-level code.

This limitation is significant because modern compilers do
not merely translate source code. Internally, they construct
and manipulate representations that capture control-flow
and data-flow information, which serve as the foundation for
optimization and code-generation decisions. While conven-
tional programs exercise the common cases of these analyses,
compiler implementations must also correctly process un-
usual yet valid structures. Such assumptions are often embed-
ded in optimization and analysis passes. Although these as-
sumptions rarely cause problems during normal compilation,
they can lead to incorrect behavior when confronted with
legal programs exhibiting uncommon structures. The con-
tinued discovery of such bugs in compilers [4, 23] suggests
that this testing dimension remains insufficiently explored.

Our key insight is that GNU C extended inline assembly
provides a unique opportunity to explore this neglected test-
ing space. Unlike ordinary language constructs, extended
inline assembly allows source programs to influence the
control-flow and data-flow information used by compiler
analyses. Because the compiler cannot fully analyze the se-
mantics of inline assembly, it must rely on programmer-
provided declarations describing control-flow transfers, data
dependencies, register usage, and side effects. These declara-
tions directly affect the compiler’s internal representations
and optimization decisions, even though the behavior of the
underlying assembly code cannot be fully verified. As a re-
sult, extended inline assembly provides a rare mechanism
for creating compiler-visible structures that are difficult to
obtain through conventional source-level mutations.

This paper presents EBFuzz (Edge-Breaking Fuzz), a com-
piler fuzzer that systematically exploits this capability to
generate legal yet structurally unusual programs and expose
hidden structural assumptions in compiler analyses and op-
timizations. EBFuzz introduces two complementary muta-
tion families. The first, control-flow edge injection, leverages
asm goto declarations to create unconventional control-flow
structures. The second, data-flow perturbation, manipulates
compiler-visible declarations of data dependencies, register
usage, and side effects to alter data-flow relationships and
expose assumptions in optimization and register-allocation
logic. The resulting programs remain fully legal and compil-
able, yet they exercise compiler behaviors associated with
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uncommon control-flow and data-flow structures that exist-
ing fuzzers rarely reach.

We evaluate EBFuzz on GCC and LLVM and compare
it against representative compiler testing approaches span-
ning random generation, coverage-guided mutation, and
real-world code injection. EBFuzz discovers 80% more unique
bugs than the strongest baseline and is the only approach that
continues finding new bugs beyond the first fifteen hours
of testing. It achieves 5.9 and 5.6 percentage points higher
branch coverage on GCC and LLVM, respectively. Further-
more, EBFuzz discovered 10 previously unknown compiler
bugs, 9 of which have been confirmed or fixed by developers.

Contributions. This paper makes three contributions:

o Novelty: We identify hidden structural assumptions in
compiler analyses and optimizations as an under-explored
testing dimension and introduce a methodology for sys-
tematically exercising these assumptions through GNU C
extended inline assembly.

o Prototype: We design and implement EBFuzz, a com-
piler fuzzer that generates legal yet structurally unusual
programs through two complementary mutation families:
control-flow edge injection and data-flow perturbation.

o Effectiveness: We conduct an extensive evaluation on
GCC and LLVM, demonstrating that EBFuzz substantially
improves both coverage and bug-finding effectiveness.
EBFuzz discovered 10 previously unknown compiler bugs,
9 of which have been confirmed or fixed by developers.

Paper Organization. The rest of this paper is structured as
follows. Section 2 describes the background and our motiva-
tion. Section 3 formalizes the edge-breaking methodology,
the two families of edge injection patterns, and the implemen-
tation of EBFuzz. Section 4 presents our extensive evaluation
of EBFuzz. Section 5 discusses limitations and threats to va-
lidity. Section 6 discusses related work. Section 7 presents
our conclusion.

2 Background and Motivation

This section first discusses the origin of hidden structural
assumptions in compiler analyses and optimizations. We
then explain why GNU C extended inline assembly forms a
unique interface through which source programs can directly
influence compiler-visible control-flow and data-flow struc-
tures. Next, we present a motivating compiler bug exposed by
EBFuzz that illustrates how violating such assumptions can
trigger failures in production compilers. Finally, we summa-
rize the classes of structural assumptions targeted by EBFuzz.

2.1 Hidden Structural Assumptions in Compilers

Modern compilers do not operate directly on source code.
Instead, they translate programs into internal representa-
tions that encode control-flow and data-flow information
and use these representations to guide analysis, optimization,
and code generation. The control-flow graph (CFG) captures



1
2
3
4
5

6

Fuzzing Hidden Structural Assumptions in Compilers with Extended Inline Assembly

Table 1. Structural assumptions of optimization passes, organized by edge domain.
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Edge type Optimization pass Structural assumption ID
Loop vectorization, Scalar Evolution (SCEV)  Every loop is reducible with a unique header that dominates A,
all blocks in the loop body.
Loop peeling, loop unrolling Every loop has exactly one exit edge; the exit count deter- A,
Control-flow . .
(E) mines epilogue placement.
c
Dominator computation, shrink-wrapping Every block (except entry) has a unique immediate domina- A;
tor consistent with the CFG.
Jump table generation, basic block reordering Outgoing branch probabilities sum to 1 for every block. A
SSA construction, dead code elimination Every use of a variable has exactly one reaching definition. A4
Datafl Register allocation, live range splitting If a variable is live at two points, it is live on every path  As
a (2_ )OW between them; live ranges are contiguous.
d
Alias analysis, store-to-load forwarding Memory accesses via pointers of incompatible types access A7

disjoint regions (Type-Based Alias Analysis, TBAA).

char =*a;
int b;

char =xa;
int b;

void foo (char *x) {
if (b)
__builtin_abort(); 6

void foo (char *x) {
if (b)
__builtin_abort();

7} 7}
8
void bar (char *c) { 9 void bar (char *c) {
10 asm goto(""::::d); // add
foo (a); 11 foo (a);
12 asm goto(""::::d); // add
if (c) 13 if (c)
bar (a); 14 bar (a);
15 asm goto(""::::d); // add
16 d: // add
if (b) 17 if (b)
__builtin_abort(); 18 __builtin_abort();
3} 19}
(a) Original Program . (b) Mutated Program #’.

Figure 1. Motivating example of EBFuzz. The mutated
program P’ (right) was generated by EBFuzz and triggers
GCC bug #123386.

potential execution transfers among basic blocks, while data-
flow information describes the definition, propagation, and
consumption of values. Consequently, many compiler analy-
ses and optimization passes rely on structural properties of
these representations.

Although such properties are rarely specified explicitly,
they arise naturally because most source programs exhibit
well-structured control flow and consistent data dependen-
cies. As a result, compiler passes often operate under implicit
assumptions about the structures they encounter. These as-
sumptions are typically satisfied during normal compilation.
However, legal programs may still induce unusual control-
flow or data-flow structures that violate such expectations.
When this occurs, compiler passes may execute rarely tested

code paths, potentially leading to incorrect transformations
or internal compiler failures.

2.2 GNU C Extended Inline Assembly

Existing compiler fuzzers generate programs primarily
through ordinary language constructs and therefore rarely
produce unusual control-flow or data-flow structures.
Even highly diverse random generators and mutation
strategies tend to preserve conventional execution and
dependency patterns.

GNU C extended inline assembly provides a rare exception.
Unlike ordinary language constructs, it allows programmers
to explicitly declare control-flow transfers, data dependen-
cies, register usage, and side effects that are incorporated
into the compiler’s internal analyses. Because the compiler
cannot fully reason about the semantics of arbitrary assem-
bly code, it must conservatively model the effects described
by these declarations when constructing and optimizing its
internal representations.

Consequently, extended inline assembly offers a unique
mechanism for influencing the control-flow and data-flow
information observed by compiler analyses. It enables the
construction of compiler-visible structures that are difficult
or impossible to express through conventional source-level
code, making it particularly well suited for exploring rarely
exercised compiler behaviors.

GNU C extended inline assembly exposes several con-
structs through which programmers can communicate such
information to the compiler. The general syntax of an ex-

tended assembly block is shown below:
1 __asm__ [volatile] [goto] (
2 "assembly_template"
3 : [output] /x"=r"(var)x/
4 : [input] /*"r"(var) =/
5 : [clobbers] /x"memory" =*/
6 : [labels] /* label */


https://gcc.gnu.org/bugzilla/show_bug.cgi?id=123386
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Among the available constructs, EBFuzz exploits three
that directly affect the compiler’s control-flow and data-flow
models [8]:

e Goto labels: asm goto(""::::L);
An asm goto statement declares a potential control-flow
transfer from the assembly block to label L. The compiler
must conservatively incorporate the corresponding edge
into the CFG, even though it cannot determine whether the
assembly code will actually transfer control to the specified
target. As aresult, asm goto can introduce CFG edges that
do not naturally arise from ordinary language constructs.
] Operand constraints: int x; asm("": "+r"(x));
Operand constraints specify how variables participate in
an assembly block. In this example, +r declares that x is
both read and written by the assembly code. Although the
compiler cannot inspect the assembly body itself, it must
incorporate these declarations into its def-use chains, data-
flow analyses, and register-allocation decisions. Operand
constraints therefore provide a mechanism for directly
influencing compiler-visible data-flow relationships.
Clobber lists: asm("" :::
Clobber lists declare side effects that are not captured by
explicit operands. In this example, the "memory" clobber
informs the compiler that the assembly code may modify
arbitrary memory-visible state. The compiler must there-
fore conservatively invalidate certain assumptions about
memory contents and account for the declared side effects
during optimization. Clobber specifications thus provide
an additional mechanism for perturbing compiler-visible
data-flow information.

"memory");

Collectively, these constructs establish a trusted interface
through which source programs can influence the control-
flow and data-flow information used by compiler analyses.
EBFuzz systematically exploits this interface to generate
legal programs that challenge hidden structural assumptions
in compiler optimizations.

2.3 Motivating Example

Consider the program in Figure 1a. It is short, well-structured
standard C, and every modern compiler compiles it without
error at every optimization level. Figure 1b presents a real
compiler bug triggered by a program generated by EBFuzz.
The injected asm goto statements are individually valid
and the resulting program compiles successfully under -00.
However, GCC crashes with an internal compiler error at
higher optimization levels.

The crash is caused by the injected declarations, which
create an unusual control-flow structure that does not arise
from ordinary C constructs. In particular, one injected
edge shares the same source and destination as an existing

fallthrough edge.
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Although the resulting program is legal, this topology
violates an implicit structural assumption made by GCC’s
optimization pipeline. When the affected pass processes the
CFG, it encounters a case that was not anticipated by the
implementation, ultimately triggering a compiler crash.

This example illustrates the key observation behind
EBFuzz: extended inline assembly can create legal compiler-
visible structures that violate assumptions rarely exercised
by existing compiler fuzzers.

2.4 Classes of Hidden Structural Assumptions

The motivating example is not an isolated bug. Our analysis
of optimization passes and historical compiler failures sug-
gests that similar issues often stem from recurring classes of
hidden structural assumptions. The resulting classes are not
intended to form a complete taxonomy. Rather, they capture
representative structural properties relied upon by a broad
range of compiler analyses and optimizations. Each class was
chosen because it maps to a mechanism expressible in GNU
C extended inline assembly and to a pass that an injected
asm declaration can target.

Table 1 organizes the seven assumption classes by the
domain they govern and assigns each a label (A; through
A7) for cross-reference. The four control-flow assumptions
constrain the structure of the CFG. Every loop must be re-
ducible with a unique header that dominates all blocks in
the body (A;) and must have exactly one exit (A;). Every
non-entry block must have a unique immediate dominator
(As). Outgoing branch probabilities from any block must sum
to one (Ag). The three data-flow assumptions constrain the
relationships among values. Every variable use must have
exactly one reaching definition, forming complete def-use
chains (A4). Live ranges must be contiguous: if a variable is
live at two program points, it is live on every path between
them (As). Memory accesses via pointers of incompatible
types must access disjoint regions, per type-based alias anal-
ysis (A7). Each assumption is a contract: the pass is written
under the expectation that the input IR satisfies the stated
property, and when that property is violated the pass can
produce incorrect code or crash [23].

Existing compiler fuzzers overwhelmingly satisfy these
assumptions by construction and therefore rarely exercise
the code responsible for handling assumption violations. The
goal of EBFuzz is to systematically generate legal programs
that challenge these assumptions through extended inline
assembly, thereby exploring a testing space that remains
largely unexplored by existing compiler fuzzers.

3 Methodology

This section formalizes EBFuzz’s edge-breaking methodol-
ogy and describes its implementation. We first define the
compiler’s internal program representation and the struc-
tural assumptions that optimization passes make about edges.
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We then introduce the two families of edge injection patterns
that EBFuzz uses to violate those assumptions. Finally, we
describe the pipeline that realizes these patterns as concrete
asm injections.

3.1 Problem Formulation

3.1.1 Program Representation. Let P be a C program

and f a function within P. The compiler translates f into

an internal representation that can be abstracted as a graph

Gr = (B,E, Eg, V), where:

e B={by,b,,...,b,} is the set of basic blocks.

e E. C BX B X [0,1] is the set of control-flow edges, where
each edge (b;, bj, p) represents a potential execution trans-
fer with branch probability p.

e E; C V X B X B is the set of data-flow edges, where each
edge (v, bgef, buse) represents a reaching definition of vari-
able v from bg,r to a use in byge.

e V is the set of variables visible in f.

The control-flow and data-flow subgraphs are coupled:

a data-flow edge (v, bgef, buse) exists only if a control-flow

path connects b,y to by, without redefining o.

3.1.2 Edge Assumptions of Optimization Passes. Fach
optimization pass 7 operates on Gy under implicit structural
assumptions about its edges. When an assumption is vio-
lated, the pass may produce incorrect IR or abort with an
internal compiler error. We identify seven classes of such
assumptions below:

1. Reducibility (A;). For any loop L C B, the subgraph
induced by L is reducible: a unique header block (L) € L
dominates all blocks in L, and all back-edges target h(L).
Loop optimization, SCEV analysis, and loop vectorization
assume reducibility.

2. Single-Exit Loop (A2). For any loop L, [{(b;,b;) € E. |
b; € L Ab; ¢ L}| = 1. Loop vectorization, loop peel-
ing, and loop unrolling require a unique exit to compute
iteration counts.

3. Dominator Completeness (As3). Every block b € B (ex-
cept entry) has a unique immediate dominator idom(b).
SSA construction, code motion, and shrink-wrapping rely
on dominator consistency.

4. Def-Use Chain Completeness (A4). Every use of v has
exactly one reaching definition. SSA construction, dead
code elimination, and register allocation assume complete,
acyclic def-use chains.

5. Live Range Continuity (4s). If v is live at b; and b,, it
is live on every path between them that does not redefine
v. Register allocation assumes contiguous live ranges.

6. Branch Probability Normalization (Ag). For any block
b, X (b pyee. P = 1. Jump table generation and block
reordering assume normalized probabilities.

7. Type-Based Alias Disjointness (4;7). Memory accesses
via pointers of incompatible types access disjoint regions.
Alias analysis and store-to-load forwarding rely on TBAA.

SIGOPS ATC 2026, November 15-18, 2026, Hong Kong, China

Programs produced by random generators (Csmith, YARP-
Gen) and by equivalence-preserving transformations (EMI)
satisfy all seven assumptions by construction. Compiler
passes are thoroughly tested on such well-structured pro-
grams, but the error-handling paths for assumption viola-
tions are rarely exercised.

3.1.3 Edge Injection via Extended Asm. The goal of
EBFuzz is to systematically violate the seven assumptions
(A;-A7) by injecting asm declarations that the compiler must
model but cannot verify. We model an asm injection as a
transformation on Gr. A CFG edge injection 7. inserts a new
control-flow edge:

TC(Gfs bi’ [j) = G}‘ = (Bs EC U {(bb bj,Pasm)}, Ed’ V) (1)

where b; contains the injected asm goto and b; contains
the target label ¢;. A data-flow edge injection 7, inserts or
modifies data-flow edges:

Td(Gf> o, bi’ Op) = G}‘ = (B’ EC> Ed U {(U’ bi’ )}a V) (2)

where op € {output, input-output} declares a new defini-
tion or anchors an existing one.

The central problem: given a well-structured seed Py with
graph Gy satisfying all seven assumptions A;-A7, find a
sequence of injections 7i,...,7x € 7. U 73 such that the
transformed graph violates at least one assumption, caus-
ing the compiler to crash or miscompile. To address this
problem, we design seven injection patterns: three targeting
control-flow assumptions (z.) and four targeting data-flow as-
sumptions (z), each instantiable at multiple locations within
a seed program.

3.2 Injection Patterns

EBFuzz implements three 7. patterns that perturb E, and
four 7, patterns that perturb E;. The two families differ in
their primary mechanism: a 7. injection is designed to add
unusual control-flow edges, and a 7 injection is designed to
add inconsistent data-flow edges.

3.2.1 Control-Flow Edge Breaking (z;). Irreducible
loop construction (targeting A;, As). A label is placed
immediately before a loop header, and an asm goto inside
the loop body targets that label while a natural C goto
jumps backward to the same label. This creates a back-edge
to a non-header block and yields an irreducible CFG that
breaks dominator consistency. SCEV, loop vectorization, and
related analyses that assume header domination can abort
or produce incorrect IR when they encounter this topology.

1 eb_t1:

2 for (...) {
3 __asm__ volatile goto("": : :

/* label before the for loop =*/

"memory": eb_t1)
4 goto eb_t1; /* backward jump to the pre-
header =x/
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Multi-exit loop forgery (targeting A;). An asm goto is
inserted inside a loop bodys; its target label is placed outside
the enclosing loop nest. The injection produces a second exit
edge for the loop, violating the single-exit assumption. Loop
vectorization and loop peeling, which require a unique exit
to compute trip counts and epilogues, can fail or compute
incorrect epilogue code under this condition.

1 for (...) {

2 __asm__ volatile goto("": : "memory":eb_t2);
3 L)

4 eb_t2: /* outside the loop =*/

Unlike the irreducible loop pattern, where the label sits be-
fore the loop header and a C goto creates the back edge, this
pattern places the label after the loop and does not require
a C goto. The two patterns differ in label placement and
back-edge construction.

Heterogeneous edge superposition (targeting As, Ag). An
asm goto is added to target a label that the same basic block
already reaches, either through fallthrough or through a nat-
ural C goto. The block therefore ends up with two outgoing
edges that share the same source and target, so the succes-
sor is no longer reached through a single distinguishable
edge. The compiler also assigns independent branch prob-
abilities to each outgoing edge, allowing their probabilities
to sum to more than one and violate normalization. Edge
splitting for shrink wrapping, jump table generation, and
branch-probability verification can fail assertions or trigger
internal errors on these structures.

1 __asm__ volatile goto("": : "memory": eb_t1);
2 // ... natural C code ...
5 goto eb_t1;

3.2.2 Data-Flow Edge Perturbation (z;). Phantom def-
inition injection (targeting A4). An output constraint such
as "=r"(v) is attached to an asm goto to declare a new
definition at the asm site. The asm-declared definition can
reach downstream uses alongside the original definition,
producing multiple reaching definitions for the same use
and violating def-use completeness. The compiler must treat
the declared output as a genuine reaching definition and
carry it into SSA construction and the def-use chains. SSA
construction and dead code elimination passes that assume
a single reaching definition per use can abort or produce
incorrect transformations.

1 __asm volatile goto("": "=r"(var): : : label);

Dead variable resurrection (targeting As). An input-
output constraint such as "+r" (v) is applied to a value that
the compiler has constant-folded, followed by an immediate
clobber that forces a spill and reload. This sequence materi-
alizes a short-lived live range that is born and killed at the
same point, fragmenting live-range continuity. The compiler
must treat the value as live at the asm site and allocate a
register for it, even though constant propagation has already
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Figure 2. EBFuzz Pipeline.

removed the source-level live range. Register allocation
and live-range splitting can fail or insert incorrect spill and
reload sequences when live ranges are non-contiguous.

1 ({ __asm__ volatile ("": "+r" (fold_const));
2 __asm__ volatile goto (""
3 s :"xQ", "x3", "memory": eb_t1);3});

Shared dependency forgery (targeting As). A matching
constraint such as "0" is used to force two operands to share
the same physical register where their live ranges partially
overlap. The forced aliasing conflicts with the interference
graph expectation that simultaneously live values occupy
distinct registers. The compiler must place both operands in
the same register at the asm site, inserting a copy when their
live ranges cannot be coalesced. The register allocator can
be driven into infeasible assignments or incorrect spilling
decisions by such constraints.

1 asm__("":"=r"(tmp):"0" ((unsigned long)(src)));

Type-based alias erasure (targeting A7). An asm match-
ing constraint is used to copy a pointer value across the
asm boundary so the compiler must trust value equality
but cannot propagate the source pointer’s type provenance.
The loss of type-derived disambiguation forces alias analysis
to degrade to conservative may-alias semantics. Store-to-
load forwarding and scheduling passes that rely on TBAA
can then behave conservatively or encounter unforeseen
aliasing logic.

1 asm

volatile("": "=r"(tmp): "0"(ptr));

3.3 EBFuzz Pipeline

EBFuzz is organized as a four-stage pipeline (Figure 2) that
transforms a seed C program into a mutated variant ready
for compiler testing.

Feature extraction performs libclang AST analysis and
LLVM IR emission with debug metadata on the seed program.
AST analysis identifies anchor points where asm injections
are syntactically legal: loop preheaders, variable declara-
tions, return paths, call expressions, cleanup boundaries,
conditional branches, and compound statements. IR analysis
classifies each variable’s liveness state: register-bound (ac-
tive in SSA registers), constant-folded (literal values tracked
via debug metadata), or memory-resident (stack-allocated).

Candidate generation collects injection targets from all
enabled strategies. Each of the seven 7 patterns is imple-
mented as an independent strategy class specifying a can-
didate predicate, target anchor types, and an asm template.
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Algorithm 1 Injection point selection and application

Require: Seed source P, context ctx, strategies S, budget
K, mutation probability p,,:

Ensure: Mutated source P’
1: pts < Uges S.candidate_lines(ctx)
2: Partition pts by enclosing function —» map M : f —
lines

: for each function f € M do

quota(f) — |K/|M])

: end for

: Distribute remaining K mod [M| to functions with
largest [M(f)|

: for each function f € M do

8: Shuffle M(f); selected(f) «— {}

9: for all line £ € M(f) do

Qs W

~

10: if random() < pmus and [selected(f)| <
quota(f) then

11: selected(f).add(?)

12: end if

13: end for

14: end for

15: Sort all selected ¢ by line number descending
16: for all £ € sorted_selected (bottom to top) do
17: P « S,.generate(P, ¢, ctx)

18: end for

19: return P

Register clobber lists and constraint names are instantiated
using architecture-specific pools covering x86-64, AArch64,
and RISC-V, so templates adapt to the target architecture at
injection time.

Injection point selection balances mutation pressure
across the program to prevent large functions from mo-
nopolizing the global injection budget. EBFuzz partitions
all candidate lines by their enclosing function and calcu-
lates an equal share of the budget for each function. It then
distributes any modulo remainder to the functions with
the largest candidate sets and applies randomized sampling
within each partition to ensure diverse anchor selection
across consecutive runs. Algorithm 1 formalizes this alloca-
tion and processing procedure.

The algorithm first aggregates syntactically legal candi-
dates from all enabled strategies (line 1). It builds a partition
map to compute a strict injection quota for every function
(lines 2—4). Within each partition, the algorithm shuffles
the candidates and applies a mutation probability to select
targets until it hits the specific function quota (lines 7-11).
The selection process guarantees that the fuzzer perturbs
control-flow and data-flow constraints uniformly across the
entire seed program rather than clustering injections locally.
Finally, the algorithm sorts all selected points in descending
line-number order for application (lines 15-17). Because each
asm injection inserts new text into the source file, applying
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mutations strictly from bottom to top guarantees that the
line indices of pending upper injection points remain exactly
aligned with the original context.

Payload injection instantiates the strategy-specific asm
template at each selected point. Label placement is guarded
to keep the mutated source syntactically valid: labels are not
placed between an if and its else, on function declaration
lines, or inside C99 for-loop declarations where they would
split a variable’s scope. Adding a new strategy requires only
a candidate predicate and an asm template; the dispatch loop
is strategy-agnostic.

The mutated source is compiled against GCC and LLVM
across multiple optimization levels. Once a variant triggers
a bug, C-Reduce minimizes the program before reporting.

4 Evaluation

This section evaluates EBFuzz against trunk builds of GCC
and LLVM. Section 4.1 reports the bugs discovered by EBFuzz
and characterizes them by compiler component. Sections 4.2
to 4.4 then address three controlled research questions:

1. RQ1. How does EBFuzz compare to existing fuzzing tools
in bug discovery?

2. RQ2. Does EBFuzz achieve higher branch coverage in
compiler passes than baseline testing techniques?

3. RQ3. How does the execution throughput of EBFuzz com-
pare to existing generators?

Hardware. Our evaluation was conducted on a workstation
with an Intel 48-core 2.30 GHz CPU, 120 GiB RAM, running
Ubuntu 22.04.2 LTS. The compilers under test were trunk
builds of GCC and LLVM (Clang).

Testing process. Our testing process is fully automated
and runs continuously. EBFuzz first extracts structural an-
chors and liveness information from seed programs to build
the injection context, then dispatches strategy-specific asm
templates to produce program variants. Each variant is com-
piled against GCC and LLVM across multiple optimization
levels. The AArch64 and RISC-V cross-compilers are also
exercised, and the generated binaries are executed under
QEMU emulation. Once a variant triggers a compiler bug,
we use C-Reduce [19] to minimize the program. If the min-
imized program triggers a previously unknown compiler
bug, we report it to the developers. The only manual step in
the testing workflow is analyzing the reduced test cases and
filing bug reports.

4.1 Bug Finding

EBFuzz reported 12 compiler bugs across GCC and LLVM
(Clang) over the entire testing campaign, of which 10 were
previously unknown and unique. Two reports (175314 and
123394) were marked as duplicates by developers. Table 2
lists each bug with its compiler, the affected pass, the in-
jection pattern that triggered it, and its current resolution
status. Among the 10 unique bugs, 6 have been fixed or have
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Table 2. Compiler bugs discovered by EBFuzz.
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ID Compiler Pass Pattern Family Status
150384 Clang SelectionDAG Dead var resurrection 74 Confirmed
175314 Clang Clang Sema Irreducible loop T Duplicate
175516 Clang LTO Heterogeneous edge 7, Confirmed
175540 Clang IR verifier Irreducible loop e Fixed
179238 Clang Clang Sema Irreducible loop T Confirmed
200987 Clang ScalarEvolution Phantom definition 4 Fixed
201252 Clang CodeGenPrepare Phantom definition 4 Fix submitted
123386 GCC Shrink Wrapping Heterogeneous edge 7, Fixed
123394 GCC CFG expansion Irreducible loop Te Duplicate
125438 GCC DWAREF Frame Generation Irreducible loop e Reported
125477 GCC Tree Vectorization Multi-exit loop T Fixed
125545 GCC Tree SSA Reassociation Phantom definition T4 Fixed

developer-submitted patches, 3 have been confirmed by de-
velopers, and 1 remains unconfirmed. The bug marked “Fix
submitted” in Table 2 (201252) is an LLVM bug for which a
developer has submitted a pull request on GitHub with the
fix under review at the time of writing.

Responsibility for a failure lies with the pass that mishan-
dles the edge, not with an earlier pass for permitting the
structure to persist. We do not attribute a failure to a pass
merely because it crashed there: asm-declared edges are legal
input, every pass must handle legal IR, and abnormal asm
goto edges must survive the pipeline because they carry
runtime semantics that canonicalization cannot remove.

The bugs span 6 distinct passes in Clang and 4 in GCC, cov-
ering front-end, middle-end, and back-end stages. The 7, pat-
terns (irreducible loop, multi-exit loop, heterogeneous edge)
account for 6 of the 10 unique bugs, while the z; patterns
(phantom definition, dead var resurrection) account for 4. For
five of the ten, developer triage identified the faulty pass. For
the other five we report the pass where the failure surfaces.

The irreducible loop pattern accounts for 3 bugs (175540,
179238, 125438), all of which involve asm goto edges whose
target is not the loop header. The failure surfaces in the
IR verifier for 175540, in Clang’s Sema for 179238, and in
DWAREF frame generation for 125438. Bug 125438 is also
reachable through data-flow perturbation. Its minimized test
case contains only an asm goto into a loop body, and a
data-flow constraint that alters the register pressure enough
to change the shrink-wrapping decisions on the same CFG
structure triggers the same failure.

The multi-exit loop pattern accounts for bug 125477,
where the second exit edge reaches the GCC loop vectorizer.
The maintainer located the fault in loop versioning, and the
diagnosis is quoted below.

The phantom definition pattern accounts for 3 bugs
(200987, 201252, 125545) through "=r" output constraints
that create spurious definition sites. Two of the three abort
in passes that use dominator information to decide where

to insert code, because the extra definition site makes the
insertion point they compute fail to dominate the use it was
chosen for. These are scalar evolution in LLVM (200987) and
reassociation in GCC (125545). In 201252 the code generation
pass that merges address computations inspects a basic block
whose terminator is not yet well formed, a state that the
injected edge can produce, and asserts on it.

The heterogeneous edge pattern accounts for 2 bugs
(175516, 123386) via degenerate asm goto edges whose
source and destination coincide with an existing fallthrough
edge. For 123386, GCC maintainers traced the failure to
the pass that splits fallthrough edges for shrink wrapping.
Its splitting logic handles the degenerate asm goto incom-
pletely and leaves the call frame information inconsistent
for the DWAREF pass that runs later.

Bug 150384 is the sole instance of the dead var resurrection
pattern, where an "+r" constraint on a vector-typed variable
forces SelectionDAG to fault.

Several of these bugs existed in compiler versions across
multiple release cycles before being triggered by EBFuzz. Bug
125477 was a regression introduced in GCC 10 and resided
in all subsequent releases through GCC 16. Bug 125545 ex-
isted in GCC 14 through 16. Bug 150384 reproduces in Clang
17 through 20 and remains unfixed on trunk. These multi-
release latencies indicate that the corresponding code paths
contain edge conditions reachable only under the irregular
structures produced by extended asm injection.

Developer responses to several of these bug reports
directly corroborate the edge-breaking framework of Sec-
tion 3. The GCC maintainer diagnosis report of bug 125477}
is representative:

“The issue is that we try to version an outer loop but
loop_version fails as we cannot copy it as there’s
the abnormal dispatcher inside it.”

Thttps://gcc.gnu.org/bugzilla/show_bug.cgi?id=125477
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“Abnormal dispatcher” is compiler-internal terminology
for a control-flow edge whose source is not the loop header,
precisely the structure that the multi-exit loop pattern (z,
targeting A;) constructs. This confirms that the bug is not
a random memory error but a direct consequence of the
structural edge violation that EBFuzz systematically injects.

4.2 ROQ1: Baseline Comparison

To quantify EBFuzz’s bug-finding effectiveness relative to
existing tools, we ran a controlled 24-hour comparison [1].
We selected four baselines that represent the three dominant
paradigms of automated compiler testing. Csmith [29] and
YARPGen [16] are random program generators: Csmith is the
most widely deployed such tool, having reported over 400
bugs in GCC and LLVM, while YARPGen extends the random
generation approach with a more expressive type system
and generation grammar. GrayC [5] represents coverage-
guided mutation: it applies grammar-aware transformations
to seed programs with the explicit goal of maximizing com-
piler code coverage. Creal [14] represents real-world code
injection: it extracts functions from open-source C projects
and grafts them into seed programs to expose the compiler
to code patterns drawn from production software. Together,
these four tools span the space of existing compiler testing
techniques against which EBFuzz’s edge-breaking approach
should be evaluated. Each tool was run for 24 hours using
seeds generated by Csmith and YARPGen. Csmith and YARP-
Gen used their default differential testing modes. GrayC [5]
and Creal [14] were configured following the procedures de-
scribed in their respective papers, with identical seed corpora
where applicable. All campaigns used the same hardware
and compiler builds. We use stable releases rather than trunk
builds here because the bugs that Creal and GrayC target
have been actively patched; running these tools against trunk
would substantially undercount their bug-finding capability
relative to their published results. We select GCC 13 and
Clang 17, matching the versions used in the Creal evalua-
tion [14]. The campaigns were not run concurrently to avoid
resource contention. The EBFuzz run used here is a fresh 24-
hour campaign distinct from the extended testing reported
in Section 4.1.

We applied a uniform deduplication procedure across all
tools to ensure a fair comparison. We deduplicate compiler
crashes by matching the top three stack frames and the asser-
tion condition string. We deduplicate miscompilation bugs by
performing git bisect on each minimized test case to identify
the commit that introduced the incorrect behavior, treating
cases that converge to the same commit as the same bug. All
bug counts reported in this section are unique counts after
this deduplication procedure.

Table 3 reports the unique bug counts. EBFuzz found 9
unique bugs across both compilers, outperforming Creal (5),
GrayC (3), and YARPGen (1). Csmith found no new bugs
during this period. EBFuzz detected more bugs in GCC (6)
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Table 3. The number of detected bugs in a 24-hour campaign.

Tool GCC LLVM
EBFuzz 6 3
Creal 3 2
GrayC 2 1
YARPGen 1 0
Csmith 0 0

than in LLVM (3), demonstrating an asymmetry consistent
with findings in prior work [5, 23].

Figure 3 shows the overlap in unique bugs discovered
by EBFuzz, Creal, and GrayC. One bug was found by all
three tools, indicating a shared reachable bug that each tool
triggers through a different mechanism. EBFuzz and Creal
share one additional bug, while Creal and GrayC share none
in this 24-hour window. EBFuzz’s 7 exclusive bugs, against
Creal’s 3 and GrayC’s 2, confirm that the edge-injection
attack surface is largely orthogonal to the coverage-guided
and real-world-code-based approaches of the prior tools.
YARPGen’s sole discovery is exclusive to YARPGen.

Figure 4 plots cumulative unique bugs over the 24-hour
window. Markers indicate the precise time at which each
new unique bug was first observed. EBFuzz exhibits two
distinct phases: a rapid initial phase (hours 0 to 6, 5 bugs
found) followed by a sustained phase (hours 6 to 24, 4 ad-
ditional bugs) in which bugs are discovered at a lower but
persistent rate. GrayC plateaus after roughly six hours, and
Creal after roughly fifteen; neither approaches EBFuzz’s
sustained discovery rate. EBFuzz’s seven injection patterns
provide orthogonal attack vectors that sustain discovery be-
yond this point.

The single YARPGen bug was found at hour 3 and no
further discoveries followed. Csmith produced a flat line at
zero throughout the 24-hour window, consistent with the
saturation effect documented in the GrayC evaluation [5]:
Csmith and YARPGen, having been deployed against GCC
and LLVM for years, rarely trigger new bugs on contempo-
rary compiler versions.

4.3 RQ2: Code Coverage Analysis

We measure compiler source code coverage to determine
whether EBFuzz exercises code paths that existing tools leave
untouched. GCC was built with —coverage (gcov instrumen-
tation) and LLVM with source-based coverage (11vm-cov).
Each tool was run in ten independent 24-hour trials on
the same machine, following the evaluation practice rec-
ommended by Klees et al. and Schloegel et al. [9, 21], and the
corpora accumulated across the trials were replayed against
the instrumented builds to collect line and branch coverage.

Figure 5 reports branch coverage for all three tools across
8 GCC modules and 7 LLVM modules, averaged over ten
24-hour trials per tool. Error bars denote + one standard
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Figure 3. Unique bugs found by different techniques.

deviation across the ten trials. For the six overall tool and
compiler combinations, the standard deviation over the ten
trials is between 0.35 and 0.45 percentage points, and the
range between the lowest and highest trial is between 1.1 and
1.4 percentage points. At the overall compiler level, EBFuzz
achieves 58.2% branch coverage on GCC and 59.3% on LLVM,
compared to 52.3% and 53.7% for Csmith and 49.2% and 50.3%
for YARPGen; these numbers are computed over the entire
instrumented compiler rather than the modules shown in
Figure 5. The aggregate improvement is modest (5.9 and 5.6
percentage points over Csmith) because a large fraction of
compiler code (front-end parsing, IR construction, common
utilities) is well exercised by all three tools. Per-trial coverage
differs significantly between EBFuzz and each baseline (two-
sided exact Mann-Whitney U test, ten trials per tool, p < 1074
in all four comparisons).

The per-module improvements over Csmith are concen-
trated in precisely the compiler components that implement
the edge assumptions identified in Section 2. The largest
gains on GCC appear in Shrink Wrapping (34.9% to 49.0%),
DWAREF Frame Generation (27.8% to 40.8%), Local Register
Allocator (LRA) Constraints (38.9% to 51.3%), and CFG Manip-
ulation (42.0% to 53.2%). On LLVM, the largest gains appear
in CFI Instruction Insertion (31.1% to 43.5%), Shrink Wrap-
ping (38.0% to 49.6%), and Greedy Register Allocation (45.8%
to 54.7%). These modules are responsible for processing CFG
edges, register allocation under constraints, and debug frame
generation, all of which are directly exercised by EBFuzz’s
asm injection patterns. Csmith and YARPGen, which gen-
erate only well-structured programs, cannot produce the
irregular edge topologies or unusual register constraints
needed to reach the untested branches in these modules.

The gap narrows in passes where Csmith is already strong.
Loop Optimization (56.6% vs. 57.8%) and Instruction Com-
bine (61.2% vs. 62.5%) differ by less than two percentage
points; Csmith’s structured loops and arithmetic expres-
sions already cover these passes. Register Copy Propagation
(55.3% vs. 57.3%) and Scalar Evolution (57.1% vs. 58.5%) show
similar narrow gaps. The coverage advantage is largest in
edge-processing code reached only by EBFuzz and negligi-
ble in general-purpose optimization code that existing tools
already cover.
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Figure 4. Cumulative unique bugs discovered over the 24-
hour campaign.

4.4 RQ3: Efficiency

Table 4 reports efficiency metrics for all five tools collected
from the same 24-hour runs used in the baseline comparison.
EBFuzz processes 2,012 variants per hour, higher than
Csmith (1,146/h) and YARPGen (1,470/h) but below GrayC
(2,897/h). The throughput is constrained by three factors.
First, the feature extraction stage runs a libclang AST parse
and an LLVM IR emission pass on every seed to extract struc-
tural anchors and liveness classifications (Section 3), adding
approximately 0.8 seconds of preprocessing per seed. Second,
the injection strategies produce programs with inline assem-
bly, which forces the compiler to invoke the assembler and
register allocator on every compilation. Third, the deduplica-
tion step requires compiling each crashing variant at multi-
ple optimization levels to construct a robust crash signature,
multiplying the effective compilation budget per variant.

Despite the lower throughput, EBFuzz found more unique
bugs than GrayC (9 vs. 3). In this experiment, EBFuzz’s
higher bug yield despite lower throughput suggests that
the specificity of the injection strategy contributed more to
bug discovery than the raw throughput.

EBFuzz achieves an 87.3% compile success rate, lower
than the near-perfect rates of Csmith and YARPGen (both
100%) and GrayC (99.4%). The 12.7% failure rate has two main
causes. First, some injection combinations produce unsatis-
fiable register constraints: for instance, requesting a regis-
ter operand in a machine mode that the target architecture
does not support for that constraint character. Second, multi-
strategy injection can occasionally produce asm templates
whose combined clobber sets cover all available registers,
leaving no register for the compiler to allocate to the operand
constraints. Both failure modes are detected at compile time
and produce a clean error diagnosis, so they do not inflate
the crash count or compromise the oracle. Failed variants
are cheap: a compilation attempt that fails with a syntax or
constraint error typically terminates in under 0.3 seconds.
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Figure 5. Branch coverage by module for EBFuzz, Csmith,
and YARPGen on GCC and LLVM. Error bars denote one
standard deviation across the ten trials.

EBFuzz achieves higher throughput than Csmith and
YARPGen while demonstrating substantially higher bug-
finding effectiveness. The 12.7% compilation failure rate is
an acceptable cost: failed variants are cheap to detect, and
the edge-injection strategy that causes the failures is also
what enables EBFuzz to reach compiler code paths that the
baselines do not reach.

5 Discussion
5.1 Scope of Bug Detection

All bugs discovered by EBFuzz are internal compiler errors
(ICEs). This reflects a property of the current injection strate-
gies: the asm declarations produce facts about control-flow
and data-flow that violate the algorithm preconditions of
targeted optimization passes, causing the compiler to abort
before producing output. The seeds used in our evaluation,
generated by Csmith and YARPGen, produce deterministic
programs whose execution does not depend on runtime in-
put. Richer seed programs augmented with runtime guards
that selectively disable injected paths would enable EBFuzz
to detect miscompilations through differential testing.

Fixing these bugs does not reduce the performance of the
code that GCC and LLVM generate for ordinary programs.
The fixes modify optimization logic rather than code gener-
ation, and they take the form of guards and bail-outs that
are evaluated only on the exceptional paths that the injected
structures reach. The committed fix for bug 125477 is rep-
resentative: a loop-copy check before versioning, applied
only to outer loops that contain an abnormal dispatcher. Pro-
grams that match this pattern may lose an optimization they
would otherwise receive. We accept this trade-off because
correctness takes priority.

5.2 Inline Assembly in Practice

The exact synthetic topologies EBFuzz generates are rare in
hand-written code. The constructs they are built from are
not, and compilers must handle the legal IR derived from
them. Inline assembly implements context switches, atomics
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Table 4. Efficiency metrics for the 24-hour runs.

Tool Variants/h Compile Success Bugs
EBFuzz 2,012 87.3% 9
Creal 1,487 91.5% 5
GrayC 2,897 99.4% 3
YARPGen 1,470 100% 1
Csmith 1,146 100% 0

and syscalls in the Linux kernel and glibc. The asm goto
form implements static keys (jump_label.h)?, which the
kernel uses for rarely toggled branches in hot paths, and tra-
cepoints, which appear inside loops. The static_cpu_has
macro (cpufeature.h)® implements runtime CPU feature
checks with a single asm block that declares two asm goto
edges, which is one of the shapes EBFuzz produces. Ordinary
compiler tests do not exercise these paths, and mishandling
them breaks real infrastructure code.

Plain C can produce some of these structures but not all
of them. Goto-heavy C can produce irreducible CFGs, and
union-based type punning can defeat type-based alias analy-
sis (TBAA). Degenerate edges that share a source and desti-
nation with a fallthrough edge, and def-use edges for writes
that never execute, require an asm declaration. This is also
why the dimension stayed untested: Csmith and YARPGen
deliberately emit well-structured programs.

5.3 Strategy Design and Scalability

The current mutation strategies target the seven predefined
assumption classes (A;-A7) derived from an internal anal-
ysis of GCC and LLVM. The combinatorial search space
of possible injection patterns is massive. Relying strictly on
manual template design inherently limits test coverage. Auto-
mated template synthesis guided by coverage feedback could
address this limitation. A machine-learning based strategy
selector could discover novel structural perturbation pat-
terns that human designers might overlook and allocate
the mutation budget more efficiently across deep compiler
pipelines [6].

5.4 Generalization

The principle of exploiting a trust boundary between the
source program and the compiler’s internal model general-
izes beyond C. Rust’s asm! macro and C++ inline assembly
support similar operand constraint and clobber syntax; adapt-
ing EBFuzz to these languages would require a new AST
extraction frontend and adjustments to the asm template syn-
tax to match each language’s inline assembly conventions.

Zhttps://github.com/torvalds/linux/blob/master/arch/x86/include/asm/
jump_label.h
Shttps://github.com/torvalds/linux/blob/master/arch/x86/include/asm/
cpufeature.h
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Recent work on Rust compiler fuzzing [7] confirms grow-
ing interest in testing non-C compiler ecosystems. At the IR
level, direct manipulation of LLVM IR (inserting unreach-
able edges, modifying PHI nodes, altering metadata) could
bypass syntactic constraints entirely, provided the modified
IR remains well-formed. The asm trust boundary exists in
any compiler supporting inline assembly with operand con-
straints (MSVC, ICC); only the register names and constraint
syntax differ. The principle of testing a component by ex-
ploiting the gap between its declared contract and its internal
implementation extends beyond compilers; recent work on
sanitizer testing exploits a related trust boundary [13].

5.5 Threats to Validity
We identify the following threats to the validity of our study.

5.5.1 External Validity. Representativeness of Sub-
jects. We selected GCC and LLVM, the two most dominant
C/C++ compilers, which is standard practice [5, 29], and
evaluated them across three architectures (x86-64, AArché64,
RISC-V) at multiple optimization levels. Seeds were gener-
ated by Csmith and YARPGen, the most widely adopted tools
in the field [16, 29]. Applicability to other compilers (e.g.,
ICC, MSVC) and to real-world codebases remains open for
future work.

Scope of Structural Assumptions. The seven assumption
classes (A;—A7) are derived from our analysis of GCC and
LLVM optimization passes. Other compilers, or future ver-
sions of GCC and LLVM, may rely on structural assumptions
beyond the current taxonomy. The injection patterns are
manually designed and tied to GNU C asm goto syntax;
compilers without this support are not reachable by the cur-
rent approach.

5.5.2 Internal Validity. Completeness of the Injection
Strategy Set. EBFuzz implements 7 injection patterns (3 7., 4
74) targeting the identified assumption classes. While this set
discovered 10 unique bugs across 10 distinct compiler passes,
it is not exhaustive. Additional patterns may target the same
assumptions more effectively or address assumptions not in
the current taxonomy.

Randomness in Injection Point Selection. EBFuzz uses
randomized sampling to select injection points (Algorithm 1),
introducing non-determinism across runs. We mitigate this
by using full 24-hour campaigns that generate thousands of
variants and by repeating coverage experiments across ten
independent trials.

5.5.3 Construct Validity. Precision of Bug Deduplica-
tion. We deduplicate crashes relying exclusively on compiler
stack frame hashes and explicit assertion messages. We exe-
cute git bisect to deduplicate miscompilations by matching
exactly identical point-of-failure inducing commits. These
standard methods are approximations: distinct root causes
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may produce identical traces, and a single cause may mani-
fest at different call sites. We took measures to mitigate the
occurrence of duplicate false positives by carefully analyzing
crash messages. We did not encounter any instances of false
deduplication when testing with GCC and LLVM.

Code Coverage as a Proxy for Thoroughness. Branch
coverage indicates exercised code paths but does not guar-
antee bug discovery. The consistent coverage gains in edge-
processing modules, combined with the corresponding dis-
tribution of discovered bugs across those same modules, pro-
vide converging evidence that the coverage increase reflects
meaningful exploration of bug-prone compiler code.

6 Related Work

This section reviews prior work on compiler testing and
related aspects of compiler reliability.

6.1 Compiler Testing Techniques

Csmith [29] generates random, semantically valid C pro-
grams that are free of undefined behavior and compiles
them at multiple optimization levels to detect miscompi-
lations. EMI [11] mutates programs in regions that are
dead for a given input, preserving semantics while vary-
ing program structure. Subsequent work extends EMI by
inserting code into inactive regions [12] or synthesizing
equivalent code in active regions [22]. YARPGen [16, 17]
generates C/C++ programs targeting scalar optimization
bugs. SPE [32] enumerates variable usage patterns in skele-
ton programs. GrayC [5] applies semantic-aware mutations
guided by compiler branch coverage. Creal [14] constructs
semantics-preserving test programs from real-world code
snippets. MetaMut [18] uses large language models to gen-
erate program mutators. Chen et al. [3] improve generation
efficiency through memoized configuration search. Wu
et al. [28] address the orthogonal problem of eliminating
slow-executing test programs to improve throughput. These
techniques do not deliberately perturb the compiler’s in-
ternal graph structures, and the programs they produce
seldom exhibit the irregular edge topologies that EBFuzz
systematically injects.

6.2 IR-Level and Specialized Testing

IRFuzzer [20] generates valid LLVM IR directly and uses
instruction-selection coverage as feedback to guide muta-
tions toward backend code paths. Optimuzz [10] combines
optimization-directed fuzzing with translation validation to
detect miscompilations. Both require well-formed IR or well-
defined semantics as input. EBFuzz operates at the C source
level through extended inline assembly, injecting edge struc-
tures that are legal C but produce IR that violates the struc-
tural assumptions of optimization passes. IRFuzzer injects
edges into valid IR and relies on the IR verifier to maintain
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well-formedness; EBFuzz injects edges through asm declara-
tions that the compiler accepts as legal C but encodes as IR
edges that violate pass-level invariants beyond what the IR
verifier checks.

6.3 Other Aspects of Compiler Reliability

Beyond optimization correctness, researchers have studied
debug information correctness [15, 26], debugger toolchain
reliability [31], and missed optimization detection [24, 25].
COTest [2] explores compiler optimization options to boost
testing effectiveness, while Yang et al. [30] isolate compiler
faults by differentiating compilation configurations. These
approaches target different dimensions of compiler quality
than EBFuzz, which focuses on pass robustness against ir-
regular internal edge structures.

7 Conclusion

This study introduces a novel compiler testing approach. It
exploits the trust boundary of GNU C extended inline as-
sembly to expose hidden structural assumptions in compiler
analyses and optimizations. To achieve this, we strategically
inject asm goto labels, operand constraints, and clobber
lists into existing C test programs. The resulting programs
contain irregular control-flow topologies and inconsistent
data-flow signals. These structures exercise compiler code
paths that are structurally unreachable by programs pro-
duced through random generation, equivalence-preserving
transformation, or coverage-guided mutation. We implement
this concept as a prototype called EBFuzz. Through exten-
sive evaluation on trunk builds of GCC and LLVM, EBFuzz
detected a total of 10 unique bugs across both compilers, 9
of which have been confirmed or fixed by the developers.

Data-Availability Statement

EBFuzz and its usage documentation are available at:
https://doi.org/10.5281/zenodo0.23242185.
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