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Program termination and non-termination analysis is a foundational problem in formal verification with
important implications for software safety and reliability. Despite extensive research, existing techniques
struggle with real-world C programs that manipulate complex data types such as pointers, arrays, and
structures, or that perform low-level operations such as bitwise arithmetic and bounded integer computations.
This paper introduces ATHENA, a framework for sound termination and non-termination analysis of C
programs that models finite-width and bit-precise integer semantics and supports advanced constructs.
ATHENA combines pointer-to-array rewriting, bounded integer semantics enforced via modulo arithmetic or
bit-vector semantics, and an extended translation to Labeled Transition Systems (LTS), yielding structured,
analyzable representations suitable for logic-based reasoning. Our analysis engine builds on MuVal, a modular
verification engine based on the first-order fixpoint logic 4CLP with background theories, and extends it with
support for array, tuple, and bit-vector theories in ranking function synthesis and recurrent set detection. We
evaluate ATHENA on the 2024 Termination Competition (TermCOMP) and on 117 real-world benchmarks
featuring 445 non-termination bugs, after excluding benchmarks that rely on undefined behavior. It achieves
60.95% correctness on the real-world benchmarks and 76.28% on TermCOMP, while producing zero wrong
results across both suites. These results highlight ATHENA’s strong combination of precision and soundness
for the termination and non-termination analysis of complex C programs.

CCS Concepts: « Software and its engineering — Formal software verification.

Additional Key Words and Phrases: Program Termination and Non-termination, Ranking Functions, Recurrent
Sets, Finite-Width Semantics, Program Rewriting.

ACM Reference Format:

Negar Fathi, Hiroshi Unno, Tachio Terauchi, and Rahul Purandare. 2026. Sound Termination and Non-
termination Analysis of C Programs with Bit-Precise Bounded Semantics and Advanced Constructs. Proc.
ACM Softw. Eng. 3, FSE, Article FSE198 (July 2026), 24 pages. https://doi.org/10.1145/3808205

1 Introduction

Program termination and non-termination analysis plays a critical role in computer science, particu-
larly in software engineering and formal methods. The goal of this analysis is to determine whether
a program will eventually halt or may continue executing indefinitely under certain conditions [19].
Software that fails to terminate as expected can cause system crashes, exhaust hardware resources
without making progress, and often requires forceful termination [60]. However, distinguishing
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between a program that is trapped in an unproductive loop and one that is performing legitimate,

complex computations at runtime remains extremely challenging.

Extensive research has been conducted on the termination [1, 4, 7-9, 16, 17, 19, 21, 27, 37, 40, 46]
and non-termination [2, 13, 18, 26, 27, 35, 39, 40, 58] analysis of imperative programs. These studies
primarily focus on synthesizing ranking functions [5, 7, 41, 45, 46, 57], which prove program
termination, or identifying recurrent sets [3, 13, 18, 26, 39], which characterize potentially infinite
program executions. However, existing approaches exhibit significant limitations when applied to
real-world software. They struggle with complex data types such as pointers, arrays, and structures,
as well as low-level operations like bitwise arithmetic and bounded integer computations. Most
were designed for small or synthetic benchmarks and lack the scalability needed for industrial-scale
codebases [20, 49]. Moreover, although many tools offer formal soundness guarantees within the
semantics they are designed to support, the abstractions they rely on often omit critical features
of real-world C programs. As a result, these tools may produce incorrect termination or non-
termination results when applied to practical code, due to a mismatch between their abstract
models and real-world C behavior [49].

These limitations are further evidenced by a large-scale empirical study conducted by Shi et
al. [24, 49], which examined non-termination bugs in real-world C/C++ software. By analyzing
3,142 commits across 1,600 GitHub projects, they identified 445 genuine bugs involving pointers,
arrays, bitwise operations, and overflow/underflow behaviors involving finite-width arithmetic
effects. Their evaluation of leading tools—AProVE [25], UAutomizer [32], CPAchecker [6], 2LS [48],
and T2 [10]—revealed that most failed to detect over half of these bugs, with average detection rates
below 50%. These findings highlight a critical gap between current techniques and the demands of
real-world software, underscoring the need for more expressive analyses that model realistic C
program behavior.

To address these challenges, we propose ATHENA, a framework built on MuVal [38, 55], a modular
verification engine for first-order fixpoint logic formulas in pCLP with background theories. MuVal
supports both inductive and coinductive reasoning via a primal-dual fixpoint strategy, enabling
modular analysis of properties such as termination and non-termination. However, it lacks support
for critical C features such as pointers, arrays, structures, and bitwise operations. We extend
MuVal with ranking function synthesis and recurrent set detection over array, tuple, and bit-vector
theories. On the front end, we introduce a transformation that rewrites pointer operations into
array indexing to enable structured and analyzable memory access, and provide two complementary
modes for bounded integer semantics to ensure soundness: modulo arithmetic, which augments
programs with explicit wraparound operations to model overflow and underflow under finite-width
integer semantics, and bit-vector semantics, which extract type information to annotate the Labeled
Transition System (LTS) for bit-precise reasoning. Additionally, we enhance llvm2KITTeL [22]
with new abstractions for arrays, structures, and bitwise operations, enabling the generation of
LTSs from the LLVM Intermediate Representation (LLVM IR) [54] of the input program. ATHENA is
evaluated on both standard benchmarks, such as TermCOMP [52], and the real-world benchmark
suite constructed by Shi et al. [24, 49], after excluding benchmarks whose expected behavior
relies on undefined behavior, demonstrating that it effectively addresses complex non-termination
challenges in real-world C programs.

In this work, we make the following key contributions:

(1) We propose ATHENA, the first framework for termination and non-termination analysis of C
programs that models finite-width and bit-precise integer semantics and supports advanced
constructs, including pointers, arrays, structures, and bitwise operations, by unifying source-
level pointer-to-array rewriting, bounded integer semantics, and pCLP-based reasoning in a
single end-to-end pipeline.
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1 extern int __VERIFIER_nondet_int(void); 19 do {

2 int flag = 0o; 20 if(xargv > 0) {

3 int fopen_or_warn() { 21 fp = fopen_or_warn();
4 flag++; 22 if (fp == @) continue;
5 23 }

8 else return i; 24 argv++;

9 3} 25  GOT_NEW_FILE:

10 int main() { 26 fp++;

11 int len = __VERIFIER_nondet_int(); 27 } while(xargv);

12 28 return 0;

18 goto GOT_NEW_FILE; 29}

(a) Motivating example 1: Missing_Iterator_Update_3_NT.

1 extern unsigned short 5 len = __VERIFIER_nondet_ushort();
__VERIFIER_nondet_ushort(void); 6 for(s = seqgnum; s < segnum + len; s++)

2 int main() { 7 ;

3 unsigned short int s, seqnum, len; 8 return 0;

4 seqnum = __VERIFIER_nondet_ushort(); 9 3

(b) Motivating example 2: Type_Conversion_in_Comparison_1_NT.

Fig. 1. Motivating examples adapted from Shi et al’s benchmark suite [24, 49].

(2) We extend MuVal by incorporating support for array, tuple, and bit-vector theories into its
ranking function synthesis and recurrent set detection, enabling precise reasoning about low-
level and complex memory operations.

(3) We present a pointer-to-array rewriting technique that transforms pointer-based memory
access into structured array indexing to facilitate analysis. The transformation is a reusable
front-end: it emits standard C within our target fragment, enabling reuse as a preprocessing
step by analyses whose front-ends support this fragment.

(4) We support bounded integer semantics through two alternative modes to ensure soundness:
modulo arithmetic, which introduces explicit wraparound operations, and bit-vector semantics,
which enable bit-precise reasoning via type-based LTS annotations.

(5) We enhance llvm2KITTeL with new abstractions for arrays, structures, and bit-level operations,
enabling translation into analyzable LTS representations.

(6) We demonstrate through extensive evaluation that ATHENA achieves superior correctness on
real-world benchmarks, competitive performance on TermCOMP, and uniquely produces zero
wrong results.

The remainder of this paper is organized as follows. Section 2 presents motivating examples that
illustrate the challenges of analyzing C programs with realistic behavior and advanced constructs.
Section 3 reviews related work. Section 4 introduces our approach, and Section 5 details the
implementation of ATHENA. Section 6 reports our experimental results. Finally, Section 7 concludes
and outlines directions for future work.

2 Motivating Examples

Shi et al. [24, 49] introduced a benchmark suite of simplified C/C++ programs derived from 445
real-world non-termination bugs, identified through a large-scale analysis of 3,142 commits across
1,600 GitHub repositories. From this suite, we select two representative programs that do not rely
on undefined behavior to illustrate the limitations of existing tools and the strengths of ATHENA:
Missing_Iterator_Update_3_NT (Figure 1a) and Type_Conversion_in_Comparison_1_NT (Fig-
ure 1b).

The program in Figure 1a initializes an array of nondeterministic length, traverses it using pointer
arithmetic, and repeatedly calls fopen_or_warn inside a loop controlled by an explicit goto. While
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the program is non-terminating, it incorporates advanced features—array allocation with nonde-
terministic size, pointer arithmetic and aliasing, goto-based control flow, and function calls with
side effects—that challenge state-of-the-art tools: AProVE and 2LS return unknown, indicating that
they cannot prove either termination or non-termination; UAutomizer times out after 20 minutes;
and CPAchecker crashes due to a bit-width mismatch in alias analysis. In contrast, ATHENA proves
non-termination by rewriting pointer-based memory accesses into array-based form (Section 4.2),
eliminating aliasing while preserving the program’s memory behavior. The transformed program is
then translated into a Labeled Transition System (LTS) using our extended version of llvm2KITTeL,
which supports arrays, structures, and other low-level constructs (Section 4.4). This enables ATHENA
to synthesize recurrent sets and soundly prove non-termination.

The program in Figure 1b becomes non-terminating when seqnum + len exceeds the maximum
representable value of unsigned short. Since seqnum + len is computed after integer promotions
whereas s remains finite-width and wraps around, the guard s < segnum + len never becomes
false. Such low-level arithmetic behavior is common in real-world C programs, where finite-width
wraparound and boundary effects can significantly affect control flow. However, existing tools
struggle to account for this interaction between finite-width arithmetic and integer promotions:
Proton [43, 44] and CPAchecker incorrectly conclude termination, while AProVE, UAutomizer,
and 2LS are inconclusive. ATHENA addresses this limitation through two user-selectable modes:
(1) modulo arithmetic (Section 4.3.1), which encodes bounded integer semantics by instrumenting
arithmetic operations to model wraparound under finite-width integer semantics; and (2) bit-vector
semantics (Section 4.3.2), where a type information extraction pass records variable widths and
operator signedness and attaches these annotations to the LTS during its construction, enabling
bit-precise reasoning. Both modes ensure sound reasoning about finite-width arithmetic and allow
ATHENA to prove non-termination in the motivating example by identifying recurrent sets.

3 Related Work

While program termination and non-termination have been extensively studied, few tools provide
sound and scalable analysis for real-world C programs involving pointers, arrays, structures, bit-
level operations, and bounded integers. Many methods assume unbounded arithmetic, simplify
memory behavior, or target restricted C subsets, limiting their applicability—especially to embedded
and systems-level software. Bridging this gap requires analyses that model realistic low-level C
behavior without compromising soundness or scalability.

One of the most established tools in this area is AProVE, introduced by Giesl et al. [25] as
a platform that transforms programs into term rewrite systems (TRSs) via symbolic execution
graphs, enabling rule-based termination proofs using dependency pairs and well-founded orderings.
Stroder et al. [33] extended it to support memory-manipulating C programs through symbolic
execution with memory safety analysis, enabling reasoning over pointer arithmetic and heap
operations. Hensel et al. [50] added non-termination analysis, using symbolic execution and SMT
solving (Satisfiability Modulo Theories) to detect infinite executions involving recursion and
dynamic memory. AProVE also supports fixed-width bit-vector arithmetic via modular integer
representations [34]. However, its abstractions—based on TRSs and integer transition systems
(ITSs)—rely on over-approximated integers, limiting precision for bit-level operations. It also lacks
support for complex memory layouts like structs and unions, and does not preprocess pointer-heavy
or structurally intricate constructs, reducing its applicability to low-level C.

Another major line of work is UAutomizer, a model checker in the Ultimate framework [28, 29]. It
verifies safety and liveness properties, including termination, using trace abstraction (a path-based
technique), Biichi automata (to capture infinite executions), and CEGAR (Counterexample-Guided
Abstraction Refinement). Later extensions added array interpolation [31], enabling partial memory
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reasoning via array-index abstraction. While UAutomizer detects some memory safety issues—such
as null dereferences or invalid frees—it lacks full support for pointer arithmetic, aliasing, and
complex layouts like nested structs and unions. Bitwise operations and finite-width arithmetic
are over-approximated by default and handled precisely only during refinement [30], limiting
accuracy for hardware-sensitive code. It also lacks preprocessing to normalize structurally intricate
memory constructs. Thus, although effective on control-heavy programs with moderate memory
use, UAutomizer struggles with low-level C featuring rich data and bit-level semantics.

2LS, introduced by Schrammel and Kroening [48], builds on the CProver infrastructure and
combines symbolic execution with template-based invariant inference to verify memory safety and
program properties. Kaiser et al. [42] incorporated heap modeling and non-termination precondi-
tion inference; later work [15] added bit-precise arithmetic, procedure-modular summaries, and
lexicographic ranking functions. Chen et al. [14] proposed a two-phase interprocedural method
combining over- and under-approximation to synthesize context-sensitive termination precondi-
tions. Although 2LS is expressive and precise, it does not simplify structurally complex memory
constructs before analysis. In contrast, our approach applies targeted rewrites—such as pointer-to-
array conversion and finite-width arithmetic instrumentation—that expose analyzable patterns for
MuVal’s uCLP-based engine.

Proton [43, 44] is a competition-oriented framework for termination and non-termination analysis
of C programs. It employs recurrent-state instrumentation combined with bounded model checking
to detect non-termination, and applies heuristic and LLM-assisted ranking-function synthesis for
termination. However, its reliance on bounded unwinding and lightweight validation limits formal
soundness guarantees and bit-precise reasoning for low-level C programs. EndWatch [61] is a
hybrid method for detecting non-termination in real-world C programs. It uses symbolic reasoning
for linear loops and instrumentation-based fuzzing with state-revisit detection for nonlinear ones.
EndWatch uncovered real-world bugs, including previously unknown Common Vulnerabilities
and Exposures (CVEs), but is inherently incomplete and unsound, relying on runtime behavior
and test coverage. It also lacks support for bit-level operations, pointer aliasing, and modular
arithmetic. Pulse™ [47] is a compositional framework for heap-aware non-termination analysis
based on UNTerSL, a separation logic for under-approximating divergence. Pulse™ scales to large
C codebases and was evaluated on over 2,000 functions from major open-source systems. While
it provides precise reasoning about dynamic memory and recursive heaps, it does not model
finite-width arithmetic or bit-level semantics, and lacks preprocessing of low-level constructs.

4 Approach

This section introduces ATHENA, a framework for sound termination and non-termination analysis
of C programs that models finite-width and bit-precise integer semantics and supports advanced
constructs such as pointers, arrays, structures, and bitwise operations.

4.1 Overview of ATHENA

Figure 2 shows the analysis pipeline of ATHENA. Given a C program, ATHENA first rewrites pointer-
based memory operations into array indexing, yielding structured memory access suitable for
array-based termination analysis and simplifying subsequent reasoning. The program then passes
through the bounded-integer semantics assurance engine, where finite-width integer semantics may
be enforced. Three modes are supported: (1) None, which passes the array-based program directly
for analysis under mathematical integer semantics—for example, in benchmarks like TermCOMP
that assume this semantics, or after CPAchecker confirms that no finite-width overflow/underflow
can occur as a fallback; (2) Modulo Arithmetic (MA), which instruments operations with wraparound
to model finite-width arithmetic effects; and (3) Bit-Vector Semantics (BV), which extracts type
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Fig. 2. Overview of the ATHENA analysis framework.

information (widths and signedness) and annotates it on the Labeled Transition System (LTS). The
result is either a plain array-based program or a finite-width—augmented one, which is translated
into an LTS by our extended llvm2KITTeL supporting arrays, structures, and bitwise arithmetic.
The LTS is then analyzed by an extended MuVal, which integrates array, tuple, and bit-vector
theories for ranking function synthesis and recurrent set detection. Depending on the chosen
mode, reasoning is performed in the theory of mathematical integers (for None and MA) or bit-
vectors (for BV). In both cases, it enables precise analysis of complex C programs with one of the
outcomes: terminating, non-terminating, unknown, timeout, or error. If analysis under the modulo
arithmetic mode is inconclusive, ATHENA invokes CPAchecker to check whether any finite-width
overflow/underflow can occur and, when none is possible, the array-based program is re-analyzed
in None mode, ensuring soundness without unnecessary overhead.

4.2 Pointer-to-Array Rewriting

ATHENA introduces a pointer-to-array rewriting transformation that systematically converts
pointer-based memory operations into structured array indexing. Pointers in C exhibit complex
behaviors—such as arithmetic, aliasing, casting, and indirect memory access—that are difficult to
model precisely and soundly in logic-based frameworks [59]. Consequently, many verification tools
either lack support for pointer-intensive programs altogether, restrict pointer usage, or employ
unsound approximations [36, 59]. Modern SMT solvers provide mature theories for arrays and
bit-vectors, but lack an equally strong, standardized theory for heap pointers and arbitrary pointer
arithmetic. Encoding pointer semantics directly in a pCLP-style solver would therefore require a
rich symbolic heap and substantial back-end extensions. To avoid this, our transformation replaces
pointer operations with array-based memory accesses, allowing the back end to rely on standard
array theories and enabling compatibility with tools that support arrays but not low-level pointer
constructs. By making memory accesses explicit and analyzable, it facilitates precise reasoning about
complex memory interactions [36, 59]. The transformation proceeds in three phases: (1) pointer
abstraction, (2) memory block construction, and (3) rewriting of pointer constructs, resulting in a
semantically equivalent (w.r.t. the target fragment), pointer-free program suitable for array-based
analysis. We first make explicit the target C fragment for which the rewriting rules are defined,
and then present the three phases of the transformation.

4.2.1 Target C Fragment. ATHENA’s pointer-to-array transformation is defined for a C fragment
that includes integral scalars and arrays, user-defined struct types, and first-order functions
whose parameters and return values may be pointers. Within this fragment, we support pointers of
arbitrary depth; pointer casts; address-of and dereference; offset-based memory access via array
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1 extern int __VERIFIER_nondet_int(void); 17 int* p2 = &y;
2 typedef struct Node { 18 char* p3 = (charx)&y;
3 int value; struct Node* next; 19 intx p4 = arr;
4} Node; 20 int* p5 = arr[5] <=y ? &x : &z;
5 Nodex process(Node* n, char c) { 21 int** p6 = *p5 % 2 == @ ? &pl : &p4;
6 if (¢ == 'A') return n->next; 22 intxx p7 = &p5;
7 return NULL; 23 Node* head = (Node*)malloc(sizeof (Node));
8 3 24 head->value = 0;
9 int main() { 25 head->next = head;
10 int x = __VERIFIER_nondet_int(); 26 while (*xp6 < *p2) {
11 int y = __VERIFIER_nondet_int(); 27 *%p6 += *xp7;
12 int z = __VERIFIER_nondet_int(); 28 if (process(head, *p3) != NULL)
13 int arr[10]; 29 **p6 -= xxp7;
14 for (int i = 0; i < 10; ++i) 30 3
15 arr[i] = __VERIFIER_nondet_int(); 31 return 0;
16 int* pl1 = &x; 32 )
(a) Pointer-based program.

1 extern int __VERIFIER_nondet_int(void); 19 int pl_addr = alloc_m3(1);
2 typedef struct Node { 20 m3[pl_addr] = x_addr;
3 int value; int next; 21 int p2 = y_addr;
4} Node; 22 int p3 = y_addr;

// Declaration of memory blocks and 23 int p4_addr = alloc_m3(1);

memory management functions 24 m3[p4_addr] = arr_addr;
5 int process(int n, char c¢) { 25 int p5_addr = alloc_m4(1);
6 if (c == 'A') return m5[n].next; 26 m4[p5_addr]l = mi[arr_addr + 5] <=
7 return 0; load_m2_int(y_addr) ? x_addr : z_addr;
8 ) 27 int p6 = mi[m4[p5_addr]] % 2 == @ ? pl_addr
9 int main() { : p4_addr;
10 int x_addr = alloc_m1(1); 28 int p7 = p5_addr;
11 m1[x_addr] = __VERIFIER_nondet_int(); 29 int head = alloc_m5(1);
12 int y_addr = alloc_m2(sizeof(int)); 30 m5[head].value = 0;
13 store_m2_int(y_addr, 31 m5[head].next = head;
__VERIFIER_nondet_int()); 32 while (m1[m3[p61]1 < m2[p2]1) {
14 int z_addr = alloc_m1(1); 33 m1[m3[p6]] += m1[m4[p7]1];
15 mi[z_addr] = __VERIFIER_nondet_int(); 34 if (process(head, load_m2_char(p3)) != 0)
16 int arr_addr = alloc_m1(10); 35 mi1[m3[p61] -= m1[m4[p71];
17 for (int i = @; i < 10; ++i) 36 }
18 mi[arr_addr + i] = 37 return o;
__VERIFIER_nondet_int(); 38}

(b) Array-based program.

Fig. 3. Pointer-based program and equivalent array-based form via ATHENA’s pointer-to-array rewriting.

indexing and pointer arithmetic; structure-field access through pointers; and dynamic allocation
via alloca and malloc. Figure 3 illustrates a representative program exercising these constructs,
and the rules in Figure 5 define the rewriting for this fragment, with each rule corresponding to a
distinct class of supported constructs.

We treat explicit deallocation via free and union types as out of scope: free introduces dynamic
lifetimes not modeled by our pointer-to-array abstraction, while union yields overlapping storage
that may be lowered in LLVM IR using low-level encodings (e.g., bitcast), which are not currently
supported by our llvm2KIT TeL-based C-to-LTS translation (Section 4.4) without additional abstrac-
tion. The C-to-LTS translation further relies on function inlining; consequently, general recursion
is conservatively treated as out of scope end-to-end, as discussed in Section 4.4.

4.2.2  Pointer Abstraction. The rewriting process starts by extracting a high-level abstraction of
pointer variables, capturing each pointer’s type and memory relationships. This abstraction forms
the basis for constructing memory blocks and rewriting pointer constructs.
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We formalize the pointer abstraction as a set A = {(p;, 7;, Q;) | 1 < i < n}, where n is the total
number of pointer variables, and each tuple encodes the following information:
o p;: the i-th pointer variable in the program.
o 7;: the type pointed to by p;, recursively defined as r ::= ¢ | ¥, where o is a base type (e.g., char,
int, or a user-defined struct) and 7* is a pointer to 7, enabling arbitrarily nested pointer types.
e Q; = {qj | 1 £ j < m}: the points-to set of p;, i.e., the set of memory locations it may
reference, including statically allocated variables, other pointers, and heap objects distinguished
by allocation site. The value m = |Q;| denotes the number of such locations. We derive Q; using
DG [11], an allocation-site-based may-points-to analysis in a flow-sensitive, context-insensitive,
and field-insensitive setting over LLVM IR. DG propagates may-alias information across function
boundaries (including pointer parameters), and distinguishes heap objects by allocation site.
Consider Figure 3a, which shows a C program with representative pointer constructs, including
single- and multi-level pointers, aliasing, casting, and dynamically allocated structures, as well as a
non-terminating loop. This motivating example illustrates the generality of our transformation
process. From its pointer analysis, we extract the following abstraction:

A= (pL, int, {x}), (p2, int, {y}), (p3, char, {y}), (p4, int, {arr}), (p5, int, {x, z}),
T | (p6,intx, {p1, p4}), (p7, int*, {p5}), (head, Node, {malloc}), (n,Node, {malloc})

For example, (p1,int, {x}) indicates that p1 may reference the integer variable x, whereas
(p6, int*, {p1, p4}) identifies p6 as a second-level pointer that may reference either p1 or p4.

4.2.3 Memory Block Construction. Given the pointer abstraction A, we construct a finite set of
disjoint memory blocks, each grouping semantically related pointer variables with overlapping
target locations to form the basis for rewriting indirect memory accesses into analyzable array
indexing.

We define the set of memory blocks as M = {{m;, ¢;) — (P;,T;, Q;) | i € N*}, where:

m;: symbolic identifier of the i-th memory block.

o;: data type assigned to memory block m;.

P;: set of pointer variables grouped into memory block m;.

T;: set of types pointed to by pointers in P;.

e Q;: union of the points-to sets of all pointers in P;.

The set M is constructed by Algorithm 1, which iterates over each (p;, 7;, Q;) € A and incre-
mentally builds memory blocks. A pointer joins an existing block if its points-to set intersects
with that of the block or if it aliases another pointer in the block (i.e., they co-occur in a points-to
set); otherwise, a new block is created. After grouping, the algorithm assigns each block a type
o; based on T;. If any type in T; is a (possibly nested) pointer, o; is set to int, as pointers are
mapped to integer indices. If T; is a singleton non-pointer, non-structure type, that type is used. If
T; contains multiple types or a structure type with address-taken fields, o; defaults to unsigned
char to preserve byte-level access.

Applying this procedure to the abstraction A from Figure 3a yields the following memory blocks:

(my, int) — ({p1, p4, p5}, {int}, {x, z,arr}),

(mgy,unsigned char) — ({p2, p3},{int, char},{y}),
M =4 (ms int) = ({p6}, {intx}, {p1, p4}),

(mg, int) > ({p7}, {int*}, {p5}),

(ms,Node) +— ({head, n}, {Node}, {malloc})

These blocks are visually illustrated in Figure 4. Each m; denotes a distinct memory block of
type o;, storing all targets in Q;, with each pointer in P; serving as an access index into the block.
For example, my, of type unsigned char, stores the integer variable y, accessed via p2 and p3.
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Algorithm 1: Memory Block Construction.
Input: A = {(p;, 7;,Q;) | 1 < i < n}, where n is the total number of pointer variables in the program.
Output: M = {(m;, ;) — (P;, T;,Q;) | i € N}

1 M« 0, counter « 1;

2 foreach (p;,7;,Q;) € A do

3 merged < false;

4 foreach (mj,o;) — (P, T, Q;) € M do

5 if Qi N Q;j # 0 or 3Qy € A such that {p;,p;j} € O for somep; € P; then
6 Pi —P;U{p;}, Tj < TjU{n}, Qj — QjUQ;;

7 merged < true;

8 break;

9 if not merged then

10 M — MU {{mcounter> Ocounter) = ({pi}, {7i}, Qi) };

1 counter « counter + 1;

12 foreach (m;, o;) — (P;, T;, Q) € M do

13 Let 7; be the first element in Tj;

14 if 71 is a pointer type then o; < int;

15 else if 71 is a struct type and address-of operator is applied to its fields then o; < unsigned char;
16 else if |T;| = 1 then o « 13

17 else o; < unsigned char;

18 return M;

#define M2_SIZE 100000

6
P unsigned char m2[M2_SIZE];
¢ 0 int m2_freeIndex = 1;
0 NULL int alloc m2(int size) {
NULL| oo > 1 ]_ N int allocatedIndex = m2_freeIndex;
1 . m2_freeIndex = m2_freeIndex + size;
— 2 ]- z return allocatedIndex;
2 =
3 K 3 char load m2 char(int index) {
o arr return (char)m2[index];
,'” 13 void store m2 char(int index, int value) {
; ! m2[index] = (unsigned char)value;
unsigned char m2[] int m3[] ; }
! int load m2 int(int index) {
head, n p7 N int mi[] int bo = m2[index];
N int bl = m2[index + 1];
¢ ¢ ! int b2 = m2[index + 2];
0 0 int b3 = m2[index + 3];
NuLL NULL | return b@ + bl * 256 + b2 * 256 * 256 + b3
1 ]. malloc 1 ‘ ]. p5 ’; 256 * 256 * 256;
void store m2 int(int index, int value) {
unsigned int uvalue = (unsigned int)value;
m2[index] = (uvalue / 1) % 256;
m2[index + 1] (uvalue / 256) % 256;

Node m5[] int m4[] m2[index + 2] = (uvalue / 65536) % 256;
m2[index + 3] = (uvalue / 16777216) % 256;

Fig. 4. Memory blocks.

Since these pointers alias y with incompatible types, m; requires byte-level access, handled by the
load/store functions, as shown in the figure. In contrast, m1, of type int, stores x, z, and the array
arr, accessed by p1, p4, and p5. The value at p5 (allocated in m4) holds the index of either x or z in
my, preserving indirect semantics via index-based access.
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R1 - Structure Field Declaration Rewriting:

struct S {7 fis ...; Tn fu;} ~» structS{z] fi; ...

R2 - Function Return Type Rewriting:

int f(ry X1, ..., Tn Xn)
Tf(rl X1, ooes Tn Xn) ~ { Tf(fl X1, +-vs Tn Xn)
R3 - Function Parameter Declaration Rewriting:
Tret f(71 X1, -, Tn Xn)
int, x;
int, x;_addr
int, x;_addr
Ti, Xi
R4 - Scalar Variable Declaration Rewriting:
int o;
int v_addr; v_addr = allocp,; (1);
int v_addr; v_addr = allocy,; (1);

’ ’ ’ ’ ’ ’
Tret f(2] X, ..., T, X;,) where 7], x] =

int v_addr; u_addr = allocmj (sizeof(0));

T
R5 - Array Declaration Rewriting (Element Type o):
int a_addr; a_addr = allocmj (n);

3 Ty fus} where 7] =

int a_addr; a_addr = allocmj (n - sizeof(o));

Negar Fathi, Hiroshi Unno, Tachio Terauchi, and Rahul Purandare

i if ffeP
int iffi . foralli € [1..n]
T otherwise
ifr=17"

otherwise

~
ifx; € PAM(x;) =null
ifx; € PAM(x;) # null
ifx; € Q
otherwise

foralli € [1..n]

ifo € P A M(v) =null

ifo € PAM(v) =m; i €N*

ifoe QAM(v) =mj,j e N"AT(mj) =0
ifoe QAM(v) =mj,j e N* AT(mj) #0
otherwise

ifae QAM(a)=mj,j e N* AT(m;) =0

ifae QAM(a)=mj,j e N* AT(m;) #0
otherwise

if M(p) = null

oaln]; ~w
oaln];
R6 - Pointer Array Declaration Rewriting (Element Type 7*):
™ a[n]; ~ inta[n];
R7 - Pointer-to-Array Declaration Rewriting:
T mp)lnl; o f e

R8 - Null Pointer Assignment Rewriting:

_ . p=0; if M(p) = null
p=NULL; ~> { m;[p_addr] = 0;
R9 - Dynamic Memory Allocation Rewriting:

p = (7")alloca(n * sizeof(7)); or p = (z*)malloc(n * sizeof(7));
ifM(p) =null AM(Q(p)) =mj,j eN*AT(mj)=0cAr=0
ifM(p) =null AM(Q(p)) =mj,j e N* AT(mj) #ocATt=0

p= allocmj (nx1);
p= allocm]. (n*sizeof(o));

int p_addr; p_addr = alloc,, (1);

if M(p) = m;,i € N*

if M(p) =m;,i € N*

Ny

p = allocy; (n = sizeof(int));
m;[p_addr] = allocmj (n*1);
m;[p_addr] = allocmj (n * sizeof(o));
m;[p_addr] = allocmj (n = sizeof(int));
R10a - Load Rewriting for Scalar Variables:

ifM(p) =null AM(Q(p)) =mj,j eN* Ar=1"

ifM(p) =my, i e N*AM(Q(p)) =mj,j e N*AT(mj)=cAT=0
ifM(p) =m;, i e N"AM(Q(p)) =mj,j EN*AT(mj) #0AT=0
ifM(p) =m;, i e N'AM(Q(p)) =mj,j e Nt AT =17"

v ifv € PAM(v) =null

m;[v_addr]

v m;[v_addr]
loadp,;, o (v_addr)
v otherwise
R10b - Store Rewriting for Scalar Variables:
v = expr;
m;[v_addr] = expr;
v =expr; mj[o_addr] = expr;

storemj, o(v_addr, expr);
v = expr;
R11a - Load Rewriting for Array Elements:
alk]
mjla+k]
loadmj, s(a+k-sizeof(o))

mj[m;[a_addr] + k]

ifv € PAM(v) =m;,i € N*
ifoe QAM(v) =mj,j e N* AT(m;) =0 AT(v) =0
ifoe QAM(v) =m;j,j e N*AT(m;) 20 AT(v) =0

ifv e PAM(v) =null

ifv € PAM(v) =m;,i € Nt

ifoe QAM(v) =mj,j e N* AT(m;) =c AT(expr) =o
ifoe QAM(v) =mj,j e N* AT(mj) # o AT (expr) =0
otherwise

N>

ifae PAM(a) =null AM(Q(a)) =mj,j e N*AT(mj) =c AT(alk]) =c
ifae PAM(a) =null AM(Q(a)) =mj,j e N"AT(mj) # o AT(alk]) =0
ifae PAM(a) =my, i e NV AM(Q(a)) =mj,j e N*AT(mj) =0

AT(alk]) =0
load,;, o(mjla_addr] + k - sizeof (o)) f;(i[}”c]/\)]\;f(;) =i 1€ NTAMQ(a) =mj.j € NEAT(my) # 0

m;[a_addr + k]
loadmjy o(a_addr + k - sizeof (o))

alk]

ifae QAM(a) =mj, j € N* AT(m;) =0 AT(alk]
ifae QAM(a) =mj, j e N* AT(mj;) # o AT(alk
otherwise

)=0
D=o

Continued on the next page
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R11b - Store Rewriting for Array Elements:

alk] = expr; ~
ifae PAM(a) =null AM(Q(a)) =mj,j e NV AT(m;) =
mjla+k] = expr; l/\T(a[kJ)z(a) Q@) =mj,j (mj)=o
. _ . + .
storem, o (a+k - sizeof (o), expr); l/f]‘f(i[i]/\)j\:(;) =null AM(Q(a)) =mj,j e N" AT(m;) # o
ifae PAM =m;, i e NV AM =m;,j e N*AT(m;) =
m;[m;[a_addr] + k] = expr; l/\;(a[k]) :(:) mi, 1 (Q(a)) =mj, j (mj)=c
i =m; ieN* =m; jeN* .
storem;, o (m;[a_addr] +k - sizeof (o), expr); l/f;(z[i]/\)]gs‘a) =m;, i e N"AM(Q(a)) =mj,j eN"AT(mj) # 0
mj[a_addr + k] = expr; ifae QAM(a)=mj, jeN* AT(m;) =0 AT(alk]) =0
storep;, o(a_addr + k - sizeof (o), expr); ifae QAM(a)=mj, j e N"AT(mj) # o AT(alk]) =0o
alk] = expr; otherwise
R12a - Load Rewriting for Structure Field Access via Pointer:
p—=f ~
mj[pl.f ifM(p) =null AM(Q(p)) =m;,j eN"AT(mj)=cAT(f) =0
loadm;, o (p +of fset(f)) ifM(p) =null AM(Q(p)) =mj,j eN*AT(mj) #0 AT(f) =0
mj[m;[p_addr]].f ifM(p) =m;, i e NV AM(Q(p)) =mj,j e N*AT(mj) =0 AT(f) =0
loadmj)g(mi[piaddr] +offset(f)) ifM(p)=m; i e N"AM(Q(p)) =mj,j e N*AT(m;) #cAT(f) =0
R12b - Store Rewriting for Structure Field Access via Pointer:
p— f =expr; >
mj[pl.f = expr; ifM(p) =null AM(Q(p)) =m;,j eN*AT(mj) =0 AT(f) =0
storem;, o (p +offset(f), expr); ifM(p) =null AM(Q(p)) =mj,j e N*AT(mj) 20 AT(f) =0
mj[m;[p_addr]].f = expr; if M(p) =m;, i e N" AM(Q(p)) =mj,j EN* AT(mj) =0 AT(f) =0
storep;, o (m;[p_addr] + offset(f), expr); ifM(p) =m;, i e N* AM(Q(p)) =mj,j eN*AT(mj) 20 AT(f) =0

offset(f;) = ;} sizeof(fj), where f; is the i-th field in the structure and f; are the preceding fields.

R13a - Load Rewriting for Dereferenced Pointer Expression:

#(pxk) >
m;[p + k] fM(p) =null AM(Q(p)) =m;,j EN*AT(m;) =a AT(x(p£k)) =0
Load,, o(p £k - sizeof(o)) ifM(p) =null AM(Q(p)) =mj,j EN*AT(m;) #0 AT(x(pxk)) =0
mj[m;[p_addr] + k] ifM(p) =m;, i e N* AM(Q(p)) =mj,j eN*AT(mj) =0 AT(x(pxk)) =0

Loadp,, o(mi[p_addr] £k - sizeof (c)) fM(p) =m;, i e N*AM(Q(p)) =m;,j eN"AT(mj) 20 AT(x(pxk)) =0
R13b - Store Rewriting for Dereferenced Pointer Expression:

*(p k) =expr; ~
mj[p + k] = expr; ifM(p) =null AM(Q(p)) =mj,j EN*AT(mj) =c AT(x(pxk)) =0
storem;, o(p £ k- sizeof(o), expr) fM(p) =null AM(Q(p)) =mj,j e N* AT(mj) #c AT(x(pxk)) =0

ifM(p) =m;, i e N"AM(Q(p)) =mj,j e N* AT(m;) =0
AT (x(ptk)) =0

ifM(p) =my, i e NV AM(Q(p)) =mj,j e N* AT (mj) # 0
AT (x(ptk))=0c

R14 - Address-of Operation Rewriting for Scalar Variables:

&v ~»  o_addr

R15 - Address-of Operation Rewriting for Array Elements:

mj[m;[p_addr] + k] = expr;

storep;, o(m;i[p_addr] + k - sizeof (o), expr)

&alk] o
a+k ifa€ PAM(a) =null AM(Q(a)) =m;,j e N'AT(mj) =c AT(alk]) =0
a+k - sizeof (o) ifae PAM(a) =null AM(Q(a)) =m;,j e N'AT(mj) #0 AT(alk]) =0
m;[a_addr] + k ifae PAM(a)=m;, i e N AM(Q(a)) =m;j,j e N AT(m;) =0 AT(alk]) =0
m;la_addr] +k - sizeof (o) ifa€ PAM(a)=m;, i e N"AM(Q(a)) =mj,j e N"AT(mj) # o AT(alk]) =0
a_addr + k ifae QAM(a) =mj, j e N"AT(mj) =0 AT(alk]) =0
a_addr + k - sizeof (o) ifae QAM(a)=mj, jeN*AT(mj) # o AT(alk]) =0

Fig. 5. Rewriting rules.

4.2.4  Rewriting of Pointer Constructs. The final phase rewrites all pointer constructs into semanti-
cally equivalent (w.r.t. the target fragment) array operations, preserving the original behavior while
producing a pointer-free program compatible with array-based analysis tools. The rewriting oper-
ates on the program’s abstract syntax tree (AST), built using the Clang compiler frontend [54], and
recursively applies the syntax-directed rules defined in Figure 5, guided by the memory mapping
M, to replace pointer constructs with array-based equivalents.

Figure 5 comprises 15 transformation rules (R1-R15), each handling a specific class of pointer-
related constructs, such as dynamic memory allocation, dereferencing, address-of expressions, and
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pointer-based access to structures and arrays. The rewriting relies on the following helper sets and

functions to ensure semantic and type correctness:

o P: set of all pointer variables, including structure fields of pointer type.

e Q: set of all variables that may be pointed to by any pointer in P.

e T(x): base type of variable x.

e Q(x): points-to set of pointer x.

o M(x): memory block storing x—null if direct accessible, or m; if stored in memory block m;.
To illustrate the rewriting process, consider the pointer-based program in Figure 3a. After deriving

the memory mapping M, each line is transformed to produce the array-based version shown in

Figure 3b. Specifically, lines 13-15 in Figure 3a, which declare and initialize the integer array arr,

are rewritten as lines 16—18 in Figure 3b using Rules R4 and R10b. Line 20, which conditionally

assigns to pointer p5 the address of either x or z, is transformed into lines 25-26 via a composition

of Rules R4, R11a, and R14.

4.3 Bounded-Integer Semantics Assurance

Many real-world C programs rely on low-level arithmetic whose finite-width wraparound and
boundary effects may alter control flow and cause non-termination. Many existing termination and
non-termination analysis methods assume unbounded integers, abstracting away these effects and
risking unsoundness. To address this, ATHENA allows the user to decide whether bounded integer
semantics must be enforced and, if so, which semantic mode is applied. As illustrated in Figure 2,
ATHENA supports three modes: (1) None, (2) Modulo Arithmetic, and (3) Bit-Vector Semantics. The
None mode forwards the program for analysis under mathematical integer semantics and is sound
only when finite-width effects are irrelevant (e.g., in TermCOMP) or have been ruled out (e.g., after
CPAchecker confirms that no finite-width overflow/underflow can occur). The latter two modes
enforce bounded integer semantics and are described in the following subsections.

4.3.1 Modulo Arithmetic Mode. In this mode, ATHENA applies a source-to-source transformation
that explicitly embeds bounded integer semantics into the program prior to translation into the
Labeled Transition System (LTS).

Consider the motivating example Type_Conversion_in_Comparison_1_NT from Figure 1b,
which exhibits non-termination due to finite-width wraparound effects in the presence of in-
teger promotions. To capture this behavior, ATHENA introduces a wrap_around helper function
shown below, which simulates finite-width wraparound using modular arithmetic. Parameterized
by lower and upper bounds, it supports various C integral types and is applied to expressions that
may wrap around, identified via AST traversal using Clang’s compiler frontend. For example, in
Figure 1b, ATHENA promotes s, seqnum, and len to long long, rewrites loop guard s < segnum
+ lenass < wrap_around(segnum + len, INT_MIN, INT_MAX), and replaces s++ with s =
wrap_around(s + 1, @, USHRT_MAX).

long long wrap_around(long long value, long long lower_bound, long long upper_bound) {

1

2 long long range = upper_bound - lower_bound + 1;

3 if (value > upper_bound)

4 return lower_bound + (value - upper_bound - 1) % range;
5 else if (value < lower_bound)

6 return upper_bound - (lower_bound - value - 1) % range;
7 return value;

8 %}

This mode allows the analysis engine to reason in the simpler theory of mathematical integers
while preserving the effects of bounded arithmetic. If analysis under this mode is inconclusive,
ATHENA invokes CPAchecker to check whether any finite-width overflow/underflow can occur.
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When no such finite-width effect is possible, the wraparound instrumentation is discarded, and
the program is re-analyzed in the theory of mathematical integers, thereby ensuring sound results
without incurring unnecessary semantic overhead.

4.3.2  Bit-Vector Semantics Mode. In this mode, the program remains unmodified at the source level,
and bounded integer semantics are enforced directly during analysis. A dedicated type information
extraction pass records variable widths and operator signedness, attaching this metadata to the
LTS during its construction. This mode allows the analysis engine to reason directly in the theory
of bit-vectors, thereby capturing finite-width, bit-precise integer semantics without requiring
source-level rewriting.

4.4 C-to-LTS Translation

In this step, the input program—already transformed into a pointer-free form and optionally
finite-width—augmented according to the selected mode—is translated into a Labeled Transition
System (LTS), which serves as input to the analysis engine. The program is first compiled to LLVM
Intermediate Representation (LLVM-IR) using the LLVM framework, then translated into an abstract
LTS representation via llvm2KITTeL. A key contribution of our work is extending llvm2KITTeL to
support constructs common in real-world C programs, including arrays, structures, and bit-level
operations. Pointers are omitted at this stage, as they are eliminated during the pointer-to-array
rewriting phase. In bit-vector mode, the extracted type metadata (bit-widths and signedness) is
preserved during translation and determines whether operations and comparisons are encoded
using signed or unsigned bit-vector semantics.
The LTS representation supports the following abstract operations:

Array Operations.
e a := nondet(); declares a nondeterministic array a.
e a := const_array(v); declares an array a with all entries set to v.
e v := select_array(a, 1i); readsthe value at index i from array a.
e a := store_array(a, i, v); writes v to index i in array a.
Structure Operations.
e t := constr_tuple(f1, ..., fn); creates a tuple t with fields f1 to fn.

e v := select_tuple(t, i, n); extracts the i-th field from an n-field tuple t.
Bit-Level Operations.

e TYPE v: bv(w); declares v as a bit-vector of width w.

ev := and(x, y);,v := or(x, y);,Vv := shl(x, y);,v := lshr(x, y);,andv :=
ashr(x, y); perform standard bitwise logical and shift operations, where x is the input
value and y specifies either the second operand (for logical operations) or the shift amount
(for shift operations).

e v := sign_extend(w_src, w_dst, x);andv := zero_extend(w_src, w_dst, x); both
extend the bit-width of x from w_src to w_dst, the former replicating the most significant
(sign) bit and the latter padding zeros on the left.

e v := extract(w_hi, w_lo, x); extracts the bits from index w_hi down to w_lo (inclusive)
from x, effectively truncating or slicing the bit-vector.

Floating-Point Operations.

e v := int2real(x); andv := real2int(x); convert between integer and floating-point
(real) values, with real2int discarding the fractional part of x.

Figure 6 shows a C program (a) and its corresponding LTS (b). The program defines a Device
structure, creates an array of such structures, and conditionally updates fields using bitwise logic.
In the LTS, our newly introduced abstractions appear explicitly: array and structure operations
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1 extern int __VERIFIER_nondet_int(void); 6 while ((devices[1].isOn & 1) == 1)
2 struct Device { int id; int isOn; }3; 7 devices[0].isOn = 0;
3 int main() { 8 return 0;
4 struct Device devices[2]; 9 )
5 devices[1].1isOn = __VERIFIER_nondet_int() % 2;
(a) C program.
1 START: main_bbo; 16 FROM: main_bb1;
2 TYPE v6: bv(32); 17 TO0: main_bb1_end;
3  FROM: main_bbo; 18 FROM: main_bb1_end;
4 vdevices := nondet(); 19 assume(v7 == 1);
5 VO := nondet(); 20 TO: main_bb2;
6 Vvl = v0 % 2; 21 FROM: main_bb1_end;
7 v2 := select_array(vdevices,h1); 22 assume(v7 != 1);
8 v3vl := select_tuple(v2,0,2); 23 TO0: main_bb3;
9 v3v2 := constr_tuple(v3ve,vil); 24  FROM: main_bb2;
10 vdevices := store_array(vdevices,1,v3v2); 25 v9v@ := select_tuple(v8,0,2);
11 v4 := select_array(vdevices,h1); 26  v9v2 := constr_tuple(v9ve,0);
12 v6 := select_tuple(v4,1,2); 27 vdevices := store_array(vdevices,0,v9v2);
13 v7 := and(v6,1); 28 TO: main_bb1;
14 v8 := select_array(vdevices,0); 29 FROM: main_bb3;
15 TO: main_bb1; 30 TO: main_bb3_ret;

(b) LTS Representation.

Fig. 6. C program and its LTS representation.

are represented using select_array, store_array, constr_tuple, and select_tuple, while bit-
level reasoning appears in the type annotation TYPE v6: bv(32); and in the encoding of (isOn
& 1) with the and instruction.

The current C-to-LTS translation aggressively inlines functions; consequently, ATHENA does not
support general recursion end-to-end. We automatically rewrite tail recursion into equivalent loops
prior to translation, but conservatively return UNKNOWN for non-tail recursion. Supporting general
recursion would require a call-preserving LLVM-to-LTS encoding with an explicit stack/frame
model (including frame-local state and pointer relationships), which we leave as future work.

4.5 Termination and Non-termination Analysis

ATHENA builds on an extended version of MuVal, a modular verification framework based on
UCLP, a first-order fixpoint logic with background theories. MuVal performs termination and non-
termination analysis using a primal-dual fixpoint computation that combines inductive (safety/ter-
mination) and coinductive (liveness/non-termination) reasoning. It synthesizes ranking functions to
prove termination and constructs recurrent sets to witness non-termination. However, the original
MuVal lacks native support for arrays, tuples, and bit-vectors, limiting its applicability to real-world
C programs. We address this by extending MuVal with support for these theories, enabling sound
and precise reasoning over yCLP formulas derived from the LTS representation.

To realize this, we extended MuVal’s backend solver, PCSat, to support reasoning over array,
tuple, and bit-vector theories. These extensions required augmenting PCSat’s constraint language
and constraint solving engine to interpret and manipulate formulas involving finite-width, bit-
precise integer arithmetic and indexed memory. On top of this, we implemented template-based
synthesis mechanisms that extend the relational verification templates introduced in PCSat’s
original design [56], enabling the generation of inductive invariants, Skolem functions, and ranking
functions over the newly supported theories. The design of these templates was guided by studying
the structure of correctness certificates used in CHC-COMP [12], TermCOMP, and the benchmarks
of Shi et al., with the goal of balancing expressiveness and automation. While the specific templates
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are not detailed here, they were crafted to accommodate the diverse reasoning patterns observed
in practical termination and non-termination proofs. These enhancements integrate into MuVal’s
existing primal-dual fixpoint strategy, preserving its modular architecture while significantly
broadening its applicability to real-world low-level programs.

4.6 Soundness Argument

We argue soundness compositionally across four layers: (1) pointer-to-array rewriting, (2) the
selected integer-semantics mode, (3) C-to-LTS translation, and (4) MuVal’s reasoning over the
translated system. End-to-end soundness follows by composition.

Preliminaries. Let P range over sequential C programs in the target C fragment (Section 4.2.1),
and consider only executions with defined behavior under that fragment’s semantics. Let o range
over initial program states. For each integer-semantics mode y € {None, Modulo, BitVector}, we
write (P, o) |J# (resp. (P, o) fI*) to denote that the execution of P from initial state ¢ terminates (resp.
diverges) under the integer semantics of y. We write P ||V iff Vo. (P, o) ¥, and P | iff Jo. (P, o) .
Let PA(P) denote DG’s sound may-alias over-approximation, and let P’ = Rewrite(P, PA(P))
be the pointer-free program produced by ATHENA. Fix an integer-semantics mode p, and let
P}, denote the program obtained by applying the arithmetic semantics of 4 in our pipeline. Let
T, = LTS(P,) be the LTS produced by our llvm2KITTeL-based C-to-LTS translation. Finally, let

MuVal(T,) € {TERMINATES, NONTERMINATES, UNKNOWN, TIMEOUT, ERROR} be MuVal’s result.

LEMMA 4.1 (POINTER-TO-ARRAY REWRITING PRESERVES TERMINATION BEHAVIOR). Fix a mode 1. As-
sume P satisfies the target-fragment restrictions and DG returns a sound may-alias over-approximation
PA(P). Then P and P’ = Rewrite(P, PA(P)) are termination-equivalent under p, i.e., P |} <= P’ |J*
and P ! = P’ |~

Proor skeTcH. The rewriting is justified by a standard memory-abstraction simulation. Each
allocation site is mapped to a stable abstract block, realized in P’ as a dedicated array (or, when
the may-alias information permits accesses through incompatible types, as a byte-level array
accessed via typed load/store helpers that interpret the same underlying bytes according to the
accessed type). Dereference and offset/index expressions are rewritten into explicit indexing on the
corresponding block. Because PA(P) is a sound may-alias over-approximation, it may conservatively
merge distinct allocation sites in the abstract block partition, potentially reducing solver precision.
This impacts only the encoding, not the semantics: no concrete aliasing behavior is excluded and no
spurious execution traces are introduced. Therefore, the rewriting preserves the memory semantics
of P exactly and is both sound and complete. Under the fixed arithmetic semantics of p, each
rewriting rule preserves the defined read/write effects and induced control-flow decisions, yielding
a stepwise correspondence between executions of P and P’ and thus termination equivalence. O

LEMMA 4.2 (SOUNDNESS OF INTEGER-SEMANTICS MODES). Fix a mode yi. Then termination under y
for P’ is equivalent to termination of the encoded program P, under the base arithmetic semantics

None, ie, P’ /' & P, [N and P’/ e P; N,

Proor skeTcH. For bounded modes (e.g., modulo or bit-vector semantics), each integer operator
is encoded directly in the target theory with its intended meaning; thus, executions of P’ under y
correspond exactly to executions of P}, under None. For mathematical integers, ATHENA switches to
unbounded reasoning only when finite-width effects are irrelevant or CPAchecker proves that no
relevant arithmetic operation can overflow or underflow. In the latter case, soundness is conditional
on CPAchecker; disabling this fallback yields unconditional soundness at the cost of precision. O
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LEMMA 4.3 (C-TO-LTS TRANSLATION PRESERVES TERMINATION BEHAVIOR). Let T, = LTS(P,).
Then P}, Nere — T, INo"e and P fNone — T, iNone,

Proor skeTcH. The translation compiles P, to LLVM IR and encodes each LLVM instruction and
control-flow edge as LTS transitions. Our llvm2KIT TeL extensions provide operational encodings
for all supported constructs (Section 4.4), so each defined program step is mirrored by an LTS
step with the same state update and control transfer, and vice versa. Therefore, termination and
divergence under None semantics are preserved. O

AssuMPTION 1 (MUVAL SOUNDNESS FOR REPORTED RESULTS). We assume the soundness of MuVal
as established in its original work: for any translated system T, under the supported theories, if
MuVal(T,) = TERMINATES (resp. NONTERMINATES), then T,, [N°"® (resp. T, N°"°).

COROLLARY 4.4 (END-TO-END SOUNDNESS OF ATHENA). Under the assumptions of Lemmas 4.1-4.3
and Assumption 1 (and, for the unbounded integer option, the CPAchecker side condition when the
fallback is enabled), ATHENA is sound:

e IfMuVal(T,) = TERMINATES, then P ||*.
e IfMuVal(T,) = NONTERMINATES, then P (V.
e IfMuVal(T,) € {UNKNOWN, TIMEOUT, ERROR}, ATHENA makes no claim.

Proor skeTCcH. Immediate by composition of Lemmas 4.1, 4.2, 4.3, and Assumption 1. O

5 Implementation

ATHENA is implemented in C++23 on Clang/LLVM 21.1.5. It uses DG to extract flow-sensitive points-
to sets from LLVM IR, which are grouped into memory blocks following Algorithm 1. Pointer
constructs are identified with Clang’s RecursiveASTVisitor and rewritten via clang: :Rewriter
according to the rules in Figure 5. For bounded-integer semantics assurance, ATHENA provides three
complementary modes. In None mode, the program is forwarded directly for translation into the LTS.
In modulo arithmetic mode, a custom Clang visitor/rewriter instruments arithmetic expressions that
may overflow or underflow with calls to the wrap_around function (Section 4.3.1). If this analysis
yields an inconclusive result, ATHENA invokes CPAchecker’s finite-width overflow/underflow
analysis to re-analyze programs confirmed as free of such effects on the relevant operations. In
bit-vector mode, Clang extracts type information, which is then attached as annotations to the LTS
during construction. All transformations are applied at the source level to preserve compatibility
with LLVM compilation.

At the IR level, we extend llvm2KITTeL to support arrays, structures, and bit-level operations.
Custom LLVM passes handle constructs such as alloca, getelementptr, shl, and sitofp, emitting
LTS rules in SMT-compatible syntax. Finally, we extended MuVal’s backend solver, PCSat, by
augmenting its constraint language and constraint solving engine to support arrays, tuples, and bit-
vectors. We added modular, theory-specific template instantiations to enable automated synthesis
of ranking functions and recurrent sets. These extensions were benchmark-driven and designed to
preserve the solver’s primal-dual convergence strategy while maintaining modularity and seamless
integration within ATHENA’s analysis pipeline.

6 Evaluation

We evaluate ATHENA against six state-of-the-art termination analyzers—Proton, AProVE, UAu-
tomizer, CPAchecker, 2LS, and MuVal—on two complementary benchmark suites. The first is the
C category of the 2024 Termination Competition (TermCOMP), comprising 828 C programs with
pointers and data structures under unbounded integer semantics. The second is the real-world
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benchmark of Shi et al. [24, 49], containing 117 C/C++ programs with pointers, arrays, data struc-
tures, bitwise operations, and bounded arithmetic, designed to capture the semantic and structural
complexity of practical C code. To ensure well-defined semantics, we exclude all benchmarks
whose behavior depends on C undefined behavior (UB), as explicitly designated by the benchmark
providers—including 12 benchmarks from Shi et al. involving signed integer overflow/underflow and
invalid shift operations, and 27 benchmarks from TermCOMP’s AProVE_memory_unsafe category
involving invalid pointer dereference, out-of-bounds memory access, or uninitialized reads—and

report results on the remaining programs. Experiments were run on an Apple M2 Pro (10-core, 16

GB RAM, macOS 15.6.1). All tools used the same configurations as Shi et al., with identical timeouts

(15 minutes for TermCOMP, 20 minutes for Shi et al.) to ensure fairness. All reported runtimes for

ATHENA include the end-to-end pipeline, including DG pointer analysis, pointer-to-array rewriting,

bounded-integer mode selection, C-to-LTS translation, and PCSat solving.

For TermCOMP, ATHENA was executed in the None mode, using mathematical integer semantics
to align with its assumption of unbounded integers. For the Shi et al. benchmarks, which exercise
bounded integer semantics, ATHENA was run in the Bit-Vector (BV) and the Modulo Arithmetic
(MA) modes under a split 20-minute budget:

(1) ATHENAgy: runs in bit-vector mode for 10 minutes.

(2) ATHENA14: runs in modulo arithmetic mode for 10 minutes. If a decisive result (termination
or non-termination) is obtained within half of the time budget, we directly report it with
its runtime. Otherwise, CPAchecker checks whether any finite-width overflow/underflow is
possible. If none is possible, we conservatively report the initial indecisive outcome (unknown,
timeout, or error) with the accumulated runtime. Otherwise, we rerun in the None mode and
report that result with the accumulated runtime (original attempt + CPAchecker + rerun).

(3) ATHENA (combined): reports the union of ATHENApy and ATHENA 4. If ATHENAgy produces
a decisive result, it is adopted with its runtime; otherwise, ATHENA )4 s result is taken, with
aggregated runtimes.

We structure our evaluation around the following research questions:

e RQ1: How does ATHENA compare with existing tools in terms of correctness (both correct and

incorrect analyses)?

e RQ2: Can ATHENA handle advanced C constructs such as pointers, arrays, structures, bitwise

operations, and bounded integers?

e RQ3: Is ATHENA sound with respect to the selected bounded integer semantics?

e RQ4: What is the impact of ATHENA’s semantic and memory-aware enhancements over baseline

tools?

o RQ5: How does ATHENA perform in runtime compared to state-of-the-art tools?

e RQ6: How do the bit-vector and modulo arithmetic modes complement each other, and what

benefits arise from combining them?

Figure 7 summarizes the outcomes for all tools across both benchmarks. Results are classified as
correct (sound proof or disproof of termination against the ground truth from TermCOMP and Shi
et al.), wrong (incorrect result), unknown (no conclusion), timeout (exceeded time limit), and error
(internal failure). On the Shi et al. benchmarks, Athena achieves 60.95% correctness, outperforming
UAutomizer (43.81%) and matching MuVal (60.95%), while trailing Proton (66.67%). Importantly,
Athena produces zero wrong results on this benchmark set, whereas Proton and MuVal report
8.57% and 21.90% wrong results, respectively, highlighting Athena’s soundness. On TermCOMP,
ATHENA attains 76.28% correctness, surpassing Proton (75.91%)—the SV-COMP 2025 Termination
winner [51]—and AProVE 72.91%—the TermCOMP 2024 winner [53]—while ranking just below
UAutomizer 78.65%, the runner-up in TermCOMP 2024 and SV-COMP 2025 (Termination). This gap
stems from (1) UAutomizer’s stronger recursion handling, (2) our current pointer-to-array rewriting
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Fig. 7. Outcome distribution per tool on the TermCOMP and real-world Shi et al. benchmarks.

Table 1. Outcome breakdown per tool on the TermCOMP (TC) and real-world Shi et al. (RW) benchmarks.
Each group of 4 columns shows the number of Wrong (W), Unknown (U), Timeout (T), and Error (E) results.

(a) Outcome breakdown per tool on the TermCOMP (TC) benchmarks.
Feature (#TC) ATHENA | Proton | AProVE |UAutomizer| CPAchecker 2LS MuVal

WUTEWUTEWUTEWUT E|WUTEWUTE|WUTE
Pointer Manipulation (143)| 0 5 42 1|16 21 0 0{ 0 151520 33 0 16 [0 142 0 1 [0 14 0 128109 0 1 19
Data Structure (16) 0 5100|130 00{0 1 00{0 150 0|0 16 0 0|0 140 1|8 00 7
Recursion (62) 03 0 0/02300{0 11 2 4/0 170 0 |0 7 055[9 30 9|11 00 O
Total (221) 0 4852112944 0 0|0 27 17 6{0 650 16 |0 165 0 56|9 31 0 138(128 0 1 26

(b) Outcome breakdown per tool on the real-world Shi et al. (RW) benchmarks.

Feature (#RW) ATHENA | Proton | AProVE |UAutomizer|CPAchecker 2LS MuVal
WUTEWUTEWUTEWUT EWUT E WUTEWUTE
Pointer Manipulation (14) 0 0110/3 500{01310/0 1 9 1|0 80 6 |0120 2|4 006
Array (16) 0 01001 700[{01310/0 3 6 00140 2 |0110 2|3 02 4
Data Structure (6) 00 402 000/0 600003 1000 6 |0600[1004
Bit Calculation (8) 00 O0O0O0T1O0O003800/040 00380 0 |0600[(4000
Finite-Width Arithmetic Effects (23){0 0 1 0{4 1 00{3 7 40(0 133 0 4112 1 |0 1400|401 2
Recursion (24) 02400(11400[{01800/0170 2 (0 20 20 |2 0 019{1100 2
Total (91) 024260(112800(3 6560|0 3821 4 |4 432 35 |2 490 23{27 0 318

lacking sentinel-based reasoning, and (3) its use of quantified invariants via trace abstraction,
which we leave for future work. Despite these omissions, matching UAutomizer closely while
outperforming Proton and AProVE highlights ATHENA’s strength. Reported percentages differ
slightly from official TermCOMP 2024 and SV-COMP 2025 (Termination) results [51, 53] due to
tool updates and system configuration. Overall, the results demonstrate ATHENA’s reliability and
correctness across synthetic and real-world benchmarks, addressing RQ1 and providing strong
evidence for RQ3.

Although MuVal’s correct rate appears competitive, a notable fraction of its results stems from
incomplete semantic modeling. MuVal relies on pre-extension version of llvm2KITTeL (prior to this
work) that does not translate key LLVM IR constructs—pointers, arrays, data structures, bitwise
operations, bounded integer computations, and recursion—into LTS, instead silently omitting them
and yielding models that do not faithfully represent the original programs. Our inspection showed
MuVal reporting correct results despite missing translation support, including 14 TermCOMP
programs with pointers, 1 with data structures, 51 with recursion, and 43 Shi et al. programs
exercising these constructs. Such results may be formally sound under MuVal’s abstract model but
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Table 2. Average runtimes (in seconds) of each tool on the TermComp (TC) and Shi et al. (RW) benchmarks.

Metric Athena Proton AProVE | UAutomizer | CPAchecker 2LS MuVal
TC RW TC RW | TC RW | TC RW TC RW | TC RW| TC RW
Avg. Runtime (s) | 105.61 211.23 | 114.50 89.94|115.92 98.61|96.34 170.71 | 230.87 329.70|17.62 0.51|59.46 79.63
70% R Feature (#RW) ATHENAgy | ATHENAj4 | ATHENA
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60% Pointer Manipulation (14) 0 01100[0 01101/0 01100
g Array (16) 001200[0 01100[0 01000
50% 3 Data Structure (6) 00 400/00301/00 400
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< [ " Finite-Width Arithmetic Effects (23)|]0 0 2 0 0/0 0 7 00/0 0 1 00
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Fig. 8. Comparative evaluation of ATHENA’s semantic modes—Bit-Vector (ATHENARyY) and Modulo Arithmetic
(ATHENAj4)—and their combination (ATHENA) on Shi et al. benchmarks.

are unreliable from the perspective of the original program semantics with respect to those omitted
constructs. Similar issues may affect other tools and warrant further investigation. These findings
underscore the value of ATHENA’s semantic and memory-aware enhancements, as reflected in RQ4.

To address RQ2, Table 1 presents failure breakdowns across six C constructs—pointers, arrays,
data structures, bitwise operations, finite-width arithmetic effects, and recursion—using separate
tables for TermCOMP (TC) and Shi et al. (RW). For each construct, we report wrong (W), unknown
(U), timeout (T), and error (E) outcomes. On TC, ATHENA fails on 48 of 143 pointer programs,
competitive with AProVE (32), Proton (37), and UAutomizer (49), and far ahead of MuVal (129), 2LS
(142), and CPAchecker (143). Despite llvm2KITTeL’s function inlining preventing direct recursion
analysis, ATHENA still solves 24 of 62 recursive programs by automatically converting tail recursion
into loops. On RW, ATHENA records 50 failures, trailing Proton (39) but outperforming UAutomizer
(63) and AProVE (74), highlighting its strength on complex real-world code. These achievements
are particularly notable given that competing tools may report correctness under incomplete ab-
straction models, as discussed earlier for MuVal. Importantly, ATHENA maintains perfect soundness,
producing zero wrong results across both benchmarks and all categories, matching UAutomizer
and contrasting with all other tools, which report non-zero wrong results. Across the two bounded-
arithmetic categories—finite-width arithmetic effects and bit calculation (31 programs total)—MuVal
produces 8 wrong results, Proton and CPAchecker each 4, and AProVE 3, while ATHENA solves
30/31 correctly with zero wrong results. These results demonstrate the effectiveness of ATHENA's
bounded-integer semantics assurance engine, expose the limitations of existing tools on bounded
computations, and confirm ATHENA’s ability to handle advanced C constructs—answering RQ2 and
reinforcing RQ3.

Table 2 compares average runtimes across tools. On TermCOMP, ATHENA averages 105.61 s per
program, close to UAutomizer (96.34 s), faster than Proton (114.50 s) and AProVE (115.92s), and
substantially faster than CPAchecker (230.87 s). On the real-world dataset, ATHENA averages 211.23 s,
which is slower than Proton (89.94 s), AProVE (98.61 s), and UAutomizer (170.71 s), but still clearly
faster than CPAchecker (329.70 s). In our evaluation, we observed that the higher runtime on real-
world programs primarily stems from the complexity of ATHENA’s termination/non-termination
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analysis, rather than from pointer-to-array rewriting or bounded-integer semantics assurance alone.
Overall, these results show that ATHENA remains practical and scales to real-world programs with
acceptable runtime overhead, addressing RQ5.

Figure 8 addresses RQ6 by comparing ATHENA’s two modes—bit-vector (ATHENApy) and modulo
arithmetic (ATHENA4)—and their combination as ATHENA, across outcome distribution, feature-
level breakdown, and average runtime. We distinguish between abort (A) and error (E). ATHENAp4
incurs 7.62% aborted runs—all 8 benchmarks in the bit-calculation category—since these require bit-
vector reasoning supported by ATHENAgy. It also produces one out-of-memory error on a program
involving pointers and data structures. Both aborts and this error are excluded from ATHENA’s
results under its combination strategy. As ATHENAgy successfully solves all 8 benchmarks aborted
by ATHENA4, the two modes demonstrate similar overall capability. Their combination increases
the correct rate from 55.24% (ATHENApy ) and 44.76% (ATHENAp4) to 60.95% (ATHENA), with each
contributing solutions the other cannot. ATHENApy’s bitwidth-aware reasoning is most effective
for bitwise operations and finite-width arithmetic effects, while ATHENA4’s modular arithmetic
excels on pointers, arrays, and structures. Together, they expand coverage without compromising
soundness, demonstrating the benefit of integration.

Among the evaluated (UB-free) benchmarks, we identified one misclassified program in the Shi
et al. suite: Incorrect_Initialization_2_T, labeled as terminating but actually non-terminating.
Athena, Proton, UAutomizer, and MuVal correctly report non-termination, while the remaining
tools return unknown.

7 Conclusion and Future Work

This paper introduced ATHENA, a sound framework for termination and non-termination analysis of
C programs under finite-width integer semantics, with support for pointers, arrays, structures, and
bit-level arithmetic. ATHENA addresses key limitations of prior tools through several transformations
and enhancements: pointer operations are rewritten as array accesses; bounded integer semantics
are supported through modulo arithmetic and bit-vector semantics; and the resulting LTS enables
modular reasoning via an extended version of MuVal. Our implementation builds on MuVal and
llvm2KITTeL, both extended with new theories and abstractions. Experimental results show that
ATHENA achieves high correctness on real-world benchmarks and delivers competitive performance
on TermCOMP, while producing zero wrong results across both suites. These outcomes demonstrate
its ability to reason soundly about complex memory patterns and low-level behaviors, thereby
advancing the state of the art in C termination analysis.

While ATHENA demonstrates strong capabilities in analyzing complex C programs, several
directions remain for enhancement. First, we plan to augment the pointer-to-array rewriting phase
with reasoning about sentinel-based idioms, leveraging array size information to model patterns
such as null-terminated strings. We also aim to add memory safety checks (out-of-bounds and null
dereference) and support for free, enabling ATHENA to reason about unsafe accesses and dynamic
memory lifecycles. Second, we intend to enhance MuVal with quantified invariant synthesis,
complementing its current CEGIS-based approach and enabling ATHENA to handle benchmarks that
require universally quantified reasoning while preserving its ability to solve problems beyond the
reach of simpler invariant generation methods. Third, we will extend ATHENA to directly support
recursive procedures. Our pipeline relies on aggressive inlining via llvm2KIT TeL, which simplifies
control flow but prevents recursion. We aim to design an abstraction that preserves call hierarchies
without inlining, allowing sound reasoning about recursive programs. Finally, we plan to extend
ATHENA to handle complex types such as C unions and C++ classes through specialized abstractions
that accurately capture their semantics and memory layouts. These extensions will further broaden
ATHENA’s applicability to safety-critical and industrial-scale systems.
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8 Data Availability

The ATHENA implementation is publicly available at: https://github.com/negarfathi/Athena, which
includes installation instructions, benchmarks, execution scripts, and evaluation results needed
to reproduce the experiments in this paper. We also refer readers to the maintained evaluation
infrastructure at: https://github.com/hiroshi-unno/coar for future reuse and comparative evaluation.
To support long-term preservation and citation, the artifact is also archived on Zenodo [23].
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