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degree of automation in formal verification by, e.g., generating formal specifications as essential to deductive
verification, yet exhibit poor scalability due to long-context reasoning limitations and, more importantly, the
difficulty of inferring complex, interprocedural specifications. This paper presents PREGUSs — a modular, fine-
grained framework for automating the generation and refinement of formal specifications. PREGUSSs synergizes
between static analysis and deductive verification by steering two components in a divide-and-conquer fashion:
(i) potential runtime error-guided construction and prioritization of verification units, and (ii) LLM-aided
synthesis of interprocedural specifications at the unit level. We show that PREGUSs substantially outperforms
state-of-the-art LLM-based approaches and, in particular, it enables highly automated RTE-freeness verification
for real-world programs with over a thousand LoC, with a reduction of 80.6%~88.9% human verification effort.
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1 Introduction

Runtime errors (RTEs), such as division by zero, buffer/numeric overflows, and null pointer deref-
erence, are a common cause of undefined behaviors (UBs) exhibited during the execution of C/C++
programs [ISO/IEC JTC 1/SC 22 2024, Sect. 3.5.3]. These UBs can trigger catastrophic failures,
rendering them critical considerations for safety-critical applications [ari 2000; America’s Cyber
Defense Agency 2025; Shadab et al. 2025]. Consequently, in conventional program verification
methodologies, establishing RTE-freeness (i.e., conformance to the C standard specification) con-
stitutes a necessary precondition for verifying functional correctness (i.e., adherence to intended
behaviors) [Souyris et al. 2009]. State-of-the-art static analyzers based on abstract interpretation
[Cousot and Cousot 1977], such as Astrée [Kistner et al. 2023] and FRama-C/Eva [Biihler et al.
2025], aim to reliably detect all potential UBs in large-scale C programs, thereby formally certifying
the absence of RTEs. However, due to the inherent abstraction mechanism that soundly approxi-
mates concrete program semantics [Cousot and Cousot 1977], these tools often emit numerous
false positives. Manually identifying such false alarms or tuning analyzer configurations for better
accuracy remains notoriously difficult [Ourghanlian 2015; Wang et al. 2024].

Program verification tools, such as (automated) deductive verifiers [Ahrendt et al. 2016], provide a
rigorous means for ensuring critical properties, including RTE-freeness and functional correctness.
The verification process typically involves two stages: (i) constructing specifications to formalize
intended program behaviors, and (ii) proving that the program adheres to the specifications. While
modern verifiers such as FRama-C/Wp [Blanchard 2020] and Dafny [Leino 2010] automate the
latter stage, the former — known as specification synthesis [Ammons et al. 2002] - still relies heavily
on human expertise, especially for large-scale programs. [Djoudi et al. 2021; Ebalard et al. 2019].

Recent studies [Ma et al. 2025; Pirzada et al. 2024; Wen et al. 2024; Wu et al. 2024b,a] have explored
large language models (LLMs) for automated specification synthesis, demonstrating substantial im-
provements over conventional techniques. Nevertheless, these methods exhibit significant scalability
limitations when applied to real-world programs with, e.g., thousands of lines of code (LoC). The
reasons are primarily twofold. First, the long-context reasoning limitation of LLMs prohibits them
from processing large-scale programs as a whole: (i) the entire program may exceed the maximum
context window length [Fang et al. 2024]; and (ii) even when the window is sufficiently long, LLMs
often struggle to effectively locate and utilize the precise information needed to solve the task in
one shot [Lekssays et al. 2025; Zhang et al. 2024]. Second, verifying large-scale programs — which
typically feature complex call hierarchies — necessitates the synthesis of a diverse set of interprocedu-
ral specifications, e.g., contracts (pre- and postconditions), loop invariants, etc. The latter is beyond
the capability of existing approaches: (i) some focus exclusively on intraprocedural specifications of
specific categories, e.g., invariants [Pirzada et al. 2024; Wu et al. 2024b,a] and assertions [Mugnier
et al. 2025], and (ii) others generate interprocedural specifications holistically without modeling
intrinsic differences between preconditions and postconditions [Ma et al. 2025; Wen et al. 2024],
which are critical for identifying or validating the absence of RTEs (as demonstrated in Section 3).
A more detailed review of related work is provided in Section 8.

In response to the aforementioned challenges, we present PREGUSS — an LLM-assisted framework
for synthesizing fine-grained formal specifications that enable the effective verification of large-scale
programs. PREGUSS adopts a divide-and-conquer strategy orchestrating two synergistic phases: Phase
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1 (Divide) decomposes the monolithic task of RTE-freeness verification into manageable, prioritized
units, guided by RTE assertions emitted by a static analyzer; Phase 2 (Conquer) employs an LLM
to infer interprocedural specifications with fine-grained strategies tailored to different program
contexts pertaining to the units. We show that this divide-and-conquer methodology facilitates (i)
the synergy between static analysis and deductive verification: The RTE assertions reported by static
analysis are used to either construct necessary specifications certifying RTE-freeness or help locate
root causes triggering RTEs (a la the minimal contract paradigm [Gerlach 2019]); and (ii) modular
synthesis of interprocedural specifications (at the granularity of verification units) and thereby a
viable approach to the automated verification of large-scale programs.

We have implemented PREGUSs on top of the deductive verifier FRaMA-C/WP and abstract
interpretation-based analyzers FRaAMA-C/Eva and FRAMA-C/RTE [Herrmann and Signoles 2025].
Experimental results show that PREGUSs substantially outperforms state-of-the-art LLM-based
approaches in terms of the rate of successfully verified benchmarks. In particular, PREGUSsS achieves
highly automated RTE-freeness verification for real-world programs with over a thousand LoC, with a
reduction of 80.6%~88.9% human verification effort (measured by the number of human-intervened
specifications). Moreover, PREGUSsS facilitates the identification of 6 confirmed RTEs in a prac-
tical spacecraft control system (1,280 LoC, 48 functions). These results demonstrate PREGUSS’s
effectiveness in synthesizing high-quality specifications and scalability to large projects.

Contributions. The main contributions of this paper are summarized as follows.

e We propose and formalize the concept of potential RTE-guided specification synthesis as an
effective means for LLM-aided specification synthesis towards scalable program verification.

e We present PREGUSs — a modular, fine-grained framework for inferring formal specifications
that integrates static analysis and deductive verification in a sound and terminating manner.
PREGUSS is, to the best of our knowledge, the first automated method capable of proving
RTE-freeness of real-world programs with over 1,000 LoC (with marginal human effort).

e We construct an open-source dataset consisting of real-world C programs annotated with
specifications generated by PREGUSs and crafted by experts for RTE-freeness verification.

e We implement PREGUSS and demonstrate its effectiveness and scalability on the benchmark
dataset. We show that PREGUSs outperforms state-of-the-art LLM-based approaches, and
achieves highly automated RTE-freeness verification of large-scale, real-world programs.

Paper Structure. Section 2 recaps preliminaries on program verification. Section 3 motivates our
conceptual idea of potential RTE-guided verification. Section 4 formalizes the problem of potential
RTE-guided specification synthesis. Section 5 presents the technical underpinnings of our PREGUSS
framework. Section 6 reports the evaluation results. Section 7 addresses several limitations and
future directions. A review of related work is given in Section 8. The paper is concluded in Section 9.

2 Preliminaries

Program verification seeks to determine whether a program conforms to a given formal specification.
This section recaps several basic concepts in program verification. The discussion is not confined to
specific programming or specification languages; rather, we focus on general imperative programs
(with instruction-based execution) assessed against predicate-based specifications.

Program States and Configurations. A program state ¢ maps every program variable in vars to
its value in vals. We denote the set of program states by X~ = {0 | o: vars — vals}. A program
configuration ¢ = (o, 1) pairs a state o € X with the next instruction : to be executed, representing
the program’s instantaneous state immediately before executing .
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Example 1. Consider a program snippetin C: “int x = 1; x++;”. The configuration ({x > 1}, x++)
captures the program state where variable x has value 1 immediately before executing x++. <

Properties. A property is a tuple p £ (¢, 1), where ¢ is a first-order logic predicate (possibly with
quantifiers) representing a subset of program states in > immediately before executing instruction
1. We say that state o satisfies predicate ¢, written as o |= ¢, iff ¢ is in the set specified by ¢,
ie., ¢(0) = true; and o |~ ¢ otherwise. Moreover, a configuration ¢ = (o, i’) satisfies property
p ={¢,1), denoted by ¢ |= p, iff 0 |= ¢ and 1" = 1; otherwise, it is denoted by ¢ |~ p.

In this paper, the terms specifications, hypotheses, and assertions all refer to instances of properties.

Example 2. Consider the program abs.c given in Fig. 1 (a), which defines a function abs for
computing the absolute value of an integer input x. The main function calls abs twice, respectively
with argument -42 and INT_MIN. A potential integer-overflow UB may occur when x evaluates to
INT_MIN immediately before executing instruction ¢; (the return statement). As depicted in Fig. 1 (b),
an abstract interpretation-based static analyzer (e.g., FRaMA-C/Eva) detects this risk and inserts
an assertion p; = (¢, 11) at the potential UB point, using the ANSI/ISO C Specification Language
(ACSL) [Baudin et al. 2025]. The predicate ¢p; = INT_MIN < x encodes the necessary constraint to
prevent integer overflow during the execution of 1, thereby serving as an RTE guard. <

Definition 3 (Trace and Subtrace). A trace 7 is a finite sequence of program configurations, i.e.,
T = (co.-ner) = ({00, 10),- -5 (01 1t)) (1)

Here, 0y is the initial state; and the state transition at each step i > 0 is governed by c;+1 = [1:] (53),
where [[1;]] denotes the language-specific, single-step operational semantics of instruction 1; [Floyd
1993; McCarthy 1961]. The length of trace  in (1) ist+1. A trace t’ = (cy, . . ., c;) is termed a subtrace
of t, denoted by T’ < 1, iff it forms a proper prefix of 7, i.e., s <t andc; = ¢; forany0 < i <s.

Example 4. The program fragment in Example 1 admits, in principle, infinitely many traces since
its initial state is unconstrained. One such trace is the sequence 7; = ({(x > 0,int x = 1), {({x
1}, x++), ({x = 2}, 1hun1)), where 1) denotes a null instruction signifying termination. <

Next, we relate traces and properties via the notions of reachability and satisfaction:

Definition 5 (Trace Reachability and Satisfaction). Given a property p = ($, 1) and a trace
7= (coy...,ct) = ({00, t0), - - -, {O1, 1t)), we say that T reaches p, denoted by v ~> p, iff 1, = 1, i.e., the
last instruction of T coincides with 1. Furthermore, we extend the satisfaction relation |= to traces and
properties: T satisfies p, written as t |= p, if and only if T ~ p and ¢; |= p.

Example 6. Recall Fig. 1 (b) as discussed in Example 2. Consider two traces 7, and 73, which originate
from instructions i, and i3, respectively, and both terminate at 1 — the instruction associated with
assertion p; that signifies a potential integer-overflow UB. We have 1, ~» p1, 73 ~ py, 72 |= p1, yet
73 £ p1. The latter is due to the argument INT_MIN of i3 which triggers a genuine RTE at ;. <

The following definition captures interdependencies between specifications:

Definition 7 (Property Validity under Hypotheses). Given two properties p and q, we abuse the
notation and write p |= q to denote that q is valid under hypothesis p, if and only if for every trace t
that reaches q, i.e., T ~> q, the following condition holds:

Vi': (' RtAT ~p = ' Ep) impliess r1l=q. (2)
——
every subtrace of 7 that reaches p also satisfies p 7 satisfies ¢

More generally, q is valid under a set of hypotheses H, written as H |= q, iff for any r ~ q,
YVhe HVr: (' <tAT ~h = 7 Eh) implies r1l|=¢q. (3)
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#include<limits.h> #include<limits.h> #include<limits.h> #include<limits.h>
/*@ requires ¢,: INT_MIN < x; */ /*@ ensures ¢;:
int abs(int x) { int abs(int x) { int abs(int x) { (x<0 && \result==-x) ||
if (x < 9) if (x < 9) if (x < 9) (x>=0 && \result==x); */
return -x; // /*@ assert overflow: /*@ assert overflow: ¢, */ int abs(int x) {
else ¢y: INT_MIN < x; */ return -x; // if (x < 0)
return x; return -x; // ¢, else return x; return -x; //
} else return x; } else return x;
} int main() { }
/*@ precondition ¢, of abs */
int main() { int main() { abs(-42); // 1, int main() {
abs(-42); // abs(-42); // /*@ precondition ¢, of abs */ abs(-42); // 1,
abs(INT_MIN); // 13 abs(INT_MIN); // 13 abs(INT_MIN); // 13 abs(INT_MIN); // 13
} } } }
(a) program abs.c (b) analysis result of abs . c (c) ¢, is valid under precondition ¢, (d) “ineffective” postcondition ¢

Fig. 1. Potential RTE-guided verification process (a)(b)(c) v.s. unguided verification (a)(d).

abs
pre

denotes the first instruction following the entry

Example 8. Fig. 1 (c) demonstrates a well-designed precondition p; = (¢, 13°3) above function

abs
pre

point of function abs.! This precondition ensures the validity of assertion p;, namely p, |= p;, and
thus function abs is certified RTE-free under hypothesis p;. An example of validity under multiple
hypotheses can be found in Section 3.3. <

abs, where predicate ¢, is identical to ¢; and :

Now, we have all the ingredients to formally describe a sound program verifier:

Definition 9 (Sound Verifier). Given a program prog, a hypothesis set H, and a target property q,
a (deductive) verifier is a function mapping these inputs to a certain verification result:

Verify: (prog,H,q) > status, (4)

where the output status is either (i) true signifying that q is valid under H or (ii) unknown indicating
invalidity or verification failure due to resource exhaustion and/or solver limitations (e.g., employing
over-approximations of program semantics rather than exact representations) [Kroening and Strichman
2016]. In particular, the verifier in (4) is sound if it satisfies the following soundness condition:

Verify (prog,H,q) = true implies H |= q. (5)

This condition ensures that a true verdict guarantees the validity of q under H, while H |~ q necessarily
results in unknown. It then follows from the consequence rule of Floyd-Hoare Logic [Hoare 1969] that

Verify (prog, H,q) = true and H CH' implies Verify (prog, H',q) = irue, (6)
i.e., a property valid under hypotheses H must also be valid under logically stronger hypotheses H'.

The verifier-reported statuses (true or unknown) for all properties in Figs. 1 to 3 are visually indicated
using their corresponding colors. Moreover, in practice, a sound verifier can take an extended form

Verify: (prog,H,q) > (status, feedback) , (7)

which augments (4) with auxiliary feedback information. Such feedback typically includes proof
obligations (aka, verification conditions) — logical formulas that, when being valid, suffice to guarantee
program adherence to specifications. A status of true indicates that all proof obligations are valid,
whereas a status of unknown signifies that the verifier could neither prove nor refute the obligations.
We show in Section 3.3 that such feedback can be leveraged to refine specifications.
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3 Motivation
3.1 Potential RTE-Guided Verification

We use the simple example in Fig. 1 to demonstrate our idea of potential RTE-guided verifica-
tion [Wang et al. 2025b], which aims to synergize between static analysis and deductive verification
(in line with the minimal contract paradigm [Gerlach 2019]): We first apply a static analyzer to
the source program in Fig. 1 (a); if any RTE alarm is reported in the form of an assertion, e.g.,
p1 = {¢1,11) in Fig. 1 (b) (as explained in Example 2), we construct necessary specifications, e.g.,
the precondition p; = (¢2, tl‘;f: in Fig. 1 (c) (as elaborated in Example 8), which assist a verifier in
certifying the assertion. Both the assertion and the precondition then serve as guard assertions to
ensure RTE-freeness of the source program. Fig. 1 (c) demonstrates this mechanism: By verifying
whether the (weakest) precondition p; is violated at call sites of function abs (i.e., 1z and 13), we
can distinguish safe traces (e.g., 72) from unsafe ones (e.g., 73) that induce a definite RTE.

Can LLMs generate such specifications? Taking abs. c as an example, most advanced LLMs — when
fed with the source program context and the RTE assertion p; — exhibit strong code comprehension
capabilities and can readily generate weakest preconditions semantically equivalent to p,. However,
state-of-the-art approaches to LLM-based specification synthesis [Ma et al. 2025; Pirzada et al. 2024;
Wen et al. 2024; Wu et al. 2024b,a] do not exploit RTE assertions emitted by established static
analysis techniques (most pertinently, abstract interpretation [Cousot and Cousot 1977]), thus
significantly impairing their performance in generating necessary specifications for RTE-freeness
verification. For instance, it is common for LLMs to produce specifications such as the postcondition
p3 = (3, tggzt) depicted in Fig. 1 (d), given only the source program abs. c in Fig. 1 (a). The predicate
¢35 = (x<0 &% \result ==-x) || (x>=0 && \result ==x) appears to correctly describe the
behavior of abs, except for the case x = INT_MIN, leading verifiers to mark it as unknown. Moreover,
postcondition ps is “ineffective” for detecting the actual RTE source at i3. Hence, we have

Insight 1. One can leverage RTE assertions from abstract interpretation-based analyzers — as
targets for RTE-freeness verification — to guide LLMs to synthesize specifications effectively.

Then, the following question naturally arises: Does it suffice to extend existing LLM-based synthesis
approaches by simply feeding the LLM therein with RTE assertions? The answer is unfortunately
negative: We discuss the corresponding technical challenges throughout the rest of this section
and report the practical insufficiency of such a naive extension in Section 6 (RQ1).

3.2 Interprocedural Specifications

The example in Fig. 1 illustrates the simple case where an RTE assertion (i.e., p1) can be validated
through specifications (i.e., p;) localized to its host function (abs). This approach with localized
specifications is, however, insufficient for ensuring RTE-freeness in real-world programs featuring
complex call hierarchies. Consider the program id. c in Fig. 2 (a), which defines a function id that
returns the identical value of its input x, alongside functions one and zero that invoke id with
arguments 1 and 0, respectively. The main function calls both one and zero. Static analysis reveals
a potential division-by-zero UB in function one, flagged by the assertion psy = (¢4, 14) in Fig. 2 (b)
(with ¢4 = x != 0). Unlike the assertion p; in Fig. 1, constructing any precondition for one does
not suffice to validate p4, as one lacks parameters and thus imposes no constraints on its inputs.
To eliminate such false alarms (e.g., p4), which frequently arise in practice, it is necessary to
employ interprocedural specifications — specifications that extend beyond the host functions of

£

1Given a function f, we use of post

pre
representing the termination of f, respectively. The call-site preconditions in Fig. 1 (c) are explained in Section 3.1.

. and ¢ . to denote the first instruction after the entry point of f and a null instruction
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int id(int x) {
return x;
}

void one() {
int x = id(1);
/%5 /1

}

void zero() {
id(e); // i
}

int main() {
one(); zero();

int id(int x) {return x;}

void one() {
int x = id(1);

/*@ assert div_by_zero:

¢, x 1= 0; */
1/x; /1 4
}

void zero() {
id(@); // i
}

int main() {
one(); zero();

/*@ ensures ¢s: \result
int id(int x) {return x;

void one() {
int x = id(1);

= X;

)

/*@ assert div_by_zero: ¢, */

1/x; /1 4
}

void zero() {
id(@); // i
}

int main() {
one(); zero();

}

*/

/*@ requires ¢g: x != 0; */
/*@ ensures ¢s: \result == x; */
int id(int x) {return x;}

void one() {
int x = id(1);
/*@ assert div_by_zero: ¢, */
1/x5 /1 4y

void zero() {
/*@ precondition ¢, of id */
id(e); // i

int main() {
one(); zero();

}

} }

(a) program id.c

(b) analysis result of id.c (c) ¢, is valid under postcondition ¢ (d) precondition ¢4 that induces a false alarm

Fig. 2. The dual role of interprocedural specifications: postconditions can help discharge false RTEs (c) while
over-constrained preconditions can induce false alarms (d).

target assertions. For instance, the postcondition ps = (¢s, L}i)gst> for function id in Fig. 2 (c) (with
¢s = \result == x) serves precisely this role. Specifically, the value of x at 14 is determined by
argument 1 and the postcondition of id at the call site id(1), thereby validating p4 , i.e., ps |= pa.

The synthesis of interprocedural specifications, as exemplified by postcondition ps, depends on
LLMs comprehending interprocedural program contexts that span across multiple functions. Specif-
ically, LLMs must realize that discharging assertion p, in function one necessitates constructing a
postcondition for function id. Nonetheless, current approaches to interprocedural specification
synthesis, e.g., [Ma et al. 2025; Wen et al. 2024], exhibit two key limitations: (i) They provide LLMs
with the entire program as context, which is constrained by the finite context window of LLMs
and thus do not scale to large programs; (ii) Even for small programs with full context, LLMs
may generate over-constrained preconditions due to hallucination [Huang et al. 2025], thus yielding
spurious false alarms. As illustrated in Fig. 2 (d), an LLM might be misled by the context “x != 0 (¢4)
and 1/x” at 14, and thus forge an over-constrained precondition ps = (¢, t}i)fe) for id (with ¢¢ = x
= 0), which triggers a false alarm at the call site i5 (id(@)). Although discarding over-constrained
preconditions while retaining postconditions may resolve immediate false alarms (as in Fig. 2 (c)),
determining whether a precondition is over-constrained is per se a nontrivial task (cf. Fig. 1 (c)
vs. Fig. 2 (d)) [Cousot et al. 2013, 2011]: In Fig. 1 (c), indiscriminately discarding the precondition
compromises soundness (as true RTEs are missed). In a nutshell, we observe

-

Challenge 1. In the presence of long-context reasoning limitations, how to instruct LLMs
to access particular program contexts required for generating interprocedural specifications
for large-scale programs with complex call hierarchies?

Challenge 2. How to design a fine-grained interprocedural-specification synthesis mecha-
nism - e.g., determining which specifications to generate, at which program locations, and
in what sequence - to alleviate the synthesis of over-constrained preconditions??

3.3 Feedback-Driven Specification Refinement

Section 3.2 has demonstrated the challenges in constructing interprocedural specifications; however,
validating RTE assertions for individual functions can also be difficult. Consider, for example, the

“While over-constrained specifications beyond preconditions (e.g., postconditions and loop invariants) can also lead to
issues such as false negatives, these can be addressed through simpler mechanisms, as discussed in Section 5.2.3.
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#include<stddef.h> - X ® P3:
/*@ requires ¢g: ® /%@ loop assigns i; */ ‘ arr_0==arr 1AAlen 0==len_1
\valid_read(arr + (0..len-1)); */ @ -7 = S
int* search(int* arr, int len, int val) { 1
int i = o; Proof Obligation
Goal Assertion ‘memory_access,¢;’:
while (i < len) { // 4 t@
/*@ assert memory_access: ¢;: o Assume {
\valid_read(arr + i); */ o Type: is_intp(arr_0) Ais_intp(arr_1) A © nm arr_o
if (arr[i] == val) // - is_int(i) Ais_int(len_0) Ais_int(len_1). P1:
return &arr[i]; P1: valid_read(M, arr_0 + 0, len_0). @ . len"0
i ++; P2: i < len_1. -—) P2: i< len 1 -
} i 1
return NULL; Q:
} ® [ search.c Prove Q: valid_read(M, arr_1 + i, 1). M arr_1

Fig. 3. Handcrafting missing specifications via verifier feedback (e.g., proof obligations) for validating p;.

program search.c in Fig. 3 @), which defines a function search that iterates through an integer
array arr of length 1en and returns either the address of the first element matching the target value
val, or NULL if no such element exists. Static analysis reveals a potential invalid-memory-access
UB, flagged by the assertion p; = (¢7, t7) in @) (where ¢; =\valid_read(arr + i).Guided by p7,
LLMs can generate a precondition pg = (¢s, tf‘)fj“h), where ¢g =\valid_read(arr + (0..len-1))
asserts read validity for the entire array arr with length len. Counterintuitively, the verifier fails
to certify the validity of accessing al[i] (i.e., marking p; at 17 as unknown) under the hypothesis ps.

This behavior stems from the fact that modern deductive verifiers employ elaborate mechanisms
to handle complex C semantics (e.g., memory access at t7 in (). This necessitates understanding
the verifier’s internal mechanisms and verification details when validating RTE assertions involving
such semantic features. Fig. 3 B)-() demonstrates a step-by-step process by a verification expert to
construct missing specifications for discharging p; leveraging verifier feedback, including the proof
obligation of p; in ®. Specifically, the obligation comprises hypotheses P1 (precondition pg), P2
(loop condition i < len at 1), and type declarations of integer pointers (arr_e, arr_1) and integer
variables (i, len_0, len_1), associated with the goal Q to be verified. Here, Q is a transformed version
of p; that is used internally by FRAMA-C/WP. In Q, M denotes a simplified “typed” memory model
(for integers in this case), as outlined in [Kosmatov et al. 2024, Sect. 4.3.4], where each memory
block has the size of an int (i.e., 4 bytes), forming a region storing integer arrays such as arr_ and
arr_1. The variable arr_1 represents the base address of array arr at ;. It is distinguished from
arr_0 — the base address of arr in precondition pg — because arr is mutable and FRamA-C/Wp
assumes by default that it may be modified inside loops. At this stage, the assertion p; remains
unproven because P1 A P2 = Q cannot be established by external solvers.

The verification expert can model the semantics of P1 and Q through memory representations
as depicted in (©). P1: valid_read(M, arr_0+0, len_0) denotes read validity for a memory block
starting at arr_0 spanning len_0 elements, whilst Q: valid_rd(M,arr_1+i, 1) asserts read validity
for a single element at arr_1+i. Although no solver proves P1 A P2 = Q, experienced practitioners
may strengthen the antecedent by conjoining P3 and evaluating P1 A P2 A P3 = Q (see (D). The
missing predicate P3 is immediately derived (based on verification expertise) as arr_0 == arr_1
A len_0 == len_1 (®). This reveals the verifier’s over-approximation of side effects — assuming
that variables defined outside the loop, such as array address arr and length len, could be modified
inside the loop scope. Consequently, adding the specification loop assigns i (denoted by py)
becomes essential to restrict reassignment exclusively to variable i (). Inserting this specification
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above the loop condition (i) enables verifiers to eliminate the false invalid-memory-access alarm,
ie., {ps, po} |= p7 as per (3). This gives rise to the idea of feedback-driven specification refinement:

Insight 2. The feedback from a verifier, in particular, the proof obligations that remain to be
discharged, can be leveraged to refine the specifications generated by LLMs effectively.

4 Problem Formulation

This section formalizes the problem of potential RTE-guided specification synthesis. To this end,
we first introduce a formal characterization of RTE-freeness:

Definition 10 (RTE-Freeness). Given a program prog, a set of RTE assertions A, and a set of
specifications S, we say that prog is free-of-RTE if and only if

Vpe AUS: AUS\{p} E p, (8)

namely, the properties in A U S are mutually consistent — every property in the set is valid under the
rest. More generally, prog is said to be free-of-RTE under hypotheses H C A U S if and only if

Vpe AUS\H: AUS\{p} E p. 9)
Note that (8) is a special case of (9) with H = 0.
It follows that the characterization (9) boils down to (8) if the hypotheses H are discharged:

Theorem 11 (RTE-Freeness under Valid Hypotheses). Suppose prog is free-of-RTE under hy-
potheses H as per (9). If every h € H is valid, i.e., |= h, then prog is free-of-RTE in the sense of (8).

Example 12. Recall the three real-world scenarios of RTE-freeness verification in Figs. 1 to 3:
The program abs. c in Fig. 1 is free-of-RTE under hypothesis {p,}. The precondition p, facilitates
detecting a real RTE in trace 73 while safeguarding trace 7,. With p,, one can correct the program by
removing the instruction abs (INT_MIN) (i3) or revising the implementation of abs. This exemplifies
a classic source-to-sink problem [Wang 2025] in static (taint) analysis, where the goal is to identify
that abs(INT_MIN) at i3 (source) triggers an overflow RTE at ; (sink). Potential RTE-guided
specification synthesis provides a deductive verification mechanism for solving such problems.
The program id. c in Fig. 2 is free-of-RTE. The postcondition ps suffices to establish |= ps5 |= p4.
This represents the ideal case for RTE-freeness verification, where all alarms raised by static analyz-
ers are false positives and can be eliminated by deductive verifiers with appropriate specifications.
The program search. c in Fig. 3 is free-of-RTE under hypotheses {ps, po}. Unlike abs. c, precon-
dition pg cannot be used to locate RTEs directly, as no caller function to search exists in the program.
This case depicts the scenario of constructing summaries for modules in large projects, known as
modular static program analysis [Cousot and Cousot 2002]. Preconditions like pg provide assurances
that modules such as search are free-of-RTE if all callers adhere to these preconditions. <

The potential RTE-guided specification synthesis problem concerned in this paper reads as follows:

Problem Statement. Given a program prog with a set of RTE assertions A annotated by
an abstract interpretation-based static analyzer, automatically generate a set of specifications
S by leveraging a large language model LLM, and prove with a deductive verifier Verify that
prog is either (i) free-of-RTE, or (ii) free-of-RTE under hypotheses H C AU S.

Note that case (ii) predominates in the verification of large-scale, real-world programs. The presence
of a hypothesis h € H typically stems from one of the four scenarios: (a) h signifies a genuine RTE,
which inherently cannot — and should not - be validated by any sound verifier; (b) k is a false alarm
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Phase 1 (Divide): Potential RTE-Guided Construction and Prioritization of Verification Units

| 1
| 1
! Abstract '_h Call Graph V-Unit Construction :
: - Interpretation - Analysis and Prioritization \
== (1] =] (2] (2] :
1 —< >_'< )

| 1
| |

Program with
RTE assertions

Program

Call Graph V-Unit Queue

I Speciicaion gpg | 4m
S B g . Oy D

Callee-Functions Host-Function [5)

Next V-Unit or Specification LLM Verifier Specification Guard Assertion ~ Program Context
S Generation =~ ®TmTmsssssssssssssss e Generation
Termination -
V-Unit

Iterative Interprocedural Specification Generator

Phase 2 (Conquer): Fine-Grained Interprocedural Specification Synthesis

Fig. 4. Divide-and-conquer architecture of the PRecuss framework.

that fails to be discharged due to resource exhaustion or inherent solver limitations; (c) h is a false
alarm resulting from an over-constrained precondition generated by the approach; or (d) h is a false
alarm, but the specification-synthesis framework does not suffice to eliminate it — for instance,
generating precise specifications for behaviors involving complex data structures and/or intricate
memory models remains notoriously hard; see, e.g., [Djoudi et al. 2021] for dedicated research.

A practical strategy for addressing these scenarios involves manual validation of the hypotheses
in H (as justified by Theorem 11), supplemented by revising generated specifications (particularly
for scenario (c)) and constructing additional specifications (particularly for scenario (d)). This
approach proves substantially more feasible than attempting to verify RTE-freeness against the
entire set of RTE assertions A produced by the static analyzer, as demonstrated in Section 6 (RQ2).

5 Methodology

This section presents PREGUSS — our framework for Potential Runtime Error-GUided Specification
Synthesis. As sketched in Fig. 4, PREGUSs adopts a divide-and-conquer strategy (in a fashion similar
to [Zheng et al. 2025]) which operates through two synergistic phases: Phase 1 (Divide) decomposes
the monolithic task of RTE-freeness verification into manageable, prioritized units. Each unit
contains a guard assertion together with its necessary program context for validation; Phase 2
(Congquer) employs an LLM to infer interprocedural specifications along caller-callee chains, thereby
certifying the target assertion in each verification unit. Below, we show how these two phases
cooperate to enable RTE-freeness verification of real-world programs with complex call hierarchies.

5.1 Phase 1: Potential RTE-Guided Construction and Prioritization of Verification Units

To address Challenge 1 (long-context reasoning limitation of LLMs), Phase 1 decomposes the
monolithic RTE-freeness verification task into a sequence of manageable verification units (V-
Units), as illustrated in Fig. 4 (upper part). The process begins by employing abstract interpretation
conducted by static analyzers (e.g., FRaAMA-C/RTE [Herrmann and Signoles 2025] and FrRama-C/Eva)
to generate RTE assertions signifying all potential UBs in the source program (). Subsequently, the
program’s call graph is constructed while recording all of its call sites (@), yielding a graph structure
with a comprehensive set of guard assertions. For each assertion, a V-Unit is created, encapsulating
both the assertion and its essential contextual program slices. These V-Units are then prioritized into
a queue to streamline the verification workflow (). Below, we first elaborate on the generation of
guard assertions, which serve as sub-goals for the holistic RTE-freeness verification (Section 5.1.1)
and then introduce the V-Unit structure along with prioritization principles (Section 5.1.2).
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(a) call graph with guard assertions initially marked as unknown (b) queue of V-Units (assertions + program contexts)

Fig. 5. The call graph (a) and V-Unit queue (b) of program id. c in Fig. 2.

5.1.1 Guard Assertion Generation. As discussed in Section 3.1, both the RTE assertions emitted by
static analyzers and the synthesized preconditions act as guard assertions to ensure RTE-freeness
of the source program. Whereas RTE assertions can be generated via abstract interpretation (@),
preconditions must be constructed on-the-fly during specification synthesis. However, we observe
that validating a precondition (p = (¢, l;re ) involves two key components: (i) the predicate ¢
describing expected states of the function, and (ii) all the call-site locations where the function is
invoked. Thus, we statically extract all precondition check locations through call-graph analysis
(@) without generating actual specifications, initializing each predicate to the tautological true as
a placeholder. The actual preconditions are generated and refined during Phase 2 (see Section 5.2).
During Phase 1, the location of a precondition check is more critical than its predicate content as it
determines the structure of the V-Unit queue and thus the order of subsequent verification.

Remark. The selection of preconditions (checked at call sites) as guard assertions, rather than
postconditions or loop invariants, is motivated by their intrinsic role in RTE-freeness verification.
Preconditions act as natural guards at function entry points, specifying requisite constraints on
input parameters (e.g., value ranges, memory accessibility) (see Fig. 1 (c)). In contrast, postconditions
and loop invariants capture semantic behaviors of programs or loops (cf. Fig. 1 (d) and Fig. 3). For
RTE-freeness, the goal is to derive (weakest) preconditions that encompass all valid program traces
while excluding erroneous ones. Consequently, a violated precondition signals a potential RTE,
whereas a violated postcondition or invariant is possibly invalid. This focus on preconditions also
contributes to the termination guarantee of PREGUSS, as established in Section 5.3. <

PreGUSs deals with acyclic call graphs formally described as follows:

Definition 13 (Call Graph). A call graph is a directed acyclic graph G = (F, E), where

e F={fi,..., fn} is a finite set of function nodes,
e E C FXFisasetof call edges, with (f;, f;) € E indicating f; calls f;.

The callees of a function f € F are collected into

callee (f) = {f | (f.f') €E} .

Moreover, the ancestor relation is defined as

ancestor = { (func, faes) € FXF | 3fss..., f+ fi € callee(fone) A
fir1 € callee(fi) A ... A fj € callee(fj—1) A faes € callee(f;) } .

Intuitively, (fanc faes) € ancestor means that there exists a finite call chain from fyne t0 fes.

Example 14. Fig. 5 (a) illustrates the call graph of program id. c in Fig. 2. The division-by-zero
RTE assertion py = (¢4, 1,°°) as well as all the call-site precondition checks (as placeholders) -
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namely (d);‘ie, 1376), <¢}i)‘1e, 1569), (¢gﬁf, t’l‘“ai“), and (¢ffr’£°, t;“ain) - are initially marked as unknown.
Note that each precondition predicate is initialized to tautological true, which represents the

weakest possible constraint, i.e., no semantic restrictions at the initial stage. <

Remark. PREGUSS admits, in its current implementation, merely acyclic call graphs. This is because
the underlying deductive verifier FRAMA-C/WPp we use lacks comprehensive support for verifying
recursive and mutually recursive functions [Blanchard 2020, Sect. 4.4.2]. Crucially, this acyclicity
assumption greatly simplifies our methodological design of the V-Unit ordering (see Definition 16)
and the interprocedural specification-synthesis mechanism (see Section 5.2), as it circumvents the
complex dependencies in (mutual) recursions and their specifications. We foresee that PREGUSs could
be extended to cope with cyclic call graphs by interfacing with verifiers that support recursion while
adapting the methodological design, though such adaptations may increase the risk of generating
over-constrained preconditions for recursive functions (as outlined in Section 3.2). <

5.1.2  V-Unit Initialization and Prioritization. PREGUsS leverages the modularization principle of
deductive verification [Ahrendt et al. 2016, Chap. 9], whereby each function is verified separately.
Specifically, to verify that a function adheres to all its specifications except preconditions®, one
needs not the entire program but essentially two elements: (i) the function’s own implementation,
and (ii) the contracts of all its callees (which are recursively derived from further callees along
the call chains in a bottom-up manner). Consequently, to validate an individual RTE assertion «,
it suffices to extract a minimally constrained program context consisting of the host function of «
and all its callees. This design prevents the verification context from growing substantially during the
bottom-up verification, thereby enabling scalability to large-scale programs.
PRrREGUSS encapsulates these minimally constrained program contexts into dedicated V-Units:

Definition 15 (V-Unit). A V-Unit is a pair (&, Peontext), Where a = {($, 1) is a guard assertion and
Peontext = ([, callee(f)) is a two-layer program slice containing the host function f of & and its callees.

PREGUSS prioritizes all V-Units into a queue (® of Fig. 4) according to a total order C:

Definition 16 (Order over V-Units). Given two V-Units v; = ({¢;, 1;), (f;, callee(f;))) and v; =
(@}, 1), {fj, callee(f;))), we havev; C v; if and only if
(fi, fi) € ancestor vV (({f;, fi) ¢ ancestor A (f;, f;) & ancestor A loc(1;) < loc(1;)),  (10)

Condition 1: bottom-up verification principle Condition 2: total order enforcement

where loc(1) denotes the location (i.e., line number) of instruction 1.

The design principles underneath the total order C are embodied in Conditions 1 and 2 of (10).
Condition 1 captures the bottom-up verification progression [Wen et al. 2024]: Since verifying a
function requires the contracts of its callees, functions higher in the call hierarchy (ancestors) must
be verified after their callees. Condition 2 serves two primary purposes. First, for guard assertions
a; and o within the same function, it is common that one assertion acts as a hypothesis for the
other, e.g., H |= a; with &; € H. In this case, validating «; first may generate specifications that
facilitate the verification of @;. These hypothesis assertions typically appear at earlier program
locations if goto statements and loop structures are disregarded (all properties within loops are
mutually dependent and thus receive equal priority). Second, for properties from functions in
disjoint call chains (i.e., (f}, fi) ¢ ancestor A (f;, ;) ¢ ancestor A f; # f;), their relative priority is
arbitrary. The clause loc(1;) < loc(i;) in Condition 2 ensures that C is a total order, simplifying its
implementation. Fig. 5 (b) demonstrates the construction of five V-Units derived from the guard
assertions in Fig. 5 (a) and their prioritization into a verification queue as per the order C.

3 A function’s preconditions are validated at its call sites, as part of the verification obligation for its callers (see Section 5.1.1).
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Algorithm 1: Fine-Grained Interprocedural Specification Synthesis

Input: Q,: V-Unit queue, prog: source program.
Output: S: synthesized specifications, V: verified properties, H: unknown hypotheses.
Parameters: Verify: an extended sound verifier (as per (7)), iter: maximum iterations.

1S8S«0,V—0H<—0; > initialization
2 while Q, is not empty do

3 (a, (f, callee(f))) < pop(Qy), 8" < 0; > pop the next V-Unit on the queue
4 for i from 1 to iter do

5 (status, feedback) « Verify(prog VU H US, ) ; > apply sound verifier
6 if status = unknown then > refined specification synthesis
7 S’ « 8’ U generate_host_spec(a, {f}, V U H, feedback);

8 S’ « 8§’ U generate_callees_spec(a, {f} U callee(f),V U H, feedback);

9 S’ « syntax_and_semantics_check(S’, prog);

10 else

1 L break;

12 if Verify(prog V UH US’, &) = (true, _) then > ¢ is validated
13 S — SUS’, P « extract_preconditions(S) ; > collect specifications
14 | Qv < update(Qy, P), V « V U{a}U(S"\P); > update Q, and V accordingly
15 else

16 L H— HU{a}; > augment the hypothesis set with «

17 return (S, V, H);

5.2 Phase 2: Fine-Grained Interprocedural Specification Synthesis

To address Challenge 2 (fine-grained synthesis), Phase 2 employs a fine-grained strategy, for each
V-Unit, to generate interprocedural specifications, as depicted in Fig. 4 (lower part). For each V-Unit
v = {a, (f, callee(f))), PREGUSS utilizes an iterative approach (®) comprising two core components:
(i) an LLM agent producing specification candidates driven by verifier feedback on guard assertion «,
and (ii) a verifier validating these candidates both syntactically and semantically, thereby ensuring
the soundness of PrREGUSs. Each iteration generates interprocedural specifications tailored to the
program context (f, callee(f)) in a refined manner (see details below). Upon successful verification
of a, PREGUSSs advances to the next V-Unit in the queue or terminates if v is the final unit (®). If
PRrEGUSS fails to generate specifications sufficient to validate «, the guard assertion is designated as
a hypothesis requiring manual review upon termination (@). Then, by assuming the validity of a,
PREGUSS continues processing subsequent V-Units until the queue is exhausted ().

Algorithm 1 elaborates the workflow of Phase 2. It takes as input the V-Unit queue Q, from
Phase 1, along with the source program prog, and yields as output the synthesized specifications S,
alongside the verified properties V and the unknown hypotheses H that require manual review.
Key parameters to the algorithm include an extended sound verifier (see (7)) Verify: (prog, H, q) +—
(status, feedback) — which returns both verification status and auxiliary feedback — and the hyper-
parameter iter that controls the maximum number of refinement iterations. The algorithm initializes
S, V and H to empty sets (Algorithm 1) and processes each V-Unit in Q, in sequence (Lines 2-16).
For each V-Unit v = (q, (f, callee(f))), a temporary specification set S’ is initialized to accumulate
newly generated properties (Algorithm 1). Within the refinement loop (Lines 4-11), PREGUSS first
applies a sound verifier to obtain the status and feedback for the guard assertion o (Algorithm 1).
If a is unknown (Algorithm 1), PREGUSS leverages the feedback to (i) generate preconditions and
loop invariants for the host function f (Algorithm 1, detailed in Section 5.2.1), and (ii) generate
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void one() { program context /*@ requires x != @; */ |Syntax Error:
int x = id(1); // ©¥"e void one() { unbound logic variable x in
/*@ assert div_by zero: ¢,: x != 0; */ requires x != 0;
1/x; /1 e } Ignoring a specification of function one.

int id(int x) {return x;} (b) syntactically illegal specification generated for the host function one

Goal Assertion ‘div_by_zero,¢,’: void one() {...}
Assume { /*@ ensures ¢y: \result == x;
Type: is_int(x). ensures ¢,: \result != 0;
} ensures ¢, : x != @ ==> \result != @; */
Prove Q: x != @. proof obligation int id(int x) {return x;}
(a) program context of v, and feedback of (¢, 13"¢) (c) semantically valid and invalid specification generated for the callee function id

Fig. 6. Fine-grained interprocedural specification synthesis for V-Unit v; in Fig. 5.

postconditions for the callee functions callee(f) (Algorithm 1, detailed in Section 5.2.2). For all
these freshly generated specifications, PREGUss employs a correction and refinement mechanism
to enhance their quality and ensure syntactic and semantic validity (Algorithm 1, detailed in
Section 5.2.3). PREGUSS exits the loop once « is proven (Algorithm 1) or the iteration limit iter is
reached. Finally, if « is certified as true, PREGUSS appends the generated specifications S’ to S, and
extracts the preconditions # from the S$” (Algorithm 1). As P will be validated at f’s call sites,
PREGUSS then updates the corresponding guard assertions — which are precondition checks at these
call sites — in Q, with P, and incorporates all the newly verified properties — « and generated
specifications S’ except for preconditions # — into V (Algorithm 1). Otherwise, assertion « is
added to the hypothesis set H (Algorithm 1).

5.2.1 Host-Function Specification Generation. When the verifier fails to validate a guard assertion
a, PREGUSS leverages LLMs to generate additional specifications by incorporating verifier feedback
and the relevant program context, including function f and existing specifications V U H. A
simplified version of the prompt we use to instruct the LLM is as follows:

Simplified Prompt for Host-Function Specification Generation

You are an expert in Frama-C. I will provide a C program specified with ACSL, including an unproven
guard assertion, alongside feedback in the form of proof obligations from the Frama-C/Wp verifier.
Your tasks: (i) Diagnose the root cause of FRAMA-C/WP’s failure to verify the assertion based on the
provided feedback; (ii) Generate necessary specifications — such as preconditions, assigns clauses,
and loop invariants - to enable successful verification.

o Program context: {f,V U H}

e Target guard assertion: {a}

e Proof obligation for the assertion: {feedback}

PRrEGUSS employs a chain-of-thought prompting strategy [Wei et al. 2022], which instructs the
LLM to first reason about the verification failure (a la Insight 2 on verifier’s feedback) before
proposing new specifications. Besides, PREGUSS integrates a few specified programs in the prompt
as few-shot examples to improve the quality of generated specifications [Brown et al. 2020]. Notably,
the synthesis is strictly confined to the local context of function f, excluding its call-site information
to prevent over-constrained preconditions — a critical safeguard as illustrated in Section 3.2.

Example 17. Fig. 6 (a) displays the program context of V-Unit v, introduced in Fig. 5, along with
the proof obligation for guard assertion (¢, 1"¢). Inspired by the proof goal Q: x != 0, PREGUSs
hypothesizes a precondition requires x != 0 for the host function one, as shown in Fig. 6 (b).
Although this candidate is syntactically illegal initially (as variable x is unbound in the scope of
function one), it undergoes an automated correction via the mechanism detailed in Section 5.2.3. <
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5.2.2 Callee-Functions Specification Generation. In this stage, PREGUss prompts the LLM using a
similar approach to that described in Section 5.2.1, with two key distinctions: (i) the LLM is pro-
vided with the complete program context (f, callee(f)) (as opposed to only f in the host-function
stage), and (ii) the LLM is instructed to generate postconditions (and loop invariants) exclusively
for the callee functions callee(f). This design addresses the scenarios illustrated in Section 3.2,
where validating a guard assertion in function f requires interprocedural specifications — partic-
ularly postconditions - from its callees. Furthermore, PREGUSs explicitly prohibits the generation
of preconditions for callee(f) to align with the host-function specification mechanism (detailed in
Section 5.2.1), thereby minimizing the risk of synthesizing over-constrained preconditions.

Example 18. Consider the program in Fig. 6 (c), where the LLM produces three postcondition
candidates at this stage: (¢, tll)gst), (P10 t;gst), and (¢q1, L;gst). Here, (¢, t;gst) accurately captures
the behavior of function id, while (¢, l;gst> and (¢, l;gst> are derived from the proof goal Q in
Fig. 6 (a). Although all three candidates suffice to validate the assertion (¢, 13"¢), the postcondition

(P10 t;gst) is semantically invalid, which will be screened out as discussed in Section 5.2.3. <

5.2.3  Syntactic and Semantic Validity Check of Specifications. For all the specification candidates
generated in Sections 5.2.1 and 5.2.2, PREGUss employs the verifier to (i) correct syntactically illegal
specifications, and (ii) filter out semantically unsatisfiable properties.

When a candidate is syntactically invalid, PREGUss queries the LLM with verifier-supplied error
messages to iteratively correct its syntax. If the candidate remains illegal after several correction
attempts, it is discarded. For instance, Fig. 6 (b) shows that the precondition requires x != 0
triggers a syntax error due to variable unboundedness. Indeed, any predicate containing variables
is invalid for this precondition, as one has no input parameters. Consequently, PREGUSs fails to
correct this candidate and hence removes it.

For an unknown specification that cannot be verified — and is not a precondition (see Section 5.1.2)
- PrREGUSS immediately removes it to avoid inducing false negatives. Consider a pathological example:
a loop invariant with predicate false would spuriously validate any property p within the loop,
since false |= p trivially holds. To prevent such false negatives, all unknown non-precondition
specifications are discarded. In contrast, an unknown precondition represents a guard assertion
indicating a potential RTE (as discussed in Sections 3.1 and 3.2); it is thus retained in the V-Unit
queue to be checked later at the corresponding call sites in caller functions.

Example 19. We illustrate the overall Phase 2 of PrREGUSs using the V-Unit queue in Fig. 5 (b):
The first V-Unit v; is verified immediately without additional specifications, as its predicate g{);fe is
initialized to true. PREGUss then processes v, validating it via the postconditions {¢o, L}i)gst> and
(P11, lliggst> generated via steps illustrated in Examples 17 and 18. The subsequent V-Units vs, vy, and
vs (pertaining to call sites of id, one, and zero, respectively) are verified immediately since none
of these functions require preconditions, and thus no additional specifications are generated. <

5.3 Soundness and Termination of PREGUSS
This section establishes formal guarantees of PREGUSs, including soundness and termination.
Theorem 20 (Soundness). Given a program prog, suppose PREGUSS annotates prog with a set of

RTE assertions A and returns synthesized specifications S together with verified properties 'V and
unknown hypotheses H. Then, prog is free-of-RTE under hypotheses H (in the sense of (9)).

A formal proof of Theorem 20 is provided in [Wang et al. 2025a, Appendix A]. Intuitively, if
(i) H is empty or all hypotheses in H are validated (via manual reviews or auxiliary verification
tools), and (ii) the underlying abstract interpretation-based static analyzer is sound (i.e., it misses
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no potential RTEs), then PREGUSs guarantees that the source program prog contains no runtime
errors (by Theorem 11). In that case, all the RTE alarms in A emitted by the sound analyzer are
false positives.

With this soundness assurance, PREGUSS reduces the task of RTE-freeness verification from
reviewing every analyzer-emitted alarm to validating each hypothesis generated by PREGUSss, which,
in practice, demands significantly less manual effort; see experimental results in Section 6.

In addition to soundness, PREGUSss exhibits termination — another essential property for practical
verification systems. The following termination statement rests on two reasonable assumptions:
(i) both abstract interpretation and call-graph analysis terminate successfully, and (ii) every LLM
query terminates either naturally or upon reaching a prescribed time limit.

Theorem 21 (Termination). The PREGUSS procedure always terminates.

The following design principles constitute a proof sketch of Theorem 21:

First, the V-Unit queue is constructed statically during Phase 1, before the on-the-fly specification
synthesis in Phase 2. The queue length is determined solely by the number of RTE assertions
generated through abstract interpretation plus the number of call sites identified via call-graph
analysis. Although guard assertions in V-Units corresponding to call-site precondition checks may
be updated during Phase 2, the number of the V-Units remains invariant.

Second, the verification process exhibits a one-way progression along the V-Unit queue: Once
a V-Unit is verified or marked as a hypothesis, its validity remains unchanged. As elaborated in
Sections 5.2.1 and 5.2.2, for a V-Unit v = (a, (f, callee(f))), PREGUSS prohibits the generation of
preconditions for callee functions callee( f) but only for the host function f. Such preconditions for
f are then used to update guard assertions in V-Units associated with callers of f. By Condition 1
of the ordering C (see Definition 16), these updated V-Units are positioned behind v in the queue,
thereby preserving the validity of all previously verified V-Units.

Third, the verification of each individual V-Unit is guaranteed to terminate. This is enforced
by the hyper-parameter iter, which bounds the maximum number of feedback-driven refinement
iterations. Moreover, each constituent step — host-function specification generation, callee-functions
specification generation, and syntactic/semantic checking - is per se designed to terminate.

5.4 Generality of PREGUSS

Our PreGUSss framework can be integrated with other sound deductive verifiers supporting formal
specification languages, such as OpenJML with JML for Java [Cok 2011] and the Move Prover with
MSL for Move [Fu et al. 2025]. Although PREGUSS is initially designed for RTE-freeness verification
and RTE identification, it can be extended to cope with other vulnerability classes and functional
correctness. The key is to substitute RTE assertions with formal annotations flagging the target
properties. The subsequent stages, commencing from @ in Fig. 4, remain fully generic to process
these annotations. We prioritize RTE-freeness over full functional correctness because abstract
interpretation-based static analysis for generating RTE assertions is mature and sound, while
automatically constructing precise functional properties remains challenging [Djoudi et al. 2021].

6 Evaluation
The experimental evaluation is designed to address the following research questions (RQ):

RQ1: How does PREGUSs compare against state-of-the-art baseline approaches?

RQ2: How does PrReGUSs perform on large-scale, real-world programs?

RQ3: To what extent does each component of PREGUSS contribute to its overall effectiveness?
RQ4: How sensitive is PREGUSS to the hyper-parameter iter and the underlying LLM?
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Below, we first report the evaluation setup (Section 6.1), then address RQ1-RQ4 (Sections 6.2
to 6.5) and conduct case studies (Section 6.6), and finally discuss threats to validity (Section 6.7).

6.1 Evaluation Setup

Implementation. We have implemented PrReGUss” in about 18,000 lines of Python code, which
orchestrates the two-phase divide-and-conquer pipeline, plus 3,000 lines of C++ code for static
analysis (e.g., call-graph construction and compilation-context extraction) using Clang.

We integrate PREGUSs with the deductive verifier FRAMA-C/WP [Blanchard 2020] and two ab-
stract interpretation-based static analyzers: FRama-C/Eva [Biihler et al. 2025] and FRamMA-C/RTE
[Herrmann and Signoles 2025]. These analyzers exhibit distinct characteristics: FRama-C/Eva is a
fine-grained analyzer equipped with advanced abstract domains and data-flow analysis techniques,
but it requires the source project to have a unique entry function accompanied by a generalization
mechanism, e.g., manual assignment of over-approximation value intervals to external variables. In
contrast, FRAMA-C/RTE is a coarse-grained analyzer capable of simultaneously analyzing multiple
modules (each with its own entry function), yet often yields more RTE alarms than FrRama-C/Eva.

Configurations. We repeat all experiments three times and report the averaged results to
cope with the inherent uncertainty of LLMs. We use the LLM Claude 4 [Anthropic 2025] due
to its exceptional performance in program comprehension (API: claude-sonnet-4-20250514;
temperature: 0.7; max token: 4,096)° and set the hyper-parameter iter (i.e., maximum number of
refinement iterations) to 2. For RQ4 on sensitivity, we further examine GPT-5 [OpenAl 2025] (APL
gpt-5-20250807; temperature: 0.7; max token: 4,096) and vary iter from 1 to 5. All the experiments
are performed on a MacBook with an Apple M2 chip and 16 GiB RAM, except those for RQ1, which
are conducted on a Ubuntu 24.04.2 LTS server with an AMD EPYC 7542 32-core processor and 16
GiB RAM. This is because the baseline approach AuToSpEC (see below) relies on dependencies in
Ubuntu.

Baselines. We evaluate PREGUSSs against two baseline approaches: (i) AutToSpEC [Wen et al. 2024],
a state-of-the-art LLM-based method for automated specification generation; and (ii) an enhanced
variant, AUTOSPECRrg, Which integrates the abstract interpretation-based analyzer FRama-C/RTE
to generate RTE assertions for the source program before invoking AuToSpEc. Additional rationale
for excluding other related works as baselines is provided in Section 8.

Benchmarks. We conduct evaluations on one C benchmark suite and four real-world C projects:

e Frama-C-Problems [Fra 2020; Wen et al. 2024] is an open-source benchmark suite used
by AuToSPEC, containing 51 small programs with an average of 17.43 lines of code. Each
program has an individual function alongside a main entry function. All the programs have
been previously verified using FRaMA-C/Wp with 1~3 ACSL specifications per program. The
rationale for excluding other benchmarks employed by AuToSPEC is provided in [Wang et al.
2025a, Appendix B].

e Contiki [Peyrard et al. 2018] is an open-source operating system for Internet of Things. We
evaluate its encryption-decryption module called AES-CCM?*, which consists of 544 LoC
and 10 functions. Although this module has been manually verified using FRama-C/Wp, the
specifications used for its verification are not publicly available.

e X509-parser [Ebalard et al. 2019] is an open-source, RTE-free parser for X.509 format certifi-
cates. We evaluate its certificate-policy parsing module, which contains 1,199 LoC and 20
functions. This module has been manually verified with 251 ACSL specifications.

4The anonymized artifact for replicating the experimental results is available at https://zenodo.org/records/17296158.
SThese settings match those of AUTOSPEC, with AuTOSPEC configured to use Claude 4 instead of its original model.
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Table 1. Experimental result of PREGUSS v.s. baselines on Frama-C-Problems.

Frama-C-Problems categorized per program features Overall

Approach General Pointers Loops Arrays  Arrays&Loops Miscellaneous (51)
(12) ®) ®) (13) ©) ®)

Num Rate Num Rate Num Rate Num Rate Num Rate Num Rate Num Rate Time (m) Cost ($)

AUTOSPEC 6 47.2% 6 75.0% 2 25.0% 0 0.0% 1 20.0% 2 40.0% 17 32.7% 287.23  0.448
AUTOSPECR1 9 69.4% 8 100.0% 1 12.5% 0 0.0% 2 40.0% 2 40.0% 22 41.8% 284.40  0.455
PrREGUSS 12 91.7% 8 100.0% 537.5% 11 69.2% 5 93.3% 5 100.0% 46 79.7% 65.59  2.721

e SAMCODE is a spacecraft sun-seeking control system containing 1,280 LoC and 48 functions
(not open-sourced due to confidentiality constraints). It has not been previously verified.

e Atomthreads [Lawson 2015] is a real-time scheduler for embedded systems. We evaluate its
kernel module, which consists of 1,451 LoC and 40 functions. To the best of our knowledge,
this module has not been previously verified using FRama-C/Wp.

Remark. To align with industrial verification practices, we adopt the following tactics for large-
scale projects in RQ2-RQ4: (i) For SAMCODE, the complete software system with a unique entry
function, we manually construct a generalization mechanism and analyze it using FRAMA-C/Eva;
(ii) For Contiki, X509-parser, and Atomthreads, which are system modules requiring substantial
manual effort for generalization, we directly apply FRama-C/RTE. For small programs in Frama-C-
Problems used for RQ1, FrRama-C/Eva alone suffices to establish RTE-freeness without any auxiliary
specification or verifier. Therefore, we employ FRAMA-C/RTE to generate RTE assertions (all of
which are false alarms) as verification targets, enabling a comparative evaluation of specification
generation and RTE-freeness verification effectiveness between AuToSPEC and PREGUSS. <

6.2 RQ1: Comparison against Baselines

Table 1 reports the experimental results of PREGUSs against AUTOSPEC and AUTOSPECRy;. Here,
Num indicates the number of programs verified as RTE-free (marked as success) in at least one trial
across repeated experiments, and Rate represents the average success rate per benchmark category.
Additionally, we report the average execution time (in minutes) and LLM inference cost (in dollars)
for evaluating each approach on the entire Frama-C-Problems benchmark suite. In general, we
observe two remarkable disparities between PREGUSs and the baselines:

Verification Success Rate. Overall, PREGUSS successfully verifies 46 out of 51 programs, achieving
an average success rate of 79.7%, which substantially outperforms both AuToSPEC (17/51, 32.7%) and
AUTOSPECRy;; (22/51, 41.8%). Notably, PREGUSS resolves all verification tasks except for a few cases
in categories Loops and Arrays, which require complex (nested) loop invariants. These results
suggest a promising future improvement of PREGUSS by incorporating advanced invariant synthesis
techniques, e.g., [Pirzada et al. 2024; Wu et al. 2024b].

It is noteworthy that AuToSPEC underperforms in RTE-freeness verification compared to its
functional correctness results (31/51 programs as reported in [Wen et al. 2024, RQ1]) on the same
benchmark suite. Besides LLM uncertainty, the primary performance gap lies in the Arrays® and
Arrays&Loops categories. Here, AUTOSPEC verifies functional correctness for 12/18 cases [Wen
et al. 2024] but succeeds in RTE-freeness for only 1/18 program (see Table 1). This discrepancy is
exemplified by program max. ¢ from the Arrays category, as depicted in Fig. 7. For max.c, which
computes the maximum value in an array a of length n, AuToSPEC generates four loop invariants
prior to instruction 9. Under the assumption that max. c is RTE-free (i.e., |= (¢12, ts) and |= {¢13, L10))s

®For simplicity, we consolidate the “immutable_arrays”, “mutable_arrays”, and “more_arrays” categories from [Wen et al.
2024] into the single Arrays category.
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int amax(int *a, int n) { /*@ requires ¢;: n > @ & \valid_read(a + (8 .. n-1)); */
/*@ assert mem_access: ¢,,: \valid_read(a + @); */ int amax(int *a, int n) {
int max = *(a + @); // tg /*@ assert mem_access: ¢,,: \valid_read(a + 0); */
/*@ loop invariant i <= n; int max = *(a + @); // g
loop invariant \forall integer k; @ <= k < i ==> max >= a[k]; /*@ loop invariant 1 <= i <= n;
loop invariant \exists integer k; @ <= k < i && max == a[k]; loop invariant \forall integer k; @ <= k < i ==> max >= a[k];
loop assigns max, i; */ loop invariant ¢,4: i < n ==> \valid_read(a + (@ .. n-1)); */
for (int i = 1; i < n; i++) // 1o for (int i = 1; i < n; i++) // 1y
/*@ assert mem_access: ¢3:\valid_read(a + i); */ /*@ assert mem_access: ¢,5:\valid_read(a + i); */
if (max < *(a + 1)) // 1y if (max < *(a + 1)) // 1y,
max = *(a + i); max = *(a + i);
return max; return max;
void main(void){ void main(void){
int arr[5] = {1, 2, 3, 4, 5}; int arr[5] = {1, 2, 3, 4, 5};
int sum = amax(arr,5); // 4, int sum = amax(arr,5); // ty
} }
(a) AUTOSPEC fails to validate RTE assertions (b) PREGUSS succeeds in verifying RTE-freeness

Fig. 7. AuToSpec fails to generate specifications such as (¢1s, ;5e™) and (@1, 19) as PREGUSS does, thereby
failing to verify the RTE-freeness of max. c.

as adopted in [Wen et al. 2024, Sect. 4.1], AUTOSPEC produces loop invariants that ensure functional
correctness — the output max indeed represents the array maximum. However, this guarantee
presupposes the validity of RTE assertions (@2, 1s) and (@13, t19), which are ultimately ensured by
the precondition (#15, f5e"™) and loop invariant {(¢1s, 1o) generated by PREGUSS.

The performance gap roots in two fundamental methodological distinctions:

(1) Guidance Principle: AuTOSPEC is not RTE assertion-guided; it decomposes the program and
synthesizes specifications based solely on program structures — specifically, an extended call
graph where loops and functions are treated as nodes. In contrast, PREGUSs uses guard RTE
assertions to decompose the holistic verification task into fine-grained V-Units, generating
necessary specifications for each. The 29.4% increase in verified programs (22 by AUTOSPECRy
vs. 17 by AuToSPEC) underscores the critical role of RTE-assertion guidance.

(2) Specification-Synthesis Strategy: The sequence and dependencies of specification generation
differ markedly. For instance, in Fig. 7 (b), PREGUSS first generates precondition ¢;5 to validate
guard assertion @2, then produces loop invariant ¢y at 19 for guard assertion ¢;3 (due to the
design principle of the order C over V-Units; see Definition 16). Note that ¢ depends on ¢15.
AvuTOSPEC, however, prioritizes loop invariants (at 19 as the loop is the leaf node in its call
graph) without necessary preconditions, leading to invariants such as ¢;¢ being discarded
during verification due to their semantic unsatisfiability.

Execution Time and LLM Inference Cost. Under a 10-minute limit per program, PREGUSS
completes all the specification synthesis, whereas AuTOSPEC fails to terminate within this limit for
28/51 programs (though it often produces partial output, as seen in Fig. 7(a) for max. c). This results
in AUTOSPEC’s average execution time being over 4X longer than that of PREGUss. Furthermore,
PREGUSs consumes approximately 6X more LLM inference resources than the baselines. This
increased cost reflects PREGUSs s strategy of guiding LLMs through a fine-grained synthesis process
- such as employing different strategies upon specification types and incorporating proof obligations
— which yields higher-quality specifications. This aligns with the test-time scaling paradigm [Jurayj
et al. 2025], whose viability was recently justified by reasoning models such as OpenAl-ol [OpenAl
2024]. Moreover, these high-quality specifications substantially reduce manual verification effort,
far outweighing the marginal cost of LLM inference, as demonstrated in Section 6.3.

In summary, PREGUss demonstrates a substantial advantage over AUTOSPEC in verifying RTE-
freeness on the Frama-C-Problems benchmark suite. Although AuTOSPECR,; improves upon Au-
TOSPEC by incorporating RTE assertion generation, both baselines lack a fine-grained synthesis
mechanism that is essential for consistently producing high-quality specifications.
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Table 2. Effectiveness of PREGUSS on large-scale, real-world programs. #RTE: the number of RTE assertions
generated by the static analyzer; Total #V-Unit: the total number of V-Units constructed; Verified #V-Unit:
the number of verified V-Units (i.e., V-Units with validated guard assertions) across three independent trials;
Std. #Spec: the number of specifications required to verify RTE-freeness, which are either sourced from
public repositories (X509-parser) or manually crafted by verification experts within a five person-day effort
(Contiki and SAMCODE); Generated #Spec: the number of specifications synthesized by PrRecuss in each
experiment; Modified #Spec: the number of specifications adjusted by experts to achieve full RTE-freeness
based on PREGUSS’s output, including three types of interventions (from left to right): (i) adding a new property,
(ii) correcting an over-constrained precondition, and (iii) removing a property that becomes unknown after
modifying other specifications; Avg. SR and Avg. HER are explained in Section 6.3.

Benchmark #RTE Total Verified  Avg. Std. Generated Modified Avg. Time Cost

#V-Unit #V-Unit SR  #Spec #Spec #Spec HER (m) ()
Contiki 163 182 (181,174,162) 94.7% 111 (110, 90, 96) (8,15,14) 88.9% 6558 1.77
X509-parser 142 174 (151,153, 148) 86.6% 251 (108,116, 142) (39,41,40) 84.1% 151.80 3.84
SAMCODE 44" 133 (121,116, 119) 87.9% 225 (186,202, 206) (34,59,38) 80.6% 80.48 2.36
Atomthreads 239 328 (252, 258, 258) 78.1% -+ (416, 398, 544) — - 807.58 18.52

 We omit floating-point alarms in SAMCODE, which, according to the developers, are not of primary interest.
¥ Std. #Spec, Modified #Spec, and Avg. HER for Atomthreads are unavailable as the manual verification (handcrafting
std. specifications and refining PREGUss-generated specifications) was not completed within the 5 person-day limit.

6.3 RQ2: Evaluation on Large-Scale Real-World Programs

First, we observe that for each of the four large-scale projects, both AuToSPEC and AUTOSPECRy; typ-
ically fail to terminate within the allotted 15-hour time limit, producing fewer than 15 specifications
or aborting unexpectedly. Therefore, we exclude them from the comparison in RQ2.

Table 2 reports the experimental results of PREGUsS applied to large-scale, real-world projects.
In addition to metrics described in the table, we compute the average V-Unit success rate (Avg. SR)
and the average reduction rate of human verification effort (Avg. HER) as follows:

>, Verified #V-Unit >, Modified #Spec
= e Avg HER = 1- =2 PF
n X Total #V-Unit n X Std. #Spec

where n = 3 is the number of repeated experiments accounting for the inherent uncertainty of LLMs.
Given the impracticality of fully automating RTE-freeness verification for large-scale projects, Avg.
SR and Avg. HER serve as the primary quantitative measures of PREGUSs’s effectiveness. The former
reflects the proportion of guard assertions successfully resolved, directing expert attention to the
remaining unverified hypotheses. The latter quantifies the reduction in manual effort achieved by
PrREGUSsS compared to verifying the project from scratch.

We observe that PREGUSs achieves highly automated RTE-freeness verification for the three real-
world programs — Contiki (544 LoC, 10 functions), X509-parser (1,199 LoC, 20 functions), and
SAMCODE (1,280 LoC, 48 functions) — as reflected by Avg. SR and Avg. HER both exceeding 80%
with average execution times under 3 hours and LLM inference costs below $4. These results
underscore PREGUSS’s effectiveness in synthesizing high-quality specifications and scalability to
large projects. In particular, compared to traditional approaches that often require months or even
years of expert effort for verifying systems with thousands of LoC [Djoudi et al. 2021; Ebalard et al.
2019], the computational and financial costs incurred by PREGUSsS are marginal.

An interesting observation is that, for the X509-parser benchmark, the total number of generated
and modified specifications is substantially lower than the number of standard specifications in all
experimental trials. This discrepancy indicates that the ground-truth specifications handcrafted by
the X509-parser authors contain many redundant properties — such as assertions/postconditions
describing program states that are not directly relevant to verification, as detailed in [Wang et al.

Avg. SR =
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2025a, Appendix C]. This finding further highlights the capability of PREGUSSs to produce concise,
high-quality specifications.

For the spacecraft control system SAMCODE, besides the 87.9% automatically verified V-Units,
we identified 6 genuine RTEs (uninitialized left-value accesses) within the hypothesis set returned
by PreGuss. These errors, which stem from two logical bugs in the system implementation, have
been subsequently confirmed by the developers. One such case is detailed in Section 6.6 (Case 2).

An analysis of the manual modifications made to PREGUSS’s generated specifications also reveals
certain limitations (elaborated in Section 7). For Contiki, most adjustments involve adding precon-
ditions for C standard library functions such as memcpy and memset from string.h. Since these
external functions lack implementation details in the source project, PREGUSS currently relies on
handcrafted contracts for them. In X509-parser and SAMCODE, a small number of over-constrained
preconditions are generated — one of which is examined in Section 6.6 (Case 3). After correcting
such an over-constrained precondition p, properties which are valid under hypotheses including p
may become unknown, and thus should be removed.

For the Atomthreads benchmark, PREGUSss achieves an average V-Unit success rate of 78.1%,
albeit with higher resource consumption (average time of 807.58 mins and cost of $18.52). Resolving
the remaining guard assertions is particularly challenging due to the presence of linked-list man-
agement modules, which require advanced specifications such as inductive definitions [Blanchard
2020] for full verification (see Section 7). Constructing these specifications demands prohibitive
expert effort — exceeding our five person-day budget — and falls outside PREGUSS’s current design
scope. Nevertheless, PREGUSs successfully generates high-quality specifications for RTE assertions
unrelated to the linked-list module, contributing significantly to the overall success rate.

Specification-Quality Metrics. We evaluate the quality of PREGUSs-generated specifications
through soundness guarantees and the Avg. HER metric, instead of the completeness metrics used in
[Endres et al. 2024; Ma et al. 2025]. Soundness encompasses (i) syntactic correctness of all generated
specifications and (ii) semantic satisfiability under the hypothesis set H, while Avg. HER measures
how well PREGUSss-generated specifications can substitute for standard oracles. The completeness
metrics, which assess how well specifications capture program behaviors for functional correctness
verification, are not suitable for PrReEGuss. This is because PREGUSs aims to generate minimal
contracts [Gerlach 2019] - the necessary specifications on which guard assertions depend, rather
than pursuing the strongest specifications that precisely describe all program behaviors.

6.4 RQ3: Ablation Study

We conduct an ablation study to assess the individual contributions of key components within the
PrEGUSS framework, using the large-scale, real-world projects from RQ2 (excluding Atomthreads
due to its computationally prohibitive verification cost; the same applies to RQ4). Several core
modules are deemed essential and thus excluded from ablation: (i) the modules for V-Unit construc-
tion and prioritization (Section 5.1), which are fundamental to determining the verification targets
establishing the pipeline; (ii) the fine-grained specification synthesis strategies for host and callee
functions (Sections 5.2.1 and 5.2.2), as allowing precondition generation for callees would compro-
mise termination guarantees (Section 5.3); and (iii) the semantic validity check (Section 5.2.3), which
prevents false negatives and is critical for soundness. Consequently, we focus on two adjustable
mechanisms: feedback-driven refinement (FDR) and syntax correction (SC). We evaluate three ablated
configurations against the full PREGUss configuration from RQ2: PrReGuUss without FDR (PREGUSS -
FDR), PreGuss without SC (PReGUss - SC), and PrReGUSs without both (PREGUSs - FDR - SC).

As illustrated in Fig. 8, disabling either FDR or SC reduces the average V-Unit success rate, execution
time, and LLM inference cost across most benchmarks, with the combined ablation PREGUSss - FDR -
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B3 Preguss Preguss - SC Preguss - FDR Il Preguss - FDR - SC
avg. V-Unit success rate by benchmark avg. time by benchmark avg. cost by benchmark

avg. success rate (%)
avg. time

Fig. 8. Experimental results of the ablation study.

void SendUartData(unint@8 const *data, unint32 const len, unint32 const addr) { /*@ requires len > @ ==>
unint32 i = @; \initialized(data + (@ .. len-1));

for (; i < len; i ++)
/*@ assert initialization: ¢;,: \initialized(data + i); */
*((unint32 *)addr) = (unint32)*(data + i); // ¢

y %/*@ loop assigns i, *((unint32 *)addr); */
void TMProcess(void) {
unint32 i = @; unint@8 pkv[32]; ... // initialization of other variables
for (5 i < 32; i ++)
pkv[i] = (uninte@8) @; // i /*@ loop invariant @ <= i <= 32; ©
. // leave out irrelevant code loop invariant \forall integer j;
/*@ precondition of SendUartData */ — @ <= j < i ==> \initialized(&pkv([j]);
SendUartData((unint@8 const *)(pkv), (unint32)32, (unint32)0x88DB); // i, y loop assigns i, pkv[e .. 31];
}

Fig. 9. Case 1: discharge false alarm (¢;2, 15) through specifications in @-©.

SC exhibiting the strongest negative effect. An exception occurs in the Contiki benchmark, where
the V-Unit success rate unexpectedly increases when SC or FDR is disabled. This anomaly arises
because PREGUSs - FDR - SC achieves a high baseline success rate (94.5%) on Contiki’s relatively
small codebase (544 LoC, 10 functions), where LLM uncertainty (temperature = 0.7) dominates over
the contributions of FDR and SC. Overall, the high success rates (exceeding 83%) across all ablated
configurations underscore the critical role of PREGUSS’s essential modules — V-Unit management,
fine-grained synthesis, and semantic checks — in achieving effective verification.

6.5 RQ4: Sensitivity to iter and LLMs

We observe that PREGUSs exhibits no significant sensitivity of the V-Unit success rate to variations in
iter, and achieves better performance with Claude 4 compared to GPT-5; Details are in [Wang et al.
2025a, Appendix D].

6.6 Case Studies

We now discuss three representative cases found in SAMCODE, the spacecraft sun-seeking control
system, to showcase how PREGUSs contributes to discharging false alarms (Fig. 9) and identifying
genuine RTEs (Fig. 10). We also reveal a situation where PREGUSs may induce false alarms (Fig. 11).
For clarity, we display minimal program contexts and retain only essential specifications.

Case 1: Discharging False Alarms via Interprocedural Specifications. The program depicted
in Fig. 9 consists of two functions: (i) SendUartData, which iteratively transmits each element of
array data (length len) to address addr at instruction t; (ii) TMProcess, which initializes each
element of the uint8 array pkv (length 32) at 1y and invokes SendUartData at 11 to transmit pkv
to hardware address 0x88DB. The static analyzer generates assertion p12 = (@12, is), indicating a
potential uninitialized left-value access UB at 5. Although p;, constitutes a false alarm and could
be resolved through exhaustive analyzer configurations (e.g., full loop unrolling), such approaches
often incur prohibitive computational costs. Leveraging p;, and its verification feedback, PREGUSS
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unint32 GetUartData(unint32 const len, unint32 const addr, unint@8 *data) { /*@ ensures \result == 1 ==>
unint32 fifoCnt = *((unint32 volatile *)ox88D@), bSucc = 0; \initialized(data + (@ .. len-1));
if (fifoCnt == len) { */

for (unint32 i = 0; i < len; i ++)
*(data + i) = (unint@8)*((unint32 volatile *)addr); // i,
bSucc = 1;

return bSucc;
’ /*@ loop invariant i <= len; C)

loop invariant @ <= i <= len ==>
\initialized(data + (@ .. i-1));
loop assigns i, data[@ .. len-1];

}
void GyroStateGet(...) {
unint@8 gyroRecvData[30];
GetUartData(30, (unint32)@x881C, gyroRecvData); // ity
/*@ assert initialization: ¢,3: \initialized((unint@8 *)gyroRecvData); */
if (gyroRecvData[@] == OxEB) // i3
{...}

*/

}

Fig. 10. Case 2: specifications in @) and ) aid in diagnosing the cause of invalid RTE assertion (¢13, 113).

/*@ requires ¢,5: \valid(rate + (0..2)); */

unint32 SAMSubMD(float32 const *rate, ...) {
/*@ assert mem_access: ¢,,: \valid_read(rate + @) A \valid_read(rate + 1) A valid_read(rate + 2); */
float32 fabsmax = TripleFabsMax(*(rate + @), *(rate + 1), *(rate + 2)); //

SAMSubMD

pre ) induces a false alarm.

Fig. 11. Case 3: the over-constrained precondition (¢1s, ¢
synthesizes precondition (&) and loop invariant @) that collectively validate p;2. Recognizing that
the precondition of SendUartData serves as a guard assertion at call site 119, PREGUSsS further
generates specifications in TMProcess to discharge this precondition. This yields loop invariants ()
which guarantee initialization of all pkv elements, and all relevant properties are verified as true.

Case 2: Identifying Genuine RTEs via Interprocedural Specifications. The program in Fig. 10
comprises two functions: GetUartData and GyroStateGet. The former first reads value from
address 0x88D0 into variable fifoCnt and then branches as follows: If fifoCnt == len holds,
it iteratively receives values from address addr, writes each into the array data (of length len)
at instruction 115, and returns 1; Otherwise, it returns 0. The function GyroStateGet invokes
GetUartData at 117 to initialize array gyroRecvData from hardware address @x881C. The static
analyzer flags assertion pi3 = (@13, 113), indicating a potential uninitialized left-value access UB.
To validate pi3, PREGUSS generates loop invariants (D) and a postcondition () for GetUartData,
both verified as true. However, p;3 remains unknown, suggesting that gyroRecvDatal[@] may
be uninitialized under certain conditions. Manual inspection of postcondition €) reveals that
gyroRecvData is guaranteed initialized only if GetUartData returns 1. This indicates a latent issue:
initialization may fail when the value at address 0x88D@ does not equal len, causing GetUartData
to return 0. To address this, we introduce a conditional check at i;; to handle the return value of
GetUartData, ensuring subsequent instructions execute only when the return value is 1.

Case 3:Inducing a False Alarm by an Over-Constrained Precondition. The function SAMSubMD
in Fig. 11 accepts a set of input parameters, including a constant array rate, and invokes function
TripleFabsMax to compute the maximum absolute value of the first three elements of rate. Guided
by the analyzer-generated assertion (¢4, 114) — which requires the first three elements of rate to
be readable to prevent an invalid memory access UB — PREGUsS synthesizes a precondition with
predicate \valid(rate + (@..2)). This predicate incorrectly asserts that the first three elements
of rate must be writable, contradicting the constant nature of rate and thus triggering a false
alarm. The correct predicate should be \valid_read(rate + (@..2)). Although PrREGUSs employs
refined strategies to mitigate over-constrained preconditions, such issues may still arise occasionally,
forming a primary component of the hypotheses H and necessitating expert intervention (e.g.,
manual weakening of preconditions) to complete the verification.
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6.7 Threats to Validity

Internal Validity. The first primary threat to internal validity arises from the inherent uncertainty in
LLM-based inference. To mitigate this, we repeat each experiment three times and report averaged
results. The second primary threat is data leakage, i.e., are the evaluation code and the corresponding
ground-truth ACSL specifications already part of Claude 4’s training data? To isolate this potential
influence, we build our dataset with three representative real-world projects: (i) Contiki, whose AES-
CCM* module is verified but lacks publicly available ACSL specifications; (ii) Atomthreads, which to
our knowledge has not been previously verified; and (iii) SAMCODE, which is both unverified and
not publicly accessible. The consistent performance of PREGUSs on these benchmarks effectively
rules out data-leakage concerns. The third threat concerns the potential misalignment between our
evaluation metric — the V-Unit success rate in RQ3 and RQ4 - and the actual reduction in human
verification effort (as assessed in RQ2), since the V-Units that remain unvalidated may require more
sophisticated specifications than those successfully verified. Nonetheless, given that the primary
objectives of RQ3 and RQ4 are to qualitatively assess the impact of individual components in
PREGUSS on its overall performance, V-Unit success rate remains a robust, adequate metric.

External Validity. Major threats to external validity concern the soundness of the static analyzer and
the completeness of the deductive verifier underpinning PREGUSs. Regarding the former, abstract
interpretation-based static analyzers like FRaMA-C/RTE and FRamA-C/Eva typically target specific
categories of UBs and RTEs, which may limit the soundness of PREGUSs in guaranteeing RTE-
freeness for those categories. For the latter, verifiers such as FRama-C/WPp rely critically on the
underlying SMT solvers (e.g., Z3 [de Moura and Bjerner 2008] and CVC5 [Barbosa et al. 2022]).
Limitations in these solvers — such as inadequate theorem modeling capabilities — can lead to false
alarms where valid properties are incorrectly reported as unknown hypotheses.

7 Limitations and Future Directions

We pinpoint scenarios where PREGUSS is inadequate and provide potential solutions thereof.

PreGUSs currently faces challenges in handling advanced specifications, such as inductive defini-
tions and axioms [Blanchard 2020], which are especially crucial for verifying programs involving
complex data structures like linked lists and trees (recall Atomthreads in RQ2). One potential
improvement is to incorporate few-shot examples of such specifications to prompt the LLM.

Despite its refined mechanisms, PREGUSS may occasionally produce over-constrained precondi-
tions due to LLM hallucinations, as illustrated in Case 3 of Section 6.6. A promising direction is to
explore how abstract interpretation-based static analyzers can be used to adjust LLM-generated
preconditions by reasoning about over-approximated constraints at call sites.

As project scale increases, the program context of a single V-Unit — comprising the host function
and its callees — may exceed the LLM’s context window limit. Employing program slicing to extract
only the callee functions (or the minimal set of statements) that are semantically relevant to the
guard assertion could help reduce context size. Moreover, the current design of the program context
omits global and external variables, which may result in false alarms related to these variables.
Incorporating fine-grained data-flow analysis to retrieve such information could remedy this issue.

Finally, when a project uses external library APIs with unavailable implementations, handcrafted
contracts are currently required. A promising extension would be to leverage LLMs to infer plausible
contracts from function names and parameter types, thereby reducing the manual effort involved.

8 Related Work

Automated specification synthesis remains a critical challenge for scaling program verification [Am-
mons et al. 2002]. Traditional techniques are often tailored to specific types of specifications, such
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as loop invariants [Colon et al. 2003; Jhala and McMillan 2006; Le et al. 2019; McMillan 2010],
preconditions [Cousot et al. 2013, 2011], postconditions [Alshnakat et al. 2020; Molina et al. 2022;
Wei et al. 2011], and assertions [Terragni et al. 2020]. Recently, the emergence of LLMs has led
to a new paradigm (cf. [Zhang et al. 2025]), with several approaches demonstrating significant
advantages over traditional methods by leveraging LLMs for specification synthesis [Cao et al. 2025;
Ma et al. 2025; Mugnier et al. 2025; Pirzada et al. 2024; Wen et al. 2024; Wu et al. 2024b,a]. Below,
we review closely related LLM-based approaches and clarify their distinctions from PREGUSS.

LLM-Based Intraprocedural Specification Generation. Several studies [Pirzada et al. 2024; Wu et al.
2024b,a] aim to generate loop invariants in support of bounded model checkers like ESBMC [Menezes
et al. 2024], while Laurel [Mugnier et al. 2025] targets assertion synthesis for deductive verifiers
such as Dafny. These methods primarily address the synthesis of intraprocedural properties within
individual functions or lemmas, without considering call relations. In contrast, PREGUSS is designed
to generate comprehensive interprocedural specifications - including contracts and invariants — for
programs with complex call hierarchies. Given this fundamental difference in scope and objective,
these intraprocedural approaches are orthogonal to PREGUSS and are thus not selected as baselines.

LLM-Based Interprocedural Specification Generation. Two notable works, AuToSPEC [Wen et al.
2024] and SpecGen [Ma et al. 2025], address interprocedural specification synthesis. Our PREGUSS
framework is inspired by AuToSPEC, which employs static analysis to construct a comprehensive
call graph (treating both functions and loops as nodes) and iteratively generates specifications for
each node in a bottom-up fashion (cf. Section 5.1.2). A thorough discussion of the fundamental
methodological distinctions between PrREGUss and AUTOSPEC is presented in Section 6.2. SpecGen
adopts a mutation-based strategy to refine semantically invalid specifications by applying four
mutation operators to predicate expressions and selecting the corrected variants. Moreover, SpecGen
is implemented on OpenJML [Cok 2011] and targets JML specifications [Burdy et al. 2005] for
Java programs, whereas PREGUSS is built on FRamMA-C/WP to synthesize ACSL specifications for C
programs. Given these fundamental differences in verification targets, implementation frameworks,
and specification languages, we select only AUTOSPEC as a baseline for comparative evaluation.
In a nutshell, PREGUss demonstrates superior scalability to large-scale programs — exceeding a
thousand lines of code — due to two key distinctions from existing approaches: (i) it decomposes the
monolithic RTE-freeness verification problem into a sequence of V-Units with sliced code contexts,
thereby mitigating LLM context limitations; and (ii) it generates context-aware interprocedural
specifications tailored to the host function and callee functions, rather than producing intrapro-
cedural properties of specific types [Mugnier et al. 2025; Pirzada et al. 2024; Wu et al. 2024b,a] or
synthesizing all types of specifications indiscriminately [Ma et al. 2025; Wen et al. 2024].

9 Conclusion

We have presented PREGUSs — a modular, fine-grained framework for inferring formal specifications
synergizing between static analysis and deductive verification. We showcase that PREGUSsS paves
a compelling path towards the automated verification of large-scale programs: It enables nearly
fully automated RTE-freeness verification of real-world programs with over a thousand LoC, while
facilitating the identification of 6 confirmed RTEs in a practical spacecraft control system.

10 Data-Avallability Statement

The artifact (including dataset) [Wang et al. 2026] is available at https://doi.org/10.5281/zenodo.
18768810.
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