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Abstract
Static analysis consists of a large body of tools that ana-
lyze programs without running them. Despite substantial
progress in recent years, both theoretical and practical, static
analyses still face bottlenecks in SMT solving, equivalence
checking, and compiler verification. This work proposes
alleviating these bottlenecks by using harnessing existing
compilers, and asks whether their internal state and the
transformations they perform can inform static analysis and
expand the set of tractable problems. We plan to investigate
the problem by recording the analyses and optimizations a
compiler performs on a particular input program. In existing
work, we find that the strategy is promising by showing
that compilers can speed up SMT solving. Our proposal is to
extend the work to a general framework for recording and
filtering the actions performed by a compiler and to evaluate
it on translation validation and other use cases.
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1 Motivation
Static analysis tools analyze programs without running them
and can provide formal guarantees that a particular pro-
gram is secure, correct, or performant. Static analysis tech-
niques have seen impressive progress over the last 20 years,
and static analysis is increasingly used in practical applica-
tions, both for safety-critical and commercially important
programs. The recent influx of LLM-generated code into
software projects has further increased the need for formal
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analysis to catch bugs or behavioral differences in code not
written by human programmers.

Recent advances in static analysis have included the de-
velopment of new and more efficient SMT solvers [5], better
translation validation tools [8], and new methods for reach-
ability analysis. Despite these advances, though, many anal-
ysis tasks of great importance remain out of reach. These
include, inter alia, the bottleneck of SMT solving, translation
validation, and the related problem of compiler verification.
In each case, providing information beyond that available
in the syntax of the program can enable an analysis to per-
form better. Take as an example the problem of translation
validation: proving that a program optimized by a compiler
is semantically equivalent to the original. Translation vali-
dation of individual statements and straight-line programs
can be done by solving constraints representing the seman-
tics before and after optimization. But for programs with
complex control flow, including loops, it is challenging to
“line up” program statements to verify equivalence; doing so
requires extra information not present in the program syn-
tax [3]. We hypothesize that this extra-syntactic information
can be derived from a compiler, thus enabling translation
validation in the presence of complex control flow.

This work proposes a deeper investigation of the potential
of compilers for enabling the better performance of program
analyses without the downsides of dynamic analysis. In exist-
ing work on SMT solving, we have found that the reasoning
performed by compilers can be used to speed up SMT solving.
We aim to discover whether compiler-derived information
is also useful in alleviating the bottlenecks in translation
validation and other static analyses by developing a gen-
eral framework for harnessing compilers’ transformation
and analysis capabilities to improve static analysis. Our pro-
posed approach involves extracting and filtering compiler-
internal information—the result is to a compiler what eBPF is
to the Linux kernel. Reducing the bottlenecks of static anal-
ysis would allow tools to verify more optimizations, solve
larger sets of constraints, and analyze larger LLM-generated
codebases—in short, to increase users’ trust in more code.

2 Problem
This proposal aims to tackle many program analysis prob-
lems with a single class of solution. In particular, the key
bottlenecks we address are SMT solving, which is central to
applications like symbolic execution [2], translation valida-
tion [8], and the related problem of compiler verification [7].
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These applications are diverse—they originate in different
theoretical domains and have historically been approached
from different angles of attack in practice—but they share
one key common feature: the need for program-external in-
formation to inform the analysis. Our approach is to obtain
this extra-syntactic information from a compiler. Formally,
we address the following problem:

Construct a general framework for harnessing a com-
piler’s transformations to provide information that im-
proves multiple static analysis applications while allow-
ing use-specific filtering of results.

In the SMT solving context, compiler information may
be useful in optimizing constraints directly, or in informing
how they should be optimized. In the context of translation
validation, records of compiler transformations allow pro-
grams subject to complex control flow transformations to be
stitched back together, enabling verification. In both cases,
compiler information is the key to improving analysis.

The key challenge for the approach lies in identifying the
right balance between completeness and relevance for the
collected compiler information. On the one hand, access to
more information makes analysis richer, and can, for exam-
ple, enable additional types of simplification for constraints.
On the other hand, instrumenting every low-level action of
a compiler, like the peephole optimization which transforms
two instructions into a single one, can provide a flood of
actions and data which is difficult for an analysis tool to sort
through. The challenge lies in balancing these two phenom-
ena: the compiler-derived information must be sufficient for
a particular use case but must also rest at a high enough level
of abstraction to allow meaningful use by an analysis tool.

3 Approach
Completed Work. We have already found that compiler-
derived information can improve SMT solving. SMT con-
straints are logical formulas that extend the classic SAT prob-
lem. SMT solving forms the core of static analyses as diverse
as symbolic execution, termination proving, and program
verification, yet even state-of-the-art SMT solvers still time
out on thousands of constraints. In our work on SMT–LLVM
Optimizing Translation (SLOT) [9], we found that using com-
piler optimizations speeds up SMT solving by simplifying
constraints. SLOT works by translating a constraint into the
intermediate representation of the popular compiler frame-
work LLVM, applying LLVM’s optimization passes, and then
translating back. The approach achieves speedups as high as
3𝑥 on large constraints, and renders tractable thousands of
constraints that existing solvers cannot handle. In followup
work, we introduced SMT theory arbitrage [10], which uses a
novel abstract interpretation approach to convert unbounded
constraints into bounded ones, achieving further speedups

up to 40% and unlocking compiler optimizations for the
unbounded theories of integers and real numbers. Theory
arbitrage demonstrates the power of compiler-derived infor-
mation in improving constraint solving even for unbounded
constraints which are not directly related to compilers but
have important roles in static analysis, including for termi-
nation proving [6] and modeling automata [4].
Next Steps. To show the generality and power of our

approach, we turn to the question of translation validation.
Given an input program 𝑃 and some transformation pro-
cess T (usually a compiler), which produces a transformed
program 𝑃 ′, the goal is to determine whether 𝑃 ′ preserves
the semantics of 𝑃 . For simple straight-line programs, this
can be achieved by directly encoding both programs as con-
straints and then taking advantage of SMT solvers to com-
pare their semantics. However, approaches along these lines
like Alive2 [8], can only handle complex control flow up to
a fixed bound, and are not suitable for verifying the equiva-
lence of programs where loop structure has been changed.
One technique for handling loops is program alignment [3],
where the statements of two programs are matched up and
tagged with comparison predicates, thereby allowing rea-
soning about equivalence piece-by-piece. Aligning two pro-
grams, though, requires some external information about
which parts of 𝑃 to match up with which parts of 𝑃 ′. Exist-
ing approaches [3] derive this information from dynamic
analysis of the underlying program by collecting traces. We
instead propose to obtain the information by instrumenting
the compiler.
Our first planned milestone is to handle the translation

validation use case. To do so, we instrument a subset of
LLVM to produce transformation records of the optimiza-
tions performed on some input program. Consider for ex-
ample loop vectorization, where a loop with body 𝐵 is vec-
torized by LLVM. The vectorized program will include a
vector version of 𝐵, call it 𝐵𝑣 , and a “cleanup loop”𝐶𝑣 which
performs any excess iterations of 𝐵 not handled by 𝐵𝑣 . Sup-
pose the vectorization factor is 𝑘 . To verify equivalence, we
need to align 𝑝 iterations of 𝐵, with 𝑝/𝑘 iterations of 𝐵𝑣 and
𝑝 mod 𝑘 iterations of 𝐶𝑣 , as shown in Equation 1. Exist-
ing literature attempts to derive the realtionship by collect-
ing execution traces [3]; we instead replace the execution
information with information obtained by instrumenting
LLVM’s LoopVectorize pass, extracting Equation 1 by in-
strumenting the calls that create 𝐵𝑣 and 𝐶𝑣 from 𝐵. The
instrumentation approach enables translation validation for
loops without collecting traces.

𝐵𝑝 ∼ 𝐵
( 𝑝

𝑘 )
𝑣 𝐶

(𝑝 mod 𝑘 )
𝑣 (1)

The next milestone, and the heart of this research work, is
to generalize—to develop a framework for extracting infor-
mation from an existing compiler and applying it to client
static analyses. Generalization will require capturing both
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compiler-internal information through instrumentation, and
observing the transformations the compiler performs on in-
put programs. Given a record of the actions of the compiler,
we must next filter these actions to only those which are rel-
evant for a given application. For example, instrumentation
might hook a low-level LLVM API such as the Instruction
class, but most instruction-level changes would be irrelevant
to the program alignment problem, where the appropriate
level of abstraction is the basic block. Thus, the results of
instrumentation should be filtered to focus on operations
over LLVM’s BasicBlock class. Choosing the right degree
of filtering will require a lightweight framework that allows
users to specify which types of compiler actions should be
kept during filtering by dividing them according to LLVM
class, level of abstraction, and type of action.

Risks and Mitigations. While our existing work shows
that compilers have great promise in providing information
to improving static analysis, generalization faces two key
obstacles. First, it is possible that collecting a complete low-
level transformation record and then filtering is too costly
for performance-critical static analyses. In this case, we may
reduce the extent of filtering and instead raise the level of
abstraction where instrumentation is performed. This could
be achieved, for instance, by allowing users to specify a
tradeoff between runtime and detail. Second, the SMT solving
and translation validation applications may not be general
enough to fully exploit the potential of compiler information.
In this case, we may turn to additional applications such
as symbolic execution. This application already uses some
compiler optimizations to reduce workload, but could further
benefit from the guidance contained in debug information
or other records of the transformations a compiler chooses
to perform on a subject program.

4 Evaluation Methodology
The question of whether compiler-derived information is
useful for informing program analysis comes in two parts:

• RQ1: Do compilers provide enough information to
guide static analyses around existing bottlenecks?

• RQ2: Can compiler information useful for a practical
application be effectively extracted from the compiler?

Existing work provides a direction to follow for both ques-
tions. The effectiveness of SLOT on a large set of standard
SMT benchmarks [1] suggests that the answer to RQ1 is in
the affirmative, at least for the SMT application. To evaluate
whether it is true in general, we plan to investigate the extent
to which instrumentation of LLVM provides enough infor-
mation to align programs for translation validation. This will
involve experiments on benchmark programs with complex
loop structures optimized by LLVM, where the relevant eval-
uation metric is the number of programs for which compiler
instrumentation leads to a verification result, but existing
approaches do not.

For RQ2, the existing results for SLOT and theory arbitrage
show one use case in which compilers’ reasoning is directly
harvested by applying optimizations to constraints. To fully
answer the question, though, we intend to evaluate also
on the translation validation context to determine whether
each structure-transforming pass can be instrumented to
produce information that can align transformed programs
at the correct level of abstraction. Here, evaluation also in-
cludes experiments on validating translations of benchmark
programs, but the evaluation metric focuses on the compiler
instead: how many passes can be usefully instrumented and
which passes, and for what reasons, cannot be handled?

Both research questions also relate to the larger issue of
generality—for how many use cases does compiler informa-
tion provide benefits. Preliminary results on transformation
records for LLVM’s vectorization show that the approach
has promise for translation validation. To fully investigate
this question, though, we plan to generalize the framework
further, allowing users to specify levels of abstraction for
instrumentation and filtering. In the end, a general instru-
mentation framework would be to LLVM what eBPF is to
Linux. It would provide a way to extract relevant compiler
information without including low-level details that make
interpretation a challenge.
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