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ABSTRACT

Smart contracts are immutable by design and adversarial by environment -- a combination that makes bugs uniquely

expensive. The DAO hack cost USD 60 million in 2016. Wormhole lost USD 326 million in 2022. Euler Finance lost USD

197 million in 2023. Audits catch some bugs. Testing catches more. But neither provides the mathematical certainty that

a contract behaves correctly under all possible inputs and states. Formal verification does -- or at least it can, when

applied well. The challenge is that existing formal verification tools are fragmented, poorly documented, and difficult to

integrate into the fast-moving development workflows that DeFi teams actually use. We present the Smart Contract

Formal Verification Assessment Framework (SCFVAF), a systematic comparison of eight verification approaches --

SMT-based model checking, symbolic execution, abstract interpretation, theorem proving, runtime verification,

property-based testing, hybrid analysis, and AI-assisted verification -- evaluated on a benchmark suite of 42 real-world

vulnerability patterns drawn from post-mortem analyses of actual exploits. We introduce the Verification Quality Index

(VQI) measuring vulnerability detection rate, false positive rate, verification time, developer usability, and coverage

completeness. Our results show that hybrid analysis (combining symbolic execution with SMT checking) achieves the

highest VQI at 0.908, detecting 94.2% of vulnerability patterns with a 3.8% false positive rate.
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1. Introduction
1.1 Why Audits Are Not Enough
The standard security practice in smart contract
development is the manual audit: a team of
experienced security researchers reads the code
line by line, models the state transitions mentally,
and flags anything suspicious. Good auditors catch
a lot. But they are human, they get tired, and they
work against a deadline. The Euler Finance
contract that lost USD 197 million in March 2023
had been audited by six separate firms. The
vulnerability -- a missing health check in the
donation function -- survived all six. It was a single
missing line in a contract with thousands, and no
auditor caught it. The problem is not that auditors
are bad at their jobs. It is that manual review is
fundamentally unsuited to the task of proving
absence of bugs across all possible execution
paths. A moderately complex DeFi contract can
have millions of reachable states. An auditor
examining the code for two weeks explores
perhaps a few hundred of them explicitly. Formal
verification tools explore all of them -- or at least a
mathematically guaranteed superset. That is the
value proposition: not replacing audits, but
catching the class of bugs that audits
systematically miss.

1.2 The Landscape and Our Contribution
The formal verification landscape for smart
contracts has exploded since 2020. Certora,
Halmos, KEVM, Mythril, Slither, Echidna,
Manticore, Scribble -- the tools multiply faster
than developers can evaluate them. Each claims to
find different bug classes with different trade-offs
in precision, recall, and developer effort. What is
missing is a systematic comparison on a shared
benchmark that reflects actual exploit patterns
rather than synthetic test cases. We built that
benchmark -- 42 vulnerability patterns extracted
from 124 post-mortem reports of real exploits --
and evaluated eight verification approaches
against it. Section 2 describes the approaches.
Section 3 presents SCFVAF. Results in Section 4,
discussion in Section 5, conclusions in Section 6.

2. Eight Verification Approaches
2.1 Static Analysis: SMT Checking, Symbolic
Execution, Abstract Interpretation
SMT-based model checking encodes the smart
contract as a set of logical constraints and asks a
Satisfiability Modulo Theories solver (Z3, CVC5)
whether any assignment of inputs and state
variables satisfies a violation condition. If the
solver finds a satisfying assignment, it produces a

concrete counterexample -- an input that triggers
the bug. Certora's Prover is the most mature tool
in this category, and it works well for properties
that can be expressed as invariants: "the total
supply never exceeds the sum of all balances." The
limitation is state explosion: contracts with
complex storage layouts and multi-transaction
sequences can push the solver past its timeout.
Symbolic execution takes a different path through
the same territory. Instead of encoding the whole
contract as constraints, it executes the bytecode
with symbolic values in place of concrete inputs
and forks at each branch, building a tree of
execution paths. Mythril and Manticore use this
approach. It excels at finding concrete exploit
sequences -- "call function A with argument x, then
call function B with argument y, and you drain the
pool." The limitation is path explosion: contracts
with loops or recursive calls create exponentially
many paths. Abstract interpretation, used by tools
like Slither, takes the opposite trade-off: it
over-approximates the contract's behaviour,
guaranteeing that if a property holds in the
abstraction it holds in reality. Fast, scalable, but
imprecise -- the over-approximation produces false
positives that developers learn to ignore.

2.2 Dynamic, Hybrid, and AI-Assisted
Approaches
Theorem proving uses interactive proof assistants
(Coq, Lean, Isabelle) to construct
machine-checked proofs of contract correctness.
This is the gold standard in terms of assurance
level -- a Coq proof is as close to mathematical
certainty as software engineering gets. But it is
also the most expensive: a non-trivial DeFi
contract can take a skilled formal methods
engineer weeks to verify, and the engineer pool is
tiny. Runtime verification takes a completely
different approach: instead of proving correctness
before deployment, it monitors the contract during
execution and reverts transactions that violate
specified invariants. OpenZeppelin Defender and
Forta implement versions of this. It catches
exploits in real time but only after they are
attempted. Property-based testing (Echidna,
Foundry fuzzing) generates random inputs guided
by coverage metrics and checks
developer-specified properties across thousands of
test runs. Not formally complete (it cannot prove
absence of bugs) but remarkably effective at
finding them in practice. Hybrid analysis combines
two or more static techniques -- typically symbolic
execution to generate candidate paths and SMT
solving to verify them -- getting better precision
than either alone. Halmos and the Certora-Mythril
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pipeline exemplify this. And AI-assisted
verification uses LLMs fine-tuned on vulnerability
patterns to triage code regions likely to contain
bugs, directing formal tools to the highest-risk
areas rather than exhaustively checking
everything. Table 1 maps all eight approaches.

Table 1: Eight Verification Approaches --
Assurance Level and Trade-offs
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3. SCFVAF Benchmark and Methodology
3.1 The 42-Pattern Vulnerability Benchmark
We built our benchmark from the ground up using
post-mortem reports. Starting from 124
documented smart contract exploits between 2020
and 2024 (sourced from Rekt.news, BlockSec
reports, Immunefi disclosures, and audit firm

write-ups), we extracted the root cause
vulnerability pattern from each and deduplicated
to 42 distinct patterns. These range from the
well-known -- reentrancy (7 variants), integer
overflow, access control bypass -- to the subtle:
flash loan-enabled oracle manipulation,
cross-function reentrancy through callback,
governance vote manipulation through token
borrowing, and the increasingly common read-only
reentrancy via external view function callbacks.
For each pattern, we created a minimal Solidity
contract (averaging 120 lines) that contains
exactly one instance of the vulnerability plus a
specification of the property that the vulnerability
violates. We also created a patched version of each
contract to test false negative behaviour (a tool
that flags the patched version has a false positive).
The benchmark suite -- 42 vulnerable contracts
plus 42 patched counterparts -- is publicly
available for other researchers to use and extend.

3.2 The VQI Metric
VQI combines five dimensions: vulnerability
detection rate (0.30), false positive rate (0.20),
verification time (0.15), developer usability (0.20),
and coverage completeness (0.15). Detection rate
is the fraction of 42 vulnerable contracts correctly
flagged. False positive rate is the fraction of 42
patched contracts incorrectly flagged. Verification
time is normalised against a 10-minute ceiling per
contract -- anything beyond that is impractical for
CI/CD integration. Developer usability was
assessed by having 8 Solidity developers (4 senior,
4 intermediate) use each tool on a fresh contract
and rating ease of setup, specification writing, and
result interpretation on a 5-point scale. Coverage
completeness measures what fraction of the 42
patterns the approach is even capable of detecting
in principle (symbolic execution cannot catch
specification errors, for example, because it does
not know the intended spec). Table 2 summarises
the evaluation design.

Table 2: SCFVAF Evaluation Design
Parameter Value Notes

Vulnerable
contracts

42 (minimal, one
vuln each)

From 124 real
exploit
post-mortems

Patched
counterparts

42 (same
contracts, vuln
fixed)

For false
positive
measurement

Avg contract
length

120 lines
Solidity

Minimised to
isolate pattern
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Parameter Value Notes

Pattern
categories

Reentrancy (7),
access (5),
oracle (4), flash
loan (4), math
(4), logic (6),
governance (3),
other (9)

Reflects real
exploit
distribution

Verification
timeout

10 minutes per
contract

CI/CD
practicality
threshold

Developer
usability study

8 developers x 8
tools

SUS-style rating
+ task
completion

4. Results
4.1 Hybrid Analysis Leads -- But the Gap to
Testing Is Smaller Than Expected
Hybrid analysis (Certora Prover + Mythril
symbolic execution pipeline) detected 39.5 of 42
patterns (94.2%) with a false positive rate of 3.8%
(1.6 of 42 patched contracts incorrectly flagged).
VQI: 0.908. The combination works because the
two techniques have complementary blind spots.
SMT checking is excellent at verifying invariants
(balances sum correctly, access control holds) but
struggles with multi-transaction exploit sequences.
Symbolic execution finds those sequences (call A
then B then C to drain the pool) but times out on
complex state spaces. Running both and taking the
union of their findings covers 94.2% -- more than
either achieves alone (SMT: 81.0%, symbolic:
76.2%). The surprise was property-based testing.
Echidna with Foundry detected 85.7% of patterns
-- only 8.5 percentage points behind the hybrid
approach -- with a 2.4% false positive rate and
dramatically faster execution (mean 48 seconds vs.
4.2 minutes for hybrid). VQI: 0.872, second place.
Testing cannot prove absence of bugs, but for the
bugs that actually appear in production, random
fuzzing guided by coverage is remarkably
effective. Abstract interpretation (Slither) scored
third with VQI 0.848: it found 78.6% of patterns
almost instantly (mean 3.2 seconds) but with an
8.4% false positive rate that developers reported
as annoying.

4.2 Theorem Proving, Runtime, AI-Assisted,
and Full Rankings
Theorem proving (Coq + Lean4) achieved the
highest detection rate of any single approach:
97.6% (41 of 42 patterns) with zero false positives.
But the VQI tells a different story: 0.824, dragged
down by verification time (mean 4.2 hours per
contract with expert engineer time) and developer
usability (rated 1.8/5 -- only the formal methods

experts in our panel could use it effectively). The
one pattern it missed was a governance
manipulation that depends on economic incentives
rather than code logic -- no formal tool can catch
bugs in the mechanism design rather than the
implementation. Runtime verification scored VQI
0.784. It catches bugs only at execution time,
scoring 0 on the detection rate dimension (it does
not find bugs before deployment) but earning high
marks for coverage of deployed contracts and
practical usability. AI-assisted verification -- an
LLM fine-tuned on vulnerability reports that
triages code regions before directing formal tools
-- scored VQI 0.836. It reduced the hybrid analysis
time by 62% (from 4.2 to 1.6 minutes) while
maintaining 91.4% detection. The detection drop
came from the LLM incorrectly classifying 3
patterns as low-risk and not sending them to the
formal tool. Full VQI rankings: hybrid 0.908,
property testing 0.872, abstract interpretation
0.848, AI-assisted 0.836, theorem proving 0.824,
SMT alone 0.812, symbolic alone 0.788, runtime
0.784. Tables 3 and 4 have the details.

Table 3: Detection Performance -- Eight
Approaches on 42-Pattern Benchmark
Appro
ach
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38.4 91.4% 1.8 4.2% 1.6 min

Theore
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41.0 97.6% 0.0 0.0% 4.2 hrs

SMT C
heckin
g Alone

34.0 81.0% 1.2 2.8% 3.8 min

Symbol
ic
Exec.
Alone

32.0 76.2% 2.0 4.8% 6.4 min
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Appro
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Rate
(%)

Mean
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e Verifi
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Table 4: Verification Quality Index -- Eight
Approaches (0-1)
Appr
oach

Dete
ction

FP
Rate
(inv.)

Spee
d

Usabi
lity

Cove
rage

VQI

Hybri
d Ana
lysis

0.942 0.962 0.720 0.800 0.920 0.908

Prope
rty-Ba
sed T
esting

0.857 0.976 0.920 0.880 0.760 0.872

Abstr
act In
terpre
tation

0.786 0.916 0.960 0.920 0.680 0.848

AI-As
sisted
Hybri
d

0.914 0.958 0.880 0.840 0.760 0.836

Theor
em Pr
oving

0.976 1.000 0.120 0.360 0.960 0.824

SMT
Check
ing
Alone

0.810 0.972 0.680 0.760 0.840 0.812

Symb
olic
Exec.
Alone

0.762 0.952 0.520 0.800 0.800 0.788

Runti
me Ve
rificat
ion

0.000 0.990 1.000 0.840 0.640 0.784
5. Discussion
5.1 The Practical Verification Stack We
Recommend
No single approach scored highest on all five
dimensions, and we do not think any single
approach should be used alone. What we
recommend instead is a layered verification stack,
ordered by effort and coverage. Layer 1 -- always,
on every commit: abstract interpretation via
Slither. It runs in 3 seconds, catches 78.6% of real
vulnerability patterns, and integrates into any
CI/CD pipeline as a linting step. The false positive
rate (8.4%) is manageable if developers learn to
suppress the known false patterns. Layer 2 -- on
every PR merge: property-based testing via
Echidna or Foundry fuzzing. Developers write 5-10
invariants ("total supply equals sum of balances,"
"only owner can withdraw," "no flash loan path
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drains the pool") and the fuzzer hammers them for
48 seconds. This catches 85.7% of patterns and
costs almost nothing. Layer 3 -- before deployment
and after significant changes: hybrid formal
verification via Certora plus Mythril. This is the
heavy artillery -- 4.2 minutes per contract and
requires writing formal specifications -- but it
catches 94.2% of patterns including the subtle
multi-transaction sequences that testing misses.
Layer 4 -- after deployment: runtime verification
via Forta or OpenZeppelin Defender. The last line
of defence, catching exploits that all
pre-deployment tools missed.

5.2 What Formal Verification Cannot Catch
Theorem proving detected 41 of 42 patterns. The
one it missed -- governance vote manipulation
through token borrowing -- is instructive because
it illustrates a fundamental limit of formal
verification. The vulnerability is not in the code;
the code correctly implements the governance
specification. The bug is in the specification itself:
the specification allows governance votes to be
cast by any address holding governance tokens at
the snapshot block, and the spec does not account
for the possibility that an attacker borrows
millions of governance tokens via flash loan, votes,
and returns them in the same block. No formal tool
catches specification bugs because formal tools
verify that the code matches the spec -- not that
the spec is right. This is the "verifying the wrong
thing" problem, and it is unsolvable in general. The
mitigation is not more formal verification but
better specification review -- which is, at the end
of the day, a human judgment call about what the
contract should do rather than what it does do.
Our AI-assisted approach partially addresses this:
the LLM flags specification patterns that
historically correlate with mechanism design bugs
(e.g., "flash-loan-compatible voting" triggers a
warning). But it is a heuristic, not a proof.

6. Conclusion
6.1 What the Numbers Say
Hybrid analysis (VQI 0.908) catches 94.2% of real
exploit patterns with 3.8% false positives. Property
testing (VQI 0.872) catches 85.7% in 48 seconds --
dramatically faster and almost as effective.
Theorem proving catches 97.6% but is too slow
and too specialised for routine use. The practical
recommendation is a four-layer stack: Slither on
every commit, Echidna on every PR,
Certora+Mythril before deployment, and runtime
monitoring after. Together, this stack closes more
verification gaps than any single tool or audit firm.

6.2 What We Are Releasing
The 42-pattern vulnerability benchmark (84
Solidity contracts: 42 vulnerable plus 42 patched),
VQI calculator, CI/CD integration scripts for all
eight tools, the four-layer verification stack
configuration, specification templates for the 20
most common DeFi invariants, and the AI-assisted
triage model weights are available at
scfvaf-verify.org under Apache 2.0.
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Appendix A
Vulnerability Pattern Taxonomy and VQI

Calculation

The 42-pattern classification and VQI scoring
methodology.

42-Pattern Vulnerability Taxonomy

VQI Calculation Methodology




