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Abstract

Al-assisted program synthesis is already commonplace; the challenge is to make
it trustworthy by formally verifying its results. The industrial adoption of formal
verification has long been hindered by two factors: the difficulty of producing
formal specifications and the cost of constructing and maintaining proofs. Al is
now actively discussed for both code generation and proof, but this discussion often
overlooks the key problem: where is the human in this loop, and in what role?
No matter how many adversarial or collaborating Al agents are used to generate
and prove the code, the question remains how to ensure that the result matches
the human intent. We outline a workflow for Al-generated code that addresses
both obstacles, the difficulty of specification and the cost of proof, by grounding
code generation and proof construction in a shared, human-reviewed intermediate
specification. While AI accelerates formalisation, code generation, and proof
development, trust is preserved through human validation of the intermediate
specification and mechanised proof checking of the final result. This is a position
paper, giving rise to several directions for future research, which we highlight.

1 Where Does the Human Go?

Al code generation is now prevalent, and randomised trials find that it makes developers measurably
more productive [1-3]. Yet people are uncomfortable leaving the whole process to Al unattended,
and with reason: trust in Al-generated code has been shown to be misplaced [4]. The answer
widely discussed [5-8] is formal verification: proving that the generated code meets its specification
(Section 5 surveys this work). Formal verification itself has two laborious steps, producing the formal
specification and constructing the proof, and Al is now actively pursued for both. This is the setting
we consider in this paper: Al-assisted code generation with formal proofs of correctness.

To generate code with the help of Al, a human must first codify their intent: what they want the Al to
achieve. A specification. These informal specifications (‘“prompts”) are now often given to Al coding
agents by users in natural language. However, they are not precise enough for formal verification,
which requires formal specifications (e.g. in the language of the Lean or Rocq proof assistants) to
verify code against.

It is tempting to use Al to derive a formal specification from an informal one. However, if one uses
an informal human-language specification as ground truth and then relies on it both to generate code
and to verify it, the ambiguities of human language, specification gaps, and Al hallucinations open a
door to misinterpretation of the user’s intent when generating formal specs, which then propagates
further to code and proofs.

Most of the work on Al for code generation and for proof concentrates on the Al side of the loop: on
better models, on multiple agents that collaborate or check each other adversarially, and on feeding
the proof assistant’s verdicts back into generation. What is usually left implicit is the other side:
where the human sits in this loop, and in what role. The agents can be no more faithful to the intent

Preprint.



than the input they start from, and none of them can tell whether that input is what the human meant.
The question is therefore not whether to keep a human in the loop, but where to put them and what to
make them responsible for. This is the position of this paper: the place and role of human involvement
is the key design decision in Al-assisted verified code generation, and the rest of our proposal follows
from it.

We will consider the following actors: 1) Humans, the ultimate source of truth: their decisions
are authoritative and must be obeyed. An informal statement of intent, however, is ambiguous
and incomplete and so cannot serve as such a decision; the decision is the specification the human
approves once its ambiguities and gaps have been resolved (Section 2). 2) A/, inherently untrusted:
its output must be verified. 3) An automatic proof verifier (such as a proof assistant), assumed to be
reliable. Naturally, we want to offload most work to Al, but reduced human involvement means more
specification gaps to be filled by Al, creating more opportunities to misinterpret human intent.

2 Verified Trust Chain with a Human in the Loop

Our answer is to ground both code generation and proof construction in a shared, human-reviewed
intermediate specification.

A specification, whether informal or formal, differs from a sketch of the code: it constrains the space
of acceptable solutions rather than proposing one. It is declarative, and an implementation may
satisfy it with any of several imperative solutions that differ in performance, complexity, and other
non-functional properties. In this sense a specification is a contract: it fixes what counts as correct
and leaves the rest to the implementation.

As argued in the introduction, leaving it to Al alone to derive the formal specification from the
informal one risks misinterpreting the intent. Al can still be useful to analyse, distil, and formalise
specs written in human language by translating them into a less ambiguous form, but humans still
need to review the result and confirm that it is exactly what they meant. One possible solution is to
use an intermediate specification language: a semi-formal notation, stricter and less ambiguous than
informal prose, but still readable by humans for understanding and review. The reviewer confirms
intent against a text that leaves little ambiguity to resolve, yet, unlike a fully formal specification, one
that remains accessible without formal-methods expertise.

The proposed Al-assisted development workflow is shown in Figure 1.
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Figure 1: An Al-assisted workflow for specification, code generation, and verification.

In this workflow, a human guides an Al through natural-language prompts to iteratively produce
and refine an intermediate specification, reviewing it after each round until it captures the intended
behaviour. Once approved, the intermediate specification serves two roles: Al uses it to generate
code, while a specification compiler derives a formal specification from it. A proof assistant then
verifies the generated code against the formal specification and issues a spec-compliance certificate.
Finally, a code compiler translates the code to machine code: either a verified compiler such as
CompCert [9] or CakeML [10], whose correctness theorem, proven once for all programs, guarantees
that the machine code preserves the behaviour of the verified code, or a certifying compiler [9], which
emits a compilation certificate of the same fact for each run. Al is used at two points: specification
refinement, and the generation of code and proofs (detailed in Section 4). In each case the result
is checked, the first by a human, the second by a proof assistant. If implemented, this workflow



gives formal correctness guarantees from the intermediate specification down to machine code; the
specification itself, and the human review that endorsed it, are trusted rather than proven.

This gives our approach a clear chain of trust. It does not start at the informal specification, which,
although written by the human, is not authoritative, since it may be self-contradictory, ambiguous, or
incomplete, nor at the Al, which is untrusted by assumption. It starts at the intermediate specification:
the contractual artefact that bridges intent and formal semantics. Al helps to write it, but the veracity
of the whole process is grounded in the human review of the intermediate specification. From there
the chain continues to the formal specification, which is compiled from the intermediate one, and to
the code and the proofs, which are checked against the formal specification. Figure 2 contrasts this
with the naive scheme in which an informal specification is used both to generate the code and to
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Figure 2: Trust in the naive scheme (a) and in our approach (b). Red: untrusted; green: trusted;
dashed: the two loops.

The picture is inspired by secure information flow [11]: trusted and untrusted are integrity labels. An
artefact is trusted only if it derives from trusted inputs processed by a trusted module; anything an
untrusted step produces keeps the untrusted label until a trusted party endorses it, much as a sanitiser
does for tainted input. In the naive scheme the human writes an informal spec, and their involvement
ends there. An untrusted Al derives from it both the formal specification and the code and proofs.
The proof assistant itself is trusted, but it certifies the code and proofs against a formal specification
that is itself untrusted, so the result stays untrusted: nothing ties the formal specification to the human
intent, its ambiguities pass down the chain unchecked, and no number of Al agents, adversarial or
collaborating, changes that. In our approach the involvement of the human specifying the problem is
confined to the intermediate specification, which they review. An untrusted Al is still involved below
it, but the final artefacts, the code and proofs, are trusted: the Al is contained by the rigid formal
specification on one side and the proof assistant check on the other. The two artefacts the Al produces
on our side thus have a dual nature, shown by the paired boxes: untrusted as generated, and trusted
once endorsed, the intermediate specification by human review and the code and proofs by the proof
assistant’s certificate. In both places an untrusted step is contained: its output is endorsed by what
follows it, human review in the first case, proof assistant verification in the second, before anything
downstream depends on it. This containment is what lets the chain of trust hold. The dashed arrows
in Figure 2 are two loops: the human’s feedback to the drafting Al, and a failed check returned to the
generating Al. Both are run by a harness, the conventional program around the Al that feeds it the
result, invokes it again, and lets nothing leave the loop without the human’s approval or the proof
assistant’s certificate.

The chain also depends on the correctness of the specification compiler, the link between the
intermediate and the formal specification (Section 3). Whichever way that correctness is established,
the adequacy of the intermediate specification’s formal semantics to its human reading remains in the
trusted base.

The consequence of resting the chain on human review is that the intermediate specification may not
be as simple as the informal prompts people envision for code generation. Producing verified code
under our approach will require some human effort and skill. Engineers will not normally be writing
code or proofs, but they will be managing (owning) the intermediate specification.



Take the Al out of the scheme and put a team of engineers in its place, and what remains is a familiar
process with familiar roles. The human stating the intent is the product owner of Scrum [12] or the
on-site customer of extreme programming [13]. The intermediate specification is the requirements
artefact: the requirements specification and use-case model of the Rational Unified Process [14],
or the acceptance criteria of a user story, which behaviour-driven development [15-17] already
writes in a constrained language that the product owner approves and a tool executes. Reviewing the
intermediate specification is the requirements sign-off.

3 Specification Development

Section 2 rests the chain of trust on the intermediate specification. This section looks at how it is
produced, what it is written in, and how it is compiled into the formal specification.

The AI’s part in producing the intermediate specification is twofold. It helps to elaborate the
informal specification by pointing out gaps, inconsistencies, and ambiguities in it. It can also offer
an intermediate specification rendering of the informal one, filling some of the gaps and making
assumptions of its own, for the human to review. Through this iterative process the human addresses
the issues raised, accepts or corrects the assumptions made, and refines the intermediate specification
until it is complete and unambiguous. The AI’s help here is advisory and ultimately untrusted; the
human is the final arbiter of the intermediate specification and its correctness.

That completeness is relative to the decisions taken so far: software projects usually start from a
vague specification, “the idea”, and detail it as development proceeds and decisions are made. The
intermediate specification language and its tooling must support this incremental development over
the life of a project rather than one-shot authoring.

The cycle needs tool support. The human has to see the gaps and assumptions the Al raises, answer
them, and know at any point what the specification still leaves open, what has been endorsed, and
what has changed since. A simple text editor does not provide that. Supporting the cycle is thus an
HCI problem as much as a language one.

The intermediate specification language has two readers: the human specifying the problem, who
need not be a formal-methods expert, and the specification compiler, which needs a formal semantics.
These are compatible: a semi-formal notation that a human reads without formal-methods training
can still be given a formal semantics. Constrained natural languages for requirements, such as EARS
[18], are a precedent rather than a solution. EARS restricts each requirement to one of a few sentence
templates built from a fixed set of keywords, but its requirements are written to be read by people,
whereas an intermediate specification must also carry enough semantics to be compiled into a formal
one.

The intermediate specification does not have to be text. We take one point from UML [19] (which is
in many other ways far from what we want): a specification notation can combine diagrams with text.
A diagram with a defined semantics compiles as a sentence does, though writing and reviewing it
takes tooling, an IDE rather than a text editor.

Unlike the AI components of the workflow, the specification compiler is deterministic, conventional
software. It can be verified once against a formal semantics of the intermediate specification language,
or made certifying, emitting for each run a proof, checked by the same proof assistant, that the
generated formal specification matches that semantics. Either way, the chain of trust depends on one
property: the formal specification must refine the intermediate one, so that code proven against the
former satisfies the latter. The compiler may over-constrain but never weaken, and it takes no input
from the code or the Al, so that the human’s review of the intermediate specification determines the
formal one.

Since the specification is declarative (Section 2), what it leaves open about the implementation, such
as the representation of the program’s state, is not a gap but a choice deferred to the code, and any
choice that satisfies the specification is acceptable. The compiler parametrises such choices: the
formal specification becomes an interface with laws, the generated code chooses an instantiation, and
the proof assistant checks it.

What it leaves open about the functionality is a gap: the specification is incomplete. Suppose, for
example, that it describes a function returning a user’s account balance but does not say what happens



when the user does not exist. Whether the call fails or returns a zero balance is not an implementation
detail but part of the specification, and the human has not reviewed it. The compiler must not make
that choice. It flags the gap and may propose a resolution, which enters the intermediate specification
only once the human has reviewed and approved it. Detecting gaps is heuristic; a gap the compiler
misses is caught later as a counterexample (Section 4).

4 Proof and Code Generation

The workflow of Section 2 leaves open how the code and its proofs are produced below the intermedi-
ate specification. Both are generated with the help of Al, and both are checked; we now look at that
part of the picture more closely.

Writing formal proofs by hand is laborious and difficult, while current automatic proving techniques
such as SAT and SMT solving are limited in their capabilities. Even with the current state of Al
models, it has been shown that many formal proofs can be generated automatically by Al [8, 20, 21],
replacing costly labour that previously required highly specialised proof engineers.

How much of this can be automated depends in part on the language the code is written in. Main-
stream languages are designed for humans writing and reading programs, not for formal verification:
underspecified semantics, undefined behaviour, and no built-in place for proof-level information such
as invariants and assumptions. Here the division of responsibilities pays off again: what the human
owns is the intermediate specification, not the code, so the code can be written in a “proof-friendly”
language designed for Al to generate and a proof assistant to check, with a concise, human-readable
projection for the occasions when humans do need to examine it. The workflow does not prescribe
such a language, and we do not pursue its design here.

Starting from Figure 1, we zoom in on proof generation and verification, shown in Figure 3. From the
intermediate specification, Al generates the code. Using the formal specification (also derived from
the intermediate specification), a proof synthesis engine produces a proof script; the proof assistant
verifies the script and thereby that the code meets the formal specification.
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Figure 3: Al-assisted proof generation and verification.

The proof synthesis engine may not be able to automate every part of the proof. In this case there
are two options. 1) It can leave the parts it cannot prove as explicit holes in the proof script, which a
proof engineer fills by proving them interactively with the proof assistant. Once no holes remain, the
proof assistant issues the final certificate. 2) An obligation the engine cannot discharge statically can
instead be compiled into a runtime assertion. The proof assistant then certifies a weaker statement:
the code meets its specification on every execution in which no assertion fires. This falls short of
the guarantee of Section 2; the certificate states the weaker claim, and whether it is acceptable is the
human’s decision.

A failed obligation is either a hole or a fault. It is a hole if the engine can neither prove nor refute it,
and the two options above apply. It is a fault if the engine refutes it with a counterexample, and the
counterexample is against either the code or the specification. Against the code, a different program
could still satisfy the specification in the case the counterexample exhibits, so the counterexample
goes back to the generating Al and no human is involved. Against the specification, it exposes a gap
in the intermediate specification the compiler did not see, and closing it requires the human to change
the intermediate specification and review it again.

The proof synthesis engine uses Al as well as various heuristics and techniques such as SAT and
SMT solving. However, the resulting proof script is verified by a proof assistant which satisfies
the de Bruijn criterion [22], ensuring that the proof is sound and that the certificate it issues can be
rechecked independently.



So far we have presented a more or less traditional approach: code synthesis followed by automatic
proof generation. Generating the two together, so that the proof obligations guide the code as it is
written, is a possibility we leave to Section 6.

5 Related Work

The combination of Al and formal verification is an active and rapidly developing area, and what
follows is a current snapshot of it. We group related work by the part of the workflow it addresses:
proof synthesis, verified code generation, the step from intent to specification, and spec-driven
development tooling.

Proof synthesis. Neural provers generate proofs for proof assistants, on Isabelle/HOL and Lean
benchmarks [20, 23], on competition mathematics [24, 25], up to problems of the 2024 International
Mathematical Olympiad [26], and increasingly on software: Selene and AutoReal target the seL4
proofs [27, 28], and AutoRocq discharges the proof obligations of C programs in Rocq [29]. In
all of these the prover is given the theorem statement; Selene names the specification as the other
labour-intensive half of verification and addresses only the proofs.

Verified code generation. In verification-aware languages the LLM writes the code, the proof
annotations, or both, and the verifier checks the result: Dafny [30, 31], Verus [7, 32], F* [33],
and C with ACSL [34]. The formal specification is either given as input [32, 34] or produced by
the Al, together with the code from the informal description [30], which is the naive scheme of
Figure 2, or from existing code [35]. Clover replaces review of the specification by consistency
checks among docstring, annotations, and code, and names human oversight as the obstacle to scale
[31]; AlphaVerus makes the same argument [7]. The experience reports are the exception: in agentic
proof-oriented programming the human’s part reduces to describing the problem, reviewing the
generated specifications, and occasionally supplying a key invariant [8], and in the machine-generated
proof of a CertiCoq compiler pass the human gave high-level guidance and reviewed the generated
statements and proofs without writing any [21].

From intent to specification. Autoformalisation translates informal statements into formal ones,
in mathematics [36] and for programs, where intent becomes postconditions [37, 38]. Lahiri argues
that this intent gap is the reliability bottleneck of Al coding [6], and that there is no algorithmic
way to check that a formal specification matches the intent [38], so these systems are evaluated
by automated proxies. Several systems put a human in the loop: nl2spec lets the user edit and
approve sub-translations of a requirement before the LTL formula is accepted [39]; Req2LTL and
AeroReq2LTL insert a structured or templated intermediate representation that a human can inspect
before it is translated to LTL [40, 41]; AWS’s policy formaliser offers an optional vetting phase
in which inspecting the generated policy model is likened to code review [42]; and Gordon and
Matskevich give a subset of English a formal semantics inside Lean, with certificates that record how
each word was read [43]. These are the closest to our intermediate specification, and they stop where
our chain of trust starts: the reviewed artefact is their output, and no code is generated from it and
proven against it.

Spec-driven development. Spec-driven development with Al assistance is already appearing in
industrial tooling. Amazon’s Kiro IDE [44] turns a natural-language prompt into a requirements
document in EARS form, which the developer reviews before the tool derives a design, a task
breakdown, and code from it; the reviewing role this gives the requirements document is close to
the one we ask of the intermediate specification. GitHub’s Spec Kit and structured spec-driven
engineering supply the agent with a written specification instead of a prompt [45, 46], and Monperrus
argues that specification review should replace code review as the quality gate [47]. In all of these
the chain stops at the specification: the code is checked against it by tests and inspection, not by
proof, so the human’s sign-off vouches for the specification and for nothing below it. Closest to
our proposal is the Atlas Computing toolchain roadmap, in which the user evaluates and improves a
formal specification before tools generate an implementation and a proof checked by a small trusted
kernel [5], with a prototype IDE for reviewing mechanised specifications against their requirements
[48]. Atlas formalises in the opposite order. It produces the formal specification first and renders it
back into prose for the human to evaluate. We refine in one direction, from informal to intermediate



to formal. Between the informal statement and the intermediate specification, the human fills the
omissions and resolves the ambiguities and conflicts. Between the intermediate and the formal
specification, the compiler chooses the mathematical abstractions and adds the technical detail the
human does not care about. Formalising first makes that choice before anyone has reviewed the intent,
and the rendering back into prose then has to undo it. The concepts the human thinks in have already
been replaced by mathematical ones, so the person asked to endorse the rendering may not recognise
the problem in it, and nothing checks that the rendering is faithful. In our scheme the human reviews
the artefact itself, and the translation below it can be verified.

6 Future Research Directions

We have proposed an end-to-end workflow in which Al produces both the code and its proofs, with the
human in the loop, and a chain of trust runs from the intermediate specification the human approved
down to the machine code, with every link below that approval machine-checked. This is a high-level
outline. It sketches a solution rather than giving one, and we have not tried to answer every question
it raises. Much remains to be worked out, and the rest of this section lists the research directions we
see for that work.

Intermediate specification language design. What notation can the human specifying the problem
read and review, and still carry enough semantics to compile? Constrained natural language is one
end of the range and a controlled subset of a formal specification language the other; where between
them the intermediate language should sit is open. So is whether it should be textual at all: which
parts of a specification are better drawn than written, and which diagram notations can be given a
semantics precise enough to compile. Another open question is extensibility: the language needs
a way to define domain vocabulary, give it a semantics, and reuse the definitions across projects in
the same domain. The human’s review must scale as well: rather than one monolithic document for
the whole project, the specification should be a set of sub-specifications, each written and reviewed
on its own, trusted from then on, and only then connected to the others. What the language needs
for this, interfaces between sub-specifications and separate compilation, is open. Hints for code
generation and proof synthesis, which are no part of the specification’s semantics, could be embedded
in the language, like inline assembly or comments in code, or kept as a separate artefact linked to the
specification.

Interactive specification development. The human’s review is not checked mechanically, so the
tooling around it decides how strong the chain is. Can the tool help the human see what the specifica-
tion implies, for instance by generating examples and counterexamples from it? Specifications are
developed incrementally, so what can the workflow do with one that is still incomplete: can code be
generated and checked against the parts that are settled? And when the specification changes, can the
human review only the change rather than the whole?

The specification compiler. Whether to make the compiler verified, proven correct once, or
certifying, checking each run by translation validation. Whether a separate compiler is needed at
all: if the semantics of the intermediate language is given as a shallow embedding in the proof
assistant, the compiler and the semantics coincide, and the question becomes what that embedding
looks like. How implementation choices are left open in the formal specification, as interfaces with
laws or otherwise. How the compiler detects the functionality gaps it must flag and chooses the
resolutions it proposes; these heuristics need not be proven correct, since the human reviews what
they produce, whereas the translation must. Whether the compiler can use the proof assistant to check
the specification itself, such as its consistency, and report the problems it finds back to the human.

The proof synthesis engine. How to combine Al with heuristics and SAT/SMT solving, and
whether specially trained models are needed or general ones suffice. What to do with the obligations
the engine cannot discharge: when a proof engineer should fill the remaining holes, when a runtime
check is an acceptable substitute, and how to tell a counterexample against the code from one against
the specification. A further possibility is generating the code and its proof together, so that the proof
obligations guide the code.
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