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Introduction
F? is a verification system for ML programs developed col-
laboratively by Inria and Microsoft Research. ML types are
extended with logical predicates that can conveniently ex-
press precise specifications for programs (pre- and post- con-
ditions of functions as well as stateful invariants), including
functional correctness and security properties. The F? type-
checker implements a weakest-precondition calculus [19] to
produce first-order logic formulas that are automatically dis-
charged using the Z3 SMT solver [7]. The original F? im-
plementation [16] has been successfully used to verify nearly
50,000 lines of code, including cryptographic protocol imple-
mentations [16, 4], web browser extensions [11, 19], cloud-
hosted web applications [16], and key parts of the F? compiler
itself [15]. F? has also been used for formalizing the seman-
tics of other languages, including JavaScript and a compiler
from a subset of F? to JavaScript [10] and TS?, a secure
subset of TypeScript [17]. Programs verified with F? can be
extracted to F#, OCaml, and JavaScript and then efficiently
executed and integrated into larger code bases.

While the old F? design [16] was a quite successful, it
had reached its limits in terms of expressiveness. Over the
past 1.5 years, we have completely redesigned and reimple-
mented F? [18], producing a new prototype tool that is open
source and cross-platform,12 and that is already surpassing
old F? both in terms of external users and size of the veri-
fied code (about 55,000 lines). One of the main problems
we aim to address in this redesign is that the user of old F?

had very few escape hatches when SMT-based automation
fails. In particular, users of old F? had often no way to tell
whether the property they were trying to verify was true or
not. This problem is not specific to old F?, but general to
SMT-based type-checkers and verification systems like Liq-
uid Haskell [21], Dafny [12], and Why3 [9] where often users

1https://www.fstar-lang.org/
2https://github.com/FStarLang/FStar

are left shooting in the dark when verification fails, having to
enter an extremely costly debug loop of adding assertions to
narrow down the problems. Instead, we want a system that
combines SMT-based automation with some of the power and
expressiveness of proof assistants like Coq [20] and Lean [8],
which enable users to prove arbitrarily complex properties
manually. To address this our F? redesign has introduced
full dependent types and tracking of effects, while isolating
a core language of pure total functions that can be used to
write specifications and proof terms. While this is a good
foundation for proofs, more research is needed before F?

can effectively assist the user in building complex proofs us-
ing a seamless combination of automatic SMT solving and
constructive manual proofs.

F? crucially relies on an encoding of its dependently-typed
higher-order logic (HOL) into simply-typed first-order logic
(FOL). This encoding is complex and optimized to strike a
pragmatic balance between completeness and efficiency. We
believe that formalizing and proving the soundness and maybe
partial completeness of this encoding could serve as inspira-
tion for other SMT-based verification tools [2, 1] and could
be a first step towards bringing SMT support to proof assis-
tants that do not yet have any, such as Coq [20] and Lean [8].
While HOL to FOL translations have been implemented and
formalized in the past [13, 14, 5], we are not aware of any
formalization of a practical translation of dependently-typed
HOL to FOL.

Working out the metatheory of F? and of its logical en-
coding are also necessary steps towards self-certification; in
particular we do not want to trust the SMT solver or the log-
ical encoding of F? for this certification process. We would
like to devise a certifying SMT backend that produces inde-
pendently checkable evidence for each logical formula that
F? encodes and sends to the SMT solver. This would cover
not just the SMT solver itself [3], but also the implementation
of F?’s logical encoding.

Finally, providing useful feedback when semi-automatic
verification fails is notoriously difficult. At the moment, F?

tags each part of a proof obligation with a unique label that
identifies the source code location from where the part came.
This way the models produced by Z3 on a verification failure
are used to identify the code that could be responsible. While
this works reasonably well, simply identifying the code that
could be responsible for the failure is often not informative
enough for understanding the problem. Producing concrete
counterexamples falsifying the property would be very useful
in such cases. Mapping Z3 models back to counterexamples
is, however, challenging. For a start, we would need a way to
reverse the complex logical encoding of F? that is robust to
wrong models (for F?’s logical encoding Z3 often produces
wrong models and not only when it times out). Then, we
would need to check that the produced counterexample is in-
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deed correct, which could itself involve additional Z3 queries.
Alternatively, we could use a different logical encoding that is
not sound for proving but that is guaranteed to produce correct
counterexamples [6]. Finally, even if we have a counterexam-
ple for a branch of a type derivation, the F? type-checker can
backtrack, so in the end we can end up with multiple coun-
terexamples, one for each type-checking branch. So we either
need to find a way to combine counterexamples or otherwise
to display the failed typing derivations to the user.
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