K

& Pk S
A (HH ) B ()
6L FE R B REFKTE 2326 5
RGO R 2022483 4 24 R
ARG OEE  HARRIRR K
(i L 55 6 %% 5 1 L

AL G SCRE B Semantic Refinements for Program Verification

i X HEAEZER

¥ & P —HB
fEEE SR MR
FEMH H
(R S €53
B KA
R HE B
IR =
PR KRB AT MG H L2 2%
Sam Staton

A I AT F+—K K2 Department of Computer
Science #H#%




(s 3)
BERXDEEF

K 4 Wi BRER
i L H Semantic Refinements for Program Verification

Semantics of programming languages is an essential theory not only for defining the
meaning of programs but also for studying properties of programs. This thesis aims to
apply program semantics to verification of programs. Specifically, we study refinements
of semantics of programs to enhance expressivity and verification power. The refined
models maintain essential mathematical structures of the original models and have
more information about properties of programs. By replacing the original models with
the refined models, we obtain improved verification methods. In the thesis, we consider
four applications of semantic refinements.

The first one is a semantic construction of dependent refinement type systems. A
dependent refinement type system is a type system that admits both refinement types
and dependent types. Refinement types are types whose values are restricted by
predicates and can be used to specify preconditions and postconditions of functional
languages. Dependent types are types that depend on other terms and allow us to use
postconditions that depend on the input value. We study categorical semantics of
dependent refinement type systems. Our construction is based on the following
intuition: a dependent refinement type system is obtained from an underlying type
system (a type system that does not contain refinement types) by refining types by
predicates. We formalize a semantic counterpart of this intuition. Given a model of the
underlying type system (a closed comprehension category and a fibred monad) and a
model of predicate logic (a posetal fibration with some conditions), we construct a model
of the dependent refinement type system (a closed comprehension category and a fibred
monad that refines the model of the underlying type system). We show that we can
define the interpretation of refinement types using our construction. We also provide
several examples of our construction.

The second one is a program logic for effect handlers. Effect handlers are a
programming language feature that allows programmers to implement user-defined
computational effects. However, verification of effect handlers is not yet well-studied.
We provide a program logic for effect handlers by considering refined semantics of
effect handlers. Specifically, we consider Hoare triples for effect handlers and interpret
them as liftings of the interpretation of effect handlers along a fibration. We consider
sufficient conditions under which we can construct those liftings from liftings of each
operation in effect handlers. Such conditions lead to inference rules of our program

logic that provide compositional reasoning about effect handlers.



The third one is decision tree-based ranking function synthesis. Ranking functions are
an essential notion for termination analysis. We propose an example-based termination
analyzer that can synthesize piecewise affine ranking function. Our analyzer finds a
piecewise affine ranking function for a given program by repeatedly guessing a
candidate solution from a finite set of examples of the transition relation and accepting
the genuine solution from the candidates. We refine an existing example-based method
that synthesizes affine ranking functions so that our method can synthesize piecewise
affine ranking functions. Our method uses decision trees to express affine ranking
functions and extends the decision tree learning algorithm for transition examples.
Our extended decision tree learning algorithm detects a certain kind of cyclic
constraints in transition examples and resolves them by appropriately splitting the
state space. We implemented our synthesizer and compared our tool with other tools.
The fourth one is a method for overapproximating tail probabilities of runtime of
randomized programs. It is known that ranking supermartingales can give an upper
bound of the expected runtime of randomized programs. This fact can be used to
overapproximate tail probabilities of runtime of randomized programs by applying
concentration inequalities like Markov's inequality. We refine the existing notion of
ranking supermartingales so that they can also give upper bounds of higher moments
of runtime. Technically, our improvement is based on the order-theoretic
characterization of ranking supermartingales. It is known that the expected runtime
is the least fixed point of a certain monotone function, and ranking supermartingales
are prefixed points of the monotone function. We extend this to characterize higher
moments of runtime as the least fixed point and define ranking supermartingales for
higher moments as prefixed points. This extension allows us to improve upper bounds
of tail probabilities. We implemented a synthesizer of our notion of ranking

supermartingales and conducted experiments.
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