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Abstract

Relational program verification is a variant of program verification where one can reason about
two programs and as a special case about two executions of a single program on different inputs.
Relational program verification can be used for reasoning about a broad range of properties, including
equivalence and refinement, and specialized notions such as continuity, information flow security,
or relative cost. In a higher-order setting, relational program verification can be achieved using
relational refinement type systems, a form of refinement types where assertions have a relational
interpretation. Relational refinement type systems excel at relating structurally equivalent terms but
provide limited support for relating terms with very different structures. We present a logic, called
relational higher-order logic (RHOL), for proving relational properties of a simply typed A-calculus
with inductive types and recursive definitions. RHOL retains the type-directed flavor of relational
refinement type systems but achieves greater expressivity through rules which simultaneously rea-
son about the two terms as well as rules which only contemplate one of the two terms. We show that
RHOL has strong foundations, by proving an equivalence with higher-order logic, and leverage this
equivalence to derive key meta-theoretical properties: subject reduction, admissibility of a transitiv-
ity rule, and set-theoretical soundness. Moreover, we define sound embeddings for several existing
relational type systems such as relational refinement types and type systems for dependency analysis
and relative cost, and we verify examples that were out of reach of prior work.
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1 Introduction

Many important aspects of program behavior go beyond the traditional charac-
terization of program properties as sets of traces (Alpern & Schneider, 1985).
Hyperproperties (Clarkson & Schneider, 2008) generalize properties and capture a larger
class of program behaviors, by focusing on sets of sets of traces. As an intermediate point in
this space, relational properties are sets of pairs of traces. Relational properties encompass
many properties of interest, including program equivalence and refinement, as well as more
specific notions such as noninterference and continuity.

Relational verification is an instance of program verification that targets relational prop-
erties. Expectedly, standard verification methods such as type systems, program logics, and
program analyses can be lifted to a relational setting. However, it remains a challenge to
devise sufficiently powerful methods that can be used to verify a broad range of examples.
In effect, most existing relational verification methods are limited in the examples that they
can naturally verify, due to the fundamental tension between the syntax-directed nature
of program verification and the need to relate structurally different programs. Moreover,
approaches to resolve this tension highly depend on the programming paradigm, on the
class of program properties considered, and on the verification method. In the (arguably
simplest) case of deductive verification of general properties of imperative programs, one
approach to reduce this tension is to use self-composition (Barthe et al., 2004), which
reduces relational verification to standard verification. However, reasoning about self-
composed programs might be cumbersome. Alternatively, there exist expressive relational
program logics that rely on an intricate set of rules to reason about a pair of programs.
These logics combine two-sided rules, in which the two programs have the same top-
level structure, and one-sided rules, which operate on a single program. Rules for loops
are further divided into synchronous, in which both programs perform the same number
of iterations, and asynchronous rules that do not have this restriction but introduce more
complexity (Benton, 2004; Barthe ef al., 2017).

In contrast, deductive verification of general properties of (pure) higher-order programs
is less developed. One potential approach to solve the tension between the syntax-
directedness, and the need to relate structurally different programs, is to reduce relational
verification of pure higher-order programs to proofs in higher-order logic (HOL). There
are strong similarities between this approach and self-composition: it reduces relational
verification to standard verification, but this approach is very difficult to use in practice.
A better alternative is to use relational refinement types such as rF* (Barthe ef al., 2014),
HOARe? (Barthe et al., 2015), DFuzz (Gaboardi ef al., 2013), or RelCost (Cigek ef al.,
2017). Informally, relational refinement type systems use assertions to capture relation-
ships between inputs and outputs of two higher-order programs. They are appealing for
two reasons:

e They capture many important properties of programs in a direct and intuitive man-
ner. For instance, the type {x:: N |x; <x;} = {y :: N|y; <y»} captures the set of
pairs of functions that preserve the natural order on natural numbers, that is, pairs of
functions f1, f> : N — N such that for every x;, x; € N, x| < x; implies f(x1) < f2(x2).
(The subscripts 1 and 2 on a variable refer to its values in the two runs.)
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e They can potentially benefit from a long and successful line of founda-
tional (Freeman & Pfenning, 1991; Xi & Pfenning, 1999; Dunfield & Pfenning,
2004; Mellies & Zeilberger, 2015) and practical (Vazou ef al., 2014; Swamy et al.,
2016) research on refinement types.

Unfortunately, existing relational refinement type systems fail to support the verification
of several examples. Broadly speaking, the two programs in a relational judgment may
be required to have the same type and the same control flow; moreover, this requirement
must be satisfied by their subprograms: if the two programs are applications, then the two
subprograms in argument position (resp. in function position) must have the same type
and the same control flow; if the two programs are case expressions, they must enter the
same branch, and their branches must themselves have the same control flow; if the two
programs are recursive definitions, then their bodies must perform the same sequence of
recursive calls; etc. This restriction, which can be found in more or less strict forms in the
different relational type systems, limits the ability to carry fine-grained reasoning about
terms that are structurally different. This raises the question whether the type-directed form
of reasoning purported by refinement types can be reconciled with an expressive relational
verification of higher-order programs. We provide a positive answer for pure higher-order
programs; extending our results to effectful programs is an important goal, but we leave it
for future work.

Our starting point is the observation that relational refinement type systems are inher-
ently restricted to reasoning about two structurally similar programs, because relational
assertions are embedded into types. In order to provide broad support for one-sided rules
(i.e., rules that contemplate only one of the two expressions), it is therefore necessary to
consider relational assertions at the top-level, since one-sided rules have a natural formu-
lation in this setting. Considering relational assertions at the top-level can be done in two
different ways: either by supporting a rich theory of subtyping for relational refinement
types, in such a way that each type admits a normal form where refinements only arise at
the top-level, or simply by adapting the definitions and rules of refinement type systems so
that only the top-level refinements are considered. Although both approaches are feasible,
we believe that the second approach is more streamlined and leads to friendlier verification
environments.

Contributions

We present a new logic, called relational higher-order logic (RHOL, Section 6), for reason-
ing about relational properties of higher-order programs written in a variant of Plotkin’s
Programming Computable Functions (PCF) (Section 2). The logic manipulates judgments
of the form:

N'Ykt:or~t:0oo| ¢

where I" is a simply typed context, o) and o, are (possibly different) simple types, ¢
and #, are terms, W is a set of assertions, and ¢ is an assertion. Our logic retains the
type-directed nature of (relational) refinement type systems, and features typing rules for
reasoning about structurally similar terms. However, disentangling types from assertions
also makes it possible to define type-directed rules operating on a single term (left or right)
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of the judgment. This confers great expressivity to the logic, without significantly affecting
its type-directed nature, and opens the possibility to alternate freely between two-sided and
one-sided reasoning, as done in the logics for first-order imperative languages.

The validity of judgments is expressed relative to a set-theoretical semantics—our
variant of PCF is restricted to terms which admit a set-theoretical semantics, including
strongly normalizing terms. More precisely, a judgment I' | W ¢, : 01 ~ £, : 07 | ¢ is valid
if for every valuation p (mapping variables in the context I' to elements in the interpre-
tation of their types), the interpretation of ¢ is true whenever the interpretation of (all
the assertions in) W is true. Soundness of the logic can be proved through a standard
model-theoretic argument; however, we provide an alternative proof based on a sound
and complete embedding into HOL (Section 4). We leverage this equivalence to establish
several meta-theoretical properties of the logic, notably subject reduction.

Moreover, we demonstrate that RHOL can be used as a general framework, by defin-
ing sound embedding for several relational type systems: relational refinement types
(Section 7.2), the dependency core calculus (DCC) for many dependency analyses, includ-
ing those for information flow security (Section 7.3), and the RelCost (Section 7.4) type
system for relative cost. The embedding of RelCost is particularly interesting, since it
exercises the ability of our logic to alternate between synchronous and asynchronous rea-
soning. Afterwards, we verify several examples that go beyond the capabilities of previous
systems (Section 8). The system, its meta-theory, and the examples have been mechanized
in Coq. We comment on the Coq implementation in Section 9. In Section 10, we conclude
by presenting other relational systems based on RHOL that have been developed since
the conference version of this paper (Aguirre et al., 2017), and commenting on how they
extend RHOL.

Related work

While dependent type theory is the prevailing approach to reason about (pure) higher-order
programs, several authors have explored another approach, which is crisply summarized
by Jacobs (1999): “A logic is always a logic over a type theory.” Formalisms following
this approach are defined in two stages: the first stage introduces a (dependent) type theory
for writing programs, and the second stage introduces a predicate logic to reason about
programs. This approach has been pursued independently in a series of works on logic-
enriched type theories (Aczel & Gambino, 2000, 2006; Belo, 2007; Adams & Luo, 2010)
and on refinement types (Pfenning, 2008; Zeilberger, 2016). In the latter line of work,
programs are written in an intrinsically typed A-calculus a la Church; then, a system of
sorts (a.k.a. refinements) is used to establish properties of programs typable in the first
system. Our approach is similar; however, these works are developed in a unary setting
and do not consider the problem of relational verification. A further approach consists of
developing a logic in an untyped setting, as is the case of Logical Theory of Constructions
(LTC) (Dybjer, 1985).

Moreover, there is a large body of work on relational verification; we focus on
type-based methods and deductive methods. Relational Hoare logic Benton (2004) and
relational separation logic (Yang, 2007) are two program logics, respectively, based on
Hoare logic and separation logic, for reasoning about relational properties of (first-order)
imperative programs. These logics have been used for a broad range of examples and
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applications, ranging from program equivalence to compiler verification and information
flow analysis. Moreover, they have been extended in several directions. For example,
probabilistic relational Hoare logic (Barthe et al., 2009) and approximate probabilistic
relational Hoare logic (Barthe et al., 2012) are generalizations of relational Hoare logic for
reasoning about relational properties of (first-order) probabilistic programs. These logics
have been used for a broad range of applications, including probabilistic information flow,
side-channel security, proofs of cryptographic strength (reductionist security), and differ-
ential privacy. Cartesian Hoare logic (Sousa & Dillig, 2016) is also a recent generalization
of relational Hoare logic for reasoning about bounded safety (i.e., k-safety for arbitrary
but fixed k) properties of (first-order) imperative programs. This logic has been used for
analyzing standard libraries. Experiments have demonstrated that such logics can be very
effective in practice. Our formalism can be seen as a proposal to adapt their flexibility to
pure higher-order programs.

Product programs (Barthe et al., 2004; Terauchi & Aiken, 2005; Zaks & Pnueli, 2008;
Barthe et al., 2011) are a general class of constructions that emulate the behavior of two
programs and can be used for reducing relational verification to standard verification.
While product programs naturally achieve (relative) completeness, they are often diffi-
cult to use since they require global reasoning on the obtained program—however, recent
works (Blatter et al., 2017) show how this approach can be automated in specific settings.
Building product programs for (pure) higher-order languages is an intriguing possibil-
ity, and it might be possible to instrument RHOL using ideas from Barthe et al. (2017)
to this effect; however, the product programs constructed in Barthe ef al. (2017) are a
consequence, rather than a means, of relational verification.

Several type systems have been designed to support formal reasoning about relational
properties for functional programs. Some of the earlier works in this direction have focused
on the semantics foundations of parametricity, like the work by Abadi et al. (1993) on
System R, a relational version of System F. The recent work by Ghani ef al. (2016a) has
further extended this approach to give better foundations to a combination of relational
parametricity and impredicative polymorphism. Interestingly, similarly to RHOL, System
R also supports relations between expressions at different types, although, since System
R does not support refinement types, the only relations that System R can support are the
parametric ones on polymorphic terms. In RHOL, we do not support parametric polymor-
phism a la System F currently but the relations that we support are more general. Adding
parametric polymorphism will require foregoing the set-theoretical semantics, but it should
still be possible to prove equivalence with a polymorphic variant of HOL.

Several type systems have been proposed to reason about information flow security, a
prime example of a relational property. Some examples include SLAM (Heintze & Riecke,
1998), the type system underlying Flow Caml (Pottier & Simonet, 2002) and DCC (Abadi
et al., 1999). Most of these type systems consider only one expression but they allow the
use of information flow labels to specify relations between two different executions of the
expression. As we show in this paper, this approach can also be implemented in RHOL.
We show how to translate DCC since it is one of the most general type systems; however,
similar translations can also be provided for the other type systems.

Relational Hoare type theory (RHTT) (Nanevski et al., 2013; Stewart ef al., 2013) is
a formalism for relational reasoning about stateful higher-order programs. RHTT was
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designed to verify security properties like authorization and information flow policies but
was used for the verification of heterogeneous pointer data structures as well. RHTT uses
a monad to separate stateful computations and relational refinements on the monadic type
express relational pre- and postconditions. RHTT supports reasoning about two differ-
ent programs but the programs must have the same types at the top-level. RHTT’s rules
support both two- and one-sided reasoning similar to RHOL, but the focus of RHTT is on
verifying properties of the program state. In particular, examples such as those in Section 8
or embeddings such as those in Section 7 were not considered in RHTT. RHTT is proved
sound over a domain-theoretic model and continuity must be proven explicitly during the
verification of recursive functions (rules are provided to prove continuity in many cases). In
contrast, RHOL’s set-theoretic model is simpler, but admits only those recursive functions
that have a unique interpretation in set theory.

Logical relations (Tait, 1967; Plotkin, 1973; Statman, 1985) provide a fundamental
tool for reasoning about programs. They have been used for a broad range of purposes,
including proving unary properties (for instance, strong normalization or complexity) and
relational properties (for instance, equivalence or information flow security). Our work can
be understood as an attempt to internalize the versatility of relational logical relations in a
syntactic framework. There is a large body of work on logics for logical relations, from the
early work by Plotkin and Abadi (1993) to more recent work on logics for reasoning about
states and concurrency (Dreyer et al., 2010, 2011; Jung et al., 2015; Krogh-Jespersen et al.,
2017). In particular, the IRIS logic (Jung et al., 2015) can be seen as a powerful reasoning
framework for logical relations, as shown by Krogh-Jespersen et al. (2017). Even though
we also aim to internalize logical relations, the goal of RHOL differs from the goal of IRIS
in that we aim for syntax-driven relational verification, which IRIS does not.

We have already mentioned the works on relational refinement type systems for veri-
fying cryptographic constructions (Barthe et al., 2014), for differential privacy (Gaboardi
et al., 2013; Barthe et al., 2015), and for relational cost analysis (Cigek ef al., 2017). This
line of works is probably the most related to our work. However, RHOL improves over all
of them, as also shown by some of the embeddings we give in Section 7. Another work in
this direction is that of Asada et al. (2016), which proposes a technique to reduce relational
refinement to standard first-order refinements. Their technique is incomplete but it works
well on some concrete examples. As discussed earlier, we believe that some technique of
this kind can also be applied to RHOL. However, this is orthogonal to our current goal and
we leave this investigation to future work.

In a recent paper, Grimm ef al. (2018) propose an alternative manner of proving
relational properties of monadic computations in F*. Intrinsic specification of monadic
computations in this language needs to be unary; however, relational properties can be
proven extrinsically by using a reification operator. This operator exposes the compu-
tational content of the terms and turns them into pure expressions, about which logical
lemmas can be written and proven, exploiting the automation features of F*. The idea of
exposing the pure representation of a computation generalizes the ideas behind our embed-
dings of DCC and RelCost. However, this work offers no specific support for relational
reasoning and would correspond in our setting to embedding these frameworks directly
into HOL rather than into RHOL.

Several works have explored how to automate the verification of higher-order programs
by means of techniques inspired by model checking and Horn clause solving. Some of

https://doi.org/10.1017/50956796819000145 Published online by Cambridge University Press


https://doi.org/10.1017/S0956796819000145

Relational logic for higher-order programs 7

the recent works in this direction (Kobayashi ef al., 2017, 2018) have focused on the use
of higher-order modal fixed point logics (HFL). In this approach, a program is translated
to an HFL formula expressing the correctness of the program with respect to a particular
property, and the verification is performed via HFL model checking. This approach is able
to express several properties of higher-order programs in a uniform way. The verification
technique based on HFL is quite different from the one we present here but both techniques
serve similar purposes. Properties that have been targeted using HFL include reachability
and trace properties, which are all non-relational. Instead, we focused on relational prop-
erties including information flow, relational cost, and program equivalence. Nevertheless,
it would be interesting to investigate whether HFL model checking could be used also to
support the automated verification of relational properties. Program verification based on
Horn clauses has also been used for the verification of relational properties of higher-order
programs (Unno et al., 2017). The technique by Unno et al. focuses on a principled way to
encode relational properties in Horn clauses. In our approach instead, the relational nature
of the properties is used in the corresponding logic RHOL and its combined use with unary
higher-order logic (UHOL) and HOL.

Since the publication of the conference version of this paper, a few other papers have
built on top of RHOL to verify relational properties of effectful programs. The R sys-
tem (Radicek et al., 2018) establishes the relative cost of a pair of higher-order programs.
Meanwhile, Guarded RHOL (Aguirre ef al., 2018) extends RHOL with guarded recursion
and probabilities, which allows reasoning about probabilistic infinite data structures, such
as Markov chains. A recent paper (Sato ef al., 2019) shows another extension of RHOL
with continuous probabilities and Bayesian conditioning. We further discuss these exten-
sions in Section 10. These results witness the versatility of the basic principles behind
RHOL.

Comparison with conference version

This is an extended version of a conference paper (Aguirre et al., 2017). The increments
with respect to the conference version are

e A mechanization of our system in the Coq proof assistant (Section 9).

e More detailed explanation of the system (Sections 4—6) and the examples
(Section 8). We also add an informal derivation of an example at the beginning
of the paper (Section 3), which helps in motivating the theoretical development that
follows.

e Detailed proofs of the main theoretical results of this paper.

e A new example (Section 8.3) showing one-sensitivity of sorting, which we believe
to better showcase the advantages of relational reasoning.

e A discussion on extensions of our system that were presented after the publication
of the conference version (Section 10).

2 (A variant of ) PCF

We consider a variant of PCF (Plotkin, 1977) with booleans, natural numbers, lists, and
recursive definitions. For the latter, we require that all recursive calls are performed
on strictly smaller elements—as a consequence, the fixpoint equation derived from the
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definition has a unique set-theoretical solution. The method to enforce this requirement is
orthogonal to our design and could, for instance, be based on a syntactic guard predicate
or on sized types.

Types and terms of the language are defined by the following grammar:

t:=B|N]|list; |t xT|t—>1

tu=x|{t,t)|mt|mpt|tt|Ax:t.t|c|St|t:t|casetof O 1; St

|caset Of tt— t;ffr>t|case tof [~ ¢ _:: _+>t|letrecf x=t¢

where x ranges over a set V' of variables, ¢ ranges over the set {tt, ff, 0, []} of constants, and
A-abstractions are ¢ la Church. Throughout the paper, we will use letters #, u, v to range
over terms, and letters x, y, z to range over variables. Occasionally, we will also use f, g
for variables with arrow types.

The operational behavior of terms is captured by Biu-reduction — g, =—5gU—,
U—,, where B-reduction, t-reduction, and pu-reduction are defined as the contextual
closure of:

(Ax.t) u — g tlu/x]
wil{t, b)) —>p ti
case0of O~ u; S—>v —, u

case Stof 0> u; S+—>v —, (v 1)

casettof tt— w; ff~>v —, u
case ffof tt— w; ff— v —, v
case [Jof [ u;_:i_H—>v—,u

caseh:tof [~ u;_:i_H—v—>, (vhi)

(letrec f x =1) (C'T) — , t[C /x][letrec f x = t/f]

where #[u/x] denotes the usual (capture-free) notion of substitution on terms (replace x by
u in t). As usual, we let =g, denote the reflexive, symmetric, and transitive closure of
— - In particular, we only allow reduction of letrec when the argument has a constructor
C e {tt,ff,0,S,[], ::} in head position.

Typing judgments are of the form I' 7 : 7, where I is a set of typing declarations of the
form x : o, such that each variable is declared at most once. The typing rules are standard,
except the one for recursive functions. In this rule, we require that the domain of the recur-
sive function be an inductive type (naturals or lists here) and that the body of the recursive
definition letrec / x = satisfies a predicate Def(f, x, t) which ensures that all recursive
calls are performed on smaller arguments. The typing rule for recursive definitions is thus:

I,f:l—-o,x:Ike:o Def(f,x,t) I e {N,list,}
I'kletrecfx =t:1—o0o

We give set-theoretical semantics to this system. The choice of this model is motivated by
simplicity, but our construction would still work in a different model. For instance, the Coq
mechanization of this paper uses the calculus of inductive constructions, and the extension
of RHOL presented in Aguirre ef al. (2018) has an interpretation in the topos of trees.

For each type 7, its interpretation [[z] is the set of its values:

[B] £B [N] =N [list,] £list, [0 — ] £[o] — [£]

where [o] — [z] is the set of total functions with domain [o']] and codomain [z].
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A valuation p for a context I' (written p =T") is a partial map such that p(x) € [r]
whenever (x: 7)€ T'. For every valuation p, let p[v/x] denote its unique extension p’
such that p’'(y)=v if x=y and p'(y) = p(y) otherwise. Given a valuation p for a con-
text I, every term ¢ for which a typing judgment I'7:t can be derived has an
interpretation (f) ,:

&, - pE) cz, ), = (@ (uad ) (i 1), £ 7i((#),)
(])»x : ‘L’.tDp £ [[T]].(]t[)p[ﬂvbp/x] (]c[)p L. (]S t[),a ag (]tDp
(]t qu é (]tDP (]U[)p
(case t of [J>u; _::_+>v), = (u, %f N, =11

(letrec f x=1), £ F

In the case of letrec f x = ¢, we require that F’ be the unique solution of the fixpoint equation
extracted from the recursive definition—existence and uniqueness of the solution follows
from the validity of the Def(f, x, t) predicate.

The interpretation of well-typed terms is sound. Moreover, the interpretation equates
convertible terms. (This extends to n-conversion.)

Theorem 1 (Soundness of set-theoretic semantics). The following hold:

o IfTkt:tandp =T, then (t), €[]
o IfTHt:tandTtu:tandt=p, uand p =T, then () , = (u),.

3 Introductory example

In this section, we show a motivating example for our logic. We use an informal pre-
sentation style here. Later, in Section 8, we revisit the example and prove it formally.
Consider the following pair of programs corresponding to two implementations of the
factorial function:

fact; 2 letrec f1 ny =case n; Of 0 1;.8 — Ax1.(S x1) * (f1 x1)

lI>

fact, = letrec f> np = hacc.case np of 0+ acc; S+ Axay.fo x3 ((S x2) * acc)

We want to show a relation between the functions, namely that for any natural », and any
initial value a of the accumulator, a * (fact;n) = fact, n a. To avoid having to name our
programs, we assume our logic has two distinguished variables ry, r,, that represent the
pair of programs we reason about. Then, the relation we want to show is

Va.Va.ax(rin)=ryna

This relation is not expressible in a relational refinement type system, since the two pro-
grams have different types. But they still have similar structure, and we wish to exploit
this to find a proof. First we notice that both programs are recursive functions, so we apply
a rule for this case, [LETREC]. This gives us the inductive hypothesis that the relation
above holds for natural numbers strictly smaller than #, and the proof obligation that, for
the following two programs:
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case n of 0> 1; S — Ax.(S x) * (f1 x)

Aracc.case n Of 0 — acc; S+ dx.fo x ((S x) x acc)

the result of the first one, times q, is equal to the result calling the second one with argument
a, that is,

Ya.axri=ra

But now we have a pair of programs that have not only different types but also differ-
ent top-level term former: the first one has a case analysis, while the second one has an
abstraction. We now apply a one-sided rule [ABS-R)] that takes care of the abstraction on
the right and ignores the term on the left, leaving a pair of programs

case n Of 0> 1; .S Ax.(S x) * (f] x)

case n of 0 — acc; S+ Ax.fo x (S x) * a)
and a proof obligation
axry=rp

Finally, we have two programs with the same type and the same structure. We can do
synchronous reasoning, using the fact that both programs need to take the same branch. In
the 0 branch, it is trivial to check that a * 1 = a. In the successor branch, we can instantiate
the inductive hypothesis, since the bound variable x is the predecessor of #, and thus strictly
smaller. This concludes the proof.

4 Higher-Order Logic

HOL is a predicate logic over simply typed, higher-order terms. Its rules are written in the
style of natural deduction. More specifically, its assertions are formulae over typed terms
and are defined by the following grammar:

d=Pti,....t) | TILIoAG|dVP|d=|Vx:T.0|Ix: 1.0

where P ranges over basic predicates, such as =, <, or sorted(/). As usual, we will often
omit the types of bound variables, when they are clear from the context. We assume that
predicates come equipped with an axiomatization. For instance, the predicate All(, Ax.¢)
is defined to capture lists whose elements e all satisfy ¢[e/x]. This can be defined axiomat-
ically for a given ¢ with a free variable x (which we denote with an overloaded A symbol):

AlI([], Ax.4) Vht. All(t, ax.¢) = ¢[h/x] = All(h :: £, Ax.¢p)

The notation Ax.¢, used for simplicity, can be made formal by introducing a type for
propositions—adding such a type is straightforward and orthogonal to our work; another
alternative would be to use axiom schemes.

We define well-typed assertions using a judgment of the form I' - ¢. This judgment
has the expected, straightforward rules. An HOL (inference) judgment is then of the
form I' | W - ¢, where T is a simply typed context, W is a set of assertions, and ¢ is an
assertion, and such that I' - for every ¢ € W, and " I ¢. The rules of this judgment are
given in Figure 1, where the notation ¢[z/x] denotes the (capture-free) substitution of x by
t in ¢. In addition to the usual rules for equality, implication, and universal quantification,
there are rules for inductive types (only the rules for lists are shown; similar rules exist

https://doi.org/10.1017/50956796819000145 Published online by Cambridge University Press


https://doi.org/10.1017/S0956796819000145

Relational logic for higher-order programs 11

N} I'kt:r Tt 1 t=g,1t
AR — conv
| RV e D|vkHt=t
D|Ukg[t/e] T|Ut=u D0,k ¢
| [t/z] T| SUBST |
LU ¢[u/z] D|UFy=¢
Fyky=2¢ F\WF¢:> Dz:o|VFo I'YkFVYz:0¢9 T'kHt:o
T|TF¢ T|UFVe:op NN E
'evrEL T'ko
T|OUFT T(UFo
CIWE[[J/I] T,h:7t:listy | W, ¢ ¢lh::t/t] LIST I'Eh:t:listy
I|UkEVt:lists.¢ DIOF[#R:t
D | Uty tg=t] 8 i i
| 112 % 2 CONS; F,t.llst-,—\\I/,Vu.llstq-,|u|<\t|:>¢[u/t]l—qbSLIST
DUkt =t; ['|UEVt:listr.g

Fig. 1. Selected rules for HOL.

for booleans and natural numbers): the rule [LIST] models the induction principle for
lists; the rules [NC] and [CONS] formalize injectivity and non-overlap of constructors. A
rule for strong induction [SLIST] can be considered as well, and is in fact derivable from
simple induction.

HOL inherits a set-theoretical interpretation from its underlying simply typed -
calculus. We assume given for each predicate P an interpretation [P] which is compatible
with the type of P and its axioms. The interpretation of assertions is then defined in the
usual way. Specifically, the interpretation (@), of an assertion ¢ w.r.t. a valuation p
includes the clauses:

P, -t = (0D - - [ta]) € [P] (M, =T (LDs

lI>

1
(61 A 2D, = (01, A (#2) (1= d2)p = (p1), = (92D,

(Vx:1.9), 2 Vv.ve[t] = (8) o/

where the tilde (~) is used to distinguish between HOL connectives and meta-level
connectives. HOL is sound with respect to this semantics.

Theorem 2 (Soundness of set-theoretical semantics). If T | W - ¢, then for every valua-
tion p =T, N\ ey (¥, implies (¢),.

In particular, HOL is consistent, that is, there is no derivation of I | @+ L for any T".

5 Unary Higher-Order Logic

As a stepping stone toward RHOL, we define UHOL. UHOL retains the flavor of
refinement types but dissociates typing from assertions; judgments of UHOL are of the
form:

vkttt |¢
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Tha: T ¢z To:7|U,¢ Ft:o|d
z:o W ESle/r] o \ /| ABS
D|Uha:o|g D|UEXz:7t:T =0 |Va.¢ = ¢[r z/r]

T|Ukt:T—0|V2.¢ [z/r] = ¢r z/r] T|Uhu:T|¢
T Urtu:o|oua] A

PP

T|Tkh:o|¢ T|Tkt:listy | ¢
I |V yoL o[[]/r] U | W byoL Vay.¢'[z/r] = ¢"[y/r] = ¢z :: y/r]
TIOF ] listy 6 M- T UF At listy |6 CONS
D|Ukt:oxT]|o[mi(r)/r]
T[UFmt):o|e PROJ
D|Ukt:o|¢ T|TFu:T]|¢"
U | W Fpol Vay.¢'[x/r] = ¢"[y/r] = ¢[(z,y)/r] PAIR
D|YE{u):ioxT]|o
I |Ukt:o|¢' T |y ¢'[t/r] = ¢t/r] SUB
F'UYkt:o|g¢
I'H1:listy
Fo,l=[Ftu:0]|¢
DUkv:T—=listy >0 |Vhtl=h:t= ¢[r ht/r]
ID|Uhcaselof [—u;_:_—wvic|¢ LISTCASE
Def(f,z,t)

Dox:1,f:1— 0|V, ¢ Ym.|m|<|z| = ¢'[m/x] = ¢m/x]|[f m/r]Fe:a]|¢
T|Ukletrec fo =t:1—0|Yr.¢' = ¢[r z/r]

LETREC

where I € {N,list}

Fig. 2. Unary Higher-Order Logic rules.

where a distinguished variable r, which does not appear in I', may appear free in ¢ as a
synonym of 7. A judgment is well-formed if # has type 7, W is a valid set of assertions
in the context I', and ¢ is a valid assertion in the context I',r: t. Not only is UHOL a
logical system in its own right, but it is also a key component for deriving one-sided rules
in RHOL (Section 6). When reasoning about two terms with different structures, RHOL
relies on UHOL to express proof obligations that affect only one of the two terms.

Figure 2 presents selected typing rules. The [ABS] rule allows proving formulas that
refer to A-abstractions, expressing that if the argument satisfies a precondition ¢’, then
the result satisfies a postcondition ¢. The [APP] rule, dually, proves a condition ¢ on an
application ¢ u provided that the argument u satisfies the precondition ¢’ of the function 7.
The motivation behind the substitution [r x/r] in both rules is that the type of r changes
from the premise to the conclusion, and when r is bound to an arrow type, it needs to
appear on the left of an application construct to recover its original type.

The [VAR] rule introduces a variable from the context with a formula proven in HOL.
Rules for constants (e.g., [NIL]) work in the same way. Rule [CONS] proves a formula ¢
for a non-empty list, provided that ¢ on the entire list is a logical consequence (in HOL)
of some conditions ¢’, ¢” on its head and its tail, respectively. Rule [PAIR] allows the
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construction of judgments about pairs in a similar manner. The rules [PROJ;] for i =
1,2 establish judgments about the projections of a pair. The rule [SUB] (subsumption)
allows strengthening the assumed assertions W and weakening the concluding assertion ¢.
It generates an HOL proof obligation. The rule [CASE] can be used for a case analysis over
the constructor of a term. Finally, the rule [LETREC] supports inductive reasoning about
recursive function. Recall that the domain of a recursive definition is an inductive type, for
which a natural notion of size exists. If, assuming that a proposition holds for all elements
smaller than the argument, we can prove that the proposition holds for the body, then the
proposition must hold for the function as well. Furthermore, we require that the function
we are verifying satisfies the predicate Def (f, x, t), as was the case in HOL. The induction
is performed over the < order, which varies depending on the type of the argument.

We now discuss the main meta-theoretic results of UHOL. The following result
establishes that every HOL judgment can be proven in UHOL and vice versa.

Theorem 3 (Equivalence with HOL). For every context T, simple type o, term t, set of
assertions W, and assertion ¢, the following are equivalent:

o '|VHt:0o|¢
o ' WHo[t/r].

The forward implication follows by induction on the derivation of I' | W ¢ : ¢ | ¢. The
reverse implication is immediate from the rule [SUB] and the observation that T" | W ¢
o | T whenever ¢ is a term of type o.

We lift the HOL semantics to UHOL. Terms, types, and formulas are interpreted as
before. The following corollary states the soundness of UHOL.

Corollary 4 (Set-theoretical soundness and consistency). Let t be a term such that T | ¥ -
t:o | ¢ and p a valuation such that p =T If )\ ,cy (¥),, then ($) o1, m)- In particular,
there is no proof of the judgment I' |} -t:0 | L forany T, t,and o.

Next, we prove subject conversion for UHOL. This result follows immediately from

Theorem 3 and subject conversion of HOL, which is itself a direct consequence of the
[CONV] and [SUBST] rules.

Corollary 5 (Subject conversion). Assume thatt =g, ¢ andT |Wtt:0|¢. ThenT | W+
o]

6 Relational Higher-Order Logic

RHOL extends UHOL’s separation of assertions and types to a relational setting. Formally,
RHOL is a relational type system which manipulates judgments of the form

MYk :ti~t:0|¢d

which combine a typing judgment for a pair of PCF terms and permit reasoning about
the relation between them. The judgment means that #; and #,, respectively, have types t;
and 7, in I and that 7, #, are related by the assertion ¢p. Well-formedness of the judgment
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F,x1:7'1,x2:7'2|\11,¢lkt1:01~t2:02|¢ x1 € FV(t2) z2 € FV(t1)

ABS
D|UE Az 781071 — 01 ~ Az : Toto : T — 02 |V561,$2.¢, = ¢[r1 z1/r1][r2 z2/r2]
I ‘ Uhty:11 =01 ~ty:To— 092 |Vx1,x2.d)'[.r1/r1}[x2/r2} :>d>[r1 .721/1‘1][1'2 xg/rg}
F‘\I/Ful :T1NU2:TQ‘¢I
APP

DUk tiug : o1 ~taug : o2 | ¢lur/z1][ug/x2]

Tkzi:01 Thay:on T | Uk @[z /ri]ze/ra]

DUYhkazy:01~z2:02]|0 VAR
I'| vk tt/rq||tt/r vk T r
| ¥ poL Bltt/r1][tt/ro] TRUE \ HOL Blll/ 1][U/ 2] NIL
T|UHtt:B~tt:B| o LUk []:listy, ~[] :listo, | ¢
F|\I/F]L1:O'1Nh210'2‘¢/ F|\IJFt1:|iStgl~t2:|iStg2‘QSN

L' | W bpoL Voizey1y2.¢' [z1/r1][we/r2] = ¢" [y1/r1][y2/r2] = @[zt = y1/r1][z2 = y2 /2]

LWk hy ity cliste, ~hg ity liste, | ¢ CONS
1—‘|\IJI—11:|iSt7—1 ~ g listr, ‘I'1=H<=>I‘2=[]
F“I’,ll Z[],ZQZ []I—ul 01 N'LLQ:O'Q‘(ZS
| YFov:7 —listr, =01 ~v2: 12— listr, — 02 |
Vhihotitoly =hy i:t1 = lo =ho i tg = (;5[1‘1 hq tl/rl][rz ho t2/r2]
LISTCASE
[|Whcasely of [ up; = +wvi:op~caselyof [[ug; = —wvyioa|d
LWkt :o1~ta:oa|d D |Wkuy:m~up 2|
[ | W byoL Verzayiye.¢'[e1/r1][xa/r2] = ¢" [y1 /r1][y2 /r2] = o[{x1,51) /r1][(x2,y2) /r2] PAIR

F‘\I/F<t1,u1> 101 XT1 ~<t2,UQ> :O’2><T2|(;5

T | Uhkti:op X711 ~ty:092 X Ty |¢[7r,,j(r1)/r1][77i(r2)/r2}
DO Emi(ty) o1 ~mi(te) 02| ¢

PROJ;

Fig. 3. Two-sided rules.

requires W to be a valid set of assertions in I" and ¢ to be a valid assertionin ', ry : 71,13 :
75, where the special variables r; and r, are used as synonyms for #; and #, in ¢.

6.1 Proof rules

The type system combines two-sided rules (Figure 3), which apply when the two terms
have the same top-level constructors and one-sided rules (Figure 4), which analyze either
one of the two terms. For instance, the [APP] rule applies when the two terms are appli-
cations, and requires that the functions ¢ and #, relate and the arguments u; and u, relate.
Specifically, #; and #, must map values related by ¢’ to values related by ¢, and u; and u,
must be related by ¢’. The [ABS] rule is dual. The [PAIR] rule requires that the left and
right components of a pair relate independently (a stronger rule is discussed at the end of
this section). The [PROJ;] rules require in their premise an assertion that only refers to
the first or the second component of the pair. The rules for lists require that the two lists
are either both empty or both non-empty. The rule [CONS] requires that the two heads
and the two tails relate independently. The [CASE] rule derives judgments about two case
constructs when the terms over which the matching happens reduce to the same branch
(i.e., have the same constructor) on both sides.

In contrast, one-sided typing rules only analyze one term; therefore, they come in two
flavors: left rules (shown in Figure 4) and right rules (omitted but similar). Rule [ABS-L]
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D|Ukty:op~taion| ¢’ T |Whyor ¢'[t1/r1]ta/ra] = ¢lt1/r1][t2/ro]
F‘\IJFt1201~t2:(72|¢)

SUB

T'|Ukti:oo~ta:oa|¢p T |Whktiioa~ta:on|g N
|
T'|Ukti:oog~ta:oo|pAG

F|\I/,¢/[t1/r1][t2/r2]}—t1ZGQNtQIO'Q|§b -
F|\I/Ft120'2fvt2:0'2‘¢/:>¢

F\\I/Ftlzal\gb[r/rﬂ[tg/rg} 'ty :09

UHOL —L
F‘\I/Ft1201~t210'2|¢

Fig. 4. Structural rules.

considers the case where the left term is a A-abstraction, and requires the body of the
abstraction to be related to the right term u, whenever the argument on the left side satisfies
a non-relational assertion ¢’. Dually, rule [APP-L] considers the case where the left term
is of the form #; u;, and ¢, is related to the right term u;; specifically, #; should map every
value satisfying ¢’ to a value satisfying ¢. Moreover, u; should satisfy ¢’ in UHOL (not
RHOL, since ¢’ is a non-relational assertion). One-sided rules for pairs and lists follow a
similar pattern.

In addition, RHOL has structural rules (Figure 5). The rule [SUB] can be used for weak-
ening the conclusion; the ensuing side-condition is discharged in HOL. Other structural
rules assimilate rules of HOL. For instance, if we can prove two different assertions for the
same terms, we can prove the conjunction of the assertions ([A;]). Other logical connec-
tives have similar rules. Finally, the rule [UHOL-L] (and a dual rule [UHOL-R]) allows
falling back to UHOL in a RHOL proof.

Rules [LETREC] and [LETREC-L] introduce recursive function definitions (Figure 6).
These rules allow for a style of reasoning very similar to strong induction. If, assuming that
the function’s specification holds for all smaller arguments, we can prove that the func-
tion’s specification holds, then the specification must hold for all arguments. We require
that the two functions we are relating satisfy the predicates Def ( f;, x;, t;), as was the case in
HOL and UHOL. The induction is performed over the simultaneous order (a, b) < (¢, d),
which holds whenever both a <b and ¢ <d, and at least one of the inequalities is
strict.

For reference, we include a full set of rules in the appendix in Figures E.1-E.8.

6.2 Discussion

6.2.1 Management of the typing context

In a relational judgment I' | W ¢, : 01 ~ £, : 02 | ¢, the context " contains variables that
can appear free in both #; and #,. This forces us to add additional premises to the abstraction
rules to ensure the terms in the conclusion remain well-typed. Note that we could have
another sound (but less expressive) version of the [ABS] rule where we abstract over the
same variable on both sides.

An alternative choice of presentation is to have separate contexts I'; and I', for the
terms on each side of the relational judgments, eliminating the need for the extra premises.
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Doy 7 |V, ¢ Fty:oy~ta:oo | x1 € FV(t2)

ABS—L
T|¥kEAzy:7t1:m1 — 01 ~ta:02 |VI1,¢)/:>¢[I‘1 331/1'1]

T|Pkt;:71 =01 ~ug:on |VI1.¢/[$1/T1]$¢[I‘1 xl/rl]
I ¥hui:op]|e

APP—L
D UkEtiug o1 ~ug:og | plur/z1]

d)[l’l/l‘l]e‘lf ro & FV(¢) I'Ftg:0o

VAR-L
DUk :0p~ta:oa|¢

D UEg[[l/r][ta/ra] Thiz:oo

DU :liste, ~t2:09]| @ NIL=L

F|‘I”‘h1:0’1~t2:0’2|¢/ F‘\I”—t1:|i5tglfvt2:0'2|¢”
U | W yor Varzayr ¢ [z1/r1][z2/r2] = ¢ [y1 /r1][z2/r2] = ¢lo1 = y1/r1][2/r2]

CONS—-L
F|\I/Fh1::t1:|istglNtQ:O'Q‘(ﬁ ONS

T'Fty:listy
F‘\I/,tlzu}—ultdlf\/tglaghb

T|Phwv:7—listr > 01 ~ta:o9 | Vhilit1 =hy =1y :>¢[I‘1 hi ll/rﬂ
LISTCASE—L

T|Uhcaset) of [—uy;_ 1 w01 ~ta:oa|d

I'|Ukty:o1~ty:o9|¢ D|Uhuy:m ~ta:oo|¢”
[ | U byoL Verzay1 ¢ [o1/r1][x2/ra] = ¢ [y1 /r1][wa/ra] = ¢[(x1,y1) /1] [2/r2]

PAIR—L
T|UF{t,ur):o1 X7 ~ta:09]| ¢

D|Ukt;:01 X1 ~t2:02 | Plm(ry)/r1]
F|\If|_’fl'1(t1)20'1~t2:0'2‘(;5

PROJ;—-L

Fig. 5. One-sided rules.

Def(f1,71,t1) Def(f2,22,t2) x1,f1 €FV(t2) 2, fo €FV(t1)
F,xl :Il,mg : Iz,fl :I1 —)o’,fg 112 — 02 |
U, ¢ Ymamay.(Im1l,|ma|) < (lz1],|z2]) = ¢'[m1/z1][ma/zs] =
Blma /x1][ma/z2][f1 m1/r1][f2 ma/r2]Ft1 o1 ~t2 02|
letrec f1 ©1 =t1: 11 09~
letrec fo xo =to:Io — 09

LETREC

IRV | Vl’lxg.gzﬁ/ = ¢[I‘1 121/1‘1][[‘2 1132/1'2}

Def(f1,71,t1) 21, f1 € FV(t2)
Dyzy oI, fii L = o | W,¢" ,Vmymi| < 21| = ¢'[my/z1] =
¢[m1/x1][f1 m1/r1][t2/r2] Fty:01~ty:09 ‘ ¢

I|Wkletrec f1 &1 =t1:11 = oa~ta:02 |VZE1.¢/:>¢[I'1 x1/r1]

LETREC—L

where I, 12 € {N,list;}

Fig. 6. Recursion rules.

However, there would be no other benefit to this alternative. For instance, UHOL premises
as in [APP-L] would still need to use both contexts I'; and I, since the logical context W
is typed under both.
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F|\I/Ft1 :T1—>O’1Nt2:T2—>O'2|(/>[I‘1 ul/I‘1HI'2 UQ/I'Q]

T|UHt ui:or~taug:o2| ¢ APP—FUN
T VYhEuy:m ~ug: T t1 r1/r1][te ro/r
\ 1:71 ~ug T2 | ¢[t1 r1/r1][t2 T2/r0] APP _ ARG
F“llFtl uliathQUQ:O'g‘¢
DUkt ~ty: ri,uy)/ril[(re,us)/r
| 1:71~ b 7o | @[{r1,u)/r1][(r2, u2)/ra] PAIR — FST
DUk (t1,u1): 71 X o1 ~ (ta,u2) : Ta X 02 |
I'YhFuy:01~ug:o ti,r1)/r1][{t2,r2)/r
\ 1101 ~ug oz | ¢[{t1,r1)/r1][(t2, r2) /2] PAIR _ SND
T|UFE (t1,u1) : 71 X o1 ~ (t2,u2) : T2 X 02 | @
DUkt :listy, ~tg:listy, | T
T|U,t;=[,te=[Fur:o1~ug:02|¢
T|WU,ta=[Fovs:7 —listr; > 01 ~ug:og|Vhility = hy i ly = @lry hy 11/r1]
T | Uity = H Fuyp:op ~ve 1o — listy, — 02 |Vh2l2.t2 =ho o :>(z5[1‘2 ho l2/1‘2]

T|YFo:m —listy, =01 ~vg:12 — listy, — o2 |
VhthIllQ.tl = h1 b ll =12 = hQ I lg = ¢[r1 hl 11/1‘1}[1‘2 hg 12/1‘2]

LLCASE — A
T|WUhkcasety of [[=>uy;_ i rrwvi:op~casety of [[rrug; = —wvyioa|d

Fig. 7. Some derived rules.

6.2.2 Variants of the rules

Our choice of the rules is guided by the practical considerations of being able to ver-
ify examples easily, without specifically aiming for minimality or exhaustiveness. In fact,
many of our rules can be derived from others or reduced to a more elementary form. For
instance:

e The structural rules to reason about logical connectives, such as [A;], can be derived
by induction on the length of derivations with the help of [SUB].

e The [VAR-L] (similarly, [NIL-L]) rule can be weakened, without affecting the
strength of the system,

plxi/mileV 1 & FV($)
FWVkEx:o~x:00| ¢

VAR-L

e The premise of the [VAR] rule in Figure 3 (and similarly, [NIL]) can be changed to
@[x/r] € ¥. We can recover the original rule by one application of [SUB].

e The rules [APP-FUN] and [APP-ARG] in Figure 7 (adapted from Ghani et al.
(2016b)) can be derived from the rule [APP]. To derive [APP-FUN], instantiate ¢’
to r; =u; Arp=uy in [APP]. To derive [APP-ARG], we have to prove a trivial
condition Vx x;.¢[t x1/r1][t2 X2 /12] = @[t x1/r1][t2 X2 /2] On 4, 1.

e The [PAIR-FST] and [PAIR-SND] rules in Figure 7 can be derived in a similar
way. These rules overcome a limitation of the original [PAIR] rule, namely that
the relations for the two components of the pair must be independent. [PAIR-FST]
and [PAIR-SND] allow relating, for instance, pairs of integers (m, n1) and (mgy, ny)
such that m; +n; =my + ny.

e The [LLCASE-A] rule can be used to reason about case constructs when the terms
over which we discriminate do not necessarily reduce to the same branch. It is
equivalent to applying [LISTCASE-L] followed by [LISTCASE-R].
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6.3 Meta-theory

RHOL retains the expressiveness of HOL and is relatively complete with respect to it, as
formalized in the following theorem.

Theorem 6 (Equivalence with HOL). For every context I', simple types o and o, terms t|
and ty, set of assertions V, and assertion ¢, if ' =t, : o1 and U - t, : 03, then the following
are equivalent:

o ['|Wkt:iop~th:oy|¢
o I'|Wko[t/r1][t2/r2].

Proof. The easier direction is the reverse implication. To prove it, we can trivially apply
[SUB] instantiating ¢’ as a tautology that matches the structure of the types. For instance,
for a base type N we would use T, for an arrow type N — N we would use Vx.L = T,
and so on.

The forward implication follows by induction on the derivation of I' | W ¢ 107 ~ 1, :
07 | ¢. We show here the cases for abstraction and application:

Case [ABS]. The rule is

F,xli‘[l,x22‘52|\l’,¢/|—l‘1:01’\'[2:(72|¢

C|VEAH:T] = 0] ~AX.l) i T) — 07 |Vx1,xz.¢>/:>¢[r1 x1/r1][r2 x2/r3]

By applying the induction hypothesis on the premise:

Coxiit,x:n | W, 9" ot /r]t/r:] (6.1
By applying [=] on (6.1):
Coxpit,x0: 0| WE@' = ¢t /r1][tk /1] (6.2)

By applying [V;] twice on (6.2):
T | W Vxix.9" = ¢t /r1][t2/12] (6.3)
Finally, by applying CONV on (6.3):
[ | W Vxx.9 = o[(Axi.0) x1/11][(Axa.12) X2/12]
The proof for [ABS-L] (and [ABS-R]) is analogous.

Case [APP]. The rule is

DUkt =01~ — 0y | Vxi,x0.¢ [x1/r1][x2/12] = $[r1 x1/r1][r2 x2/12]
MvYhru :n ~u2:r2|¢’

LWt o) ~tuy oy | pluy/x1]1[uz/x2]

By applying the induction hypothesis on the premises, we have

T | W Vxx.¢ [x /ri]lx/r] = ¢t x1/r11[t x2/r2] (6.4)

and

LW ¢'Tup /ri][uz/12] (6.5)
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By applying twice [Vz] to (6.4) with u1, u»:
UV lur /r1]lua/12] = Lt ur /r1]lt2 ua/12] (6.6)
and by applying [= ] to (6.6) and (6.5):
LWkt ui/rilt: uz/ra]

The proof for [APP-L] (and APP-R) is analogous, and it uses the UHOL embedding
(Theorem 3) for the premise about the argument. Proofs for [CONS] and [PAIR] also
follow the same structure. U

This immediately entails soundness of RHOL, as formalized next.
Corollary 7 (Set-theoretical soundness and consistency). Let t,t, be two terms such
that T | Wt 01 ~t:02| ¢ and p a valuation such that p =T If N\, .y (¥),, then

(B) 014110 p /r110012) o /r2)- 1 particular, there is no proof of the judgment T |@ -t 101~ 1 :
oy | Lforany T, t, t, 01 and 0.

The equivalence also entails subject conversion (and as special cases subject reduction
and subject expansion). This follows immediately from subject conversion of HOL (which,
as stated earlier, is itself a direct consequence of the [CONV] and [SUBST] rules).

Corollary 8 (Subject conversion). Assume that t| =g, t| and t, =g, t, and T | W -1t :
o1~ 1t 07| ¢. Then we have T | W 1,01~ 1,107 ¢.

Another useful consequence of the equivalence is the admissibility of the transitivity
rule.

Corollary 9 (Admissibility of transitivity rule). Assume that:

o N'|VIHtH:io~t:00|0¢
e 'VhkhHhiop~tr:03|¢.

Then, TU' | Wt :01~t:03|p[ta/r2] A@'[t2/11].
Finally, we prove an embedding lemma for UHOL. The proof can be carried by induc-

tion on the structure of derivations, or using the equivalence between UHOL and HOL
(Theorem 3).

Lemma 10 (Embedding lemma). Assume that:

e '|VIHt:o|0
e [|Wkh:o|d.

Then U |Vt 01 ~1t: 00| p[r1/r] A@'[ry/r].

Proof. By the embedding into HOL (Theorem 3), we have

o I'[WHEo[n/r]
o I'|UH¢/[tr/r]
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and by the [A/] rule,
LWt /r1A¢'[t/r]
Finally, by Theorem 6:
CWEto~t:0 | ¢r/r] Ad[r/r]
O

The embedding is reminiscent of the approach of Beringer and Hofmann (2007) to
encode information flow properties in Hoare logic.

7 Embeddings

In this section, we establish the expressiveness of RHOL and UHOL by embedding several
existing refinement type systems (three relational and one non-relational) from a variety of
domains. All embeddings share the common idea of separating the simple typing informa-
tion from the more fine-grained refinement information in the translation. We use uniform
notation to represent similar ideas across the different embeddings. In particular, we use
vertical bars | - | to denote the erasure of a type into a simple type, and floor bars |-] to
denote the embedding of the refinement of a type in an HOL formula.

For clarity of exposition, we often present fragments or variants of systems that appear in
the literature, notably excluding recursive functions that do not satisfy our well-definedness
predicate. Moreover, the embeddings are given for a version of RHOL a la Curry, in which
A-abstractions do not carry the type of their bound variable.

7.1 Refinement types

Refinement types (Freeman & Pfenning, 1991; Vazou et al., 2014; Swamy et al., 2016)
are a variant of simple types where for every basic type t, there is a type {x: 7 | ¢} which
is inhabited by the elements ¢ of t that satisfy the logical assertion ¢[#/x]. This includes
dependent refinements I1(x : 7).0, in which the variable x is also bound in the refinement
formulas appearing in o. Here, we present a simplified variant of these systems. (Refined)
types are defined by the grammar

T :=B|N|list; | {x:7|¢} | T(x:71).T

As usual, we shorten I1(x:7).0 to 7 — o if x € FV (o). We also shorten bindings of
the form x: {x: 7 | ¢} to {x: 7 | ¢}. Typing rules are presented in Figure 8; note that the
[LETREC] rule requires that recursive definitions satisfy the well-definedness predicate.
Judgments of the form I' F t are well-formedness judgments. Judgments of the form I" - ¢
are logical judgments; we omit a formal description of the rules, but assume that the logic
of assertions is consistent with HOL, that is, I F ¢ implies |I'| | [["] I ¢, where the erasure
functions are defined below.

This system can be embedded in UHOL. The embedding highlights the relation between
these two systems, that is, between logical assertions embedded in the types (as in
refinement types) and logical assertions at the top-level, separate from simple types (as
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I'Hr 'tE7r <7 'k <13 'k <1
I'br<r 'k <73 I'Flistr, X listr,
E{z:7]|¢} <o Tx:7H¢ I'kog <0y Fr:oob11 <1
FE{z:7|¢} =7 Fkr=<{z:0]|¢} PEI(x:01).m1 2 (2 :02).72
Dz:tkt:o 'kt :(z:7).0 I'kty:r
Da:tha:T PEXxt:I(z:7).0 Dkt to:ofta/x]
I'Ft:listr I'kFti:o I'kto:(h:7)II(L: listy).o I'Fr=x0o 'kt:r
I'kcasetof [[—t1;_ i _—ta:o I't:o

Dox:r f:I{y:7|y<z})oly/z]kt:o Def(f,x,t)
I'kletrec fx=t:1l(x:7).0

Fig. 8. Refinement type rules (subtyping and typing).

in UHOL). The intuitive idea behind the embedding is therefore to separate refinement
assertions from types. Specifically, from every refinement type we can obtain a simple
type by repeatedly extracting the type T from {x: 7 | ¢}. We represent this extraction using
the following translation function |7|:

B =B IN|&N |list,| £ list;q x:7| @} 2|7 IM(x:7).0] 2 |7| = |o]

Since || loses refinement information, we define a second translation that extracts the
refinement as a logical predicate over a variable x that names the typed expression. This
second translation is written | 7 ](x).

[B](), INJo)= T Llist, ] (x) £ All(x, Ay.L7] (1))

LT 1¢}@) = [T](x) A ¢lx/v] [M(x:7).0](x) £ Yyl )() = Lo ](x )

The refinement of simple types is trivial. If # is an expression of type {x : 7 | ¢}, then # must
satisfy both the refinement formula ¢ and the refinement of t. The refinement of a list uses
the predicate All, which as defined in Section 4, means that all elements of a list satisfy a
given formula. Finally, if # is an expression of type I1(x : 7).0, then it must be the case that
for every x satisfying the refinement of t, (¢ x) satisfies the refinement of o.

The syntax of assertions and expressions is exactly the same as in HOL, and therefore
there is no need for a translation. The embedding of types can be lifted to contexts in the
natural way.

EEANESHIININ lx:7,0] = [t](), [T
To encode judgments, all that remains is to put the previous definitions together. The

main result about embedding typing judgments is as follows:

Theorem 11. If I't¢: v is derivable in the refinement type system, then |I'| | [I']1t:
|t|| Lt](r) is derivable in UHOL.
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Proof. By induction on the derivation. We show the most interesting cases:

Ix:thHt:o
"Thaxt: [(x:7).0
Toprove: |T'| | [T'] FAx.t: [TI(x: 7).0]]| [TI(x: 7).0](r).
Expanding the definitions:
IT|| [T]FAxt:|t] = |o| | Vx.[T](x) = o ](rx)
By induction hypothesis on the premise:
ICLx:lel [ [T], [el(x)Eeo] | Lo](r)
Directly by [ABS].

Case

F'H¢:Mx:7).0 N'Fu:t
I'ttu:olu/x] '

To prove: || | [T]Ftu:|ofu/x]|| Llo[u/x]](r).

Expanding the definitions:

I IT) Etey:]of] lo](r)[u/x]

By induction hypothesis on the premise:

T[T Ee:rf— o] | Vx.[7](x) = [o](rx)

and

TN T Fucs | | [r)(r)

We get the result directly by [APP].

Case.

't <o 'kt:t

Ht:o

To prove: |[T'| | [['] F2: o] ]| Lo ](r).
This follows from applying the induction hypothesis to the second premise, and then
applying the rule [SUB] with Theorem 12 below. Note that the first premise implies
lo| =]zl

Cox:t,f Ny {r:t|y<x}poly/x]-t:o Def(f,x,t)
) I'letrecf x=¢:Tl(x:7).0 )
To prove: |T'| | L[] Fletrec f x=¢:|I1(x:7).0|| LTI(x: 7).0](x).
By induction hypothesis on the premise:
ICLx:lzlf ot = lol | ITL, L), Vy.ltl0) Ay <x= lo[y/x1I() o] | Lo ](r)
Directly by [LETREC]. O

Case.

Case

The above proof relies on the following theorem about subtyping.

Theorem 12. If '+t <0 is derivable in a refinement type system, then |I'|,x:|t|]|
L[], lt]x) F Lo ](x) is derivable in HOL.

Proof. The proof is by induction on the derivation. We show here only the case of the
dependent product:
oy, <0 x:oobF11 X1
I'FT(x:01).11 X M(x:072).12
To show: I,/ [TI(x :o1).7i| | [T, [TI(x 2 01). 71 J(f) = [TT(x 2 02).72] (f).

Case
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Expanding the definitions:
ICLS o).t | U], Vx.lo1](x) = L1 ] (/&) E Vx.[o2](x) = (2] (f)
By the rules [V;] and [=], it suffices to prove:
IPLS  x:o1).til,x: oz | [ T'], Vx. o1 | (x) = [T ] (&), loa | F L] () (7.1)
On the other hand, by induction hypothesis on the premises:
[Tl x oz | LT'], Loz] () = Lo )(x) (7.2)
and
IClx ool y: [l [ LT, Lo2] (), [t)(») F [721(») (7.3)
which we can weaken, respectively, to:
[Tl x ozl f« TI(x : o1).71] [ IT], Lo2](x), Vx.[o1](x) = [T1](f¥) F o1 ](x) (7.4)

and

ICLx:loal,y:lnlf Hx:o).al ] Lo2](x), [t ](), Vx.lo1](x) = [t (o) b [12](»)
(7.5)
From (7.4), by doing a cut with its own premise Vx.| o} ](x) = [ 71](fx), we derive

[Tl x:loal,f: TI(x s on).Til | U], Lo2](x), Vx.[o1 [(x) = [t ] () E Ll (fx)  (7.6)
From (7.5), by [=/] and [V,] we can derive

[T x s foal, /[Tl on).7i | | L], Lo2](x), Vx. Lo ] (x) = [n () E Yy Ln [ (y) = L (y)

And by [V£]
[Tl x ool f 2 [ TI(x s o).t | | LT ], Lo2)(x), Vx.Lo1](x) = Lt1 () = LT J(fx) = LTl (fx)
Finally, from (7.6) and (7.7) by [=>] we get .
[Tl x ool f o [TI(x s o).t | | LT ], Lo2](x), Vx.Lo1](x) = L1 () = 72 ] (%)
and by one last application of [=>;] we get what we wanted to prove. O

Soundness of refinement types w.r.t. the set-theoretical semantics follows immediately
from Theorem 11 and the set-theoretical soundness of UHOL (Corollary 4).

Corollary 13 (Soundness of refinement types). If I -t : t, then for every valuation p =T
we have [t], € [],-

As a final remark, note that a function with a refinement type can be interpreted in
two different ways: (1) As a map whose domain is the domain type restricted to its (the
type’s) refinement, or (2) As a map whose domain is the entire domain type (disregarding
the refinement), but whose result satisfies the codomain’s refinement only if the argument
satisfies the domain’s refinement. We use the second interpretation, while some prior work
(e.g., Freeman & Pfenning, 1991) uses the first. Type systems using the first interpretation
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(x:T)el Tz:Thug ~up U
VAR-RT —MM— ABS-RT
'txy~zouT FFAzyur ~Azgug = (z = T).U
'kt ~tgull(x:T).U I'Fup~ug T 'eT
appry L ~tillE:T) e NIL—— —
TEty uy ~te ug : Ulur/x1][ug/z2] DE[] ~:listy

I'Fhy~hguT T'Fty ~tg::listy g 'ty ~tgT I'ET U
UB
T'Fhyity ~hoto o listy 'ty ~tgU

CONS

DoxoT,f o T{y =T (y1,y2) < (z1,22)}).Uly/z] Ft1 ~ta : U
PFI(z::T).U Def(f,xz,t)

LETREC-RT
Ik letrec f1 1 =t1 ~letrec fo xo =to = (x: T).U
I'Ft1 ~tg::listy FFti=[eta=]
CASELIST T'Fuj~ug T Pkwvp ~og e (b 7). I0(¢ 0 listr). T
IPhcasety of [|[—uy;__::_—wvy~casety of [—ug;__=_+—uvpuT

Fig. 9. Relational typing (selected rules).

can inhabit types that this embedding would erase into uninhabited simple types. For
instance, consider the type {x:N|x > 1 Ax < 1} - Emp where Emp denotes the empty
type. This is inhabited (under appropriate subtyping rules), but it would be erased into the
type N — Emp, which is not inhabited.

7.2 Relational refinement types

Relational refinement types (Barthe et al., 2014, 2015) are a variant of refinement types
that can be used to express relational properties via a syntax of the form {r:: t | ¢} where
¢ is a relational assertion—that is, it may contain a left and right copy of r, which are
denoted as r; and r;, respectively, as well as a left and a right copy of every variable in
the context. In this section, we introduce a simple relational refinement type system and
establish a type-preserving translation to RHOL.

The syntax of relational refinement types is given by the grammar:

t:=B|N|jt—>r1
T, U:=r<t|listy | I(x:: 7). U | {x::T| ¢}

Relational refinement types are naturally ordered by a subtyping relation ' -7 < U,
where I is a sequence of variables declarations of the form x :: U.

Typing judgments are of the form I' ¢ ~ 1, :: T. We present selected typing rules in
Figure 9. Note that the form of judgments requires that #; and #, have the same simple type,
and the typing rules require that #; and #, have the same structure.' In the [CASELIST]
rule, we require that both terms reduce to the same branch; the case rule for natural num-
bers is similar. The [LETREC] rule uses (a straightforward adaptation of) the Def(f, x, f)

The typing rules displayed in the figure will in fact force #; and #, to be the same term modulo renaming. This
is not the case in existing relational refinement type systems; however, rules that introduce different terms on
the right and on the left are limited, since both terms still need to have the same type and most one-sided rules
break this invariant. For instance, in Barthe ef al. (2014) there is a rule similar to [LLCASE-A], and a rule for
reducing one of the terms of a judgment.
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predicate from our simply typed language and requires that the two recursive definitions
perform exactly the same recursive calls.

Subtyping rules are the same as in the unary case, and therefore we refer to Figure 8 for
them (allowing their instantiation for relational types 7', U as well as unary types o, 7).

The embedding of refinement types into UHOL can be adapted to the relational setting.
From each relational refinement type 7', we can extract a simple type |7|. On the other
hand, we can erase every relational refinement type 7 into a relational formula || 7 ||, which
is parametrized by two expressions and defined as follows:

|Llist, || Gx1,x2) = /\ All(x;, Ay.LT](v)

ie{1,2}
I_I_llStTJJ (x1 , Xz) S A112(x1 , X2, )\-yl )\.yzllTJ_l(y] ,yz))

Ly Tloenx) 2 /\ el A dl/y]

ie{l,2}

Ly = T 11, x2) £ ([ T]|(x1, x2) A dlx1 /y1]1[x2/32]

[Ny m2 N\ Wwlr]e) = lo]w)
ief1,2)
L0 1). U (x1,%2) £ Vy12. [ T (1, 32) = LUy, x2v2)
The predicate All2 relates two lists element-wise and is defined axiomatically:
ALL2([], [1, Ax1.Ax2.)

Vhihytity. Al12(¢, ty, Ax1.Ax2.0) = d(hy, hy) = All2(hy i, hy 2 By, AX1.AX2.0)
To extend the embedding to contexts, we need to duplicate every variable in them:
x:: T, T 2 x1,x: [T, |T| |x:= T, T = | TG, x2), [T

Now we state the main result:

Theorem 14 (Soundness of embedding). If Tt ~t :: T, then |U| | ||| -4 :|T| ~ ¢t :
IT| || T]J(r1,12). Also, if T =T < U, then |T'|,x1,x2 - |T| | [T ], LT l|¢x1,x2) E [LU])(x1-x2).

Proof. The proof proceeds by induction on the structure of derivations. Most cases are
very similar to the unary case, so we will only show the most interesting ones:

kT
se, —M .
CHE]I~]:: listr
To show: |T| | ||[T ]| F[1: |listz| ~[1: [listy| | [[listz]|(r1, r2).
There are two options. If T is a unary type, we have to prove:
ITHIT [ =0 istz| ~ [T = listr] | Aeqr o) All(r, Ax.[7](x))
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And by the definition of All we can directly prove:

@1 Al(], Ax.[T](x)) A AI(], Ax.[T](x))

If T is a relational type, we have to prove:

T IT I F [0 Nistr] ~ []: llistr] | AlL2(ry, 12, AxyAxo.|| T ]| (x1, X2))
And by the definition of All2 we can directly prove:

@10+ AN2(T1, [1, Axr Axo. || T | Gxr, x2))

'tEhy~hy:T 't~ listy
C'Hhytg~hyiitp sty )
To show: || | |[T]| & Ay ity : |listy| ~ hy i 15 2 Jlisty| | listy.
There are two options. If T is a unary type, we have to prove:
T[T Ayt listy] ~ hy oty flistr| | \gq ) All(r, Ax. | T(x))
By induction hypothesis, we have
LT F 1T~ b 1T Ay LTI ()
and
ICI T =tz flistr] ~ g 2 listr| | ey 0y All(rs, Ax. [ T](x))
And by the definition of All, we can directly prove:
Nicaay LTI = Nicpr 2y ALl Ax. LT 1) = Njcqr 2y AllCh 2 13, Ax. [ T] (x))
So by the [CONS] rule, we prove the result. If T is a relational type, we have to prove:
T | |_|_Fﬂ Fhptc ||IStT| ~hyiity: ||IStT| |A112(I‘1, rz,Axl.sz.[LTJj(xl,xz))
By induction hypothesis, we have
ICHUC] Ay T~ st AT LT (e, 1)
and
T | |_|_Fﬂ 1 listr] ~ 1 ¢ |listr| | All2(ry, I‘2,)\X1.)u)€2.|_|_TJJ(X1,X2))
And by the definition of All2, we can directly prove:
|_|_T_|J(h1, h) = All2(#, t,, )»xl.)»xz.UTﬂ(xl,xz)) = All(hy 81, hy 2
hz, kxl .)\X2.|_|_TJ_|(X1, XQ))
So by the [CONS] rule, we prove the result

CoxoT, /@ a{y TG,y <@x,x)). Uy/xlEt ~ 6 U
Fr-x:7).U Def(f1,x1,11) Def(f2,x2,12)
I'letrec fix; =t ~letrec L xo =t = I(x:: 7). U

Case.

To show:

IT|||Tl|Fletrec fi xi =t :|I(x:=:T). Ul ~letrec fo xp=t:|Hx::T). Ul ||| TI(x::
T) UJJ(I'l, 1'2)

Expanding the definitions:

IT|||IT ]| + letrec N x1=t:|T| = |U|~ letrec f Xo=t:|T|— |U||
V2. || T e, x2) = [LU]J(r1x1, 12x2)

By induction hypothesis on the premise:

ICLxe, % |\ TLALL AT — [UL T, LT G x2), Yy v (LT 32) A (0, 32) <
(x1,x2) = [[U|(fix1, foxo) 11 2 U~ 1 [U| | |[U]|(r1,12)

And we apply the [LETREC] rule to get the result. O

Soundness of relational refinement types w.r.t. set-theoretical semantics follows imme-
diately from Theorem 14 and the set-theoretical soundness of RHOL (Corollary 7).
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Corollary 15 (Soundness of relational refinement types). If " ¢, ~t, :: T, then for every
valuation 0 =T we have ((t1)o, (t2)0) € (T)o-

7.3 Dependency core calculus

The DCC (Abadi et al., 1999) is a higher-order calculus with a type system that tracks data
dependencies. DCC was designed as a unifying framework for dependency analysis, and
it was shown that many other calculi for information flow analysis (Volpano et al., 1996;
Heintze & Riecke, 1998), binding-time analysis (Hatcliff & Danvy, 1997), and program
slicing, all of which track dependencies, can be embedded in DCC. Here, we show how a
fragment of DCC can be embedded into RHOL. Transitively, the corresponding fragments
of all the aforementioned calculi can also be embedded in RHOL. The fragment of DCC we
consider excludes recursive functions. DCC admits general recursive functions, while our
definition of RHOL only admits a subset of these. Extending the embedding to recursive
functions admitted by RHOL is not difficult.

DCC is an extension of the simply typed lambda calculus with a monadic type family
T¢(7), indexed by labels £, which are elements of a lattice. Unlike other uses of monads,
DCC’s monad does not encapsulate any effects. Instead, its only goal is to track depen-
dence. The type system forces that the result of an expression of type T,(t) can depend
on an expression of type T (z”) only if £ C ¢ in the lattice. Dually, if ¢’ IZ £, then even if
an expression e of type T,(t) mentions a variable x of type Ty (z’), then e’s result must be
independent of the substitution provided for x during evaluation.

For simplicity and without any loss of generality, we consider here only a two point
lattice {L, H} with L = H. The syntax of DCC’s types and expressions is shown below.
We use e to denote DCC expressions, to avoid confusion with HOL’s expressions.

tu=Blt— 1|t xT1|Te(7)
e n=x|Ax.e|ey e |tt|ff|case eof tti ey ffi>ef | (er, e) | mi(e) | ma(e)
| ne(e) | bind(er, x.e2)
Here, n.(e) and bind(e;, x.e;) are, respectively, the return and bind constructs for the
monad T,(7). Typing rules for these two constructs are shown below. Typing rules for
the remaining constructs are the standard ones.

I'kFe:t Fl—elng(‘L'l) F,XI‘L'1|—€21‘L'2 'C2\£
I'Fnele): Te(t) I' - bind(e;, x.e;) : 1o

The crux of the dependency tracking is the relation 7, \( £ in the premise of the rule for
bind. The relation, read “t, protected at level £” and defined below, informally means that
all primitive (boolean) values extractable from e, are protected by a monadic construct of
the form T (1), with £ C £'. Hence, the rule forces that the result obtained by eliminating
the type Ty(z;) flow only into types protected at £ in this sense.

e T\ £ 71\ 4 7\ 4 7\ 4
Te(t)\ ¢ Te(t)\ £ T X T\ ¢ 71— T\ ¢

This fragment of DCC has a relational set-theoretical interpretation. For every type 7, we
define a carrier set |7|:
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IB| =B It = nl £ ul— o o x ol 20| x |n| ITe(o)l = |z

Next, every type 7 is interpreted as a lattice-indexed family of relations 7], C || X |T].
The role of the lattice element « is that it defines what can be observed in the system.
Specifically, an expression of type T,(7r) can be observed only if £ = a. When ¢ Z a,
expressions of type T,(r) look like “black-boxes.” Technically, we force |T.(7)],=
|t| x |t]| when £ Z a. DCC’s typing rules are sound with respect to this model. The sound-
ness implies that if £ Z ¢' and x: Ty(B) e : Ty(B), then for ey, e; : Te(B), e[e;/x] and
e[e,/x] are equal booleans in the set-theoretical model. This result, called noninterference,
formalizes that DCC’s dependency tracking is correct.

To translate DCC to RHOL, we actually embed this set-theoretical model in RHOL. We
start by defining an erasing translation, |t|, from DCC’s types into RHOL’s simple types.
This translation is exactly the same as the definition of carrier sets shown above, except
that we treat x and — as RHOL’s syntactic type constructs instead of set-theoretical
constructs. Next, we define an erasure of terms:

|tt] £ tt |ff| £ ff case e of tt > e; ff > e/ = case |e| of tt— |e/; ff > |e/]
x| £ x |Ax.e| £ Lx.le] le1 2] £ lei] ez l(e1, e2)| = (le1], |eal)
EAGIEEAE) |72(e)| £ ma(le]) Ine(e) = el Ibind(ey, x.€2)| = (Ax.|ez]) le |

It is fairly easy to see that if -e: 7 in DCC, then | |e| : |[t|. Next, we define the lattice-
indexed family of relations | 7], in HOL. For technical convenience, we write the relations
as logical assertions, indexed by variables x, y representing the two terms to be related.

Bl.(x,) 2 (x=ttAy=tt) v (x="FfAy=Fff)
Lt1 = T2)a(x,¥) £ Vo w. [11]4(v, W) = |12 ]alx v,y W)
L71 X T2a(x, ) £ 71 Ja(m1(x), T () A [T2]a(m2(x), 72())

[T]a(x,») LEa

[ Te()]ul, ) = { T (Za

The most important clause is the last one: When ¢ IZ a, any two x,y are in the relation
| T¢(7)],. This generalizes to all protected types in the following sense.

Lemma 16. If ¢ Z aand t \ ¢, then =Vxy.([t],(x,y)=T) in HOL.

Proof. By induction on the derivation of 7 \ ¢.
ey
e. ———.
Te(r)\ ¢
Since ¢ Z a (given) and £ C ¢’ (premise), it must be the case that ¢’ Z a. Hence, by
definition, | Ty (7). (x,»)=T.
TN\ ¢
e. ————.
Te () \ £

Cas

Cas
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We consider two cases:

If¢' Z a, then | Ty (t)]a(x,y) =T by definition.

If ¢/ C a, then | Ty(7)]4(x,y) = LT]a(x, ) by definition. By i.h. on the premise, we have
[t]a(x,y)=T. Composing, | Ty (7)],(x,y)=T.

N\t N\
e. .

T X 7o \( £
By i.h. on the premises, we have | t;],(x,y) = T fori= 1,2 and all x, y. Therefore, | 7] x

)6, 3) = [T1]o(m (), 1) A LT )o((), ) =T AT=T,

Cas

T £
Case. L
71— 1 \ ¢
By i.h. on the premise, we have |,],(x,y) =T for all x, y. Hence, |17 — 5 ]a(x,y) =
Vo, w. 11 Ja(0, W) = L2 )ax v,y W) = (Yo, w. |11 Jo(v. W) = T) =T, O

The translations extend to contexts as follows:

A
Ix':iz, ... X" T :x%gml,x; il X Tl XS T
o, X e 2 e X)), LT oY X)
The following theorem states that the whole translation is sound: It preserves well-
typedness. In the statement of the theorem, |e|; and |e|, replace each variable x in |e|

with x| and x;, respectively.

Theorem 17 (Soundness of embedding). If ' e : v in DCC, then for alla € {L, H}. |T'| |
[Tl leli |z~ el s Tl | LT ]a(r, r2).

Proof. By induction on the given derivation of I'e:7. We show here the cases
corresponding to the monadic constructions only:

Nke:t

"TEne): Ty(v)’
To show: || | [T'Ja = lely : [T~ lel2 : [T] | [Te(z)]a(ry, r2).
By i.h. on the premise:

Case

T[T la b lefizfzl~lelz [zl | LT ]a(ry, r2) (7.8)

If € C a, then | T¢(7)]4(r1, 172) £ L 7]4(r1, 12), so the required result is the same as (7.8).
If € Z a, then [ Ty(7)](r1, 12) £ T and the required result follows from rule SUB applied
to (7.8).

Ike:Ty(r) O,x:tkée: v '\ ¢

[ +bind(e, x.€'): T’
To show: [T| | [T'Jq - (Qex.lel1) lels < [T/ ~ Goxle'ls) lela < 1] | (7' Ju(r1, £2).
By i.h. on the first premise:

I LT Ja b lefi szl ~lelz [zl | L Te(T)]a(rs, 12) (7.9)

Case.
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By i.h. on the second premise:
IC|,x1 s el x2t |T] | LT o Lo Lo, x2) E L€ 2 [T/~ (€ 2t [T/ | LT ]a(rr, 12)  (7.10)
We consider two cases:
Subcase. ¢ T a. Here, | Ty(7)].(r1, 1r2) S L7 ]a4(ry, 12), s0 (7.9) can be rewritten to:
I ot leli sz~ lel2 :|z] | LT]a(ry, 12) (7.11)
Applying rule ABS to (7.10) yields:
ITI T ]a F2xpfey o] = T/~ Axalela t |t — ||
Vx1x2. [T ]a(x1,%2) = [T/ ]a(r1 X1, 12 X2) (7.12)
Applying rule APP to (7.12) and (7.11) yields:
ITIT LT o & (xple'n) leli s [Tl ~ (xa.le'l2) lela : [2'] | LT Ja(r, 12)
which is what we wanted to prove.

Subcase. ¢ IZ a. Here, | T¢(7)]4(r1,172) £ L7]4(r1,12), S0 (7.9) can be rewritten to:

Tl T ]ableli Iz~ lel2 |zl T (7.13)
Applying rule ABS to (7.10) yields:
[T LT Ja = Axplelyc o] — [T~ Axafela o] — |T'] |
Vx1xa. T Ja(x1,X2) = [T']a(r1 X1, 12 X2)

By Lemma 16 applied to the subcase assumption £ IZ a and the premise t’ \ £, we have
Lt’]a(ry x1, 12 X2) = T. So, by rule SUB:

ICH T Ja = Axile |z o] — [T/l ~ axa.lela s |t — |2 | Vxixa. LT a1, X2) = T
Since (Vx1x3.17]a(x1,%2) = T)=T = (Vx1,x2. T = T), we can use SUB again to get:
IT| | IT)a FAxile ]|zl = |7/~ Axa.le ]z 1T = |7/ | VX, %0. T = T (7.14)
Applying rule APP to (7.14) and (7.13) yields
ITIT LT Ja = Gxrle’]n) feli s 1T/ ~ (Axa.le']2) lela : [T/ | T
which is the same as our goal since | t/],(r;, 1) =T. O

DCC’s noninterference theorem is a corollary of this theorem and the soundness of
RHOL in set theory.

7.4 Relational cost

RelCost (Cigek ef al., 2017) is a relational refinement type-and-effect system designed to
reason about relative cost—the difference in the execution costs of two similar programs
or of two runs of the same program on two different inputs. RelCost combines reason-
ing about the maximum and minimum costs of a single program with relational reasoning
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about the relative cost of two programs. This combination of reasoning styles is motivated
by the following observation: if two programs are structurally similar, then relational rea-
soning can improve precision when computing their relative cost. And if this approach
fails, one can still establish an upper bound on the relative cost by computing the difference
of the maximum cost of one program and the minimum cost of the other.

Here, we show how a fragment of RelCost can be embedded into RHOL. Similar to
what we did for DCC, to just convey the main intuition, we consider a fragment of RelCost
excluding recursive functions. The syntax of RelCost is based on two sorts of types:

exec(k,l) exec.(.k,l)

A :=N]listy[n]|A—=>A4|Vi : S.4 (unary types)
. dif(k)  diff(k) )
T =N, |list;[n]* |t —=> t|Vi 1 S.7|UA| Ot (relational types)

Unary types are used to type one program and they are mostly standard except for the effect
annotation exec(k, /) on arrow types and universally quantified types representing the min
and max cost k and / of the body of the closure, respectively. Relational types ascribe two
programs, so they are interpreted as pairs of expressions. In relational types, arrow types
and universally quantified types have an effect annotation diff(k) representing the relative
cost k of the two closures. Besides, the superscript « refines list types with the number of
elements that can differ in two lists. The type U4 is the weakest relation over elements of
the unary type 4, that is, it can be used to type two arbitrary terms, while the type [J 7 is
the diagonal subrelation of 7, that is, it can be used to type only two terms that are equal.
There are two kinds of typing judgments, unary and relational:

A;CD;QHCI:A A, TSIt

The unary judgment states that the execution cost of ¢ is lower bounded by & and upper
bounded by /, and the expression ¢ has the unary type 4. The relational judgment states
that the relative cost of #; with respect to #, is upper bounded by / and the two expressions
have the relational type 7. Here, Q2 is a unary type environment, I" is a relational type
environment, A is an environment for index variables, and ® for assumed constraints over
the index terms. Figure 10 shows selected rules.

To embed RelCost in RHOL, we define a monadic-style cost-instrumented translation of
RelCost types. The translation is given in two steps: First, we define an erasure of cost and
size information into simple types and then we define a cost-passing style translation of
simple types with a value-translation and an expression-translation. The erasure function
is defined as follows:

IN| £ |N,| &N [list[n]] = list 4 |list, [1]%| = listy,, |UA| £ 4]
exec(k,! iff(k
D] 2] Vi s 12N 14 Vi AN S |7
exec(k,l) diff(k)
|4 —— B| £ |4| — |B| It — ol £ |ul - ||

The cost-passing style translation of simple types is

(N), =N (listy)), = listea, (4 — B)y, = (4), — (B). (A)e = (4D, x N
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Qz)=A
APy QFgx: A A;Pg; QFgn:int
A;Dgix: A, Q |—§g t:As
LAM

exec(k,l)
—

A; Dy Q2 |—8 Ax.t: Aq Ao

exec(k,l)
_—

D QL b Ay Ay ABaiQFR to: Ay

APP
LF . l1+l2+li+ca .
A; Dy Q Fk1+k2+k+cippp tito : Ag
I'(x)=71
R-VAR ( ) R-CONST -
A;Og;TFzex<0:7 A;®g;T'Fnoen <0:int,

Ao THE et <liir Ao THiaeth <y :list[n]”

R-CONS1 ~— o
A;®q; T F cons(ty,ta) ©cons(ty,ty) Sy + 12 : listr[n+1]

Ao THG ot Sl 01 Aj®g; D taoth Slo:listy[n]®

R-CONS2 i - -
A;Pg; T F cons(ty,ta) ©cons(ty,ty) Sy + 12 : listr[n+1]

A; ;T Htot <I:list-[n]* A;d, An=0;THt;ot) <7
LA P An=1i+1;h: 07t list [i(]*, D tooth <IU -7

4,8, 0; P An=i+1ANa=B+1;h:7,tl: IiStT[Z']B,F'_tQQtIQ <7
R-CASEL

case t of nil  — 1 case t’ of nil — ¢}

A Pas T | hatl —to | htl  —th

<i+0 A
Az, THEt1 0t Sim

diff(1
A;Py;THE Azt © Azt SO0 7 1*()> T

R-LAM

diff(1
JANT PR3 R @tll <h :7'11—()> )

A;q>a;rl_t2@t/2512 1T
N;@g;THtrta ot 1ty Sli+lo+1im

R-APP

i::S,A;<I>a;I‘I—t@t/§l:T
1 € FIV(®4;T)

R-1ILAM -
/ _diff(1)
A;@y;THAtEOAL S0:Vi o St

, Cdiff(1")

Ay THtet <1:Vi 0 7 S.
AkFJ:S

As®o; TRt ot [] SU+U[T/E]m{J/)i}

T

R-TAPP

A;Og;HEtot<SI:T
Vo € dom(T). A;®q =T(z) COT ()

NOCHANGE 7
AT TQFtot<0:07

A; DT )—211 t1: A A; DT )—222 to: A
A;Og; Tt 6t <l —ko:UA

SWITCH

Fig. 10. RelCost unary and relational typing (selected rules).
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(z) = (x,0) (Az.t) = (Az.(t),0) (A-t) = (A_.(t),0)
(tu) = letz = (t)inlety = (u)inletz = w1 (z) m1(y)in (71 (2),m2(x) + w2 (y) + m2(2) + Capp)
(t[]) £ letz = (t)inlety = 71 (z) Oin (w1 (y),72(z) +m2(y) + Ciapp) (nil) £ (nil, 0)
(cons(t1,t2)) = letz = (t1)inlety = (ta) in (w1 (2) :: w1 (y), m2(2) +72(y))

(caset' of nil — ¢ | h:tl — to) 2

nil — lety = (t})in (71 (y), 72 (x) + 72 (y) + ccase)

{ letz = (t')in case 7y (z) of
| hootl — lety = (th)in (1 (y), m2(x) + m2(y) + cease)

Fig. 11. Cost-instrumented translation of expressions.

Guided by the translation of types above, we can provide a cost-instrumented translation of
simply typed A-expressions (Figure 11). This translation maps an expression of the simple
type t to an expression of type v x N, where the second component is the number of
reduction steps under an eager, call-by-value reduction strategy (which is the semantics of
RelCost). It is fairly easy to see that this translation preserves typability and that it counts

steps accurately.
However, this translation forgets the cost and size information in types. To recover these,

we define an HOL formula for every unary type. But, first, we define axiomatically a
predicate listU(n, /, P) that captures size information about lists:

Vi, P.listU(0,/, P)=1=]]
Vn,l, P.listU(m + 1,1, P) = 3wy, wy. [ = wy ;2 wy A P(wy) AlistU(n, ws, P)
We can now define an HOL formula inductively on unary types.
INJu(x) £ T Llists[n]1,(x) £ listU(n, x. |4].)

14 20 B () 2y 4], () = [BIE (x )

. exec(k,l) A . k1
Vi = S.Al,(x) 2. T = Vi ld)*(x y)

LA ) & | A](mix) Ak <mox <1

The type translation can also be extended to type environments: (|x1 : A1, ..., X, : 4,|) =
x1: (141D vs - - - »Xn 2 (441D, Similarly, we can associate with a type environment an HOL
context that we can use to recover the cost and size information: |xy : 4y,...,x,:4,] =
[41],(x1), - - ., [4n]v(xs). Now we can provide a cost-instrumented translation of unary

judgments.
Theorem 18. [f A; ®; Qi t: A4, then: (|120), A| @, [ F (1) : (14])e | L4]5(r).

Proof. By induction on the derivation of A; ®; I—i t:A. We show selected cases.
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Case.

A Dy Qx AR x4
We can conclude by the following derivation:

VAR
(121, x = (141D, A | g, (2], [A]o () Fx: (|41 | L4]u(r)

NAT
(120), x: (4])v, A | P, [R2), [4](x)FO:N[0=<r=0

PAIR-L
(121D, x = (141D, A | P, 12], LA]u(¥) = (x, 0): (|4l)y x N| [AJu(mir) A0 <mor <0

where the additional proof condition that is needed for the [PAIR-L] rule can be easily
proved in HOL.

Case. -
A; $y; Qbgn:int
Then we can conclude by the following derivation:

NAT NAT
(120), A @g, [QFn:N|T (120), A @g, [QJFO0:NJ0<r=0

PAIR-L
(121), A | @g, 2] F(0,0):NxN|[0<mr=<0

where the additional proof condition that is needed for the [PAIR-L] rule can be easily
proved in HOL.

A;CDa;x:Al,Ql—it:Az

exec(k,! :
A ®y; QS At Ay 22D g

By induction hypothesis, we have (|2|),x: (|41[)v, A | @, 2], [A1].() F (#) : (1421De |
|4]%!(r) and we can conclude by the following derivation:

Case.

(120),x = (141 1)w, A | @, (2], 141 @) F
() : (121)e | 4215 ()
(11D, A | @, 2] Fax.() : (141 1)y — (I421)e |
V. |41 ]o(x) = [42) 5 (rx) (120),A| @, [QIFO0:N[0<r<0
(121), A | @, [2] F (x.(f), 0): ((1411)y — (I421)e) x N |
V|41 ]y () = |42 B (mirx) A0 < mor < 0

ABS

PAIR-L

where the additional proof condition that is needed for the [PAIR-L] rule can be easily
proved in HOL.

I exec(k,/) I
A;d>a;§2|—k'1 A —= A4, A;CIDa;QI—,f2 t: Ay
. . I+ +l+capp . ’
A; D, Q2 |_k1+k2+k+cgpp tth:A>
By induction hypothesis and unfolding some definitions, we have

Case.

(121D, A | @, L] F (1) = ((|411)v — ((|42])y x N)) x N |
Vh.[41]o(h) = (L2 o (m (1 (0)h) Ak < (1 (r)h) <D A ky < a(r) <y
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and (|21), A | Pg, (2] () : (I411)y x N[ [41]o(m1(r) Aka <7a(r) <. So, we can
prove:
(121D, A | @q, (2] Fletx = (] inlety = () in71(x) 11(7) : (I421)0 x N |
A2 ]u(m) Ak <m(r) <INk <) <h Ak <m()r<bh
This combined with the definition of the cost-passing translation (t; ;) = letx =

(t1) inlety = (5] inletz =m(x) 11 () in (71 (2), 72(x) + 72 (y) + 72(2) + Cqpp) allows us to
prove as required the following:

(121, A | @, ] = (1 2] = (1421)y x N|
I_Asz(T[](r)) Nk + kl + kZ + Capp = 7'[2(1‘) = l+ ll + 12 + Capp-
O
For the embedding of cost and size information in the relational case, we first define a
predicate listR(n, /1, 5, a, P) in HOL axiomatically:
Vi, b, a,P. ||StR(O, I, b,a, P) =h=hL= [] vn, I, b, a,P. ||StR(I’l +1,1,b,a, P) =

Iw,zi,wa, 2. li=wi iwa AL =212 /\P(Wl,Zl)/\
(w1 =z1) AlistR(n, w2, 22, a, P))V
(a>0A3b.a=b+ 1 AlistR(n, wy, 23, b, P)))

Let T denote RelCost’s erasure of the binary type T to a unary type.> This erasure maps

list,[n]* to lists[n], T 90, 5 to 7 200 & o, etc. Next, we define HOL formulas for the
binary types.
UNJJU(X,)/)%X:J/ UUAMu(x:y)é [A]v(x) A L4, (v)

1Ozl y) &= A(r]uxr)

I-I- m Uﬂv(x ) L? exec(O o0) EJ (x) A |__ exec(O 00) EJ (y)/\
(Vz1, 22.[ T |o(z1,22) = |lo [[L(x 21, 22))
s e e | " S LA VT S 7,008
(Vz2122. T = Vil||t |\ (x 21,y 22))

Llist, [1n]* ||, Cx, ) = listR(n, x, y, &, | T |],)

Lz 12, ») 2 ([T (X, mp) A (r2x — 2y < 1)

The type translation can also be extended to relational type environments pointwise:
ot sz, gl 2 X (lml)o X (1Tt s - - > X5 (1Tal)us %2 (174l)y We also need to
derive from a type relational environment an HOL context that remembers the cost and size
information: |x': 71,...,x": 5, |27 [l 2, . . ., [T llo(, X%). Now we can provide
the translation of relational judgments.

2 In RelCost, this erasure is written |t|. We use a different notation to avoid confusion with our own erasure
function from RelCost’s types to simple types.
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Theorem 19. I[f A; &;T 1,66 <I: 1, then:
ITI, A LD, ([T ) (ITl)e ~ ()22 (ITl)e | LT )L, 12),s

where (t); is a copy of t; where each variable x is replaced by a variable x; for j € {1, 2}.
To prove Theorem 19, we need three lemmas.

Lemma 20. Suppose A; ® -t W3 Then, the following hold:

LAl ®EYay. |[tl,y) = [T A 1T](G)
2. AP EVay. [[T]lx») = [TI2°0@) A TI2ZW).

Also, 3) ||IT ]| = 1] A |T2) where Ty and T'5 are obtained by replacing each variable x
in T with x| and x,, respectively.

Proof. (1) and (2) follow by a simultaneous induction on the given judgment. (3) follows
immediately from (1). O

Lemma 21. If A; ®,; T ey ©e; St:tin RelCost, then A, dD;Fl—go e :T forie{l,2}
in RelCost.

Proof. By induction on the given derivation. O
Lemma 22. I[fA; ® =11 C 1), then A; @ FVxy. [[11]o(x,y) = || 72/ (x, ).

Proof. By induction on the given derivation of A; ® |=1; C 15. g

Proof of Theorem 19 The proof is by induction on the given derivation of A; ®;
't 6t <k:t. We show only a few representative cases here.

inS, A, THeod Sttt i € FIV(®,;T)

dift
Case: A; @, THAeo A S0:Vi :f:mS.t

To show: T, A|®,, ||IT|IF(_(e)1,0): (N— (|z])e) x N~ (A_.(€)2,0): (N —

(Iel)e) x N[V "2 S. ¢ (1, r2).
diff(1)

 diff(?) .

Expand [|Vi :: S.7]%r1, 1) to ||Vi = S.t]y(m ri,m ) Amr —m ry <0, and
apply the rule [PAIR] to reduce to two proof obligations:
AT, A | @g, [T =A_(ei : N — (Izl)e ~ A_.(e)2 : N— (Iz)e |

diff(r)
Vi = S. T ]],(ry, ro).
(B) ITl, A @4 [T FO:N~0:N|r; —r, <0.

(B) follows immediately by rule [ZERO]. To prove (A), we start by expanding

Lvi dift":(t) S. 7]|u(ry, r2) and apply rule [A|]. We get three proof obligations.

(©) T, A @, [IT]| F2_(e)1 : N> (izl)e ~ (Do : N— (zlhe | LVi ™

R-ILAM.

ec(0,00) | _
s T]y(ry).

3 This judgment simply means that 7 is well-formed in the context A; ®. It is defined in the original RelCost
paper (Cigek et al., 2017).
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, cexec(0,00)

D) ITN, Al Dy, I FA_(e)1 : N> (Itl)e ~A_(€)2 : N—=(ltl)e | Vi =7 " S.T]u(r2).

E)ITN, Al Du [ITIIFA_(e)1 : N—= (Izl)e ~A_(€)2: N = (I])e |

Vzi2,. T = Vi.”_‘[ﬂf_,(l‘l Z1,13 22).

To prove (C), apply Lemma 34 to the given derivation (not just the premise), obtain-
— exec(0, .

ing a RelCost derivation for A; ®,;T"=5° Ae: (Vi (e S.7T). Applying Theorem 18

to this yields (T), A|®,, [T]F(A_(e),0):(N— (7)) x N| Vi exee(0.00) 710%(r)
in UHOL, which is the same as (T),A|®,, [T]F(r_(e),0): (N— (7]).) x N|

. exec(0,00) —

|Vi S.T]y(m r)AO<m r<oo. Applying rule [PROJ;], we get ([),A |
®,, [T) F 1 0le), 0): N — (7] | LVi ™0
(T), A| @, IT]FA_(e) : N— ([T])e | LVi 's. T],(r). Renaming variables, we get
_ _ _ cexec(0,00)
()i, A | @y, LT FA_(e)1 : N— Q|r|[)g_| Vi 0 TS T u(r). _

Now note that by definition, ||I'|| 2 (T'); and by Lemma 33(3), ||| = L["1]. Hence,

exec(0,00

we also get [T, A| D, [[T]FA_(e): : N— (ITI). | LVi « )S. T],(r). (C) follows
immediately by rule [UHOL-L].

(D) has a similar proof.

To prove (E), apply the rule [ABS], getting the obligation:
TN, A, zi,z N @, [T E(ed1 s (Izl)e ~ (€)2: (e | Vi |z ]|5(r1, 12)
Since z;,z, do not appear anywhere else, we can strengthen the context to remove them,
thus reducing to: | T|l, A | @g, [Tl F (e)1: (Izl)e ~ (€')2: (IT])e | Vi T []L(r1, r2)
Next, we transpose to HOL using Theorem 6. We get the obligation:
(T, A | @g, [T = Vi.| T ][L((e)1, (€)2)
This is equivalent to:
ITI, A, 28| @, [T F [T ]l5((eD1, (€2)
The last statement follows immediately from i.h. on the premise, followed by transposition
to HOL using Theorem 6.

S.7]y,(r). By subject conversion,
cxcc('O.,OO

A, THeeest: T Vx € dom(T). A; &, =T (x)CO(x)
Case: A @0, T QFece<0:07
To show: [|T|l, A | @4, [Tl - (e)1: (ITlDe ~ (e)2: (ITl)e | O 7 ]|%r1, r2).
Expanding the definition of ||[J 7 ||, this is equivalent to:
T, A @g, [T (e1: (Izl)e ~ (e2: (ITlhe | [z llo(m1 ¥1,m2 T A (T TI=701 T2)A
(m2ry —m 1y <0)
Using rule [A], we reduce this to two obligations:
A) T, A @y, [T (ebi = QIzlhe ~ (eD2 : (ITlDe | L7 [Jo(mr 11, 72 12).
B)IT, A 1D [Tl (e)r: (Izl)e ~ ez : (ITle | (71 v1 =71 12) A2 11 — 712 12 < 0).

NOCHANGE.

By i.h. on the first premise,
T, A @ [T [ (ebr : (Izl)e ~ ed2: (Izl)e | [ [u(mr v, w2 12) A (T2 X1 — T2 12 < )
By rule [SUB],

T, A @ [T [+ (ebr: (Izl)e ~ (ed2: (IzDe | Lz [Ju(r 11, 702 12)
which is the same as (A).
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To prove (B), apply Lemma 35 to the second premise to get for every x € dom(I")
that A | @, || T(x) ]|y (x1,x2) = ||[O T(x) ] (x1,x2). Since || T(x) ||, (x1, x2) = x1 = x; and
from ||T" || we know that || T'(x) |, (x1, x2), it follows that |||, A | ®,, ||| Fx; = x,. Since
this holds for every x € dom(T"), it follows immediately that ||T||, A | ®,, [|[T||F (e); =
(e)2. By Theorem 6, [T, A| @4, [T ] (€)1 : (Izl)e ~ (€2 : (Il)e | r1 =1r2. (B) follows
immediately by rule [SUB]. O

RelCost’s type-soundness theorem can be derived from Theorem 19 and the soundness
of RHOL in set theory.

8 Examples

We present some illustrative examples to show how RHOL’s rules work in practice.
Our first example shows the functional equivalence of two recursive functions that are
synchronous—they perform the same number of recursive calls. The second example
shows the equivalence of two asynchronous recursive functions. The third example shows
a sensitivity property of sorting. Finally, our fourth example illustrates reasoning about
the relative cost of two programs, using an encoding similar to that of RelCost, but the
example cannot be verified in RelCost itself.

Notational simplifications. Throughout this section, we often omit types and typing con-
texts when they are clear. We also apply the [SUB] rule implicitly in some places, for
example, to change the assertion of a function from Vx.¢p to Vx. T = ¢ so that we can
apply [ABS], to rearrange the order of quantified variables, or to pull quantifiers outwards
when there is no variable capture.

8.1 First example: factorial

Expanding on Section 3, we show that the following two standard implementations of
factorial, with and without an accumulator, are functionally equivalent:

fact, £ letrec f; n; =case n; of 0 1; S+ Ax1.(S x1) * (f1 x1)

L

fact, = letrec f; ny = La.case ny of 0~ a; S+ Axy.f2 X3 ((S x2) * a)

Our goal is to prove that the result is the same on both implementations after scaling the
result on the first one by the accumulator. In RHOL, this is expressed by the following
judgment (with empty contexts):

fact; :N— N~fact; :N— N— N |Vuny.ny =ny, = Va.(ryn)*xa=r,ma

The proof starts by applying [LETREC], which has the following main premise:

case ny of Aa. case n, of
U 0> 1; ~ 0+ a; |Yar, xa=ra
S Ax1.(S x1) * (f1 x1) S+ Axa.fo X0 (S x2) * @)

where W 2 1y = ny, Vy112.(v1, 12) < (11, 1) = y1 =y = Va.(fi y1)*a=f, v, a asserts
the inductive hypothesis and the equality between the arguments.
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To prove this premise, we start by applying the one-sided [ABS-R] rule, with a trivial
condition on a. Then we can apply a two-sided [CASE] rule, which has three premises.
The first one asserts that the same branch is taken on both sides. The other two consider,
respectively, the zero and the successor case. Since the branching is synchronous, we do
not need to consider the crossed cases:

1. Fn=0&n,=0

2. \Il,n1:0,n2=0|—1~a|r1*a=r2

3. W Ax (S x)x(f1 x)~Axfr X2 (S x2)xa)|Vxpxom =S x1=>m=S n=
(rlxl)*azrzxz.

Premise 1 is a direct consequence of the assertion n; =n,; in V. Premise 2 is a triv-
ial arithmetic identity which can be proven in HOL (using rule SUB or by invoking
Theorem 6). To prove premise 3, we first apply the (two-sided) [ABS] rule, which leaves
the following proof obligation:

Won=Sx,m=SxFEx)*x(fix)~fHx2(Sx2)*a)|rixa=r;

This is proven in HOL by instantiating the inductive hypothesis in ¥ with y; — x1,y,
Xy, ar> (Sx))*a.

8.2 Second example: take and map

This example establishes the equivalence of two programs that compute the same result,
but using different number of recursive calls. Consider the following function take that
takes a list / and a natural number # and returns the first #» elements of the list (or the whole
list if its length is less than »).

take £ letrec fi I, = Anj.case I, of [ []
_i_> Aty case ny of 1+ []
St Ayiha(fi By

Next, consider the standard function map that applies a function g to every element of a
list / pointwise.

map £ letrec > I, = Agy. case I, of [ []
st Minh(g ho) i (f2 12 &2)

Intuitively, it should be clear that for all g, n, [, map (take | n) g = take (map [ g) n (mapping
g over the first n elements of the list is the same as mapping g over the whole list and then
taking the first #n elements). However, the computations on the two sides of the equality are
very different: For a list / of length more than n, map (take I n) g only examines the first n
elements, whereas take (map [ g) n traverses the whole list. In the following, we formalize
this property in RHOL (Theorem 23) and outline the high-level idea of the proof. The full
proof'is in Section D.3 in Appendix D.

Theorem 23. 11,12 . |iStN,I’l1,I12 : N,gl,gz :N— N | L= lg,l’l] =nm,81=& =
map (take [y ny) g1 : listy ~ take (map I, gy) ny :listy | r; =r;

Proof idea. Since the two sides make an unequal number of recursive calls, we need
to reason asynchronously on the two sides (specifically, we use the rule [LLCASE-A)).
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However, equality cannot be established inductively with asynchronous reasoning: If two
function applications are to be shown equal, and a recursion step is taken in only one of
them, then the induction hypothesis cannot be applied. So, we strengthen the induction
hypothesis, replacing the assertion r; = r; in the theorem statement with ri Er; A |1 =
min(ny, |11]) A |ra] = min(ny, |l2]) where T denotes the prefix ordering on lists and | - |
is the list length function. This assertion implies r; =r; and can be established induc-
tively. The full proof is in Section D.3, but at a high-level, the proof requires proving two
judgments, one for the inner map-take pair and another for the outer one:

o Witakel, ny~mapl, g |1 Cg, 1a
o W Imap~ take |Ymimy.m Eg, my =
(Vg1.81 = g2 = Vxp.x0 > [my| = (r1 my 1) E (r2 m2 X2))

where m £, m; is an axiomatically defined predicate equivalent to (map m; g) E m, and
W are the assumptions in the statement of the theorem (in particular, /; = /). The proof of
the first premise proceeds by an analysis of map using synchronous rules. For the second
premise, after applying [LETREC] we apply the asynchronous [LLCASE-A] rule, and
then prove the following premises:

LW, ®,x>ml,gi=g,m=[],m=[QF[]~[Intr

2. 0,9,x > |mil, g1 =g, m =[[F[]~Anhcase x; of O[S Aya.hy
Lty
Vhytomy="hy it => 1 C (r; hy )

3. U, D, x> (my|, g1 =g, ma =] |_)\.h|f1.(g] h])ll(f] 1 g1)~1] | Vhity.my =hy 2
h=(@ hmhH)Cr

4, U, Q,xp > |m|, g1 =2 F)\hll‘l.(gl l’ll) I (fl 4] g1)~kh2t2.case x, of 0 — [I; S+~
)Lyz.hz Zifz Hh V2 |Vh1t1h2t2.m1 =hth=>my=h :t :>(l‘1 hy 11) C (I'2 hy tz)

where @ is the inductive hypothesis obtained from the [LETREC] application. The first
two premises follow directly from the definition of =, while the third one follows from the
contradictory assumptions m; Eg my, m = hy :: t; and my = []. The last premise is proved

by first applying the [NATCASE-R] rule and then applying the induction hypothesis. [

The proof presented here is intended to show how the one-sided rules can deal with
asynchronous reasoning, but we remark that a much simpler proof could be written using
equational rewriting rules. However, note that our system can also be seen as a framework
in which to embed and prove sound such rewriting rules, in the style of Benton (2004).

8.3 Third example: selection sort

This example showcases a property, namely sensitivity, that is out of reach of equational
reasoning, but that is easy to prove using relational reasoning.

Given two lists of integers of the same length, we define the distance between them as
the maximum of the pointwise distances:

d(l1, ) £ max, |[1[i] — L[i]| ifl;, > have the same length
d(l, ) & 0o otherwise
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It is routine to check that this defines in fact a metric. Furthermore, it is known that
sorting is 1-Lipschitz continuous under this metric: If sort(/) denotes the list obtained by
sorting /, then, for all /;, I, we have that d(sort(/,), sort(ly)) < d(ly, ).

This result can be proved directly by showing that for any & the function ming, which
picks the k-th smallest element of a list, is 1-Lipschitz continuous. The above result then
follows by noting that sort(/) = [min, (/), miny(/), ..., min,(/)] where n is the length of /.

Here, we provide a different proof. We prove that a particular implementation of sorting,
namely selection sort has this property. Selection sort is a basic sorting algorithm that
traverses a list, finds the least element, puts it in front, and then sorts the rest of the list
recursively. The function ssort below implements selection sort.

ssort/ = ssort’  (length 7)

ssort’ £ letrec ssort’ [ =
An.case n of
0~ [l
S +— Am.case [ of
(111
_u_ > Aht. let(rest, min) =restmin ¢t h
in min :: ssort’ rest m

restmin £ letrec restmin | =
Mla.case [ of

(1~ ([1,a)

_i_t> Ahtlet M = max(a, h)
m = min(a, h)
(rest, min) = restmin m ¢
in (M :: rest, min)

We then want to prove the following in RHOL.:

Theorem 24 (1-Lipschitz continuity of ssort).
Fssort~ssort | VI L6. ||| =Ll =d(, L) <8§=dr ,r; L) <$

Note that the postcondition above is equivalent to
Vi L. |L | =|h|=d(r L1,y b) <d(l, 1)

but our version is easier to prove, because we need an explicit § to appear in the verifica-
tion of ssort’ and restmin. The proof is entirely synchronous and relies on the property of
restmin that, for two lists of equal length satisfying the invariant of being closer than §
under the metric defined above, (1) the two returned minima are spaced less than § (under
the usual metric for the integers) and (2) the two returned remaining lists satisfy the same
invariant. In RHOL, this is expressed as:

Frestmin ~ restmin |VI 1. dll;,h)<d=VYhihy. |hi — | <8=D(r1 ) hi,ry I hy) <6
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where we use D to denote the distance induced by the maximum of the component-wise
distances.

The only interesting case is where we reach the 4 :: ¢ branch of restmin. Here, we use
the following (mathematical) lemma about max and min. This lemma must be proved in
HOL with sufficient axiomatization.

Lemma 25. Let § be a non-negative real number. For every ay, by, ay, by real, if |a; —
ar| <8 and |by — by| <4, then:

| max(ay, b;) — max(ay, by)| <8 and

| min(ay, b)) — min(ay, by)| <&

8.4 Fourth example: insertion sort

Insertion sort is a standard sorting algorithm that sorts a list 4 ::¢ by sorting the tail #
recursively and then inserting / at the appropriate position in the sorted tail. Consider the
following implementations of the insertion function, insert, and the insertion sort function,
isort, each returning a pair, whose first element is the usual output list (inserted list for
insert and sorted list for isort) and whose second element is the number of comparisons
made during the execution (assuming an eager, call-by-value evaluation strategy).

insert £ Ax. letrec insert | = case [ of [J— ([x], 0);
_ui_> Aht.casex <hof
tt— (x::/, 1)
ff— lets=inserttin
(h:(mys), 14 (2 5))

isort £ letrec isort [ = case [ of [J— ([], 0);
_u_> Akt lets=isortt

let s’ =insert i () 5) in

(m s, (3 5) + (2 S/))
Using this implementation, we prove the following interesting fact about insertion sort:
Among all lists of the same length, insertion sort computes the fastest (with fewest com-
parisons) on lists that are already sorted. This is a property about the relational cost of
insertion sort (on two different inputs), which cannot be established in RelCost. To state
the property in RHOL, we define a list predicate sorted(/) in HOL axiomatically:

sorted([)=T Vht.sorted(h :: t) = (sorted(¢) A h < Imin(z))
where the function Imin(/) returns the minimum element of /:
Imin £ letrec f [ = case [ of [] — oo; _:: _+> Aht.min(h, f )

As in the previous example, let | - | be the standard list length function. The property of
insertion sort mentioned above is formalized in the following theorem. In other words, the
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theorem says that if isort is executed on lists x; and x, of the same length and x; is sorted,
then the number of comparisons made during the sorting of x| is no more than the number
of comparisons made during the sorting of x;.

Theorem 26. Let v £ listy — listy. Then, o | o -isort: T ~isort: 7 | Vx; x,. (sorted(x;)A
[x1] = |x2]) = ma(r1 x1) < m2(r2 X2).

A full proof is shown in Section D.5 in Appendix D. The proof proceeds mostly
synchronously in the two sides. Following the structure of isort, we apply the rules
[LETREC], [LISTCASE], and [APP] + [ABS] (for the let binding, which, as usual, is
defined as a function application), followed by an application of the inductive hypothesis
for the recursive call to isort. Eventually, we expose the call to insert on both sides. At this
point, the observation is that since x; is already sorted, its head element must be no greater
than all elements in its tail, so insert must return immediately with at most 1 comparison
on the x; side. Formally, this last proof step can be completed by switching to either UHOL
or HOL and using subject conversion; in the Section D.5, we switch to HOL.

9 Implementation

We have mechanized our system in the Coq proof assistant (The Coq Development Team,
2018). Instead of building the mechanization of the system over a set-theoretic model,
we build it over the calculus of inductive constructions that underlies Coq via a shal-
low embedding. In other words, we make a slight change to the system—in place of
PCF (Section 2) and HOL (Section 4) as the language and the underlying logic of refine-
ments, we use Coq’s language and Coq’s Prop logic, respectively. In addition to allowing
us to leverage Coq directly for proofs in the underlying logic, this also shows that our
syntax-directed unary and relational rules are not particularly tied to set theory or HOL.
Another reason for using Coq is that it supports type quantification, which we exploit
in our embedding (see the definition of j_rhol below). We believe that a mechanization
could also be carried out in an HOL-based proof assistant like Isabelle/HOL but since these
assistants typically lack support for type quantification, the mechanization would be more
involved (Wildmoser & Nipkow, 2004).

A judgment in RHOL (similarly for UHOL) is mechanized as a function that receives
an element of type A1, an element of type A2, and a function of type A1 -> A2 -> Prop
and returns a Prop, namely the result of applying the latter to the former.

Definition j_rhol : forall (Al A2: Type),

Al —> A2 —> (Al — A2 —> Prop) —> Prop :=

fun Al A2 t1 t2 P => P tl t2.

Notation "|— tl ; Al ~ t2 ; A2 | P" := (j_rhol Al A2 tl1 t2 P)

Our relational and unary proof rules are mechanized as lemmas. We describe as an
example the application rule. We require that the arguments t1 and t2 be related by P, and
that the functions £1 and £2 send arguments related by P to results related by Q. This can
be described through the following lemma.
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Lemma App2:
forall (Al A2 Bl B2 : Type)

(P : Al —> A2 —> Prop) (Q: Al —> A2 —> Bl —> B2 —> Prop)
(fl : Al —> Bl) (f2 : A2 —> B2) (tl : Al) (t2 : A2),

(|— t1 ; Al ~ t2 ; A2 | P) —>

(|- fl ; Al — Bl ~ f2 ; A2 —> B2 |
(fun r1 r2 => forall (x1: Al) (x2 : A2),

P xI x2 —> Q x1 x2 (rl x1) (r2 x2))) —

(]— (fl tl) ; Bl ~ (f2 t2) ; B2 | Q tl t2).

Working with a shallow embedding allows us to use Coq directly to manage most of the
type and logical context. So, in general, they do not need to explicitly appear in the rules.
However, notice that we need to pass t1 and t2 as arguments to Q since they appear in its
context. Compare this to the way the quantified variables get replaced by the arguments in
the conclusion of the [APP] rule in Section 6.

The choice of Coq as a base language also allows us to have a more general recursion
rule that inducts on some arbitrary well-founded order:

Lemma RecWF2:
forall (A Bl B2 : Type)
(P: A—>A—> Prop) (Q: A—>A —> Bl —> B2 —> Prop)
(fl : A —> Bl) (f2 : A —> B2)
(R: A—>A —> Prop),
(well_founded R) —>
(forall (x1 x2 : A),
P x1 x2 — (forall yl y2,
Ryl x1 >R y2 x2 > P yl y2 —>
Qyl y2 (fl yl) (f2 y2)) —>
|- (fl x1) ; Bl ~ (f2 x2) ; B2 | Q xl x2) —>
|- fl ; (A — Bl) ~ f2 ; (A — B2) |
(fun rl1 r2 => forall (x1 x2: A),
P xI x2 —> Q x1 x2 (rl x1) (r2 x2)).

Since the embedding is shallow, the proof of a lemma is also a proof of soundness of
the rule that the lemma is implementing. The choice of a shallow embedding makes the
proofs go through smoothly, and most of them can be fully automated with the default
auto tactic. This takes care of proving the forward implications (soundness) in Theorems
3 and 6. To prove the reverse implications (relative completeness) we need additional
theorems, which can also be proven with auto. For instance, the relative completeness of
RHOL is expressed as
Theorem rhol_complete : forall (Al : Type) (A2 : Type)

(tl : Al) (t2 : A2)
(P : Al —> A2 —> Prop),
(wt_uhol Al t1) —> (wt_uhol A2 t2) —> P t1 t2 —>
|[— t1 ; Al ~ t2 ; A2 | P.
Proof.
auto .

Qed.
where wt_uhol is a predicate expressing well-typedness.

Our implementation also includes the proof of the two examples presented in Sections
8.1 and 8.2. We verified these using the rules as lemmas. See, for example, the following
(abridged) proof of the first example.
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Theorem fact_equiv
|- factorial ; nat —> nat ~ factorial_acc ; nat —> nat —> nat |
fun r1 r2 => forall nl n2, nl = n2 —>
forall k, ((rl nl)=xk)%nat = r2 n2 k.
Proof.
(** We start by applying the 2—sided recursion rule *)
apply (RecNat2 _ _ _
(fun _ _ rl r2 =>
forall k, (rl=k)%nat = r2 k) factorial factorial_acc).
intros x1 x2 Heq IH.
auto_absR.
(** We unfold the definitions =)
(* 2 lines omitted *)
(** We start the case analysis *)
apply CaseNat2.
destruct Heq.
— (** We first need to show that both terms
take the same branch.x)
easy .
— (** Now we prove the 0 ~ 0 case *)
auto with arith.
— (** Finally we show the S ~ S case. *)
auto_abs2.
apply Var2.
(#** The rest of the proof is basic reasoning in
FOL with Arithmetic. We just need to
instantiate the induction hypothesis IH *)
(* 10 lines omitted )
ring .

Qed.

Here, the auto_abs tactics provide automation for some common patterns of applica-
tion of the rule [ABS]. Notice also how the structure of the Coq proof follows the proof in
Section 8.1.

10 Extensions

The system presented in this paper allows us to prove relational properties about pure
programs. Our system has four ingredients:

1. A base language and its typing rules (PCF).

2. A logic over such programs, based on inference rules (HOL).

3. A system of refinements over the type system defined in the first step (UHOL),
where the refinements are expressed in the logic of the second step.

4. A similar system of refinements on pair of programs (RHOL), which uses the unary
system defined in the third step in the one-sided rules.

The way these components interact is key to having a system that allows for an informal
style of reasoning while retaining completeness with respect to the base logic. Abstracting
a bit, the four steps above can be seen as a general recipe for building a syntax-directed
system for proving relational properties of programs. The key idea is to keep types and
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refinements separate but, at the same time, make the refinements mirror the construction
of the types in such a way that type and logical inference can be done simultaneously (see,
e.g., how the logical implication in the refinement of function abstraction mirrors the arrow
in the type). Finding the right way to achieve this is crucial in building unary and relational
systems from the base language’s type system and the base logic.

The work presented in this paper only considers simply typed terms, but systems for
reasoning about pure programs are already very common in the literature. A question that
may arise is whether the approach used in this paper could also be used to build a relational
logic for a more expressive language and base logic, while retaining an informal reasoning
style and relative completeness. The answer to this question is affirmative: since the publi-
cation of the conference version of this paper (Aguirre et al., 2017), a few systems based on
the ideas of RHOL have been developed to reason about programs in richer languages with
effects. While the individual designs of these systems are guided by the effects considered
and by the relational properties of interest, they all use recipes similar to the one described
above. The common challenge in the design of these systems is identifying abstraction
mechanisms which permit reasoning about the effects and their relational properties in a
natural way. These abstraction mechanisms often also require changes to the underlying
logic. We comment on some of these systems briefly.

Monadic Relational Cost (Radicek ef al., 2018). This work starts from a PCF-like lan-
guage that has a monad to track the cost of a computation. The base logic is HOL extended
with principles to establish equality of monadic computations with costs. The combination
of functional refinements with the cost monad results in a very expressive system where
the proof of the cost of a computation may depend on functional properties. Following the
recipe described here, the work develops two syntax-directed systems: a unary system U®
to reason about the cost of a single computation, and a relational system R to reason about
the difference in the costs of two computations.

Guarded RHOL (Aguirre et al., 2018). This work extends the present paper in two ways:
(1) it adds the later modality to the language and the base logic, which allows reasoning
about infinite data structures inductively, and (2) it adds a monad of discrete probability
distributions. Combined, the two extensions allow the representation of, and reasoning
about, stochastic processes such as Markov chains. The relational system syntax-directed
system uses probabilistic couplings, a common tool from probability theory, to express
relations between pairs of Markov chains. One-sided rules help in proving properties of
unsynchronized runs of a pair of Markov chains.

Probabilistic RHOL (Sato et al., 2019). This work presents a relational logic to reason
about PCF,, a higher-order language with probabilistic sampling and Bayesian condition-
ing. It presents a new base logic, PL, to express and prove properties of probabilistic
programs in PCF,. On top of this logic, two syntax-directed systems are built using the
recipe described above—a unary one (UPL) and a relational one (RPL).

11 Conclusion

We have developed RHOL, a new formalism to reason about relational properties of
(pure) higher-order programs written in a simply typed A-calculus with inductive types
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and recursive definitions. The system is expressive, has solid foundations via an equiva-
lence with HOL, and yet retains the (nice) “feel” of relational refinement type systems.
An important direction for future work is to extend RHOL to other kinds of effects, in
particular mutable state.

For practical purposes, it will also be interesting to automate RHOL. We believe that
much of the technology developed for (relational) refinement types, and in particular the
automated generation of verification conditions (maybe with user hints to switch between
unary and binary modes of reasoning) and the connection to SMT-solvers can be lifted
without significant hurdle to RHOL.
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Appendix A: Semantics
A.1 Semantics of HOL
A.1.1 Types

The interpretation for the types corresponds directly to the usual representation of pairs,
lists, and functions in set theory.
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[B] = {ff, tt}
[N] £N
[list.] £ |iSt[[TH
[ x ©] = [n] x [z]
[0 = w] 2 [0] — [«]
A.1.2 Terms

The terms are given an interpretation with respect to a valuation p which is a partial func-
tion mapping variables to elements in the interpretation of their type. Given p, we use the
notation p[v/x] to denote the unique extension of p such that if y =x then p[v/x](y) = v

and, otherwise, p[v/x](y) = p(»).

(]x[)p £ p(x) (](ta u)Dp = ((]t[)p9 (]qu> q”i tDp £ ﬂi((]tl))o)

(A7) 2 v s [2]-(d) prgup, 101 (ep 2 (St =S (t),

(letrec f x=1), = F where F is the unique solution of the fixpoint equation

A.1.3 Formulas

We assume that for predicate P of arity 7; x - - - X 7,, we have an interpretation [P] €
[t1] x - - - x [z,] that satisfies the axioms for P. The interpretation of a formula is defined
as follows:

(P(t1, ..., ta))p ([[tlﬂp""’[[tnﬂp)eﬂp]]

s
[I>
4

(]¢1Dp A (]¢2DP
q¢1Dp = (]¢2DP
Vo.v e [t] S (6 pro/

s

>

s

> ll>
=1

=5
><<(._
Ty
-
T D
(> >

where we use the tilde (~) to distinguish between the (R)HOL connectives and the meta-
level connectives.

A.1.4 Soundness

We have the following result:

Theorem 27 (Soundness of set-theoretical semantics). If I' | W ¢, then for every
valuation p =T, N\, ey (V) , implies ().
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Proof. By induction on the length of the derivation of " | W - ¢. d

A.2 Semantics of UHOL
The intended meaning of a UHOL judgment I' | W 7:7 | ¢ is

forall p.s.t. p =T, (A ¥), implies (@),(¢,

We have the following result:

Theorem 28 (Set-theoretical soundness and consistency of UHOL). IfT |WH¢:0 | ¢,
then for every valuation p =T, N,y (V) implies (¢) o1, /v In particular, there is no
proofof ' |0+t:o | L in UHOL.

Proof. 1t is a direct consequence of the embedding from UHOL into HOL and the
soundness of HOL. O
A.3 Semantics of RHOL

The intended meaning of a RHOL judgment I' | W ¢, : 7y~ 1y | @ is
forall p.st. p =T, (]/\ lI‘Dp implies q‘pr[Glep/l’l][(]szp/rz]

We have the following result:

Theorem 29 (Set-theoretical soundness and consistency of RHOL). If T |W ¢ 0y ~

ty: 0y | @, then for every valuation p =T, A¢ewaﬂDp implies () o111, /r11000)p /121 11
particular, there is no proof of U |0t : 01 ~t,:0, | L for any I

Proof. 1t is a direct consequence of the embedding of RHOL into HOL and the soundness
of HOL. 0

Appendix B: Additional rules

For reasons of space, we have omitted some derivable and admissible rules in HOL,
UHOL, and RHOL. These are useful to prove some theorems and examples. We now
discuss the most interesting among them:

B.1 HOL
The following rules are derivable in HOL:

e A cut rule can be derived from [=;] and [=£]:

Mv,¢'-¢ I'|VE
TIVF¢

CUT

e A rule for case analysis can be derived from [LIST]:

THi:list, T|W,i=[F¢ T,h:t,t:list, |V, I=h:t-¢
NN,

DESTR-LIST
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e A rule [S-LIST] for strong induction can be derived from [LIST]:
C|VEo[[1/t] T,h:t,t:list, | W, Vu:list,.|u| < |t| = ¢lu/f]1F ¢lh::t/t]
T | WV list,.¢

e A rule [D-LIST] for (weak) double induction can be derived by applying [LIST]
twice:

LW ol[l/h]/k]
Lohy ot tclisty | W, o[ /0 RIE @lhn /011 12]
U, hy o, ty cliste, | W, ¢[[1/01[t2/ L] L1/ 1 1lh2 2 12/ 12]
C,hy:1,0: |iStT2,h2 1T, b |iStr2 |, o[t1 /L ][t/ @Ay i t1 /I ][k 12/ 2]
C|\VE-Yhi¢

e A rule [S-D-LIST] for strong double induction can be derived from [D-LIST]:

v Eolll/h]ll/k]

U, hy oy, by clisty [, Vmymy | < (6| = olmy /L/ R ol ot /0111 12]
[, hy 1o, 1y clisty, | W, Vma.lma| < |a] = o[[1/011[m2/ 1+ @[[1/ 1152 : t2/12]
L, hy:it,t: |iSt1—1,h2 1T, b |iSt,;2 |
W, Vmymy.(Im1l, Ima]) < (b1 211, Lhy = 02)) = @lmy /] [ma /1] =
olh n/h]lhn/hb]
rvrvhbh.¢

B.2 RHOL

The following version [NATCASE™] of the case rule with an extra premise on the case
guards is admissible:
rvkEn :|iStT1 Nl‘z:"Stfz ¢’ A(r1=0s1=0)
LW, ¢'[0/r][0/r2] - ur i1 ~uz 02|
|V v :N— o) ~v:N— oy | Va1x2.¢'[Sx1/11][Sx2/12] = ¢[r1 x1/71][12 X2/12]
I'|Whcaset; of 0> uy; S+ vy 01 ~case b of 0~ up; S—>vr:07 | @

The one-sided version is admissible as well:
DIV list, ~t:0oo| ¢

LW, ¢'[0/ri][2/r2]Fur:or~t:o2 | @
F|‘~11|—U1ZN—)O’l’\'tzlo’z|VX1.¢,[SX1/I'1]é¢[I'1 xl/rl]

F'|Whkcaset; of 0> u;S—>vi o1 ~b: 03| ¢

NATCASE*-L

Notice that we can always recover the initial version of the rule by instantiating ¢’ as
Hh=riANbh=r.

Appendix C: Proofs
C.1 Proof of Theorem 6

The easier direction is the reverse implication. To prove it, one just notices that we can
trivially apply [SUB] instantiating ¢ as a tautology that matches the structure of the types,
For instance, for a base type N we would use T, for an arrow type N — N we would use
Vx.L = T, and so on.

We now prove the direct implication by induction on the derivation of I' | W ¢, : o ~
ty : 0y | ¢. Suppose the last rule is
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Case. [VAR] (similarly, [NIL] and [PROJ])
The premise of the rule is already the judgment we want to prove.

Case [ABS]. The rule is

I, x Z‘L'],Xzile\p,(b"—l‘l o1 ~hiog| ¢

| WAL T = 01 ~ Aty i Ty — 0o | VX, X0.0" = @[y x1/11][r2 x2/13]

By applying the induction hypothesis on the premise:

Cox 11,00 | W, ¢ Folt/ri][t2/1:] (@)
By applying [=/] on (C1):
CoxiitL,x 0 | WE@ = ¢t /r]k/r2] (C2)

By applying [V;] twice on (C2):
T W EVYxx0.9" = ¢t /ri]lk/r] (C3)
Finally, by applying CONV on (C3):
[ |V Vxx0.0" = ¢[(hx1.t1) x1 /11 ][(Ax2.12) X2 /73]
Proof for [ABS-L] (and [ABS-RY]) is analogous.

Case [APP]. The rule is

TVt i1 — 01 ~h:T— 0| Vxi,x0.0 [x1/r1][x2/r2] = @[} x1/r1][r2 X2/12]
F|\Ill—u| IT["“U22‘52|¢/

L | WEtu oy~ by oy | oluy /x1][uz/x2]

By applying the induction hypothesis on the premises, we have

O | W Vxx0.0 [x1/r1[x2/r2] = ¢t x1/r1][t2 x2/12] (C4)
and
T |V ¢'[ur /r1][uz/12] (C5)
By applying twice [¥x] to (C4) with 1, uy:
T |V ¢'[ur /r1][uz/12] = Lty ur/ri1lt2 ua/12] (Co)

and by applying [=£] to (C6) and (C5):
LW o[t ur/ri]lt uz/rs]

Proof for [APP-L] (and APP-R) is analogous, and it uses the UHOL embedding for the
premise about the argument. Proofs for [CONS] and [PAIR] are very similar as well.

Case [SUB]. The rule is

C|WHtioy~t:oy|¢ T | W kpoL ¢'[t1/ri1][t2/r2] = @[t /ri]12 /7]
F'VYEt:o~t:00| @
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Applying the inductive hypothesis on the premises, we have

L W@t /r]t2/r]
and

LW E@'[n/r]ln/r]= ¢t /ri]ln/r]
The proof is simply applying [=£].

Case [LETREC]. The rule is

Def (f1,x1,e1) Def(f2,x2,€2)
C,xi:1,x: 0,111 —o,h:hL— 0|V, ¢,
Vmymy.(|myl, [ma]) < (Ixil, 1x2]) = ¢'[mi /x11[m2/x2] =
d[my /x1][ma/x2][f1 my/vi][f2 ma/r2] =

ej:o1~ey:on| ¢

[|Whkletrecfi x; =ej: [} > oy ~letrecfrx; =ey: L — 03|
Vx1x2.9" = @[ x1/r1][r2 x2/12]

As an example, we prove the list and nat case, but for other datatypes the proof is similar.
Applying the inductive hypothesis on the premise, we have

U, L, np, fi, o |, Ymymy (Imy |, [m2|) < (10, [n2]) = @[ fimy /r1][ famaz /r2] =
dler/ri]lez/r2]

By [V/], we derive

U | WY1, L n . (Ymyumo (Imy ], Imo]) < (|14, [n2]) =

ol /e ]lama/2]) = ble /i lea 1) (®)

We want to prove
U | W EVhn¢[Fy L /r1][F2 na/r2]
where we use the abbreviations
Fy = letrecf; x; = e
F, = letrec,x,=e

We will use strong double induction over natural numbers and lists. We need to prove
four premises. Since we can prove (®) from I', W, we can add it to the axioms:

(A) TV, ®=o[F [1/r1][F2 0/r]
(B) T, h, 11|V, &, Ymy.|m| < || = ¢[F1my /r1][F20/r2] @[ Fi(hy 1) /71 1[F20/1,]
(©) T,x2 |V, ©,Vmy.|my| < |x2| = ¢[F [1/11][F2 ma/r2] = @[F [1/71][F2 (Sx2)/1r2]
(D) T, hy,t,x2 |V, @, Vmymy.(Imy|, |m2]) < (b 22 11, |Sxa]) =

GLFr my/x(][F2 my/xa] = @LFY (hy i) /v1][F2 (Sx2)/x2].

To prove them, we will instantiate the quantifiers in ® with the appropriate variables.
To prove (A), we instantiate ® at Fj, F», [], 0:

(Ymymy.(Imy, Ima]) < (01, 10)) = ¢[Fr1my /v1][Fama/12]) =
pler/ri]le2/n][[1/ 1110/ n2][F1 //111F2 /2]
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and, since (|m|, [m2|) < (|[1], |0]) is trivially false, then

dler/rillex/r2][[1/0110/m]lF 1 /1112 /2]
and by B-expansion and [CONV]:
SLFY [1/71][F2 0/12].
To prove (B), we instantiate ® at F'y, F,, hy 22 t1,0
(Ymymy.(Imy|, Ima]) < (1hy 22 11, |0]) = @[Fimy /x1][Famy /x]) =
pler/rillex/r2][hy 61 /L][0/m2][F1 /1 11F2/f2]
by B-expansion:
(Ymymy.(Imy|, Ima]) < (1hy 22 11, |0]) = @[Fimy /v1][Famy /ro]) =
SLF hy ity /1 ][F2 0/x2]
Since (|my|, |m2|) < (|h; :: 111, 10]) is only satisfied if |m;| < |t;| A my =0, we can write it
as:
(Ymymy(Imy| < |t1] Amy = 0) = @[Fimy /v1][Fama /12]) = @LFy hy 2ty /x1][F2 0/12]

Meanwhile, one of the antecedents of (B) is Vmy.|my| < |t;| = ¢[F1 mi/r1][F> 0/r3], so
by [=£] we prove ¢[F| h; :: t;/r|][F> 0/r;], which is the consequent of (B).

The proof of (C) is symmetrical to the proof of (B).

To prove (D), we instantiate ® at F'j, F», iy :: t1, Sxp

(Ymymy.(Imy, |mal) < (Jhy 1], 1Sx2]) = @[Fimy /i ][Fama/r2]) =
dler/rillea/r21lhy 1/ ][Sx2 /ma][F1 /11112 /2]

by B-expansion:

(Ymymy.(Im1, |ma]) < (lhy 1], 1Sx2]) = ¢[Fimy /v ][Fama/r2]) =

OLFy by ity /0y ][Fs (Sxp)/12]

One of the antecedents of (D) is exactly Vmymy.(|mil, |ma|) < (|h 2 1], |Sx2]) =
P[F1 my/r1][F my/r3], so by [=g] we prove ¢p[F| hy ::t1/r1][F> (Sxz)/r2], which is the
consequent of (D).

Proof of [LETREC-L] (and [LETREC-R]) is analogous and uses simple strong
induction.

Case [CASE]. The rule:

vrEL Z"Strl "’lzZ"Sth Irr=[lern=]]
Civ,h=[,L=[Ftur:o1~ur:02|¢
FYEv it —listy = o1 ~v i1 —list, = 0y |
Vhihytitrb [ =hy ity => L =hy ity = ¢[ry hy t1/r1][r2 hy /73]

I'Whecaseljof [[—uy;_i_ > viiop~case b of [[>uy;, i > vy:00| ¢

We prove the rule for natural numbers. Applying the induction hypothesis to the
premises of the rule, we have
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(A) T Wk =0t=0
(B) T'|W, 11 =0,6,=0F ¢[us/r1][uz/r2]
(C) | WEVx,x.t0 =8Sx1 = th =Sx = ¢[v) x1/1r1][v2 X2/132].

We want to prove:
| W ¢[(case t; of 0+ u1; S+ vy)/ri][(case t, Of 0 uy; S+ v3)/13]
By applying [DESTR-NAT] twice, we get four premises:

1. T'|W,t,=0,t, =0+ ¢[(case #; of 0> u;; S+ vy)/r{][(case t, Of 0> uy; S+
v)/r2]

2. Iymy | W, 1y =0,t, =Smy - p[(case t; of 0+ uy; S+ vy)/ri][(/r]case t, of 0 +—
LQ;SI—) Uz)

3. T,my | W, t; =Smy, t, =0+ ¢[(case t; of 0+ uy;S+> vy)/ri][(case t, Of 0>
ur; S 12)/12]

4, T',my,my |V, t; = Smy,t, = Smy b ¢[(case t; of 0 uy; S+ vy)/ri][(case 1, of
0 = uy; S vy)/1r2].

We can prove (2) and (3) by deriving a contradiction with [NC] and (A). After
B-reducing in (1) and (4), we can easily derive them from (B) and (C), respectively.
Proof of [CASE-L] (and [CASE-RY)) is analogous.

C.2 Proof of Lemma 10

By the embedding into HOL, we have

o I'| W o[n/r]
o I'[WHE¢tr/r]

and by the [A/] rule,
LWt /rIn¢'[ta/r]
Finally, by undoing the embedding:
Nykt:or~t:0p|¢

C.3 Proof of Theorem 11

By induction on the derivation:

Case.x:t,I'Fx:t.
To prove: x: |t|, |T'|F [t](x), [Tl Fx:|t|| Lt](r). Directly by [VAR].

I,x:tkt:o
"TFAxt: IT(x: r).cr.
To prove: |[T'| | [['] FAx.t: [II(x: 7).0| | [[TI(x: 7).0(Y).
Expanding the definitions:
IT|| IT]FAx.t:|t]— |o| | Vx.[T](x) = |o](rx)

Case

https://doi.org/10.1017/50956796819000145 Published online by Cambridge University Press


https://doi.org/10.1017/S0956796819000145

58 A. Aguirre et al.

By induction hypothesis on the premise:
ICLx:rl [ T), [e]() o] ] Lo ](r)
Directly by [ABS].

'kt Tx:7).0 Nru:t
Chtu:ofu/x] '

To prove: |T'| | [T Ftu:|o[u/x]]| Llo[u/x]](r).

Expanding the definitions:

ICIT T =ter ol Lo](r)[u/x]

By induction hypothesis on the premise:

ICIIT) Eer]— fo| [ Vx.[7](x) = [o](rx)

and

I Fucsfz] ] L](r)

We get the result directly by [APP].

Case.

'kt list, Ntu:o 'kv:t—list, > o

Case.
Mcasetof [[—>u;_:i_r—v:io
To prove: |[T'| | [I'] Fcase tof [~ u; _::_+—>v:|o]|]| lo](r).
By induction hypothesis on the premises:
[T | LT 2 listy] | [list; |(r) (C7
ICI T Fulol| Lo](r) (C8)
and
IT|| T Fv:|t—list; > ol | Lt — list; = o ](r) (C9)

Expanding the definitions on (C9), we get:
IT|| [Tl Fov:|t]— |list;| = |o| | Vx.lt](x) = Vy.llist;. ] () = Lo J(rxy) (C10)

And from (C7), (C8), and (C10), we apply [LISTCASE*] and we get the result. Notice
that (C8) and (C10) are stronger than the premises of the rule, so we will first need to
apply [SUB] to weaken them.

Ol 4
se. ——.
=[] :list,
To prove: |T| | [T'] F[]:|list;] | Llist; ](r).
Expanding the definitions: |T'| | [T"| - [] : list;| | All(r, x, [ 7] (x)).
And by the definition of All for the empty case, trivially All([], x, [ 7](x)), so we apply the
[NIL] rule and we get the result.

'kh:t 'z list,
I'h:t:list, ’
To prove: |T| | [T] Az ¢t:|list ]| Llist, ](r).
Expanding the definitions: || | [T'| A2 : listy | All(r, Ax.[T](x)).
By induction hypothesis on the premises, we have

Case.
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TN T Az |T]] LT](r)

and

DI | LT F¢: listye) | Allr, Ax.[ ) (x))

We complete the proof by the [CONS] rule and the definition of All in the inductive case.

Ht<o ¢t
'Ht:o '
To prove: |[T'| | [T]¢:]o|]| Lo](r)
and, since |o| = |t|, it is the same as writing.
I E ezl ] L )(r)
By induction hypothesis on the premises:
ICLx ]zl [T, lel(x) F Lo ](x)
and
I E ezl ] Lz )(r)
The proof is completed by applying [=] to the first premise, and then [SUB].

Case.

C,x:t,f:Ny:{r:t|y<x}.oly/x]kt:o Def(f,x,t)
) 'kletrecf x=t¢:Tl(x:7).0 '
To prove: |[T'| | L[] Fletrec f x =t : |TI(x: 7).0| | LII(x: 7).0](T).
By induction hypothesis on the premise:
ICLx:thf ot = ol [T, lt](0), Yy lrJ0) Ay <x = Lo ly/x1() =22 lo| | Lo |(r)
Directly by [LETREC].

Case

C.4 Proof of Theorem 12

We will use without proof the following results:
Lemma 30. If T+t < o in refinement types, then |t| = |o|.
Proof. By induction on the derivation. O

Lemma 31. For every type t and expression e and variable x € FV(t,e), |[t](e)=
L7 ](x)[e/x].

Proof. By structural induction. O

Now we proceed with the proof of the theorem.
By induction on the derivation:

'kt

rr< T
To show: |T'|,x:|t|| Lt](x)F Lt](x). Directly by [AX].

Case.

''-n1<xn ' <13
Case. .
=<5

To show: [T, x:|71| | [T'], Lt1](x) F L73](%).
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By induction hypothesis on the premises,

ICLx:|nl | T] [t F Lr2](x)

and

ICLx:wal [ T, [r2]() F L13](x).

We complete the proof by [CUT]. Notice that |7| = |12| = |13].

'Co1<xn
" T list, <list,,
To show: |I'|, x : [list;, | | LT"], Llist;, |(x) = Llist,, ] (r).
Expanding the definitions: |I"[, x : listj; | | [T, TF T,
which is trivial.

Case

I'H{r:7|¢}
‘ThH{r:t|¢l<t1
To show: [I',x:[{r:7 | @} | l{r: 7 |9} (x)F [T](x).
Expanding the definitions: |T'|,x: [{r: 7 | ¢}| | [T](x) A @[x/r]F | T](x)
and now the proof is completed trivially by [Ag] and [AX].

Case

't <o ritkHo¢
FFt=<{r:ol¢}
To show: |T|,r: |t/ T, lt]J(r)F [{r:o | ¢} (x).
Expanding the definition: [T'|,r: ||| '], L[7](r)F Lo ](r) A ¢.
By induction hypothesis on the premises, we have
IClLesrl [T, [e](r) = [o](r)
and:
ICLr:fz| [ [T], [zl ¢
We complete the proof by applying the [A;] rule.

Case.

I'oy, <0y x:oobF11 X1

I'FT(x:01).t1 X M(x:072).12
To show: ||, f: |[TII(x:07).71| | LT, [II(x: 01).71 ] (f) F LT1(x : 02). 72 ] (f)-
Expanding the definitions:
ICLf G on).n| [ LT ], Vx. Lo ] (x) = Lo ] () = Vx. [02] (x) = |72 (fx)
By the rules [V,] and [=], it suffices to prove:

ICLf s on).tl, x o] [ LT, Vx.[o1J(x) = [T (%), lo2](x) - [2] () (C11)
On the other hand, by induction hypothesis on the premises:
ICl,x oz [ [T], Lo2](x) F Lo1](x) (C12)

Case

and

[Tl x oo,y al [LT], lo2] (), [n () F L22] () (C13)

which we can weaken, respectively, to:

[T xzfoal, /TG o). [ [ [T, Lo2] (x), Vx. o1 |(x) = e J() = Lo ](x)  (Cl4)
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and

ICLx:loal,y:lalf o).t [T], Llo2](x), [t1] (), Vx.lo1](x) = [T ] () = [22](v)
(C15)
From (C14), by doing a cut with its own premise Vx.| o} |(x) = [t1](fx), we derive

ICLx s oo,/ (TG o). | LT'], Lo2] (), Vx. Loy ] (¥) = [ (A F Lo () (C16)

From (C15), by [=] and [V;] we can derive

[Tl x ozl /  TI(x 2 o1). 7| | LT, Lo2] (%), ¥x.[o1 ] (x) = Lt ] (o) E Vy. e ] () = L2 ()
And by [V]

[Tl x 2 loal, f: TI(x 2 ov).1i| | LT'], Lo2(x), Vax. Lo [(x) = [71](fx) =
Lt (%) = L2 ](f%)
Finally, from (C16) and (C17) by [=£] we get

[Tl x ozl f TI(x s on). il [ LT, Lo2] (%), Vx.[o1](x) = L1 ](f¥) F [72](Fx)
and by one last application of [=;] we get what we wanted to prove.

(C17)

C.5 Proof of Theorem 14

We can recover the lemma from the unary case:

Lemma 32. For every type T, expressions t|, t and variables x,,x, € FV(t,t, 1),

Lz It t2) = [Tl Ger, x2)[21 /x1 ][22 /X2]

Most cases are very similar to the unary case, so we will only show the most interesting

ones:
r=r
se, ——
CHE]~[]:listr

To show: || | [T ||+ [1: listy] ~[1: listr| | |[listz]|(ry, r2).
There are two options. If T is a unary type, we have to prove:
DT ] 0 listr] ~ 002 llistr] | Ayeqr 2 All(r, Ax.L7] ()
And by the definition of All, we can directly prove:
@10 AN, Ax.Lt](x)) A AL, Ax.[T](x))
If T is a relational type, we have to prove:
[T | |IT ) [ llisty| ~[]: [listy] | All2(ry, ra, Axy . Axo. || T ] (x1, x2))
And by the definition of All2, we can directly prove:
@9+ AN2(T1, [T, AxyAxa. || T] (k1,5 x2))

'Ehy~hy:T 'kt ~t::listy

I'Ehycty~hyty o listy '
To show: || | ||T ]| & Ay ity : |listy| ~ hy 22 15 ¢ |listr]| | listy.
There are two options. If T is a unary type, we have to prove:
T[T F Ay oty s |listp] ~ by ooty - |listr| | /\ie{l,z} All(r;, Ax.| T (x))
By induction hypothesis, we have

Case.
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UL Ay s 1T~ By 62 | T] Aegr LTI

and

ICI T F s flistr] ~ g : listr] | ey 2y All(rs, Ax. [ T](x))

And by the definition of All, we can directly prove:

Nicaay LTI = Nicpr 2y ALl Ax. LT 1) = Njeqr 2y AllCh 2 13, Ax. | T] (%))
So by the [CONS] rule, we prove the result. If T is a relational type, we have to prove:
[T | |_|_Fﬂ Fhy ot |listy| ~ by ot listr] | All2(ry, l‘2,)\)€1.)\)€2.|_|_TH(X1,X2))
By induction hypothesis, we have

ICHUC] Ay T ~ By s AT LT, 1)

and

[T | |_|_Fﬂ 1 |listr] ~ 1 @ |listr| | All2(ry, rg,kxl.kxz.UTJJ(xl,xz))

And by the definition of All2, we can directly prove:

|_|_TJ_|(h1, )= AllZ(ll, b, Axl.)»xz.UTﬂ(xl,xz)) = All(hl vt hy

hz, )Lxl.)»xz.LLTJJ(xl,xz))

So by the [CONS] rule, we prove the result.

't ~t::listy
o =[let=[] Truyy~uy:U Truv~uvy:Mh:T).(¢::listy). U

Case
I'kcaset; of [[>up;_ii_t+>vy~caset, of [[>up; i > vy U
To show:
IT|||T||Fcase #; of [ uy;_::_r—>v:|Ul~case t, of [1>uy;_::_+>rp:|U||
LU](r1,r2)

By induction hypothesis, we have

ITH[TF6=[s6=I,

ITH [T = s UL~ up s [UL LU [y, 12)

and

T | [[Fﬂ Fuv:T—listtr > U~uvy:T—listr > U | Vhlhz.uTJJ(hl,hz)#
thfz.LUiStTﬂ(ll, Hh) = UUﬂ(rlhltl, htor)

By applying the [LISTCASE*] rule to the three premises, we get the result.

CoxaT, /=Ny {y=T|0,L,y) <,L,x)). Uy/xlEt ~ 6 U
FTEx:T).U  Def(fi,xi,t1)  Def(fo,x2, 1)

Case.
I['Fletrecfi x; =t ~letrecfhx, =t 2 I(x:: T). U
To show:
IT| | ||T ] Fletrec fi x; =# : |I(x:: T). U| ~ letrecfr x =t : |[T(x:: T). U| | || TI(x:: T).
Ull(ri, 1)

Expanding the definitions:

IT| | |T ] = letrec fi x; = : |T|— |U| ~letrec f x; =t : |T| — |U| | Vx1x2.| T || (x1, x2) =
LU](rix1, rax;)

By induction hypothesis on the premise:

ICLx,x: | T1 i fo 171 = UL UL, LT %20, ¥, 2 (LT D0 v2) A (1, 2) <
(1,x2) = U (fix1, foxa) =t U~ [UL] U ]|(r1,12)

And we apply the [LETREC] rule to get the result.
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C.6 Proof of Lemma 16

By induction on the derivation of T \( £.

(ce

e. —————.

Te(r) N\ ¢

Since £ Z a (given) and £ C ¢’ (premise), it must be the case that ¢’ Z a. Hence, by
definition, | Ty (7)],(x,y)=T.

Cas

TN\ ¢

e. ———.
Te(t) \. ¢
We consider two cases:

Cas

If ¢’ Z a, then | Ty (7)]4(x,y) =T by definition.

If ¢ T a, then | Ty (t)]4(x,y) = L7]4(x,y) by definition. By i.h. on the premise, we have
LTJa(x,y) =T. ComPOSinga LTl/(T)_]a(x9y) =T.

T\ 4 N\ 4

T X Ty \ 14
By i.h. on the premises, we have |7;|,(x,y)=T for i=1,2 and all x,y. Therefore,

L1 X T2Ja(6,3) £ [11]o(m1(0), T1(0)) A 2] o(m2(x), ()= T AT =T.

T \ b4
T —> T \y A

By i.h. on the premise, we have |1,],(x,y)=T for all x, y. Hence, [ 7] — 12]4(x,»)
VMo, w. |t ]a(v, w) = [T lu(x v,y W) = Yo, w. 11 ], (v, w)=>T)=T.

Case

Case.

L

C.7 Proof of Theorem 17

By induction on the given derivation of I' e : 7.

se. ————.
r-t:B
To show: || | [T JaFtt: B~tt:B | (r; =tt A1y =tt) v (1 = ff A 1o = ).
By rule TRUE, it suffices to show (tt=tt A tt=1t) v (it =ff A tt =ff) in HOL, which is
trivial.

Fke:B ket Ilker:t
Case. .

I'tcaseeof tt e ffi>er it
To show: |T'|| '], F (case le|; of tt— |e/]; i les|1) :|T] ~ (case |e|, Of tt— |ea;
ff>lerl2) s Izl | Lt la(rs, r2).
By i.h. on the first premise:
IT|] [ T]ableli :B~Je,:B|(ri=ttAr,=tt) v (ry =ff Ar, =ff)
By i.h. on the second premise:
I [T la b ledn szl ~leda Tl | LT Ja(ry, 12)
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By i.h. on the third premise:

[T o= lerly Izl ~lerlat Izl | LT la(ry, 12)
Applying rule BOOLCASE to the past three statements yields the required result.

Case. ——.
Mx:tkx:7

To show: [I'[,xy [Tl xz 7] | LT Ja, LT la(xr, x2) Fxy Tl ~x2 2 [T] | LT ]a(ry, T2).
This follows immediately from rule VAR.

x:tikFe:n
Case.

I'-Xixe: 11— 12'
To show: [T'| | [T" |4 = Axy.lelq @ |Ti] = |t2| ~ Axz.lelz  |T1] = |72l | VX1, x2. LT1 Ja(x1, X2) =
L72]a(r1 X1, 12 X2).
By i.h. on the premise: |I'[,x; :[t1],x2: 72| | [['as LT1JaCrr, x2) el 2 T2 ~ lel2 : |72l |
L72]a(r1, 12).
Applying rule ABS immediately yields the required result.

e:11—> 10 '-ée:q
Fee:1n '
To show: [I'| | [T']a = leli l€'] : [tal ~ el [€]2 2 [Tl | LT2)a(r1, T2).
By i.h. on the first premise:
ICIT T Ja el lnil = [l ~lela [ti] = |m2l | VX, x2. [T ]a(x1, X2) =
L2 ]a(r1 X1, 12 X2)
By i.h. on the second premise:
T[T la 1€ ml~ el nl ] Ltila(ri, r2)
Applying rule APP immediately yields the required result.

Case.

Fke:t F-é:t
Ck(eé):txt
To show: [TI[ Tt (el le'l) 1] x Jz'[~(lela, [€'l2) s Ix] x| ] Lz ]a(mi(ry),
m1(r2)) A LT a(ma(r1), m2(12)).
By i.h. on the first premise:
I o= leli st~ lelzt [Tl | [T]a(ry, 12)
By i.h. on the second premise:
ITI] T la e/l ~ e 1T ] LT a(rr, r2)
The required result follows from the rule PAIR. We only need to show the third premise
of the rule, that is, the following in HOL:

Vx100012- LT a1, x2) = 1T 1a1,12) = (LT la(mry (1, 01), 01 (62, 12))
A LT Ja(mma (X1, y1), 02 (X2, 12)))
Since m (x1, y1) = x1, etc., this implication simplifies to:
Vx1x0p1y2. LT Ja(x1, x2) = [T a1, 32) = (L ]a(x1, x2) A LT Ja(1,32))

which is an obvious tautology.
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FFe:txt

Fl—m(e):t'

To show: |T| | [TJ, Fmi(lel): [tl ~ mi(lel): [e] | Lt u(r1,T).

By i.h. on the premise:

ITH T Ja b lely Izl x 2/ ~lela s Tl x |1 ] L Ja(i(r1), mi(r) A LT Ja(ma(ry), m2(r2))
By rule SUB:

ITI1 T laleli Izl x [T/~ lela s [T] x T/ | LT la(mwi(r1), 71(1x2))

By rule PROJ;, we get the required result.

Case.

Fe:t
" THe(e): Te(r)
To show: || | [T'Ja = lely : [T~ lelz : [T] | [Te(7)]a(ry, r2).
By i.h. on the premise:

Case

T[T Ja b lefisfzl~lelz: [Tl | LT ]a(ry, 12) (C18)

If € C a, then | T¢(7)]4(r1,172) £ L7 ]4(r1, 1), so the required result is the same as (C18).
If € Z a, then [ Ty(7)]a(ry, 12) £ T and the required result follows from rule SUB applied
to (C18).

I'ke:Te(t) C,x:thke: 7 1AANY

I - bind(e, x.¢') : T’ ’
To show: [T'| | [T o (Ax.le') lelr : |T'] ~ (Ax.]€']2) lela = [T] | LT']a(r1, 12).
By i.h. on the first premise:

Case.

I o= lely st~ lelz 2] | [Te(T)a(r, r2) (C19)
By i.h. on the second premise:
ITLxy s elxo s o] o Lelaer, x2) E el 1T ~ et 7] | LT Ja(r, r2)  (C20)

We consider two cases:
Subcase. ¢ T a. Here, | Ty(7)].(r1, 12) £ L7 ]4(r1,12), so (1) can be rewritten to:

I ot leli sz~ lelz : [Tl | [T]a(ry, 12) (€21
Applying rule ABS to (C20) yields:
ITH LT o = axp el ol — I/l ~ Axade'la s |t] — [T/] [ ¥xixa. [T ]a(xr, x2)
= |t']u(r1 x1,12 X2) (C22)
Applying rule APP to (C22) and (C21) yields:
ITH LT Lo = (xrle'ln) lel s [T ~ (xa.le']2) lela : [2'] | LT Ja(ri, 12)

which is what we wanted to prove.
Subcase. ¢ IZ a. Here, | T¢(7)].(r1,172) £ L7 l4(r1, 12), so (C19) can be rewritten to:

T[T ok lefyzfzl~lelz:[z| | T (C23)
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Applying rule ABS to (C20) yields

T T o bE2Axp e st = T/l ~dxalle s ] — T] | Vaix. [T la(x1, X2)
= 7)1 x1, 12 X2)

By Lemma 16 applied to the subcase assumption ¢ IZ a and the premise 7'\ £, we have
L7’]a(r X1, 12 X2) = T. So, by rule SUB:

ICI [Tla Faxplelt] = [T~ axa.le'z o] = [T | Vxixe. [T ]a(x1, %) = T
Since (Vx1x3.[ T ]4(x1,x2) = T)=T = (Vx1,x,. T = T), we can use SUB again to get:
IT| | LT FAxile ]|t = 1T/~ Axa.le ]z 1T = 1T/ | VX, x0. T = T (C24)
Applying rule APP to (C24) and (C23) yields
ITH LT o= Gaxrle'n) leli s 1T/~ (xa.le]) lel : [T/ T

which is the same as our goal since [7/],(r;, 1) =T.

C.8 Proof of Theorem 18

By induction on the derivation of A; ®; Q! ¢: 4. We will show few cases.

Case.

A; Dy Qx: AR x4
We can conclude by the following derivation:

VAR
(120), x: (141D, A | @, [2], [A]u(x) Fx: (14])y | [4]0(r)

NAT
(121, x = (141)v, A | P, 2], [4]0(x) FO:NJ0<r=0

(120D, x : (A1) v, A | @a, 2], LA ) = (x,0) 2 (14])y x N | 4]0 (mir) A0 <1 <0

PAIR-L

where the additional proof conditions that are needed for the [PAIR-L] rule can be easily
proved in HOL.

Case.

A;CDa;Ql—gn:int.
Then we can conclude by the following derivation:

NAT NAT
(121), A @, [ Fn:N|T (120), A @, [2]F0:N[0<r=0

(I21), A @4 Q) (@,0):NxN[0<7m,r<0

PAIR-L

where the additional proof conditions that are needed for the [PAIR-L] rule can be easily
proved in HOL.

A; @y x: A, QL Ay

exec(k,!
A s Q0 aoxt Ay 2D g,

By induction hypothesis, we have (|2|),x: (|41])y, A | D, [2], [41].(x)F () : (|421)e |
|4]%!(r) and we can conclude by the following derivation:

Case.
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A1), x: (141D, A1 @, 12], L4 () = () :
(1421De | L42)5'(r)
(120, A1 D, [Q] = 2x.0e) : (1411)o — (141D |
Vx4 ], (x) = (42 )5 (rx) ), A|®,|Q]F0:N[0<r<0

ABS

PAIR-L

(1200, A1 @, 2] - (.01, 0) = (1 411Dy = (121 X NV A1 ], () = LA I (mrx) A0 < 7o <0

where the additional proof conditions that are needed for the [PAIR-L] rule can be easily

proved in HOL.
exec(k,!
s 2262 Hlondi S0 4y Ao QFR b4,
ase .
A; Dy QTR g

k1 +ky+k+capp
By induction hypothesis and unfolding some definitions, we have

(121D, A @a, L] F () = (411D = ((|42])y x N)) x N |
Vh. |41 ]o(h) = (L2 (1 (T (0)m) Ak < (i (r)h) < D Ak < () <

and (I1), A | g, L2] F (82 : (1411)y x N | 141 ] (m1(r)) A k2 < 72(r) < ho. So, we can
prove:

(120), A | @, [2] Fletx = () inlety = (&) inmi(x) m1(y) : (420D x N|
[A2]o(m(M) Ak <m(r) <INk <m(x) <L ANk <m(r <

This combined with the definition of the cost-passing translation (¢ £ Lletx=
(1) inlety = () inletz = (x) 1 (¥) in (1(2), T2 (x) + 72(¥) + 72(2) + C4pp) allows us to
prove as required the following:

(120), A | @g, (2] F (11 22) < (| 421Dy x N |
[A2Jo (i) Ak +ki + ko + copp <o) < T+ 1+ D+ capp

C.9 Proof of Theorem 19

To prove Theorem 19, we need three lemmas.

Lemma 33. Suppose A; ® 1 Wi.* Then, the following hold:

L Al®EYay. [tl@y) = 1T1@) A 1T])
2. AP EVay. [[T]ix») = [TI2P@) A 1TI22()

Also, (3) [T || = T A |T'2] where Ty and T are obtained by replacing each variable x
in T with x| and x,, respectively.

Proof. (1) and (2) follow by a simultaneous induction on the given judgment. (3) follows
immediately from (1). O

4 This judgment simply means that 7 is well-formed in the context A; ®. It is defined in the original RelCost
paper (Cicek et al., 2017).
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Lemma 34. [f A; &, T e © ey St in RelCost, then A, dD;Fl—go e T forie{l,2}
in RelCost.

Proof. By induction on the given derivation. U
Lemma 35. [f A; @ =1 C 1y, then A; @ = Vxy. |11 |lu(x,¥) = [ 72])o (%, »).

Proof. By induction on the given derivation of A; ® =1, C 15. O

Proof. [Proof of Theorem 19] The proof is by induction on the given derivation of
A; O; Tt 66 Sk:t. We show only a few representative cases here.

inS,A; P, THeod Sttt i€ FIV(D,; )

, R-ILAM
, . diff(?)
Case: A, D THAeO A <0V i St
To shqw: T, A| @, IT]F(_.(e)1,0): N— (|z])e) x N|(A_.(€)2, ON — (IT])e) X
NV S, 7 )0, ).

_ diff(f)  diff(r)
Expand | Vi LU 7||%r, 1) to ||Vi LU 7|l,(m1 11,7 1) Amer —mp r; <0, and

apply the rule [PAIR] to reduce to two proof obligations:
 diff(7)
AT A Dy, [T FA_(e)t : N—=>(lzl)e ~A_(€)2: N— (Itl)e | [Vi S T]o(r1,12)
(B) ITIl, A | @, [T H0:N~0:N|r —r <0
(B) follows immediately by rule [ZERO]. To prove (A), expand || Vi g 7 |y(r1, 12),
and apply rule [A|]. We get three proof obligations.
. ) o —
O ITIL, A | Dy, |IT] FA_(e)r : N=(lzl)e ~A_.(€)2 : N—>(I])e | Vi S.T],(ry)
. exec(0
D) ITNl, A | @, T - 2_(e)1 : N—=(I])e ~ A_.(e)2: N—(|tl)e | LVi

exec(0,00

) o —
_ 8. T ()
E)ITN, A1 @, [T FA_(e) :N= (It])e ~2_(€)2: N— (It)e | V2122. T :>Vi.|_|_‘L'J_|’e
(ry z1,12 22)

To prove (C), apply Lemma 34 to the given derivation (not just the premise), obtain-
ing a RelCost derivation for A; @a;Fl—go Ae: (Vi exec(:(:)’OO) S.T). Applying Theorem 18
to this yields (T), A | @, [T) - (_.(e), 0): (N ([Tl)e) x N | [Vi "™ 8. 719%(r) in
UHOL, which is the same as (T), A | @, [T] - (h_.(e), 0) : (N — (IT])e) x N | [vi "5
S.T],(m r)AO<m r<oo. Applying rule [PROJ;], we get (['),A|®,, ||+

_ . exec(0,00)
mG_{e), 0): N— ([zl)e | Vi ™2™
IT |+ A_(e) : N— (|T])e | LVi s, 7],(r). Renaming variables, we get (T));, A |

—_ _ cexee(0,00)
Oy, [T =2 (e) : N— (IT)e | LVi GOS8 T (). _

Now note that by definition, |T'|| 2 (I'); and by Lemma 33(3), |T'|| = |['1]. Hence,
we also get [T, A | ®a [T F A (e)i: N— (7o | 1Vi ™0 8. 7 1o(r). (C) follows
immediately by rule [UHOL-L].

(D) has a similar proof.

To prove (E), apply the rule [ABS], getting the obligation:

ICIL A, zi,z2 : N @g, [T (e : (ITl)e ~ (€2 : (IT1)e | Vil T]L(r1,12)
Since z1,z, do not appear anywhere else, we can strengthen the context to remove them,
thus reducing to: ||T|l, A | @4, [Tl F ()1 : (It)e ~ (€2 : (ITl)e | V.| T 501, 12).

S.7],(r). By subject conversion, (['),A|®,,

exec(0,00
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Next, we transpose to HOL using Theorem 6. We get the obligation:

T, AT @, [IT] = Vil o)1, (e')2)

This is equivalent to:

TN, A, i:S| o, [T F [T ]5((eD1, (€)2)

The last statement follows immediately from i.h. on the premise, followed by transposition
to HOL using Theorem 6.

A, b THeeest:T Vx e dom(T). A; &, =T (x)C O (x)
Case: A, @0, T QFece<0:07
To show: [[T|l, A | 4, [Tl (€)1 : (IzlDe ~ (e)2: (I1Tl)e | IO 7 ]|2(r1, r2).
Expanding the definition of ||(J 7 ||, this is equivalent to:
TN, A ®g, [T (e)r:lzl)e ~ (e)z: (ITl)e | LT lo(mr Y1, m2 T) A (T ¥ = 711 T2) A
(mar —mr; <0)
Using rule [A], we reduce this to two obligations:
(A) IT[, A | @y, [T = (e)r: (Il)e ~ (e)2 : QIzl)e | LT oy x1, 712 12)
B) T, A Pg, [Tl F(e)1: (ITl)e ~ (ed2: (IT1)e | (1 ¥1 =711 12) A (712 X1 — 72 12 < 0).

NOCHANGE.

By i.h. on the first premise,

T, A @ [T [ (ebr : (Izl)e ~ (ed2: (Izle | [z [u(mr v, w2 12) A (r2 11 — T2 12 < )
By rule [SUB],

ITH, A1 @g, [Tl (eDi: (ITlhe ~ (e)2: (ITl)e | L7 o1 11, 72 12)

which is the same as (A).

To prove (B), apply Lemma 35 to the second premise to get for every x € dom(I")
that A | @, F |[T(x)]],(x1,x2) = [[O T'(x) ]|, (x1, x2). Since || T(x) ] (x1,x2) = x; = x; and
from || " || we know that || ['(x)|],(x1, x), it follows that |T'||, A | @, |[T' || - x; = x;. Since
this holds for every x € dom(T"), it follows immediately that |T'||, A | @, [T ]+ (e); =
(e)2. By Theorem 6, |T||, A | @g, [T F (€)1 : ll)e ~ (e)2: (ITl)e | r1 =r2. (B) follows
immediately by rule [SUB]. u

Appendix D: Examples
D.1 Factorial

This example shows that the two following implementations of factorial, with and without
accumulator, are equivalent:

fact, £ letrec f1 ny = case ny Of 0~ 1;.S — Ax1.Sx; * (f] x1)

faCtz £

letrec f; ny = Aacc.case ny Of 0 — acc; S+ Axy.f X2 (Sxp * acc)
Our goal is to prove that:
@A+ fact; : N— N~ facty : N— N — N | Vniny.ny =ny = Vace.(r) ny) x1rp ny acc

Since both programs do the same number of iterations, we can do synchronous reason-
ing for the recursion at the head of the programs. However, the bodies of the functions
have different types since fact, receives an extra argument, the accumulator. Therefore,
we will need a one-sided application of [ABS-R], before we can go back to reasoning
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synchronously. We will then apply the [CASE] rule, knowing that both terms reduce to
the same branch, since n; = n,. On the zero branch, we will need to prove the trivial equal-
ity 1 % acc = acc. On the successor branch, we will need to prove that Sx * (fact x) x acc =
facty x; (Sx; * acc), knowing by induction hypothesis that such a property holds for every
m less than x.

Now we will expand on the details. We start the proof applying the [LETREC] rule,
which has two premises:

1. Both functions are well-defined

2. ny =, Vy132.(¥1,¥2) < (n1, n2) = y1 =y2 = Vacc.(fi y1) * acc = f y, acc - case
ny of 0 1; 8 Axy.Sxy * (f] x1) ~ Aacc.case ny of 0+ ace; S+ Axy.f x5 (Sxp *
acc) | ny =ny = VYace.r) x acc =r; acc.

We assume that the first premise is provable.
To prove the second premise, we start by applying ABS-R, which leaves the following
proof obligation:

ny =ny, Yyia.(v1,2) < (n1,m) = y1 =y, = Vace.(fi y1)*acc=f, y, acc,n =n+
case ny Of 0~ 1; 8+ Ax;.Sx; % (f] x1) ~ case ny Of 0+ acc; S+ Axy.fo x2(Sxy * acc) |
Iy *xacc=1T€)

Now we can apply [CASE], and we have three premises, where W denotes the axioms
of the previous judgment:

o VFni~m|lri=0&r,=0

o V. ni=0,np=0F1~acc|r;*xacc=r,

o WHAx.Sx;ix(fi x))~Axafa x2  (Sxykacc)|Vxix.n =8x) = np =8 =
(r; x1) % acc=r; x;.

Premise 1 is a direct consequence of n; = n,. Premise 2 is a trivial arithmetic identity. To
prove premise 3, we first apply the ABS rule:

W, ny =8xy,np =8xp b Sxp % (f1 x1) ~ f2 x2 (Sxz xacc) |y xacc=r,
and then by Theorem 6, we can finish the proof in HOL by deriving.
W, np = 8Sxi,np = Sxp = Sx1 % (f1 x1) * acc =f, xp (Sxz * acc)

From the premises, we can first prove that (x;,x;) < (n,n2) so by the inductive
hypothesis from the [LETREC] rule, and the [=£] rule, we get

VYacc.(f1 x1) * acc =f; xp acc
which we then instantiate with Sx; * acc to get
(f1 x1) * Sx| * acc =f x5 (Sx| * acc)

On the other hand, from the hypotheses we also have x; = x;, so by [CONV] we finally
prove

(f1 x1) % Sx1 * acc =f> x (Sx; * acc)
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D.2 List reversal

A related example for lists is the equivalence of reversal with and without accumulator.
The structure of the proof is the same as in the factorial example, but we will briefly show
it to illustrate how the LISTCASE rule is used. The functions are written:

letrec f1 [y =case [) of [ []; _:: _+— M At .(f1 ) ++[x1]

letrec f; [, = Aacc.case I of [|+— acc; _ i _+> My Aty.fo tr (hy i acc)

Ievy

> 1>

vy
We want to prove they are related by the following judgment:
@ | O+ revy:list,—list, ~ rev, :list,—list, | VIi,L.li=L=Yacc. (r1 I,) + +acc =1, I, acc
By the [LETREC] rule, we have to prove two premises:

1. Both functions are well-defined.

2. I = h,Ymimy.(|mi|, Imal) < (|4l 1k]) = m1 = my = Vacc.(fy my)+ +acc =
o my acckcasel; of [1+ [];_:: _+> A At1.(fi 1) ++[x1] ~ Aacc.case I, of
[1+ acc; _:: _+> AhyMta.fo t (hy i acc) | Vace. v + +acc =1, acce.

For the second premise, similarly as in factorial, we apply ABS-R. We have the following
premise, where W denotes the axioms in the previous judgment:

W case ] of [1+> [1; _::_ > M At.(fi 1) ++[x ]~
case tp of [+ acc; _:: _+> My Atr fo th (B i acc) |
ry + +acc=nr,

and then LISTCASE, which has three premises:

e UEh~Lin=[&rn=]]

o UV /i =[,L=[I+[]~acc|r++acc=r;

o WAL A .(fi ) ++[x1]~ Ao Ao fo b (By ::acc) |
Vhtihaty =hy =L =hy::th = r| ++acc=r,.

We complete the proof in a similar way as in the factorial example.

D.3 Proof of Theorem 23

We will use without proof two unary lemmas:

Lemma 36. e | e fake:listy - N — listy | Vin.|r [ n| = min(n, |1|)

Lemma 37. o | et map:listy > (N— N) — listy | VIf.|r 1f| = ]|
Now we proceed with the proof of the theorem

We want to prove

hh=h,n =ny, g1 =g -map (take I, ny) g\ ~ take (map I, g2) ny |
ri o Alr=min(ay, L) A |rz| = min(ny, |])

where r| C r; is the prefix ordering and is defined as an inductive predicate:

VI[IE! Vhilhb.LWEL=>h: L[ Th:l
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By the helping lemmas and Lemma 10, it suffices to prove just the first conjunct:
Lh=h,n =ny, g =g+ map (take I, ny) g ~ take (map I, g>)ny | r1 Cry
The derivation begins by applying the APP-R rule. We get the following judgment on n;:
ly=h,n =ny, g1 =g -ny | x> |take I} ny| (D)
and a main premise:

L =h,n =ny, g =g+ map (take I, ny) g, ~ take (map I, g,) |

D2
Vxy.x2 > |take Iy ni| = ry C (1 x3) (D2)

Notice that we have chosen the premise x, > |take [} n|| because we are trying to prove
r; C (ry x;), which is only true if we take a larger prefix on the right than on the left.
The judgment (D1) is easily proven from the fact that |take || n| = min(ny, |l;|) <n; =
ny, which we get from the lemmas. To prove (D2), we first apply APP-L with a trivial
condition g; = g, on g;. Then we apply APP and we have two premises:

(A) Witakely ny~mapl) g |1 Eg, 1
(B) W map ~ take |
Vmimy.my Eg, my = (Vg1.81 = g2 = Vx2.X0 > |my| = (r1 my g1) E (12 my X))

where T, is defined as an inductive predicate parametrized by g:
VL[] Cg ! Vil b Egh =>h: [ Eg(gh):h

We first show how to prove (A). We start by applying APP with a trivial condition for
the arguments to get:

U = take Iy ~ map b, | Vx122.(r1 x1) B, (12 &2)

We then apply APP, which has two premises, one of them equating /; and /,. The other
one is

W = take ~ map | Ymimy.my = my = Vx185.(r1 my x1) Eg, (12 m2 £2)

To complete this branch of the proof, we apply LETREC. We need to prove the
following premise:

v, om = mz,Vklkz.(kl, k) <m,m)=k =k = Vxlgz.(f] ki x1) Egz (f2 k> o)k
Anj.e; ~ Agr.ex | Vx12.(r1 x1) Ce, (r, 2)

where e;, e; abbreviate the bodies of the functions:

e; £ case m; of []—[]
;_i_ > Ahyti.case x; Oof 0~ []
;S )\yl-hl Zlfl hy

e, £ case my of [] > []
s> Mnbh(2 ) (fH b )
If we apply ABS, we get a premise:
W, my =my, Yk .(ki, ko) < (my,mp) = ki =k, =
Vxi1&.(fi ki x1)Eg (L kag)ler~ex|r Erra
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And now we can apply a synchronous CASE rule, since we have a premise m; = m,.
This yields three proof obligations, where W’ is the set of axioms in the previous judgment:

(A.D) V'Em~m|r=[l&rn=[]
(A2) WE[]~[]Ir Err
(A.3) W' \hyt).case x; of 0 +— [, S+— )\yl-hl Zlfl thyr~
At (g ) (fa b @) | Yitihatomy=hy ity =>my=hy 1, = (r] by 1)) Cg,
(ry hy 1)
Premises (A.1) and (A.2) are trivial. To prove (A.3), we first apply ABS twice:
\Il’,ml =h t,m=h: tbht
case n Of 0= [; S Ayihi fi b yi ~ (g2 o) 1 (Lt €2) | 11 B, T2
Next, we apply CASE-L, which has the following two premises:

(A30) Vmi=h ti,my=hy:th,m=0[]~(gh):(L0g)rC,n
(A3ii) W my=h t,m=h:hbEirhcfi b yi~@ (L o )
Vyi.n =S8y = (r y1) Eg, 12

Premise (A.3.i) can be directly derived in HOL from the definition of C,,. To prove
(A.3.ii), we need to make use of our inductive hypothesis:
Vkiko.(ki, k) < (mi, my) = ki = ko = Vxi12.(fi ki x1) Eg, (2 ko 22)

In particular, from the premises m; =h; ::¢; and my = h, :: t, we can deduce (¢1,1) <
(my, my). Additionally, from the premise m; = m, we prove t; = f,. Therefore, from the
inductive hypothesis we derive Vx;2,.(f1 #1 X1) Cg, (/2 ©2 g2), and by definition of C,,,
and the fact that 4 = hy, for every y we can prove Ay :: (fi t1 ¥) Cg, (g2 M) f> ©. By
Theorem 6, we can prove (A.3.ii).

We will now show how to prove (B) :

WV = map ~ take | Ymimy.my Cg, my =
(Vg1.g21 =g = Yxo.x0 > |my| = (ry my 1) E (r2 my x2))

On this branch, we will also use LETREC. We have to prove a premise:
U, - Agiex ~Axa.er | Vg1.g1 = g2 = V¥x2.x0 > [my| = (11 g1) E (12 X2)
where

my Eg, mo,

o
(>

Vkiky.(ki, ky) < (my,mp) = ki Eg, ko =
Vg1.g1 =22 = Vx> k| = (r1 ki g1) E (r2 k2 x2))

We start by applying ABS. Our goal is to prove:
le) q>9x2 2 |ml |7g1 =2 l_

case my of [~ []
case m; of [] > [] ~_iu_r>Apth.casex, of 0[] [rCr;
s> Ati(gr hy) s (fi B g1) St A o b v

Notice that we have a-renamed the variables to have the appropriate subscript. Now we
want to apply a CASE rule, but the lists over which we are matching are not necessarily
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of the same length. Therefore, we use the asynchronous LISTCASE-A rule. We have to
prove four premises:

B.D) ¥, d,x > |mi|, g1 =g, mi =[],ma=[]F[1~[]|r1Ery
(BZ) v, o, x> |m1|,g1 =2, m = [1=1]~
Aoty .case xp Of 0 — (S A hy o toya |[Yiatamy=hy it =11 E(12 Iy 1)
(B3) WV, ®,x > |my], g1 =g, mx=[IFAti(g1 h) = (fi 1 &)~ (11 Vhitymy = hy
h= (@ hhH)Ern
(B4) ¥, P, x, > |mil,g1 =g F)»hlll.(gl hy): (f1 h gl)’\'
AMhpty.case x Of 0= []; S+ Ayphy i fp 1 2 |
Vhitiltamy=hy ty=>m=h 1 =>0@hh 1) E(r; 1r 1)

Premises (B.1) and (B.2) are trivially derived from the definition of the C predicate. To
prove premise (B.3), we see that we have premises m; Eg, my, my =[], and my =hy :: 15,
from which we can derive a contradiction.

It remains to prove (B.4). To do so, we apply ABS twice and then NATCASE-R, which
has two premises:

(B41) U, O, x, > |ml,g1 = g,m = hicti,my = hyit,x, = 0F (g h])ZZ
(fitig)~[InEr

(B411) U, Q. x > |m|, g1 = g&,m = hyt,my = hyfy |—(g1 h])il(f] g1~
)\.yz.hz i fz vy |
Vi X2 =8y, = 11 E(r2)2)

To prove (B.4.i), we derive a contradiction between the premises. From x, =0 and
the premise x, > |m;| we derive m; =[] and, together with m; = h; ::#; we arrive at a
contradiction by applying NC.

To prove (B.4.ii), we need to use the induction hypothesis. From m; = hy :: t;, m, =
hy ::t), we can prove that |#|| < |m| and |5;| < |my]|, so we can do a CUT with the i.h. and
derive:

HhCg o= (Vg1.821 =g = V000 > |t = (fi 1 g1) E (f 1 x2))

By assumption, m; E,, my, so t; Eg, 1. Moreover, also by assumption g; = g, and Sy, =
Xy > |my| = S|t], so y, > |t;]. So if we instantiate the i.h. with g; and y,, and apply CUT
again, we can prove

(i g E(f2t2y2)
On the other hand, since 4 :: ) T, hy i1 15, then (by elimination of =,,) we can derive
g1h) = hy and by definition of T, (g7 41):: (f1 &1 g1) E Ay 2 (f2 £ ¥2). So we can apply
Theorem 6 and prove (B.4.ii). This ends the proof.
D.4 Proof of Theorem 24

We start by proving the key property of restmin, that is,

Lemma 38. Let restmin, and restmin, denote two a-renamings of restmin where every
bound variable gets a subindex 1 or 2, respectively. Then,

F restmin; ~restmin, | Vlllz.d(ll, 12) <§=>Vhihy.|hy — hp| <6 =>D(l'1 Lh,r b hz) <4
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Proof. The proof is a simple synchronous derivation. We start by applying [LETREC],
which gives us the inductive hypothesis:

Vmimy.(Imi|, |mz|) < (1], |1L]) = d(l, L) <= VYhiho|hy — | <6 =
D(ry Iy by, hy) <6

and we apply [ABS] immediately after. Then, we do a synchronous case analysis with the
[CASE] rule. In the empty list case, we simply instantiate the premise that |a; — ay| < 8.
Since d([], []) = 0 < §, we can conclude that D(([], a1), ([1, a2)) <.

In the 4 :: f case, we start by applying the [LET] rule three times. On the first two, we
need to use the lemma about max and min to prove that [M; — M;| < § and |m; — my| <§
and introduce them in the logical context.

On the third one, to introduce the hypothesis on (rest, min), we instantiate the inductive
hypothesis for restmin. Here, we need to prove three facts: (1) (t1, ) < (1, b), (2) |m; —
my| <6 and d(t1, ;) <. Numbers (1) and (3) follow from the fact that /; =4 :: ¢, and
I, = hy :: t,. Number (2) follows from the let binding of m; and m;. This introduces in the
logical context the premises d(rest;, rest;) < & and |min; — miny| <34.

Finally, we need to show that d(M :: rest;, M| :: resty) <§. and that |min; — min,| <
8. The latter follows directly from the logical context, and the former follows from the
inductive definition of the distance. (I

Now we need to prove for ssort’ that:
= SSOI’t/1 NSSOTt’z | Vlllz.d(ll,lz) <S=Vunim.lh|=m A|h|l=n, <8
=dr hn,rhn)<s

The derivation is entirely synchronous and routinary. The only interesting point is
instantiating the lemma above for restmin. This concludes the proof of the theorem.

D.5 Proof of Theorem 26

We need two straightforward lemmas in UHOL. The lemmas state that sorting preserves
the length and minimum element of a list.

Lemma 39. Let T = listy — listy. Then, (1) o | einsert: N — ¢ |Vx /L |m(rx )| =1+
||, and (2) o | @ =isort: 7 | Vx. |71 (r x)| = |x|.

Lemma 40. Let T £ listy — listy. Then, (1) o | @ -insert: N — 1 | Vx L. Imin(z;(r x [)) =
min(x, Imin(/)), and (2) e | e -isort: t | Vx. Imin(m;(r x)) = Imin(x).

Proof. [Proof of Theorem 26] We prove the theorem using LETREC. We actually show
the following stronger theorem, which yields a stronger induction hypothesis in the proof.

o |elisort: t ~isort: T | Vxi x;. (sorted(x;) A |x1]| = |x2|) =
(7'[2(1‘1 x1) < m(ry X)) A (rp x) = isort X]) N (1‘2 x, =isort Xz)

Let ¢ denote the inductive hypothesis:

LEVmy my. (Imy, [ma]) < (Ix1], [x2])=> (sorted(mi) A [my| = |ms|)
= my(isorty my) < my(isorty my)A
(isort; my =isort my) A (isort, my =isort my)
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and e denote the body of the function isort:

e £ case [/ of []— ([],0);
o > Aht. lets=isortt
let s’ =insert 4 (7 s) in
(1 8, (2 8) + (2 8"))

By LETREQC, it suffices to prove the following (we omit simple types for easier reading;
they play no essential role in the proof).

isorty, isorty, x1, x; | sorted(xy), |x;| = |xz|, ¢+
T =721
elisort, Jisort][x /[] ~ e[isorty Jisort][xy/I]| | A x| =isortx;
ATy =isort x,
Following the structure of e, we next apply the rule LISTCASE. This yields the follow-

ing two main proof obligations, corresponding to the two case branches (the third proof
obligation, x| =[] < x; =[] follows immediately from the assumption |x;| = |x;]).

isorty, isorty, x1, xy | sorted(xy), |xi| = |x2|, t, x1 =x2 =[]+ ([1, 0) ~ (], 0) |

. . D
(7'[2 ry<m 1‘2)/\(1‘1 =|Sortx1)/\(r2=|30rtx2) ( 3)

isorty, isorty, X1, X2, hy, 11, ha, tp | sorted(xy), |x1| = x|, t,x1 =l s, xo =hy b

let s = isort; t; let s =isort; t, T r <mr,
let s’ =insert 4 (7 s) in ~ let s’ =insert A, (7ry s) in | A r; =isort x;
(1 8, (2 5) + (12 57)) (1 8, (2 8) + (w2 8")) ' Ary=lisortx;

(D4)

Equation (D3) is immediate: By Theorem 6, it suffices to show that (m,([],0) <
2([1,0)) A (([1,0) = isort x1) A (([], 0) = isort x,). Since x; = x; = [] by assumption here,
this is equivalent to (2([], 0) < m2([1, 0)) A (([1, 0) =isort []) A (([], 0) = isort []), which
is trivial by direct computation.

To prove (D4), we expand the outermost occurrences of let in both to function applica-
tions using the definition let x = e; in e, = (Ax.e;) e;. Applying the rules APP and ABS, it
suffices to prove the following for any ¢ of our choice.

isorty, isorty, X1,X2, hy, 11, ho, to | Sorted(x]), |x1| = |x2], t, x1 = hy v t,xx=hy::th =
isort; ty ~ isort) t;| ¢ (DS)
isorty, isorty, x1,x2, hy, t1, ho, ty, 51,52 |
sorted(x), |xi| = |x2|, t,x1 = hy 11, X0 = o it bplsy/ri][s2/12] H
TH N <mmIr (D6)
AT =isortx;
ATy =isort x,

let s’ =insert iy (7r1 1) in N let s’ = insert &, (71 55) in
(1 8, (72 51) + (712 87)) (1 8, (7m2 82) + (12 57))

We choose ¢ as follows:

o) £ T ¥ <) NpAr = iSOft(ll)/\l‘z = iSOft(tz)/\|7T1 r| =|m l'2|/\|min(l‘1) = |min(7'[1 l'])
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Proof of (D5): By Theorem 6, it suffices to prove the following five statements in HOL
under the context of (D5). These statements correspond to the five conjuncts of ¢.

my(isort) ty) < my(isort, ty) (D7)
isort; t) =isort t (D8)
isort; t, =isort t, (D9)

|71 (isorty ty)| = | (isorty t)] (D10)
Imin(¢,) = Imin(r, (isort; 1)) (D11)

Equations (D7)—(D9) follow from the induction hypothesis ¢ instantiated with m; :=
t, my :=t,. Note that because x; = h; :: #; and x, = h; :: t,, we can prove (in HOL) that
(1111, 122]) < (Ix11, |x2]). Since, |x1| = |x2], x1 = A1 :: ¢; and x, = hy i fh, we can also prove
that |t;| = |#;|. Finally, from the axiomatic definition of sorted and the assumption
sorted(x;) it follows that sorted(#,). These together allow us to instantiate the i.h. ¢ and
immediately derive (D7)—(D9).

To prove (D10), we use (D8) and (D9), which reduces (D10) to |m(isort )| =
|1 (isort £,)|. To prove this, we apply Theorem 3 to Lemma 39, yielding Vx. |7 (isort x)| =
|x|. Hence, we can further reduce our goal to proving |¢| = |t;|, which we already did
above.

To prove (D11), we use (D8), which reduces (D11) to Imin(¢;) = Imin(s, (isort ¢1)). This
follows immediately from Theorem 3 applied to Lemma 40.

This proves (D5).

Proof of (D6): We expand the definition of let and apply the rules APP and ABS to reduce
(D6) to proving the following for any ¢’.

isorty, isorty, x1,x2, hi, t1, ha, 1, 51,82 |
sorted(xy), |xi| = x|, t,x1 = Ay it xo = hy iy, Pls1/ri]s2/r2] (D12)
insert iy (r; s1) ~insert hy (71 53) | ¢’

isorty, isorty, X1, X2, hi, t1, ha, t, S1, 82, 81, 55 |
sorted(xy), lx1| = Ix2l, &, x1 =k b, %0 = ho s a@[s1/r1]ls2/12], ¢'[8) /1185 /r2]
T =TI
(71 81, (12 81) + (2 81)) ~ (771 8%, (702 52) + (702 55))| A 1y =iSOrt x;
ATy =isort x,
(D13)
We pick the following ¢':

(]5/ £ T ry <7 Iy Ay =insert iy (7'[1 Sl) ATy =insert iy (711 S2)

Proof of (D12): We start by applying Theorem 6. This yields three subgoals in HOL,
corresponding to the three conjuncts in ¢’

mo(insert y (1 1)) < my(insert hy (7 57)) (D14)
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insert 4y (;r; s1) =insert Ay (7 s1) (D15)

insert i, (71 s7) =insert hy (7 s3) (D16)

Equations (D15) and (D16) are trivial, so we only have to prove (D14). Since s =
isort #; and s, =isort #, are conjuncts in the assumption ¢[s;/ri][s2/r2], (D14) is
equivalent to:

my(insert iy (mry(isort t1))) < ma(insert A, (7 (isort 1)) (D17)

To prove this, we split cases on the shapes of 7, (isort #,) and 7, (isort ;). From the con-
juncts in ¢[s1/r1][s2/r2], it follows immediately that |7 (isort #;)| = | (isort #,)|. Hence,
only two cases apply:

Case: my(isort #;) = m(isort ;) = []. In this case, by direct computation, m,(insert
hy (m(isort t1))) = my(insert hy []) = m([#1],0) = 0. Similarly, and m,(insert 4,
(mri(isort 1,))) = 0. So, the result follows trivially.

Case: mi(isort #))=rh) ::t] and mi(isort f)="h,:t,. We first argue that h; <h).
Note that from the second and fifth conjuncts in ¢[s;/r;][s2/r2], it follows that
Imin(#;) = Imin(z;(isort #1)). Since m(isort #)=4h| 7|, we further get Imin(s)=
Imin(y(isort #)) =Imin(%] :: £;) = min(A}, Imin(#})) < 4. Finally, from the axiomatic
definition of sorted(x;) and x; = A, :: t;, we derive &) <Imin(¢;). Combining, we get
hi <Imin(t) < h).

Next, m(insert iy (mi(isort 1)) =m(insert h; (A ::¢))). Expanding the defini-
tion of insert and using A </|, we immediately get m(insert h; (m(isort #))) =
my(insert hy (K} 1)) =ma(hy 2 k) i1, 1)=1. On the other hand, it is fairly easy to
prove (by case analyzing the result of h, <#hj)) that m(insert h, (m(isort t,))) =
m(insert hy (W), ::¢,))> 1. Hence, my(insert h; (m(isort ¢))) =1 < my(insert hy(m,
(isort 1))).

This proves (D17) and, hence, (D14) and (D12).

Proof of (D13): By Theorem 6, it suffices to show the following in HOL, under the
assumptions of (D13):

(71 87, (12 81) + (712 8Y)) < M7y 85, (702 52) + (712 55)) (D18)
(71 8, (02 81) + (12 5})) = isort x; (D19)
(1 8h, (2 $2) + (712 55)) = isort x, (D20)

By computation, (D18) is equivalent to (5 s1) 4 (72 §7) < (72 52) + (72 s5). Using
the definition of ¢, it is easy to see that 7, s; <m;, s, is a conjunct in the assumption
@[s1/r11[s2/r2]. Similarly, using the definition of ¢', 7, s} <, s} is a conjunct in the
assumption ¢'[s] /r;][s5/r2]. Equation (D18) follows immediately from these.

To prove (D19), note that since x; = 4 :: ¢;, expanding the definition of isort, we get

isort x; = (i (insert hy (i (isort 1)), ma(isort 1) + ma(insert hy (i (isort 17))))

Matching with the left side of (D19), it suffices to show that s} = insert &; ((isort #,))
and sy =isort #. These are immediate: s; =isort #; is a conjunct in the assumption
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¢[s1/r1][s2/r2], while 5] =insert A (mi(isort #,)) follows trivially from this and the
conjunct 5| =insert iy (;ry s1) in ¢'[s] /r1][s5/r2]. This proves (D19).

The proof of (D20) is similar to that of (D19).
This proves (D13) and, hence, (D6). O

Appendix E: Full RHOL rules
The full set of RHOL rules is in the following figures:

Tz 71,20 179 | \117(;5/ Fti:01~ta:09 | ¢ x1 & FV(tQ),.'EQ &z FV(tl)
r ‘ Uk Axy.t;: 7] — 01 ~ Axo.ty:To — 09 ‘le,mg.qs/ :>¢[I‘1 331/1‘1“1‘2 .TQ/I‘Q}

ABS

LUkt 7 — 01 ~to o — 02| Va1, m0.¢ [x1/r1][22/12] = ¢[r1 z1/11][r2 22/r2)]
T|Uhu i ~uz:m| ¢

N ‘ Uktiuy : 01 ~tous : o9 ‘ d)[?,q/xﬂ[ug/mg]

APP

T'| ¥ poL ¢[0/r1][0/ro]
F'¥FO:N~0:N|¢

ZERO

T'|¥kt;:Nn~ty:N| ¢
T | U bpoL Voo [z1/r1][2/ra] = ¢[Sw1/r1][Swa/r2]
D|UF St :N~Sty:N|¢

SucCcC

T |¥F ¢[z1/r1][ze/re] Thzi:01 Thxzi:oy
D|Utai:o1~xz2:02]|¢

VAR

T| Ukt :mi~ta:imo| ¢ Toxy:m,oa:7 | U, ¢ [x1/r1][xe/ra) Fut o1 ~uz:oo| ¢ LET
D|Uklet 21 =t1 inuy:01 ~let zo =ty inug:02| ¢

I'| W hoL @ltt/r][tt/ra]
T|UFtt:B~tt:B|o

TRUE

T | @ FhoL ¢[ff/r1][ff/ra]
T|UFff:Baff:B|o

FALSE

T'| W Fpou o[l /r1]ll]/r2]
LWk :listy, ~ ] :listo, | ¢

NIL

Fl\Ill—hl 10'1Nh220'2|¢/ D| Wkt :listy, ~ta: lists, ‘qﬁ”
T'| ¥ byoL Veizayiye-¢'[z1/r1][za/ra] = ¢" [y1/r1][y2/ra] = [zt = y1/r1][m2 : y2/ro]

DUk hytyliste, ~hgta:liste, | @ CONS
T| Ukt :01~ta:02]|¢ T|Uhkuy:m~ug:m| ¢’
T | W byoL Veraayiye-¢' o1 /r1][za/r2] = ¢ [y1 /r1][y2 /r2] = @[(z1,91) /r1][(z2, y2) /r2] PAIR

F|\Il}—(t1,u1> :U1><7'1~<t2,u2):02 XTQ‘(]ﬁ

Tr | Whti:o1 X7 ~l2:09 X Ty | ¢[7ri(r1)/r1][7ri(r2)/r2}
I ‘ \Ill—ﬂi(tl) 101 Nﬂi(tz)laz | ¢

PROJ;

Fig. E.1. Core two-sided rules.
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LUkt :io1~ta:oa| ¢’ T|WhyoL ¢'[t1/r1][ta/ra] = d[t1/r1][ta/r2]
T|Ukt1:01~t2:02]|¢

SUB

T|U'Fty:o9~ty 00| F\\P'Ftlzogrvt2202|¢//M
T |kt :ioo~ta:oo|oNG

I | \Il',¢’[t1/r1][t2/r2] Fti:09~ty:09 | ¢ =,
DU ty:o0~ta:oa| ¢ = ¢

T|Wkty:01|@[r/r1][ta/ro]
F“I’l‘tltalf\ltgta'l ‘qf)

UHOL—-L

Fig. E.2. One-sided rules.

T,x1:71 |\II,¢/Ft1 top~teioa| ¢ 1 & FV(t2)

ABS—L
I | UEAry.ty:m =01 ~ig:og |V1‘1‘¢/=>¢[I‘1 xl/rl]

DUkt — 01 ~ug:og | Vo1.¢ [z1/r1] = ¢[r1 z1/11]
T |Whu:or|¢

D ¥Ftu o1 ~ug:og | dlur/z]

APP—L

T'kty:o9
T'| VoL ¢[0/r1][t2/r2]
F|UFO0:N~ty:og| ¢

ZERO—-L

F|\I/Ft1 N~ tg:og ‘(Z)’
T | U bpoL Vormed [1/r1][wa/r2] = ¢[Sw1/r1][2/r2]

SUCC-L
F“I’Fstl:Nthto'gld)

| ¥ FhoL ¢ltt/r1][t2/ra] THta:02
D|UkHtt:B~tgion|¢

TRUE—-L

I | bnou @lff/r1][ta/ra] Thtz:00

—-L
D |UHff:B~ty:oa|d FALSE

Plzi/r1] €V rog FV(¢) Dhkita:oz
D|Uhkzy:i01~ta:02]|¢

VAR-L

I ‘ ' )—¢[[]/r1][t2/r2] T'kty:oo

NIL-L
T|WkE(]:liste, ~t2:02| ¢

T'|Ukhyi:o1~ta:02]|¢ DUkt :liste, ~ta:02|¢"
[ | W byoL Varzayr ¢ [z1/r1][w2/r2] = ¢ [y1 /r1][w2/ra] = ¢lz1 2 y1 /r1][w2/ra]
LWk hy ity :listy, ~tg:02| ¢

CONS—L

F‘\IJFtl:UIthio'zld)/ F|‘11Fu1:71~t2:02|¢”
T | W byo Varzayr ¢ [w1/r1][2/r2] = ¢ [y1 /r1][z2/r2] = @[(x1,51) /r1][w2 /r2]

PAIR—-L
FIWF(tl,Ul>:O’1XT1Nt2IO'2‘(Jb

D Wkt :01 X1 ~ 20| ¢lmi(r1)/r1]
F|\IJI—771(t1):01~t2:02|¢

PROJ;—L

Fig. E.3. Core one-sided rules.
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F‘\I”—tl:]BNtQ:IB‘(1‘1:tt/\l‘QZtt)\/(I‘IZfF/\I‘QZﬂ:)
F‘\P,tl =tt,to=tthu;:01 ~u2:02|¢
DU, ¢y =ffita=ffrov 01 ~va:02|¢

| U+ case t1 of tt— uy;ff— vy : 01 ~ case tg of tt— ug;ff— vy :02 | ¢

BOOLCASE

DUkt :Nr~ta:N|rp=0&r2=0
['|W,t1 =0,t0=0Fwuj:01~uz:02|¢
Fl\I/F’Ul:N—>U'1 NUQ:N—)O'QIVIlIQ.tlstl =ty = Sz :>¢[r1 xl/rl][rz 12/r2]

T | Ut case t; of 0+ uy;S+— vy :071 ~case tg of 0+ ug;S—vy:02| ¢ NATCASE

F“Il}—tl:“StTthQ:“Stq—z |I‘1:[]<=>1‘2:H
I‘\\Il,tlz[],tgz[])—ul:alqu:02|¢
T|Ukwv 7 —listr, = 01 ~v2 1o — listy, — o2 |
Vhiholilao.ti =hy il = ta=ho 1 lo = ¢[I‘1 h1 ll/l‘l][rz ho lz/rz]

I |WUtcaset; of [—uy; = —wvj:op~casety of [[rug; 1 +—va:oa|d

LISTCASE

Fig. E.4. Synchronous case rules.

I'kt;1:B
F|\P,t1:tt|_ul:0'1~t210'2‘¢
F|\P,t1:ff|_’01:0'1~t210'2|¢

B LCASE - L
I'| Ut case ty of tt—uy;ff—wvy:o1~ta:oa|¢ OOLCAS

I'kt;:N
F\\Il,t1=0|—u1:01~t2:02|¢

D|¥kv:N—=op~ty:on |Vl‘1.t1 =Sz =>¢[I‘1 l‘l/rﬂ
NATCASE —L

I'|Uhcaset) of 0~ up;S—wy o) ~ta:og]| ¢

I'Fty:listr
F|\If,t1:H}—U1:O'1Nt2:0'2|¢
F‘\I/FvliT—)“St-,——)Ul Nt210'2|Vh1l1.t1:h1 ::l1:>¢[r1 hq ll/rl]

LISTCASE—-L
I'|Whcaset; of [[Fruy;_ = r—wviiop~ta:oa]|o STCAS

Fig. E.5. One-sided case rules.
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DUkt :B~tg:B|T
F‘\If,tl :tt,tQZtt}—ul:GINUQ:JQ|¢
Fl\Il,tlsétt,tQ:tt'—vl:JlNuz:02|¢
I‘|\I/7t1:tt7t2;£ttku1:01~v2:02|¢
F‘\I/,tl #tt,t2¢tth1:01~v2:02\¢

| ¥+ case t1 of tt+ up;ff — vy : 01 ~ case ty of tt— ug;ff>va:02| ¢ BBCASE—A
DUkt :B~ito:N|T
TV, =ttta=0Fuy:01 ~uz:0o2|¢
F|\I/,t1 #tt,tQZOFvlttTlNUQ:UQ‘d)
F“P,tl =tthu;:01~v2:N— oo ‘sz.tz :Szgﬁ(f)[l‘Q I2/r2]
F‘\I’,tl #ttk v o ~va:N— oo ‘VCEQ.t2=S$2=>¢[I‘2 1}2/2]
BNCASE — A

T'| Ut case t1 of tt > ug;ff— vy 101 ~case to of 0+ ug; S —vy:02| ¢

F‘\Ifl—tl (B~ to: listr, ‘T
Fl\l’,tl =tt,t2=[]|—u1 101 NUQ:U'Q‘(]S
LWty #tt,to=[|Fvi:01 ~ug:m2 = listr, 2> 02| ¢
T | WU, t) =tthuy 101 ~wvg: 7m0 — listr, — 02 ‘thlz.tz =ho il = ¢[r2 ho 12/1‘2]
r | Wt #£tth vy 101 ~vg 9 — listr, — 02 |Vh2l2.t2 =ho::lo :>(;5[1‘2 ha l2/1‘2]

BLCASE — A
| ¥ case t1 of tt— uy;ff — vy 101 ~case tp of [ ug;  :: +—wva:o2|¢

Fl\I’FtliNthiN‘T
LW, =0,t2=0Fuj:01~ug:02|¢
F‘\Il,tgzo)_’ul:N—)Ul ~u2:og\Vzl.t1:Sx1:>¢[r1 1‘1/1‘1]
F“ll,tl =0Fwu:0q N’UQZN-)JQ‘V]?QIQ=SCE2=>¢[I‘2 ZQ/I‘Q]
D|¥Ftv N> ~vy:N—= oy |Voyze.ty = St = to = Szo = ¢[r1 z1/r1][r2 2/r2]

NNCASE — A
T'| Wt case t; of 0+ uy;S+— vy :01 ~case t2 of 0+— ug; S —va:02|¢

r | Ukt |iSt7-1 ~tg: |iSt7—2 |T
DU, t1=[ta=[tFui:01~uz:02|¢
T | Uty = H Fop:m = listr, =01 ~ug:og ‘Vhlh.tl =hy:ly :>¢[I‘1 h1 l1/I‘1]
LWt =[]Fus:m —listy, = o1 ~vy 12— listr, — o2 |
Vha.tg = hg ::lg = ¢[I‘2 ho 12/1‘2]
T|YFuv 7 —listy, =01 ~v2:7 = listy, — 02 |
VYhihsoliloty =hy il = to =hg i ls :>¢[r1 hq ll/rl][rz ho lz/rg]

T'|Whcaset; of [—wuy;_ = —wvi:op~casety of [[ug; 1 +—uvg:o2|¢

LLCASE—-A

Fig. E.6. Asynchronous case rules (selected).

TVt :Nrtg:N|[¢Ary=0&1r2=0
| ¥,¢'[0/r1][0/r2] Fut o1 ~ug oo | ¢
N ‘ v }—’Ul :N—>O’1 ~ V2 :N— g9 |V:rlzz.qS/[Szl/rl][Szg/rg] = (;5[1‘1 xl/rl][rz xg/rg]

ASE
I'| Wt case t; of 0 u1; S+ vy :01 ~case ty of 0~ ug; S —wvy:02| ¢ NATCASE«

F|\Ifl—t1:|ist7-1 ~tg : listr, |¢//\I‘1 :H<Z>I'2:[]
L0,¢'[[/ra][l/re] Fur o1 ~uz oz ] é
T|Ukov:7 —listr, =01 ~va: 79— listy, = 02 |
Vhiholilo.@'[hy 211 /r1][ha :: l2/ra] = ¢[r1 hy 11 /r1][r2 he l2/r2]

LISTCASE
['|WUtcaset; of [[—up;_ 1 _+—wvi:op~casety of [[—ug;_ i _+—va:og|¢ STCASEx

Fig. E.7. Alternative case rules.
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Def(f1,x1,e1) Def (f2,22,e2) x1, f1  FV (e2) x2, fo € FV(e1)
Doy :cly,ap:Ia, fi i — o, farIr > 02| 0,8,
Vmima.(Imil,[mal) < (|21, [z2]) = ¢'[m1 /z1][ma /x2] = ¢[mi /1][ma/@2][f1 m1/r1][f2 ma/ra]t
e1:01~ex:02| ¢

7 LETREC
F\\Ilkletrec fixr =e1: 11 = oo ~letrec fo xo =ez:ls — 02 |V11w2.¢ :>¢)[r1 Zl/rl][l‘g 1'2/1‘2]
Def(fr,z1,e1) x1, f1 & FV(e2)
Tay:Iy,fr:h—o|¥,¢,
Ymy.|mi| < |z1| = ¢'[m1/x1] = ¢lmi/z1][ma/x2][fi m1/r1][ta/ro]F el 01 ~to: oo 1}
1ma| <la [m1/x1] = ¢lmy/z1][ma/x2][f1 mai/r1]lt2/r] 1 \ LETREC L

I |Ukletrec fi 21 =e1:11 o2 ~t2:02 \Vz1.¢/:>¢[r1 561/1‘1]

where 11,15 € {N,list;}

Fig. E.8. Recursion rules.
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