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ABSTRACT

Programming languages research has made great progress towards
statically estimating the execution cost of a program. However, when
one is interested in how the execution costs of two programs com-
pare to each other (i.e., relational cost analysis), the use of unary
techniques does not work well in many cases. In order to support a
relational cost analysis, we must ultimately support reasoning about
not only the executions of a single program, but also the executions of
two programs, taking into account their similarities. This dissertation
makes several contributions to the understanding and development
of such a relational cost analysis. It shows how:

¢ Refinement types and effect systems can express functional and
relational quantitative properties of pairs of programs, includ-
ing the difference in execution costs.

¢ Relational cost analysis can be adapted to reason about dy-
namic stability, a measure of the update times of incremental
programs as their inputs change.

¢ A sound and complete bidirectional type system can be devel-
oped (and implemented) for relational cost analysis.



ZUSAMMENFASSUNG

Die Programmiersprachen-Forschung hat grofse Fortschritte bei der
statischen Einschdtzung der Ausfiihrungskosten von Programmen
gemacht. Wenn man allerdings wissen mochte, wie die Ausfithrungs-
kosten zweier Programme sich zueinander verhalten (relationale Kos-
tenanalyse), funktionieren undre Methoden in vielen Féllen nicht gut.
Eine relationale Analyse muss insbesondere nicht nur die Ausfithrung
eines einzelnen Programmes betrachten, sondern die Ausfiithrung bei-
der Programme, um Ahnlichkeiten beriicksichtigen zu kénnen. Diese
Dissertation liefert mehrere Beitrdge zum Verstandnis und zur En-
twicklung solcher relationalen Kostenanalysen. Sie zeigt:

* Refinement-Typsysteme und Effekt-System konnen funktional
und relational qualitative Figenschaften von Programmpaaren
ausdriicken, insbesondere die Differenz der Ausfiihrungskosten.

* Relationale Kostenanalyse kann angepasst werden, um dynamis-
che Stabilitit zu analysieren. Diese misst die Update-Zeit inkre-
menteller Programme, wenn deren Eingaben sich dndern.

* Ein korrektes und vollstindiges bidirektionales Typsystem fiir
die relationale Kostenanalyse kann entwickelt und implemen-
tiert werden.

vi
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INTRODUCTION

Software systems inevitably contain bugs. Fortunately, recent research
in programming languages has produced significant advances that al-
low automatic detection of bugs that cause a program to crash or to
produce an unintended result. With the help of formal verification sys-
tems, such as type systems or program logics, errors can be detected at
compile time by proving functional correctness properties of a program.

However, it is not enough for a program to execute without errors. In
safety- and security-critical systems, like flight control systems or cryp-
tographic applications, programs must not only execute correctly but
must also finish executing within specified resource bounds. Such perfor-
mance issues are significant because, in addition to wasting resources,
they can make programs insecure, e.g. by allowing unintended leakage
of secret inputs, or they can even render programs unusable, e.g. by al-
lowing malicious users to create denial-of-service attacks. Even in con-
texts where the stakes are not so high, the resource usage of programs
is still important for the purposes of usability and resource allocation: a
user of a mobile phone may want to know that a software update does
not slow down the phone significantly or cloud computation providers
may want to ensure that their users do not exceed available resource
quotas. In all of these scenarios, programming resource-aware systems
requires guaranteeing not only functional correctness properties but
also non-functional properties on the resource usage of programs.

While the programming languages community has already made sig-
nificant advances towards the former functional correctness guarantees
through strong typing, good language design and sophisticated pro-
gram logics, relatively less attention has been paid to expressing and
verifying resource guarantees. As software becomes more and more vital
to human life and operations, clearly, it is critical to address this issue
for a more reliable and secure software ecosystem.

The broad goal of this thesis is to guide program construction and
verification in such a way that critical resource and safety correctness
properties are guaranteed not only for a single program but also for a pair
of programs. This has the potential for tremendous practical impact not
only in safety-critical software but also in software deployed in every-
day use.



INTRODUCTION

1.1 APPLICATIONS OF RELATIONAL COST ANALYSIS

One of the traditional approaches for providing guarantees on resource
usage of programs is to statically analyze the amount of resources
needed to run a program. Formal techniques for performing such static
execution cost analysis build on extensions of classical techniques for
statically reasoning about functional properties of programs and usu-
ally focus on worst-case bounds. However, almost all of these tech-
niques are inherently unary, i.e. they only reason about individual ex-
ecutions of a single program. As we demonstrate in this thesis, many
important resource properties of programs are often relational, i.e. they
naturally talk about pairs of executions, of programs that are either
identical or closely related.

This relational nature of reasoning about resource usage can be ob-
served when programmers want to

a) compare the efficiency of two implementations for the same prob-
lem or of two similar problems

b) refactor a program fragment without increasing its resource us-
age

c) show that the execution cost of a program is independent of the
secret values of its inputs, i.e. given arbitrary input values, two
executions of the same program have the same execution cost
(constant-time analysis in cryptography)

d) show how the execution cost of a program varies depending on
changes to its inputs (stability analysis)

In all of these cases, in order to prove interesting quantitative cor-
rectness properties, one would need to reason how the cost of one
execution compares to the other. To statically reason about this com-
parison, one would need to prove upper bounds on the execution cost
difference between two closely-related programs or two executions of
the same program with different inputs. We refer to this difference, i.e.
cost(ey) — cost(ez), as the relative cost of e; with respect to e; and we
refer to this analysis as relational cost analysis. In general, the cost could
refer to the number of evaluation steps, abstract units of execution time,
or to some consumption measure of another resource.

To see how bounds on the relative costs could be useful in relational
verification in practice, consider the scenarios discussed above. For in-
stance, scenario a) might arise in the context of compiler optimizations
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where a compiler developer may want to prove that the optimized ver-
sion of a program, e’, is no slower than the original program, e, i.e. es-
tablish that cost(e’) < cost(e), or equivalently, cost(e’) — cost(e) < 0.
A similar scenario might arise in the context of approximate compu-
tations where a programmer may need to prove that the approximate
version of the program, ey, which often sacrifices precision for the sake
of efficiency, runs much faster than the original program, e, i.e. estab-
lish that cost(eq) — cost(e) < t. Unlike scenarios a) and b), where we
have slightly different programs, there could also be scenarios like c)
and d) where the two programs are identical but their inputs differ.
For instance, the scenario c) might arise in the context of cryptographic
applications where a programmer may need to prove that a program
doesn’t have a timing leak, i. e. establish that the relative cost of two of
its executions (under arbitrary secret inputs) is always zero, e. g. Vvy,v.
cost(e[vy/x]) — cost(e[vy/x]) = 0. Scenario d) might arise in the con-
text of algorithmic stability analysis where a programmer may need
to establish how the execution cost of a program e varies as its inputs
change, e.g. establish that Vv, v,. cost(e[vi/x]) — cost(e[v2]) < t. In
all of these scenarios, determining static upper bounds on the relative
costs of two closely-related expressions would be helpful.

WHY WE NEED A NEW RELATIONAL COST ANALYSIS A natural
way to statically establish an upper bound on the relative cost of a pro-
gram e with respect to another program e, would be to first establish
an upper bound on ey’s cost and a lower bound on e;’s cost, i.e., find
t, k such that cost(e;) < t and k < cost(ey). Then, the relative cost of
e1 with respect to e; can be upper bounded by the difference between
these upper and lower bounds, i.e., cost(ey) —cost(ez) < t—k.

Although combining worst- and best-case bounds as described above
is a sound way of establishing relative costs of two programs, this ap-
proach has two major limitations.

First, there could be cases in which naive non-relational cost analysis
is difficult or intractable, but where relational cost analysis becomes
easier or tractable. For example, consider a developer updating a dis-
tributed cloud application which uses almost all available hardware re-
sources such as memory on a single machine. Since every patch to the
application potentially increases memory requirements, the developer
has to ensure that the updated application does not run out of memory.
One solution would be to derive a global memory bound for the up-
dated application. However, this may be difficult or even impossible in
many situations. On the other hand, a formal relational analysis might
be able to show that the updated application does not use more memory than
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the original one. Such an analysis could be local—if, e.g., changes have
been made to the body of only one loop—and may match the intuitive
soundness reasoning in the mind of the developer.

Second, even in cases where non-relational cost analysis is possible,
often a naive combination of best- and worst-case bounds results in im-
precise bounds. To see how imprecise the naive non-relational method
can be, consider a simple program

if n > 0 then f(n) else 1

with a single input n, where f is a closed function with equal maxi-
mum and minimum execution cost c(n) that is linear in n. Assuming
that evaluation of a conditional takes 1 unit of cost, the program runs
slowest with cost c(n) + 1 when n is non-negative and it runs fastest
with cost 1 when n is negative. What can we say about the relative cost
of two runs of this program? Although one may naturally answer that
the relative cost is simply bounded by the difference in the worst- and
best-case executions costs of the two runs, i.e. ¢(n), the precise answer
depends on the values assigned to n in the two runs of the program.
If we know that the two values assigned to n will not differ in the two
runs, then the two executions would follow the same path and the dif-
ference in their execution cost would be 0, not c(n). A non-relational
analysis based on best- and worst-case execution times cannot establish
this 0 cost, whereas a relational analysis, which takes into account the
fact that n is the same in the two runs, may.

Instead of using existing unary analyses, which are not well-suited
for relational verification as demonstrated by the aforementioned prob-
lems, a relational analysis is needed. Before we describe our proposed
method of conducting such a relational cost analysis, there are several
desired properties that one might expect from such a relational cost
analysis, which are worth pointing out upfront:

¢ Similarity/dependency tracking In order to obtain precise bounds,
the analysis should track potential similarities/dependencies be-
tween the inputs as well as the program code.

¢ Size and cost sensitivity The execution cost of a program often
depends on the sizes of its inputs. Therefore, a relational cost
analysis should be able to track the sizes of the program’s inputs
statically.

* Precision A static analysis cannot, due to over-approximation, al-
ways achieve the same level of precision as a careful manual anal-
ysis. However, the underlying language to express the bounds on
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the execution costs should be expressive enough to obtain tight
bounds whenever possible.

* Support for local reasoning The analysis should not require more
information than necessary. For instance, to find the relative cost
of two programs that differ slightly, it should be possible to only
focus on parts of the programs that differ.

* Reliability and safety At a bare minimum, we would like to have
the assurance that the bounds obtained by our analysis are indeed
asymptotically upper bounds on the actual relative costs of the
two programs, i.e., the analysis is sound with respect to a cost
semantics.

* Verifiability It should be fairly easy for programmers to apply
the analysis—at least given their hunch about the bound. This
goal is vital to the practicality of the approach.

In this thesis, we propose a relational cost analysis that meets all of
these criteria.

1.2 CONTRIBUTIONS

The notions of refinement types and effect systems—the main tools we
use in this thesis—have been around for at least four decades. As one of
the main contributions of this thesis, we convincingly demonstrate the
use of refinement type and effect systems in a relational setting, i.e., to
reason about functional and quantitative properties of a pair of programs,
and we show that this approach is practical and can be applied to non-
trivial domains like incremental computations.*
In particular, this dissertation makes the following contributions:

* We present relational cost analysis, a new type-based verification of
how the execution cost of one program compares to another, pos-
sibly similar program. We show how refinement types and type and
effect systems can be combined to statically verify precise bounds
on the differences on the execution costs of a pair of programs.

* We demonstrate how the relational cost analysis can be adapted to
reason about dynamic stability—a measure of the update times of in-
cremental programs as their inputs change. Apart from showing the
applicability of relational cost analysis to a seemingly unrelated
setting with a different, more complex evaluation semantics, our
incremental complexity analysis provides a high-level type-based

* For an overview of
incremental
computations, see
Section 7.1.
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verification mechanism for reasoning about dynamic stability of
incremental programs. Prior to our approach, reasoning about dy-
namic stability required tedious direct analysis of cost semantics.

¢ We design and implement a bidirectional typechecking technique for
relational cost analysis. Through a series of benchmarks, we eval-
uate our analysis to demonstrate that relational cost analysis can
be used to verify a variety of functional and quantitative safety
and correctness properties of programs from different areas such
as cryptography, incremental computations and algorithm analy-
sis, while imposing a low annotation burden on the programmer.

1.3 THESIS OUTLINE
The rest of the thesis is broken into five parts.

ParT I (RELCOST) Chapter 3 starts with an informal, example-
driven overview of relational cost analysis in the context of CostM‘, a
high-level, functional programming language which is a subset of ML.
The language is compact enough to keep proofs and definitions read-
able but expressive enough to type non-trivial programs from various
domains. This chapter introduces RelCost, a relational type and effect
system through examples.

Chapter 4 presents RelCost’s type and effect system. For RelCost’s
soundness, the execution cost of RelCost programs are formalized in
a parametric way that allows for a wide range of cost metrics. To
this end, Section 4.1 defines a big-step operational semantics that is
parametrized with execution cost metrics.

Chapter 5 proves RelCost sound with respect to this cost semantics by
developing an abstract semantic model combining step-indexed binary
and unary logical relations for relational and non-relational reasoning
about cost.

Chapter 6 discusses related work.

ParT [I(DUCOSTIT) Chapter 7 demonstrates how we can adapt the
relational cost analysis technique to the setting of incremental compu-
tation in order to reason about update times of incremental programs.
It starts with a review of incremental computation. Then it provides an
informal, example-driven overview of dynamic stability analysis in the
context of CostM- by introducing a type and effect system called DuCos-
tlt that is similar to RelCost, but it has a different underlying semantic
model that is geared towards incremental computation.
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Chapter 8 presents DuCostlt’s type and effect system. For DuCostlt’s
soundness, in addition to the standard evaluation semantics, Section 8.1
defines an abstract change-propagation semantics, modeling incremen-
tal evaluation under arbitrary changes to inputs of a program.

Chapter 9 proves DuCostlt sound with respect to the from-scratch and
change propagation cost semantics by developing an abstract semantic
model combining step-indexed binary and unary logical relations for
relational and non-relational reasoning about cost.

Chapter 10 discusses related work.

PART III (BIRELCOST) To demonstrate that all the power that comes
with RelCost’s rich type system can be used in practice, Chapter 11
presents BiRelCost, a bidirectional algorithmic type system for RelCost.

To show BiRelCost sound and complete with respect to RelCost, we
follow a two-step approach: 1) embedding of RelCost into an intermedi-
ate language, RelCost Core, and 2) algorithmic type checking of RelCost
Core.

Chapter 12 first discusses several aspects of RelCost’s type system—
such as non-syntax directed rules and relational subtyping—that make
it hard to algorithmize. Then, the chapter describes how these obstacles
can be circumvented by describing an embedding from RelCost to Rel-
Cost Core, an intermediate language that has only type-directed rules
and no relational subtyping. We use the embedding to argue that our
bidirectional type checking is complete up to non-determinism.

Chapter 13 describe an algorithmic type system for RelCost Core. We
rely on bidirectionality, which allows us to type check with very few
type annotations. We call our bidirectional system BiRelCost and we
discuss aspects of BiRelCost that differs from existing bidirectional type-
checkers. Section 13.2 proves that the algorithmic type system is sound
and complete w.r.t. the type system of RelCost Core.

Chapter 14 presents a prototype implementation of BiRelCost which
combines the two steps from RelCost to RelCost Core and from RelCost
Core to BiRelCost. The implementation reduces the problem of type-
checking to constraint satisfaction in SMT and makes use of a few
heuristics that eliminate the non-determinism inherent in RelCost’s typ-
ing rules. Section 14.4 uses this implementation to demonstrate the pre-
cision and generality of the approach by typechecking several example
programs ranging over compiler optimizations, security and algorith-
mic stability.

Chapter 15 discusses related work.
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PART IV (EPILOGUE) The thesis concludes with Chapter 16, which
summarizes the contributions and discusses several directions for fu-
ture work.

PART V (APPENDIX) Appendices A to C contain the proofs of the
necessary lemmas and theorems for RelCost, DuCostlt and BiRelCost, re-
spectively. Appendix D contains additional lemmas and example pro-
grams considered throughout the thesis.

1.4 ASPECTS OF RELATIONAL COST ANALYSIS NOT COVERED IN
THE THESIS

Although the broad theme of this thesis is relational cost analysis and
its applications, certain aspects of relational cost analysis are not cov-
ered in the thesis. In order to establish the scope of the thesis, we list
these out-of-scope topics below.

e Inference of relational cost bounds: The thesis does not cover how the
relational cost bounds can be inferred automatically. Instead, we
focus on typechecking.

* Realizability of incremental update times: We do not describe how
the algorithmic change propagation technique, described in Sec-
tion 8.1, can be implemented. Zoe Paraskevopoulou’s Master’s
thesis [85] describes a concrete change propagation technique that
can be implemented.
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This thesis is partly based on the work and the writing in the following
papers:

[1]

[2]

[3]

Ezgi Cigek, Deepak Garg, and Umut A. Acar. “Refinement Types
for Incremental Computational Complexity.” In: Programming
Languages and Systems - 24th European Symposium on Program-
ming, ESOP 2015, London, UK, April 11-18, 2015. Proceedings. 2015,
PP 406—431.

Ezgi Cigek, Zoe Paraskevopoulou, and Deepak Garg. “A Type
Theory for Incremental Computational Complexity With Con-

trol Flow Changes.” In: Proceedings of the 21st International Con-
ference on Functional Programming. ICFP 2016. Nara, Japan, 2016.

Ezgi Cicek, Gilles Barthe, Marco Gaboardi, Deepak Garg, and
Jan Hoffmann. “Relational Cost Analysis.” In: Proceedings of the
44th ACM SIGPLAN Symposium on Principles of Programming Lan-
guages. POPL 2017. ACM, 2017, pp. 316-329.
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METHODOLOGY

» syNnoprsis In this chapter, we discuss two necessary ingredients
for specifying and enforcing relational cost bounds: type and effect sys-
tems and refinement types. These two techniques are particularly well-
suited for establishing quantitative properties of programs and form
the basis of our work. Before we explain how these techniques can be
adapted to reason about relational properties such as relational cost
and dynamic stability bounds, we first provide a background for read-
ers that are unfamiliar with them.

2.1 CAPTURING COMPUTATION VIA TYPE AND EFFECT SYSTEMS

Type systems are one of the most lightweight static analysis techniques:
by capturing properties of sets of values, types enable programmers
to reason about the functional correctness of their programs. However,
most often one is interested in not only what the program computes but
also how the program computes. That is where type and effect systems
come into play: by capturing the side effects that occur during the com-
putation, type and effect systems can enable programmers to reason
about sophisticated functional and quantitative correctness properties
of programes.

Type and effect systems are usually formalized by the judgment
'+ e : T,e where € is an effect term (hence it is simply called ef-
fect). Informally, the judgment can be read as: under the context T,
which contains the type declarations of the program’s free variables,
the program e yields a value of type 1 and during the computation the
program may have the effect €. The meaning of the effect e changes
depending on the kind of the computational property the effect cap-
tures. For instance, in the context of memory management, where data
is allocated on the heap per region, one may want to statically track
the set of regions that are allocated during the evaluation of the pro-
gram. Then, such a type and effect system can be used to ensure that
no memory accesses, apart from the ones specified in € (e. g., to unallo-
cated or deallocated regions), occur at runtime. Similarly, in the context
of a language with exceptions, one may want to statically track the set
of exceptions raised during the execution of the program. Then, such

11

2 We assume a
call-by-value
language here. For a
call-by-name
language, the context
I" contains type and
effect assumptions of
the form x :e, Ti
since variables may be
substituted by
expressions that may
themselves have

effects.
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a type and effect system can be used to ensure that a program typed
with € = () would have no uncaught exceptions. In these two exam-
ples, the effect can be modeled by a set of events observed during the
computation. However, the effect doesn’t necessarily have to be a set:
e. g., in the context of cost analysis, the effect could capture the number
of evaluation steps or in the context of incremental computations, the
effect could capture the size of the evaluation trace.

Techniques based on type and effect systems have several strengths
compared to other static analysis techniques for verification (e. g. based
on program logics or abstract interpretation). First, type and effect sys-
tems work well with higher-order functions by means of effect anno-
tations on function types. (Consequently, the approach naturally sup-
ports separate compilation) Second, type and effect systems are a light-
weight method for verification, i. e. they are more amenable to adoption
in practice by programmers. Compared to program logics that often re-
quire domain-specific experts to prove the desired properties, type and
effect systems are usually equipped with type inference and typecheck-
ing mechanisms that reduce the burden on the programmer. Finally,
by supporting a rigorous analysis early in the development process,
the approach enables the development of correct-by-construction pro-
grams, reducing the need for extensive testing at runtime.

Even though type and effect systems are well-suited for modeling
and verifying many interesting computational behaviors, in order to
model relational cost analysis, existing type and effect systems do not
suffice due to two reasons.

First of all, existing type and effect systems are often unary, i.e.,
they reason about a single program, whereas relational cost analysis
requires us to reason about a pair of programs. In this thesis, we demon-
strate how effect systems can be generalized to the relational setting.

Secondly, the bounds on relative costs, as well as execution costs, usu-
ally depend on some properties of input values of programs which can-
not be captured by simple types. These properties themselves could be
unary, e.g., capturing the sizes of the program’s inputs, or they could
be relational, e. g., capturing how two inputs of a program differ from
each other. Next, to describe such unary and relational dependencies to
program values, we discuss a complementary type-theoretic approach
to increase expressivity of type and effect systems, namely refinement

types.
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2.2 MIDDLE GROUND ON DEPENDENCY: REFINEMENT TYPES

One of the fundamental ways of modeling dependency on program
values is dependent types. Dependent types allow enriching the type
information so that types can refer not only to other types but also to
values. For instance, the usual function type A — B is generalized to
ITx : A.B so that type B of the return value may vary depending on its
argument x : A.3. For a short introduction to dependent types, see [22].

Dependent types enable programmers to express more program prop-
erties than what is possible with conventional type systems like ML
and Haskell. Properties that can be expressed by dependent types could
provide functional guarantees (e. g. showing that quicksort produces a
sorted list) as well as resource guarantees (e.g. showing that a pro-
gram doesn’t have memory leaks). Moreover, such properties can be
relational. In fact, full-fledged dependent types can express most prop-
erties which we know how to define mathematically.

However, this tremendous expressivity comes at a steep price: type-
checking dependent types is extremely complicated and undecidable
in general. This is because dependent types remove the isolation be-
tween values and types that exists in simply-typed languages, hence
lifting the general halting problem to typechecking.

Instead, researchers have designed restricted forms of dependent
types by sacrificing some of the expressivity of dependent types for
the sake of decidable and low-complexity typechecking. Such systems
are often called “lightweight dependent types” or “refinement types’.4.

A prominent example of refinement types is DML, which extends
ML with indexed types [106]. The main idea behind DML is to bring
back the isolation between values and types: by allowing types to only
refer to index terms which are separate from DML expressions, one
can create a phase distinction between typechecking and execution of a
program. Hence, while retaining additional expressivity, typechecking
is reduced to constraint satisfaction over the index terms, which is often
decidable.

DML’s type refinements are mostly in the form of indexed types
where list and tree types are indexed with the number of elements, al-
though they also consider richer refinements like the height of trees.
Crucially, the type system ensures that constructors and destructors
preserve the size information and pattern matching is index-dependent.
DML has demonstrated that-even using only lightweight refinements,
dependent types are powerful to statically prove the absence of notori-
ous bugs such as array index out of bounds errors.

13

3 If x doesn’t occur in
B, we have the usual
simple function type
A—B

4 There is no
consensus on the
actual nomenclature:
see [1] for a detailed
discussion on the
difference between
refinement and
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Motivated by the success of DML and recent use of refinement types
in mainstream languages (like LiquidHaskell [104]), in this thesis, we
build on ideas from refinement types. In particular, for relational cost
analysis, we employ DML-style unary index refinements to express
not only unary dependencies, such as input sizes, but also relational
dependencies, such as the number of elements that differ between the
two lists.



Part I

RELCOST






RELCOST BY EXAMPLES

» syNorsis Recall that the goal of relational cost analysis is to de-
rive an upper bound on the difference in the execution costs of two pro-
grams, say e and e;. This difference, i.e. cost(ey) —cost(e;), is also
called the relative cost of e with respect to e;. When e and e, have
the forms f e] and f e}, the same analysis can be used to determine
how the cost of a function f varies with the argument.

In this chapter, we introduce a relational refinement type and effect
system for relational cost analysis. We first give an overview of Rel-
Cost’s type system and then present some of its features through exam-
ples.

TWO-LAYERED TYPING DPrecise relational cost analysis requires un-
derstanding which expressions and values may be related. RelCost’s
types (shown in Figure 1) make this explicit by syntactically (as well as
semantically) separating the relational types T from the non-relational
ones A: the former represent a pair of related values (expressions), cap-
turing the similarities between them, whereas the latter represent indi-
vidual values (expressions). For instance, the unary type int represents
integer values whereas the relational type int; represents pairs of iden-
tical integer values. In general, any non-relational type can be trivially
made relational by encapsulating it within the weakest relation using
the U - modality. For instance, the type U int represents a pair of un-
related integers whereas the type int, represents a pair of identical
integers.>

Corresponding to these two layers of types, there are two typing

judgments in RelCost. The unary typing judgment has the form Q - e : A,

where k and t are lower and upper bounds on the execution cost of e
under the unary (non-relational) typing environment Q. The relational
typing judgment has the form I' - e; © e; < t: T, where t is an upper
bound on the relative cost of e; with respect to e, under the relational
typing environment I'. Relational typing aims to benefit from the sim-
ilarities between the inputs and the programs, whereas unary typing
considers a single program and a single input in isolation.

SIZE AND COST REFINEMENTS RelCost makes use of two kinds of
type refinements: size refinements and cost refinements.

17
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6 Note that n in
listn] A is a unary
refinement whereas

the n and « in
listn]* T are
relational refinements,
relating a pair of list
values.

RELCOST BY EXAMPLES

Unary types A = int|A; x Ay | A7 + Ay | listin] A |
exec(k, . exec(k,t
A1&>A2|Vl ( )S.A|

Ji:S.A|C& A | C DA | unit

Relational types T = int | T X T2 | T + T2 | listin]* T |

i diff(t
T ﬂ T | Vi ::( : S.t|3JiuS. 1|

C&T|COT|unit, |UA |O7

Sorts S == IN|R
Index terms Lk, == i|0|oo|I+T|L+L[L -1
t I LT | 111 (1) | togy(T) |
12 | IZ: I | min(Iy, 1) | max(Iy, 1)
i=

Constraints C = LT =10 |1 L < | =C

Constraintenv. ® == T|CA®

Sort env. A = 0]Ai:S

Unary typeenv. Q == 0]Q,x:A

Relat. typeenv. T == §|Tx:7

Primitiveenv. Y = 0|Y,(: 1 LLON T |

Y,C:A1 MAZ

Figure 1: Syntax of RelCost’s types

First, since the execution cost of a program often depends on the
sizes of its inputs, unary list types are refined to the form list(n] A,
where 1 is the exact length of the list. Relational list types are refined
to the form list(n]* T, which represents a pair of lists, both of length
exactly n and that differ in at most « positions.® To statically deal with
the remaining n — o elements that are not allowed to differ between
the two lists, RelCost introduces the comonadic type O, representing
the diagonal relation that relates only syntactically equal values (expres-
sions). The type list[n]* T is interpreted such that at most « elements of
the two lists are of type T and at least n — & elements are of type [T,
i.e. identical.

Second, worst-/best-case execution costs and relative costs are treated
as unary and relational effects, respectively. The standard function type
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exec(k,
A1 — A; is refined to the corresponding unary type A; exeeliet), Ay,

which carries k and t, the minimum and maximum execution costs of

the function body. Similarly, the type T — T, is refined to the relational

diff(t . : . .
type T3 i, T, which carries t, the maximum relative cost of the bod-

ies of the two functions (given related arguments of type T7). Similar
cost annotations are written on universally quantified types, capturing
the costs of their closures.

EXAMPLE 1 (CONDITIONAL RECONSIDERED) Coming back to the
example from Chapter 1, let us see how the relative cost of two runs of

e =if n > 0 then f(n) else 1

can be established in RelCost. If n is not allowed to differ in the two
runs, i.e., it has type int;, then the two runs of e can be typed relation-
ally with relative cost 0:

n:int,Fece < 0:int, (1)

The intuition behind this typing is that since the two runs take the
same execution path, it suffices to relationally type the two branches
f(n) ©f(n) and 1 & 1 component-wise, i.e. synchronously. Both of these
branches have 0 relative cost and int, result type, so the two runs of e
can be typed as shown above in (eq. (1)).

In contrast, if the value of n may differ between the two runs, i.e.
n : Uint, then these programs can be typed with cost c¢(n):

n:UintkFece <Sc(n): Uint (2)

In this case, since the two executions might take different paths, we
lose the relational reasoning. In order to establish an upper bound on
their relative cost, we need to switch to a worst- and best-case execu-
tion cost comparison. In the type system, this is achieved by using the
following switch rule:

| I—T e A | '_Ez er: A
l-e1oey St —ky: UA

switch

where e; and e; are two arbitrary programs that are typed indepen-
dently with maximum execution cost t; and minimum execution cost
ky, respectively.” (Note that the premises are unary judgments, while
the conclusion is relational). Then the relative cost of e; with respect
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defined and typed in
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to e, is upper bounded by t; — k;. Since the execution costs of e; and
e; are independent of their relation, we can type them with a non-
relational environment |I'| obtained from I' by ignoring the relations for
each type, e.g., [int;| = [Uint| = int.

Using this rule, we can type e independently once with maximum
execution cost c(n) + 1 and once with minimum execution cost 1 and
obtain the typing in eq. (2). Note that because n is unrelated in the two
runs, any computation that depends on it must be unrelated as well.
Hence, the result type is also unrelated, i.e. Uint.

EXAMPLE 2 (CONSTANT-TIME COMPARISON) In cryptographic ap-
plications, it is often necessary to prove that a program is constant-time,
i.e., its execution time is independent of secret inputs, to prevent an at-
tacker from inferring the secret inputs by measuring the execution time.
Using relational cost analysis, we can prove that a program is constant
time without separately proving that its worst- and best-case execution
costs are equal (as would be necessary if we used non-relational cost
analysis). For example, consider the following constant-time compar-
ison function comp that checks the equality of two passwords repre-
sented as equal-length lists of bits.

fix comp(1y,1,).case 1 of
nil — true
| hy = tly — casel, of nil — false
| hy = tl; — boolAnd (comp (tly, tly), eq (hy, hy))

Suppose that the function boolAnd returns the conjunction of the two
boolean values in constant-time; it has type®

boolAnd © boolAnd < 0 : (Ubool x Ubool) M Ubool

and that the function eq checks integer equality in constant-time; it has
type

eqoeq < 0: (Uint x Uint) 2% Ubool .

We can now show that the function comp is constant-time by typing it as
follows:

F comp © comp < 0:Vn, «, 3:IN.
(listin]* Wint x list(n]P U int) % U bool.
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. diff(0 )
The annotation on l—()> means that the relative cost of two runs of the

function is 0 and, here, the universal quantification over «, 3 means that
this relative cost holds no matter how much the lists differ.® The proof
of this judgment proceeds by induction on the input lists (via a typing
rule for fixpoints). The interesting case is when the two lists have at
least one element each. Inductively, we know that the relative cost of
comp(tly, tl;) is 0. Furthermore, we assumed that eq and boolAnd are
constant-time. Therefore, we can easily conclude that comp is constant-
time.

Note that this proof of the relative cost of comp is trivial compared
to a proof through a non-relational analysis that would have to estab-
lish best- and worst-case execution costs (taking into account constant
factors carefully) and show that they are equal.

EXAMPLE 3 (SQUARE-AND-MULTIPLY) This example demonstrates
how we can combine RelCost’s relational and non-relational reason-
ing principles to obtain precise bounds on the relative cost of pro-
grams. Consider the square-and-multiply algorithm, a fast way of com-
puting positive powers of a number based on the observation that
XM = x- (7c2)111771 when m is odd, and x™ = (xz)% when m is even.
The following function, sam, implements this idea, assuming that m is

stored in binary form in a list 1 of Os and Ts, with the least significant
bit at the head.

fix sam(x).Al.case 1 of
nil — contra
| b:bs — case bs of nil — if x =0 then 1 else x

| = — letr =samx bsinif b =0 then r? else x - 12

Assume that multiplication (as in x - %) has a fixed cost t. Consider
two executions of sam on the same base (x : int;) and two exponents
that differ in at most « bit positions (1 : listn]* (Uint)). What is the
maximum relative cost of one run with respect to the other? Intuitively,
the relative cost is in O(« - t) since the two runs may enter the two
different branches of the if in at most « recursive calls and the difference
in the cost of the two branches is exactly one multiplication (2 vs x - 12).
Hence, sam can be given the following type for a suitable linear function
P:

iff(0 iff(P( o
Fsam& sam < 0 :int; % vn > 0, a:IN. listin]* Uint M Uint.

We explain how sam’s type is derived in RelCost, focusing on the branch
of the case analysis that recursively calls sam. From s type, we know
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that at most « bits differ in the two runs. However, we do not know
whether b is among these « bits. Accordingly, our case analysis rule
for lists, rule r-caseL in Figure 8, requires two sub-cases for the cons
branch: either the head b differs in the two runs or it does not. In
the first case, we assume that b may have different values in the two
runs and bs : listin — 11%7 (Uint). The total cost P(« - t) suffices for
the recursive call’s cost P((x— 1) - t) as well as t, the relative cost of
the two branches of the expression (if b = 0 then 2 else x - r2), which
is established through unary analysis of the expression and the rule
switch. In the second case, we assume that b has the same value in
the two runs and bs : listin — 1]* (U int). In this case, the two runs can
differ only in the recursive call, which has an (inductive) cost of P(c - t).
Technically, the assumption that b has the same value in the two runs
is represented using the relational type constructor LT, which is the
diagonal sub-relation of 7, i.e., the subset of T containing equal (not just
related) values in the left and right components. Here, b : [J (Uint) in
the second sub-case.

Note that the relative cost of sam obtained by taking the difference of
worst- and best-case costs would be linear in n, not in «. Thus, direct
relational analysis makes the reasoning more precise in this example.

EXAMPLE 4 (TWO-DIMENSIONAL COUNT) This example also demon-
strates that RelCost’s relational analysis can establish that one program
is faster than another when a unary analysis cannot. Consider the fol-
lowing function 2Dcount that counts the number of rows of a matrix
M (represented as a list of lists in row-major form) that both contain a
key x and satisfy a predicate p. The function takes as argument another

function find that returns 1 when a given row 1 contains x, else returns
0.

fix 2Dcount(find).Ax.AM.case M of
nil — 0
|1:M’ — letr = 2Dcount find x M’ in
if plthen r+ (find x 1) else r

Consider the following two different implementations of find.

fix find1(x).Al.case l of
nil — 0
|h:tl — if h =xthen 1 else findl x tl

fix find2(x).Al.case 1 of
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nil — 0
|hztl — if (find2 x tl) = 1 then 1
else if (h = x) then 1 else 0

The function find1 scans the row 1 from head to tail and returns 1 when
an element matches x, whereas the function find2 recurs to the end of
1 and scans it from tail to head, looking for a match. For simplicity, as-
sume that applications cost a unit and all other operations cost nothing.
We can establish that on input lists of length n, the unary cost of findl
lies in the interval [1,3n] and that of find2 lies in the interval [3n,4n].
Hence, find1 is never slower than find2 and, so, the relative cost of
(2Dcount find1) with respect to (2Dcount find2) is upper-bounded by
0 (assuming that the same matrix M is given to the two expressions,
i.e., M has type list[m]° (list(n]® int) for some m and n). In RelCost, this
cost can be established in three steps. First, we type 2Dcount. *°

iff(0
F 2Dcount © 2Dcount < 0: (Uint — Ynu:IN. U (list[n] int) ﬂ Uint) —

iff (O
int, — Vm, n:IN. list[m]° (list[n]o int;) & Uint

This type means that, given two find functions with relative cost 0 (first

diff(0) . . . .
1—()> in the type above), the relative cost of 2Dcount with those find

functions is 0. This type is easily established by induction on M’s outer
list. Then, we show that the relative cost of find1 with respect to find2
is 0, i.e.,

iff(0
 findlo find2 < 0: Uint — vn:N. U (listim] int) 252 Uint

This is done by establishing the best- and worst-case costs of findl
and find2 as outlined above (we omit the technical details). Using
these two types we can immediately prove that for a fixed matrix
M : list[m]° (list(n]? int), we have

F (2Dcount findl M) & (2Dcount find2 M) < 0: Uint

Importantly, this relational cost cannot be established using a naive
best- and worst-case analysis. This is because the cost of the function
(2Dcount findl M) is as high as 3nm + 7m when the predicate p is
true on all rows of M and the element x does not appear anywhere,
and the cost of (2Dcount find2 M) is as low as 4m when the predicate
p is false on every row. Clearly, 3nm + 7m is more than 4m, so a unary
cost analysis cannot establish that (2Dcount findl M) is always faster
than (2Dcount find2 M).
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OTHER EXAMPLES Additional examples, including standard list func-
tions (e.g. append, reverse etc), selection sort, mergesort (a divide and
conquer program), an instance of approximate computation and loop
unswitching (an optimizing program transformation), can be found
in Appendix D.2. In Section 14.4, we describe typing of two example
programs, map and msort, in detail.



THE RELCOST TYPE SYSTEM

» synorsis In this chapter, we present the technical ideas behind
RelCost. We first describe RelCost’s type grammar and expression syn-
tax, then we present the underlying abstract cost semantics (Section 4.1)
and explain the typing (Section 4.2) and subtyping rules (section 4.3).
The design of the type system reflects the underlying semantic model,
explained later in Chapter 5.

TYPES RelCost’s type syntax is shown in Figure 1 and it consists of
two kinds of types. Unary or non-relational types, denoted A, are as-
cribed to single expressions, whereas relational types, denoted T, are
ascribed to pairs of expressions. Both types contain familiar type con-
structors with some refinements. We explain a few salient points here.
The relational base types int, and unit, are distinguished from their
unary counterparts int and unit syntactically; for the remaining type
constructors such as sums and products, we rely on the context to make
this distinction clear. Similar to function types, universally quantified
types are also refined with costs for the bodies of their closures.
Relational types are interpreted as sets of pairs of values whereas
unary types are interpreted—as usual—as sets of values (explained in
Section 5). Any pairs of unary types A and A, can be trivially made re-
lational using the full (weakest) relation U (A1, A;) (read “unrelated”),
that contains all pairs of values of types A7 and A;. When A7 and A,
are both equal to some A, we simply write U A instead of U (A, A).
For instance, the type U int specifies two arbitrary values of type int.
In contrast, the relational type int, ascribes only those pairs of integers
where the two components are equal. The relational type t1 + T, repre-
sents two values with the same tag: either both inl or both inr. Pairs of
values of a sum type with different tags can be typed at U (A7 + A;).
The type [ T specifies two values of type T that are syntactically equal.
The O annotation is used mainly in typing list expressions, e.g., in typ-
ing related lists of type list[n]* T, where at most « elements of the two
related lists are allowed to differ whereas at least n — o elements are
assumed to be identical, i.e., of type [J T. The need for [J annotation as
a separate type constructor is best understood by looking at sum types.
For example, (int, + Uint) contains pairs of tagged values which have
the same tag but whose content can differ if the tag is inr. The stronger
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type O (int, + UWint) forces both values to be syntactically equal and
is, in fact, semantically equal to (int, + int;). Technically, Ois a co-
monadic type: a constructive S4 necessitation modality, but with a rela-
tional interpretation.

Additionally, to represent arithmetic relations between parameters
like 1, ¢, t and k, RelCost includes two forms of constrained types. The
constrained type C & A means that the constraint C holds and the type
is A. Analogously, the constrained type C D A means that if C holds
then the type is A. The relational counterparts of constrained types
are C & T and C D T and they are defined similarly. For instance,
((1<n) & listin] A) specifies non-empty lists. Constraints are drawn
from a rich language of predicates, explained below.

INDICES Index terms L k,t, « are a key ingredient of RelCost’s rela-
tional cost analysis (shown in Figure 1). They serve two purposes: (i) as
refinements on the typing judgments and function types, they specify
relative or best- and worst-case costs and (ii) as refinements on the list
types, they specify the lengths of lists and the maximum number of
differences between related lists. We consider index terms to be sorted.
Index terms over list types are always interpreted over the domain IN
of natural numbers, whereas the cost terms are interpreted over the
domain R of real numbers extended with {—o0, c0}. Most operations
over index terms are overloaded for the sorts IN and IR and there is a
natural subsorting from IN to R. The index term oo is used to mean
that there is no guaranteed bound on the (relative) cost. The sorting
judgment A = I = S assigns sort S to the index term [; its rules are
shown in Figure 2.

cONSTRAINTS Constraints C represent predicates over index terms.
They may appear in (a) constrained types like C & T and C D T, (b) as-
sumptions @ in typing judgments (explained below) and (c) constraint
entailment in subtyping, denoted A; @ = C, and read “for any substi-
tution for the index variables in A, the constraint assumptions @ entail
the constraint C”.We do not stipulate syntactic rules for constraint en-
tailment, but they are drawn from first-order logic extended with the
axioms of arithmetic.

EXPRESSIONS AND VALUES The syntax of CostM’s expressions and
values is shown in Figure 3. It includes the standard introduction and
elimination forms for RelCost’s types. Integer constants are written n.
Recursive functions are written fix f(x).e. This is also written Ax.e when
f doesn’t occur in e. Index variable quantification and instantiation are
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AET:S
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i
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i=I,

sum

Figure 2: Sorting rules

denoted A.e and el], respectively. To simplify programs that case ana-
lyze lists, index terms do not appear in expressions. Elimination forms
for constrained types C & T and C D T are written clet ej as x in e; and
celim- e, respectively.

Before we explain RelCost’s typing rules, we describe its abstract eval-
uation semantics.

4.1 ABSTRACT COST MODEL

We consider a big-step call-by-value operational cost semantics for Rel-
Cost. The evaluation judgment e " v states that expression e evalu-
ates to value v. The judgment is instrumented with two cost counters,
recording two independent costs: a) reduction steps ¢, which are an arti-
fact of the proof technique we use and interact only with the step-index
in our semantic model and b) execution cost v (tracking the resource
use), which interact only with the execution (relative) cost bounds in
the type system. The cost semantics is parametric in the execution costs:
symbolic costs for elimination forms described below can be set exter-
nally without affecting the analysis. Apart from the costs, the evalua-
tion rules are fairly standard and shown in Figure 4. We briefly discuss
the high-level design principles behind our abstract cost semantics.
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T Usually, the values
for metavariables
would be
non-negative,
accounting for how
much resource is
consumed by
executing the
corresponding
construct. Howeuver,
these values could be
also negative,
meaning that
executing the
corresponding
construct produces
some resources.

2 To see why, see the
soundness proof of
fixpoints

in Appendix A.2, in
which applications
take at least a step.

THE RELCOST TYPE SYSTEM

Expr. e == x|n|fixf(x).elejey|Cel(er, e |mle)|m(e)]
inl e | inr e | case (e, x.ej,y.ez) | nil | cons(ey,ey) |
(caseeofnil ey |hatl—ey)| Aelel] |
pack e | unpack ej as xine; |letx =ejine; |
cletej asxin ey | celim- e | ()

Values v == n|fix f(x).v| (vi,v2) |inlv |inr |nil |

cons(vy,v2) | A.e | pack v | ()
Figure 3: Syntax of terms and values

The total execution cost of an expression is the sum of the costs of
its subexpressions, plus a distinct symbolic cost for the following elim-
ination constructs: projections, pattern matches on lists and sum types,
function applications, and let-bindings. The elimination forms for in-
dex variables and constraints do not incur any additional cost since
they are usually compiled away before program’s execution. All other
reduction rules, including the ones for values, are assigned zero addi-
tional cost. We use metavariables like cqpp to denote such construct-
dependent elimination costs. The analysis is sound for any values of
these cost metavariables as long as they are all real numbers. ** Our cost
model could be generalized by operating on a pre-ordered monoidal
structure with an identity and a binary operation as well.

Like execution costs, the reduction steps follow a similar pattern with
the exception that instead of symbolic steps, each aforementioned elim-
ination incurs a unit step.

In principle, one could merge the reduction steps with the execution
costs and keep track of a single cost like in the original RelCost pa-
per [110]. However, due to the step-indexing that we use to deal with
recursive functions in our semantic model, this would require recursive
functions to consume some resource every time: i. e. the cost of applica-
tion (cqpp) would need to be at least 1.2 Even though this might seem
like a minor constraint, it has two drawbacks. First, such a restriction is
unnecessarily prohibitive. If we were to track different resources other
than execution costs (e. g., the number of network calls), we would still
be forced to always incur 1 cost for applications. Second, this restric-
tion is semantically unsatisfying: step-indexing is a technique to make
the proofs of non-well-founded definitions go through, and shouldn’t
be integral to the semantics of the language.
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Expression e evaluates to value v with ¢ steps and cost r.

e v ) e v .
5o const . inl - o inr
n{”" n inle " inlv inre || inrv
e inlv e1lv/x] ¢ vy -
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cWTiny  ebAlIT Y
case (e, x.ej,y.ey) JJCHertlrtrtcease
- 0 fix
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er 1 fix f(x).e e 1272 v, e[vy/x, (fix f(x).e)/f] Y™ v,
er e U/C'I+CZ+CT+1/T]+T2+rY+CGpp vy ap
e v C(v) = (cr, Tr,vr) rima Lam
C e UC+Cr+],T‘+Tr+CpTimQPP vy P pp A.e ‘U’O’O Ae
e " A.ey ep J vy A el v i
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el] yerermiry, PP pack e 1" pack v ©
er 7" pack v ez[v/x] 1272 v, )
, T unpack —5o - hil
unpack ey as x in ey 122y, nil | nil
e] UC'IrT"I V] ez U/CZrTZ VZ
cons
cons(eq, e) |JS17211T2 cons(vy,v;)
e ¢ nil er 45 v, .
: cter 1,747 +c caseL-nil
case eof nil — ey | hutl — ey 7T /T easel ),
e |7 cons(vy,v,) e2[vi/h, va/tl T vy
: cHerH1,r+rr4c caseL-cons
caseeof nil — ey [ hutl — ey 7T T Ceasel 4,
er Y1 wy ey |22 vy rod e |7 (vi,v2) roit
<e], ez> UC1+CZ,T1+T2 <v1,v2) p m(e) Uc+1,r+cproj Vi proj
e 477 (vi,v2) proja er 17 vy e2vi/x 4T v
my(e) Yo v, let x = eg in ey S FerTlmiTCer
el 471 vy ea[vi/x] 7 v, clet e v celim
clet e as x in ey STy celim- e " v

Figure 4: RelCost’s evaluation semantics
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The advantage of the abstract cost metric we presented here is twofold:
a) it is easy to understand and reason about and b) it nicely captures
asymptotic costs. RelCost’s effect system could be extended to more
fine-grained metrics, if needed. Alternatively, it can be easily simpli-
fied to more coarse-grained metrics by setting the values of some of
these metavariables to zero, as in some examples of Chapter 3.

4.2 TYPING JUDGMENTS

RelCost’s type system contains two typing judgments. The unary judg-
ment

AD;QF e A

states that the execution cost of e is lower bounded by k and upper
bounded by t, and the expression e has the unary type A. The relational
judgment

NOTHer8ey St

states that the relative cost of e; with respect to e; is upper bounded
by t and the two expressions have the relational type T. These typ-
ing judgments use two kinds of type environments: O and I are type
environments for the unary and relational typing, respectively. Besides
these, both typing judgments have two other environments: A for index
variables and @, for assumed constraints. There is also an additional
global environment Y, containing types of primitive functions, but this
environment remains the same across the rules, so we don’t write it
explicitly. In the presentation of the typing rules, we omit premises
concerning well-formedness of types, which clutter the presentation
and do not provide any insights.

LOWER BOUNDS ON THE RELATIVE COST  RelCost’s unary judgment
tracks both a lower and an upper bound on the execution cost of a
program whereas RelCost’s relational judgment only tracks an upper
bound on the relative cost. The curious reader may wonder why we do
not also track a lower bound k on the relational judgment as follows

ANOGTHKSe1Gey StriT.
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However, doing so is redundant because the following swap rule is
admissible.

AOyTHFKkSe©eSt:T
AOu;dMNE—-tSe0e S —k:d(T)

swap

In essence, the rule states that if we can show that the relative cost of
er and e is lower bounded by k and upper bounded by t, then we
can also show that the relative cost of e, and e; is lower bounded by
—t and upper bounded by —k. Semantically, this rule follows trivially
from the fact that k < cj —cy; < tifand only if —t < c; —¢1 < —k.

Note that for this to work, relational function types must must also

. . . ) diff(k,t)
internalize the lower bounds on the relative cost, as in Ty ——— T.

In addition, in the conclusion of the swap rule, the result type and the
environment are also dualized using the type level operation d(.). For

instance, d(T; w ) =d(Ty) m d(Ty).

Since this rule is admissible, adding lower bounds to the relational
judgment is redundant: Whenever we are interested in a lower bound
on e © ey, we can instead derive an upper bound on e; © ey and flip the
sign of the bound. Hence, we do not consider the extended relational
judgment with the lower bound any further.

RELCOST’S TYPING PRINCIPLES AND DESIGN CHOICES Before ex-
plaining the details of RelCost’s type system, we review the general
design principles behind the unary and relational typing rules.

* The total cost of an expression is obtained by summing the costs
of its subexpressions. Moreover, for the unary typing, elimination
constructs mentioned in Section 4.1 incur an additional symbolic
cost. For relational typing, since we track the difference in the
execution costs, these costs cancel out in all the rules that relate
two structurally similar programs.

¢ In all the synchronous typing rules that relate two structurally sim-
ilar expressions, we only allow eliminating truly related expres-
sions that are not of type UA. For instance, case-elimination on
U (A7 + A;) cannot be typed relationally. All such cases are han-
dled uniformly: If the eliminated expressions are unrelated, i.e., of
type UA (or generally U (A1, A3)), the verification can be done
only by switching to non-relational typing for the whole expres-
sion. Another possibility would be to duplicate all typing rules
for elimination forms that have unrelated types so that continua-
tions would switch to non-relational reasoning. This approach is
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taken in refinement type systems such as FlowCaml [93] or the
published version of DuCostlt [35] but we believe our approach
is cleaner (it results in fewer typing rules).

* RelCost’s index refinements are a form of lightweight dependent
types that enable static reasoning about runtime properties of a
program. In RelCost, we choose to keep the complexity of depen-
dencies limited in comparison to full dependent types. Richer de-
pendencies, such as allowing index terms to be different in two
related expressions, would increase the number of programs that
can be relationally analyzed. However, this would also make the
metatheory more difficult.

The typing rules for the unary and relational typing judgments are
shown in Figures 5 and 6, and Figures 7 to 10, respectively. Below, we
explain selected rules for the two judgments separately.

4.2.1  Unary Typing

The unary typing rules treat lower and upper bounds similarly. Values
are assumed to evaluate with zero cost. So, variables (rule var), as well
as all introduction forms including functions and index abstractions
incur zero cost. For functions, the minimum and maximum costs of

the body, denoted k and t respectively, are internalized into the type

Aq M A; (rule fix). These internalized costs are technically called

latent costs, as they manifest themselves when the function is applied.
In the rule app, these internalized costs k and t are added to the total
minimum and maximum execution costs of the application along with
an additional symbolic cost cqpp for the function application.

Similar to functions, for universally quantified expressions A.e, the

minimum and maximum costs of the closure, denoted k and t respec-

exec(k,t
tively, are internalized into the type Vi ( ) S.A (rule iLam). In the

rule iApp, these internalized costs k and t are first substituted with a
witness I and then added to the total minimum and maximum execu-
tion costs of the index term application.

Existentially quantified types are introduced using pack rule and
eliminated using unpack rule.

The rule C exec allows weakening of the result type as well as the
costs: An expression with minimum execution cost k and maximum
execution cost t can be typed with a lower cost k" < k and a higher
costt’ > t. As usual, weakening is needed when typing a case construct
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A; @g; Q e A| Execution cost of e is lower bounded by k and upper

bounded by t, and e has the unary type A.
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Figure 5: RelCost unary typing rules (Part 1)
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Figure 6: RelCost unary typing rules (Part 2)
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whose branches have different static costs. Subtyping is described later
in Section 4.3.

4.2.2  Relational Typing

Relational typing establishes the relative cost of a pair of expressions
and gives the pair a relational type. Relational typing rules can be di-
vided into two categories: (a) synchronous rules that relate two struc-
turally similar expressions and (b) asynchronous rules that relate two
expressions with different structures but possibly similar subcomputa-
tions.

SYNCHRONOUS RULES All synchronous rules (shown in Figures 7
to 9) relate two structurally similar expressions, e.g., a pair of cons con-
structs or a pair of functions. If the two expressions contain subexpres-
sions, the corresponding subexpressions are related component-wise.
The rule r-var relates a variable to itself with zero relative cost. Sim-
ilarly, all other axioms like r-const and r-nil relate an expression to
itself. The rules r-cons1 and r-cons2 type non-empty lists of size n + 1.
If the tails have the relational type list(n]* T, then the two cons’ed lists
can be typed at either list[n + 11%t1 ¢ or listln + 1]%t depending on
whether the heads may differ or not. The corresponding elimination
rule r-caseL has four premises. The first premise establishes the type
listn]*t for the pair of lists being eliminated. The second premise
types the nil branches, which are taken only when the two lists are
empty and, hence, the constraint assumption n = 0 is added in this
premise. If the lists are not empty, then there are two cases correspond-
ing to the two cons rules. In the first case, the heads of the lists are
the same and the tails differ in at most « elements (third premise). In
this case, we assume that the heads have type [Jt. In the second case,
the heads of the lists may differ (they have type T, without a [J) and
the tails differ in at most « — 1 elements (fourth premise). The value
o« — 1 is represented by a fresh variable (3 that satisfies the constraint
x=p+1.

Like all other values, recursive functions are relationally typed with
zero cost. The relative cost t of the two related bodies is internalized
. . diff(t) . .
into the function type 11 —— T, (rule r-fix). In the rule r-app, this
internalized cost is added to the total cost of the application. The rule r-
inl introduces a sum type with tag inl on both expressions. The r-case
rule eliminates a sum type and assumes synchronous execution: The
same branch must be taken in the left and right expressions. This is en-
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A Dy T Heroey St:t| Relative cost of e; with respect to e; is upper
bounded by t and the two expressions have relational type 7.
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Figure 7: RelCost relational typing rules (Part 1)
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A Dy T e oep St:t| Relative cost of e; with respect to e; is upper
bounded by t and the two expressions have relational type T.
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Figure 8: RelCost relational typing rules (Part 2)
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A Dy T Heroey St:t| Relative cost of e; with respect to e; is upper
bounded by t and the two expressions have relational type 7.
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Figure 9: RelCost relational typing rules (Part 3)

sured by the interpretation of the type 11 + T, that only contains pairs
of values with the same tag. If the case analyzed values have different
tags, i.e., they are related at type U (A1 + A;), then the analysis must
switch to unary reasoning via the switch rule that is explained below.
The rule nochange relates an expression to itself at the (diagonal)
type [t and assigns a relative cost of 0, if the expression depends only
on variables that are also labeled [J. The latter condition ensures that
at runtime, the two expressions being compared are syntactically equal.
Statically, the rule applies when for all variables x € T, the assumed
type of x, i.e. T'(x), is a subtype of the same type annotated with [J,
i.e. of OT'(x). In addition, the rule r-fixNC allows inductively typing
a recursive function with O annotation. In typing the function’s body;,
13 This rule cannot the function itself is assumed to be [-annotated. 3.
be derived using the The rule r-split permits a case analysis on the index domain, allow-
rules nochange and —jno s to obtain more precise bounds. For example, when typing a
e divide-and-conquer algorithm that operates on a pair of lists in RelCost,
one often needs to analyze the cases & = 0 (where the two lists may
not differ) and o« > 0 (where the two lists may differ) separately. This
4 An example use of  rule allows doing that. 4
r-split rule Finally, the rule r-contra allows us to give a pair of programs any
illustrated in the  yyel]_typed term whenever we have inconsistent, i.e. contradictory, as-
mijf;;;tﬂ;f lj sumptions in the constraint context ®,. For example, when case ana-
lyzing a non-empty list, we can use this rule to discharge the nil case.

ASYNCHRONOUS RULES In addition to the synchronous rules that
require the two related expressions to have the same structure, Rel-
Cost has several asynchronous rules that allow typing two expressions
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A;®g;ITh ey s Ay A D T2 ex: Ay
A;Dg;THeroer St —ka:U(Ag,A2)
A OFE NP I—E e1: Aq ADOGx:UALTHe28eSt i1
AOgTHIetx=e1ine;0e Sty + 1t +Clet 1 T2
ADg Tk er: Al AQgx:UATHese St
ADOg;THeSletx=ejine; Sty —ky —Clet : T2
A DM by et AT+ A,
A, Dgx:UA THeoe; St N0 y:UAyTHeoe) St
A;Oq;THeo case (ef,x.ef,y.es) St—k —cease: T
A O IThH I—fe:Ari-Az
ADgx:UATFejoe St/it ADGy:UATHe0e St/ it

switch

r-let-e

r-e-let

r-e-case

— r-case-e
A;Dy;THE case (e, x.ej,y.e2)oe St +t+cCeqse:T
A; @g; (Mo el s listin] A N, O, An=0;TFeoe; St:T
LA O, AN =1+T1;h:UA,tl: Ulisti]A,TFeoe), St:t
case e’ of nil — e r-e-casel.
A}(Da}rke@“l::,d*)eé ! St*k/*ccaseLVT
A; Og; [Tl ' e listin] A AD,An=0TFeroe <t
LA O AN =1+T;h:UA,tl: Ulistfi]A,TFe;ce’ <t:7
r-caselL-e

case e of nil — e;

A’.q)a;r'_Ih::tl—>ez

e <t+t' +ceaser : T

Figure 10: Asynchronous typing rules
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|- s :  Relational type — Unary type
lint,; = int
lunit,|; = unit
IT1 X T2l; = |tilj x |t2l;
IT1 + T2l; = |tilj + |t2l;
|list[n]* |; = list[n]|1];
diff(t) exec(0,00)
T —— 2y = Imlj ——— |t2l;
. diff(t) . exec(0,00)
Vi = Sty = Vi@ Sl
|Fi:S. s = Ji:S.|1];
|C & s = C & |[1l;
IC D s = CDj
U (A, Alf = Ay
Wk = |1l

Figure 11: RelCost refinement removal operation

that may be related partially or arbitrarily. These rules are shown in
Figure 10. Our appendix shows an example of an optimizing program
transformation-loop unswitching—that heavily relies on these asynchronous
rules (Appendix D.2.2).

The most generic asynchronous rule is the switch rule that allows
two arbitrary expressions e and e; of types A; and A;, respectively
to be related at the weakest relation with type U (A, A;). When read
from bottom to top, this rule allows switching from relational reasoning
to unary reasoning where the two expressions are typed independently
in their respective erased environments |I'; where j € {1,2}. Then, the
relative cost is computed by taking the difference of the left expres-
sion’s maximum cost and the right expression’s minimum cost.

The type erasure operation |.; is a function from relational types to
unary types and it simply forgets the relational refinements. Its defini-
tion is shown in Figure 11. Since unrelated types U (Aj,A;) consist of
the unary types Aj and A; of the left and the right expressions, respec-
tively, the erasure function is indexed by j € {1, 2} to select one of these
expressions: |[U (Ay, A;)|; = Aj. For function types T4 ﬂ) T,, erasure

exec(0,00

constructs the weakest non-relational type |T1|; oxecl0o0), IT2l;, providing
no meaningful guarantees on minimum and maximum cost. The defi-
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nition of |.|; extends pointwise to relational environments: [I',x : tl; =
IFIj,x . |T|J

The remaining asynchronous rules apply when the left expression
is related to a subexpression of the right expression, or vice-versa.
These rules allow us to temporarily break the relational reasoning and
regain it again later. Every asynchronous rule has a corresponding
inverse/symmetric rule. For instance, the rule r-let-e relates let x =
e1 in e, to an arbitrary expression e by relating e, to e. The symmet-
ric rule r-e-let dually relates e to let x = e in e;. We explain only the
rule r-let-e here. In the first premise, we type the subexpression e;
non-relationally with maximum execution cost t; and type A;. In the
second premise, we relate the left subexpression e; to the right expres-
sion e with relative cost t; under the assumption that the variable x is
unrelated in the two runs (x : UAj). Since x occurs only in ey, this is
sound. The total relative cost is the sum of the costs t; and t,, plus an
additional cost ciet for the extra let elimination performed on the left
side.’>

4.3 SUBTYPING

Subtyping is central to both unary and relational typing. There are
two subtyping judgments: A; ®, A A; C A, for unary types and
A; @4 = 11 T 1) for relational types. Unary and relational subtyping
rules are shown in Figure 12 and Figures 13 and 14, respectively.

Subtyping is constraint-dependent, because it must, for instance, be
able to show that listin]*t C listfm]/*t when m = n. In RelCost, [0’s
comonadic properties are manifest via subtyping. This results in inter-
actions between [J and other connectives as, for instance, in the rules
r-— [aiff, r-12 and r-10]. These interactions pose a nontrivial challenge
for algorithmization, which is tackled in Chapter 11. Similar interac-
tions exist between the modality U (A1, A;) and other connectives.

The rules u-— exec and r-— diff are subtyping rules for unary and
relational function types, respectively. Beyond the usual contravariance
for arguments and covariance for results, upper bounds on costs are co-
variant whereas lower bounds are contavariant. We have two additional
subtyping rules for function types. The rule r-— execditf allows convert-
ing two unrelated functions—with minimum and maximum execution
costs k' and t, respectively—to related functions with execution cost
t —k’, but with unrelated arguments and results. The rule r-— it
captures the idea that syntactically equal functions, when applied to

41

5 In the symmetric
rule r-e-let, this cost
Clet IS subtracted
from the total relative
cost since the let
expression appears on
the right side.
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A;® =2 Aj C Ay Unary type A is a subtype of type A,

AOEAAICAT  AOEAACA,
ADEK <k ADELLE

exec(k,t) exec(k’,t") Un— exec
AOEMA] S AJC A T A

i:S,AOEAACA!
i:S,AOEK <k i:S,A0Et<t  i1€FV(0D)

exec(k,t) exec(k’,t")

AOEAYVE & S.ACYE S A’
AOEAAICA]  AOEAACA,
A O EM AT x Ay C A x A
AOEAAICA]  AOEMA,C A
A;(D‘:AA1+A2§A]/+A£
AdEn=n" AOEAACA’
A; @ EA list[n] A C list[n/] A’
izSSAAOEAAC A 1€ FV(D)
A; @ EA Ji:S. A C FizS. A’
AOANCEC AOEAACA
AOEAC&ACC & A’
AOANC'EC ANOEAACA
2 ; p u-c-impl 2 u-refl
ADEACOACC DA ADEMACA
ANOEAAICA,  AOEMA,CA;
AOEMA T Az

U-Vexec

u-+

u-3

u-c-and

u-trans

Figure 12: RelCost unary subtyping rules
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ANOETED
AOEAAIC A

Relational type 17 is a subtype of type 1,

Unary type A; is a subtype of type A,

- - r-int-]
A; © E int, C Oint,

— - r-(U-int
A; ® = 0OU (int, int) C int,

- — r-unit
A; @ | unit, T Ounit,
ADETCT ADEt<t
diff(t) diff(t’) - diff
A0 by B, g S,

ADETCm

i iff (O
A0 EOm MYy corn H9 0.,

r-— Lldiff

A D ’: u (A] exec(k,t) ; exec(k’,t’)

(LK) I-—> execdiff
Az, Aj A}) C U (A}, A]) ——— U (A3 A)
i2S,A0, =t i2S,A, 0, =t<t 1€ FV(Dy) va

. diff(t) _ diff(t’) , [-vdidt

A0 EVL ¢ S.tCViE @ ST

. - r-v [
diff(t) diff(0)
AOEDOM = S.o)CVvi = S.0Ox

. exec(k,t) . exec(k/,t) , . diff(t—k’) , -vU
AOEUMW = S.AVIE @ SA)CEVI = S.U(AAY
A ETET AP ETET

; - r-x
ADETixm C1 X1

r-x[]
A,OEOT xO1rn =01 X 1)

-xU
A0 U(A; x As, Al x AJ) C U (A1, A]) x U(Ay AL
A;@}:T]ET{ A,‘@IZngTé n
r-
AOET+T T +T1)

AOEOL+0n CO(T +1) r-+U
ADoEn=n' ADgEa<<a JARO P i e
A; Dg k= listm]®t C listn/]* '
A0 E o =0
A® = listin]®r C st 0 "2

10
A, ® E listin]* O C O (listm)%7)

Figure 13: RelCost relational subtyping rules (Part 1)
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A; @ =711 C 12| Binary type Tj is a subtype of type 1,

i0S,A0, =1C T igZFV((Da)rEI
A; Dy = FizS. Tt C 3isS. 1/
-390
A®E Ji=S. 0t C O3S 1)
AP, NCEC AP =TT d
AD - C&TCC & rean
-c-and-0]
AOEC&OTCOC&T) o
A, O, NC E=C AO =TT .
r-c-impl

AP, =ECoOTCC o

-c-impl-0] T
fetmp ADEOTC T

NOETIETD

AOEOCDODTECDODOT

D B-OJ
A0 EOrC OO0 A0, EOnCOD
W
N0 =T EU(|Th,|Tth)
AOEAACA]  AOEAACA,
r-refl

A D EU(ALA) CU(ALA)) ADETCT
NOFETIETD ADOETET
NOETIET

r-trans

Figure 14: RelCost relational subtyping rules (Part 2)



4.3 SUBTYPING

equal arguments, produce equal results and have relative cost 0. Simi-
lar additional rules exist for universally quantified relational types.

The rule r-11 allows the number of elements that differ in a list to be
weakened covariantly. The rule r-12 allows two related lists with zero
differences to be retyped as two related lists whose elements are in the
diagonal relation. The rule r-1C] allows two related lists whose elements
are equal to be retyped as two equal lists, represented by the outer (.

The rule B-0J allows stripping the box annotations if the inner types
are subtypes of one another. The rule W allows weakening the type T
to its weakest form U (|[y,[t[;) where |1]; is the j-th unary projection
for j € {1,2} described earlier. The rule U allows lifting subtyping from
unary types to relational types at the weakest relation U -. As usual,
subtyping is reflexive (rules u-refl and r-refl) and transitive (rules u-
trans and r-trans).

We note that the type Ot follows the standard co-monadic rules:

diff(t) diff(0)

OrtCt 0 — n)COrn — Obmand O(1) x 172) =017 X

DTz.
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» synorsis In this chapter, we first discuss logical relations, a proof
technique that is particularly well-suited for proving RelCost’s type sys-
tem sound. Based on this technique, we then present a logical relations
model for RelCost and use it to prove RelCost sound relative to the ab-
stract cost semantics presented in Section 4.1.

LOGICAL RELATIONS AS A PROOF TECHNIQUE Logical relations [92]
are a powerful proof technique for proving many important program
properties such as strong normalization, program equivalence, para-
metricity, and type-safety. The technique has wide applicability not
only to unary properties such as strong normalization but also to rela-
tional properties such as program equivalence. Moreover, as we demon-
strate shortly, logical relations can be naturally extended with unary
and relational effects. This makes logical relations an attractive tool for
proving the soundness of RelCost’s type and effect system.

Logical relations are defined by induction on types and the relations
are crafted so that they capture the property of interest. However, in
the presence of recursion (or recursive types in general), types them-
selves as induction measure do not suffice. To deal with this, Ahmed et
al. have developed step-indexed logical relations where the relation is in-
dexed with a step, capturing the number of future evaluation steps [7,
11]. With the help of step-indices, one can show the well-foundedness
of recursive definitions.

In the rest of this chapter, we build two cost-annotated models of Rel-
Cost’s types: a non-relational (unary) one for unary types and unary exe-
cution and a relational (binary) one for relational types and relational ex-
ecution. Both models are step-indexed to handle recursive functions [7,
11]. The binary model depends on the unary one and a key novelty is
how unary and relational step indices interact. Below, we discuss the
models in detail.

5.1 UNARY INTERPRETATION OF RELCOST TYPES

For each unary type A, the value interpretation [A], is a set, contain-
ing pairs (m, v) of step indices and values. Intuitively, the pair (m, v)
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is in the interpretation of [A],, if the value v behaves like a value of
type A in a larger term for at least m steps. Hence, [A], can be consid-
ered as an approximation of the set of values in A. Below, we briefly
comment on the value interpretation [A],, shown in Figure 15.

The base types int and unit are completely characterized by the set

: . : k,t
of their values for any step index m. Function types A; oxecliet), A, are

characterized by the set of functions that, given an argument of type Aj,
produce a computation of type A; with k and t minimum and maxi-
mum execution costs, respectively (in the expression relation [AL]E
discussed below). Note that the resulting computation is interpreted
at strictly smaller step-indices than the function’s step-index, essentially

counting an additional cost for function application.
. p . exec(k,t) .
Universally quantified types Vi S A are interpreted so that for

any well-sorted index term I, the resulting expression is in the interpre-
tation of A{I/i} with k[I/i] and t[I/i] minimum and maximum execu-
tion costs, respectively. Note that since index term applications are not
counted as computation steps, the step index does not decrease. Dually,
existentially quantified types 3i::S. A are interpreted so that there exists
a well-sorted witness I so that the packed value v is in the interpreta-
tion of type A{I/i}.

Based on the interpretation of values, we can also define the inter-
pretation of closed expressions [A]¢". Intuitively, the pair (m,e) is in
the expression interpretation [A] KU if the expression e behaves like an
expression of type A with k and t minimum and maximum execution
costs, respectively for at least m steps. Its definition is shown below.

ot 1. k<r<t
[Ale =< (me)|(e |*"vA c<m) =

2. (m—c,v) € [A]y

The interpretation of [[A]]]é’t states that if e evaluates to a value with
c < msteps, then k and t are lower and upper bounds on the execution
cost 1, respectively, and the resulting value is in the value interpretation
with step-index m — c. Note that the step indices only interact with the
reduction steps c, but not with the actual execution costs .

As usual, we interpret open expressions under some semantic envi-
ronment interpretation 5. We write (m, 8) € §[Q] to mean that 5 maps
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[A]lv C Step index x Value
[A]¥" C Step index x Expression

[int], ={(m,n)}
[unit], ={(m, ()}
[A1 < Azl ={(m, (vi,v2)) | (m,v1) € [Ai]v A (m,v2) € [Az]}
[A1+ Az]y ={(m,inlv) | (m,v) € [A1]s} U
{(m,inr v) | (m,v) € [Az]v}
[A1 A Azl ={(m,v) [ (m,v) € [A]v A (m,v) € [Az]v}
[list[0] A]y = {(m,nil )}
Mlist[n+1] A]y = {(m, cons(ey,ez)) | (m,e1) € [A]v /A (m,ez) € [listin]
A 2 Al = {(m, fix f(x).e) | < m. W (3,v) € [A1]l

—  (j,elv/x, fix f(x).e/f]) € [A]¥Y

(i Y S AL, = {(m,Ae) | VL 15, (m,e) € [A{/] I
[Fi=S. Ay ={(m,packv) | ILF1:S A(m,v) € [A{I/i}]v}
[CDA], ={(m,v) | £ C V (m,v) € [A],}

[C & A, —{(mVv)| EC A (mv) e [AlL}

[A]S {me) | (e dTy A c<m) — b KSTSE

Figure 15: Non-relational interpretation of types
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2. (m—c¢,V) e[[A]]v
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all variables in the domain of the environment () to appropriately-
typed semantic values for m steps.

S[] ={(m,0)}
m, 8x = v]) | (m, 8) € G[QA] A (m,v) € [A]}

We write 0 € D[A] to mean that o is a valid (well-sorted) substitution
for the index environment A.

52 RELCOST’S SOUNDNESS (UNARY)

We prove the following fundamental theorem for unary typing. Roughly,
the theorem says that the expression e, if typed in RelCost at unary type

A with k and t minimum and maximum execution costs, respectively,

lies in the unary expression interpretation of A (with the given costs

k and t) for any step-index and value substitution that respects the

environment’s types.

Theorem 1 (Fundamental Theorem for Unary Typing). Assume that
ADy ;O I—tk e:Aand o € D[A] and = oc® and there exists Q' s.t. FV(e) C
dom(Q'), Q' C Q and (m,y) € §[0Q]. Then, (m,ve) € [cA]T“". 1

Proof. By induction on the typing derivation. (shown in Appendix A.2)
O

An immediate corollary of the theorem is that the minimum and
maximum execution costs established in the type system are lower and
upper bounds on the actual execution cost of the program, respectively.
For readability, we only state the theorem with a single input x, but
generalized versions with any number of inputs hold as well.

Corollary 2 (Soundness for unary costs). Suppose that
e x:AF e:A’
*-v:A
e e[v/x] &7 V'

Then k <r < t.

The existence of O/ that contains all the free variables of e is needed for proving
asynchronous typing rules sound.
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5.3 RELATIONAL INTERPRETATION OF RELCOST TYPES

The value interpretation (1)), is a set, containing triples (m,vy,v;) con-
sisting of a step index m and two related values v; and v;. Intuitively,
the triple (m,vy,v;) is in the interpretation of (t),, if the values v; and
v, behave like related values of type T in a larger term for at least m
steps. Hence, (1)), can be considered as an approximation of the set of
related values in t. We briefly comment on some salient points about
(t)v, shown in Figure 16.

The base relational types int; and unit, are completely characterized

by the set of pairs of identical values for any step index m. The in-

. diff(t) . . .
terpretation of Ty —— T, relates a pair of functions that, given re-

lated arguments at j < m steps, return related computations (in the
expression relation (t)! discussed below) at step-index j. In addition,

exec(0,00)
the two functions are in the unary interpretation of |ty ———— |12l

exec(0,00)

and |t1[; ———— |12/, respectively for any step-index j. The latter al-
lows any pair of related functions to be used in a unary context with
the weakest cost bounds, 0 and co. In essence, we can semantically show
that the relational judgment A; @;T" - e; © ey S t: 7 entails the unary
judgment A; @; |T']; F5° e; @ |t]; for i € {1,2}.

The interpretation of L T forces the two related values to be identical.
Semantically, the type [ is used in the interpretation of non-empty lists
to make sure that o changes are distributed appropriately: if the two
heads are identical (of type [J7), the tails have o changes, otherwise
the tails have o« — 1 changes.

The interpretation of U (Aj, A;) contains unrelated pairs of values
(v1,v2) in which the individual values v; and v, are in the unary inter-
pretation [A1], and [A;]y, respectively at any step index j, i.e., (j,v1) €
[A1]v and (j,v2) € [A1]y for any j. Essentially, this means that when we
switch from relational to unary reasoning, we can call out to any unary
step index j. This works because the unary relation does not refer back
to the binary relation.

Based on the relational interpretation of pairs of values, the expres-
sion interpretation (t)! defines when two expressions are logically re-
lated. Intuitively, (m, e, e2) € (1)}, if the expressions e; and e, behave
like related expressions of type T with t relative cost for at least m steps.
Its definition is shown below.

(t)e ={(m,er,e2) | (e 47 vi A ea 272 v; A ¢y <m)
1. 11—12 <t )
2. (m—cy,vi,v2) € (T)v
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(t)v C Step index x Value x Value
(t); C Step index x Expression x Expression

(RN ={(m,v,v) [ (m,v,v) € (v}
(W (AL A2y ={(m,vi,v2) [ V). (j,v1) € [Ai]v A (G, v2) € [A2]V}
(inty)y ={(m,n,n)}
(unity)y, ={(m, (), )}
(t1 x )y ={(m, (vi,v2), vi,vi)) | (m,v1,v]) € (i) A (m, vz, V) € (T2}
(T1 +T2)v ={(m,inlv,inl v/) | (m,v,v’) € (t1)v} U
{(m,inr v,inr v/) | (m,v,v') € (t2)v}
(t1 A t2)y ={(m,v,v) | (m,v,v') € (t1)y A (m,v,V') € (T2)v}
(Listl0]* )y, = {(m,nil,nil )}
(listn+1]* 1)y, = {(m, cons(vy,v2), cons(vy,V})) |
(m,v1,v1) € (@) A (m,vp,v5) € (listin]* 1)) V
((m,v1,v7) € (v A (M, v, v5) € (listn]*~" 1)y, A o > 0)}
(rr S8 )y = ((m, fix F(x).e, fix F(x).e2) | (% < m. Y1, v2. (j,v1,v2) € (1)

= (j, erlv1/x, fix f(x).e1 /1], ealva/x, fix f(x).ez/f]) € (t2)i) A

£

(v).0, fix f(x).e1) € [rmal 22 oy, A
(5, fix f(x).ez) € [[IT] 2 20 L)
0 M5 s 1)y = [(m, Ave, Ae’) | VL TS, (myee’) € (]T{I/l}[) 1y A
()., e) € [[IT{I/l}h]]?"O A (5, €") € [I{1/iH2]2™))
(Fi=S. )y ={(m,pack v,pack V') | L F1:S A (m,v,v') € (f{I/i})v}
(C D)y ={(m,vi,v2) | £ C V (m,v1,v2) € (T)v}
(C & 1)y ={(m,vi,v2) | EC A (m,vy,v2) € (1)}
(e ={(m,er,e2) [ (e1 Y vi A ea J22v; AN ey <m) =

1. 1—12 <t
2. (m—cy,vy,v2) € (T)y

Figure 16: Relational interpretation of types
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The definition states that if expressions e; and e, evaluate to values
in ¢7 and c; steps, respectively, and c; < m, then t is an upper bound
on the relative cost of e; with respect to e, i.e,, 11 — 1, < t and the
resulting values are related at step-index m — c;. The relational step-
index m counts steps of the left expression but it could be set up to
count steps of the right expression or both. Moreover, like in the unary
expression relation [A]y, step-indices only interact with the reduction
steps, but not with the actual execution costs r1 and ;.

We interpret pairs of open expressions under a related pair of substi-
tutions, (81, 02). We write (m, 81,8;) € §(I') to mean that §; and &, map
all the variables in the domain of the environment I" to appropriately-
typed semantic relational values for m steps.

S(-) = {(m,0,0)}
S(Mx:1) = {(m,&1[x — wi],82[x — val) | (m, 81,82) € G(I) N

(m/V]IVZ) e (]TDV}
5.4 RELCOST’S SOUNDNESS (RELATIONAL)

We prove the following fundamental theorem for our relational typing
judgment. Roughly, the theorem says that the expressions e; and e;,
if typed in RelCost at relational type T with relative cost t, lie in the
relational expression interpretation of T (with the given relative cost t)
for any step-index and relational value substitution that respects the
environment’s types.

Theorem 3 (Fundamental Theorem for Relational Typing). Assume that
AODOyTHeroe Stitand o € D[A] and = o® and (m, 81, 62) € G(oT).
Then, (m, 81e1,82e2) € (o)t

Proof. Proof is by induction on the typing derivation. (shown in Ap-
pendix A.2) O

An immediate corollary of the theorem is that relative costs estab-
lished in the type system are upper bounds on the actual execution
cost differences. For readability, we only state the theorem with a sin-
gle input x, but generalized versions with any number of inputs hold
as well.

Corollary 4 (Soundness for relational costs). Suppose that

e x:Theoe St

eFviovw S _ i1

53



54

METATHEORY AND SOUNDNESS OF RELCOST

e erfvy/x] Y1 vy

* ex[vy/x] Y272 V)
Then vy —1y < t.

Finally, we prove that, semantically, relational typing is a refinement
of unary typing with the weakest bounds—0 and co—on minimum
and maximum costs, respectively.

Theorem 5 (Fundamental Theorem for Weak Relational Typing). As-
sume that A, @ ;T Hejoey St:tand o € D[A] and = 0®. Then for i €
{1,2}, if there exists T/ s.t. FV(e;) C dom(IY), I C Tand (m,7y;) € §[|oT}i],
then (m,viei) € [loT]9™.

Proof. Proof is by induction on the typing derivation. (shown in Ap-
pendix A.2) [
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I know nothing except the fact of my
own ignorance.

Socrates

The work presented in Part I represents a convergence of two main
bodies of research: static execution cost analysis and relational analysis.
We discuss related work in each of these areas in order.

6.1 STATIC EXECUTION COST ANALYSIS

There are many static techniques for analyzing the execution cost/-
complexity of programs ranging from semantic interpretation [21, 54]
to type-based techniques such as linear dependent types [39, 41], amor-
tized resource analysis [60, 61, 63], type and effect systems [81, 96],
and type-based embedding via cost-counting monads [42]. However,
all these techniques differ from our work in a fundamental way: They
all reason about a single execution of a program, whereas relational
cost analysis requires reasoning about a pair of programs.

In theory, one can simply combine best- and worst-case execution
cost analysis computed using one of these techniques to reason about
the relative costs of two programs. However, as we have demonstrated
in Section 1.1, such combinations ignore the relations between pro-
grams and inputs, leading to imprecision. RelCost (as well as DuCostlt
presented in Chapter 8) distinguishes itself from prior work in its rela-
tional reasoning principles, which provide the ability to establish precise
bounds on relative cost by making use of similarities between inputs
and programs in a much more local way. To achieve this, we build on
type and effect systems [81, 96] and extend them to a relational setting.

Below, we survey some unary type-theoretic approaches to verifying
and inferring resource usage bounds in functional programs.

TYPE AND EFFECT SYSTEMS FOR UNARY COST ANALYSIS Typeand
effect systems are a static program analysis technique that refines a
usual type system with additional annotations, called effects, i.e. ab-
stract descriptions of side-effects occurring during the program execu-
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tion such as I/O events and exceptions. The execution cost of a pro-
gram can be also considered as an effect. In fact, several type and ef-
fect systems have been designed for execution cost analysis. One such
system is designed by Reistad and Gifford [96] for estimating the cost
analysis of Lisp expressions and is partially based on the “time system”
by Dornic et al. [45]. A second such system is designed by Crary and
Weirich that extend type and effect systems with dependent types [38]
to certify resource usage of programs.

SIZED TYPES AND LINEAR DEPENDENT TYPES Sized types were
introduced by Hughes et al. for proving some functional properties of
stream-manipulating reactive programs such as termination and pro-
ductivity. The technique has been adapted to reason about resource
usage of functional programs by combining it with various other tech-
niques such as abstract interpretation [103], linear dependent types [41,
67] and type-and-effect systems [38].

Dal Lago and Petit present a complete time complexity analysis for
PCF [41]. They use linear types to statically limit the number of times
a function may be applied by the context in a call-by-name setting.
This allows reasoning about the time complexity of recursive functions
precisely. Recently, they carried out a similar development for a call-by-
value language [40]. Extending their approach with relational reason-
ing would be an interesting direction.

AUTOMATIC AMORTIZED COST ANALYSIS The potential method de-
rives amortized bounds on the worst-case execution cost of a program
by assigning non-negative potentials to the input data of a program. The
amortized cost of an operation is the sum of the actual execution cost of
the operation plus the change in the potential between before and after
the operation. Then, if the initial potential is non-zero and the potential
is always non-negative, one can show that the accumulated amortized
costs are an upper bound on the accumulated actual costs [83].

Based on such amortized cost analysis, Hoffmann et al. [60, 61] in-
fer polynomial-shaped worst-case bounds on resource usage of RAML
(Resource Aware ML) programs. Recently, the technique has been ex-
tended with support for lower bounds on the resource usage [80], mak-
ing it possible to obtain naive relative cost bounds by simply establish-
ing the difference on the upper and lower bounds. A significant advan-
tage of their technique is automation. A similar analysis for relational
cost—with support for tracking similarities—may be possible although
the compatibility of logarithmic functions (which are necessary to state
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the relational costs of interesting programs) with Hoffmann et al.’s ap-
proach remains an open problem.

AUTOMATIC RECURRENCE EXTRACTION AND SOLUTION A classic
approach to reason about resource usage of programs is to automati-
cally extract (and then solve) recurrence relations from programs using
a variety of techniques such as program transformations [71], abstract
interpretation [98], refinement types [53] and cost transformations [43].

For example, [96] develop a type and effect system for functional
programs without general recursion but with a set of restricted com-
binators like map and fold. [53] has proposed a technique based on
DML [105] that uses size information contained in dependent types
to automatically extract recurrence relations from first-order DML pro-
grams. Danner et al. instrument programs with a clock and extract re-
currence relations [43].

A common denominator of these type-theoretic techniques is that
they are unary. Some of the techniques operate on a restricted set of
constructs or cost terms. Applicability of these techniques to the re-
lational setting is unclear: In a relational setting, recurrence relations
(and their solutions) might get much more complicated: e.g. for recur-
rence relation of mergesort’s relative cost (shown in Appendix D.2) is
parametrized by not only the input size but also the number of changes
between the two lists. Moreover, the resulting closed-form expression
for the recurrence involves iterated sums over exponentials and loga-
rithms which is difficult to automate.

6.2 RELATIONAL ANALYSIS AND VERIFICATION

There is a large body of work on verifying relational properties of pro-
grams. Many of the techniques for relational reasoning have been se-
mantic, but recently, there is an increasing focus on developing practi-
cal approaches based on assertion checking [70], symbolic execution [87],
static analysis [68], model checking [107], program logics [18, 109],
and refinement types [14, 16]. In the past, researchers have developed
specialized approaches for many relational properties, e.g., informa-
tion flow [10, 78, 93], continuity [30], determinism [25], differential pri-
vacy [51, 95], or quantitative reliability [27, 28]. Other important appli-
cations of relational verification include regression verification [49, 52],

semantical differences [69, 86] and cross or relative verification [57, 76,
88].

57



RELATED WORK : RELATIONAL COST ANALYSIS

In the rest of this section, we focus on the more closely related ap-
proaches based on type systems and program logics. The former sup-
ports automatic typechecking and inference while the latter often is
more expressive and contains a wider variety of connectives at the price
of requiring the programmer to complete the proofs. One advantage of
our work over many of these approaches is that we can freely switch
from the relational world to the non-relational world when program
executions diverge.

INFORMATION FLOW ANALYSIS Information flow analysis is a prime
example of relational analysis where the aim is to determine whether

secret inputs of a program influence its non-secret outputs. Several type

systems for information flow analysis has been proposed: SLAM [58],

FlowCaml [93], DCC [2]. These type systems use security-annotated

types to ensure the noninterference property, i.e. a property that com-
pares two executions of a single program differing only in its secret

inputs and requires the non-secret outputs to be equal. RelCost differs

from these works in two ways. First, unlike these systems which use

security-annotated types, in RelCost we have a two-layered type gram-
mar which makes the design of the type system cleaner. Second, these

systems are designed to reason about non-interference, which is a rela-
tional functional property whereas RelCost can also handle cost, which

is a relational quantitative property.

PARAMETRICITY One of the most fundamental relational properties
of functional programs is parametricity: an abstract uniformity prop-
erty which states that all instances of a polymorphic function act the
same way [97]. Ramifications of relational parametricity are quite pow-
erful: Researchers have developed deep connections of parametricity
with representation independence and program transformations. In
particular, parametricity demonstrates that one cannot distinguish be-
tween a pair of polymorphic programs that differ in their underlying
data representation. This notion of representation independence yields
“free” theorems about programs based on their types. Relational mod-
els like logical relations have been extensively used in the proofs of
parametricity. Our work on relational cost analysis builds on the foun-
dations of parametricity and extends it to the quantitative setting.

RELATIONAL FUNCTIONAL VERIFICATION Relational Hoare Logic [17]

and Relational Separation Logic [108] are two program logics that ex-
tend their corresponding unary counterparts—Hoare and Separation
Logic, respectively—to the relational setting to reason about relational
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properties of imperative programs. These logics and their successors
have been used to reason about not only program equivalence but
also other relational properties such as probabilistic differential pri-
vacy [13], access control [79], and information flow [79]. Recently, Re-
lational Hoare Logic has been extended to higher-order logic [8] for a
pure fragment only. In general, these logics are quite powerful (power-
ful enough to embed RelCost into RHOL [8]) and they lie on the end
of the spectrum of relational verification where the programmers must
provide detailed proofs using proof assistants. Our work lies on the op-
posite end of the spectrum since we are interested in more lightweight
methods with minimal burden on the programmers.

In [99], Sands introduces improvements, a semantic notion which nat-
urally embeds relational cost reasoning, and uses them as artefacts for
proving equivalence between functional programs. However, improve-
ments only offer a qualitative guarantee that one program is faster than

another (in all contexts). In contrast, RelCost can establish quantitative
bounds.
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» synorsis This chapter demonstrates how the relational cost anal-
ysis technique presented in Part I can be used to reason about the
update costs of incremental programs. We first recap dynamic stabil-
ity and then explain how a type and effect system similar to RelCost,
which we call DuCostlt, can be used to establish dynamic stability. We
first give a mini overview of DuCostlt’s type system and then present
some of DuCostlt’s features through examples.

7.1 DYNAMIC STABILITY AS AN INSTANCE OF RELATIONAL COST
ANALYSIS

INCREMENTAL COMPUTATIONS Programs are often optimized un-
der the implicit assumption that they will execute only once. However,
in practice, many programs are executed again and again on slightly
different inputs: spreadsheets compute the same formulas with modifi-
cations to some of their cells, search engines periodically crawl the web,
and software build processes respond to small source code changes. In
such settings, it is not enough to design a program that is efficient for
the first (from-scratch) execution; the program must also be efficient
for the subsequent incremental executions (ideally much more efficient
than the from-scratch execution).

Incremental computation is a promising approach to this problem that
aims to design software that can automatically and efficiently respond
to changing inputs. The potential for efficient incremental updates comes
from the fact that, in practice, large parts of the computation repeat be-
tween the first and the incremental run. As shown by prior work on
self-adjusting computation [5, 6], by storing intermediate results in a
trace in the first run, it is possible to re-execute only those parts that
depend on the input changes during the incremental run, and to reuse
the parts that didn’t change (free of cost).

Existing work on incremental computation has been applied to dif-
ferent settings such as imperative [4, 55], demand-driven [56] and fully
functional [6, 29]. In all of these settings, the approach has been very
successful at improving the efficiency of incremental runs of a program.
In addition, there has been also language based techniques that can au-
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tomatically convert conventional programs to their incremental coun-
terparts [32], helping ease the burden on the programmer. However,
previous work does not consider the equally important question of how
programmers can reason about and establish the computational com-
plexity of incremental executions—a property which we call dynamic
stability.

DYNAMIC STABILITY Assume that a program e is initially executed
with input v and then the program is re-run with a slightly different
input v/. Dynamic stability is the amount of time it takes to re-run
the program with the modified input v’ using incremental computation.
However, unlike relational cost analysis where the two programs are
executed using the same strategy, dynamic stability analysis requires
a more complex evaluation semantics. Instead of reasoning about two
programs, dynamic stability analysis requires reasoning about two ex-
ecutions of a program: a) The initial run in which all the intermediate
results and input-output dependencies of the program are stored in a
dynamic dependence graph, which is often called a trace and b) The
incremental run in which the input changes are automatically propa-
gated through the trace of the computation.

The former phase is called from-scratch execution and memoizes all
the intermediate results. The latter phase is called change propagation
and is implemented by storing all values in reference cells, represent-
ing the trace as a dynamic dependence graph over those references, and
updating the references by traversing the graph starting from changed
leaves (inputs) and re-computing all references that depend on the
changed references. This is a bottom-up procedure, which incurs cost
only for the parts of the trace that have changed. The graph can be
traversed using many different strategies [3].%°

In this thesis, we argue that even though the underlying evaluation
technique of incremental computations is complex, dynamic stability
analysis is a special instance of relational cost analysis. In the rest of
this chapter, we demonstrate that relational cost analysis can be ad-
justed to track dynamic stability by using an enhanced operational and
semantic model that is capable of modeling traces and incremental eval-
uation. In particular, we retrofit RelCost’s design to a refinement type
and effect system called DuCostlt that can establish dynamic stability of
incremental programs.’” Doing so allows us to not only statically ver-
ify when incremental computation is worthwhile—which was not pos-
sible using previous techniques—but also demonstrate that relational
cost analysis is a powerful method that has applications in seemingly
unrelated domains.
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Remark. DuCostlt's type and effect system presented here differs substan-
tially from the prior homonymous version of the author’s work in [35]. Chap-

ter 10 makes a detailed comparison to this prior version, which we call DuCostIt®,

to distinguish it from DuCostlt.

7.2 RELATIONAL COST ANALYSIS FOR DYNAMIC STABILITY

Before we explain the details of DuCostlt, we highlight how dynamic
stability analysis in DuCostlt can be considered a specific instance of
relational cost analysis in RelCost. In doing so, we also describe how
dynamic stability analysis differs from the relational cost analysis tech-
nique introduced in Chapter 4.

* Relational reasoning: Like relational cost analysis, dynamic stability
is also inherently a relational property of two runs of a program: the
initial run and the subsequent, incremental run.

* Different cost model: Since DuCostlt aims at establishing dynamic
stability of programes, its cost model is geared towards incremen-
tal evaluation. Given an initial execution that stores intermedi-
ate results in a trace, a change propagation mechanism accounts
for the cost of incremental update when the input changes. For
cases where an input change requires executing a part of the pro-
gram that has not been executed before (i.e. has no trace), the
cost model must also account for from-scratch execution costs of
programs. In contrast, RelCost only works with from-scratch exe-
cutions of two programs.

* Only single programs: DuCostlt’s type system and semantic model
are inherently limited to two runs of the same program with pos-
sibly different inputs. In particular, asynchronous typing rules of
RelCost, which are often necessary to obtain precision when pro-
grams differ structurally, are not present in DuCostlt.

* Only upper bounds: In general, change propagation may have to
recompute an intermediate value if either (a) that value was ob-
tained as the result of a primitive function whose inputs have
changed, or (b) that value was obtained from a closure, but the
closure has now changed, either due to a change in control flow or
due to a non-trivial change to an input function.’® In both of these
cases, like in RelCost, we switch to the naive non-relational anal-
ysis. However, as opposed to RelCost’s switch rule that requires
obtaining upper and lower bounds on the two related programs,
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DuCostlt’s unary analysis only requires obtaining upper bounds
on the execution costs of programs. This is justified since we are
interested in the upper bound on the amount of work that must
be done to execute parts of the program from scratch.

* Relational refinement types: Dynamic stability is a function of changes
to a program’s inputs and, hence, a precise analysis of dynamic
stability requires knowing which of its free variables and, more
generally, which of its subexpressions’ result values may change
after an update. To differentiate changeable and unchangeable
values statically, like in RelCost, we rely on relational refinement
types and also adopt a two-layered type grammar. LIt ascribes
values of type T which cannot change whereas U A ascribes pairs
of values of type A that may change arbitrarily.'”.

* Biexpressions: Unlike RelCost, DuCostlt’s semantic model operates
over “biexpressions”—pairs of expressions that are structurally
identical (but may have different, related substitutions). Biexpres-
sions capture how parts of the program change from initial to
incremental run and they are instrumental for directing our ab-
stract change-propagation semantics.°.

EXAMPLE 1 (WARM-UP) Consider the boolean expression “x < 5”
with one input x of type int. Assuming that computing < from-scratch
costs 1 unit of time, what is the the dynamic stability of this expression?
Like in RelCost, the precise answer depends on whether x may change
in the incremental run or not: If x may change, i.e. x : Uint, then change
propagation may recompute <, so the dynamic stability would be 1. If x
cannot change, i.e. x : int;, then change propagation will simply bypass
this expression, and the cost will be 0. Hence, the program can be typed
in two different ways: x : Uint - x <5:Ubool | 1 and x :int, F x <5
bool, | 0, where the incremental run’s cost is written on the right-hand
side.

Note that this cost is relational: It is relative to the first run of the
program, but the relation between the costs is not just a difference; it is
determined by the change propagation semantics.

DUAL-MODE TYPING The typing judgment described above suffices
for typing programs where only primitive functions are re-executed
during change propagation. However, in general, change propagation
may execute fresh closures from-scratch. To count the costs of these
closures, we need a second “mode” of typing, that upper-bounds the

from-scratch execution cost of an expression. Accordingly, we use two
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typing judgments: a unary judgment -ps e : A | t, which means that the
cost of evaluating e from-scratch is at most t and a relational judgment
Fep e : T t, which means that the cost of change propagating through e
is at most t.>'. The latter is relational in the sense that we consider a
relational substitution for its free variables in the semantics. Just like
in RelCost, the types are also two-layered: unary types A represent
sets of values, whereas relational types T represent pairs of initial and
modified values. As a rule, the from-scratch cost always dominates the
change propagation cost.

Going back to the program x < 5 from Example 1, it can be given
a from-scratch execution cost 1 using the IFS-mode typing judgment:
x :int Fgg x <5:bool | 1, where 1 accounts for the cost of the com-
parison function. As shown earlier, the same program can be given
two different update costs using the CIP-mode typing judgments: x :
Uint Fep x <5:Ubool | T and x : int Fep x < 5 : bool, | 0.

EXAMPLE 2 (MODE-SWITCHING) Like in RelCost, the two modes
of typing interact with each other at elimination points. Consider the

change propagation cost of the following program “if x then ej else e;”.

If x : bool,, we know that x will not change. So, the incremental run
will execute the same branch (e; or e;) as the initial run. This means
that change propagation can be continued in the branch. Consequently,
in this case, like in RelCost, we only need to establish change propa-
gation costs of the two branches e;, not their from-scratch evaluation
costs. In the type system, this means that the branches can be typed in
CIP mode, as in the following derivation.

x : bool; Fep x : bool, | 0

x:bool; Fepey:T|t x:boolrl—@pez:”clt_f
i

x :bool; Fep if x thenej elseey:T|t

If x : Ubool, then x may change. Consequently, the initial and incre-
mental runs may execute different branches. If the branches end up
being different, change propagation must execute the new branch from-
scratch. Hence, to deal with this, like in RelCost, DuCostlt uses the fol-
lowing switch rule.?*:

M Fps e: A |t
FI—@pe:UAIt

switch

where e is typed independently in the FS-mode with maximum exe-
cution cost t. Note that like in RelCost, the premise is unary, while the
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conclusion is relational. Then, the update time of e is upper bounded
by its worst case execution cost t.3. Since the from-scratch execution
cost of e is independent of changeability of its inputs, we can type it
with a non-relational environment |I'| obtained from I" (as in RelCost).

Using this switch rule and assuming that conditionals incur 1 cost
and the executions costs of the branches are at most t/, we can type
“if x then e else e;” independently with maximum execution cost
t’ 4+ 1 and obtain the below typing;:

x :bool Fg if x then ej else ey : A [t/ + 1

switch
x : Ubool Fcp if x then ey else ey : UA |t/ + 1

Note that because x might change in the incremental run, any com-
putation that depends on it may change as well. Hence, the result type
is also unrelated, i.e., UA.

The attentive reader might wonder why we have switched to the
unary typing for the whole statement, rather than establishing only
the from-scratch costs of the two branches as follows:

x : Ubool F¢p x : Ubool | 0

x:Ubool Fpger:t|t’  x:Uboollpger:t|t’ y
if-2

x : Ubool Fcp if x then ey else ey : 1|t/ + 1

In this formulation, the branches are typed in the FS mode (not CIP
mode as in if rule above), hence t’ is not the cost for change-propagation,
but from-scratch execution.

Although this would work, we chose to have one generic rule like
in RelCost that switches to the unary typing. The motivation is twofold.
First, rather than duplicating all elimination rules for cases where the
eliminated expression is of type U A, we only have a single relational
typing rule for all elimination forms, hence a simpler type system.?4.
Second, this formulation corresponds closely to RelCost’s type system
and hence highlights our point that relational cost analysis can be used
for dynamic stability.

EXAMPLE 3 (MAP) Branch points are not the only reason why change
propagation may end up executing a completely fresh expression. A
second reason is that a function provided as input to another function
may change non-trivially. To illustrate this, we type the standard list
function map, introduced in Chapter 1.

Before we explain how map can be typed in DuCostlt, we briefly dis-
cuss the types necessary to express its dynamic stability. Like in Rel-
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Cost, list types in DuCostlt are also refined to the form listin] A and
listn]* 7, respectively for unary and relational lists. Relational function

. . CP(t .
type t1 — T, is refined to T # T, which says that the cost of change

propagating through the body of the function is at most t whereas the

S
unary function type A; — A; is refined to A; LEEN A, which says

that the cost of from-scratch execution of the function body is at most

t. For instance, based on Example 1, the function Ax.(x < 5) can be

given the relational types int;, Cﬂj—(% bool;, Uint C]P—m> Ubool, and

U (int 29, pool).

Next, let us consider the standard map function that applies an input
function f to every element of an input list L.

fix map(f).Al.case l of nil — nil
|h:tl — cons(fh, map f tl)

C
Assume that f has type O (T O, ), i.e., f does not depend on any-

thing that may change and its body change-propagates with cost at
most t. In this case, to change propagate map’s body, we must only
change propagate through f on changed elements of 1, of which there
are at most .. Hence, the cost is O(« - t) and, indeed, map can be given
the following type in DuCostlt for a suitable linear function P. We ex-
plain how map’s type is derived as it highlights our co-monadic reason-
ing principle.

CP(t) CP(

0 vn, oc:IN.
listin]*t m list]* <’ | 0.

T/)

Fep map: O (T

The interesting part of the typing is establishing the change propaga-
tion cost of the h = tl branch in the definition of map. We are trying
to bound this cost by P(c«-t). We know from l’s type that at most
o elements in h : tl will change in the second run. However, we do
not know whether h is one of those elements. So, like in RelCost, our
case analysis rule (Section 8.3.2, Figure 31) has two premises for the cons
branch (a total of three premises, including the premise for nil). In the
tirst of these two premises, we assume that h may change, so h : T and
tl : listn — 1] 1 1. In the second premise, we assume that h cannot
change, so h: Ot and tl: listin — 1]* 1.

Analysis of the first premise is straightforward: (f h) incurs cost t

C
(from f’s type O (T P—(t)> t’)) and, inductively, (map f tl) incurs cost
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P((x—1)-t), for a total cost t + P((x— 1) - t) = P(cx - t). Analysis of the
second premise requires nonstandard reasoning. Here, t1 : list(n — 1]% T,
so the inductive cost of (map f tl) is already P(«x - t). Hence, we must
show that (f h) has 0 change propagation cost. For this, we rely on our
co-monadic reasoning principle: If all of an expression’s free variables
have types of the form - (i.e., their substitutions will not change),

then the expression’s change propagation cost is 0 (using the rule cp-

cr
nochange in Figure 31). Since we know that f : O (T AU Jand h:

01, we can immediately conclude that (f h) has 0 change propagation
cost. >

The more interesting question is what happens if we allow f to

change, i.e., f has type U (A B, Ar ). In this case, change propagation

may have to re-execute the function on all list elements from scratch,
so the cost of map is O(n - t). This yields the following second type for
map for a suitable linear function Q.

FS(t) CP(0)

> A')) vn, o:IN.
listm]® U A Q) et mm U A | 0.

Fepmap: (U(A

EXAMPLE 4 (BALANCED LIST FOLD) Standard list fold operations
(foldl and foldr) can be typed easily in DuCostlt but are uninterest-
ing for incremental computation because they have linear traces (linear
dependency chains) and, hence, have O(n) dynamic stability even for
single element changes to an input list of length n. A more interesting
operation is what we call the balanced fold. Given an associative and
commutative binary function f of simple type (T x T) — T, a list of
simple type (list ) can be folded by splitting it into two nearly equal
sized lists, folding the sublists recursively and then applying f to the
two results. This results in a balanced tree-like trace, whose depth is
[logy(n)]. A single change to the list causes [log,(n)| recomputations
of f. So, if f has dynamic stability t, the dynamic stability with one
change to the list is O(t - log;(n)). More generally, it can be shown
that if « changes are allowed to the list, then the dynamic stability is
O(t: (¢4 - logy(n/«))). This simplifies to O(t-n) when & =n (entire
list may change) and O(t - log,(n)) when « = 1. In the following we im-
plement such a balanced fold operation, bfold, and derive its dynamic
stability in DuCostlt.

Our first ingredient is the function bsplit, which splits a list of
length n into two lists of lengths [5] and |5 ].
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fix bsplit(_).A.A.Al.case 1 of
nil — (nil , nil )
| hy = tl; — case tl; of
nil — (cons(hy,nil ), nil )
| hy = tl, — letr =bsplit ()[][] tlin
unpack r as 1’ in
clet v’ as x in
pack (cons(hy, mx), cons(h;, px))

This function is completely standard. Its DuCostlt type, although eas-
ily established, is somewhat interesting because it uses an existential
quantifier to split the allowed number of changes « into the two split
lists. The dynamic stability of bsplit is O because bsplit uses no prim-
itive functions (cf. discussion earlier in this section).

CP(0 CP(0
bsplit : [J (unit, 4 vn, oc:IN. list[n]* —()>

IBN. B < « & (nst[m]ﬁ T % 1ist[gJ]°‘*f’ )

Using bsplit we define the balanced fold function, bfold. The func-
tion applies only to non-empty lists (reflected in its type later), so the
nil case is omitted.

fix bfold(_).A.A.Al.case |l of
nil — ---
| hy = tl; — case tl; of
nil — cons(hy,nil )
| _=_ —letr=bsplit O)[][] lin
unpack r as 1’ in
cletr’ as x in
f (bfold ()[1[] mx, bfold ()[][] mx)

We first derive a type for bfold informally, and then show how the
type is established in DuCostlt. Assume that the argument 1 has type
list(n]* 1. We count how many times change propagation may have to
reapply f in updating bfold’s trace, which is a nearly balanced tree of
height H = [log,(n)]. Counting levels from the deepest leaves upward
(leaves have level o), the number of applications of f at level i in the
trace is at most 211 If « leaves change, at most « of these applications
must be recomputed. Consequently, the maximum number of recompu-
tations of f at level 1 is min(«, 2H~1). If the dynamic stability of f is t, the
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26 To prove this, split
the summation in
P(n, «, t) into two:
one for

k < [logy(n)] —
[log, ()] and the
other for

k > [logy(n)] —
[log, (o). The
appendix has the
details.

27 A similar rule,
called r-split, exists
in RelCost as well.

DUCOSTIT BY EXAMPLES

[logz(n)]
dynamic stability of bfold is P(n, o, t) = Y t-min(e,2t0920M1=Kk),
k=0
So, in principle, we should be able to give bfold the following type.

CIP(0 C ,, .
bfold : unit, & vn, oc:IN. list[n]* (Uint) M Uint

The expression P(n, «, t) may look complex, but it is in O(t - (¢ + o -
logy(n/a))).20 Although the type above is correct, we will see soon
that in typing the recursive calls in bfold, we need to know that bfold’s
type is annotated with [J. Hence, the actual type we assign to bfold is
stronger.

bfold : O (unit, Gp—m> vn, oc:IN. list(n]* (U int) M Uint) (3)

We explain how bfold’s type is established in DuCostlt. The interest-
ing case starts where bsplit is invoked. From the type of bsplit, we
know that 7;x and 7yx in the body of bfold have types list[[3]1? T and
list[| % |]*P 1, respectively for some B. Inductively, the change prop-
agation costs of (bfold f myx) and (bfold f mx) are P([}],B,t) and
P(| %], « — B, t), respectively. Hence, the change propagation cost of
the whole body of bfold is t+P([%],B,t) + P(| 5], «— B, t). The ad-
ditional t accounts for the only application of f in the body of bfold
(non-primitive operations have zero cost and bsplit also has zero cost).
Hence, to complete the typing, we must establish the following inequal-

ity.
n

t+P({%W,B,t)+P(b

| o=, <Pt @

This is an easily established arithmetic tautology (the proof is shown
in Appendix D.1), except when « = 0. When « = 0, the right side
of the inequality is 0 but we don’t necessarily have t <0. So, in order
to proceed, we consider the cases @« = 0 and o >0 separately. This
requires a typing rule for case analysis on the index domain, which
poses no theoretical difficult.?”. The « >0 case succeeds as described
above. For o« = 0, we use our co-monadic reasoning principle. With
o = 0, the types of mx and m,x are equivalent (formally, via sub-
typing) to list[{%ﬂo T and list[L%j]o T, respectively. Since, no elements
in these lists can change, we use 1-lJ subtyping rule (in Figure 34)
to promote the types to Olist[[53]1°T and Olist[|5|1°1, respectively.
At this point, the type of every variable occurring in the expression
f ((bfold f m;x,bfold f m,x)), including the variable bfold, has anno-
tation [J-. By our co-monadic reasoning principle, the change propaga-
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tion cost of this expression and, hence, the body of bfold, must be [J,
which is trivially no more than P(n, «, t). This completes our argument.
Observe that the inference of the annotation [J- on the types of m1x
and mx is conditional on the constraint &« = 0. Subtyping, which is
aware of constraints, plays an essential role in determining these anno-
tations and in making our co-monadic reasoning principle useful. Also,
the fact that we have to consider the cases a = 0 and « > 0 separately
is not as surprising as it may seem. The case & = 0 corresponds to a
sub-trace whose leaves have not changed. Since change propagation is
a bottom-up procedure, it will bypass this sub-trace completely, incur-
ring no cost. This is exactly what our analysis for o« = 0 establishes.

Using the type (3) of bfold, we can show that for f : O ((T x 7) e,

7) and 1 : list[n]* T, the dynamic stability of (bfold f 1) is in O(log,(n))
when « € O(1) and in O(n) when « € O(n), assuming that t is con-
stant. This dynamic stability is asymptotically tight.
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DUCOSTIT’S TYPE SYSTEM

» synorsis In this chapter, we present the technical ideas behind
DuCostlt, making comparisons to RelCost’s type system as we go along.
The underlying programming language for DuCostlt is the language
CostMl—same as RelCost’s, introduced in Chapter 4. The design of
DuCostlt’s type system reflects the underlying semantic model, pre-
sented in Chapter 9, which differs from RelCost’s.

TYPES  We briefly describe how DuCostlt’s type syntax (shown in Fig-
ure 17) differs from RelCost’s (shown in Figure 1). The only difference is

in types that capture closures. For unary types, unlike RelCost’s unary

function type A ot A 2, that tracks both upper and lower bounds

on the execution cost of the function body, DuCostlt’s unary function

type Aj LGN A only tracks upper bounds t on the from-scratch

execution cost of the function body (hence the I[FS annotation on the ar-

. . : diff(t
row). For relational types, unlike RelCost’s relational type T ), T2,

that tracks upper bounds t on the relative costs of the two function

bodies, DuCostlt’s relational type T e, T, tracks upper bounds
on the change propagation cost of the function body (hence the CIP
annotation on the arrow). Similar annotations appear on universally
quantified types as well as typing judgments.

The unrelated type U A specifies values of type A that may change
arbitrarily between the initial and incremental run. 2® Types other than

Unary types A == int| A7 x Ay | A7 + Ay | list[n] A |
FS(t) . FS(t)
Al ——)Az’Vl b SA’
JizS.A| C& A | C DA | unit
Relational types T == int; | Ty X T2 | 11 + T2 | list[n]* 7 |

CcP CPP(t)
T1 —g T | Vi i S.t | 3JinS. T

C&T|COT|unit, | UA|Ox

Figure 17: Syntax of DuCostlt’s types
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28 U A can be
generalized to
U(Aq,Az)asin
RelCost, but
simplified versions
suffice for all the
examples we
considered.
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29 Like in RelCost, we
could have tracked
two costs: one to
interact with the
actual execution cost
bounds and one to
interact with the
step-index. However,
unlike RelCost, we
are interested in
accounting for the
domain-specific cost,
i.e. the cost of change
propagation, so we see
no harm in letting the
execution cost bound
interact with the
step-index for
simplicity of the
proofs.

DUCOSTIT’S TYPE SYSTEM

U A specify values that cannot change structurally. The stronger type
Ot represents values of T that cannot even depend on changeable vari-

ables from outer contexts and, hence, cannot change at all. Thus, if

y : Uint, then Ax.y +x does not have type [ (Uint o, Uint), but

Ax.x does. As in RelCost, LI T is a co-monadic type.

DuCostlt’s underlying programming language, index term and con-
straint grammar are identical to RelCost’s; hence we don’t relist them
here.

Before we explain DuCostlt’s typing rules, we describe DuCostlt’s ab-
stract evaluation and change propagation semantics.

8.1 ABSTRACT EVALUATION AND CHANGE PROPAGATION SEMAN-
TICS

In this section, we define two abstract cost-counting semantics: one for
from-scratch execution and one for change propagation.

EVALUATION SEMANTICS AND TRACES DuCostlt’s big-step call-by-
value evaluation judgment e ||’ T states that expression e evaluates to
a trace T with evaluation cost f. In DuCostlt’s semantic model, the cost
f also interacts with the step-index. 2 The trace T is a representation
of the entire big-step derivation and explicitly includes the final and
all intermediate values. It is a pair (v, D), where v is the result of the
evaluation and D is a derivation, which recursively contains subtraces.
Its syntax is shown in Figure 18. For every big-step evaluation rule,
there is a corresponding derivation constructor. Evaluation rules are
shown in Figures 19 and 2o0.

Traces T:= (v,D)

n| (M, ) |mT|mT|[inl T|inr T |
caseint (T, T;) | caseinr (T, T;) | nil |
cons(Ty, T2) | casenit(T, Ty) | casecons(T, Ty) |
fixf(x).e [ app(Ty, T, Ty) | primapp(T/ Q) |
A.e | iApp(T,T;) | pack T | unpack(T,x, T;) |

-Let(X/-ﬁ/TZ) | Cletas(X/T/Tr) | ()

Derivations D =

Figure 18: Traces
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Derivation constructors for case analysis record which branch was
taken using subscripts like inl or inr. The derivation construct for
function applications records the final value in the trace, along with
all the intermediate traces of the function, argument, and body expres-
sions. Similar to RelCost’s evaluation semantics, the cost model is para-
metric over construct-dependent meta-symbols like cqpp that the type
system also uses. The helper meta function V(-) returns the final value
contained in a trace: V({v,D)) =v.

e f T Expression e evaluates with cost f to trace T = (v, D), contain-
ing the final value v and the derivation D.

er 1 T e1 42 T, vi =V(T)

————— e-const e-pair
n 4 (n,n) (e1,e2) L1772 ((vy,v2), (Ty, Ta))
e ' T (vi,v2) = V(T) e-broi e'T  (vi,vy) =V(T) e-brOi
mye ool (vy, my T) pron me ool (vy, my T) proY:
el T v=V(T) e' T v=v(T) |
- - . e-inl . — . r-inr
inle|}' (inlv,inl T) inre |}’ (inrv,inr T)
el T inlv=Vv(T) e/ " T, v =V(T;)
A ev-case-1
case (e, x.ej, y.ep) ||/ v Cease (v casein (T, Ty))
e Uf T inrv=V(T) ex[v/y] Ufr T vy = V(T})
o ev-case-r
case (e, x.eq,y.ey) || "'rTCease (v caseinr (T, Ty))
— 5 . ev-nil
nil |J° (nil ,nil)
el U1 T e 12 T vi = V(Ty)
o ev-cons
cons(eq, e2) {772 (cons(vy,v2), cons(Ty, T2))
e ' T e; " Ty nil =V(T) v =V(T,) )
- e ev-case-nil
case eof nil — ey | hutl — ey | 7' Ccasel (v caseni (T, Ty))
el T
cons(vp, vy) = V(T) e2fvin/h, v/t 41 T, vr = V(T;)

- T ev-case-cons
case eof nil — ej | hutl — ey || 7' Ceasel (v casecons(T, Tr))

ev-fix

fix f(x).e 4° (fix f(x).e, fixf(x).e)

Figure 19: From-scratch evaluation semantics (Part 1)
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39 RelCost does not
need special
constructs for
specifying where the
values for the two
programs differ since
the two related
programs have the
same semantics,
whereas in DuCostlIt,
biexpressions are
needed to trigger
change propagation
semantics to switch
from propagating
updates to
re-execution
(explained in

Section 8.2).

DUCOSTIT’S TYPE SYSTEM

e ' (v,D)| Expression e evaluates with cost f to trace T = (v, D),
containing the final value v and the derivation D.
e Uf1 T e llfz T fix f(x).e = V(Ty) vy =V(Ty)
elva/x, (fix f(x).e)/f1 4" Tr v =V(Ty)
ev-a
er ey TR ECary (v app(Ty, Ty, T)) PP
€ Uf T v =V(T) ¢(v) = (fr,vr) ev-prima
Ce ilf+fr+cpﬁmapp <Vr/ primapp(T/ C)> P PP
5 ev-Lam
Ae |7 (Ae, Ace)
e’ T Ae =Vv(T) e UT, vi=V(T) .
f ) ev-iApp
e[] U T <vT‘/ lApp(T/ TT')>
e T v =V(T)
; ev-pack
pack e || (pack v, pack T)
el U1 T packv=V(T)  e/XUITT v =V(T)
- T ev-unpack
unpack ey asxin ey ' (v, unpack(Ty, x, Ty))
" vi=VM) e/t T w=V(T)
. f1+fr+c ev-let
letx =ejin ey |1t (v Tlet(x, Ty, Ty))
" vi=VM) e /YT T w=V(n)
ev-clet

cletej asx in ey Uf‘ +hr (vy, cletas(x, Tr, Ty))
e ' T

———— ev-unit
celim~ e ' T

ev-celim

0 4° (0, 0)

Figure 20: From-scratch evaluation semantics (Part 2)

CHANGES AND BIEXPRESSIONS In order to formalize change prop-
agation, we first need notation to specify where an expression has
changed in the actual incremental run.3° For this we define bivalues
and biexpressions. A biexpression (bivalue), denoted ee (w), represents
in a single syntax two expressions (values)—the original one and the
updated one—that share most structure, but may differ at some leaves.
To represent differing leaves, we use the bivalue constructor new(vy,v;),
which represents the initial value v; in the first run and the updated
value v, in the second run. v; and v, do not have to be related to each
other. For integer leaves that stay the same, we use the biexpression
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Bi-values w == keep(n) | new(v,v’) | {(wy,w3) | inl w | inr w |
nil | cons(wq, wy) | fix f(x).ee | A.ee | pack w | ()

Bi-expressions ee := x | keep(n) | new(v,v’) | (eej, ee;) | 711 ee | 71y €2 |
inlee | inr ee | (case(ee, x.ee1,y, e22)) |
nil | cons(eeq, eey) | fix f(x).ee | ee1 €2y |
(case, eeof nil — ee7 | hutl — ee) |
Cee | Aee | ee[] | pack e | unpack ee as x in ee’ |
let x = eejineey | cleteejasx inesy | ()

stable(w) £ new(v,v') € w and stable(ee) £ new(v,v') & ee

Figure 21: Syntax of bi-values and bi-expression

construct keep(n), all other constructs of CostML can be lifted to the
corresponding biexpression syntax as shown in Figure 21.

For instance, fix f(x).(x + new(1,2)) represents fix f(x).x + 1 in the
first run and fix f(x).x + 2 in the second run. More generally, we de-
fine the functions L(ee) and R(ee) that project the first-run (“left”) and
second-run (“right”) expressions from ee as the homomorphic liftings
of the following rules: L(keep(r)) = R(keep(r)) = r, L(new(vy,v;)) =V
and R(new(vy,v3)) = vs.

Both bivalues and biexpressions are typed to prevent modifying a
stable input (of type L) or to prevent ill-typed changes such as mod-
ifying 1 to true. For instance, changing two elements of a list that only
allows a single change would not be permitted since the biexpression
cons(new(1,2), cons(new(0,5), w)) cannot be given a type listm]' Uint.

The typing rules for bivalues and biexpressions are shown in Fig-
ure 23. The bivalue typing judgment

ANOTEw>T

states that the bivalue w represents a valid change from an initial value
L(w) of type T to the modified value R(w) of type T. The typing rules
for bivalues mirror those for values. The construct keep(n) is typed at
int, since it represents an integer that did not change. The construct
new(vy,vz) can be typed at UA if the values vi and v, can be typed in
unary mode at type A.

There is only one rule, bi-expr, for typing biexpressions. This rule
uses explicit substitutions for technical convenience. We could also
have written equivalent syntax-directed rules for typing biexpressions.

79
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AO;TEw> T‘ Bi-value typing

A, O;TFe > 1|t Bi-expression typing

—— bi-keep
A; O;T F keep(n) > int,

AD; - FpgviAlt A Fpgv At
A; O;T Fnew(v,v') > UA
__ bi-unit ADITEW>T inl
A; @;T F () > unit, AO;THiIinlw> T+ 1
AOTHW>ST
ANO;THinrw> 1+ 1T

CPP
ADO;x T, i1 &Tz,rl—ee>>12|t
CP
A O;T F fix f(x). e > 1 — o,
CcP
A0 x T, f:0O(m &Tz),rl—ee»’rzlt
vxel. A0 ET(x) COMx) stable(ee)

A O;T, T F fix f(x).ee > O (1 —, 1)

bi-new

bi-inr

bi-fix

bi-fix-NC

NO;TEw > NO;THFw >
A O T E (wy,wp) > T X T

bi-prod

bi-nil

A; O;T Fnil > listl0]* T
NO;THEwW >T A;O;T Fwy > listin]*t
A; @; T cons(wy, wy) > listin + 11%71 ¢
AO;THw >0OT A;O;T Fwy > listin]*t
A; ©;T F cons(wy, wy) > listin + 1]% 7
YiaS, A0 TFe>T|t 1 FV(D;T)

bi-cons

bi-cons-[]

bi-Lam

_CP(t)
AO,THFAee>VL = St

A0 T Fw > t{l/t} Al:S
A;@O; T Fpack w > Jt:S.t

bi-pack

Figure 22: DuCostlt bi-expression typing rules (Part 1)
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A O;THEw>Tand A;@;THee > T|t| Bi-value and bi-expression
typing

ANONCTHFWw>T
ANO,TFw>SCDOT
ADEC ANONCTHwW>T
NO,TEFw>SC&T
ANO;THFw>T Vxel. A, E=T(x) COT(x) stable(w)
A0 T T Fw>s Ot
AO:THwW>T AOE=ETCT
AO;THw>T
ANO;THw >T AO;x T, TFepe:T|t
AT F e wi/xi] > Tt

bi-c-imp

bi-c-prod

bi-nochange

bi-C

bi-expr

Figure 23: DuCostlt bivalue and biexpression typing rules (Part 2)

Fx! = X

™ = keep(n)

0" = ()

"(e1,€2)” = (Ter,Tex’)

Mnil ™ = nil
Tcons(eq,ex)’ = cons("e;',"ex )
"pack e = pack'e’

Tfix f(x).e™ = fix f(x) e

Figure 24: Lift a value (expression) into a bivalue (biexpression)
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31 Actual
implementations of
change propagation

never would
construct bivalues
(biexpressions) and,
hence, we do not
count any cost for
constructing or
analyzing it during
change propagation.

DUCOSTIT’S TYPE SYSTEM

The notation "e” denotes the biexpression that represents e in both
the first and second runs. It is obtained by replacing every primitive
constant like n in e with keep(n) (definition shown in Figure 24).

8.2 CHANGE PROPAGATION

Change propagation is formalized abstractly by the judgment
(T,ee) ~w', T/, c.

It takes as inputs the trace T and the biexpression ee and it returns w’,
T’ and ¢’. The input T must be the trace that is obtained from execut-
ing the original expression L(ee). The bivalue w’ resulting from change
propagation represents two values, L(w’) and R(w’), which are the re-
sults of evaluating the original and modified expressions, respectively.
w’ is crucial for directing change-propagation on when to switch to
from-scratch execution.3” The output T’ is the trace of the modified ex-
pression R(ee). The non-negative number ¢’ represents the total cost
incurred in change propagation.

Before we explain individual change propagation rules, we review
key ideas behind our abstract change propagation semantics.

¢ The total change propagation cost of a biexpression is obtained
by summing the costs of its sub-biexpressions.

* During change propagation, whenever the resulting bi-value of
an eliminated biexpression has changed, i. e., it is new(v,v’), since
there is no corresponding computation recorded in the trace, the
continuation switches from change propagation to from-scratch
execution (e. g. rules cp-app-new, cp-case-inl;, cp-unpack-new).

¢ The change propagation rules case analyze the syntax of ee and
they are deterministic, i.e., for a given biexpression and a trace,
there is only one way to propagate the changes.

¢ In all the rules except cp-nochange, we assume that the input ee
satisfies —stable(ee), i. e. it has a change in its subparts.

The change propagation rules are shown in Figures 25 to 27. Below,
we explain selected rules.

The most important rule is cp-nochange that captures re-use of non-
changing subcomputations for free. Its premise, stable(ee) holds when
ee does not contain new(:,-) anywhere, i.e., when ee represents an ex-
pression that has not changed. In this case, the value v stored in the
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(T,ee) ~w/, T',¢’| Change propagation with cost-counting

In all the remaining rules except cp-nochange, we assume that
the input ee satisfies —stable(ee).

stable(ee)
((v,D),ee) ~»"™v7,(v,D),0

cp-nochange

<<V’D>/ new(_,v’)> % neW(\),vl), <\)/ V/> 0 Cp-new

V(T{)

/ / / !/ /
<T],&]> m\X/],T],C] <T2,e2> mWZ,Tz, Cz i .
/ Cp-pall‘

v
(L (T, T)), (ee1, e22)) ~ (wy,w3), ((vi,v3), (T4, T3)), 1 +c
(T,ee) ~ (wy,w2), T/, ¢ (vi,v3) = V(T

<7‘[] T, 7'(16‘;‘) ~ Wy, (v{,m T/>, Cp pl‘O]]

({fix f(x).e’, T), fix f(x).ee) ~ cp-fix
fix f(x).ee, (R(Fix f(x).ee), R(fix f(x).ee)), 0

(Ty,ee1) ~ fix f(x).ee, T{, cq (Ty,ee2) ~w, Ty, ch
(T, eelwy/x, (fix f(x).ee)/f]y ~ w/, T/, c] v, = V(T)

((L app(Ty, T2, Tr)), eeq ee2)
w), (v, app(T{, T;, T))), ¢} +c5+c|

cp-app

(Ty,e21) ~ new(fix f(x).e, fix f(x).e"), T{, ¢] (Ty,ee2) ~wjy, Ty, ¢5
e/[R(wj)/x, (fix f(x).e")/A U T/ vl =V(T))
(v, app(Ty, T, Ty)), ee1 ee2) N
new(vy,vy), (vy,app(T{, T, T))), ¢ 4¢3 + 1 + Capp
(T,ee) ~w', T, ¢ v =Vv(T)
((,inl1T),inl ee) ~ inl w/, (inl v/, inl T'),c’
(T,ee) ~w, T ¢ v =Vv(T)
{((_,inr T),inr ee) ~ inr w, (inr v/, inr T'),c

(T,ee) ~inl w, T/, ¢’ (T, eer[w/x]) ~wl., T ¢, v =V(T)) )
cp-case-inl

cp-app-new

cp-inl

; cp-inr

((_, casein (T, T;)), case(ee, x.€e1,y, ee2))
wy, (vy, casein (T, T))), ¢/ + ¢y
(T,ee) ~inrw, T/, ¢’ (Ty, eexlw/yl) ~ wi, T/, c/ vl =V(T))
((_ caseinr(T, T)), case(ee, x.ee1,y, 7))
m \X/1/‘, <V1/., Caseinr(T/, TT/)>’ C/ + C;

cp-case-inr

Figure 25: Change propagation rules, part 1
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(T,ee) ~w', T',c’| Change propagation with cost-counting

In all the remaining rules except cp-nochange, we assume that
the input ee satisfies —stable(ee).

(T, &) ~ new(_,inlv'), T ¢/ Rlee))V' /x4 T) vl =Vv(T))
((vy, casein (T, T;)), case(ee, x.€e1,y, 7))
new(vy, v)), (vy, caseint(T', T})), ¢ + f; + Ccase

(T,ee) ~new(_,inrv'), T, ¢’ Rlee))V'/x] 47T/ v/ =V(T))
((vy, casein (T, T;)), case(ee, x.ee1,y,e2)) N~
new(vy, v;)r <VT// Caseinr(T,/ Tr/)>/ ¢+ frl + Ccase

(T,ee) ~ new(_,inlv'), T', ¢’ Rlee))V'/x] U T/ v =v(T))
((vy, casein (T, T;)), case(ee, x.e21,y.€82)) N~
new(vy, vi), (v}, caseint (T, T))), ¢’ + fL + ccase

(T,ee) ~new(_inrv'), T, ¢/ Rlee)lv//yl U T, v =V(T)

T

((vy, casein (T, T;)), case(ee, x.ee1,y.€83)) ~
new(vr, vy), (v, casein(T', T,)), ¢/ + f{ + Cease
(Ty,ee1) ~wy, T{, ¢} (Ty,ee2) ~wj, Ty, ¢h vl =V(T))
((_, cons(Tq, Tp)), cons(eeq, ee3)) ~
cons(wj, w3), {cons(vy, v3), cons(T{, T3)), ¢} +¢;

cp-cons

(T,ee) ~nil, T',¢’ (T, ee1) ~w/, T el vl =V(T))

fnil —
((_, casenin(T, Tp)), Icfszze’tfe—? 6221 FN A wl, (v, casenin (T, T))), ¢/ +c!
(T,e) ~ cons(wy, >x/ﬂ2,T//,c/ / (T, ee/z[Wh/h, wi/tl) ~
wr/TT‘/CT‘ Vr = V(Tr)
caseee of nil — ee
((_, casecons(T, TT)>’] h I’El — & ]> ™
Wy, (vy, casecons(T', T)), ¢ +¢;

cp-caseL-cons

(T,ee) ~new(_nil ), T, ¢’ Rlee)) 47T/ v/ =V(T))

caseiee of nil — ee
<<Vr, Casenil(T/—»” h |£1 — ) |

new(vy,v,), (v/, casenir(T', T))), ¢’ + ]

cp-caseL-nil,
Yy

(T,ee) ~ new(_, cons(vy, vi})), T, c’
R(ees) v /hvi/tU U T/ vl =v(T/)

case ee of nil — ee
<<Vr, Casenil(T/—)>’| h - |£1 — ) ]

new(vy,Vv;), (v), casecons(T', T.)), ¢’ + 1/

cp-caseL-nil ons
)y

Figure 26: Change propagation rules, part 2

cp-case-inl;

cp-case-inl;

cp-case-inrg

cp-case-inr,

cp-caseL-nil
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(T,ee) ~w', T',¢’| Change propagation with cost-counting

In all the remaining rules except cp-nochange, we assume that the
input ee satisfies ~stable(ee).

(T,ee) ~new(_nil), T/, ¢/ Rleey) 47 T/ v/ =V(T))

case ee of nil — eey
((vr, casecons(T, ), 1741 = ey

new(vy,v;), (v}, casenir (T', T))), ¢/ + ]

cp-caseL-cons,;;

(T,ee) ~ new(_, cons(v{, v{)), T, ¢’
R(eey) v /hvi/tU U T/ vl =v(T/)

case,ee of nil — eey
<<Vr/ Casecons(Tz_)>/| h = tl — e,

new(vy,v;), (v}, casecons(T', T))), ¢’ + £/

cp-caseL-cons ons
Yy

((, /\.e’), A.ee) N Aes, (A.R(ee), AR(ee)),0 cp-Lam

(T,ee) ~ A, T, ¢/ (T, e’y ~w/, T el v =V(T/)
((_ 1App(T, Tr)), eell) ~ wy, (vy, 1App(T', T))), ¢’ +c;
(T,ee) ~ new(_, A.e'), T/, c el |fr T, v = V(T/)
{{(vy,iApp(T, T})), eel]) ~ new(vy,v)), (vi, iApp(T’, T))), ¢’ + f.
(T,ee) ~nw', T, v =Vv(T)
({_, pack T), pack ee) ~ pack w’, (pack v/, pack T'), ¢’

cp-iApp

cp-iApp-new

(T,ee1) ~ pack w/, T{, ¢} (Ty, eealw’/x]y ~ wi, T/, ¢! v = V(T/)

cp-unpack
((_, unpack(T,x, T;)), unpack ee; as x in eep) p-unp

w,, (v, unpack(T’,x, T)), c{ +c,
(T,ee1) ~ new(_, pack v), T{, ¢}
R(eep)v/x] 47 T/ vy =V(T))
((vy,unpack(T,x, T)), unpack ee; as x in ee;) ~
new(vy,vy), (v}, unpack(T’,x, T))), ci + f.

(T,ee) ~w/, T, ¢! V' =v(T)  (f,v) =)

cp-unpack-new

(e, PriMapo(T, 0)), C &) ~ cp-prm
merge(vr, V;)r <V£r primapp(T/; C)>/ ¢+ f;
(Ty,ee1) ~wy, T{, ¢} (T, ee2lwy/x1y ~wy, T/, cf

cp-let
(let(x, Ty, Ty), let x = eey ineey) ~ w), let(x, T, T)),ci +c; P

(T,ee) ~w', T, ¢

(celim T, celim- ee) ~ w',celim T/, c

; cp-celim

(Ty,ee1) ~wy, T{, ¢} (T, eezlwy/x1y ~wy, T/, ci

cp-clet
(cletas(x, T1, Ty), clet eey as x in eey) ~ w), cletas(x, T4, T)), ¢f + ¢ P

Figure 27: Change propagation rules, part 3
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original trace is output immediately (technically, it must be cast into
the bivalue "v™) and the cost of change propagation is 0.

Functions are change propagated trivially with zero cost by just re-
turning the same function bivalue and updating the trace with the
modified function (rule cp-fix). To change propagate a function ap-
plication eeq ee;, we first change propagate through the function ee;.
If the resulting function does not differ from the original one struc-
turally, i.e., the resulting bivalue has the form fix f(x).ee, then we keep
change propagating through the body (rule cp-app). However, if the
resulting function is structurally different from the original one (bi-
value new(_, fix f(x).e’)), then we switch to from-scratch execution for
the body of the modified function (rule cp-app-new). This pattern of
switching to from-scratch evaluation repeats in all rules that apply clo-
sures.

To change propagate case(ee, x.ee1,y, ee7), we first change propagate
through the scrutinee ee. If the initial and incremental runs both took
the same branch, i.e., the bivalue resulting from ee is either inl w or
inr w, we keep change propagating through that branch (rules cp-case-
inl and cp-case-inr). Otherwise, e. g. ee’s result has changed from inl _
to inr _ (detected by a bivalue of the form new(_, inr v’)), then we exe-
cute the right branch from-scratch, as in rule cp-case-inl,. In addition,
we incur an extra cost, ccqse, for switching to from-scratch mode.

IMPLEMENTATION The relation ~ formalizes change propagation
and its cost abstractly. An obvious question is whether change propa-
gation can be implemented with the asymptotic costs stipulated by the
~ relation. The answer is affirmative. Prior work on libraries and com-
pilers for self-adjusting computation already shows how to implement
change propagation with these costs using imperative traces, leaf-to-
root traversals and in-place update of values [5, 32]. Since values are
updated in-place, no cost is incurred for structural operations like pair-
ing, projection, consing, etc; cost is incurred only for re-evaluating
primitive functions on paths starting in updated leaves, exactly as in
the judgment ~. To double-check, we implemented most of our ex-
amples on an existing library, AFL [5], and observed (empirically) ex-
actly the asymptotic costs stipulated by ~. However, these observa-
tions are experimental. A more thorough study is conducted by Zoe
Paraskevopoulou where as part of her masters thesis, she showed how
the abstract change propagation semantics can be realized by trans-
lation to an ML-like language with runtime support for incremental
evaluation with an actual low-level cost semantics [35, 85].
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8.3 DUCOSTIT’S TYPING JUDGMENTS

Like RelCost, DuCostlt relies on two typing judgments: a unary and a
relational one. The relational judgment

ADO;THepe:T|t

states that that t is an upper bound on the cost of change propagating
through e. The unary judgment

AD;,QFpge:Alt

states that t is an upper bound on the cost of evaluating e from-scratch.
As in RelCost, these typing judgments use two kinds of type environ-
ments: () for unary typing and I relational typing. Beside these, both
typing judgments have two other environments: A for index variables
and @ for assumed constraints. The judgments also include a fourth
context that specifies the types of primitive functions ¢, but this context
does not change in the rules, so we exclude it from the presentation.

Note that, the cost of change propagation is no more than the cost of
evaluating from-scratch, so the second judgment A; ®;Q Fpge: At
implies the relational judgment A; ®;UQ Fcp e: UA |t semantically
at the weakest environment and type, hence, it is perfectly sound to
change propagate through expressions typed with either judgment. We
rely on this property heavily in our semantics of types.

LOWER BOUNDS ON THE DYNAMIC STABILITY In Chapter 4, we
discussed why tracking lower bounds on RelCost’s relational judgment
was redundant. In essence, since the two programs in RelCost have the
same evaluation semantics, relative costs are symmetric (hence the in-
equality k < cost(e;) — cost(e;) < t can be flipped). However, we
cannot make the same claim in DuCostlt because unlike relative costs,
dynamic stability is not symmetric: the two executions of the program
do not have the same semantics. Hence, if one is interested in lower
bounds on the dynamic stability, then DuCostlt’s relational judgment
as well as its unary judgment must be extended to track lower bounds.
We do not proceed with this path since in the case of incremental com-
putations, programmers are often interested in worst-case bounds on
the dynamic stability.
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DUCOSTIT’S TYPING PRINCIPLES AND DESIGN CHOICES Before
we explain the details of DuCostlt’s type system, we review the general
design principles behind the unary and relational typing rules.

* As in RelCost, the total cost of an expression is obtained by sum-
ming the costs of its subexpressions. Moreover, for the unary typ-
ing, elimination constructs described in Section 8.1 incur addi-
tional costs.

* As in RelCost, DuCostlt only allows eliminating truly related ex-
pressions that are not of type U A. For instance, case-elimination
on U(A; + A;) cannot be typed relationally in CIP-mode. All
such cases are handled uniformly: If the eliminated expressions
are unrelated, i.e., of type U A, the verification can be done only
by switching from CIP-mode to non-relational IFS-mode for the
whole expression.

¢ RelCost has several asynchronous typing rules that combine rela-
tional and unary typing rules since the two programs may struc-
turally differ. In contrast, DuCostlt only has a single typing rule
that allows switching from relational CIP-mode typing to unary
FS-mode typing since we have the same program in the initial
and the incremental run.

The typing rules for the unary and relational typing judgments are
shown in Figures 28 and 29 and Figures 30 and 31, respectively. Below,
we explain selected rules for the two judgments separately. Since most
of DuCostlt’s unary and relational typing mimics RelCost’s, we only ex-
plain rules that differ from RelCost’s.

8.3.1  Unary Typing

As mentioned before, we only track upper bounds on DuCostlt’s unary
typing, so its typing can be thought of as a simplification of RelCost’s
unary typing. We briefly discuss a few typing rules.

Like in RelCost, values have no effect—they are assumed to evaluate
with zero cost. So, variables (rule fs-var), as well as all introduction
forms including functions and index abstractions incur zero cost (rules
fs-fix and fs-iLam). For functions, the from-scratch execution cost of

the body, denoted t, is internalized into the type A; ), Ay (rule
fs-fix). In the rule fs-app, this internalized latent cost t is added to the
total cost of the application along with an additional symbolic cost cqpp
for the function application.
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Since DuCostlt is geared towards estimating change propagation costs,
the symbolic costs for elimination forms are assumed to be non-zero.
As in RelCost, these costs can be adjusted if necessary.

8.3.2  Relational Typing

Relational typing establishes the dynamic stability of an expression and
assigns the expression a relational type under the given relational envi-
ronment that captures how the inputs of the program may change.

In a call-by-value language like CostM!, variables are substituted by
values and the cost of updating (change propagating) the substitution
for a variable is paid by the context that provides the substitution. So a
variable incurs zero cost during change propagation (rule cp-var).

Rules cp-fix and cp-app type recursive functions and function appli-
cations, respectively. In rule cp-fix, the body of the function is typed in
the same mode as the function itself. The annotation on the function’s
type is CIP (and the latent cost t bounds the change-propagation cost)
because the function is constructed within the program, so it will not
change syntactically across runs.3* In rule cp-app, the latent cost of the
function is added to the total change-propagation cost of the applica-
tion.

Like RelCost, DuCostlt has similar rules for introduction and elimina-
tion forms for lists: The (- type interacts in the same way with the
number of changes o« depending on whether the head might change or
not (rules cp-cons1, cp-consz and cp-caseL).

The rule cp-nochange captures the intuition that if no dependencies
(substitutions for free variables) of an expression can change, then the
expression’s result cannot change and there is no need to change prop-
agate through its trace (i.e., its change propagation cost is zero). The
second premise of cp-nochange checks that the types of all variables
can be subtyped to the form [J-, which ensures that the dependencies
of the expression cannot change. The rule’s conclusion allows the type
to be annotated - and, additionally, the cost to be 0. Notice that this
rule only makes sense in relational CIP-mode typing, hence there is no
counterpart in unary IFS-mode typing.

The rule cp-switch allows an expression of type A to be related at
the weakest relation with type U A. When read from bottom-to-top, it
switches from relational reasoning to unary reasoning that types the ex-
pression independently in an erased environment |I'|. Then, the change
propagation cost is upper bounded by the expression’s from-scratch ex-
ecution cost. Like in RelCost, the type erasure operation |.| is a function

89

32 This principle also
applies to all value
introduction forms
(for instance, the rules
cp-inl and cp-iLam).
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A;@q; QFpg e: A|t| Execution cost of e is upper bounded by t, and
e has the unary type A.

Qx)=A
- fs-const fs-var
A, Dg; Qbpgn:int| 0 A, D QFpgx: A0

fs-unit

A, Dy Qg () :unit |0
A0 QFpse: At AOFA Ay wf
AND;QFpginle: Aj+Ay | t
AND;QFpge: At A; @ FA A wf
AD;QFpginre: Aj+Ay |t
ND;QbFpge: A +A |t
A, ®;x: A, QFpg e At A D;y:Ay Qlpg ey At
A; Dg; Q Fpg case (e,x.e1,y.e2) 1 A | t+t' + cease
A0 A A, B A
A D% A A 2 Ay QFps e Ay | t

FS
A; @y O Fys fix f(x).e: A = A, 10

FS
ADGQrpser: Al 2 Ay [t A 0L Q Fps ex: Ar |t

N, D;Qbpserep: Ayt +t+t+capp
AO;QFpser: A1ty AD;QFpser: Azt
A Dy Qbpg (er,e2) t A X Ag |ty +t2
A, Dg; Qbpge: A x Ay |t
A; ©q; Q Fps r(e) 1 Aq [ t+ Cproj
A @A A wf
A, Dg; Q Fpgnil :list[0]A | 0
ND;QFpger DAt A, Dy Q Fpg e listin] A |t
A; Dg; Q g cons(er, ep) :listn+1]A |t + 1
A, Dy Q Fpg e listm] A |t AOAN=0;QFpge;: A’ |t/
L,AOAN=1+T1;h: A tl:listli]A, Q Fpg ey : A |t/
A DO QFpg caseeofnil — ey |hutl—=ep: A’ | t+t + ceasel
125,00, QFpse:Alt 1€ FIV(D; Q)

. FS(t)
AD;QbFpg Ae:Vi = S.ALO

fs-inl

fs-inr

fs-case

fs-fix

fs-app

fs-prod

fs-proj1

fs-nil

fs-cons

fs-caseL

fs-iLam

. FS(t)
ADO;QFpge: Vi = S.At AFT:S
A Dy Qg el] s A{I/i) ] t+t/[1/i]

fs-iApp

Figure 28: DuCostlt unary typing rules (Part 1)
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AND;QFpge:Alt

Execution cost of e is upper bounded by t, and

A D Q

e has the unary type A.

Frs e: A{I/i}| t AFT:S

A;Og; QFpgpack e: S A [t

fs-pack

A, Dy Q Fpger: S Ay |ty
1u:S,A0;x:A1,QFpse;: Ay | 1o 1€ FV(D;T, A 1))

A; @q; Q Fpg unpack ej as xiney : Ay [t 4+t

fs-unpack

YO =A B A, AOLQFpse: At/

ADEC

fs-primapp

ANDODANCQFpge:Alt

fs-c-andIl

ANDO;OQFpge:C&A L

ND;OQFpse :C& At
ANDONANCx:A;,QbFpger:Ar |t

fs-c-andE

A,Dy;QFpgcletejasxiney : Ay |t + 1t
ANOANCQFpge:Alt

AO;Q

fs-c-impl
|—H:562CDA|J£ P

NDO;QFpge:CDA|L A0 EC

A, Dg; Q Fpg celimy e: At

fs-c-implE

AND;QFpge:Alt ADOE=ALCA! AODET<t

L exec

A;(Da;Q l_]FS €. A/ | t/

Figure 29: DuCostlt unary typing rules (Part 2)
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A;@g;THep e:t|t]| Dynamic stability of e is upper bounded by t
and e has relational type T.

Nx)=r
A,'(Da;rl—@pXITlo

cp-unit

cp-const cp-var

A, DT Hep niint, |0

A, Dy T Fep () :unit, | O
ANOThHepe:T |t A, O F 1) wf
AOyTHepinle: T+ 1| t
ANOThHepe:T |t A, O 1y wf
NOGThepinre:T1+12 | t

cp-inl

cp-inr

NOGTHepe:Ti+1 |t
AO;x 1, TFeper:t]|t/ N ®;y:t,Theper:T|t!

cp-case
A; @ T Fep case (e, x.er,y.ep):T|t+t p

CP CcP
A;dbl—r1ﬁ>rzwf A;<D;x:'c1,f:'r1&wrz,l“l—@pe:'rzlt

CP cp-fix
A, Og; T |—@p fix f(x).e T — T | 0

P
ADF T Y

C
AO;x T, f:0O(1 ﬂTz),Fl‘@p@iTth

Vx € dom(T). A, @ =T(x) CEOT(x)

A 0T, T Fop fix f(x).e: O (1 — )]0

cP
A}®a}rFCPel3T1i>T2|tl NOGT Eep eyt |t

NOGTHeperey |ty +t+t
NOGT Feper:T |ty AOGTEepe:t |t
N DT Fep (er,e) ity x T |t + 1

cp-fixNC

Cp-app

cp-prod

NOTHepe:Ty X1 | t

A;@g;TEep mi(e) it [ t
A OFTwf

A, Oy T Fep nil :1ist[0]* T |0

AO;T Feper Tty A, OGT Fep e :listn]*T |

A; @g;T Fep cons(er, ez) : listin+ 119 1|t + t,

NOGT Feper:OT] t N OGT Fep e listin]*T | 4

A, Oy T Fep cons(ey, ep) : listin+1]%T | t; + t,

cp-proji

cp-nil

Cp-consi

Cp-cons2

Figure 30: DuCostlt relational typing rules (Part 1)
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A; @ THep e:t|t| Dynamic stability of e is upper bounded by t
and e has relational type T.

A, O T Fep e listm]®T| t AOAN=0;TFcper:t |t
L,AOAN=1i+1;h: 07 tl: listi]*t,TFep ey i1/ |t/
LRAOAN=i+1Aax=R+1;h:t tl:listi]Pt, T Fepex:t |t/

- ; ; cp-caseL
N, O T Hep caseeofnil —ej|hutl— eyt |t+t
125,00 TFepe:T|t 1€ FIV(D;T) .
) cp-iLam
A, DOyTHEep Ae:Vi = S.t|0
. CP(t")
ANDOy;THepe: Vi = Sttt AFT:S ‘A
AOGT Fep el] stl/if [t +ti  PoPP
AO;THepe:t{l/i}| t AFT:S
: cp-pack
A, O T Fep pack e: JinS. Tt
A, DT Fep ey : St | 4
1uS,A0;x:1,THepex:T2 | b 1€ FV(D;T, 1y, t1)
cp-unpack

A;Og; T Hep unpack ejasxiney : 1o [t + 1

YO =1 LY, ADduTHepe:t |t ,
AD T Fep Ceity | L+t cp-primapp
AOEC AN DOANCThepe:T|t
cp-c-andl

NOyTHFepe:C& Tt
A Oy Theper:e; |t C&y A ONCx:T,Thepez:e) |t
N, Oy T Hepcleteyasxine, : 1 |t + 1
ANDONANCThepe:T|t
NOGTHFepe:CO Tt
AN, Dy;THepe:CO Tt A EC
N, OGT Fep celimy e: Tt
ANDOANCThHeper:T|t ADONAN=CTheper:T]|t AF Cwf
NOGTFeper:T|t
A,DgThHepe:T|t AOE=ETCT ADEt<t
AOGTFepe:t |t/
A,DO;Thepe:T|t
vx € dom(Tl"). A;® ET(x) C Ol (x)
A, O;T, T Fepe:0OT1|0
A, D;MFpge:Alt
A, DO;THepe:UA |t

cp-c-andE

cp-c-impl

cp-c-implE

cp-split

cp-C

cp-nochange

cp-switch

Figure 31: DuCostlt relational typing rules (Part 2)
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|| :  Relational type — Unary type

[int,| = int

[unit;| = unit

IT1 x T2l = |m| x |1

IT1 + T2 = |ml + |t

[list[n]* 7| = list[n] 7|

CIP(t) FS(o0)

1 —— 1| = |t —— 1l
. CP(t) . F5(00)

Vi = St = Vi = S.|q

[31::S. 1] = Ji:S. 1]

|C & T = C&lI1

IC D 1l = CDOl1

[UA] = A

IO = |1

Figure 32: DuCostlt refinement removal operation

from relational types to unary types that forgets the relational refine-
ments. Its definition is shown in Figure 32.

Additionally, similar to RelCost, DuCostlt also has generic rules like
cp-split.

8.4 SUBTYPING

Just like in RelCost, subtyping plays a crucial role in DuCostlt. Due to the
use of bivalues in DuCostlt’s semantic and operational model, DuCostlt’s
subtyping is slightly different from RelCost’s. Still, subtyping follows
the same core ideas: e.g. list types interact similarly with the [J annota-
tion and subtyping is constraint dependent. We show DuCostlt’s unary
and relational subtyping rules in Figure 33 and Figures 34 and 35, re-
spectively.

The main difference in the subtyping rules of DuCostlt and RelCost is
the way unary types are lifted to relational types at the weakest relation
U -. This difference stems from the fact that DuCostlt cares about where
and how a value is changed whereas RelCost doesn’t. For instance, in
RelCost, since relational types are interpreted as pairs of values, the val-
ues (2,3) and (20,30) can be given two different types: U (int x int) and
Uint x Uint. Hence RelCost allows subtyping U (A x A;) to UA; X
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U A,. However, this would be unsound in DuCostlt since DuCostlt cares
about how a value is changed, and according to which change propaga-
tion might either switch to from-scratch execution or keep change prop-
agating. Therefore, relational types are interpreted as bivalues which
pose some restrictions on truly relational types, i.e. types that are
not of form U-. In particular, in DuCostlt, the type UA; x UA; can
admit no direct changes to itself but only to its sub-parts whereas
the type U(A; x A;) may admit changes to itself. In other words,
new((2,3),(20,30)) cannot be given a type Uint x Wint. The only way
a type of the form U (A; x A;) can be lifted to UA; x UA; is if it
is not a new(v,Vv’) itself. Therefore, in DuCostlt, we can only subtype
OU(A; x Ap) to OUA; x OUA; (rule xOU in Figure 34). Similar

. IFS(t) . FS(t)
subtyping rules apply for types A7 —— Ay and Vi = S.A.

Like in RelCost, the type 01 follows the standard co-monadic rules:

C C
OrC 1 Ot ﬂ>’c2) C O ﬂ Ot and O(1) x 7)) =017 X

DTz.
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A; @ A AT C Ayl Type A; is a subtype of type A;

ADOEAAICA AOEAACA, ADEtSH

S S(t!
A EA Ay B AL oA B A

isSSAOEAACA i:S,A0Et<t  igFV(D)
A . FS(Y) . FS(t)
AOENVE @ SSACVE = S.A
AOEAAICA]  AOEMACA),
A @ EM AT x Ay CAf x A} "
AOEAATCA] AOEAMA,C A
A@EM AL+ A C A+ A
AdEn=n" AOEAACA’
A; @ =7 list[n] A C listin/] A’
isS,AOEAACA i€ FV(D)
A; @ EA Ji:S. A C FizS. A’
AOANCEC AOEAACA’
ADEAC&ACC &A’
AOANC'EC ANOEAACA
A - p u-c-impl A u-refl
ANOE"CDODACC DA NOETYACA
NOEAAICA,  AOEMACA;
A0 ERA T Az

— exec

u-Vexec

=X

u-3

u-c-and

u-tran

Figure 33: DuCostlt’s unary subtyping rules



8.4 SUBTYPING

A; ® =11 C 12| Relational type T is a subtype of relational type T,

A; @ =2 A C Ay| Type Aq is a subtype of type A,

nt-[] OU-int

A.® = int, C Oint, | A.® = OUint C int,

unit

A; © E unit, C Ounit,
AOETET ANOETCT AODETLE

— cp
C C !
A D =T ﬂwczg't]’ MTé
—>Dcp
C CIP(0
AOEDOMG Y oy con £% 0,
—)DUCP

ADEDOUA B2Y% Aycoua, L% gua,

inS, A0 E=TC T 125,00 E=t<t’ 1€ FV(D)

CP(t') P

. CP(t) . ,
ANOEYL = S.TC Wi S.t

o v O
AOEOM = SoCVi = S.0Or
vOUuU

FS(t) CIp(0)
AOEDOMU(VE = SA)CVE = S.OUA
A0 =T CT ANOETET
NOET X C1 X1 8
x[]

AOEOT xOn=0(1 x12)
Ou

X
ADED(U(A xA))COUA; x OUA,
A0 ET ET NOETCT
ANOETI+T CE1+1)

+0
A0 O +01 EO(T +12)

ADEN=n' AODE o< A E=TCT
A; ® = listn]* t C list[n/]* t/
ADEx=0
A; @ = listn]*t C listn]*O 1

10

11

12

A; @ E listn]* O~ C O (listin]* 1)

Figure 34: DuCostlt’s relational subtyping rules (part 1)
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A; @ =711 C 12| Binary type Tj is a subtype of type T,

i2S,A0=1C T iZ FV(D)
A; @ E FisS.t C ISt

=

30

A; @ EJ:S. Ot CO(Fi:S. 1)
A OACEC AOETCT

-and
ADEC&TCC &t o0

c-and-J

ADEC&OTCO(C &)
AOANC EC AOETCT
AdE=CorCC ot

c-impl-0J

c-impl

T
AOEOTCT
D APETIET
A0 EOrC OO0 AOEOTCOD
ADEAACA
W U —
A, O ETC U7 AODEUALCUA ADETCT
AOETIET AOETCT
tran
AOETET

AOEDOICDTECDOR

B-UJ

efl

Figure 35: DuCostlt’s relational subtyping rules (Part 2)



DUCOSTIT’S METATHEORY AND SOUNDNESS

» syNoprsis In this chapter, we present a logical relations model
for DuCostlt and use it to prove DuCostlt sound relative to the from-
scratch and abstract change propagation cost semantics presented in
Section 8.1.

Like in RelCost, we build two cost-annotated models of types: a non-
relational (unary) one for from-scratch execution and a relational (binary)
one for change propagation . However, in addition to these two models,
in DuCostlt, we need another relational model to handle bivalues of
type U A that can still be change propagated.

0.1 UNARY INTERPRETATION OF DUCOSTIT TYPES

DuCostlt’s unary model resembles RelCost’s unary model (modulo the
lower bounds in RelCost). For each unary type A, the value interpreta-
tion [A], is a set, containing pairs (m,v) of step indices and values
(shown in Figure 36).

The expression interpretation [A]! is shown below and contains
pairs (m, e) of step indices and expressions.

[AJL =((m,e) | (e 4" (v,D)AF<m) = Et

—t,v) € [Al
The interpretation of [A]! states that if e evaluates to a value with
cost f < m, then t is an upper bound on the from-scratch execution
cost f, and the resulting value is in the value interpretation with step-
index m — f.
As in RelCost’s model, we interpret open expressions under some
semantic environment interpretation y. We write (m,vy) € §[Q] to

mean that y maps all variables in the domain of the environment Q to
appropriately-typed semantic values for m steps.

[Q,x: A] ={(m,vIx — v]) | (m,y) € G[Q] A (m,v) € [A],}

We write 0 € D[A] to mean that o is a valid (well-sorted) substitution
for the index environment A.
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100 DUCOSTIT’S METATHEORY AND SOUNDNESS

[A]v C Step index x Value
[A]¥ C Step index x Expression

[int] ={(m,n)}

[unit], ={(m, ())}

[Ar x Az]v = {(m, (vi,v2)) | (m,vi) € [A1]v A

(m,v2) € [Az]v}

[A1+ Az]y ={(m,inlv) | (m,v) € [A1],} U
{(m,inrv) | (m,v) € [Az]v}

[list[0] Ay ={(m,nil )}

[listin+1] A]y, ={(m,cons(ey,ez)) | (m,e;) € [A]v A

(m, ey) € [listin] A]y}
Az]y = {(m, fix f(x).e) | Vj < m.Vv. (j,v) € [A1]v
= (j,elv/x, fix f(x).e/f]) € [Az]!}

[Aq LI

vi 2tV S AL, = {(m, Ae) | VL. F1:8S. (m,e) e [A{I/i}]1V)
[3i:S. Al ={(m,packv) |IL. - T1:S A (m,v) € [A{I/i}]v}
[C> Al ={(m,v) | ECV (m,v) e [A]}
[C&A]y ={(m,v) | ECA (m,v)e[A]}

Figure 36: Non-relational interpretation of DuCostlt’s unary types

9.2 DUCOSTIT’S SOUNDNESS (UNARY)

We prove the following fundamental theorem for unary typing. Roughly,
the theorem says that the expression e, if typed in DuCostlt at unary
type A, lies in the unary expression interpretation of A for any step-
index and value substitution that respects the environment’s types.

Theorem 6 (Fundamental Theorem for Unary Typing). Assume that
A Og;Qbpse:Altand o € D[A] and = o® and (m,y) € §[oQ]. Then,
(m,ye) € [oA]Z".

Proof. Proof is by induction on the typing derivation (shown in Ap-
pendix B.2). [



9.3 RELATIONAL INTERPRETATION OF DUCOSTIT TYPES

An immediate corollary of the theorem is that execution costs estab-
lished in the type system are upper bounds on the actual from-scratch
execution costs of the program. For readability, we only state the theo-
rem with a single input x, but it generalizes to any number of inputs.

Corollary 7 (Soundness for from-scratch execution). Suppose that

e x:Abpge: At
L4 FIFSVZA|O
e efv/x] If T

Then f < t.

9.3 RELATIONAL INTERPRETATION OF DUCOSTIT TYPES

In contrast to RelCost, the relational model of DuCostlt is built based
on bivalues and biexpressions that direct change propagation. This has
significant ramifications on DuCostlt’s relational model, making it more
involved than RelCost’s.

In particular, there are two relational interpretations in DuCostlt: one
for unary types and one for relational types. The relational value inter-
pretation of a relational type, written (t),, contains pairs (m,w) of a
step-index and a bivalue (shown in Figure 37). The relational value in-
terpretation of unary types, written C A ),, contains also pairs (m, w) of
a step-index and a bivalue but requires that w is not equal to new(v,v’).
The relation C A ), is needed to allow change propagating expressions
that have not changed at the top level but have type U A.33 Both (1),
and C A D, relate the original value L(w) to the updated value R(w). We
discuss salient points of (1)), and C A D,.

9.3.1 Relational interpretation of relational types

First, the interpretation of [Jt contains only those bivalues w whose
two projections are identical and do not contain any new’s, i.e. stable(w),
and are related at (t),. Hence, we have (1), C (1)y.

Second, the interpretation of U A contains bivalues of the form new(v,v’)

only if (j,v) and (j,v’) are in the unary relation [A], for any step index
j 34. In addition, it also contains other bivalues in C A ), that can still
be change-propagated even though they are typed at the weakest rela-
tion U A. Then, we can show that (t), C (U|t])y, where | -| is the type
erasure operation defined in Figure 32.
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33 If they had
changed, i. e. were
equal to new(v,v’),
then the values would
be in the unary
relation at type A.
But if they have not
changed, we need a
special relation that
allows them to be
change-propagated
through.

34 Like in RelCost,
this means that when
we switch from
relational to unary
reasoning, we can call
out to any unary step
index j. This works
because the unary
relation does not refer
back to the binary
relation.
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(t)y C Step index x Bi-value

(t)f C Step index x Bi-expression

@y = {(m, w) | stable(w) A\ (m,w) € GTDv}

(UA), =CA Dy U {(m,new(v,v')) Y. (j,v) € [A]y A
(]/V S [[Aﬂv}

(int+)v = {(m, keep(n))}

(unitr)y, ={(m, ()}

(tr x v ={lm, (wi,w2)) | (m,w1) € (Ti)v A (M, w2) € (T2)v}
(1 + T2y ={

(list[0]*1),  ={(m,nil)}
(listin+1]% 1)), ={(m, cons(wy,w3)) | ((m,wq) € (O1)y A (M, wy) € (listin]* 1))
Vo ((m,wq) € (T)y A (M, wy) € (list[n]*! T)y A x> 0)}

(

(

(

(m,inl w) | (m,w) € (ty)v} U
(mi

(

(

(1 AS{ON )y ={(m, fix f(x).ee) | ((m, fix f(x).ee) € C |1q] LECON T2l Dv) A

(Vj < mVw.(j, w) € (1), = (j, eelw/x, fix f(x).ee/f]) € (t2)!)}

v 1 s ) = ((m, Aee) | (VL F 15, ((m,ee) € ({1t ") A
(m, A.ee) € (Vi S:(: S.|tl >y}

(Fi=S. )y ={(m,pack w) [ IL. F1:S A(m,w) € (t{I/i})v}

Coty  ={(mw)| ECV mw)eqwb}

(C & 1)y ={(m,w) | EC A (m,w) € (t}

Figure 37: Relational interpretation of relational types
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. . . CP(t . .
Third, the interpretation of T 4 T, relates a function bivalue
that, given related arguments at j < m steps, return related compu-
tations (in the expression relation (t)} discussed below) at step-index

j. In addition, the function bivalue is in the relational unary interpre-

. IFS . .
tation of |tq] & IT2|. The latter allows any function bivalue to be

used in a unary context with the weakest cost bound co. In essence, we
can semantically show that the relational judgment A; O;T" Fepe: Tt
entails the unary judgment A; @; [T Fpg e : |T] | 0.

We interpret open biexpressions under related substitutions, 5. We
write (m,8) € G(I') to mean that & maps all the variables in the do-
main of the environment I" to appropriately-typed semantic relational
bivalues for m steps.

7 @)}
5

S(r,x:1) = {(m,dx — wl) [ (m,8) € §(I) A(m,w) € ()}

9.3.2 Relational interpretation of unary types

Next, we explain how ( A ), is defined. Intuitively, C A ), contains bi-
values that have not changed at the top-level, i.e. are not new(v,v’).
Hence, once eliminated, bivalues in C A ), don’t trigger a switch to
from-scratch execution, but may be change propagated further.

First, the interpretation of ( A ), does not contain any new(v,v’) bi-
values at the top level. However, inner parts of the bivalue may contain
new(v,Vv’) bivalues. For instance, for pairs (wy,w;) that are in the rela-
tional interpretation of ¢ A x A; )y, left and right projections must be
related at (LL A¢), and (U A;),, respectively. We need to wrap the inner
types A7 and A; with unrelated types and call out to the relational
interpretation since the projections w; themselves might be new(v,v’).

In other words, the relational interpretation of unary types C A D,
may refer to the relational interpretation of relational types (ULA’),
for some smaller A’. Still, by unrolling the definitions of (UA’), in

the definition of C A )y, it can be shown that ¢ A ), is well-founded.
FS
Second, the interpretation of A; & A, relates a function bivalue

that, given possibly unrelated arguments related at (LLA¢), atj < m
steps, returns possibly unrelated computations (in the expression re-
lation (U A;); discussed below) at step-index j.35 This is needed be-
cause we may change propagate through the body of a function even
if that body was typed in [FS-mode. It also allows us to show that
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35 Notice that there is
no expression relation
corresponding to the
value relation C A Dy.
Instead, it refers to
the expression
relation (ULA);



104

DUCOSTIT’S METATHEORY AND SOUNDNESS

CA D, C Step index x Bi-value

Cint Dy = {(m, keep(n))}
C unit Dy, ={(m, ()}
CAT X Ady  ={(m, (w1, w2)) | (m,w1) € (UA)y A
W) € (UA2)y}
CAT+A2d ={(m,inl w) | € (WA U
{(m, inr w) | € (WA}
« list[0] A Dy, = {(m,nil)}
(

Clistm+1]A Dy ={(m, cons(wy,w3)) | ((m,w;) € (UA)y, A
(m,wy) € (U (listin] A))y)}
A BU AL b, = [(m, Fix f(x).e) | (¥ < m. Yw. (§, w) € (UA;],
= (j,eelw/x, fix f(x).ee/f]) € (UA)) A

(. (j, L(fix f(x).ee)) € [A7 —% Ag]y A

@MHHM& ) e [A 2 AL

. FS(t) (1/i]
avi = S.AY), ={(m,Ae)|VL. FI1:S.((m,ee) € (] (A{I/})D ) A

(¥j.(3, L(ee)) € [A{I/i}]t N ) € [A{L/i}]})}
C Fi:S. A D, ={(m,packw) |3ILFI:S A(m,w) € QU (A{I/t}D)v}
CCDOAY ={(m,w) | £ C V (m,w) € (UA],}
CC&AD, ={(m,w) | EC A (m,w) € (UA]y}

Figure 38: Relational interpretation of DuCostlt’s unary types
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the unary judgment A; ®; Q) g e : A | t entails the relational judgment
A O;UQ ep e: UA | t semantically.
In addition, the left and right projections of the function bivalue are

in the unary interpretation of A; m A, for any step-index j.

Notice that in C A Dy, we never refer to any expression relation at
type A’, but only at type UA’ (where A’ is smaller than A). Hence,
there is no need to define a corresponding relational expression relation.
Instead, based on the relational interpretation of relational types, we
have the expression interpretation (t); , defining when a biexpression
(the initial expression and the updated one) is logically related at type
T with change-propagation cost t. It consists of a set of pairs of the
form (m, ee) and ensures that change propagating ee (using the rules
of n) cost no more than t.

()t ={(m,e)|W,Vv,D,Dff.
L(ee) If (v,D) A R(ee) 47 (v/,D') A f<m
= Jw/, ¢’ such that

The definition states that if the left and right projections of the biexpres-
sion ee evaluate to values v and v/ with derivations D and D’ and in
f and f’ steps, respectively, and f < m, then we can change propagate
ee with cost ¢’ and obtain an updated bivalue w’ specifying how the
initial output v is modified to v'. More importantly, we know that t is
an upper bound on the change propagation cost of ee, i.e., ¢’ < t and
the resulting bivalue w’ is related at step-index m — f.

9.4 DUCOSTIT’S SOUNDNESS (RELATIONAL)

We prove DuCostlt’s type system sound with respect to the abstract
evaluation and change propagation semantics. We show that the costs
t estimated by expression typing for relational judgment are upper
bounds on the costs of change propagation, respectively.

Theorem 8 (Fundamental Theorem for DuCostlt’s Relational Typing).
Assume that A; @ ;T Fepe:t|tand o € D[A] and = oc® and (m,d) €
G(oT). Then, (m, 8e) € (o).
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Proof. Proof is by induction on the typing derivation (shown in Ap-
pendix B.2) O]

An immediate corollary of the theorem is that update costs estab-
lished in the type system are upper bounds on the cost of change prop-
agation. For readability, we only state the theorem with a single input
x, but generalized versions with any number of inputs hold as well.

Corollary 9 (Soundness for change propagation). Suppose that

e x:Thepe:t' |t
*-w>T
 elL(w)/x] ' T

e e[R(w)/x] 47 T/

Then the following hold for some w' and c':

1. {T,7ew/x]) ~w/, T/, ¢

2. ¢/ <t

Finally, we prove that, semantically, a) relational typing is a refine-
ment of unary typing with the weakest bound oo on the from-scratch
execution cost and b) the unary judgment entails the relational judg-
ment at the weakest relation.

Theorem 10 (Fundamental Theorem for DuCostlt’s Weak Relational
Typing). Assume that A; @ ;T tcp e:T|tand o € D[A] and = o® and
(m,y) € S[loTl], then (m,ye) € [loTl].

Proof. Proof is by induction on the typing derivation (shown in Ap-
pendix B.2). [

Theorem 11 (Fundamental Theorem for DuCostlt’s Weak Entailment).
Assume that A; @q; Q brge: Altand o € D[A] and = o® and (m,d) €
G[UoQ], then (m, de) € (U cA])Jt.

Proof. Proof is by induction on the typing derivation (shown in Ap-
pendix B.2). [



RELATED WORK : DYNAMIC STABILITY

In this chapter, we review related work on incremental computation
and provide a detailed comparison to our work on the first version
of DuCostlt, a homonymous system [35] which we refer to as DuCostlt®.
Then, we discuss related work in the context of program (input-output)
sensitivity.

10.1 INCREMENTAL COMPUTATION

There is a vast amount of literature on incremental computation, rang-
ing from algorithmic techniques like memoization [59, 75], and language-
based approaches using dynamic dependence graphs [5, 29, 32], to
static techniques like finite differencing [26, 66, 84].

LANGUAGE-BASED TECHNIQUES To speed up incremental runs, ap-
proaches based on dynamic dependency graphs store intermediate re-
sults from the initial run. A prominent language-based technique that
uses this approach is self-adjusting computations (AFL) [5], which has
been subsequently expanded to Standard ML [6] and a dialect of C [55].
Our change propagation semantics is mainly inspired by AFL.

Previous work by Chen et al. [32, 33] automatically translates purely
functional programs to their incremental counterparts. However, Chen
et al. only show that the initial run of the translated program is no
slower (asymptotically) than the source program. They do not analyze
costs for incremental runs. In contrast, we show that both incremental
and from-scratch costs of translated programs are bounded by those es-
timated by our type system. (Chen et al.’s type system does not provide
cost bounds.)

In general, in all prior work on incremental computation the effi-
ciency of incremental updates is established either by empirical analy-
sis of benchmark programs, algorithmic analysis or direct analysis of
cost semantics [73]. My prior work Costlt [34] was the first proposal for
statically analyzing dynamic stability. DuCostlt directly builds on Costlt,
as well as DuCostlt®, but our type system is richer: Costlt cannot type
programs in which fresh closures may execute in the incremental runs.
DuCostlt does away with this restriction by introducing a second typ-
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ing mode that analyzes from-scratch execution costs. This requires a re-
design of the type system and substantially complicates the metatheory.
(DuCostlt uses both a binary and a unary logical relation, while Costlt
needs only the former, and it allows the analysis of many programs
that Costlt cannot handle.)

FINITE DIFFERENCING Approaches based on static transformations
extract program derivatives, which can be executed in place of the orig-
inal programs with only the updated inputs to produce updated re-
sults [26, 84]. Such techniques make use of the algebraic properties of a
set of primitives and restrict the programmer to only those primitives.
In contrast to these approaches, our change propagation semantics is
based on dynamic dependence graphs and our static analysis only es-
tablishes the cost of incremental runs.

10.2 COMPARISON TO DUCOSTIT®

DuCostlt presented in this thesis is partly based on my homonymous
system DuCostlt® [35]. However, both the design of DuCostlt’s type sys-
tem as well as its semantic model differ significantly from DuCostlt°.

Unary types A = int|A; x Ay | AT + Ay
FS

listin] A | Ay 0 A, -

Relational types T == int; |t x T2 | T1 + T2
. CIP(t)

| isttn]*t |ty —— 12| ---

Unannot. types A == int| Ty x 12 [ 71+ 71 | listin]* 7 |
S

o L

Types T 2= (AP (A O

Figure 39: Types of DuCostlt and DuCostIt®

The main source of the discrepancy between DuCostlt and DuCostlt’
is their type grammar. While DuCostlt’s type grammar is designed to
be two layered, where types are syntactically separated into unary and
relational types based on the typing mode CIP/IFS, DuCostlt”s type
grammar is not. Instead, DuCostlt®’s type grammar is uniform and is
based on annotated types. Annotated types are often used in type sys-
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tems for dependency analysis. For instance, in information-flow control
analysis, by annotating types with high (changeable) and low (stable)
labels, information flow from high to low values can be tracked and
forbidden. Motivated by such annotations, DuCostlt® has two kinds of
annotated types: (A)° specifies those values of type A that will not
change in the second execution (5 is read “stable”) whereas (A)€ speci-
ties all values of type A (C is read “potentially changeable”). Although
the type grammars might not seem like a big change, its ramifications
are significant in the design of DuCostlt’s type system as well as the
semantic model.

Compared to annotated types of DuCostlt®, the two-layered type gram
mar of DuCostlt has two advantages. First, two-layered types simplify
the rules of the type system considerably. In DuCostIt®, every type con-
structor has three elimination rules, one for use in unary reasoning and
two for use in relational reasoning. In contrast, our type system has
only two elimination rules for every type constructor, one for unary
reasoning and the other for relational reasoning. Second, the separa-
tion reflects the unary and relational semantic interpretations syntacti-
cally. In contrast, in DuCostlt®, the separation exists only in the model,
with the unpleasant consequence that relational refinements like « in
(listn]* t) as well as all changeability annotations that are meaningless
in unary reasoning must nonetheless be carried through unary typing
derivations.

10.3 CONTINUITY AND PROGRAM SENSITIVITY

Program sensitivity /continuity analysis aims to establish how changes
to inputs of a program affect the changes to its outputs. Such an anal-
ysis can be used to verify robustness properties in the context of em-
bedded systems or continuity properties in the context of differential
privacy. Although closely related to our work in concept, the end-goal
in such analysis is more restricted compared to dynamic stability analy-
sis. (Program continuity does not account for dynamic stability) DuCos-
tlt also proves a limited form of program continuity, as an intermediate
step in establishing dynamic stability. We discuss two lines of work that
are related to our work.

Reed and Pierce present a linear type system called Fuzz for proving
continuity [94], as an intermediate step in verifying differential privacy
properties. Gaboardi et al. extend Fuzz with lightweight dependent
types in a type system called DFuzz [51]. DFuzz’s syntax and use of
lightweight dependent types influenced our work significantly. A tech-
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nical difference from DFuzz (and Fuzz) is that our types capture where
two values differ whereas in DFuzz, the “distance” between related val-
ues is not explicit in the type, but only in the relational model. As a re-
sult, DuCostlt’s type system does not need linearity, which DFuzz does.
Unlike DuCostlt and DFuzz, Chaudhuri et al.’s static analysis can prove
program continuity even with control flow changes as long as pertur-
bations to the input result in branches that are close to each other [31].
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BIDIRECTIONAL RELATIONAL COST ANALYSIS

» syNoprsis The goal of this chapter is to investigate issues in im-
plementing a type and effect system for relational cost analysis. Specifi-
cally, we present the theory and implementation of a bidirectional type
system for RelCost. At the end of Chapter 13, we explain how a similar
development can be carried out for DuCostlt as well.

The key insight behind RelCost is that while the relative cost of two
programs can be established naively by establishing the worst-case cost
of one program, the best-case cost of the other program and taking their
difference, this kind of a unary analysis is often imprecise and unnec-
essarily difficult, since it exploits neither the similarities between the
two programs, nor the relation between their inputs. Accordingly, Rel-
Cost is a relational type system wherein programs are analyzed in syn-
chrony and one falls back to the unary worst-case, best-case analysis
only when the programs differ substantially in structure. Importantly,
during the relational phase of the analysis, the cost established is also
relative, which simplifies recurrence relations for cost in many cases
and improves precision. Since costs usually depend on sizes of inputs,
RelCost supports type refinements to track the sizes of data structures
such as lists. To improve precision further, RelCost allows exploiting
relations between corresponding values in the two programs. To this
end, RelCost includes two modal refinement types (T and U A) that
represent different relations (the diagonal relation and the trivial rela-
tion) on values as well as a relational list refinement that describes the
number of places at which two related lists may differ. The subtyping
rules corresponding to these relational refinements are nontrivial; in
particular, subtyping is dependent on refinement constraints.

At first glance, it is unclear how such an expressive combination of
relational effects, refinement types (including relational refinements),
constraint-dependent subtyping, and the simultaneous combination of
unary and relational typing judgments can be implemented. In this
chapter, we show that, despite its rich set of features, RelCost can be
implemented algorithmically and, more specifically, it can be imple-
mented in a bidirectional style.

First, we introduce bidirectional typechecking and then discuss the
challenges in designing a bidirectional type system for RelCost.
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11.1 BIDIRECTIONAL TYPECHECKING

Bidirectional type checking is a well-established method for implement-
ing type systems, wherein for every sub-expression, either a type is
synthesized (inferred) or a given type is checked [91]. The advantage
of bidirectional type checking is that it minimizes typing annotations;
in most cases, type annotations are needed only on recursive functions
and at explicit 3-redexes. Our motivation for choosing this style is
three-fold. First, bidirectional type systems can be formally described
using rules that resemble standard typing rules; this simplifies proofs
of soundness and completeness of the algorithmic implementation rel-
ative to the declarative type system. Second, it is known from prior
work that bidirectional type checking is compatible with refinement
types [44, 47, 106] and with subtyping [91], which are central to RelCost.
Third, bidirectional typechecking has never been applied to relational
typing and only rarely to type and effect systems [101], so a key mo-
tivation behind our development of the bidirectional type system for
RelCost was to understand the interaction between bidirectionality and
relational type effects.

BIDIRECTIONAL TYPECHECKING FOR RELCOST In designing and
implementing the bidirectional type system, which we call BiRelCost,
we discovered and addressed three main challenges.

1. Non-syntax-directed typing rules: As mentioned above, RelCost,
like some other relational type systems, allows the relational rea-
soning to fall back to unary reasoning when the two programs
being analyzed are dissimilar. However, the rule for switching to
unary reasoning (switch rule in Figure 10) is not syntax-directed,
since the optimal place to switch to unary reasoning depends
on the specific programs being analyzed. Another example of
a non-syntax-directed rule is one that allows splitting cases on
the constraints (r-split rule in Figure 8). An implementation must
manage this nondeterminism in the rules.

2. Relational subtyping rules: Central to the relational analysis are
the relational refinements mentioned above. The subtyping rules
for these refinements are not directed by the syntax of types and,
in particular, transitivity of subtyping in inadmissible. Again, an
implementation must somehow handle the subtyping rules.

3. Polarity of effects: As mentioned above, the type of every subex-
pression is either synthesized or checked in a bidirectional type



11.1 BIDIRECTIONAL TYPECHECKING

system. It is not clear upfront how this would generalize to the
synthesis and checking of effects. As it turns out, the polarity
of the type and the effect align with each other: we synthesize
(check) the effect when we synthesize (check) the type. However,
it is also possible to infer the effect in the checking mode with
some additional constraints. We comment on this alternative de-
sign in Section 13.3.

To overcome these challenges, we follow a two-pronged approach.

On the implementation-side, we use several example-guided heuristics
to resolve the nondeterminism in applying the typing and subtyping
rules. We explain these heuristics and their effectiveness on examples.
As expected, our heuristics are sound but incomplete. Nonetheless,
they are sufficient for checking a variety of examples we considered,
and we believe that the heuristics are quite effective. We support this
claim by a case study and experimental evaluation in Section 14.4.

On the theory-side, our approach is more nuanced. We show that,
modulo the nondeterminism, the bidirectional type checking loses no
expressiveness, meaning that every program that can be typed in Rel-
Cost could also have been sufficiently annotated to resolve only the
nondeterminism and then checked bidirectionally at the same type. To
establish this, we follow an unusual approach. We first show that every
well-typed RelCost program can be translated to a well-typed program
in a core language, RelCost Core. This translation is type derivation-
directed; it introduces annotations to resolve the nondeterminism in
applying the typing rules and does away with relational subtyping, by
replacing all instances of relational subtyping with explicit coercions
(specifically, we prove that if T is a subtype of T’ in RelCost, then there
is a function of type T — T’ in RelCost Core). Next, we develop the bidi-
rectional type system, BiRelCost, for RelCost Core and prove it sound
and complete w.r.t. RelCost Core’s type system. It follows that every ty-
peable RelCost program can be annotated to remove nondeterminism,
and then bidirectionally type-checked.

Our implementation handles the two steps from RelCost to RelCost
Core and from RelCost Core to BiRelCost simultaneously. It uses the
aforementioned heuristics to implement the first step, and the bidi-
rectional rules for the second. During both type checking and type
synthesis, constraints are generated. As in prior work on DML [105,
106], these constraints capture arithmetic relationships between refine-
ments (e.g., list sizes) of various subterms but, additionally, they also
capture relational refinements and relationships between their unary
and relative costs. We use SMT solvers to discharge these constraints.
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However, this cannot be done immediately since the constraints contain
existentially quantified variables over integers and reals, which cannot
be eliminated by existing SMT solvers. Therefore, we design our own
algorithm to eliminate existential variables by finding substitutions for
them.



EMBEDDING RELCOST INTO RELCOST CORE

12.1 THE NEED FOR AN EMBEDDING

Before we delve into details of the embedding of RelCost into RelCost
Core, we revisit which aspects of RelCost’s type system make it hard to
algorithmize. We highlight some of these aspects below.

Non-syntax-directed rules: The typing rules switch, r-split, r-contra and
nochange in RelCost are not syntax-directed. Hence, these rules
introduce nondeterminism in an implementation.

Two ways to type “cons” construct: There are two typing rules for con-
structing non-empty lists in RelCost: the rule r-cons1 applies when
the heads of the two related lists may differ and the rule r-consz
applies when the heads may not differ. Hence, the typing of the
cons construct is context-specific.

List-case branch is typed twice: In the list case analysis rule, r-caseL, the
cons case branch is typed twice in the premises, to account for the
aforementioned two introduction rules. Hence, the branch must
be typed in a non-syntax-directed manner. A consequence of this
double-typing of the branch is that, in RelCost, index terms cannot
appear in expressions (since the two typings of a cons-branch
may instantiate universally quantified index variables differently).
This makes typechecking harder.

Subtyping with Ot and (UA): It is unclear how to implement the
trans rule of the relational subtyping rules of RelCost (Figures 13
and 14). The usual solution would be to prove that transitivity
is admissible among the remaining rules. However, it is unclear
how to prove the admissibility of transitivity in the presence of
the comonadic type [Jt and the modality U A, whose subtyping
rules interact with the other connectives in nontrivial ways.

All these difficulties, with the exception of those due to the rules
r-split and r-contra, are a consequence of the presence of either rela-
tional refinements or relational effects. Consequently, they do not arise
in other unary type and effect systems. In particular, the difficulty with
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transitivity is specific to the relational subtyping; in unary subtyping,
transitivity is admissible and poses no difficulty.

To address these difficulties, we give an embedding of RelCost into an
intermediate language we call RelCost Core that has only type-directed
rules and no relational subtyping. The goal of this embedding is to
show that there is a language (RelCost Core) that is as expressive as
RelCost and that is also amenable to a complete bidirectional typing
procedure. RelCost Core has explicit syntactic markers to indicate which
typing rules to apply where, thus resolving the nondeterminism in the
first two points above. Additionally, RelCost Core’s list case construct
has two separate branches for the two typings of the cons case, thus al-
lowing RelCost Core to include instantiations of universally quantified
parameters explicitly in expressions. This resolves the difficulty men-
tioned in the third point above. Finally, we address the fourth point
by replacing all occurrences of relational subtyping with explicit coer-
cion functions (that we show to exist) in the embedding. Elimination
of subtyping is a common technique for simplifying typechecking [24,
37]. However, as explained below, RelCost’s subtyping is constraint-
dependent, so extra care is needed when dealing with index terms
appearing in the types.

We prove that our embedding is complete, in the sense that every
well-typed RelCost program can be embedded into a well-typed RelCost
Core program (Theorem 57).

12.2 RELCOST CORE TYPE SYSTEM

SYNTAX OF RELCOST CORE The expression syntax of RelCost Core
is an extension of RelCost’s syntax with several additional syntactic con-
structs. Each syntactic construct is a specific marker specifying how the
nondeterminism in RelCost’s typing rules is resolved.

The construct “switch e” marks the use of switch rule that switches
to the unary reasoning whereas the construct “NC e” marks the use
of the nochange rule. The construct “split (e;,e;) with C” records
the constraint C that is used to case analyze the index domain (rule
r-split). The construct “contra e” is used to make contradiction in the
constraint domain explicit (rule r-contra). In addition, we add index
terms to expressions. For instance, the elimination form for universally
quantified types in RelCost Core is “e[I]” as opposed to RelCost’s “e[]”
The list constructor “cons” in RelCost is duplicated in RelCost Core as
“consc” and “consnc” corresponding to the two rules r-cons1 and r-
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cons2. The list case construct has two separate branches for these two
cons cases.

Expression e := --- | switch e |NC e | split (e, e;) with C |
contrae|dere| A.ie|ell]l | pack e with I |
unpack ej as (x, 1) in e | consnc(er, €2) |

case e of nil — e )

RELCOST CORE TYPING RULES Like RelCost, there are two typing
judgments in RelCost Core: A;@q; Q F e:“ A for unary typing and
A QT Fepeey St:€ for relational typing. These two judgments
are distinguished from their RelCost counterparts by the superscript ¢
in :¢. RelCost Core’s typing rules are shown in Figures 40 to 42. Most of
RelCost Core’s unary and relational typing rules mimic RelCost’s. How-
ever, there are two key differences.

First, the RelCost rules nochange, switch, r-contra, r-split, r-cons1
and r-cons2 are not syntax-directed. The corresponding RelCost Core
rules c-nochange, c-switch, c-r-contra, c-r-split, c-r-cons1 and c-r-consz
are distinguished from the their respective counterparts in RelCost by
the syntactic markers NC -, switch -, contra, split - with C, consc and
CONnsn -

Second, there is no relational subtyping in RelCost Core (RelCost’s
unary subtyping is retained in RelCost Core, since it poses no difficulty
for algorithmization). Instead, there is equivalence checking for rela-
tional types, written = (rule c-r-=). Equivalence is a very simple re-
lation. It only lifts equality modulo constraints to types (e.g., list[1 +
2]*t = list[3]* 1) and it can be easily implemented algorithmically
(modulo constraint solving). Type equivalence rules are shown in Fig-
ure 43. In particular, equivalence at [J- and U-annotated types is very
straightforward (rules eq-B-0] and eq-U for OJ- and U-annotated types,
respectively in Figure 43).

SIMULATING RELATIONAL SUBTYPING WITH COERCIONS In the
embedding of RelCost into RelCost Core, we replace all occurrences of
relational subtyping with explicit coercion functions in RelCost Core. To
do this, we have to show that if T C T’ in RelCost, then there is a coer-
cion function of type T — T’ in RelCost Core. To handle cases with (I, we
add one additional syntactic construct, der e, and a corresponding typ-
ing rule, c-der, to RelCost Core (shown in Figure 40). This typing rule
corresponds to the coercion [Jt — 7. Using this rule and the simple
type equivalence =, we show that all subtyping rules of RelCost can be
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A Qg THeroe; St 1| Relative cost of e with respect to e; is up-
per bounded by t and the two RelCost Core expressions have relational

type T.

NOTHer0e <tf0T
A, Oy THderejodere; St
NO;0TNFecesten
A, @O0 T FNCecNCe <001
AOGITh R e €A AOGITLHE e Ay
A, @g; T+ switch e; ©switchey; <t —ky € U(Aq,Al)
N DO, NCTHe0e<Stt N DO, N-CTHejoes St
A; @Og;TF split (e, e1) with Cosplit (ey,e5) withC St
AOL =L A0y T wf
A; @y THcontrae;©contrae, St

ADgTHece St ADubT=T
A Qg =t<t!
ADOyTHeoe <t/ €1
N'x)=r
A; @ THnon <0 int, c-r-const ADuTExox<0 1 c-r-var

c-r-unit

c-der

c-nochange

c-switch

c-r-split

c-r-contra

cr- =

A, Og;TE()o () $0:° unity
AOTHeoe <tfm A, Dy F 1y wf
ADgTHinleoinle’ <tft+
ADOgTHReoe <tfm A; @y F 11 wf
ADgyTHinreoinre’ <t 4+

c-r-inl

c-r-inr

ADOTReoce <tfrmi+m
NOgx: T, THeroe St/ €1 NOgy: T THeoe, St/
A; ;T F case (e, x.e1,y.e2) © case (e/,x.e1,y.e)) St+t' €1

Cc-r-case

diff(t
A DG 1y T
diff(t
NDgx: T, fim i>T2,r|—e1@€2r§J’£:(:’sz

A/ (Da/ I+ fix f(X).e] @ﬁx f(X).ez 5 0 :c T ﬂ(t)) T

c-r-fix

Figure 40: RelCost Core relational typing rules (Part 1)
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A, Dy T Heroey; Stit| Relative cost of e with respect to e; is
upper bounded by t and the two expressions have relational type .

AR O |—T1ﬂ>’t2wf

AOGx: T, 0(m Y ), OTFece<ten

diff(t)
11— T2)

c-r-fixXNC

A; ©o; 0T F fixne f(x).e © fixye f(x).e S0 0(T

AOGTHe o6l <t 't]wwcz

AOgTHe0e, St £
ADOTHe e 0eje; S+ +tx
AOgTHer0e Sty A;(Da;FFeZQeZSJtZ:cTZ
A, OgTH (er,e2) O (el er) Sti+t 1 x 1
ADOyTHeoe <tfmxm ie{1,2}
AOGTHFme)ome) Stfx
A Dy Twf
A, @g;THnil onil <0:€1ist[0]*t
AOgTHeroe St A0y THe o) Sty € listin]*t
A; ®g;T F consc(er, e2) © consc(eq, e5) <ty +ty € listn + 1%+ ¢
AOgTHer0e; St €0 A0y THe0e) Sty € listn]®
A; O ;T F consnel(er, e2) © consneler, e5) Sty +to € listin + 1]

A, D;THeoe <t €listn]*T
A0 AN=0;TFeroe St/
i,A;d)a/\n:i—i—];h:DT,tl:list[i]“T,Fl—ez@ez<t’ e o
LB, A D AN =i+ TAx=pB+1;h 0 tl: listi]? ’trl—e3@e3<t'°

c-r—app

c-r-prod

C-1-proj;

c-r-nil

case e of nil — ey case e of nil — e]

AOL;THIh antl — e Olhantl — e <t4+t' e

| h' e tl — e3 |h e tl — e}
i:S,A0;TFece’ <tf1 igFIV(Dy T

. e, diff()
AOGTHALeSALe SO0CVE @ St

c-r-iLam

diff(t
AOTHeoe StV o= ST AFT1:S

AOGTRelloe [l <t+t[I/i] € {l/i}
ADOyTHeoe <tfr{l/if AFI:S
A; @g; T - pack e with I © pack e/ withI <t:€3izS.1

ANOT e @e] <t1 Ji:S. T
SS,AOx T, T E ez@e <t2 T2 igZFV((Da;F T, 12)

c-r-iApp

c-r-pack
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C-r-consi

T
C-r-consz
T

c-r-caselL

A; <Da, I' - unpack e as (x,1) in e; © unpack ej as (x,1) ine) <ty + 1, :€

Y(Q) =1 2, o NDOTHeoe St/

NOTHCeoCe St+t' €

c-r-primapp

Figure 41: RelCost Core relational typing rules (Part 2)
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c-r-unpack
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A0y THeroe; St:€ 1| Relative cost of e with respect to e; is
upper bounded by t and the two expressions have relational type .

ADy=C ADONCTReoe <t
ADOGTHeoe <tfC&
A DGT e @e]’ St] € C&m
NONCx:1,TRe0e <t
A, @y THcletejasxine;Oclete;asxine) Sty +t €1
ADONCTHeoe <tfn
ADOyTHeoce <tfCor
ADyTHeoe' <tfCon A0 EC
A, @Og;TFcelims eScelims e’ <t €1

c-r-candl

c-r-candE

c-r-cimpl

c-r-cimplE

AOgGTHer0e; Sty NOgx:T,TFe0e, St
A OgTHIetx =ejine;0letx=ejine; St +6H €1
A O[Tl e € Ay
AOGx:UALTHe0e<S 1) 1

c-r-let

- - c-r-let-e
NOGTHIletx=ejiney;Se Sty + 1t +cler 12
A; ;[T ) €1 € Ay
NOgx:UALTFece, <1
c-r-e-let

NOgTHeoletx=ejine; Sth—ky —cler €12

AOGIThH ef AT+ A;
A Dy x:UA TFeroe <t/ €1
ADuy:UALTHeoe <t/

A, Dg;TF case (e, x.er,y.ep) e’ <t/ +t+cease €7
A DIy e' € AT+ A,
A;Ogx:UA THeoe St
AOgy:UALTHeoe, St
A; Oy THeo case (ef,x.e),y.e)) St—k' —cease €T

C-r-case-¢

C-r-e-case

Figure 42: RelCost Core relational typing rules (Part 3)
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realized as coercion functions in RelCost Core. Importantly, the coercion
functions have zero relative cost, so applying the coercions (in place of
the subtyping) does not change the relative costs of the expressions.

Lemma 12 (Existence of coercions for relational subtyping). If A; @, =
T C ' then there exists coerce, s € RelCost Core such that

diff(0)
A; @; -+ coercer s ©coercer S0t L T/,

We show the coercions for some of the subtyping rules of Figures 13
and 14 below.3°
¢ (Rule — aiff) For T = [ (19 ﬂ ;) and v/ =01 ﬂ Oy,
coerce s = Ax.Ay.NC ((der x) (der y)).

* (Rule T) For t =01/, coerce, s = Ax.der x.
* (Rule D) For 1 =01y and v/ = 00T, coerce; s = Ax.NC x.

¢ (Rule r-10) For t = list(n]*dt and ©/ = O (list(n]* 1),
coercerr = Ax.fList () [n][x] x where fList is

fix fList(_). An.A.x.Ax.
case e of nil — NC (nil)
| h oy tl —let r = fList () [n — 1] [«] tlin
NC (consnc(der h,der 1))
| hic tl —letr =fList () [n— 1] [x — 1] tlin
NC (consc(der h,der 1)).
exec(k,t) , exec(k/,t') ,
* (Rule r-— execdiff) For T = U (A} ——— A, A} ——— A;) and

T =U (AL A S (A, Ay,

coercer s = Ax.Ay.switch (x y).

¢ (Rule trans) For T = 17 and v/ = 13,
Transitivity of subtyping corresponds to the composition of coer-
cion functions.
coercer, ;; = COercer,,; O Coercer r,

EMBEDDING Our embedding transforms a well-typed RelCost pro-
gram to a well-typed RelCost Core program and it is defined by induc-
tion on RelCost’s typing derivations.

The unary embedding judgment

AD;QF e~ et A
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36 Lemma 48

in Appendix C
presents coercions for
all of the subtyping
rules.
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A; @4 =11 = 12| checks whether 17 is equivalent to T;

eq-int

eq-unit
A; D, E int, = int, A; ®, E unit, = unit, 1

NOETI =T NOET =1

ADO L=t
diff(t) diff(t’) eq-fun
NOET — =1 —— T
NOETI =T NOET =T
/ / eq'prOd
ADETI XT =T X T,
AOETI =T ANOET=1)
; ; eq-sum
A ETI+T2=T1+T,
NOgEn=n" AOFx=d
ADET=1 )
; eq-list

A; 4 E listin])® T = listn /1% 1/
LA O =E1="1 L,A 0, =t=1

‘ — eq-v
_ diff(t) _ diff(t/) ,
AOEVL = S.t=Vvi @ St
LAQ ET1=1 iZFV(D,) A =1=1
- - ; eq-3 ;eq-B-UJ
A, Oy = FS.t=3J:S. T A0, EOr=07
A D N AT C A
A0 M AT A AQEM AT A A0 EM AT A, o U
A Dy F U(A,Az) = U(A],AD) 1
A;CAD, = C’ A C'NOLE=C ANDOE1=1 .
; ; eq-c-impl
ANDO,ECDODT=C"D1
A,C'NOLE=C ACNDOLEC ANDOE1=1
eq-c-prod

AD=EC&T=C &7

Figure 43: RelCost Core binary type equivalence rules
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means that the RelCost expression e of type A with minimum and max-
imum costs k and t, respectively, translates to the RelCost Core expres-
sion e* of the same type and with the same minimum and maximum
costs. In essence, the unary embedding is trivial since most of the non-
determinism lies in the relational typing. Nonetheless, to have a uni-
form syntax for RelCost Core, a unary embedding is necessary to deal
with the syntactic markers introduced by the surrounding relational
expressions (e.g. the two cons branches in list case analysis). The rules
of the unary embedding are shown in Figures 44 and 45. 37
The relational embedding judgment

AO;THer0ep~~ejoe; St

transforms a pair of (related) programs and means that the RelCost ex-
pressions ej and e; of relational type T with relative costs t respectively
translate to the RelCost Core expressions e] and e of the same rela-
tional type and with the same relative cost. The relational embedding
resolves the nondeterminism inherent in RelCost’s non-syntax directed
rules. The relational embedding rules are shown in Figures 46 to 49.

The rule e-switch adds the RelCost Core expression construct switch to
the transformed left and right expressions. The rule e-nochange coerces
all the free variables in the context I' to their [J-ed forms and then adds
the RelCost Core construct NC. The rule e-r-split adds the RelCost Core
construct split to the transformed left and right expressions with the
case-analyzed constraint C. The rule e-r-contra adds the RelCost Core
construct contra to the left and right expressions whenever there is a
contradiction in the constraint domain.

The rule e-r-caseL duplicates the cons case branch in the list-case
construct (with possibly different instantiations of universally quanti-
tied variables). The rules e-r-iLam and e-r-iApp add the index variable
and the index term, respectively to the corresponding introduction and
elimination forms of the universally quantified types. Conversely, the
rules e-r-pack and e-r-unpack add the index term and the index vari-
able, respectively to the corresponding introduction and elimination
forms of the existentially quantified types. The rule e-r-C transforms
uses of relational subtyping to the application of coercion functions.
The rest of the embedding rules is straightforward.

Our embedding preserves well-typedness and is complete, as formal-
ized in the following theorems.
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picking either the
CONSC OF CONSN C
construct.
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Theorem 13 (Types are preserved by embedding).

1. If A, @q; Q Fp e~ e D A then A; @g; Q - e* € A and
AD; Qe Al

2. If A, OyTHej0eywejoe; St then ;O THejoe; St
and
AOyTHe8ey St

Proof. By simultaneous induction on the given derivations (shown in
Appendix C.1). [

Theorem 14 (Completeness of embedding).

1. If A, ©@q; Q I—tk e: A, then there exists an e* such that
A;Qg; QF e~ et A

2. If A, Oq;TFej©ey St then there exist ef, €5 such that
NDTHEerCepwejoe; St

Proof. By simultaneous induction on the given RelCost derivations (shown
in Appendix C.1). O
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A, D Q I—]t{ e~ e*: A| Expression e is embedded into ex with the

unary type A and the minimum and maximum execution costs k and
t, respectively.

Qx)=A
5 — e-u-const 5 e-u-var
A, Dg; QFyn~n:int A, DO QFyx~~x:i A

e-u-unit

A Dy QS ()~ () unit
A @; QR e~ e Ay A; DOy F Ay wf
A;@g; QR inl e~ inle*: Ay + A,
NDG; QL e~ et A A, @ - Aq wf
A0y Q I—i inte~inre*: A;+A)
ND; QL e~ et A+ A
A @gx: AL, QL e~ e T A
AQgy: AL QR ey~ e i A

. . t+t'+cc 3
ADg;Q l_k—i-k’—i-cha::e case (e, x.e1,y.ez) ~> case (e*,x.ej,y.e5) 1 A

e-u-inl

e-u-inr

A Dy A Ay 2 AL

exec(k,t)

N @gGx: AT Al ——= Ay, QL e~ e A

0 e-u-fix
A; 0o QFS fix f(x).e ~ fix f(x).e* : A] ——"% A,

exec(k,
A,-CDa,-Q FE] €] ~» 61* :A1L> Az

A 0GOR? e~ e 1 Ay

e-u-app
. . t+tr+t+capp -
A D Q I—k] ko Hetcapy €1 €277 €7 €3 Aj

A, D Q I—E e; ~ e’ T Ay A D Q l—izz ey~ e Ay
A Dy Q I—Eszz (e1,e2) ~ (e7,€3) : A1 X Aj
ADO;QFtoewt 0e*<k:A; xA, ie{l,2}
A; @g; Q Fyomie) ~ m(e®) r Ay
A Dy A wS
A; ®g; Q Fnil ~ nil : list[0] A
A0 e~ et A ADGQ R ey~ eg” : list] A

A, Dg; Q I—E}szz cons(eq, e2) ~ consc(ej, €3) : listin + 1] A

e-u-prod

e-u-proj;

e-u-nil

e-u-cons

A0 QR e~ et ilistin] A A0 AN =0,QF, e; v e;": A’
LAO AN =14+Th: A tl:listli] A, QH e~ e)" : A’

case e” of nil — €]
~|hane tl — €5 A/
|huctl— e

A Q) T Hceaser Case e of nil — e
i kt+k/+ccaseL ’ htl— (%)

Figure 44: RelCost Core unary embedding rules (Part 1)
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A D;Q I—i e~ e*: A| Expression e is embedded into ex with the

unary type A and the minimum and maximum execution costs k and
t, respectively.

1:S,0,0,;QH e~e A 1igFIV(Dgy Q)

o e-u-iLam
ADOGQFAe~ Ale*: Vi = S.A
t N . exec(k/,t)
AD; Qb e~ et Vi : S.A AFT:S .
AD.O |_t+t/[1/ﬂ+ciApp I - AL/ e-u-lApp
y Yar k+k/[1/i]+CiApp GDWQ [] {/1}
NDGQF e~ e A{l/i} AFI:S
e-u-pack

A; @g; Q F pack e ~ pack e* with I: 3i:S. A
ADg;Q I—E er ~ e1” IS Aq
1:S,A0x:A1,Q P—Z ey~ et Ay
i’ g FV((DCU Q/A'ZIkZItZ)

. . ty+t2 : * S *
A Dy Q I—k] oy +cunp unpack ej as x in e; ~» unpack ej as (x,i) in €5 : A

e-u-unpack
exec(k,t) t/ *
Y()=A1 ——— Ay A Dg; Qb e~ et Ay
A Dg; Q Lt Ferimare ro L ret i A

k+k'+Cprimapp

A0y, EC AP ,NC QR e~ et A

e-u-primapp

0 " e-u-andI
NO;OQFevwe :C&A
A DGO e~ e : C& A,
A, D NCix: A, QF2 e~ e 1 Ay
= e-u-c-andE

AOLT l—tk‘lflfz cletejasxin ey ~ cletej asxinej : A,

AP ,NC QR e~ et A
AP QR e~e*:CDA
ND;QFLe~e :CDA A, D, EC
A; @g; Q FL celims e ~ celim- e : A
AOGOR! e ~e": A1 ADyx:ALQR2 e e A
A;d)a;Ql—i‘;t]f;CC‘f; letx =ejine; ~ letx =ejine;: A;

ACADG;QFH e~ et A
A;ﬁC/\(Da;Ql—iewe**:A A Cwf
A;Dg; Q1 e~ split (e, e™) with C: A

A0 E L A, Oq - Q wf

A;Dg; Qb e~ contrae: T
AD;QFL ee tA AOEMACAS

ADq EK <k ADy =<t

A Dy ;O l—g, e~ e A’

e-u-c-impl

e-u-c-implE

e-u-let

e-u-split

e-u-contra

e-u-C

Figure 45: RelCost Core unary embedding rules (Part 2)
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A Dy THe e~ ejoe; St:T| Expressions e © e, are embedded
into e] © e] with the relational type T and the relational cost t.

80N H e~ ef Al A0 2 er v €3 A
E =switche]  E' =switche;
ANDyTHe 0ep~EOE Sty —ky: U(Ay,Ay)
ADTHecewe oe" <t
Vxi € dom(T), e = COerCer(x,),ar(x;)
e’ =let y; = ¢; x; in NC e*[y;/x]
AOGT,T'Fecewe oe <0:01

e-switch

e-nochange

NCANDGTHe 0ey e oe St
A-CNANDGTHejce~~ej"ce Sttt AF Cwf
E = split (e, e;*) with C E' = split (e}, e;*) with C

ADO;THe0ep~EOE <t
ADE L A, Oy T wf
A, Dy THe ©ey~ contrae;©contraey; St

e-r-split

e-r-contra

NDOTHe10ep~e"ce* <t
ADO ETCT e’ = coerce, A D=ttt
NDOTHeroe~e ejoe’ es St

e-r-U

e-r-const
NDOTENEN~non <0 int,

Nx)=r
ANOTExex~xexS0:T

e-r-var

e-r-unit
NOGTHOS()~ (e <0: unity

NDOGTHerEep~e"ce* <t A; Qg+ 1o wf
A, Dy THinlegOinle; ~inle;"Oinl e <t:1+1
NDOGTHereep~e"8e " <t:m A, DOy F1yowf
AN, DOyTHIinregoinle; ~inre;*oinley” <t:1+ 1

e-r-inl

e-r-inr

AOGTHeoe wefce <t:m+m
A;Dgx:t,THe el ~er*oel” Sthin
ADgy:tTHeoe,~e*oe) St/

E = case (e*,x.e],y.e5) E'= case (¢/,x.e,y.e))
A; Oy T F case (e, x.e1,y.e2) © case (e/,x.ej,y.e;) ~EOE St+t':t

diff(t
A D oy I e
diff(t
NDOgx:T,fim 1—()>Tz,r|—€] Oey~efoe” St:’tz

e-r-case

: e-r-fix
A; g T fix f(x).ey © fix f(x).e; ~ fix f(x).e1" © fix f(x).ex* <0: 1y m T

Figure 46: RelCost Core relational embedding rules (Part 1)



130 EMBEDDING RELCOST INTO RELCOST CORE

ANOyTHeiGep~eioes<t:tT
1 2~

Expressions ej © e; are embedded
into e} © e] with the relational type T and the relational cost t.

A Do -ty Y,
ADx:T,f:0O(1 ﬂq),ﬂ—e@ew eroe"<t:m
Vxi € dom(T'), e = coercer(y,)or(x)

e™ =let yi = €; xq in fixne f(x).e"[yi/xi
A DT fix f(x).e o fix f(x).e ~ e oe™ <0:0(1

. e-r-fixNC

diff(t)

— T7)
* diff

A0y THe oe~e"oe] St:im &

— T2

ADgTHe 0w eoe) <tr:m

e-r-a
AOgTHe e;0ees~ejesoe el Sti+th+t:1m PP
ADgyTHeCelwer*oel St1imy

ADgTHe e e ce <tim

e-r-prod
A, O T F (e1,e2) © (e, ep) ~ (ef,e5) O e, ef ) Sti+t it x &2 P

ADOGTHeoe wefoe" <timyxm

A OGTFm(e)om(e) ~ m(ef)om(e™) <t
A, Oq FTwf .
: : : - - e-r-nil

A, @g; T Fnil &nil ~ nil &nil < 0: list[0]* T

e-r-proj;

ADgTHe el ~e*oel  Sty:t

ADuTHe 6]~ ex* el <ty listm]*t
E = consc(e}, e3) E’ = consc(ef, e5")

e
A; ®g;T + cons(er, e) © cons(e], es) ~ EQE' <ty +t, : listin + 1]%" 1 1

-r-consi
ADgTHe el ~e*oel <ty:0x
A Dy THe0es~ ey*oes” <ty :listn]*
E = consnc(e], e3) E’ = consnc(ef”, e5)
A; @g;T I cons(er, ez) ©cons(eq, e5) ~ EOE Sty + 1t : listm+1]%7

e-r-consz
ADOGTHeoe we*oe” <t:listn]*t
ADNAN=0;Tke Cef~e*oce]” St/ 7
O, =0 An=1+1

i,A; @m0t listi]* T, T ey 0es wey* ol <t/ ot/

O =0 An=1i+1Aa=p+1
L,B,A 0L Tt listfi]Pr,TFe 0l weioef <t/ ot

case e" of nil — e]

case e of nil — e;*
E=]h unc tl —>e§

EIZIhilthléeé*

hictl — e} hictl —eff

| < f il 3 ‘ ll _>Ce, 3 e-r-casel
o case e of nil — e; . case e of n 1 /< )
AT it e hatloe, T EOEStHtuT

Figure 47: RelCost Core relational embedding rules (Part 2)
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A O THEe oe ~ ejoe; St:t| Expressions e © e, are embedded
into e] © e] with the relational type T and the relational cost t.

i2S,A0uTHece weroe <t:t  1¢FIV(DyT)

diff(t
ANDGTHAeoAe ~ Ale*OALe™ <0V = : S.t

D P o ol g g ) .
AOyTHeoe ~w~e*oe <St:Vi = St AFT:S

NOGTHeloell ~ e*lloe™[I] <t+t/[1/i] : t{I/i}
ADOGTHeoe ~efoe’ <t:1{I/i}
AF1:S  E=packe withl E'=packe™ withI
A; @g;THpack ecspacke’ ~ESE <t:3isS.t

e-r-iLam

e-r-iApp

e-r-pack

ADgTHe el ~er*oel” Sty:3iuS.m
125,00 x: T, THe0€) ~ ez*@eé* <th:m
i ¢ FV((DCII FITZItZ)

E =unpack ej as (x,i) ine}  E’ =unpack e]* as (x,1) in e} 1
e-r-unpac
A; ®g; T+ unpack ey as x in e; © unpack ej asxine; ~ EOE <ty +t: 1 P
ADOuTHe Oel ~er"cel" <tim
ADgx:m,THe0e)~e*oe) <th:im
E=letx=ejine; E' =letx=e{"ine) Lot
e-r-le
A0y THIetx =ejine;0letx=ejine; ~EOE St +t:1
diff(t) ! * 1% /
Y)=11 — T AOTHeoe ~e*oe St .
e-r-prima
AOGTHCeo(e w(eroce St+tim P PP
AD,=EC  ADONCTReoe we*oe <t a1
e-r-an
AOGTHece wefce" <t:C&nt
ADTHe el wer*oel <t1:C&m
A,‘(I)a/\c;x:ﬁ,rl—ez@eéw62*@€£*§t2:T2
E=cletejasxine; E =clete;" asxine;
e-r-c-andE

A; Oy THcletejasxine;Ocletejasxine), ~EOE St +t: 1
A D, NCTHeoe wetoe <t
ADTHeoe ~efoe <t:CoOr

ADGTHeoce wefoe <t:Con A Dy = C

A; DT+ celimo e © celimo e’ ~» celim- e* © celim- e/ <t: v

e-r-c-impl

e-r-c-implE

Figure 48: RelCost Core relational embedding rules (Part 3)
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A DT He oe~ejoe; St:t| Expressions e © e; are embedded
into e} © e] with the relational type T and the relational cost t.

A DI er ~ e 1 Ay
k1
NDOx:UALTHEe0ewe 0e" Sth:im E=letx=ejine;
ADOgTHIetx=ejine;0e~Eoe" Sty+tr+cCle i
D0 IT ! e~ e Ay
ADOGx:UALTHeSe e 6e Sth:im E'=letx=¢ejine;
A, DyTHeSletx=ejine; ~e*OF <t)— k) —clet : T2
AOGIThE e~ et A1+ A
ADGx:UALTHe 0e we*oe” <t'it
ADGy:UALTRe 0 wefoe <t':n
E = case (e, x.e7,y.€3)

A, Dy ;T F case (e, x.e,y.e)0e ~Eoe™ <t/ +t+ceqse:T
N DT by e~ et A+ A,
A;Dgx:UATHeSe, ~eoel" St
A;(Da;y:LllAz,Fl—e%eévlie*@/*eé*ﬁt:’c
E’ = case (e, x.e;",y.e;)

A; @y T E case (ef,x.e],ye;)0e~ e OF St—k'—cCease: T

e-r-let-e

e-r-e-r-let

e-r-case-r-e

e-r-e-r-case

Figure 49: RelCost Core relational embedding rules (Part 4)



ALGORITHMIC (BIDIRECTIONAL) TYPE SYSTEM

» synoprsis This chapter presents an algorithmic type system for
RelCost Core.In Section 13.4, we also discuss how a similar system can
be designed for DuCostlt.

Our algorithmic type system relies on bidirectionality, which allows
us to type check with very few type annotations. The bidirectional sys-
tem is called BiRelCost. Like all other bidirectional systems [91, 105,
106], the goal of BiRelCost is to eliminate the nondeterminism inherent

in typing Curry-style unannotated terms (e.g., the term Ax.x can be

given the type T SO, ¢ for any T and k) using minimal type an-

notations. This is done by typing every expression construct in one of
the two modes: synthesis/inference mode, where the type is inferred or
checking mode, where a provided type is checked.

The following three aspects of BiRelCost differ from existing bidirec-
tional typecheckers:

¢ Since BiRelCost is a type and effect system, it must infer (check)
not only a type, but also a cost (effect). In general, the cost fol-
lows the same mode as the type: If for an expression, the type is
inferred (checked), then so is the cost. Still, as an alternative de-
sign, we sketch a formalization in which the costs are inferred in
the checking mode with several additional constraints. We com-
ment on this in Section 13.3.

e Since BiRelCost is relational, it must check (infer) not only a single
expression, but also a pair of expressions in the relational typing.

* BiRelCost heavily relies on unary and relational type refinements.
To handle these, our type system generates arithmetic constraints
that stipulate relations between, e.g., sizes of various lists and the
costs of various subexpressions. This is similar to the treatment
of refinements in DML [105, 106], but we additionally handle re-
lational refinements and both unary and relational costs.

13.1 ALGORITHMIC TYPECHECKING AS CONSTRAINT SATISFACTION

To develop the bidirectional type system, we add some syntactic classes
and extend the existing ones.

133



134

38 ¢, t, @ can contain
variables from \ as
well as A.

ALGORITHMIC (BIDIRECTIONAL) TYPE SYSTEM

meta variables M = i,n,m,:--

index terms LLk,ti=--- | M

meta contexts P = 0P, M:S

meta substitutions 0 u= [1]10[M 1]

constraints C = .- | Vi:S.C|3di:S.C
expressions e = - | (e Ak, t) | (e:T,t)

One class of note is the meta variables i,n, m, etc. Also known as ex-
istential variables, meta variables represent unknown index terms that
appear in types and costs. These meta variables are resolved by con-
straint solving.

Since RelCost Core has two typing judgments—a unary judgment and
a relational judgment—BiRelCost has four mutually recursive algorith-
mic typing judgments: one each to synthesize and check a unary type,
and one each to synthesize and check a relational type. The relational
checking judgment

Mg, @ THeroelTt= @

means that, assuming that the constraint ® holds, e; and e, check against
the relational input type T and the relative cost t under the assumption
@,. All index and meta variables must occur in A and V4. When the
judgment is read operationally or is implemented, the constraint @
is an output; all other components are inputs. As a convention, we
write all outputs in red and all inputs in black. The relational inference
judgment

Mg, Og;TFercey tt= 1, t, @

means that, if ® holds, then it can be inferred that the relational type of
er and e; is T and their relative cost is t under the assumption F.D.
Here, ©, 7,1 and t are all outputs. The meta variable context 1 tracks
newly generated cost variables that may appear in the inferred type or
cost. 38 Its significance will be explained below.

Intuitively, the checking mode is used when the surrounding outer
context determines the type of the expression. This happens at all intro-
duction forms and in case-like elimination forms. The inference mode
is used when there is no outer restriction on the type of an expression.
This happens for the principal term in all elimination forms.
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The unary checking and inference judgments, A;); @; QO Fe | Ak, t =
O and A;Pg; ;O F et A= [U], k, t, D, respectively, are to be under-
stood similarly.

13.1.1  Algorithmic typing rules

We first explain the main principles behind the bidirectional typing
rules and then discuss selected relational rules. We focus our attention
on relational rules that are shown in Figures 50 to 52. Algorithmic rules
for unary typing are shown at the end of this chapter in Figures 56 to 58.
While some of these principles are standard, those related to cost are
new. We also highlight other BiRelCost-specific principles.

* Types and costs of variables and elimination forms are inferred
(e.g., rules alg-r-var-1, alg-r-app-1) whereas types and costs of
introduction forms are checked (e.g., rules alg-r-fix-|, alg-r-consC-
1). There are a few exceptions to this principle: the type of the
branches in case analyses or the continuation in let-bindings is
checked.

* (Specific to BiRelCost) If an expression consists of a subexpression
that must be checked against a type, we generate a fresh meta
variable for the subexpression’s cost. This is necessary since at
the point we reach the subexpression, we don’t know what cost
to check against. When we check the subexpression, constraints
that determine this meta variable are generated. If the whole ex-
pression is in checking mode, we existentially quantify over the
freshly generated variable in the constraint (e.g., rule alg-r-consC-
1). If the whole expression is in inference mode, we simply add
the meta variable to the inferred cost and append it to \ (e.g. rule

alg-r-app-T).

* In checking mode, if no other checking rule matches the given
expression, then the rule alg-r-1| allows switching to inference
mode in the premise. The requirement is that the inferred type
must be equivalent to the checked type and the inferred cost must
be no greater than the checked cost. In the algorithmic system,
we have an algorithmic type equivalence relation F t =1’ = ©
whose rules are shown in Figure 54. The meaning of the judg-
ment is that if ® holds, then T = t’. Like other bidirectional sys-
tems, this is the only place where type equivalence (RelCost Core’s
reduct of subtyping) is used.
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¢ In inference mode, it is permissible to switch to checking mode
when an expression’s type and cost have been explicitly anno-
tated by the programmer (rule alg-r-anno-1). It can be shown that
it suffices to annotate only at explicit 3-redexes (although there is
no prohibition on annotating at other places).

* (Specific to BiRelCost) The algorithmic version of the rule c-nochange,
called alg-r-nochange-|, applies in checking mode since it intro-
duces the type [1. The algorithmic version of the rule c-der,
called alg-r-der-f, applies in inference mode since it eliminates
the type Ot

Switching to unary mode in BiRelCost is possible both in checking
(rule alg-r-switch-|) and inference (rule alg-r-switch-1) modes. This
is because often we switch to the unary mode for elimination forms
where the eliminated type is UA for some A. Hence, since elimina-
tion forms can be typed both in inference mode (e.g. rule alg-r-app-1)
as well as checking mode (e.g. rule alg-r-caseL-]), to eliminate unnec-
essary annotations, BiRelCost supports two modes for typing switch
expressions.

Variables are typed in inference mode (rule alg-r-var-1) where the
output type is synthesized from the type environment I', which is given.
Functions are typed in checking mode (rule alg-r-fix-|) by checking the
related function bodies in the checking mode against the relative cost of
the function bodies. Since functions are values, we add the additional
constraint that the total cost of the functions, t, is equal to zero.

Dually, function applications are typed in inference mode (rule alg-
r-app-T). We first infer the type and the cost of the related functions
and then use the (inferred) argument type to switch to the checking
mode for the related argument expressions. Since we do not know the
cost with which to check the arguments, we also generate a fresh cost
variable t; to check the arguments. Finally, the result type is the return
type of the inferred function type, and the total cost t; +t; + t, i.e,,
the sum of the inferred cost for the functions, the yet-unknown cost
of the arguments and the relative cost of the function bodies. Note
that since all the newly generated variables, i.e., 1 and t;, may occur
in the resulting type and the cost, inference mode passes them to the
surrounding context. In the alg-r-app-1 rule, if e is a fixpoint, its type
(and cost) must be given by explicitly annotating it with the construct
(e : 1,k). The rule alg-r-anno-1 allows us to take advantage of such
annotations by switching from inference to checking mode.

The list constructors are typed in checking mode. We explain only
the rule alg-r-consC-| for typing two non-empty lists with type list(n]* T
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‘A;ll)a; OyTFeroelT,t= 0 e1 © ey checks against the input
type T and the difference cost t. Finally, it generates the constraint .

MNPy O THeroeytt= [, t,D| e; © ey synthesizes the output
type T and the relative cost t where all the newly generated existential
variables are defined in 1. Finally, it generates the constraint ®.

lo-r-n-
MNP, P;TEnentint. = [],0, T alg-r-n-T

MNx)=r
MV O THxeoxtTt=1[],0, T

alg-r-var-

alg-r-unit-
Aba; O T E ()6 () T unit, = [J,0, 7 AgTumtd

MY, Oy THeroe L 11,t= 0@ APy Oy F 1y wf
MV Oy THInle;einle; | 11 +12,t = ©
MY, Oy THerSepl T, t= 0@ AP, Oy F 11 owf
MV, O THinreroinrey; L 11 + 1, t = @

MNP OTHese 11 + 1= [, te, Dy
t’ € fresh(R) At 0,0 O T, x:T1Fejoe L t,t/ = 0
Nt 0,0 0T,y Fe0e) LTt = O3
D = IWP).0; A (3t s ROy AD3A (t +tp = 1))

N Pa; Og; T F case (e, x.e1,y.e2) © case (e/,x.e1,y.e5) L T,t = ©

alg-r-inl-|

alg-r-inr-|

alg-r-case-|

Ay @i fim S o it Theoe [Tt = @ ,
) alg-r-fix-|
APy DT - fix f(x).eOfix f(x).e' | 1) —— 1), t = O A0 =1t
AP O f:O(T LGN ), x:T,0NFece | 1t = @
O'=0DN0=t .
alg-r-fix-| [

Ao @ T, OT F fixne F(x).e © fixne f(x).e L O (1 2 1)t = @

diff(te
AMPg; DT e el T diflte), T = ], ty, Oy

t; € fresh(RR) At P be; @ THe0e) LT, t = @)
Abg; O THerexoer eyt = [, ], 6+t +te, O3 A Dy
t1,t; € fresh(R) Nt Vg, @ THer0e] LT, t = O

At b @THe 06 LTt = @)
O =3t :RO;ATF : RO,NAL +t) =1t

A/‘LI)GICD(I/Q H <€], eZ> S <e1/,6£> \L T X T2, t= @
MNP OTHece 1t x1 =[], t,@ ie{1,2)
Ao; @ T Fmi(e) omle’) T = [, t, @

alg-r-app-1

alg-r-prod-|

alg-r-proj;-1

Figure 50: BiRelCost binary algorithmic typing rules (Part 1)
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AP, O F Twf
AP, P T Hnil ©nil | listn]*T,t=n=0A0=1t

t1,t) € fresh(R) i, B € fresh(IN)
At o @ THe O LTt = O
At Bt Wa; @ T ey oe) | listlilPr,t) = @
O)=n={1+1DAP:N.O;Nx=B+TAt; +t; =t
O =3ty = R.(®7 A3ty = RIi:z IN.OY)
A;Pa; @g; T+ consc(er, e2) © consc(e], €5) | listm]* T, t = @

t1,ty € fresh(R) i € fresh(IN)
N, 0, O T F e 661/ Tt = O
Nty 0o O T H ey oe) | listi]* T, t = O
Q=0 An=(1+1)At+t, =t
O = 3ty = R.(P7 ATty = Rz IN.OY)
A;Pa; @g; T F consne(er, e2) © consnele], e5) | listm]% T, t = @

MNP OuTHeoe 1listin]*t = [, 4y, De
t € fresh(R) Nt 0, P =0ADQ;THe 06 | T/t = @
O =n=it1AD,

LA, P, Ve, @ h: O, tl: listi]* T, T ey 06 | T/,t = ©)
Of=n=i+1NAa=B+1 A0,
i,B,0t, 0,0 @5 h: Tt listfi]Pr,T Fesoel | 1,6 = @3
Deons =VizuIN.M=i+1) > (O, AV :IN.(x =B+ 1) = D3)
O = I(W). (B ATty = Ro(( =0 — @) A Dooms Aty + £ = 1))

. / . /
case eof nil — e; casee ofnil — e

alg-r-nil-|

alg-r-consC-|

alg-r-consNC-|

alg-r-caseL-|

MPg; @, THIh inctl w62 ©|hunctl — € Itt=0
|huctl —e3 [huctl —ej
i2S, AP PTHese | T,te= @ .
) alg-r-iLam-|
AP OuTHALLeSAle’ [ Vi = TS t= (Vi SO)N0=1t
, . diff(te) ,
MV OyTHeoe TV = St =), t,d AFT:=S

Abe; T E e 6 e [ 1 /1] = W, L+ Giji, o griappT

MY PyTHeoe | T{l/i,t= O AFT:S
A; g @g; T F pack e with 16 pack e’ with I | 3izS.1,t = ©
Mg, O, T Hepoep T3St = [, ty, @
t, € fresh(IR)
128,00, 0, b @ux:T,THe 0 L T),t) = @,
1€ FV(Qq;T, 12, t2)
O =3WP).(O; ATty s RVi:S.O, At +1) = t)

A;Pg; @g; T F unpack e as (x,1) in e; © unpack e] as (x,1) ine; | 12, t = @

alg-r-pack-|

alg-r-unpac

Y(0):m difte), T,  t€ fresh(R)

ANt by, @yTHer0elT,t= 0
MY Py THECeroCey T =L, t+t,

alg-r-primapp-1

Figure 51: BiRelCost binary algorithmic typing rules (Part 2)
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MY, OANCTHei0e1lT,t= 0
AbDuOFece | C&tt= CAC— D)
Abe; @g; QFeroe T C&t = [, ty, O
t; € fresh(IR) N, P, Vg, ONACx: T, QF e 6 eﬁ Tt = 0,
Ol=C 5 DA (i+t) =t ©=3W).(O; A3ty = R.DY)
A Pag; @g; Q F cletegasxine; Ocletej asxine) | 1t = ©
ADACTHeoe | Tt= D
MNP OyTHesce [CoT,t=C— @
AP OTHece T CoOT= ), t, @
A Pg; O T F celims e © celim- e’ 1= [],t, CA O
Abg; @ THer e T = [, ty, O

t; € fresh(IR) Nt 0, b x T, TFe o eé Tt = 0,
O =3). O ATt s RO, At +t) =1t
Mg, Og;THletx =ejine;Oletx =ejine) | 17,t = @
NYg; CADGTHe o) L T,t= O

Mg, CAOGTHe 06 | T,t= O
AFCwf @ =(C— ) A(—C — D)

A;Pa; Og; T H split (eq, ez) with Cosplit (e, e;) withC | 1,t = @
Mg, D = L

AP O THcontraecScontrae’ [ 1,6t = T

MV OTHeoe 11 = W], t/, 04

AP, Yy QT =1 0
MY PyTHece L t,t=3).0; A0 AL <t
AP PTHece | T,t= @
A OyFTwf AFt:R
MNP OTH (e, t)o (e :t,t)TT1=[]t0
t' € fresh(R) At/ We Og;0TFeSe 1Tt/ = @

AP OuT,OFFNCecNCe | OT,t=0=tA (3t = R.O)

MPg; @g;TFeroe T HT= [, 1, @
MNP, Dg;THderegoderey P t= [, t,0

alg-r-c-andI-|

alg-r-c-andE-|

alg-r-c-impl-|

alg-r-c-implE-1

alg-r-let-|

alg-r-split-|

alg-r-contra-|

alg-r-1]

alg-r-anno-1

alg-r-nochange-|

alg-r-der-1

Figure 52: BiRelCost binary algorithmic typing rules (Part 3)
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‘A,‘l])a,' OylMFeroelt,t=0 e1 © ey checks against the input
type T and the difference cost t. Finally, it generates the constraint @.

MNPy O THeroextt= [, t,D| e; © ey synthesizes the output
type T and the relative cost t where all the newly generated existential
variables are defined in 1. Finally, it generates the constraint @.

ki1, t1, k2, 12 € fresh(IR) Ak, t, Vo @ T e L Ag ke, by = O
Ak, 1, Vo, @ IT ey L Ay kg, th = @)
Jki,t1 s R(Dy ATk, tr s ROy AL —ky = t)
APy Oy T Hswitchey&switchey [ t,U(A,Ay) = O
NV O[T e AT = 1], _ 1y, @y
N O Fey T Ay = ol ko, , ©2 O =00
A pa; @g; T switch ep © switch ep T U (A, Ay) = [y, 2], t — ko, @
Arlba/®a/|r|1 H €1 T A] = [Ur)]/ k]/t]lq)] t e freSh(]R)
A1, P, g, Pyx: UA T Ee0el 1t = O
O =3).(O; ATty s RO, At +tr +cClet = t)

alg-r-switch-|

alg-r-switch-1

lg-r-let-e-
Ay DT Fletx—ejinesce | Tt = O alg-r-let-e-|
N Og; T2 Fer T AT =[], Kk, t1, 07 t; € fresh(R)
N, 0, he; Pyyx:UATHeS e | T, = O
O =3WP).(D; ATty s R Dy A t)— Ky —cClet = t)
alg-r-e-let-|

MNP, Oy THeSletx=ejine; | T),t = @

Mg, @g; [T Fet A+ Ar = ], ki, ty, Oy
t; € fresh(IR) MNP Oux :UALTFe 0 [T, = O,
MV, Oy UAy T He o e’ 1,1 = O3
O =3(d). 07N (Tt ROy Aty + 1)+ Cease = t)
AP O T case (e,x.e1,y.e0)0e’ | T,t= @

A O[T e’ T AT+ Ay = [, Ky, ty, @
t) € fresh(RR) Mg, P x:UA THeoe] | 1,1 = O
Mg Py : UATHeoe) | T, = O3
O =3(p).O7 N\ (Fty m RDy Aty — K —Cease = t)

Mg, ;T Heo case (e/,x.ef,y.e5) Ll T,t= @

alg-r-case-e-|

alg-r-e-case-|

Figure 53: BiRelCost binary asynchronous algorithmic typing rules (Part 4)
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where the heads of the two lists may differ. The two related tails are
checked with type list[i]® T, where i and B are newly generated meta
variables with the constraint that x = 3 +1 and n = 1+ 1. Since we do
not know how the total cost t is distributed between the heads and the
tails, we generate two new cost variables t; and t; to check the heads
and the tails, respectively, and generate the constraint t = t7 + t,.

The list destructors (and also sum type destructors) are typed in
checking mode against some result type, since we cannot know the re-
sult type by just examining the conditionals. Hence, all branches must
be checked against the given result type T (rule alg-r-caseL-]). 3° To be
able to type the branches, we infer that the type of the pattern matched
expression e is of form list(n]*t. Then, we can type each branch in an
appropriate environment, following the RelCost Core c-r-caseL rule.

Similar to functions, pairs of universally quantified expressions Ai.e
and Ai.e’ are typed in checking mode by checking the related closures
e and e’ in checking mode against the the latent relative cost of the
closures (rule alg-r-iLam-|). The resulting constraint contains t = 0 on
the total cost and also universally quantifies over the constraint of the
closure. Dually, in the rule alg-r-iApp-1, the latent cost of the closure
is first substituted with the given index term I and then added to the
total relative cost of the index term application.

Constructors for existentially quantified types are typed in checking
mode by checking the enclosed expressions e and e’ in checking mode
(rule alg-r-pack-|). Similar to list or sum types, the destructors for ex-
istentially quantified types are also typed in checking mode by first
inferring the type of the unpacked expressions (rule alg-r-unpack-|).
Then, we check the continuations in an extended sort environment that
includes i and also in an extended meta variable environment that in-
cludes all the meta variables 1 inferred in unpacking the expressions.
Due to the former, the final constraint universally quantifies over the
constraint of the continuation with 1 and, due to the latter, the whole
tinal constraint is existentially quantified with 1.

Asynchronous typing rules of RelCost Core are typed in checking
mode with the same principle as the typing of let bindings.

Remark. A particularly interesting aspect of bidirectional typing in BiRelCost
is that the effects (costs), both unary and relational, are constraint-dependent.
For example, the relative cost of a function’s body might depend on the sizes of
its inputs. In this case, a constraint will relate the cost and the inputs’ sizes.
In existing bidirectional systems with refinement types, similar interactions
show up among the sizes of data structures like lists [105, 106].
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39 Inferring the types
of the branches as
well as the whole
caselL expression
would require us the
compute the least
upper bounds of the
inferred types of the
branches. Instead,
when checking, we
require that the
branches must be
checked separately
against the given type
T.
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APy Py EA A1 C Ay = @ checks whether A is subtype of A; and
generates constraints @

Mg, Do =11 =712 = O checks whether T; is equivalent to T, and
generates constraints @

alg-r-int
Ay Dy =int, =int, = T 8

, : alg-r-unit
APy @g = unit, = unit, = T

MY P ETI=T1=01 AP OeET=1=0)

diff(t) diff(t/) alg-r-fun
M@ ET S =1 )= O A0, At =t/
Mg, Oq ET ET{:>(D1 A;q)a;q)a):TZETé:}(DZ
; ; alg-r-prod
MNP Dy |:T] XT) =T X T = (OF) /\@2
AV URIORE S of ET{:>(D1 A;lba}q)alzTZET£:>®2
; ; alg-r-sum
MYy O ETT+T=T+1=> 01 A0,
A}¢a}®a):TET/:>® .
; alg-r-list
Mg Dy Elistm]*t =listin1* 7' = O AN =n' Ao = o
LAV OET=17"=0 v
. diff(t) . diff(t") , . .
MNP PgEVE = SoT=Vi 2 ST =VieSOAt=t
i/A}lba}q)alzTET/:(D ig FV(Dg)
alg-r-

APy O EFizS.t=3iS. v = Vi S.O
Mg, e EFT1=T20= O
My, O EOT=01=>0
A Do E* A E AT = O Ape; @ EN AT Ay = O
Adg; Do FANA T A= D) Ao, @ M AJE Ay = O
Aha; @a EU(A] A7) =U(A] A = O3 ADTA DA D)

AV PoETt=1 =0

AV P ECOT=C"D1T=CoC'AD
AV PoETt=1 =0

AV P EC&T=C"&T=CoC'ND

B-UJ

c-impl

c-prod

Figure 54: Algortihmic type equivalence rules
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13.2 SOUNDNESS AND COMPLETENESS OF BIRELCOST

We prove that the algorithmic type system of BiRelCost is sound and
complete w.r.t. the type system of RelCost Core. Specifically, soundness
says that any inference or checking judgment provable in the algorith-
mic type system can be simulated in RelCost Core if the output con-
straints @ are satisfiable. Dually, completeness says that any typeable
RelCost Core program can be sufficiently annotated (with types) to make
its type checkable in BiRelCost, with satisfiable output constraints. We
define |e| to be the function that erases typing annotations from a
BiRelCost expression e to yield a RelCost Core expression. Several cases
of its definition is shown in Figure 55; it is a homomorphic function.

N :  Expression — Expression

In| = n

0] = ()

x| = x

Ifix f(x).e| = fix f(x).le]
Ifixne f(x).e] = fixne f(x).|el
le1 e = leql [ez]

(e: Ak, 1) = le
(e:T,t)l = el

Figure 55: Annotation erasure

Theorem 15 (Soundness of algorithmic typechecking).

1. Assumethat A, P, @; Q el Ak, t= Oand FIV(Dy,Q, Ak, t) C
dom(A,Vq) and 04 is a valid substitution for \pq such that
A; ©4[04] = @[04] holds. Then, A; ©4a[0a); Q0] Fyjp" el © A6l

2. Assume that A; Vg, @; Q FeT A = [,k t,® and FIV(Dy, Q) C
dom(A,Vq) and 0 and 0, are valid substitutions for \p and P such
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that A; ®4[04] = ©[0 0] holds. Then, A; ©40a); Q6a] Fijgy’ lel € AIO 0.

3. Assume that A; Vg, ;T Heoe’ | 1,6t = © and FIV(®,,T,1,t) C
dom(A, ) and 04 is a valid substitution for \q such that

A; ©q[04] | @[04] holds. Then, A; @q[04];T[04] F le| © '] < t[04] :€ T[04].
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4. Assume that A; Vo, @ T Heoe 1= [P, t,0 and FIV(D,,T) C
dom(A, ) and © and O, are valid substitutions for \p and P, such
that A, @ [04] E [0 04] holds.

Then, A, ®q[04]; 04 F le] ©]e’| S t[004] € [0 0.

Proof. By simultaneous induction on the given algorithmic typing deriva-
tions (shown in Appendix C.2).4° O

Theorem 16 (Completeness of algorithmic typechecking).

1. Assume that A; ©; Q I—i e € A. Then, there exists an annotated term
e’ such that A, ;O Q F e | Akt = © and A; @y = © and
le/| =e.

2. Assume that A, @ ;T Fej©ey < t:€ 1. Then, there exist two anno-
tated terms ey, e} such that A;;®;T - ejee; | T, t = O and
A, @y = ©and leq] = eq and [e5| = e,.

Proof. By simultaneous induction on the given RelCost Core typing deriva-
tions (shown in Appendix C.2). O

13.3 INFERENCE OF COSTS IN CHECKING MODE

In BiRelCost’s checking and inference judgments, the cost follows the
same polarity as the type: whenever we can check (infer) the type, we
can also check (infer) the cost. This design choice is mainly motivated
by the fact that the type provided in the checking mode imposes some
restrictions on the cost of the program, making it natural to check the

cost along with the type. For instance, in alg-r-fix-| rule, the relative

. . . . . diff(t’
cost of the function bodies, t/, is already given in the type T & Ty,

which is provided by the surrounding context in the checking mode.
Hence, when checking the bodies with the return type T, we can also
check that their relative cost is the given cost t’. Another way to in-
terpret this would be to consider the translation of the effects to the
monadic setting. For instance, in such a translation, the effect anno-

!/

. diff(t) . .

tated relational type 11 —— T, is translated to the monadic type
T1 — My T2, where My, is a cost-indexed monad. Then, the function
bodies would be checked with the given monadic type M, T, justify-
ing the alignment of the polarities.

We believe this is a principled way of aligning the polarity of costs
with types. Hence, in the preceding chapters, the theoretical develop-
ment assumes that the cost follows the same polarity as the type.
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Still, we find it instructive to sketch a formalization of the algorithmic
typing rules where the cost could be partially inferred in the checking
mode. The inference is not fully possible, since additional constraints
are needed to deal with the restriction on the costs imposed by the
given type. This alternative design aims to highlight the importance of
constraint-dependency of costs and trade-offs in generating existential
variables in the design of refinement type and effect systems.

As a starting point, we modify BiRelCost’s checking judgment to the
following form

ADOTHer0elt= ), t,@

where unlike the type 1, which is given, the cost t is inferred. The addi-
tional output, 1\, contains freshly generated existential meta variables
that occur in this inferred cost t (similarly, we infer such a context 1 in
the inference judgment). Below, we discuss a few rules.

First, alg-r-fix-| rule of BiRelCost must be adjusted to the following
version:

diff(t’) / /ArY
Nbgf:ti —— 1x:1,TFece = [, t", O
O =3().O'Nt" <t

A @ T - fix f(x).e O fix f(x).e’ | 1 S 0 & (1,0, @

alg-r-fix-|

where the inferred relative cost t” for the function bodies must be no
more than t’, the relative latent cost provided on the arrow type. A sim-
ilar additional constraint is needed for checking universally quantified
types.

Second, rules that pattern match on list types must be adjusted. For
instance, let us consider the skeleton of BiRelCost’s alg-u-caseL-| rule: *

AOTHeoe tlistin]*t=[-],t, @,

An=0AN0;TkFecer Lt =[],
L, A0 ;h: O, tl:listi]* T, TFe;0e; LT/ =[], 1), O
i,B,A0 Tt listilPr,THesoel LT/ =[], 13, @3

tr = t+ max(ty, ty, t3)
case e of nil — e; case e’ of nil — e]
AOGTH|Ihanetl e ©lhanctl —e) Lt/ =1[ ]t
|hictl —e3 |huctl — ej

alg-r-caseL-|

where we infer a cost t; for each branch of the case construct (i €
{1,2,3}). Can we claim that the total cost is t; = t 4+ max(t;, ty, t3)?

1 Here, we have O/, =n =i+ 1A 0sand O/ =n=1+1Aax =B+ 1A D,.
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If yes, we would have an advantage over the original rule where we
have to generate a fresh variable for the costs of the branches. Unfortu-
nately, the answer is no. Doing so would be unsound because we have
a constraint-dependent system. That means, the cost of each branch is
only valid under the respective assumption: the cost t; is only valid if
®, An = 0 holds. By taking the maximum of the costs of the branches,
we would be ignoring the conditions in which the bounds are valid,
hence obtaining an unsound bound.

Instead, we have no choice but to generate a fresh cost variable t’/ for
the relative costs of the branches and make sure that for each branch,
the inferred cost is no more than t’. Then, the total cost is t +1t/, i.e.,
the sum of the inferred cost of the scrutinee and the yet-unknown cost
of the branches:

AOGTHeoe 1listm]*t = ], t, De t’ € fresh(R)
An=0AN0; T ke oe; LT = ], t;, 04

L, A0 h: Ot listi]* T, TFe;0e) |t/ = [l 1y, @)

i,B,A 0 h Tt listilP T, T Hesoel | T/ = s, t3, @3
V=t b bs i<t <t gt
case eof nil — e; case e’ of nil — e]

AOGTHIh snetl 5 e ©lhanctl —e) /= t+t,

|haictl —e3 [huctl —ej

Moreover, since the total cost t +t’ now contains a freshly generated
meta-variable t/, which must be passed to the surrounding context
by tracking an environment 1 in the checking mode (we would have
to also pass 1,2, 3, i.e., all the freshly generated variables of the
branches). Contrast this to the original alg-r-caseL-| rule, where we
immediately quantify over the cost meta-variable t’. The advantage of
local quantification is twofold: a) constraints can be potentially solved
locally when possible and b) scope of the eliminated existential variable
is also localized. Instead, in this revised case, by passing t’ to the sur-
rounding context, we end up pushing all the existential variables up-
wards (outer), consequently making the existential elimination much
harder and constraint-solving less local. This suggests that aligning the
polarity of types and costs is better.

alg-r-caseL-|
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We discuss one more observation: the above rule also embeds subef-
fecting which was present in BiRelCost’s alg-r-1| rule. In the revised
version of alg-r-1], there is no need for subeffecting;:

ADgTHese 11 =G0 AP YgPaET=1= 0)
AOTHese 1=t 0 A,

alg-r-t|

since the inferred cost in the premise can be directly passed to the
checking mode. Instead, subeffecting switches polarities, and can be
embedded in the alg-r-anno-1 rule:

AOuTHese L 1=, t,® FIV(t,t) €A
AOGTH(e:T,t)o(e :tt)tt= [t OAL <t

alg-r-anno-1

where the inferred cost t’ in the premise must be smaller than the cost
t given in the annotation.

13.4 BIDIRECTIONAL TYPE SYSTEM FOR DUCOSTIT

Since type and effect systems of DuCostlt and RelCost are very simi-
lar, the key ideas behind our algorithmic technique can be directly ap-
plied to DuCostlt. Hence, we will not reiterate a similar algorithmic sys-
tem for DuCostlt. Instead, we briefly describe what changes are needed
for transforming RelCost’s algorithmic system and implementation to
DuCostlt’s.

In essence, many of DuCostlt’s typing and subtyping rules are sim-
pler than RelCost’s:

* In DuCostlt, we do not need asynchronous rules that relate two
different expressions. Hence, the corresponding asynchronous al-
gorithmic rules in BiRelCost can be omitted for DuCostlt, hereby
simplifying the typechecker and the implementation.

* In DuCostlt’s unary typing, we do not track lower bounds. Hence,
in the corresponding algorithmic version, we can omit lower bounds
in BiRelCost’s unary typing, hence simplifying the system further.

* Type grammars of DuCostlt and RelCost are almost identical ex-
cept the types of unary and binary closures. DuCostlt’s function
(and universally quantified) types do not include a lower bound
on the execution cost.

¢ As mentioned in Section 8.4, DuCostlt’s subtyping rules are almost
identical except that the rules — U, and VLU, in DuCostlt are
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stronger. Correspondingly, type equality and heuristic algorith-
mic subtyping for these rules need to reflect this change.
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‘A;ll)a; O;QFel Ak t=0 ‘ e checks against the unary input type
A and the minimum execution cost k and maximum execution cost t.
Finally, it generates the constraint @.

MNPy P; OFe T A= ],k t,d e synthesizes the unary out-
put type A, the minimum cost k and maximum cost t, where all
the newly generated existential variables are defined in 1. Finally, it
generates the constraint ©.

: alg-u-n-1
MV Oy; QOFntint=[],0,0, T

Qx)=A
Alll)(l/(Da/Q |_ X T A :> [']/O/O/T

alg-u-var-

lg-u-unit-
A D O () T unit = [J,0,0, 7 A8 uunit

Mg @y Qe ALkt= D APy ®q Y Ay wf
MV P; QFinle | A+ Ay kt= @

Mba; @ Qe Ay kt=0 A @ b? Agwf
MNP, Pg; QFinre | A+ Ay, k,t= @
A/ll)al (D(lIQ l_ € T A] + AZ = [ll')]lkel te/ CD] k//t/ € freSh(R)
A K 0,0 @ Q,x: A ke LA K, U = @),
A/ k'// t//ﬂ)/q)a}q)a} Q/U : AZ - €2 \L A/ k//t/ = (DS
@’ = Hk/,t/ s R.G)Z/\q)3/\k = k, +ke + ccase/\t/ +te + Ccase = t
Mg @g; Q F case (e,x.e1,y.e2) L Akt = (V)0 A D’

Ay @ f: Ay S A X AL OF el ApK, t = @

exec(k’,t")

A D QF fix f(x)e L Ay 22 L A kot = DAk =0A0=t

alg-u-inl-|

alg-u-inr-|

alg-u-case-|

alg-u-fix-|

exec(Ke,te)

MYy @g; Qe T A Ay =[], ki, 1, Oy
ky, t; € fresh(R) Nk, 1, 0, ha; s QFex | Arky, ty = @)

aleg-u-app-
A @0 QF €1 €2 T Ay = ko, b, B, K, , @ A D, g-u-app-1
k1, t1, k2, 12 € fresh(R) Ak, t,0a; o Qe | Ak, t = O

Akt Wy s Qe L Ay kg, t = O)
O =dkq,t1 s ROy ATk, t) s RO, AL+ =t Ak =k +kp

Mg P, QF (e1,e2) L A x Ay kt= @
Alll)alq)alﬂl_eTA1 XA2:>[II)],k,t,® 1'6{1/2}
N, Oo; QFmie) T AL = [k, t, @

alg-u-prod-|

alg-u-proj;-1

Figure 56: BiRelCost unary algorithmic typing rules (Part 1)
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APg; @ FA A wf
APy O Qb nil [listin] Ak t=n=0Ak=0A0=t

ki, t1, ko, to € fresh(R)
i € fresh(IN) Nk, 4,0, @ Qe LA K, 6 = O
ALk, 0,0 @ Q F ey | istfi] A kg, t) = @)
(Dé =D AN=({1+1)Ak=ki+kyNAt;+t) =1)
O = Jkq,t7 = R.(P1 A Tky, t; : R.Fi: IN.OJ)
MNP, Dg; QO F consc(eq, ez) | listin] Ak, t = ©

MAPg; Oy, QO F et listin] A =[], kyq, tq, Dy ky, ty € fresh(IR)
A;k21t2/1-|)11b(1/'n = OA(D(J./Q l_ e] i AIIkZItZ = q)z
i € fresh(IN) O, =n=i+1A0,
1IN, A ko, 1,0, Pq; (Da;h AL isti] A, QR er | Ak, t; = D3
O =k = (K + k2 + ceaser) Nt = (t1 + 12 + Ceasel)
Q' =Dy ATkt R(n=0—>D)A(Viz:IN.n=14+1) —» O3) AN D,)
case e of nil — ey
MY P QF R inc tl — e LAk t=3).0’

|hictl — e

125,000, QFel A ke, te = @

O '=MVizSOIAKk=0N0=t

alg-u-nil-|

alg-u-cons-|

alg-u-caseL-|

——— alg-u-iLam-|

MV O QOFAle [ VI )S.A,k,t:>CD’

exec(ke,te

MNP, P, QOF e Vi : )S.A’:>[1|)],k,t,CD AFT:S
Ao, Og; QO Felll 1 A{T/1 = [, k+kell/il, t 4 tell/i], @
Mg @g; QOFe | A{l/iL Kk, t= @ AFT1:S
Mg, Py, QO Fpackewith I | FizS. Ak, t= O
Mg, Pg; Q Feq T3S Ay = [, Ky, t, Oy
ky, ty € fresh(IR)
15,0k, 1, 0, ha; Psx: Ay, Qe L Ag kgt = O
i g FV(®(1/QIA'21kZIt2)
0. =k =k —|—k2+Cunp/\t] +t2+ Cunp =1t
O =>0;Adky,tr)  RVi:S.O, AD,

Ao Pg; Q Funpack ey as (x,1) iney | Ay k, t = ().

exec(Ke,te)

Y(): Ay ————— Ay k,t € fresh(IR)
A;k/t;q)a/q)a/-Q l_ € \l/ A],k,t = (D

Ae; @g; QF Cet Ay = [kt ], k+ ke + Cprimapp, t + te +Cprimapp/®
MY, ONCQFe Ak t= O
Mg, Oy;QOFel kt,C&A=CANA(C— D)

alg-u-iApp-1

alg-u-pack-|

- alg-u-unpack-|

alg-u-primapp-

alg-u-c-andI-|

Figure 57: BiRelCost unary algorithmic typing rules (Part 2)
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MNP, P;QOF e 1 C &A= U], Ky, ty, D ks, to € fresh(IR)
ANk, 0,0, 0, OACx: A1, QF e | Ay k, t) = Oy
O.=k=(Kki+k)A(t1+t) =t
o' = dky, ty © IR.C — O, A D,

AP @ QFcleteyasxine; | Ay k,t= 3()).(O; AD)
ANOANC,QFel Ak t= O

MNP, @; Qe COAKkt=C— O
MNP O QOFet COA= ],k t,O0

MV, Pg; QO F celim~s e T A =[], k,t, CAD

Ag; Og; QFer T AT =[], ky, by, @y
ko, t; € fresh(IR) Ak, 0,0 x: A, QF ey | Ay ko, t) = @)
O; =Dy Ak= (ki +ka+cret) At +t24clet) =t
Mg, Pg; QFletx =ejine; | Ay k, t = J(1).07 ATkt R.OS
MY, CANO;QFer LAk t= O

MYy, CADO;QFes LA Kkt= D, Ak Cwf
(D:C—>(D]/\_‘C—>q)z

APy Dy, QO F split (e, ex) with C | Ak, t = @
AURE O
M Pg; Pg;T'Fcontrae [ Ak, t= T
Mo @o; Qe Al = [k, t/, @
A, b o P A CA = D)
M@ QF el Ak t= JW).0;AD, At <tAk<k
AP QFelAkt=0 A0 *Awf FIV(Akt) €A
MY Py, QOF (e: Ak t) T A= [kt O
Mo @o; Qe Al = [k, t/, @
A, b o N A CA = D)
MY O QFel Ak t=3)O; A0, At <t ALK
MNP, ©;QOFe Ak t= O A D FA A wf FIV(A,k,t) € A
MNP, P, OF (e Akt TA= [kt

alg-u-c-andE-|

alg-u-c-impl-|

alg-u-c-implE-1

alg-u-let-|

alg-u-split-|

alg-u-contra-|

alg-1

alg-u-anno-7

alg-1

alg-u-anno-7

Figure 58: BiRelCost unary algorithmic typing rules (Part 3)






IMPLEMENTATION AND CASE STUDIES

You think you know when you learn,
are more sure when you can write, even
more when you can teach, but certain
when you can program.

—Alan J. Perlis, “Epigrams on
programming” #116

» synoprsis This chapter presents an implementation of BiRelCost’s
typechecker and then presents a case study in which we use our proto-
type implementation to typecheck a wide variety of example programs.
Finally, an experimental evaluation of the typechecker is presented.

We have implemented the bidirectional type checker described in
Chapter 13 as a standalone tool in OCaml*. Our type checker accepts
programs not in the elaborate, annotated syntax of RelCost Core, which
is rather inconvenient to use, but instead in the syntax of RelCost. Inter-
nally, it performs the RelCost to RelCost Core embedding of Chapter 12
using sound but incomplete heuristics to decide when to apply the non-
syntax-directed typing rules of RelCost, and a sound but incomplete
procedure for RelCost’s relational subtyping. The bidirectional imple-
mentation is sound in the sense of Theorem 59, and also complete in
the sense of Theorem 60, modulo the incompleteness of our heuristics.

In the following, we describe our heuristics, give an overview of
our bidirectional implementation, and present the results of an exper-
imental evaluation along with a detailed description of two examples
demonstrating how some of the heuristics are useful for type checking.
All the prior examples presented in Chapter 4 along with many addi-
tional examples are typechecked in this implementation. Throughout
this chapter, we give explanations for some decisions we made in the
implementation of BiRelCost.

The implementation and the examples are online at: https://github.com/
ezgicicek/bi_relcost
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14.1 HEURISTICS

The heuristics we use to treat nondeterminism in RelCost’s typing and
relational subtyping rules are sound but incomplete. We describe some
of the current heuristics here.

1. When typing a function that takes an argument of type list(n]* T,
we immediately apply the rule alg-r-split-| from Figure 52 with
C = (ax = 0) to split cases on whether o« = 0 or not. For the case
o = 0, we first try to complete the typing by invoking the alg-r-
nochange-| rule (if the two functions being typed are identical),
then we try invoking the alg-r-fix-| rule. This is because many re-
cursive list programs require this analysis (e. g.. mergesort). More-
over, the rule alg-r-split is invertible: Applying the rule does not
reduce the possibility of finding the proof.

2. When typing a pair of cons-ed lists, we try the algorithmic ana-
logues of both the rules r-cons1 and r-cons2 (rules alg-r-consC-
1 and alg-r-consNC-| in Figure 51). If neither of the rules fails,
i.e. we are able to generate constraints under which they might
typecheck, we proceed by combining the resulting constraints via
disjunction. Otherwise, there are two cases: a) either both fail,
whence we output a type error without needing to solve any con-
straints, or b) one of them fails, whence we return the constraints
of the successful rule.

3. Specific RelCost relational subtyping rules that mention [J are ap-
plied lazily at specific elimination points. For instance, in typing
a function application, if the applied expression’s inferred type is

O (7 A, T2), we try to complete the typing by subtyping to
diff(0) diff(k)

Oty —— 01 and 11 — T3, in that order. A similar heuristic

exec(k,t)

is applied for type O (U A; A3) so that the typing is com-

pleted by subtyping to U A4 ELON T Aj;and UA; exec(lt), A,

in that order.

4. We implement a sound but incomplete algorithmic procedure for
relational subtyping, which generates necessary constraints. Algo-
rithmic subtyping is only invoked in two places: a) for switching
from checking to inference mode (rule alg-r-1|) and b) for the al-
gorithmic counterpart of the nochange rule (rule alg-r-nochange-
1 in Figure 52) which needs to check that all the free variables in
the context can be supertyped to their [-ed counterparts. Below,
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we list some of these subtyping rules (it is fairly easy to check
that these rules are sound):
AN ,EOnCOTL =0
AO O CO0T =0
AOET COT = O NOFETIET = O

alg-D-[J

alg-B-U]
ANO,EOnCOT = 0V,
A Qg (1) En= 0
alg-0]
A =0T Cm = O
ADETCT =0 )
alg-list

A; Dy k= listm]* Tt Clistin/1% v = n=n/ Aa<o/ AD
ANO=EOTCT =@
A @y = listm]*t C O®istm/ ¥ t) = n=n'Aa=0Ad

alg-list-[]

(t)*” in the rule alg-[J pushes the [ constructor one-level down

into T, in accordance with RelCost’s subtyping rules. For instance,

i iff(0
(m 2 )0 — o T o, (4 x P = 01 x O

and (U(A; x AP = O(UA;) x O(UA;,). The rule alg-0
corresponds to the following sound, admissible subtyping: Ot C
(o).

5. We switch to the unary reasoning (rules alg-r-switch-| and alg-r-
switch-1) only when it is absolutely necessary: when (a) eliminat-
ing expressions of the type U A, (b) checking a pair of expressions
at type U A, and (c) inferring a type for two structurally dissimilar
expressions.

Since there is no standard library of examples for relational cost anal-
ysis so far, we designed our heuristics based on examples that cover a
breadth of applications. Appendix D.2 lists all our examples, and our
heuristics suffice for all of them. More heuristics can be added if neces-
sary.

14.2 IMPLEMENTATION OF BIDIRECTIONAL RULES

In the implementation, corresponding to BiRelCost’s relational type equal-
ity judgment, we have a subtyping judgment = 71 C 1, = @ that
makes use of the subtyping heuristics listed in Section 14.1. This judg-
ment and its unary counterpart FA A; C A, = @ can be imple-
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mented as recursive functions, with the following specifications. Here,

ctx = A; @,
[0) fctxET T =@
subtyper(ctx, Ty, T2) = cmEm
error otherwise
® ifctx EAAICA = @
subtype(ctx, A1, Ay) =
error otherwise

Function subtype, (subtype) is defined by case analysis on the types
71 and T2 (A7 and A;). Both functions output a constraint ®, which, if
satisfied, implies that a subtyping derivation exists in RelCost.

The four BiRelCost judgments can be implemented as mutually recur-
sive functions. For instance, the two relational inference and checking
judgments are implemented as two functions, infer, and check,, with
the following specifications. Here, ctx = A;{q; Og; T

, Tt O,V ifctxFejeey T1=[],t,0
infer.(ctx, e, ez) =

error otherwise

) ifctxFeioelT,t=0
check (ctx, e, ez, T,t) = v

error otherwise

Function infer, is defined by case analysis on the expressions e; and
e2 whereas check, is defined by case analysis on both the expressions
e1, e2 and the type 1. Both functions output a constraint ®, which, if
satisfied, implies that a typing derivation exists in RelCost. In the case
of the inference judgment, the constraint @ is existentially quantified
by all the variables in .

Next, we explain how we solve the output constraint @.

14.3 CONSTRAINT SOLVING

In principle, we could directly pass the output constraint © to an SMT
solver that understands the domain of integers (for sizes) and real
numbers (for costs). However, the constraint typically contains many
existentially quantified variables which cannot be fully eliminated by
current SMT solvers.
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14.3.1 Existential elimination

To solve this problem, we wrote our own pre-processing pass that tries
to find substitutions for existentially quantified variables. For a con-
straint of the form In.®, we look inside @ to find sub-constraints of
the form n = I or n < L. In either case, I is candidate substitution for n.
We have to be careful that I does not contain variables that are quanti-
tied within @ (else the scope of those variables is not respected). The
rules for existential variable elimination are shown in Figure 59.

We use the judgment find(i, @) | I, ®’ to mean that finding a sub-
stitution for the index variable i in ® results in an index term I and
a constraint ®’. Then, we can lift this to constraints with arbitrarily
nested existential variables using the judgment elims(®) | ®’ which
means that eliminating all the existential variables in @ results in a
constraint @’

The rules for existential elimination are not deterministic. Hence,
our implementation uses several heuristics in combination with a lazy
search mechanism with backtracking to try all candidate substitutions:
The implementation traverses the constraint top-down from the root
towards the leaves, finding candidate substitutions for existential quan-
tifiers it encounters. The priority is given to the rightmost constraint c;
in constraints of the form c; /A c; and c7 V ¢; (since we always append
arithmetic cost and type constraints to the end). For constraints of the
formi<Iandi= I, the priority is given to equality. As soon as a substi-
tution for existential variables is found, it is applied and the resulting
existential-free formula is sent to an SMT solver (described next). If the
SMT solver proves the formula, we are done. If it fails or times out,
our search backtracks, looking for the next candidate substitution. This
process is potentially expensive, but it terminates very quickly (in less
than 1s) on all examples we have tried.

14.3.2 Solving the constraints

To prove individual existential-free constraints, we invoke an SMT solver.
Specifically, we use Why3 [50], a common front-end for many SMT
solvers. Empirically, we have observed that only one SMT solver, Alt-
Ergo [20], can handle our constraints and, so our implementation uses
this solver behind Why3. Why3 provides libraries of lemmas for ex-
ponentiation, logarithms and iterated sums, which we use in some of
the examples. For typing programs that use divide-and-conquer over
lists (e.g., merge sort), we have to provide as an axiom one additional

157



158 IMPLEMENTATION AND CASE STUDIES

At find(i; @) | (I;®’) | solves @ for the index variable i and returns

in an index term I and a constraint @’.
At elimg(®) | @' eliminates all the existential variables in ® and

returns the resulting constraint @'.

i,A+ find(i; @) | (L ")

find-3
AF find(L3 = S.0) | (L3 =S.0)
A+ find(i; @;) | (L; @) :
— — find-—
AF find(i, @1 — ©3) | (I, D1 — D))
id A . igA .
— - find-<1 — find-<2
AFfind({,I1<1) | (LT) AF find({,i<I) L (LT)
i A i A
_ l 7 — find-=1 , 1 ¢ - find-=2
AFfind({,1=1) L (L;T) AFfind({,i=1) ) (L;T)

At find(i; @;) | (I; @) * € {N\,V}
A find(i,'d)] *(Dz) \L (I,'(D1 *@é)
At find(i; @q) | (I; @]) * € {\,V} .
— ; find-+2
AF find(i; @1 % Dy) | (I; D)« Dy)
i,A+ find(i; @) | (L @)
AF find(i; Vi’ = S.@) | (L Vi’ :: S.@)
i, AF elimg(®) | @' AF find(i; @) | (L ®") FIV(I) C A

find-x1

find-v

lim-3
AF elims(3i=S.0) | O/ em
i, A elimg(®) | @’ )
, . , > elim-V
AFelimg(Vi:S.®) [ Vi:S.®
At elimg(®@4) | @ At elimg(®@;) | @) * € {N\,V} .
elim-«

A elimg((D] *(Dz) \L (D]/ *(Dé
At elimg(@;) | @)

. - elim-—
AFelimy(®7 — @3) | O — D)

Figure 59: The rules for eliminating existential variables
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lemma that solves a general, relevant recurrence related to costs. This
lemma is proven in the appendix (Lemma 62 in Appendix D.1).

14.4 CASE STUDIES

In this section, we evaluate applicability of our bidirectional typecheck-
ing technique on several example programs. Since relational cost anal-
ysis is a new verification problem, there are yet no real-world appli-
cations or set of benchmarks we can use. Furthermore, CostML is a
research language that lacks many useful features for realistic appli-
cations (e.g. input-output, exceptions, state, etc.). Therefore, we have
chosen to evaluate the analysis and the typechecker using a small but
representative set of benchmarks that we have developed ourselves.

In the rest of this section, we first describe how our bidirectional
typechecker can typecheck two example programs using the heuristics
described in Section 14.1. Then, we present a list of benchmark pro-
grams along with an experimental evaluation.

We first list some conventions.

* Because our rules for typing fixpoints (e.g. r-fix) apply at types

diff(t) diff(t’) diff(t)
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such as 11 —— T, but not at more general typesVi = S. 1) —— 13,

iff(t") diff(t)
— T

di
a recursive function whose type should havebeen Vi :: ~ S.1;

. o diff(0) . diff(t!) :
may have to be given the type unit; _>d f(0) Vit s diff(t) o,

Its first argument is a dummy. When this happens, we explicitly
write the unit, type. A similar adjustment is necessary for unary
fixpoints as well.

* We write Ax.e for fix f(x).e when f does not appear in e.

* We use pattern matching syntax for pairs and let bindings, which
is easily encoded:
e.g., A(x,y).e = (Az.let x = mzinlety = mz ine).

. . : diff
e When the annotation t is omitted from types T i, T, and

diff(t
Vi ::( ! S. 7, it defaults to O (similarly for unary costs).

14.4.1 Heuristics illustrated

We explain how we type two examples—the standard list map function,
and the merge sort function—using our implementation. The goal of
this exercise is primarily to illustrate some of our heuristics.
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4T The latter case also
succeeds here, but it
generates constraints
that cannot be
satisfied.

IMPLEMENTATION AND CASE STUDIES

EXAMPLE (MAP) We describe how the map example from Chapter 3
type checks in BiRelCost.

A.fix map(f).A.AAL case 1 of nil — nil
| h::tl — cons(f h, map f[][] tl)

Our aim is to type this function relative to itself at the following type:

diff(t)

V(0 (11 2, 1)) = W, aulistingy S0

list(n]* 1, (5)

We start in the checking mode with the above type. Using rule alg-r-
iLam-|, we introduce the index variable t into the context. We continue
in the checking mode using rule alg-r-fix-|. Next, we add the function
f and the input list | to the typing context and the index variables n
and o to the sort context. For typechecking the pattern match on the
list 1, we use the rule alg-r-caseL-]. BiRelCost first infers that the type of
Lis list[n]* 7y using the rule r-var-1. The nil-branch is straightforwardly
typechecked with 0 cost. We focus here on cons-branch, considering
the two cases where the heads of the two lists may differ or may not
differ (third and fourth promises in rule alg-r-caseL-]). In both cases,
we aim to check that cons(f h, map f[][] tl) can be given type list[n]* T,
using the heuristic (2) for cons-ed lists.

In the first case where the heads of the two lists may not differ, we
have h : O7y and tl : list[i]* 17, where n = i+ 1 for some freshly-
generated meta variable i. Following heuristic (2), we try to type “f h”
in checking mode first with type (01, and then with type 1, (corre-
sponding to the rules alg-r-consNC-| and alg-r-consC-|). For the sake
of brevity, we focus on the former, which succeeds and generates con-
straints that are satisfiable.4* Since function applications (like “f h”) are
typed in inference mode, we switch from checking to inference mode

using the rule alg-r-1|. Then, we proceed to type the function applica-

. .. . diff(t
tion “f h” in inference mode where we can infer that f : [J (1 1—()> ).

However, the function f cannot be directly applied since it has a [-ed

type. At this point, using the heuristic (3), we subtype U (1 LZION )

iff(0
to O GO, 7;. Then, we can type the argument h in the checking

mode with type 17 successfully and conclude that “f h” can be given
the type 01, with relative cost 0. Next, we aim to show that the tail
of the cons, i.e. “map f[][] tl”, can be typed in checking mode with
type list[i’]* 1, and cost « - t for some i’ such that n =1i’+ 1. As in the
head case, we use the rule alg-r-1] to switch from checking to inference
mode and generate the constraint i’ = i (which can be proved easily
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since n = i’ +1 = i+ 1). The rest of the typing can be concluded by
invoking the function and index term application rules multiple times.

In the second case where the heads of the two lists may differ, we
have h : 77 and tl : list[i]®7;, where n = i+ 1 and « = B+ 1 for
some i and 3. Similar to above, we try to typecheck “f h” first at type
O, and then at type 1. This time, only the latter case succeeds and
generates satisfiable constraints. In this case, like above, the function

application “f h” is typed in inference mode, where we can infer that

f:0(h ﬂ T;). However, this time, we subtype U (T ﬂ T;) to

. diff(t) T, (again using heuristic (3)) and type the argument h in the

checking mode at type 7. The total cost of the application is t, not 0.
The recursive call to map follows a similar reasoning as in the previous
case, but with cost 3 - t. Hence, the total costist+p-t=(f+1) -t =
o - t, as required.

EXAMPLE (MERGE SORT) Next, to illustrate how we use heuristics (1)
and (4), we consider merge sort, a divide and conquer algorithm which
has a somewhat nontrivial relational cost. The merge sort function,
msort, splits a list into two nearly equal-sized sublists using the func-
tion bsplit, recursively sorts each sublist and then merges the two
sorted sublists using the function merge. The relative cost of two runs
of msort with two input lists of length n that differ in at most « posi-

tions is Q(n, &) = i h( [%b -min(e, 2171, where H = [log,(n)]. This
i=0

open-form expressi_on lies in O(n - (14 log;(x))).4> Next, we explain at
a high-level how this relative cost bound is typechecked bidirectionally.

fix msort(_).A.A.Al.case | of
nil — nil
| hy = tly — case tly of
nil — cons(hy,nil )
| _=_ —letr=nbsplit ()[][] lin
unpack r as r’ in
clet v’ as (z1,2z2) in
merge ()[][] (msort ()[1[] zj,msort ()[1[] z2)

First, let us assume that we can typecheck the helper functions bsplit
and merge at the following types. This typechecking has been done
with our implementation, but we do not explain its details here.

iff (0
bsplit : O (unit; — Vn, oc:IN. list(n]* T ﬂ

IB:N. B < « & (hst[{%hﬁ T % 1ist[gJ]“—f5 )
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42 The analysis of
msort is similar to
bfold’s analysis

in Chapter 7. It is
shown in Lemma 64.
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merge : O (U (unit — Vn, m:IN. (list[n] int x list[m] int)

exec(h(min(n,m)),h(n+m

N list[n 4+ m] int))

(Note the O outside the types; their significance will be clear soon).
Our aim is to typecheck msort relative to itself at the following type:

O (unit, — Vn, oc:IN. list[(n]* (U int) M U (list[n] int))

We focus on the most interesting part where we call merge on the
results of the two recursive calls to msort. At this point, we have z; :
list[[3]1P (Wint) and z, : list[| 5 |1*P (Uint) (from the type of bsplit).
Considering that only the calls to merge and msort incur additional
costs (all the remaining operations occur synchronously on both sides
and the relative cost of bsplit is 0 from its type), if we were to naively
establish the bound Q(n, «), we would have to show the following
inequality:

5D+ 3| 81+ F] «—p) < Qi ®)

where the cost h( (%1) = h(n) — h(min( (%W, L%J )) comes from the rel-
ative cost of merge. However, this inequality holds only when a > 0.
When o = 0, the right hand side is 0 whereas the left hand side is
h( (%] ). Nevertheless, when o = 0, the two input lists do not differ at
all, so the relative cost of merge can be trivially established as 0 using
the nochange rule.
Consequently, the verification of merge’s body differs based on whether

o« = 0 or not. In our implementation, this case analysis is provided for
by heuristic (1). As soon as the list 1 is introduced into the context,
we apply the algorithmic rule alg-r-split], introducing the two cases
o = 0 and o« > 0. For the case « = 0, we immediately invoke the
rule alg-r-nochange|, which requires us to show that all the free vari-
ables in the context have [I-ed types. Since we know that the functions
merge, bsplit and msort are all (J-ed, what remains to be shown is
that list(n]* 11 T O (listm]* 7). Using the algorithmic subtyping rule
alg-list-[] in heuristic (4), this can be shown when o = 0. For the case
o > 0, we proceed with the usual typing of the function body, which
eventually generates the satisfiable constraint (6).
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14.5 EXPERIMENTAL EVALUATION

We have used our implementation to typecheck a set of programs,
including all the examples shown so far and additional ones in Ap-
pendix D.2. Some of the examples, such as the relational analysis of
merge sort (msort), have rather complex paper proofs. However, in all
cases, the total typechecking time (including existential elimination and
SMT solving) is less than 1s, suggesting that the approach is practical.
Table 1 shows the experimental results over a subset of our example
programs (our appendix lists all our example programs, including their
code and experimental results). A “-” indicates a negligible value. Our
experiments were performed on a 3.20GHz 4-core Intel Core i5-6500
processor with 16 GB of RAM.

We briefly describe the example programs in Table 1. Appendix D.2
contains the code and the types for all of the example programs.

list operations The programs map and filter are the usual list
map and filter functions. The program append takes two lists and
returns the first list appended to the second list. The program rev
reverses a list using an accumulating parameter. The program
flatten takes a list of lists and flattens them. The program zip
takes two lists of the same length and returns a list of pairs where
the projections are taken from the two lists. The program shuffle
takes a list and shuffles its elements deterministically by reversing
its tail at each recursive call. The benchmark foldCmp compares
the relative costs of standard fold functions foldr and foldl.

examples from Chapter 4 The program comp is a constant-time (0
relative cost) comparison function that checks the equality of two
passwords, represented as lists of bits. The program sam (square-
and-multiply) computes the positive powers of a number, repre-
sented as a list of bits. The program find compares two functions
that find a given element by scanning a list from head to tail and
tail to head, respectively. The program 2Dcount counts the num-
ber of rows of a matrix, represented as a list of lists in row-major
form, that satisfy a predicate p and contain a key x. The program
bsplit splits a list into two nearly equal length lists. The pro-
gram merge merges two sorted lists and the program msort is the
standard merge sort function.

additional examples The program ssort is the standard selection
sort function. The program bfold is the balanced fold function
explained in Chapter 7. The program appSum is a program that
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compares two implementations of summing over a list: one exact
and the other approximate.

In all cases except find, foldCmp and appSum, the goal of the analysis
is to find an upper bound on the relative cost of the same function as
its input changes. In find, foldCmp and appSum, we compare slightly
similar programs using also the asynchronous rules. In all example
programs, the bounds we obtain via type-checking are asymptotically
tight.

Benchmark | Total | Type- Existential | Constraint
time checking | elimination | solving
map 0.11 - - 0.11
filter 0.13 - - 0.13
append 0.14 - - 0.13
rev 0.15 - - 0.15
flatten 0.06 - - 0.05
zip 0.13 - - 0.13
shuffle 0.14 - - 0.13
foldCmp 0.13 - - 0.12
comp 0.08 - - 0.07
sam 0.09 0.01 - 0.08
find 0.05 - - 0.04
2Dcount 0.06 - . 0.06
bsplit 0.17 - - 0.17
merge 0.12 - - 0.12
msort 0.40 0.01 0.02 0.36
bfold 0.77 - 0.01 0.77
appSum 0.10 - - 0.09
ssort 0.07 - - 0.07

Table 1: BiRelCost runtime on benchmarks. All times are in seconds.

ANNOTATION EFFORT AND USABILITY Ina traditional bidirectional
type system, the programmer’s annotation effort is limited to provid-
ing the eliminated type at every explicit 3-redex and the type of every
top-level function definition in the program. In our setting, the burden
is similar, except that type annotations on functions also include a cost
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(on the arrow). In all but one of the examples we have tried, annotations
are only necessary at each top-level function. One example has an ex-
plicit beta-redex (in the form of a let-binding) and needs an additional
annotation.

To give an idea of the annotation effort needed in our benchmarks,
Table 2 presents total number of lines of code in each benchmark pro-
gram along with the number of lines of type and cost annotations.43

Benchmark | Total # of | # of lines of
lines annotations
map 5 2
filter 7 2
append 6 2
rev 6 2
flatten 13 4
zip 8 2
shuffle 10 3
foldCmp 2
comp 2
sam 10 2
find 8 2
2Dcount 14 3
bsplit 10 2
merge 10 2
msort 33 6
bfold 32 6
appSum 14 1
ssort 18 4

Table 2: BiRelCost number of lines of benchmarks.

In our experience, the typechecker is quite usable and error report-
ing is generally useful. The prototype tool points out the location of
parsing and typechecking errors for majority of the cases quite accu-
rately except when there is an error in the constraint solving. We leave
improving this aspect to the future work.
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count the line
numbers of one.






RELATED WORK : BIDIRECTIONAL RELATIONAL
COST ANALYSIS

There is a lot of literature on type checking various combinations of
lightweight dependent types, effect systems, comonadic types, and sub-
typing. However, a distinctive feature of BiRelCost is that it combines
all these aspects in a relational setting with support for real numbers.
This chapter briefly surveys the closely related work in the following
two areas: refinement types and bidirectional typechecking.

15.1 DEPENDENT/REFINEMENT TYPES

There is enormous literature on dependent types, which is witnessed
by the ever increasing list of dependently typed languages such as
Cayenne [12], Epigram [77], Omega [100], DML [105], Coq [19], Agda [82]
and Idris [23]. We do not attempt to survey this vast field but instead
we focus on the most relevant precursors to our work, namely refine-
ment types.

Like DML, we use a bidirectional typechecking algorithm and gen-
erate arithmetic constraints that must be satisfied for program to be
typed [105, 106]. However, there are several differences that we would
like to note. First, the index domain considered by DML is integers
with linear inequalities, whereas in BiRelCost, due to the costs, we addi-
tionally consider reals with non-linear inequalities. Second, DML lacks
comonadic types, costs, and relational types. The challenges we face in
BiRelCost come mostly from these components.

TYPECHECKING LINEAR DEPENDENT TYPES The DML approach
has also been used by [39] in combination with linear types for asymp-
totic complexity analysis. A type checker for this approach is presented
by [41]. Similarly, [51]'s DFuzz use a combination of linear types and
lightweight dependent types for reasoning about differential privacy. A
type checker for DFuzz is presented by [9] in which a program is type-
checked in two steps: first by inferring a type (along with the sensitiv-
ities) and then checking whether the resulting type is a subtype of the
desired type. Besides lightweight dependent types, these papers also
consider the comonadic modality of linear logic. This modality’s struc-
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tural properties are quite different from those of RelCost’s [J. Moreover,
none of these papers consider relational types.

TYPECHECKERS WITH SUPPORT FOR RELATIONAL REASONING  Some
other type systems establish relational properties of programs. For in-
stance, [14] consider a relational variant of a fragment of F* for the
verification of cryptographic implementations, while [15] consider a re-
lational refinement type system for differential privacy. However, some

of the key technical challenges of BiRelCost, including those that arise
from the interaction between unary and relational typing, as well as
costs, do not show up in these settings. Moreover, these systems use
verification condition generation, not bidirectionality.

15.2 BIDIRECTIONAL TYPECHECKING

The idea of bidirectional type systems appeared in literature early on.
The idea was popularized only more recently by Pierce and Turner [91].
The technique has shown great applicability—it has been used for de-
pendent types [36], indexed and refinement types [105, 106], intersec-
tion and union types [44, 48], higher-rank polymorphism [46, 47, 89],
contextual modal types [9o] and most recently for effect handlers [74].
The design of BiRelCost is inspired by many of these papers but departs
in the technical design of the algorithmic type system due to new chal-
lenges offered by relational and modal types, and unary and relational
costs. In particular, in all the previous work on bidirectional typecheck-
ing, the reasoning principle is unary, i.e. a single program is checked
(inferred) in isolation. Moreover, almost all the previous work on bidi-
rectional typechecking does not track effects explicitly: e. g. DML sup-
ports effects like exceptions, but there is no corresponding effect system
for statically tracking the effects. One exception is the bidirectional ef-
fect system of [101], which uses bidirectional typechecking for gradual
unary effects. However, their end goal is different since they infer mini-
mal effects at compile time and then check dynamic effects at runtime.

15.2.1 Elimination of subtyping

Prior work has also studied methods of eliminating subtyping as a
way of simplifying type checking, e.g. [24, 37]. While the approach
this thesis takes is similar in motivation, the technical challenges are
quite different. The main difficulties in simplifying subtyping in our
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work arise from the interaction of the modalities 0 and U with other
connectives.






Part IV

EPILOGUE






CONCLUSION

» syNors1is In this chapter, we conclude the thesis by reviewing our
contributions and pointing out several directions for further research.

This thesis introduces the problem of relational cost analysis—establishing
relative costs of programs, relationally. In particular, we demonstrate
four claims:

* Relational cost analysis can be understood and enhanced through
reasoning about relational properties of programs, which enables
verification that is more precise and local compared to a naive
unary cost analysis.

* Relational costs can be formalized syntactically through a combi-
nation of unary and relational refinement type and effect systems,
and semantically through a combination of unary and relational
logical relations.

* Relational cost analysis can be applied not only to compare pro-
gram costs but also in the setting of incremental computations
in which the underlying evaluation semantics is much more com-
plex.

* Relational costs can be verified through bidirectional typechecking,
which can be implemented.

The thesis supports these claims with the following three distinct
research artifacts:

* RelCost: a type theory for reasoning about relational costs. The ap-
proach enables proofs of relative cost bounds via relational refine-
ment type and effect systems, and scales to high-level languages
(with higher-order functions and recursion).

* DuCostlt: a type theory for reasoning about update times of in-
cremental programs. The approach enables proofs of dynamic
stability via an abstract change propagation semantics, relational
refinement types and effect systems.
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* BiRelCost: an algorithmic typechecking mechanism and a proto-
type implementation for verifying upper bounds on relative costs
(as well as incremental update times). The approach demonstrates
that bidirectional typechecking scales to relational reasoning in
the existence of unary and relational effects. Using the bidirec-
tional typechecker, programmers can verify relative cost bounds
with minimal annotations.

Combined together, these contributions make a significant step for-
ward in our understanding of verification of quantitative execution cost
bounds not only for one program but also for a pair of related programs. Still,
as with any static analysis technique, our relational cost analysis has
many limitations. Some of the limitations result from the trade-offs we
made initially to ensure the practicality of typechecking, and some can
be eliminated through further research and development.

16.1 FUTURE WORK

In this section, we point out several possible research directions for
improving relational cost analysis.

16.1.1  Embedding functional equivalences

We designed RelCost to reason about the execution cost differences
of programs relationally. Although our relational analysis is power-
ful enough to analyze a wide variety of examples, there are programs
whose analysis requires more involved reasoning such as the ability to
benefit from functional equivalences or the ability to relationally reason
about index terms. As an example, consider the sieve of Eratosthenes, a
standard algorithm for finding all prime numbers up to a given integer
n. There are several variations of this algorithm, but the main idea is
to start with a list of all natural numbers that are less than or equal to
n and then repeatedly drop all the composites until all the remaining
numbers are the primes. Below, we only show the top level function
erat that takes as input the list | containing the values [2, 3, ...,n]. The
function drop drops all multiples of its numerical first argument from
its second argument, which is a list of natural numbers.

fix erat(drop).Al.case 1 of
nil — nil
| h:tl — cons(h,erat drop (drop h tl))
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Suppose that drop is implemented in two functionally equivalent ways
but the execution costs of these two versions are different. To establish
a precise bound on the relative cost of erat with respect to these two
implementations of drop, we would need to show that two versions of
drop are functionally equivalent. Such reasoning is not possible in Rel-
Cost. This is not an inherent limitation, but a design choice we made
to simplify the type system. We believe our analysis can be extended
to more expressive relations, by building on previous work on rela-
tional refinement types [14, 16], which can be used for capturing the
necessary invariants. However, the more involved the relational invari-
ants, the more difficult it is for non-experts to use our analysis and
perhaps to automate the type-checking. In this thesis, we have chosen
a lightweight form of relational reasoning that still yields a powerful
analysis.

16.1.2  Allowing relational reasoning on index terms

In RelCost’s and DuCostlt’s relational typing, size and cost refinements
are assumed to be identical for the two related programs. For the exam-
ples we have considered such an assumption is sufficient, but allowing
relations on index terms could enable more fine-grained analysis and
increase the set of examples we can analyze.

For instance, in the map example in Chapter 7, we assume that the
two lists have the same length, whereas an analysis that allows the two
lists to have different lengths should be possible without disrupting the
relational reasoning. Indeed, in the context of incremental computation,
such an extended analysis could be used to show that the dynamic
stability of map with insertions and deletions is still linear in the number
of changes.

16.1.3 Support for algebraic datatypes

A natural extension to both RelCost and DuCostlt is adding support for
user-defined algebraic datatypes. The main theoretical challenge is in
describing general size functions and expressing costs with them. Cur-
rently, size and changeability refinements in DuCostlt’s and RelCost’s
types are data-structure specific. Ideally, there should be a more generic
framework in which the programmer can specify a particular size met-
ric along with each algebraic data type. For instance, our types can be
easily extended with trees that are refined with the number of nodes.
Depending on the application, there could be cases where the depth of
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a tree is a useful size metric. In the non-relational setting, existing work
by Danner et al. considers such generalizations [43].

In RelCost’s semantic model, we have anticipated generalization to
recursive types—our step-indexed logical relations are capable of mod-
eling recursive types. However, we have not yet worked out the gener-
alization to recursive types with user-defined size or difference metrics.

16.1.4 Reasoning about non-termination and co-inductive types

In our relational cost framework, the bounds on the relative costs (as
well as incremental costs) are valid for terminating programs—our se-
mantic model is set up as such. In addition, the data structures we
consider are finite. However, reasoning about the relative cost of two
non-terminating programs can also be useful for interactive or reactive
programs like web servers. Extending our analysis to reason about non-
terminating programs (e. g. that operate on streams) is non-trivial, but
it is an interesting future direction. For such an extension, we anticipate
the use of bisimulation-based proof techniques that can reason about
co-inductive data structures.

16.1.5 Support for effectful programs

Another future direction is to extend our language and type theory to
effectful programs. Possible kinds of effects include state, probability
and exceptions. One of the challenges in supporting effectful programs
is tracking multiple effects at the same time. Recent research on exten-
sible algebraic effects and their lifting to type and effect systems are
promising directions [65].

16.1.6  Support for polymorphism

Polymorphism allows abstracting expressions over types and is a use-
ful feature for increasing code reuse. A prior version of DuCostlt, Costlt,
had support for polymorphism but we have not specifically addressed
polymorphism in RelCost and DuCostlt. Although the development of
relational cost analysis is orthogonal to polymorphism and technically
straightforward, it would be nonetheless useful to add support for poly-
morphism for pragmatic reasons.
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16.1.7 Different kinds of resources and support for state

Our relational cost model can also be adapted to track different kinds of
resources. For instance, our model can be modified to track the span or
work of parallel programs [62, 102]. Alternatively, the resource model
can be adapted to track resources other than execution time such as
space, energy usage or trace size of incremental programs. We believe
that adding support for modifiable state would also be useful in this
regard.

16.1.8 Different reduction strategies

Execution cost of a program, or resource usage, depends on the un-
derlying reduction strategy. In our setting, the underlying language
CostM has a call-by-value evaluation semantics. Consequently, the ef-
fects in our type and effect systems, DuCostlt and RelCost, can be inter-
preted in the monadic setting where the monad of the computational
lambda calculus is graded with the cost (effect) as in [64]. On the other
hand, in call-by-name languages, costs are often represented as coef-
fects which can be interpreted as the logical dual of a monad—-the
comonad—in conjunction with a linear type system [67]. One possible
direction is to investigate relational cost analysis in the context of a
call-by-name language. Another potential direction in investigation of
reduction strategies is to consider call-by-push value which subsumes
both call-by-value and call-by-name [72].

16.2 FUTURE IMPLEMENTATIONS

The current prototype implementation of BiRelCost could be improved
in many ways. For instance, currently we collect all the constraints
generated during typechecking before we pass them to a constraint
solver. However, it might be possible to intertwine constraint genera-
tion with constraint solving. The advantages of this alternative design
are twofold. First, failure in solving the constraints can be detected ear-
lier. Second, error reporting would improve since the provenance can
be tracked to the exact location of failing constraints, which is not pos-
sible at the moment.
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In this chapter, we first describe the necessary definitions, lemmas and the-
orems for proving the soundness of the RelCost’s unary and binary (rela-
tional) typing with respect to the abstract cost semantics.

We use some abbreviations throughout. STS stands for “suffices to show",
TS stands for “to show", and RTS stands for “remains to show".

Relational type T is well-formed.
Type A is well-formed.

———— wf-unit ———— wif-int
A F unit, wf A F int, wf
AF 1y wf AF 1 wf AF T wf AF 1 wf
wf-prod wf-sum
AF T X 1) wf AF T+ 1 wf
A1y wf A 1 wf AFt:R
wi-fun

diff
AT 1—(t)) T, wf

AFn:IN AF o IN A Twf

f-list
A & listin]* T wf wi-hs
i:S,AFTwf i:S,AFt:R i:S,AFTwf
aiff(1) wi-v AR Sus twr V3
ARV S Twe Lo T
AFAA W AFA A wf A; @ F Twf
wf-U —— wf-box
AFU(Aq, Ay) wf AFOTwf
AF Cwf N CADFETwf
wf-CD
AFCDTwf
AF Cwf N CADFETwf
wi-C&
AFC & twf

Figure 60: Well-formedness of relational types
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Type A is well-formed.

? Wf-u-unit A— Wf-u-int
A F™ unit wf AR int wf

AFA AT wE AFA Ay wf
AFA A x Ay wf
AFA A wE AFM A, wf
AFM AL+ Ay wf

AFA A wf AFAA W AFKk:R  AFt:R

Af—AA] MAzwf

AFn:zN  AFAAwf
A FA list[n] A wf
i2S,AFAAWE  i:S,AFk:zR  i:zSAFt:zR

exec(k,t
AFAYVL o : S.A wf

i:S, AN A wf AFCwf  AFMA wf
A wf-u-3 A wf-u-CO
AR F:S A wf AFYC D Awf

AF Cwf A A A wf
AFAC & A wf

wf-u-prod

wi-u-sum

wi-u-fun

wf-u-list

wi-u-v

wi-u-C&

Figure 61: Well-formedness of types

AFT; =S AFT =S AFT; =S AFT =S
S ¢ {N,R} S € {N,R} .
wf-cs < - wf-cs =
AFLi<)wf AFTL; =1, wf
AF Cwf

AF—Cwf

wf-cs —

Figure 62: Constraint well-formedness
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Lemma 17 (Value evaluation). v {|%° v
Proof. Proof is by induction on the value term v. O

Lemma 18 (Value interpretation containment). The following hold.

1. (m,vi,v2) € (t)y then (m,v1,v1) € (1)°.

2. (m,v) € [A]y then (m,v) € [A]Y°.

Proof of (1). Assume that (m,vq,v2) € (T)v ().
TS: (m,v1,v2) € (1)%.

Following the definition of (1)Y, and assume that (vi % vi A 0 < m) (cost
and resulting value obtained by Lemma 17).

Then, we can immediately show
1. v; {99 v; by Lemma 17
2. 0—0 < 0 is trivially true.

3. (m—0,vy,v2) € (1), follows from the main assumption (*).

Proof of (2). Assume that (m,v) € [A]y ().

TS: (m,v) € [A]2.

Following the definition of [[A]]g’o,assume that v {90 v (cost and the result-
ing value obtained by Lemma 17) and 0 < m.

Then, we can immediately show

1. 0<0<0

2. (m—0,v) € [A], which follows from the assumption (x).

Lemma 19 (Value Projection). The following holds.

1. If (m,vy1,v2) € (T)y then Vj.(j,v1) € [ITh]v and (j,v2) € [Itl2]v-
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2. If (m, 81,87) € S(T) then ¥j.(j, 81) € S[IM] and (5, 5,) € S[INI2]-

Proof. Proof of statement (1) is by induction on (t)),. Proof of statement (2)

follows by proof of (1). O
Lemma 20 (Downward Closure). The following hold.
1. If (m,v1,v2) € (t)y and m’ < m, then (m/,v1,v2) € (1)

2. If (m,v) € [A]y and m’ < m, then (m/,v) € [A]y

3. If (m, ey, ez) € (t) and m' < m, then (m/, e1,e3) € (7))t

4. If (m,e) € [[A]]lg’t and m’ < m, then (m/,e) € [[A]]lg’t
5. If (m, 81,8;2) € G(I) and m” < m, then (m’,81,8,2) € G(I)

6. If (m,y) € §[Q] and m’ < m, then (m',y) € §[Q]

Proof. (1,3) and (2,4) are proved simultaneously by induction on 7. (5,6) fol-
lows from (1,2).

We just show the proofs of statement (3) and (4) below.

Proof of statement (3). Assume that (m, e;,e;) € (1) and m’ < m.

TS: (m/, e1,e2) € (T)t.

By unrolling its definition, assume that e; {11 vy (x) and e; 272 vy (x%)
and ¢ <m’ (o).

By (¢) and m’ < m, we can show that ¢ < m (o).

Then, we can unroll the main assumption with (x), (xx) and (o) to get

a) T1—12<t

b) (m_ CIV]IVZ) S (]TDV
Then, we can conclude as follows
1. By a)

2. By IH 2 on b) using m’ < m, we get (m’ —c,v1,v,) € (1)y.
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Proof of statement (4). Assume that (m,e) € [[A]]lé’t and m’ < m.
TS: (m/,e) € [A]F".
By unrolling its definition, assume that e ||*" v (x) and ¢ < m’ (o).
By (¢) and m’ < m, we can show that ¢ < m (o).
Then, we can unroll the main assumption with (%) and (¢¢) to get
a) k<r<t
b) (m—c,v) € [A]y

Then, we can conclude as follows
1. By a)

2. By IH 2 on b) using m’ < m, we get (m' —c,v) € [A],.

Lemma 21 (Subtyping Soundness). The following hold.
1. If ;@ EtC 1/ and o € D[A] and (m,v,v') € (oT)y, then (m,v,v') €
(oT')y.

2. f A;@ EA A C A’ and o € D[A] and (m,v) € [oA]y, then (m,v) €
[oA ]y

3. fA; @ EtC 1t/ and o € D[A] and (m, e, e’) € (o1)t and t < t/, then

(m, e e’) e (o)l

4. FA O EA AC A and 0 € D[A] and (m, e) € [oA]¥" and k' < k and
t < t/, then (m,e) € [[O'A/]]]é/’t/.

5. If ;@ EtCtv'and o € D[A] and Vi € {1,2}. (m,v) € [lotli]y, then
(m,v) € [lot'li]v.

6. If \;® =1 C tv'and 0 € D[A] and Vi € {1,2}. (m,e) € [lot) S and

! 4/
k' <kand t <t/, then (m,e) € [lot’}; E’L )

Proof. Statements (1),(2) and (5) are proven simultaneously by induction on
the subtyping derivation. We first show the proof of statements (3), (4) and

(6) that pertain to expression relations. O
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Proof of Item 3. Assume that A; @ =1 C 1t/ and 0 € D[A] and
(m,e,e’) € (o)l and t < t".
TS: (m, e, e’) € (o)l
Assume that
a) el“" v
b) e/ Uc’,r’ v/
cc<m
By unfolding the assumption (m, e, e’) € (o7T){ using (a-c), we obtain
d r—r' <t
e) (m—c,v,Vv') e (o)
We can conclude as follows:
1. Since r— 1’ < t from d) and t < t’' from the assumption, we get
r—r' < t.
2. By IH 1 on the main assumption using e), we get (m—c,v,v’) € (oT')y.

O

Proof of Item 4. Assume that A;® = A C A’ and o0 € D[A] and
(m,e) € [[GA]]';’t and k' <kand t <t'.
TS: (m,e) € [cA/]E",
Assume that
a) el“"v
b) c<m
By unfolding the main assumption (m, e) € [cA]¥" with (a-b), we get
o k<r<t
d) (m—c,v) € [oA]y
We can conclude as follows:

1. Since k' < k and t < t’ (from the assumption) and k < r < t (from
(c)), we getk/ <r <t



A.1 RELCOST LEMMAS

2. By IH 2 on the main assumption using d).

Proof of Item 6. Assume that A; ® =t C 1’ and 0 € D[A] and
(m, e) € [lotl; Ktand k' < kand t < t'.
TS: (m, ) € [lov:]E""
Assume that
a) e|“"v
b) c<m
By unfolding the main assumption (m,e) € [[|0'T|i]]]§’t with (a-b), we get
o k<r<t
d) (m—c,v) € [lotl]v
We can conclude as follows:

1. Since k' < k and t < t’ (from the assumption) and k < r < t (from
(a)), we get k/ < r <t

2. By IH 5 on the main assumption using d).

U
Proof of Item 1. Proof is by induction on the subtyping derivation.
AOETCm AP ETCT A Qg =t <t
Case: g gD r-— diff
AD T —S Ot —5 1
Assume that o € D[A].
We have
(m, fix f(x).e, fix f(x).¢') € (011 Y, 5y (1)

TS: (m, fix f(x).e, fix f(x).e') € (oTy LGN o))y

There are two cases to show.
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subcase 1: Assume that j < m and (j,v,v’) € (oT]),.
STS: (j, elv/x, (fix f(x).e)/f], e'[v//x, (fix f(x).e)/f]) € (oTs) "

By IH 1 on (j,v,V’) € (o7{), using the first premise, we get

(G, v,v') € (o) (2)

By unrolling (eq. (1)) with (eq. (2)) using j < m, we get

(5, elv/x, (fix f(x).e) /1], e'v'/x, (fix f(x).€")/f]) € (om2)¢" (3)
By Assumption 25 on the third premise, we get ot < ot'.
We conclude by applying IH 3 to (eq. (3)) using the second premise

and ot < ot’.

exec(0,00)

subcase 2: STS: Vj.(j, fix f(x).e) € [lot]ly ———= [ot5hi]v A (,fix f(x).e') €
,  exec(0,00)
[loTyl2 loT512]v-
Pick j.

We just show the first part, the second one is similar.

Pick j’ and assume that

i< (4)

(G,v) € llotihly (5)

STS: (j/, elv/x, (fix f(x).e)/f]) € [lotsh .
By IH 5 on (eq. (5)) using the first premise, we get

(G',v) € [lotih]y (6)

By unrolling the second part of the definition of (eq. (1)), we get

exec(0,00)

Vj.(j, fix f(x).e) € [lotihh ——— |oa)1] 7)
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Instantiating eq. (7) with j’ + 1, we get
exec(0,00)

G’ +1, fix f(x).e) € [lotily ——— |o2h]v (8)

Then, by unrolling the definition of (eq. (8)) with (eq. (6)) and
(eq- (4)) using j’ < j'+ 1, we get

(3, elv/x, (fix f(x).e)/f]) € [lot2li]¥* (9)

We can conclude by IH 6 on the second premise using (eq. (9)).

Case: — — r-

A0 U (A 2 a0 A7 2 A Eu(A, AD 2L U Ay, AY)
— execdiff
Assume that o € D[A].
We have

(m, fix f(x).e, fix f(x).e/) € (U (0A; =T oA, gar 2T oA,

1 2
(1)

TS: (m, fix f(x).e, fix f(x).¢’) € (U (0A1, 0A]) ) 11 (6A,, AL,

There are two cases to show.
subcase 1: Assume that

a) j<m
b) (j,v,v') € (U (oA, cA]))y

STS: (j, elv/x, (fix f(x).e)/f], e'[v'/x, (fix f(x).e’)/f]) €
(U (oA, oA)))TE K,

Assume that

o) elv/x, (fix f(x).e)/f] ¢ v,
d) e’'[v//x, (fix f(x).e’)/f] et v/

e) ¢r<j
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STS 1: rp — 1. < ot — ok’

STS 2: (m—cy,vr, Vi) € (U(0A2, 0AS))y.

We first show the second statement, the first one is shown later.
Then, it suffices to show Vj.(j, vr) € [cA2]y A (j,vy)[0AS]v.
Pick j.

RTS1 : (j,vr) € [0A2]y

RTS2: (j, vi)[oA5]y

By (eq. (1)), we know that

exec(k, . . exec(k’,t’
() A2y A (G, fix f(x).e') € [A] #)% Al
(2)
By instantiating j’ in (eq. (2)) with j + ¢, + 2, we get
exec(ok,
(4 cr + 2, fix f(x).e) € (oA ﬂ oAy (3)

By unrolling the definition of b) and instantiating the universal

quantifier with j 4 ¢, + 1, we get
(+e+1,v) € oAy (4)

Then, unrolling the definition of (eq. (3)) with (eq. (4)) using j +
cr+1<j+cr+2, we get

G +cr+1,elv/x, fix f(x).e/f]) € [cA;]T%°" 5)

By unrolling the definition of (eq. (5)) using (c) and
¢r < j+cr+ 1 (obtained by (e)), we get

f) ok <7 < st

g) G+1,v) € [[GAZHV
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Next, we instantiate j’ in the second part of (eq. (2)) with j +c/+2,
we get

, exec(ok’,ot’)

(G + ci + 2, fix f(x).e) € (0A] ———— oAy (6)

By unrolling the definition of b) and instantiating the universal

quantifier with j 4 c; + 1, we get
(G+cr+1,v) € [oA7]y 7)

Then, unrolling the definition of (eq. (6)) with (eq. (7)) using j +
c;+1<j+c/+2, weget

G+cl+1,e'v'/x, fix f(x).e'/f]) € [oA;])TK ®)

By unrolling the definition of (eq. (8)) using (d), ¢/ <j+c/+1,

we get

h) ok/ < < ot/

) (G+1,v0) € [oAZ]y
Now, we can conclude as follows

1. By f) and h), we get v, — 1] < ot — ok’

2. By downward closure (Lemma 20) on g) using
j<j+1

We get (j,v;) € [0A2]y

By downward closure (Lemma 20) on i) using
j<ji+1

We get (j,v;) € [0Aj]y These conclude this subcase.
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exec(0,00)

subcase 2: STS: Vj.(j, fix f(x).e) € [cA; ——= 0Az]y A (j, fix f(x).e’) €
[oA; oxeel00), oAS].
Pick j and assume that for some j’

/

it <j 9)

G',v) € [oA1]y (10)

STS: (j/, elv/x, (fix f(x).e)/f]) € [oA]¥.
By unrolling second part of (eq. (1))’s definition and instantiating

it with j, we have

. exec(ok,ot)

(j, fix f(x).e) € (cA] ———— dA)y (11)
Unrolling this with (eq. (9)) and (eq. (10)), we get

(', elv/x, (fix f(x).e)/f]) € [cA,]%° (12)

We can conclude by applying IH 4 to (eq. (12)) using 0 < ok and

ot < 0.

Case: gy (0] r-— [laiff
AOEOM —— Oy —0On

Assume that o € D[A].

We have
(m, fix f(x).e, fix f(x).e) € (O (ot 0, 50,)), (1)
diff(0)

TS: (m, fix f(x).e, fix f(x).e) € (Joty —— O oty)y.
There are two cases:

subcase 1: Assume thatj < mand (j,v,v) € (O oti))y, (we have the same

values due to box).
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STS: (3, elv/x, (fix f(x).e)/f], e[v/x, (fix f(x).e)/f]) € (O ota)°.
Assume that

a) elv/x, (fix f(x).e)/f] Y™ v,
b) elv/x, (fix f(x).e)/f] J¢™ v,

C) cr<m

By unrolling first part of the definition of (eq. (1)) with j < m and

(j,v,v) € (oT1)y , we get
(3, elv/x, (fix f(x).e)/fl, elv/x, (fix f(x).e)/f]) € (ora)I"  (2)

Unrolling the definition of (eq. (2)) with (a-c), we get

d r—r <ot

e) (m—cy,vr,vy) € (]UTZDV
We can conclude as follows

1. Trivially vy — 1 <O

2. By e), we get (m —c;, vy, vy) € (O o0T2)y

subcase 2: STS: ¥j.(j, fix f(x).¢) € [[Dot 2% Oorah]y = [lom)y 2%
lot2h ]
Immediately follows by unrolling the second part of the defini-
tion of (eq. (1)) since we have | (o HiH0), 0Tyl = |0 ot iff(0),
Ooth.
Case: T
AOEOTCT
Assume that o € D[A].
We have
(m,v1,v2) € (Dot (1)

TS: (m,v1,v2) € (oT)y.

From eq. (1), we know that
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Case:

Case:

a) (m,vq,v2) € (oT)y

b) Vi =V)
We can immediately conclude by a).

AP ETIED

A0, EOnCOD
Assume that o € D[A].

We have

B-U]

(m,vy,v2) € (Dot (1)

TS: (m,v1,v2) € (O oty)y.-

From eq. (1), we know that

a) (mlv1lv2) € (]GT1DV

b) Vi =V)

By IH 1 on a), we get (m, vy, Vv2) € (0T2)y (%).

Then, we can conclude by (x) and b).

W

A @ =t T U ([T, ITl)
Assume that o € D[A].

We have
(m/v]IVZ) E (]O-TDV (1)

TS: (m,vi,v2) € (U (ot lotl))v.
Proof is by induction on .

We show a few representative cases below.

subcase 1: (m, vy, v2) € (U (A7, A2))y (%)

Since ot = U (A4, A;) = U (|otly, |oTl;), we immediately conclude
by (x).

subcase 2: (m,inl vy, inl v;) € (oT; + 07T2))y (%)

TS: (m,inl vy,inl vy) € (U (Joty + o121, |oT1 + 0T2[2))v-
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STS: Vj.(j,inl vq) € [lot; + otali]vy A (§,inlvy) € [lot) + ot2l2]-
By unrolling their definition and noting that [oT7 + ot =
lot1li + loT2li Vi €{1,2},

RTS:

Vi.(G,v1) € [lotih]v A (G, v2) € [lotilz]v (2)

By unrolling the definition of (x), we have (m,vi,v;) € (oT1)y.
By IH 1, we get (m,vy,v2) € (U(Jotyl;,loT1]2))y which is equiva-
lent to (eq. (2)).

diff(k)

(m, fix f(x).eq, fix f(x).ez) € (011 —— 0T2))y (%)

TS: (m, fix f(x).e1, fix f(x).e2) € (U (lom; 28y ooy, |0y 2E

oT202))v
STS: Vj.(j, fix f(x).e1) € [lotili Z ot Ty A (, fix f(x).e2) €
exec(0,00)

llotil, ———— loT2l2]-

Follows by unrolling the second part of the definition of (x).

ADgl=n=n' ADy =< AD=1CT

Case:

- r-11
A; @ k= listin]* T C list[n/]* 1/

Assume that 0 € D[A] and = o® and (m,v,Vv’) € (list(n]* T),.

TS: (m,v, V') € QIist[(m’]G"‘/ ot’)y

From Assumption 25 applied to the first premise, on = on’. There-

fore,
STS:

(m,v,v') € (listlon]®® ot’),

From Assumption 25 applied to the second premise, cx < oo’. There-

fore,

We prove the following more general statement (the proof follows by

instantiating this statement):

Vm,v,v,n o« if « < o’ and (m,v,v’) € (list(n]* 1))y, then (m,v,v') €
(list[n] ol g/ Dv-

We establish this statement by subinduction on v and v'.
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subcase 1: v =V’ =nil
We can immediately conclude that (m,nil ,nil ) € QIist[O]“/ ')y by

definition.

subcase 2: v = cons(vy,v;) and v/ = cons(v],v})
TS: (m, cons(vy,v,),cons(vy,v;)) € (list[I + 11%' t'),, for some I+
1=n.

We have two possible cases:

e (m,vy,v]) € (@), () and (m,vy,v}) € (listI]* )y (1).
By subIH on (ft), we get

(m, vy, v}) € (ListT]* '), (1)
By IH on (1), we get
(m,vi,v1) € (@) (2)

Combining (eq. (2)) with (eq. (1)), we get

(m, cons(vy,v;), cons(vy,v5)) € (list[I + 1% '),

o (m,vq,v]) € (t)v (o) and (m,vy,v}) € (list[I]* " 1)y (00).

By subIH on (¢0), we get

(m,vz,v5) € (]list[I]"‘/q oty (3)
By IH on (¢), we get

(m,vi,v1) € (s 4)

Combining (eq. (4)) with (eq. (3)), we get
(m, cons(vy,vy), cons(vy,v5)) € (list[I+ 1% o).
subcase 3: v =nil and v’ = cons(vy,V})
This case is impossible since v and v’ can’t be related at the given

type.
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subcase 4: v = cons(vy,v;) and v/ = nil

This case is impossible since v and v’ can’t be related at the given
type.

ADEx=0
Case: r-12
A; @ = listn]*t C listn]* 0O+
Assume that 0 € D[A] and | 0® and (m,v,Vv’) € (list[n]* 1),.
TS: (m,v,v’) € (listfon]°* O o7y,

We prove the following more general statement by subinduction on

n.

subcase 1: 1 =0
Then, we know that v =v' =nil
We can immediately conclude that (m,nil ,nil ) € (]list[O]O O o))y
by definition.
subcase 2: n =1+1
Then, we know that v = cons(vy,v;) and v/ = cons(vy,v;)
TS: (m, cons(vy,v3), cons(v],v4)) € (list[ +11°0 o7y,

We have two possible cases:

* (m,vy,v]) € (Dot (f) and (m,vy,v)) € (list[T]° ot)y (11).
By subIH on (f1), we get (m,v;,v5) € (List[1)° O oT)y.
Combining the () with the previous statement, we get

(m, cons(vq,vy), cons(vi,v})) € (list(I + 11° 0 o).

e (m,v1,v]) € (ot)y and (m,vy,v}) € (list[[]°~! o1,

This case is impossible since 0 — 1 2 0.

Case: r-101
A; @ = listn]* O~ C O (listn]* 1)

Assume that 0 € D[A] and = c® and (m,v,Vv’) € (listlon]°* O o7)y.
TS: (m,v,v’) € (O (listlon]°* o)),

We prove the following more general statement

Vi, B, . if (m,v,v) € (]list[i][3 O o7)y, then (m,v,v) € (O (list[i]P oT))y

by subinduction on i.
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subcase 1: i =0
Then, we know that v =v’ = nil
We can immediately conclude that (m,nil ,nil ) € (O list[0]P o)y

by definition.

subcase 2: i =1+1
TS: (m, cons(vy,v;), cons(v],v5)) € (Olist(I + 11 o).

We have two possible cases:

s (m,\)],\/']/) € (“:I U GTDV (T) and (m/vZIVZ) € (IhSt[I]B ] GTDV (-H-)
Instantiating subIH on (17), we get

(m,vy,v5) € (Dlist[1]P o1), and v, =V} (1)
By (), we also know that
(m,vi,v1) € Doty (2)

Combining (eq. (2)) with (eq. (1)), we get (m, cons(vy,v;), cons(vy,v;)) €
(O list[I 4 118 o)y

e (m,v1,v1) € (do1)y (¢) and (M, vy, v2) € (list[]P~1 O o1)y, (00).
Instantiating subIH on (¢¢), we get
(m, vy, v}) € (Olist[1]P~" o), and v, = v} (3)
Combining (¢) with (eq. (3)), we get (m, cons(vy,v;), cons(vy,v2)) €
(D list[I + 118 oT)y.

Then the proof follows by instantiating the generalized statement

with f = ocx and i = on.

Proof of Item 2. Proof is by induction on the subtyping derivation.
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AOEAAICAT AOEAMA,C A
ADEK <k AOEt<t

exec(k, exec(k’t’
70 A Ay 2, 8, o pp el

Assume that o € D[A].
We have

U-—> exec
Aj

exec(ok,ot

(m, fix f(x).e) € [oA; 2T, GaLL, (1)

, exec(ok/,ot’)

TS: (m, fix f(x).e) € [cA] —————— oAS],.

Pick j and assume that

j<m (2)

(5, v) € [oA7]y (3)

STS: (3, e[v/x, (fix f(x).e)/f]) € [[GAQ]]SW'““.
By IH 2 on (eq. (3)) using the first premise, we get

(3,v) € [oA1]v (4)

By unrolling the definition of (eq. (1)) with (eq. (4)) and j < m, we get

(j, elv/x, (fix f(x).e)/f]) € [oA;] T (5)

By Assumption 25 on the third and fourth premises, we get ok’ < ok
and ot < ot’.

We conclude by applying IH 4 to (eq. (5)) using o, i.e ot < ot’ and
ok’ < ok.
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isS,AAOEAACA i FV(D)
Case: u-3
A; @ EA 3i:S. A C FizS. A’
Assume that o € D[A].

We have

(m, pack v) € [FizS. oA], (1)

TS: (m, pack v) € [3i:S. oAy

By unrolling its definition, assume that - 1:: S (x).
STS: (m,v) € [cA{1/i}].

By unrolling (eq. (1)) with *, we get

(m,v) € [oA{I/i}]v (2)

Then, we can conclude by IH 2 on (eq. (2)).

]

Proof of Item 5. Proof is by induction on the subtyping derivation. We focus

on the left projection where i = 1. The case where i = 2 is similar.

AO,ETICET ADOET CT) AD =ttt
Case: preS () r-— diff
1 1
NOET — T 1 —— 1

exec(0,00)

Assume that (m, fix f(x).e) € [[|0'T]|1 ———= lonah]v (*

exec(0,00)

TS: (m, fix f(x).e) € [lotjly ———— loT3l1].

Pick j and assume that

j<m (1)

(3,v) € [loTihi]v (2)
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STS: (j, elv/x, (fix f(x).e)/f]) € [loTyl1]o.
By IH 5 on the first premise using (eq. (2)), we get
(G,v) € [lotih]y (3)
By unrolling the definition of (x) with (eq. (3)) and (eq. (1)), we get
(, elv/x, (fix f(x).€) /f]) € [lora) ] (4)
We can conclude by IH 6 on the second premise using (eq. (4)).
A: ’: u (A] exec(k,t) AZ,A], exec(k’,t”) Aé) C U(A],A{) diff(t—k’) U(Az,Aé)
— execdiff
Assume that o € D[A].
We immediately focus our attention to the left projections.
We have (j, fix f(x).e) € [cA4 execlokeo) oAzlly (%).
STS: (j, fix f(x).e) € [oA; M oAy
Assume that for some j’
i'<j (1)
(jliv) € [[GA1 ]]v (2)
STS: (j/, elv/x, (fix f(x).e)/f]) € [oA]¥.
By unrolling (x)’s definition with (eq. (1)) and (eq. (2)), we get
(', elv/x, (fix f(x).e)/f]) € [cA]T" 3)

We can conclude by applying IH 4 to (eq. (3)) using 0 < ok and ot <

Q.

)
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ADgl=n=n' ADyEa<<a AR O P s
Case: - r-11
A; @y = listin]* 1 C list(n/]* 1/

Assume that o0 € D[A] and | o® and (m,v) € [listlon] |oT].
TS: (m,v) € [listfon'] ot/ ]y

From Assumption 25 applied to the first premise, on = on’. There-
fore,

STS: (m,v) € [listlon]|ot'|;]y

We prove the following more general statement

vV m,v,n. if (m,v) € [listin]|otli]y, then (m,v) € [list[jot'[] .

We establish this statement by subinduction on v.

subcase 1: v = nil
We can immediately conclude that (m,nil ) € [list[0]|ot|;]v by

definition.

subcase 2: v = cons(vy,Vv;)
TS: (m, cons(vy,vy)) € [list[I+ 1]|ot’|1], for some I+ 1 =n.
By the main assumption, we have (m,v;) € [lothi]y (¢) and
(m,vy) € [list[I]|oth]y (¢0).
By sublH on (¢0), we get

(m,vy) € [list[I] o]y (1)

By IH 5 on (¢), we get

(m,v1) € [lot'li]v (2)

Combining (eq. (2)) with (eq. (1)), we get (m, cons(vy,v;)) € [list[I+

1] |GTI|1]]v-
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i2S,A0, =t 1€ FV(Dy)

r-3
A; Dy = FisS. 1 C FizS. 1
Assume that o € D[A].
We have
(m, pack v) € [Fi=S. o]y (1)

TS: (m, pack v) € [3i:S. [ot/|1]s.

By unrolling its definition, assume that - 1:: S (x).
STS: (m,v) € [lot/[i{I/i]-

By unrolling (eq. (1)) with (x), we get

(m,v) € [loth{l/i}]v (2)

Then, we can conclude by IH 5 on (eq. (2)).

T

AOEOTCT
Assume that o € D[A].

We have (m,v) € [|O oth]y.
TS: (m,v) € [loth]y.-
Immediately follows since by definition of |- |;, we know that [J ot|y =

loT)y.

W

A @ |t T U (|, |Tl)
Assume that o € D[A].

We have (m,v) € [lot)i]y.
TS: (m,v) € [[U (loth, lotl2)h]y.
Immediately follows by the main assumption since by definition of

|- i, we know that [ot]; = [U (Joth, loTl2)].

Lemma 22 (Sort Substitution). The following hold.

1.

IfFAFT:zSand A, i=SET =S/, then AFT[I/i] = S'.
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2. IfAFT1:Sand A1 SE Cwf, then At C[I/i] wf.
3. f AF1:Sand o € D[A], then - ol :: S.

Proof. (1) and (2) are established by simultaneous induction on the second

given derivations. (3) follows from (1). O

Both of our fundamental theorems rely on the assumption that the se-
mantic interpretation of every primitive function lies in the interpretation
of the function’s type. This is explained below.

Assumption 23 (Soundness of primitive functions (relational)). Suppose that

(T m T and (m,v,v') € ()y and v = (cy, 1, vy) and v = (cl,vl,v1),

then

Assumption 24 (Soundness of primitive functions (non-relational)). Suppose

that C: Aq M Az and (m,v) € [Aq]y and v = (cy, 1y, Vy), then

* (m—cy V) € [[AZ]]V

e k<1<t

We assume that the constraint judgment A; @ (= C satisfies some standard
properties.

Assumption 25 (Constraint conditions). The following hold.
1. [Substi] If A,i:S; @ = Cand At1:S, then A; @[1/i] = CI/1l.

. [Subst2] If A; @ = Cand A; @ NC |= C/, then A; @ = C'.

N

. [Neg] A; @ =—Ciff A; @} C.

W

. [Corr1] If =y < ny, then ny < ny.

EAN

. [Corr2] IfE1 =1, then I=T1".

i
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Assumption 26 (Constraint Well-formedness). If A; @ |= C then A+ C wf
Lemma 27 (Well-formedness). The following hold.

1. If ;0T Fece St:tand A+ T wf and FIV(T) C dom(A), then
AF twfand FIV(t,t) C dom(A).

2. If A 0;Q Foe: Aand A A Q wf and FIV(Q) C dom(A), then A A
A wfand FIV(k,t,A) C dom(A).

3. If A, @ THeoe St then FV(e) C dom(T) and FV(e') C dom(T).
4. If A, @; Qe A, then FV(e) C dom(Q).
Proof. The proof is by induction on the typing derivations. O
Lemma 28 (Refinement Removal Well-formedness). The following hold.
o If A+ Twf, then AFA |t wf fori € {1,2}.
o If AT wf, then A A [T) wf for i€ {1,2}.
Lemma 29 (Subtyping well-formedness). The following hold.
e IfA;® =1 C 1t/ and A+ twf, then ® -t/ wf .
o IfA;® FAAC A’ and AFA A wf, then A= A’ wf.

Proof. The proof is by induction on the subtyping derivations. O
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A.2 RELCOST THEOREMS

Theorem 30 (Fundamental theorem). The following holds.

1. Assume that A; @y;T Fejcey St:tand o € D[A] and = o and
(m,8,8") € G(oT). Then, (m, de;j,d’es) € (o)t

2. Assume that A;®q; Q H e: A and o € D[A] and = o® and there ex-
ists Q' s.t. FV(e) C dom(Q') and Q' C Q and (m,y) € G[oQ’]. Then,

ok,ot

(m,ve) € [[UA]]s

3. Assume that A; ;T Fejoey St:tand o € D[A] and = o®. Then
for i € {1,2}, if there exists T/ s.t. FV(e;) C dom(T{) and T/ C T and
(m,8) € SloTYLs], then (m, Se;) € [loTh] ™ .

Proof. Proofs are by induction on typing derivations. We show each state-

ment separately.

Proof of Statement (1). We proceed by induction on the typing derivation.
We show the most important cases below.
Nx)=-r

Case: r-var
AOTHExexS0:T

Assume that = 0® and (m, $,5’) € §(oT).

TS: (m, 8(x), 8" (x)) € (o)°.

By Value Lemma (Lemma 18), STS: (m, §(x), 8’(x)) € (o).

This follows by the premise I'(x) = T and the assumption (m,§,8’) €
G(oT).

Case:

NOTHeroe; Sty A OgTHe0e) <ty listin]*t
r-consi

A; @o; T+ cons(e, e;) © cons(ef, e5) <ty +ty : listn + 1]% 1 1
Assume that (m, d,8’) € G(oT) and | o®.

TS: (m, cons(8eq, 8e;), cons(8'e], 8'e})) € (listlon + 1]o%F] o)t TR,
Following the definition of (-),, assume that

der Y1 vy (%) dep 2 vy (o)
cons and

cons(deq, dey) 17212 cons(vy,v;)
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5'e} Y1 v (k) 5'es 15272 v (00)
cons and

! i / A
cons(d'ef, 8’e}) Y112 "1¥72 cons(v],v5)
c1+cp<<m
oty

By IH 1 on the first premise, we get (m, dej,d'eq) € (o)
Unrolling its definition with (x) and (xx) and ¢; < m, we get
a) 11 —1 < oty

b) (m—cy,vy,vq) € (oT)y

By IH 1 on the second premise, we get
(m, dey,d’e3) € (listlon]* o) 2. Unrolling its definition with (o)

and (¢¢), and c; < m, we get

c) 12— 15 < oty

d) (m—cy,vy,vy) € (listlon]* o),

Now, we can conclude as follows:
1. Using a) and c), we get (v1 +12) — (v] +13) < oty + ot
2. By downward closure (Lemma 20) on b) and d) using

m—(c1+c) <m—cy

m—(¢ci+c)<m—cy

we get (m— (c1+¢2),v1,vq) € (ot)y and (m — (c1 +¢2),v2, V) €
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(listfon]°* oT)),, when combined, gives us (m — (c1 +¢2), cons(vy,v;), cons (v, v5)) €

(listlon + 1]°%+ 1)),

A0y THeroe St :07 NOgTHe0e) <ty listin]*t

A; ©g;T F cons(er, e;) © cons(eq, e5) Sty +ty: listin +1]%
Assume that (m, d,8’) € G(oT) and | o®.
TS: (m, cons(deq, de;),cons(d’e}, 8'e;)) € (listlon + 1]°% o)
Following the definition of (-),-, assume that
der Y1 vy (%) dex 22 vy (o)

cons(deq, dep) 12112 cons(vy, ;)

ot;+oty
€ .

cons and

r-cons2
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li / i !
‘el YT v (k) §'e; U272 vy (00)
cons and

i ! / i
cons(de}, 8’es) Y112 "1¥72 cons(v], v5)
c1+cp<<m

By IH 1 on the first premise, we get (m, de;,d'eq) € (O GT[)Gt‘

Unrolling its definition with (%) and (%%), and ¢; < m, we get

a) 11 —1 < oty

b) (m—cy,vy,vq) € (Do),

By IH 1 on the second premise, we get
(m, dey,d'e5) € (listlon]°* o) 2, Unrolling its definition with (o)

and (¢¢), and c; < m, we get

c) 12— 15 < oty

d) (m—cy,v,v5) € (listlon]°* o)y
Now, we can conclude as follows:

1. Using a) and c), we get (11 +12) — (1] +713) < oty + ot

2. By downward-closure (Lemma 20) on b) and d) using
m—(c1+cz) <m—cy

m—(¢ci+c))<m—cy

we get (m— (c1+c¢2),v1,v)) € (Dot)yand (m—(c1+¢2),v2,v3) €
(listfon]°* ot),, when combined, gives us

(m — (1 + c2), cons(vy,v2), cons(vy,v3)) € (listlon + 1]9% o1,

AOGTHeoe <t:listin]*t
A O An=0;Tke e St':1
LA O, AN =1+1;h: 01 tl: listi]*t,TFe0e) St/ T
LB, 00, An=1i+1ANax=p+1,h:1,tl: list[i]P T,THeoe; St/ 1
case e of nil — ey case ¢’ of nil — e
S Sttt
|htl — e |h:tl — e

Case:

I'_

AOLT
caseL
Assume that (m, 5,8’) € G(oT) and = o®.
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TS: (m, case e of nil — dej |h :tl — dey, case 8’'e’ of nil — &’ej [h =
tl — 8'e}) € (ot/)Ittor

Following the definition of (-),, assume that

case de of nil — deq | h = tl — dey SR v, (1)
and

case 8'e’ of nil — 8’e] | hztl — 8'es YR V! (2)
and C < m.

Depending on what e and 6’e’ evaluate to, there are four cases.

subcase 1:
de 9" nil () der Y v (o)

] caseL-nil
case de of nil — dey | hu tl — dey STt HCeaset

and
¢/ < nil (k) &€} UV (00)
case 8'e’ of nil — &8’ej | h:tl — &'e) e tertlritritecaser v!
and C=c+c¢+1<mand R=14r1;+ Ceqser. and
RM =1’ + 1# + Ccasel-

By IH 1 on the first premise, we get

caseL-nil

(m, 8e, 8’e’) € (listlon]°® ot)¢". Unrolling its definition with (x),

(xx) and ¢ < m, we get

a) r—r' <ot

b) (m—c,nil,nil ) € (listlon]°* o1),

By b), on = 0.
Then, we can instantiate IH 1 on the second premise using
= o® A on =0, to obtain (m, dej,d'eq) € (]cr’c’l)gt/.

Unrolling its definition using (¢) and (¢¢) and ¢, < m, we get

c) rr—1, < ot

d) (m—cy, v, V) € (oT)y
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subcase 2:

subcase 3:

We conclude with

1. By a) and c), we get (v + 1 + Ceqser) — (1/ + 1} + Ceasel) <
ot + ot’

2. By downward closure (Lemma 20) on d) using
m—(c+c+1)<m—ecy

we get (m— (c+cr+1),vr,v;) € (o).

de 9" nil (%) der v (o)

case Se of nil — Sey | hi tl — dey (JSHertlmtmtceaset
and

1 5.7 / /
§'e’ I cons(vi,vy) () §'es[vi/h, vy /tl ST vl (00)
K Iyt 1ot
case 8’e’ of nil — &’ef | hztl — 8'es & FerTIm Frrtceaser o/
and C=c+c¢+1<m, R=141:+4+ ceqser and

R' =7v"+7]+ ccasel-

caseL-nil

caseL-cons

By IH 1 on the first premise, we get
(m, 8e, 8’e’) € (listlon]°® ot)¢'. Unrolling its definition with (x),

(xx) and ¢ < m, we get

a) r—1’' < ot

b) (m—c,nil,cons(v],v})) € (listlon]** o),

However, b) is false since two lists of different length are not

related at the given type, therefore this case is vacuously true.

de %" cons(vy,v2) (%) dea[vy/h,va /t1] Y v (o)

] caselL-cons
case de of nil — dey | h:tl — dey ST M TrHCeasel )

and

5'e’ ¢ cons(vl,v}) (%) 5'e5 vl /h, v/t LS v (00)
case d’e’ of nil — 8'e] | hztl — 8ej S FortlrFmrtceaser
andC=c+cr+1,R=1+1+ceqser and C' =c¢'+c¢/ +1,

R’ =14+ 71/ + Cccasel-

caselL-cons
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By IH 1 on the first premise, we get
(m, be,d’e’) € (listlon]"* ot)¢". Unrolling its definition with (x)
and (xx) and ¢ < m, we get
a) r—r' <ot
b) (m—c,cons(vq,vy),cons(vi,v})) € (listlon]** o),
For b), there are two cases:

subsubcase 1: on = I+ 1 such that we have

(m_ C, v]IV]/) € (]D GTDV (3)

(m—c,vz,v5) € (list[I]°* o))y, (4)

In addition, by downward closure (Lemma 20) on (m, §,8’) €
G(I'), we have

(m—c¢,3,8") € G(oT) (5)

Then, we can instantiate IH 1 on the third premise using
e ofi— Il € D[i:IN,A]
* = ofi— IJ(® An =1+ 1) obtained by
- = o® by main assumption
- | on =1+ 1 by sub-assumption
e (m—c,8[h vy, tl— vyl,8'[h — vi, tl— Vi]) € G(oli —
I(T, x : O, tl: list[i]* 1)) using (3) and (4) and (3).

we get (m —c, dez[vi/h,vy/tl], 8'e5[vi/h,vy/tl]) € (ofi —

Since, i € FV(t/,1,1’), we have
(m—c,8e2[vi/h,va/tl, 8'esv] /h,vh /) € (ot/)S".
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Unrolling its definition using (¢), (¢¢) and ¢, < m —c¢, we
get

o rr—r1l <ot/

d) (m—(c+c),vr,vy) € (0T)y
We conclude with

1. BY a) and c), we get (*+Tr + Ceasel) — (T/ + T; + Ceasel) <
ot + ot’ + ceasel

2. By downward closure (Lemma 20) on d) using
m—(ct+er+1)<m—(c+er)

we get (m— (c+c¢r+ 1), vy, ) € (o).

subsubcase 2: on =1+ 1 and ox = ] 4+ 1 such that we have

(m—c,vq,v]) € (0T)y (6)

(m —c,vy,v4) € (list[l)) o), (7)

In addition, by downward closure (Lemma 20) on (m, §,8’) €
g(I), we have

(m—c,5,8") € G(oT) 8)

Then, we can instantiate IH 1 on the fourth premise using
e ofi—LpA—=]JleD[i:N,p::NN,A]
e Eoli—ILRA—TJl(®dPAN=1+T1Aa=p+1) obtained
- = 0® by main assumption
- = on =1+ 1 by sub-assumption

- = ox =] + 1 by sub-assumption
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e (m—c,8[h vy, tl— vyl 8'[h — vi, tl— Vvi]) € G(oli —
I,B ~ JI(T,x: 7, tl: list[i]P 1)) using (4) and (5) and (6)

we get (m —c, de v1/h vo/tl, 8'esvi/h, vy /tl) € (oli —
I, B '_>I D oli—1R—TIt

Since, i, € FV(t/, T, ) we have
(m—c,8ez[vi/h, vy /tl, 8'esv! /h,vh /i) € (oot

Unrolling its definition using (¢), (¢¢) and ¢, < m —c, we

get
/

e) r—1. < ot

f) (m—(c+cy), v, Vi) € (0T)y

/

We conclude with

1. By a) and e), we get (7 + 1 + ccaser) — (1’ + 71 + Ceasel) <
ot + ot’ + ceasel

2. By downward closure (Lemma 20) on f) using
—(c+er+1)<m—(c+cy)
we get (m— (c+cr+ 1), vy, € (o).

de %7 cons(vy,vy) (%) dep[vi/h,vo /1 5 v (o)

case Se of nil — Sej | hi tl — dey YCHertImtmrtceaser
and

caselL-cons

! 19 il () §'eq yerr V) (00)

caseL-nil.
. 1 1yt
case 8'e’ of nil — d'e] | hoztl — 8'ef & Fer Tl Frriceaser !

By IH 1 on the first premise, we get
(m, be,d’e’) € (listlon]** ot)¢". Unrolling its definition with (x),

(xx) and ¢ < m, we get

a) r—r' <ot

b) (m —c,cons(vi,v2),nil ) € (listfon]°* o),
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However, b) is false since two lists of different length are not

related at the given type, therefore this case is vacuously true.

AT ﬂ) Ty wf
NDOgx:T,fim &(kn,l“l— e 9625‘5:12
Case: ) r-fix
A, Oy T Hfix f(x).egofixf(x)e; SO0 —— T

Assume that (m, ,8’) € G(oT) and = o®.

TS: (m, fix f(x).dey, fix f(x).8'ez) € (ot ﬂ o))",

By Lemma 18, STS: (m, fix f(x).5eq, fix f(x).8'ez) € (o1 w 0T
Let F = fix f(x).0e; and F/ = fix f(x).0'e;.

We prove the more general statement

ZDv-

vm' <m. (m/,F,F) € (om difflot), o2y

by subinduction on m’'.

There are two parts to show:

subcase 1: m’' =0

By the definition of function types, there are two parts to show:

subsubcase 1: Vj <m’=0---
Since there is no non-negative j such that j < 0, the goal is

vacuously true.

exec(0,00 exec(0,00
subsubcase 2: STS: Vj.(j,F) € [lot1] % lotal1]v A (G, F)[loTi (0,%0)
loT212]
Pick j.

exec(0,00)

e STS 1: (j, F) € [lotily ———— lotai]v

We prove the more general statement

exec(0,00)

Ym' <] (m F E [HO'T]’] _— ’O‘Tzh]]v

by subinduction on m’.

There are two cases:
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-m'=0
Since there is no non-negative j such that j < 0, the

goal is vacuously true.
-m'=m"4+1<m
By sub-IH

exec(0,00)

(m”, fix f(x).0e1) € [loti) ———= o2y (1)
STS: (m” + 1, fix f(x).51) € [lotih 2 160,01 .
Pick j” < m” + 1 and assume that (j”,v) € [loti[1]y-
STS: (5", e1[v/x, F/f]) € [lotah]o>.
This follows by IH 3 on the premise instantiated with
(7 80x > v, f s F) € G[x : lomily, f ¢ |omly 20
lotal1,|0T]1] which holds because

+ FV(e;) C dom(x: Ty, f: T ﬂ T2,1") using Lemma 43

on the second premise

« (37,8) € SfloTh] using Lemma 19 on (m,8,8") €
5(oT)

+ (3”,v) € [lotihi]v, from the assumption above

« (57, fix f(x).8e1) € [lotih 2% |6t,1 ]y, obtained

by downward closure (Lemma 20) on (1) using j”

m//

exec(0,00)

e STS 2: (j,F) € [loti, ——— |ot2l2]v

We prove the more general statement

. exec(0,00)
vm' <j. (m',F) € floti; —— lomalaly
by subinduction on m’'.
There are two cases:
-m'=0
Since there is no non-negative j such that j < 0, the

goal is vacuously true.
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—m/ =m"+1< j
By sub-IH

exec(0,00)

(m”, F) € [lotil; ——— lotal2]y (2)
STS: (m” + 1, fix f(x).0"ez) € [lotil2 xec(000), lot2l2]v-
Pick j” < m” + 1 and assume that (j”,v) € [loti]2]-
STS: (7, 8'exlv/x, F'/1]) € [lotala] ™.
This follows by IH 3 on the premise instantiated with
(37,8[x — v, f — (fix f(x).0"e2)]) € G[x : lotlo, f
loti)2 m |oT2(2, |oT'[z] which holds because

+ FV(ey) C dom(x: Ty, f: 1 ﬂ T2,T") using Lemma 43

on the second premise
+ (3”,v) € [lot1l2]v, from the assumption above

+ (3",8) € §lloTlz] using Lemma 19 on (m,5,8') €
G(oT)

exec(0,00)

« (3", F) € [lot1l, ——— loTzl2]v, obtained by down-

ward closure (Lemma 20) on (2) using j” < m”

subcase 2z m'=m"+1<m

By sub-IH

(m”,FF) € (or; 2%, o)), 3)

TS: (m” + 1, fix f(x).dey, fix (x).8"ez) € (ot difflot), oT2))y

Pick j < m” + 1 and assume that (j,v1,v2) € (oT1))y.

STS: (j, Selvi /x, F/f], 8'exva/x, F//f]) € (02)"

This follows by IH on the premise instantiated with

(§,8lx — vi,f — FLd[x — vy, f — F1) € G(ol,x : o1y, f :

0Ty % 07T;) which holds because

* (j,5,0") € G(oT) obtained by downward closure (Lemma 20)

using (m, 5,d’) € G(oT) and j < m’ < m.

* (j,v1,v2) € (oT1)y, from the assumption above
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e (jFF) e (o % 07|y, obtained by downward closure

(Lemma 20) on (2) using j < m”

This completes the proof of this case.

Ao F 1 S o

AOgx T, f:0O(T ﬂwtz) Necest:Tm

Vx € dom(l'). A; @ =T(x) CEOT(x)

diff(t) o)

r-fixXNC

Case:
A; Oy T Hfix f(x).e o fix f(x).e < 0:0(m

Assume that (m, d,8’) € G(oT) and | o®.

TS: (m, fix f(x).5e, fix f(x).8’¢) € (O (ot 2, 5r,))0.

diff(ot)

By Lemma 18, STS: (m, fix f(x).de, fix f(x).5'e) € (O (011 —— 0712))v-

By Lemma 21 using (m, $,8’) € G(oT) and the third premise, we get
(m,,d") € §(OoT),ie & =10"

Therefore, STS: (m, fix f(x).0e, fix f(x).0e) € (oT; % oT2)y-

Let F = fix f(x).0e

We prove the more general statement

vm' <m. (m/,F,F) € (o @) o12)y

by subinduction on m’.

There are two parts to show:

subcase 1: m’ =0
By the definition of function types, there are two parts to show:

subsubcase 1: Vj<m' =0---
Since there is no non-negative j such that j < 0, the goal is

vacuously true.

subsubcase 2: STS: Vj.(j, F) € [loty|; w |(7”c2|1]]v

exec(0,00)

Pick j. STS: (5, F) € [[|(YT1|1 ey |0T2|1]]v

We prove the more general statement

exec(0,
vm' <j. (m’,F) € [lotih oedOeo), lotali]v
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by subinduction on m’'.
There are two cases:
e m' =0
Since there is no non-negative j such that j < 0, the goal

is vacuously true.

° m/:m//+]<)-

By sub-IH
. exec(0,00)
(m”, fix f(x).8e1) € [lotily ——— lot2h]v (1)
exec(0,t)

STS: (m” +1,fix f(x).0e7) € [lotili ——— |oT2l1]-
Pick j” < m” + 1 and assume that (j”,v) € [|oti}1]y-
STS: (5, 5eq[v/x, F/1]) € [lotali] ™.

This follows by IH 3 on the premise instantiated with

- FV(e) C dom(x: Ty, f: T ﬂ T2,1") using Lemma 43

on the second premise

xec(0,00
_ (5”,8[x = v,f > F) € S[x : lomly, f : lomy]y 22

lotzl1,10T]1] which holds because
+ (3”,8) € G[loT|;] using Lemma 19 on (m, §, 8) € G(oT)

+ (3”,v) € [lot11]v, from the assumption above

exec(0,00

+ (37, fix f(x).0e1) € [loTmiy ) lotzl1]v, obtained

by downward closure (Lemma 20) on (1) using j” <

m//

subcase 2z m'=m"+1<m

By sub-IH

diff(ot)

(m”,F,F) € (o11 —— o12)y (2)

TS: (m” + 1, fix f(x).dey, fix f(x).8e;) € (o1 w 0T2)y

Pick j < m” + 1 and assume that (j,v1,v2) € (07T1)y-
STS: (j, Se1lvi/x, F/f], sealva/x, F/1]) € (o) Tt
This follows by IH on the premise instantiated with
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(3, 8[x = vy, f = Fl,8[x — vy, f— F|) € G(oT,x: oy, f: 0 (0T

0T,)) which holds because

* (j,5,8) € G(oT) obtained by downward closure (Lemma 20)

using (m, d,8) € G(oT) and j < m' < m.

* (j,v1,v2) € (oT1)y, from the assumption above

e (jFF) € (O(omy w 0T,))v, obtained by downward clo-

sure (Lemma 20) on (2) using j < m”

This completes the proof of this case.

diff(t
A DO T e @e]’ <t :T11—(]> T2

A;CDa;rl—ez@eéstle]

r-app
A0y THe e 0e1es S+t +t:m

Assume that (m, 5,8’) € G(oT) and = o®.
TS: (m, dey Sey, 8'e] &'e)) € (o)t ot
Following the definition of ()., assume that

der Y1 fix f(x).e (%)
dey Y22 vy (o) elva/x, (fix f(x).e)/f] Y™ vr (1)

app and
Sej Sey @C]+cz+cr+1,r1+r2+rr+capp vy

5'el JSIT fix f(x).e’ (xx)
8'ey 452 v) (00)  e/vi/x, (fix f(x).e/)/fl 4T v (1)
5/61/ 5'65 uc{+c§+c§+],r1+r§+r§+capp v;
(ci+crt+cr+1)<m.
By IH 1 on the first premise, we get

(m, dey, 8’eq) € (o diffton), o1)¢"". Unrolling its definition with (%)

app and

and (xx), and ¢ < m, we get

a) 11 —1; < oty

b) (m— c1, fix f(x).e, fix f(x).e') € (or1 17 5y),

By IH 1 on the second premise, we get (m, dey, 8'e}) € (oTi)¢ 2.

Unrolling its definition with (¢) and (¢¢), and c; < m, we get

c) 1, — 1) < oty

diff(ot)
—_—
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Case:

d) (m—Cz,Vz,Vﬁ) € (](YT]DV

Next, we apply downward-closure (Lemma 20) to d) using
m—(ci+c+l)<m—cp
and we get
(m—(c1+c2+1),v2,v3) € (om1)y (1)
We unroll b) using (1) since
m—(ci+c2+1)<m—cy

and get

(m—(c1 +ca+1),elva/x, fix f(x).e/f], e’ [v}/x, fix f(x).e’/f]) € (012"
(2)

Next, we unroll (2) using (f) and (1) and ¢, <m —(c1 +c2+1)

to obtain

e) . — 1. < ot

/
T
f) (m—(c14+c2+cr+1),v,v)) € (012
Now, we can conclude as follows:

1. Using a), c¢) and e), we get (11 + 12 + 1+ + cqpp) — (1] + 15+ 1/ +
2. By f)

A;CDa;FI—e1@e1’§t1:T1 A,'(Da,'r'—ez@eégtzi’tz

r-prod
N, OgTH (er,e2) 0 (el el) St+t:m X1

Assume that (m, $,5’) € G(oT) and ~ o®.
TS: (m, (Seq, ey), (de},8"e})) € (o1 x org)e'! 7t

Following the definition of (-),-, assume that
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der 1 vy (%) dey |22 v,y (o)
(8eq, deg) ST (v vy)
5'eq l}cé'ﬁ Vi (%) 5'er Ucé'rﬁ vy (00)
(8'e1,8e) YIHERTINL (v, vh)
ot

By IH 1 on the first premise, we get (m, dej,d'e;) € (o)

prod and

prod and c; +c¢; < m.

Unrolling its definition with (x) and (xx) and ¢; < m, we get

a) 11 —1 < oty
b) (m—cy,vy,vq) € (o)

By IH 1 on the second premise, we get (m, dey, 8'e}) € (oT2)¢ 2.

Unrolling its definition with (¢) and (¢¢) and ¢; < m, we get

c) 1, — 1) < oty

d) (m—cy,vy,v3) € (oT2)y
We can conclude as follows:

1. By a) and ¢), we get (r1 +12) — (1] +13) < oty + ot

2. By downward closure (Lemma 20) on b) using
m—(c1+c2) <m—cy
we get
(m—(c1+c2),vi,v2) € (oT1)v (1)
By downward closure (Lemma 20) on d) using
m—(ci+c) <m—c;
we get
(m —(c1 +c2),v1,v5) € (0T2)y (2)

By combining (1) and (2), we can show that (m — (c1 +¢2), (vi,Vv2), (v}, v5)) €

(o1 x oty
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Case:

Case:

AOTReoe <t:ti xm ie{1,2}

I-proj;
AO,THm(e)om(e) St

Assume that (m, d,8’) € G(oT) and | o®.

TS: (m,m(ée),m(é’e’)) S (IO'TiDgt.

Following the definition of (-),-, assume that

Se 57 (vi,v2) (%) §'e 57 (vi,vy) ()
proj1 and — proj1 and
m (8e) et THerros vy m (8e) 4TIl vy
c+1l<m.

By IH 1 on the first premise, we get (m, de,d’e’) € (o) x o))"

Unrolling its definition with (%) and (%) and ¢ < m, we get

a) r—1’' <ot

b) (m—c, (vi,v2), (v}, v5)) € (oT1 X 0T2)y
We can conclude as follows:

1. By a), (7 + cproj) — (7" + Cproj) < ot
2. By unrolling the definition of b), we get (m — ¢, v;,v{) € (oTi)v.

Then, by invoking downward closure (Lemma 20) on this using
m—(c+1)<m—c
we get (m—(c+1),vi,V{) € (o).

ADyTHeoe <t:m AF 1) wf
r-inl

A, DT Hinlecinle <t:m+
Assume that (m, ,8’) € G(oT) and = o®.
TS: (m,inl (8e),inl (8’e’)) € (o7 + o)t
Following the definition of (-);-, assume that
fe v () inl and bl ,V/, b inl and ¢ < m.
inl de |7 inl v inl ’e’ " inl v’

By IH 1 on the first premise, we get (m, de,5’e’) € (ot;)". Unrolling

its definition with (%) and (xx) and ¢ < m, we get

a) r—r1’' <ot

b) (m—c,v,v') € (oT1)v
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We can conclude as follows:

1. Bya), r—1/ < ot

2. Using b), we can show that (m —c¢,inl v,inl v/) € (oT; + 0712))y

ADyTHeoe <t:m+1

AOgx:m,TFegoe; St/ A0y THeoes St
Case: r-case
A; @g; T case (e, x.e1,y.e2) © case (e/,x.e],y.e5) St+t':t

Assume that (m, ,5) € G(oT) and E o®.

TS: (m, case (de, deq, dey), case (8'e’,d'eq,8'e5)) € (o7)
Following the definition of (-),, assume that

case (5e, 8eq,8e3) YR v, and case (8'¢’,8’¢e},8'es) UCR" v] and C <

ot+ot’
e .

m.
Depending on what de and 6’e’ evaluate to, there are two cases:

de |“"inlv (%) derlv/x] 5 v (o)
subcase 1: case-inl and

case (8e,x.0e;,y.0ey) JCHertlrtmtcease y,
8¢/ 1 inl v (xx)  8el v /x] IS VL (00)

c/+cl+1,r +1l+ccase +,/
U Vy

case-inl

case (8'e,x.8'eq,y.8"e;)
Notethat C=c+c,+1<m.
By IH 1 on the first premise, we get (m, de, d’e’) € (oT; + oT2)

Unrolling its definition with (%) and (%) and ¢ < m, we get

ot
c -

a) r—r' < ot

b) (m—c,inlv,inl V') € (oT; + 0T2)y
By IH 1 on the second premise using (m —c¢,8[x — V], d'[x —
v'l) € §(oT,x : oty) obtained by

e (m—c,,8") € §(oTl) by downward-closure (Lemma 20) on
(m,d,8’) € §(ol) usingm—c<m
* (m—c,v,v') € (o11)y by unfolding b)
we get (m—c, dej[v/x],8'ej[v//x]) € QGT[)St/. Unrolling its

definition with (¢) and (¢¢), and ¢; < m —c, we get

c) rr—1, < ot/
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d) (m—(c+ci),vr,vy) € (0T,
Now, we can conclude this subcase by

1. By a) and ¢) (r+ 11 + ccase) — (T' + 71 + Ccase) < ot + ot

2. By downward closure (Lemma 20) on d) using
m—(c+ece,+1)<m—(c+cy)

we get (m— (c+cr+1),vr,v;y) € (0T),.

de ITinrv (%) dea[v/yl L v (o) )
subcase 2: ] case-inr and

case (de,x.0ey,y.0ey) |JCHert I Trtcease 4,

8¢’ I inr v/ () 5'es v’ /yl 1577 v (00)

! ¢ / ¢/ +el+1,r +rl4c /
case (0'e,x.0'ey,y.0'ex) JJ° 7 reease y/

case-inr

This case is symmetric, hence we skip its proof.

i:S,A0;TFece’ <t i€ FIV(DyT)
Case: g r-iLam
ADOTHAeoAe <0:Vi = St
Assume that (m, 5,8’) € G(oT) and = o®.
diff(ot

TS: (m, A.be,A.8’e’) € (Vi = 's. ot)°.
diff(ot
By Lemma 18, STS: (m, A.de, A.8'e’) € (Vi :(:(T ) S. o1))y.

By unrolling its definition, assume that - 1:: S.

There are two cases to show:

subcase 1: STS: (m, de,5’e’) € QGT{I/i}[)St[I/”.
This follows by IH 1 on the premise instantiated with the substi-
tution ofi — I] € D[i = S, A].
subcase 2: STS: Vj.(j, 5e) € [lot{I/i}h]¥>® A (5, 8%e") € [lot{I/i}l]>>.
Pick j.
subsubcase 1: STS1: (j,de) € [UO'T{I/i}h]]g’OO
Follows by IH 3 on the premise using

* FV(e) C dom(TI') using Lemma 43 on the first premise
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e oli— I €D[iz§,A]
* (j,8) € G[loli — I1TI] = 9[loT};] by Lemma 19 on the
main assumption (note that i ¢ FV(T’; ®))
subsubcase 2: STS2: (j,d'e’) € [[IGT{I/i}Iz]]S’OO

Follows by IH 3 on the premise using
e FV(e’) C dom(T") using Lemma 43 on the first premise
e o[im I eD[i:S,A]

e (j,8') € Glloli — TT,] = 9[loT|;] by Lemma 19 on the
main assumption (note that i ¢ FV(I"; ®))
, . diff(t’)
AOyTHeoe <t:Vi = St AFT:S .
Case: r-iApp
A;@gTHell o€l St+t'[I/i]: oI/}
Assume that (m, ,5’) € G(oT) and E o®.
TS: (m, del[],d'e'[]) € (]O‘T{O‘I/i}DSHGt/[GI/ﬂ.
Following the definition of (-),, assume that
de T Aep (x)  ep I vp (o)
56[] llc—i—cr,r—i-rr vy
5'e’ U Ael (%) el 1T v (00)
§'e[] Uc’+c§,r’+r§ v/

!
(c+cy) <m.

iApp and

iApp and

diff(ot/
By IH on the first premise, we get (m, de, 8’e’) € (Vi A S.oT)d
By unrolling its definition with (x), (x) and ¢ < m, we get

a) r—r' <ot

. diff(at’)
b) (m—c,Aep, Aep) € (Vi = S.oT),

By Lemma 22 on the second premise using o € D[A], we get
Fol::S (1)
By unrolling the definition of b) with (1), we get

(m—c,ep,ef) € (]cw{crl/i}[)?tl[(ﬂ/ﬂ (2)
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Case:

By unrolling the definition of (2) with (¢) and (¢¢) and ¢, < m —c,

we get

o) mr—r1} < ot’[ol/i]

d) (m—(c+cy), v, V) € (ot{ol/i})y
We conclude as follows

1. By a) and ¢), we get (r+ 1) — (1’ +1/) < ot + ot'[o1/i]
2. By d)

NOGTHeoe <t:x{l/i} AFI:S

r-pack

A; @g;THpack eopack e’ <t:3inS.t
Assume that (m, d,8’) € G(oT) and | c®.
TS: (m, pack de, pack &’e’) € (Ji:S. o)t
Following the definition of (-),, assume that

Se 17 v (%) 8" 4TV (k)
pack and — pack and

pack 8e |7 pack v pack 8’e’ ||¢7 pack v’

c<m.
By IH on the first premise, we get (m, e, 8’e’) € (ot{ol/i})?".

By unrolling its definition with (%), (xx) and ¢ < m, we get

a) r—1’' < ot
b) (m—c,v,v') € (ot{ol/i})y

By Lemma 22 on the second premise, we get
Fol:S
We can conclude as follows

1. By a)

2. TS: (m —c¢, pack e, pack V') € (3i:S. o))y
STS1: F ol = S follows directly by (1).
STS2: (m —c¢,v,Vv’) € (ot{c1/i})), follows by b)
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Case:
A0y THe 06 Sty 3inS.

128,00 x:m,THFe0e; St 1€ FV(DyT, T, t2)
r—

A; @ ;T - unpack eq as x in e; ©Ounpack ej as xine; Sty +t: T
unpack

Assume that (m, d,8’) € G(oT) and E o®.

TS:

(m, unpack Se; as x in e, unpack d’e; as x in 8’e}) € (o)t o,
Following the definition of (-),, assume that
der 111 pack v (%) der[v/x] 22 v (o)

unpack and
unpack de; as x in §ey |12y,

§'eq e pack v/ (%) §'es[v'/x] 16272 v (00)

VI, unpaCk and
unpack 5’ej as x in 8'ej 1212 ]

(c1+c2) <m.

By IH 1 on the first premise, we get (m, de;,8’e}]) € (3i=S. oty)¢ .

By unrolling its definition with (x), (xx) and ¢; < m, we get

a) 1 —r; < oty

b) (m—cy, pack v, pack v') € (3i:S. oty)y

By unrolling the definition of b), we get

FI:S (1)

(m—cy,v,v') € (or{l/i})y (2)

By downward closure (Lemma 20) on (m, §,8’) € §(I'), we have

(m—C],élél) S S(IGFD (3)

By IH 1 on the second premise using

e ofi—I] € Di: S, A] using (1)
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Case:

e (m—cy,8x = V], 8 x = V') € §(oli — I|(T, x : T1)) using (2) and
()
we get
(m—cy,8ezlv/x],8'esv'/x]) € (o) (4)

By unrolling (4)’s definition using (¢), (¢¢) and ¢; < m — ¢y, we get

c) 1, — 1) < oty

d) (m—(c1+c2),vr,v)) € (oT2)y
We can conclude as follows

1. By a) and ¢), we get (11 +12) — (1] +715) < oty + ot
2. Follows by d)

A(I)a,r|—61661<t] A D x: T],r|—€2@€2<t2 T I
r-let

A, Oy THletx =e;in ez@letX—e1 ine, <t +t:m
Assume that (m, $,5’) € G(oT) and E o®.

TS: (m, let x = Sej in Sey, let x = §’e] in §'e}) € (ora)e'' 2.
Following the definition of (-),, assume that
oer Y1 vy (o) dexfvi/XI U ve ()

let x = dej in ey ST TerTImFTIHCleL

‘el 41T V] (00)  Sleglvi/xd YT VL (1)

let x = 5'ep in 8ey C1HertIIIHTIHCLer )/

(c1+ecr+1)<m
By IH 1 on the first premise, we get (m, de;,d'eq) € (o)

let and

let and

0t1
Unrolling its definition with (¢) and (¢¢) and ¢; < m, we get

a) 1 —1‘]/ < oty

b) (m—cy,vi,vq) € (oT1)y
By IH 1 on the second premise using (m —cy, 8[x — vi],8'[x — vi]) €
G(oT,x : ot1) obtained by

e (m—cy,5,8") € G(ol) by downward closure (Lemma 20) on
(m,d,d’) € G(oT) using m—cy <m
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* (m—cy,v,V') € (o1y)y by b)

we get (m —cy, 8ex[vi/x],8'ej[vi/x]) € (o) 2. Unrolling its
definition with ({) and (f1), and ¢, < m —c1, we get

o mr—rl <oty

d) (m—(c1+ci),vr, V) € (012
Now, we can conclude with

1. By a) and ¢) (11 + 1+ + Clet) — (7] + 71 + Clet) < 0oty + 0ty

2. By downward closure (Lemma 20) on d) using
m—(c+ce,+1)<m—(c+cy)

we get (m— (c+cr+ 1), vy, V) € (oT2)s.

AOGIThH et Al A 0gIThHE ex: Ay
A Qg THeroey St —kyt U(Ag, A7)

Assume that (m, ,8’) € G(oT) and = o®.

TS: (m, 8ey,8'ey) € (U (0A1, 0A,))I 72,

Assume that

Case: switch

a) dey JC1" vy
b) ey 1272 vy

ccr<m

TS 1: 171 — 1 < oty — oky

TS 2: (m—cy,vi,v2) € (U(0Aq, 0A2))y

We first show the second statement, the first one will be shown later.
By unrolling (U (cA, 0A;3)),’s definition,

STS: Vm.(m,vq) € [oA 1]y A (m,vy) € [oA;]v.

Pick m.

By IH 2 on the first premise using

* FV(ey) € dom(|oT]y) using Lemma 43 on the first premise
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e =00
* Vj.(j,d) € G[loT};] obtained by Lemma 19 on (m,§,8’) € §(oT)

we get
Vj.(j, er) € [oA]F1-o1 (1)

By IH 2 on the second premise using
* FV(e;) € dom(|oT];) using Lemma 43 on the second premise
e =0d
* Vj.(j,8') € G[loT|;] obtained by Lemma 19 on (m, ,5’) € G(oT)

we get

¥j.(j,8e2) € [oA]T "2 (2
We instantiate j with m +c; + 1 in (1) and we get

(m+c1+1,8er) € [oA ] (3)
We instantiate j with m +c; + 1 in (2) and we get

(m+cy+1,8"e;) € [oA;]k2 o0 (4)

Next, unrolling (3) using (a) and ¢; < m+cj + 1, we get

d) ok; <7 <oty
e) (m+1,v1) € HGA]]]V

Next, unrolling second part of (4) using (b) and c; < m+c; + 1, we
get

f) ok, <c; <oty

g) (m+1,v) € IIO‘Az]]v
Now, we can conclude as follows:

1. By e) and g), we get 11 — 1, < ot — 0k;
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2. By downward closure (Lemma 20) on f) using
m<m+1

we get (m,vy) € [oA],.
By downward closure (Lemma 20) on h) using

m<m+1

we get (m,v2) € [0A;],.

A0, EC AN, DO,NCTHeoe <t:t
AP THeoe St:C&w
Assume that (m, ,5’) € G(oT) and = o®.

TS: (m, be,8’e’) € (0C & o))"
Following the definition of (-),-, assume that

r-c-andl

Case:

a) de “"v
b) 5'e! ‘U’C/,TJ v/

C) c<m.

By IH 1 on the first premise using

* = o(C/A @) hold by the main assumption = c® and = oC (x)

obtained by Lemma 22 using the premise A; ® = C

we get (m, de,d’e’) € (oT)?". Unrolling its definition with (a-c), we get

d) r—1r' <ot

e) (m—c,v,Vv') e (o1,
We can conclude as follows:

1. By d), r—1' <ot
2. Using e) and (%), we can show that (m —c¢,v,Vv’) € (0C & o7,

231



232 APPENDIX FOR RELCOST

A;(Da;l“km@e{ St1:C&m
A;(Da/\c,'X:T],rl—6266£§t2:’t2

Case:
A;@Og;THclete;asxine;Oclete; asxine) Sty +t: 1

r-c-andE
Assume that (m, d,8’) € G(oT) and | c®.
TS: (m, clet Seq as x in Sey, clet 8¢} as x in 8'e}) € (otz)e ™.
Following the definition of (-),, assume that
oer Y1 vy (o) dexfvi/X] U vr ()
clet ey as x in dey ST Ty,

8l USTTT V] (00)  8'esvi/x] IS VL (1)

clet and

—— clet and (¢7 +¢;) < m.
clet 8’e; as x in &§’ey 1T !

ot
8 .

By IH 1 on the first premise, we get (m, dej,d’e) € (0C & o7y)

Unrolling its definition with (¢) and (¢¢) and ¢y < m, we get

a) 11 —1 < oty

b) (m—cy,vyi,vq) € (0C & o1y)y

By IH 1 on the second premise using (m —cy, 8[x — vi],8'[x — vi]) €
G(oT,x : ot1) obtained by

* = o(CA®) hold by the main assumption = oc® and = oC ob-
tained by unrolling the definition of b)

e (m—cy,5,8") € G(ol) by downward closure (Lemma 20) on
(m,d,d") € G(oT) using m—cy <m

e (m—cy,vi,vq) € (0T1))y by unrolling the definition of b)

we get (m—cq,dex[v1/x],8'e;[vi/x]) € qcmDStl. Unrolling its

definition with () and (ff), and ¢, < m —cy, we get
/

c) rr—1 < oty

d) (m_ (C1 + CT)/VT‘/VT/‘) € (]GTZDV
Now, we can conclude with

1. By a)and ¢) (11 + 1) — (v] +7}) < oty + oty
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2. By downward closure (Lemma 20) on d) using
m—(c1+er) <m—(c1+c¢r)
we obtain (m — (¢1 + ¢¢), vy, Vi) € (0T2)y.

A DO,NCTHeoe <t:x At C wf
ADOyTHeoce <t:Cor
Assume that (m, d,8’) € G(oT) and | o®.

TS: (m, be,8’e’) € (0C & o1)7".

Following the definition of (-),-, assume that

r-c-impl

a) de " v
b) 5'e! UC/'r/ v/

c) c<m.

We first show the second statement.
TS2: (m—c,v,v') € (0C D o71)y
Assume that = 0C (x).

STS: (m—c,v,v') € (0 1)y

By IH 1 on the first premise using
* = o(C/A @) hold by the main assumption = c® and = oC (by *)

we get (m, de,d’e’) € (oT)?". Unrolling its definition with (a-c), we get

d) r—r' <ot

e) (m—c,v,Vv') e (o1,
We can conclude as follows:

1. By d), r—1/ <ot

2. Using e) , we can show that (m —c¢,v,Vv’) € (cC D o7,

ADOyTHeoce <t:Cor AD,E=C

r-c-implE
A; DT - celims eSO celims e/ <t:t

Assume that (m, d,8’) € G(oT) and E o®.

TS: (m, celim-, §e, celim- &’e’) € (o)™
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Case:

de T v (o)
Following the definition of (-);-, assume that celim
celim- 6e " v

5'e I v (00)
and celim and ¢ < m (%).
celim- &'e (|7 v

By IH 1 on the first premise, we get (m, de,d’e’) € (0C D o7)

ot
ot
Unrolling its definition using (¢), (¢¢) and (x), we get

a) r—r' <ot

b) (m—c,v,v') € (0C D o1)y
We can conclude as follows:

1. Bya), r—1/ < ot
2. Using b) and = oC (obtained by Lemma 22 on the second premise)

, we can show that (m—c,v,Vv’) € (o1),

Y(C)Z’ﬁm’fz ADgTHeoe St/

r-primapp

ADOGTHCeo(e <t+t:m
Assume that (m, d,8’) € G(oT) and | o®.
TS: (m, ( de, ( &'e’) € quZDgt+Uf’.

Following the definition of (-),, assume that
de I v () {(v) = (cr,Trvr) (©)

primapp and
C Se UC+CT+1rr+TT+Cprimapp vy

5e’ I v (%k) V) = (cl, 7, v]) (o0)

!/ ! li !/
C 5/6/ *U/C +CT+],T +Tr+c‘prima‘p‘p V]/,

primapp and

(c+er+1)<m.
By IH 1 on the second premise, we get (m, §e,8’e’) € (o)t

Unrolling its definition with (x) and (%%), and ¢ < m, we get

a) r—r' < ot/
b) (m—c,v,v') € (oTi)y

Next, by Assumption (44) using C: 0Ty Ao, 0T, (obtained by

substitution on the first premise), b), (x) and (%%}, we get

c) rr—1, < ot
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d) (m—c—cy, v, V) € (oT2)y
Now, we can conclude as follows:

1. Using a) and c), we get (74 7+ + Cprimapp) — (1" + 7} + Cprimapp) <
ot+ ot’

2. By downward closure (Lemma 20) on d) using
m—(c+er+1)<m—(c+cy)

we get (m— (c+cr+ 1), vy, V) € (oT2)y.

AOyTHFeoesSt:T
Vx € dom(T). A, @ =T (x) CE OT(x)
NOGT,T;QOFece<0:071
Assume that (m, d,8’) € G(oT, oT’) and = o®.
Then, 5 = &; U, and &' = 87 U d) such that (m, 81, 8]) € G(oT) and
(m, 82,85) € G(oT’).
TS: (m, 8e,8’e) € (0 o7)°.
Since e doesn’t have any free variables from I’ by the first premise,
STS: (m, 81¢,8]e) € (O oT)2.

Assume that

nochange

a) d1e " v
b) 57e l}cl'r/ v/
c<m
TS1:r—1" <0
TS 2: (m—c,v,Vv') € (0 o),

By IH 1 on the first premise using
e (m,8,87) € G(oT)
e =00

we get (m, d1e,87e) € (oT)?".

Unfolding its definition with a), b) and c), we get

d) r—r' <ot
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e) (m—c,v,Vv') € (o),
We can conclude as follows

1. By Lemma 21 using (m, d1,87) € G(oT) and the second premise,
we get (m, d1,81) € §(O ol’). This means that §; = ;.
Therefore, a) and b) are equal, thatisc =c¢/,r =r"and v = V'
Hence, trivially we get v —1’ < 0.

2. Since v=v’ and ¢ = ¢/, by using e), we get(m —c,v,v) € (O o71)y.

N O NCTHe18ey St
A O,N-CTHe0ey St AF Cwf
Case: r-split
NOyTHe10ep St
Assume that = o® and (m, $,5’) € §(oT).
TS: (m, dey, 8'ez) € (ot)dk.

There are two cases:

subcase 1: = 0® A oC
Follows immediately by IH on the first premise using the as-

sumption oC.

subcase 2: = 0® A\ —0C
Follows immediately by IH on the second premise using the as-

sumption —oC.

Case:
AOGTHFe 0y <t ADOETCT AD =t <t

ADyTHe 0e St
Assume that (m, d,8’) € G(oT) and | o®.
TS: (m, de,8’e’) € (ot')o".

Following the definition of (-),-, assume that

r-C

a) de J“"v
b) 5'e! UC/'TI v/

c) c<m.

By IH 1 on the first premise using (a-c), we get
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d) r—r' <ot

e) (m—c,v,Vv') € (o1,

We can conclude as

1. By Assumption (25) on the third premise, we get ot < ot’. Com-
bining this with d), we get r — 1/ < ot’.

2. By Lemma 21 on the second premise using e), we get (m —

c,v,v') € (o),

A; Dg; T D—E er:Aq ADOx:UA L THFe e St T
Case: !

r-let-e
NOGTHIetx=ejine; e Sty +t+cer: ™

Assume that (m, d,8’) € G(oT) and E o®.

TS: (m,let x = de; in dey, 8'e) € (o) o2 Clet,

Following the definition of (-),, assume that

Ser LSV vy (o) Sealvi/x] U ve (1)
let x = deq in ey S Ter Tl Cler o,

(c1+er+1)<m

let and &’e <" v/ (x) and

To be able to instantiate the IH 1 on the second premise, we first show

vm.(m,v1) € [cA1]y (1)

Subproof. Pick m.

By IH 2 on the first premise using
* FV(ey) € dom(|oT]y) using Lemma 43 on the first premise

e (m+cy+1,8) € §[|oT|;] obtained by Lemma 19 using (m, d,d’) |€
S(oT)

we get

(m+c1+1,6e) € [oA]Tk-o0 (2)
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Unfolding the definition of (2) with (¢) and ¢c;i < m+c7+1, we
get

a) ok; <11 < oty
b) (m+1,vq) € [oA:]y

RTS: (m,v1) € [oA1]y-
This follows by downward closure (Lemma 20) on (b) using m <
m+ 1. [

Next, we instantiate IH 1 on the second premise using
o (m,8[x = vi],8'[x = w1]) € G(oT, x : UoA;) using
- (m,5,8") € G(oT)

= (m,vq,v1) € (UoAq)y using (1)

and we get (m, dex[vq/x],8"e[vi/x]) € (oT2)¢ 2.

Since x doesn’t occur free in e, we have
(m, dex[vy/x],8e) € (o) 2.

Unrolling its definition with (1) and (%), and ¢; < m, we get
f) . —1r' <oty
g) (m—cy, v, v') € (0T2)y

Now, we can conclude by

1. By a) and g) (r1 + 1+ + clet) — 17/ < oty + 0ty + Clet

2. By downward closure (Lemma 20) on h) using
m—(c+ece,+1)<m—(c+cy)
we get (m— (c+cr+1),vy,V') € (0T2)0-

AOGITH er: A1 Adgx:UALTFeoe; Sth:m
Case: ! r-e-let
A0 THeoletx=ejiney St)— Ky —Cler : T2
Assume that (m, d,8’) € G(oT) and | o®.

TS: (m, de,let x = 6/61 in 5/62) € (]()'Tzl)gtzf(ﬂq —Clet

Following the definition of (-),, assume that
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§'er LT vy (o) §ealvi/x] U vy (1)
de " v (%) and 1Y 1 2v1/ r (0 let and
let x = 8’e; in §'ey Y1 Fertlmtritclen

c<m.

To be able to instantiate the IH 1 on the second premise, we first show

vm.(m,vi) € [cA1]y (1)

Subproof. Pick m.

By IH 2 on the first premise using
* FV(ey) C dom(|oT];) using Lemma 43 on the first premise

e (m+cy+1,8) € G[loT|;] obtained by Lemma 19 using (m, 5, 8’
S(oT)

we get
(m+ci+1,8"er) € [oA]7¥1°1 (2)

Unfolding the definition of (2) with (¢) and ¢c; < m+cy +1, we
get

a) ok; <11 < oty
b) (m+1,v) € [[O‘A]]]v

RTS: (m,vq) € [oA]y.
This follows by downward closure (Lemma 20) on (b) using m <
m+ 1. ]

Next, we instantiate IH 1 on the second premise using
e (m,8[x — v],8'x = w]) € G(oT, x: UcoA;) using
- (m,5,8") € G(ol)
- (m,vy,v1) € (UoAq)y using (1)

and we get (m, de[vi/x], §'ex[vi /x]) € (oT2)g 2.

Since x doesn’t occur free in e, we have
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(m, 8e,8'ex[v1/x]) € (oT2)¢ 2.

Unrolling its definition with (1) and (), and ¢ < m, we get

h) r—r. <oty

i) (m—c,v,v;) € (012
Now, we can conclude by

1. Bya)and h) r— (r1 + 1+ clet) — 7 < oty — oky — Ciet

2. By i), we have (m —c,v,v;) € (oT12)s.

AOGIThH e: A+ A ADgx:UALTFeroe St/

ADuy:UALTHe0e' <t/

Case:
A; Dy T case (e,x.e1,y.e2) 0e’ St/ +t+ceqse: T

Assume that (m, d,8’) € G(oT) and | o®.

TS: (m, case (Se,8ey, ey),8'e’) € (o)t ot

Following the definition of (-),, assume that

case (8e,8eq,8e2) 4R vy and &’e’ ¢ v/ (1) and C < m.

Depending on what de evaluates to, there are two cases:

de |“Tinlv (%) derlv/x] I v (o)
case-inl

subcase 1:
l)c+cr+l,r+rr+ccase vy

case (de, x.be1,y.0ey)
Notethat C=c+c¢,+1<m.

r-case-e

To be able to instantiate the IH 1 on the second premise, we first

show

Vm.(m,inl v) € [oA7 + 0A3],

(1)

Subproof. Pick m.
By IH 2 on the first premise using

(m, 5,8") € (oT)

* FV(e) C dom(|oTy) using Lemma 43 on the first premise

* (m+c+1,8) € G[loT};] obtained by Lemma 19 using
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we get

(m+c+1,0e1) € [cA] + GAz]]Gk’Gt (2)

£

Unfolding the definition of (2) with (x) andc < m+c+1,

we get

a) c <ot

b) (m+c+1—c,inlv) € [oA; + 0Az]y

RTS: (m,inl v) € [oA; + 0A;],.

This follows by downward closure (Lemma 20) on b) using

m<m+1T. [ |

Next, we instantiate IH 1 on the second premise using
e (m,8[x — V], 8 [x —V]) € §(oT,x: UcA4) using
- (m,5,8") € G(oT)
- (m,v,v) € (UoA4)), by unrolling the definition of (1)

and we get (m, Sej[v/x],8’e’[v/x]) € (o).
Since x doesn’t occur free in e’, we have
(m, de1[v/x], d'e’) € qm[)gt/.

Unrolling its definition with (¢) and (t), and ¢, < m, we get

j) =1 < ot

k) (m—cy, v, V') € (o)
Now, we can conclude by

1. By b) and i) (r+ 1 + ccase) — 1’ < ot + ot’ + ceqse

2. By downward closure (Lemma 20) on j), using
m—(c+er+1)<m—c,

we obtain (m — (¢ + ¢, + 1), v, V') € (o7T)y.
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subcase 2:

de J“Tinrv ()  dex[v/yl 4T v (o)

UC+CT+] T+Tr+Cease v
T

case-inr

case (de, x.be1,y.0ey)
Note that C=c+c¢cr <m.

Like in the previous case, we have

Ym.(m,inr v) € [oA; + 0Az]y (3)

Next, we instantiate IH 1 on the third premise using
e (m,dy+—v],8y—vl) e G(ol,y: UcA,) using
- (m,$,d") € G(oT)
- (m,v,v) € (UoA;), by unrolling the definition of (3)

and we get (m, dex[v/yl, 8’e’[v/y]) € chl)gf’.

Since y doesn’t occur free in e/, we have

(m, ez[v/yl,8’e’) € (oT)ot'.

Unrolling its definition with (¢) and (t), and ¢, < m, we get

D) rp—1' <ot/

m) (m—cy, v, V') € (o)
Now, we can conclude by

1. By b) and k) (r+ 1r 4 ccase) — 7' < ot + ot’ + cease

2. By downward closure (Lemma 20) on 1), using
m—(c+er+1)<m—c,

we obtain (m — (¢ + ¢y + 1), v, V') € (o7)y.

Proof of Statement (2). Remember the statement (2) of Theorem 30:
Assume that A; @y Q I—i e:A and o0 € D[A] and = o® and there ex-
ists Q' s.t. FV(e) € dom(Q’) and Q' € Q and (m,y) € §[oQ’]. Then,

(m,ve) € [0A]

ok,ot
E .
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Proof is by induction on the typing of e. We show a few selected cases.

Case: var
ADGQFx:A
Assume that = o® and there exists Q' s.t. FV(x) C dom(Q’)
and Q' C Q and (m,d) € G[oQ/]

TS: (m,v(x)) € [[GA]]S’O.
By Value Lemma (Lemma 18),
STS: (m,y(x)) € [ocA]s.
Note that x € dom(Q’) and Q' C Q, therefore Q'(x) = A,
RTS: (m,y(x)) € [cA]y.
This follows by the premise QO(x) = A and the main assumption
(m,y) € §[oQ]
NDO;QR et A A0 QR e list] A
Case: ! 2 cons
A D Q i—afﬁz cons(ej, ey) : listn+ 1] A
Assume that = 0® and there exists Q' s.t. FV(cons(ey, e2)) C dom(Q’)
and Q' C Q and (m,d) € G[oQ/]
TS: (m, cons(yey,ve;)) € [listlon + 1] cA]¢

ki1+o0ky,0t1 40t

Following the definition of [-]¢,

yer I v (x) yer |22 vy (o)
Assume that consand ¢y +c¢) <

cons(yey, yez) 172172 cons (v, v;)

m.

By IH 2 on the first premise using
FV(er) C dom(Q') and Q' € Q and (m, ) € §[cQ’]

we get (m,yer) € [0A]T"°". Unrolling its definition with (x) and

c1 <m, we get

a) ok; <11 < oty
b) (m—cy,v1) € [oA]y
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By IH 2 on the second premise using

FV(e;) C dom(Q') and Q' € Q and (m, ) € §[oQ']

we get (m,yey) € [listlon] cA] ok2,0t2,

Unrolling its definition with (¢) and c; < m, we get

c) ok <12 <oty

d) (m—cy,v2) € [listlon] cA],

Now, we can conclude as follows:

1. Using a) and c), we get ok; + oky < (11 +12) < oty + ot

2. By downward closure (Lemma 20) on b) using
m—(ci+c) <m—c

we get (m— (c1+¢2),v1) € [oA]s.

By downward closure (Lemma 20) on d) using
m—(ci+c)<m—cy

we get (m — (c1 +c2),v2) € [listlon] cA],.
By combining these two statements, we can conclude as (m —

(c1 4 c2),cons(vy,vy)) € [listlon + 1] oA],

ARA A, 2D A

exec(k,
NDOgx: AT Aq A) Ay, Q l—i e:Ay

Case: fix

A OGO fix f(x).e: Ay S, A,
Assume that = o® and there exists Q' s.t. FV(fix f(x)) € dom(Q’)
and Q' C Q and (m, §) € G[oQ']

TS: (m, fix f(x).ve) € [oA4 m GAZ]]S’O.
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exec(ok,ot)

By Lemma 18, STS: (m, fix f(x).ye) € [oA; oAy
We prove the more general statement
/ s exec(ok,ot)
vYm' < m. (m/, fix f(x).ye) € [oA; oAzl

by subinduction on m'.

There are two cases:

subcase 1: m' =0
Since there is no non-negative j such that j < 0, the goal is vacu-

ously true.

subcase 2z m'=m"+1<m
By sub-IH

exec(ok,ot)

(m”, fix f(x).ye) € [oA; oAzl (1)

STS: (m” + 1, fix f(x).ye) € [oA4 M 0A]y.
Pick j < m” + 1 and assume that (j,v) € [0A1]v-
STS: (j, yelv/x, (fix f(x).ve)/f]) € [oA,]T%"

This follows by IH on the premise instantiated with

e FV(e) C dom(x : Ay, f: Ag execliot) Ay, Q') and x : Ay, :

exec(k, exec(k,
Ay 2 Al cxi AL A 2 AL 0

exec(ok,ot)

* (j,ylx — v, T (fix f(x).ye)]) € §[oQ/,x : 6A;,f: 0A;
0A;] which holds because

- (j,v) € §[0Q’] obtained by downward closure (Lemma 20)
on (m,y) € §[oQ'Jusingj <m” +1 < m.

- (j,v) € [oA1]y, from the assumption above

- (j, fix f(x).ye) € [oA; exee(ok o) 0A;]y, obtained by down-

ward closure (Lemma 20) on (1) using j < m”

exec(k,t)

AOGOR! et Al — = Ay A0 QR e A

Case: app

. . t+t+tt+capp .
A, (Da,Q |_k1 +ko+ktCapp €1 e Az

Assume that = o® and there exists Q' s.t. FV(eq e;) € dom(Q/)
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and Q' C Q and (m, ) € G[oQ']
TS: (m,]/e1 Yez) c HO_AZ]]Sk1+O‘k2+O‘k+qup,Gt]+Gt2+0‘t+capp'
Following the definition of [-]{, Assume that

vey 1 fix f(x).e (%)
ver 4272 vy (o) elva/x, (fix f(x).e)/f] 45 v (7)

uC] +eater+1,r 2+ +Capp v
T

appandc;+cy+
Yervez
cr+1 <m.

By IH 2 on the first premise using

FV(e1) C dom(Q') and Q' C Q and (m,$) € §[cQ’]

exec(ok,ot) okq,0t4
O—A.z]] 3 .

Unrolling its definition with () and ¢; < m, we get

we get (m,ver) € [oA,4

a) ok <1 < oty

b) (m—cy,fix f(x).e) € [oA4 M oAy

By IH 2 on the second premise using
FV(e;) € dom(Q') and Q' C Q and (m, ) € G[cQ’]

we get (m,ye;) € [oA]T*2 72, Unrolling its definition with (¢) and

c2 <m, we get

c) oky <12 <oty

d) (m—Cz,Vz) € [[0'A1]]v

By downward closure (Lemma 20) ond) usingm—cj—c; —1 < m—

c2, we get
(m—(c1+c2+1),v2) € [oA4]y (1)
Next, we unroll b) with (1) and m — (¢; +¢2+ 1) < m —¢; to obtain

(m—(cy+c2+1),elva/x, (fix f(x).e)]) € [[O-Az]]gk,ot (2)
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By unrolling (2)’s definition using () and ¢, < m—(c; +c2+ 1), we

get
e) ok <7 <ot
f) (m—(c1+ca+cr+1),v;) € [0AZ]y

Now, we can conclude as follows:

1. Using a), ¢) and e), we get ok 4 ok, + 0k +cqpp < (T1+T12+ 77+
2. By f)

ADO;QH e A7 AFM A uf
inl

A;Qg;Qbyinle: Aj+ A,
Assume that = o® and there exists Q' s.t. FV(inl e) C dom(Q’)
and Q' C Q and (m, ) € §[oQ']
TS: (m,inl (ve)) € [oA; + cA]T".
Following the definition of [-]¢’, assume that

Ye v (%)
inl and ¢ < m.

inl ye " inl v
By IH 2 on the first premise using

FV(e) C dom(Q') and Q' C Q and (m,§) € G[oQ’]

we get (m,ve) € [cA]T".

Unrolling its definition with (x) and ¢ < m, we get

a) ock<r<ot
b) (m—c,v) € [cA],

We can conclude as follows:

1. By a), ok <r < ot

2. By b), we can show that (m —c,inl v) € [oA; + 0A;]y
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ADGQF e A+ A
ADgx: A, Q l—i// e A

ADgy: Ay Q I—i/, er: A
Case:

- case
A, D ;Q }_tkii/tf&a;; case (e, x.e7,y.ex): A
Assume that = 0c®@ and there exists Q' s.t. FV( case (e, eq,e2)) C dom(Q/)
and Q' C Q and (m,d) € G[oQ/]
TS: (m, case (ve,yei,yes)) € [A]IFOHT0 Fecase,
Following the definition of [-]¢, assume that

ve“Tinlv (x)  yerlv/x] v (o)

1 case-inl and c+c¢,+1 <
case (ye,x.yey, y.yey) |CHertrricease
m.

By IH 2 on the first premise using

FV(e) C dom(Q') and Q' € Q and (m,$) € §[cQ’]

we get (m,yve) € [oA] + oA, Tt

Unrolling second part of its definition with (x) and ¢ < m, we get

a) ock<r<ot

b) (m—c,inlv) € [oA; + 0Az]y
By IH 2 on the second premise using (m —c,y[x — v]) € §[oQ’, x :
oA1] obtained by

e FV(e;) Cdom(x:A;,Q')and x: A7, Q' Cx: A, Q

e (m—c),v) € 9[cQ’'] by downward-closure (Lemma 20) on (m,y) €

GloQ'] using m—c <m

* (m—c,v) € [cA1]y by downward closure (Lemma 20) on c), and

unfolding its definition

we get

(m—c,veilv/x]) € [cA]<" (1)
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By unrolling second part of (1)’s definition using (¢) and ¢, < m —¢,

we get

c) ok/ <7 <ot/
d) (m—(c+c.),vr) € [oA],

Now, we can conclude as follows

1. By a) and ¢) ok + ok’ + ccase < (T4 71+ Cease) < 0t + ot’ + Cease

2. By downward closure (Lemma 20) on d) using
m—(c+er+1)<m—(c+c)

we get (m— (c+cr+1),v;) € [0A]s.

A;@g; Q1 et listin] A
A AN =0;QF, e : A’
LA O AN =i+Th: A tl: Listli] A, QL ey : A/

. . t+t/+ccaseL . . . /
A0y Q |_k+k/+ccaseL caseeofnil e |hutl—e: A

Assume that = o® and there exists Q' s.t. FV(E) C dom(Q’)
and Q' C Q and (m, §) € G[oQ'] where

E= caseeofnil —wej|h:tl— e

caseL

ok+0ok/+cCeasel ,0t+0t +Ceasel

TS: (m, case ye of nil — ye; |h:tl — yey) € [oA']¢
Following the definition of [-]¢’, assume that
case ye of nil — ye; | h=tl — ve; 4R v, and C < m.

Depending on what ye evaluates to, there are two cases.

ved“ nil (x)  yer §“m v (o)

subcase 1: caseL-nil

case ye of nil — yey | htl — yep [Jerertlmimtceaset 5,
and C=c+c 41

By IH 2 on the first premise using

FV(e) C dom(Q') and Q' € Q and (m,$) € G[oQ']

we get (m,ve) € [listlon] oA] ok,ot Unrolling its definition with

(x) and ¢ < m, we get
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a) ok <r<ot

b) (m—c,nil ) € [listfon] cA],
By b), on = 0 since v =nil .
Then, we can instantiate IH 2 on the second premise using
* FV(e;) Cdom(Q’) and Q' € Q and (m, ) € §[cQ']
* = 0® /A on =0 obtained by combining = c® with = on =0
we get (m,ye;) € [[GA’]]Sk/’Gt/.

Unrolling its definition using (¢) and ¢, < m, we get

c) ok/ <7 <ot/

d) (m—cy,vy) € [oA']y
We conclude with

1. By a) and c¢), we get ok + ok’ + ceqser < T4 T + Ceasel <
ot + ot’ + ceasel

2. By downward closure (Lemma 20) on d) using
m—(c+er+1)<m—(c+ey)

we get (m— (c+c¢r+1),vy) € [oA]y.

subcase 2:
ve 4T cons(vy,v2) (x)  vealvi/h,vy/tl] {7 v (00)

) uc+cr+1,r+rr+ccaseL vy

caselL-cons

case yeof nil — ye; | h:tl — ye
By IH 2 on the first premise, we get (m,ye) € [listlon] cA]Z",

Unrolling its definition with (x) and ¢ < m, we get

a) ock<r<ot

b) (m —c,cons(vy,v;)) € [listlon] cA],

By b), on =141 for some I and we have

(m—c,vi) € [oA]y (1)
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(m—c,vy) € [list[I] cA], (2)

Then, we can instantiate IH 2 on the third premise using

e FV(e;) Cdom(h: A, tl:list[i]A,Q')and h: A, tl:listi] A, Q' C
h:A,tl:listli]A,Q

e oli— I eD[i:IN,A]

* =o[i— IJ(®/An =1i+1) obtained by combining = c® with
Eon=1+1,

e (m—c,ylh — vi,tl = w]) € G[oli — Q' ,x : A, tl :
list[i] A)]] using (1) and (2) and (m —c¢,y) € G[ocQ’] (obtained

by downward closure (Lemma 20) ).

we get (m,vex[vi/h,va/tl]) € [oli — I]A]]S[“““"“[““t/.

Since, i & FV(k/,t/,A, A’), we have
(m,Yez[V1 /h,vz/tl]) c [[O_A/]]gkllo—u'

Unrolling its definition using (¢¢) and ¢, < m — ¢, we get

c) ok/ <7 < ot/

d) (m—c—cy,vy) € [oA ]y
We conclude with

1. By a) and c), we get ok + ok’ + ceqser. < T4 T + Ceasel <
ot + ot’ + ceasel

2. By downward closure (Lemma 20) on d) using
m—(c+er+1)<m—(c+cr)

we get (m— (c+cr+1),v;) € (0A),.

AD@;QF e A{l/i}  AFTI:S
Case: pack
A;@g; Q Fy pack e : JizS. A
Assume that = 0® and there exists Q' s.t. FV(pack e) C dom(Q’)
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Case:

and Q' C Q and (m, ) € G[oQ']

TS: (m, pack ye) € [Ji=S. A]T"

Following the definition of [-]¢’, assume that
ye v ()

pack and ¢ < m.
pack ye " pack v

By IH 2 on the first premise using

FV(e) C dom(Q') and Q' C Q and (m,$) € §[cQ’]

ok,ot
E .

we get (m,ye) € [oA{c1/i}]

Unrolling its definition with () and ¢ < m, we get

a) ok <r< ot
b) (m—c,v) € [cA{cl/i}]y

Then we can conclude as follows:

1. By a), ok <7 < ot

2. TS: (m —c, pack v) € [3i:S. A],.
By Lemma 22 on the second premise we know that - ol :: S.
STS: (m —c,v) € [oA{cl/i}]y.
This follows by b).

A, Dy Q I—E AN A, Dgx: A, Q I—tkz2 62:A21 .
e

A, Dy ;Q l—tk‘lflf;%felt letx=ejine;: Ay
Assume that = o® and there exists Q' s.t. FV(let x = ej in e;) C dom(Q’)
and Q' C Q and (m, ) € G[oQ']
TS: (m,let x = ye; inyes) € [0A,]F TOR2 Clev,otitotaterer
Following the definition of [-]¢’, assume that

ver vy (%) yealvi/x] T v (o)

letand c1 +cr+1<m.

].et X = ‘Ye‘l 111 yez \U(C]“’Cr‘i‘],'r‘[ +Tr+Clet vy

By IH 2 on the first premise using

FV(er) C dom(Q') and Q' € Q and (m, ) € G[cQ']
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we get (m,ver) € [[om]]?k"““. Unrolling its definition with (%) and
c1 <m, we get

a) ok; <11 <oty
b) (m—cy,vi) € [0A1]y

By IH 2 on the second premise using (m —cy,y[x — Vv]) € §[ocQ/,x :
oA1] obtained by

e FV(e;) Cdom(x:A;,Q)and x: A7, Q' Cx: A1, Q

e (m—cy,v) € §[0cQ’] by downward closure (Lemma 20) on (m,y) €

GloQ'J using m—c; <m
* (m—cy,v) € [oA4], by downward closure (Lemma 20) on c)

we get
(m—cy,verlv/x]) € [oA]T% (1)

Unrolling (1)’s definition using (¢) and ¢, < m —cy, we get

c) ok <7 <oty

d) (m—(c1+ce),vr) € HO-A]]V

Now, we can conclude as follows

1. By a) and c) ok + oky + cler < (17 4+ 71 4 Clet) < oty + 0t) + Cet

2. By downward closure (Lemma 20) on d) using
m—(ci+c,+1)<m—(c1+c¢y)

we get (m— (¢1+cr+1),v;) € [oA],.

Y =A S A A0 e A
Case: — T —— . primapp
A/ (Da/ Q l_ C e: Az

k+k/+cprimu‘p‘p

Assume that = o® and there exists Q' s.t. FV({ e) C dom(Q’)
and Q' C Q and (m,d) € G[oQ/]

ok+0ok/4cCpri ,ot+ot’4cpri
TS: (m,C‘Ye) c [[GAZ]]g primapp prunapp.
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Case:

Following the definition of [-]¢, assume that
ve 4T v (%) 3(\)) = (cr, T, V1) ()

C ve U'C‘|‘Cr+]ﬂ“|‘rr+cprimapp Vr

primappand c+c¢,+1<m.

By IH 2 on the second premise using

FV(e) C dom(Q') and Q' € Q and (m,$) € §[cQ’]

ok’,ot’
€ .

we get (m,ve) € [oA]

Unrolling its definition with ¢ < m, we get

a) ok’ <r <ot/
b) (m—c,v) € [cA1]y

exec(ok,0t)

Next, by Assumption (45) using (: cA; ————— oA, (obtained by

substitution on the first premise), (¢) and (b), we get

c) ok<r <ot

d) (m—c—cy,vy) € [0AL]y
Now, we can conclude as follows:

1. Using a) and d), we get ok + 0k’ + Cprimapp < (€4 Cr + Cprimapp) <
ot + ot’ + Cprimapp

2. By downward closure (Lemma 20) on d) using
m—(c+e,+1)<m—(c+ecy)

we get (m— (c+cr+1),v;) € [oAZ].

A;CDQ;QI—ie:A AD,=ACA’
A D =K <k AOD =t <t
A DO, e: A
Assume that = o® and there exists Q' s.t. FV(e) C dom(Q’)
and Q' C Q and (m,d) € G[oQ/]
TS: (m,ve) € [oA/JZ<°

Following the definition of [-]¢, assume that

C exec
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a) yel“"v
b) ¢ <m.

By IH 2 on the first premise using

FV(e) C dom(Q') and Q' € Q and (m,§) € §[oQ]
we get (m,vye) € [[GA]]gk/'Ut/.

Unrolling its definition with a) and ¢ < m, we get

¢) ock<r<ot
d) (m—c,v) € [oA],

We can conclude this subcase

1. By Assumption (25) on the third and forth premises, we get ok’ <
ok and ot’ < ot’. By ¢) we know ok < r < ot, therefore we get
ok/ <r < ot/

2. By Lemma 21 on the second premise using c), we get (m—c,v) €
[oA ]y

Proof of Statement (3). Remember the statement (3) of Theorem 30:

Assume that A; Oy, Fejoe; St:1t and 0 € D[A] and E o®. Then
for i € {1,2}, if there exists I} s.t. FV(e;) C dom(I{) and I/ C T and
(m,8) € G[loT/i], then (m, e;) € [loTh]r™ .

For the structural rules, we will only show the left side since the right side
is similar. For asynchronous rules, we first show the left side and then the
right side in the same case.

MNx)=r

Case: r-var
NOTHExex<0:T

Assume that = 0® and there exists '’ s.t. FV(x) C dom(I"’)
and I'" C T and (m,§) € G[|oT"|1].
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Case:

TS: (m, 8(x)) € [lot)]>™

By Lemma 18, STS: (m, 8(x)) € [lotli].

By (m,8) € GloT'i] andx € dom(TI'"), we can conclude that (m, 5(x)) €
[loth v

diff
AFT 1—(t)> T, wf

diff(t
NDOgx:T, T 1—()>T2,r|—€1 6625t1T2

, r-fix
A; @i T F fix f(x).eq © fix f(x).e2 S 01y b 1y
Assume that = c® and there exists I'’ s.t. FV(fix f(x).e) € dom(T"’)

and I’ C T"and (m, 3) € §[loT’|1].

xec(0,00)
TS: (m, fix f(x).5¢1) € [orily S oy, 0%
exec(0,00)

By Lemma 18, STS: (m, fix f(x).0e1) € [loti/i ———— [oT21].

We prove the more general statement

’ exec(0,00)

vm’' < m. (m/, fix f(x).5e7) € [lotily ———— lot2li]v

by subinduction on m'.

There are two cases:

subcase 1: m’' =0

Since there is no non-negative j such that j < 0, the goal is vacu-

ously true.

subcase 2z m'=m"+1<m

By sub-IH

exec(0,00

(m”, fix f(x).5e1) € [lotl; oxedOe0), lotali]v (1)

STS: (m” + 1, fix f(x).5¢1) € [lotih 222 160,01 .

Pick j < m” + 1 and assume that (j,v) € [lotil1]s-
STS: (j, e1[v/x, (fix f(x).5e1)/f]) € [lotal]¥™
This follows by IH 3 on the premise instantiated with

o (j,80x = v, Fros (fix (x).5e1)]) € G < oy, f : [omyly S

l0t2]1,|0T|1] which holds because
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- FV(e;) € dom(x : T1,f : T3 ﬂ T2),T" and x : 11, :

diff( diff(t
T —))Tz,r/ Cx:1,f:1 i>’(,'2,r

- (j,8) € G[loT|1] using downward closure (Lemma 20) on

(m,8) € §[loTh] usingj <m”+1<m

- (j,v) € [lotih]y, from the assumption above

exec(0,00)

- (j, fix f(x).0e1) € [lotih loT,[1]v, obtained by

downward closure (Lemma 20) on (1) using j < m”

diff
A Dy T e 661 Sty T]i> T

A;(Da,‘r|—€2662<t2:”(1

r-app
NOT e ez@e] €2<t]—|—t2—|—t T

Assume that = 0c® and there exists '’ s.t. FV(ej e;) € dom(T)
and I C T and (m, ) € G|oT";1].
TS: (m, deg dey) € [[IGTzh]]S’OO.
Following the definition of [-]¢’, assume that
deq Y fix f(x).e (%)

oex Y272 vy (o) elva/x, (fix f(x).e)/f1 45 vp (1)
\U(Cl+C2+CT+11T1+TZ+Tr+Capp Vr

app and
56] 562

cir+eter+1<m.
By IH 3 on the first premise using

FV(e;) C dom(T’) and I'" C T and (m, 8) € G[|oT’}|1]
we get (m, deq) € [loT; % |ch2|1]]

Unrolling its definition with (x) and ¢; < m, we get

a) 0<rm <

exec(0,00)

b) (m—cy, fix f(x).e) € [lotih ——— lor2hi]y

By IH 3 on the second premise using

FV(e;) C dom(T’) and I'" C T and (m, 8) € G|oT’}1]
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Case:

we get (m, dey) € [loTy |1]]2'°°. Unrolling its definition with (¢) and

c2 < m, we get

) 0<mn <

d) (m—cy,vy) € [lotih]y

By downward closure (Lemma 20) ond) usingm—cj—c; —1 <m—

c2, we get

(m—(c1+c2+1),v2) € [lotih]y (1)

Next, we unroll b) with (1) and m — (¢; + ¢ + 1) < m —¢; to obtain
(m—(c1 42+ 1), elva/x, (fix f(x).e)]) € [loT2h O (2)

By unrolling (2)’s definition using () and ¢; < m—(c1+c2+ 1), we

get

e) 0 <1 <

f) (m—(c14+c2+cr+1),v) € [lorahi v
Now, we can conclude as follows:

1. We can trivially show 0 < (1] + 712 + T + Capp) < 00

2. By f)

A0y THer0e] Sttt A0y THe o) Sty listin]*

r-consi
A; ®g;T F cons(e, ez) © cons(e], es) <ty +t;: listin +1]* ¢

Assume that = 0® and there exists '’ s.t. FV(cons(ej, e2)) € dom(T"’)
and I C T and (m, ) € §[f|oT'};].
TS: (m, cons(8ey, 8ey)) € [[listfon + 1]°%F! mh]]‘g"’" = [listlon+1] ymh]]‘ﬁ""’.

Following the definition of [-]¢’, assume that
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der Y1 vy (%) dey |22 v,y (o)

cons and ¢; + ¢y < m.
cons(deq, dey) 172112 cons(vy,vy)

By IH 3 on the first premise using
FV(e;) C dom(T’) and I'" C T and (m, 8) € G|oT’|1]
we get (m, deq) € [[|m|1]]2'°°. Unrolling its definition with (%) and
c1 <m, we get
a) 0<rm <
b) (m—cy,v1) € [loth]y

By IH 3 on the second premise using
FV(e;) C dom(I")and " C T and (m,8) € G[|oT'|1]

we get (m, dey) € [llistlon]o* mh]]S'OO.
Unrolling its definition with (¢) and ¢; < m, we get
) 0<mn <

d) (m—cy,v2) € [listlon] |ot|i ]y
Now, we can conclude as follows:

1. We can trivially show that 0 < (11 4+13) < o0

2. By downward closure (Lemma 20) on b) and d), we get (m —
(c1 +c2),v1) € [loth]y and (m— (¢1 + ¢2),v2) € [listlon]|oth],

when combined, gives us (m — (cj +c2), cons(vy,v;)) € [listlon +
1 lot)i]y = [llistlon]***! ot)1],
ADOT e Qe{ St] Ak

A0y THe o€ St listm]*t
Case:

r-cons2
A; ©g;T F cons(er, ez) © cons(ef, e5) Sty +t): listin +1]% 7

Assume that = 0® and there exists '’ s.t. FV(cons(ej, e2)) € dom(T’)
and I C T and (m, ) € G|oT"};;].

TS: (m, cons(deq, dey)) € [|listlon+1]°% o1l g,m = [listfon+1] IGTh]]S’OO.
Following the definition of [-]¢’, assume that
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der Y1 vy (%) dey 22 vy (o)

cons and ¢ + ¢y < M.
cons(deq, dey) 17212 cons(vy,v;)

By IH 3 on the first premise using

FV(e;) C dom(I’) and I'" C T and (m,8) € G[|oT’}1]
we get (m, dey) € [|T cnh]]‘g"’o. Unrolling its definition with (%) and
c1 <m, we get

a) 0<rn <

b) (m—cy,v1) € [[Ooth]y = [loth]y

By IH 3 on the second premise using
FV(e;) C dom(I")and " C T and (m,8) € G[|oT'|1]

we get (m, 8e;) € [listlon]® o],

Unrolling its definition with (¢) and c; < m, we get

) 0 <moo

d) (m—cy,v2) € [listlon]|ot)]y
Now, we can conclude as follows:

1. We can trivially show that 0 < (11 4+ 1) < o0

2. By downward closure (Lemma 20) on b) and d), we get (m —
(c1+c2),v1) € [loth]y and (m — (c1 + ¢2),v2) € [listlon]|oTli]y,
when combined, gives us (m — (cj +c2), cons(vy,v;)) € [listlon +

11loth]y = [listlon]°* ot|i ]y
NOGITh R et Al A OgITLHE ex: Ay

AOTHerOe St —kat U(Ag, A7)
The are two parts to show.

Case: switch

subcase 1: Assume that = 0c® and there exists '’ s.t. FV(e7) € dom(I"’)
and I’ C T and (m,§) € §[|oT"|1].



subcase 2:
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TS: (m, 8e1) € [JU (oA, 0A2)[]>® = [0A;]2>.
Assume that

a) dey 4o vy

b) ¢ <m.

By IH 2 on the first premise using

FV(er) C dom(|};) and [I[; € [Ty and (m,8) € G[loT"1]

we get (m, deq) € [[0A1]]gk"gt‘

By unrolling its definition with a) and b), we get

c) ok <1 <oty
d) (m—cy, V) € [oA ]y

We can conclude as follows

1. Trivially, 0 < 1 < 00

2. By d)

Assume that = 0® and there exists '’ s.t. FV(e;) € dom(I")
and I'" C T and (m, §) € G[|oT”[2].
TS: (m,éez) € [Hu (0A1,0A2)|2]]g'°° = [[GAZ]]S’OO.

Assume that

a) dey Y vy

b) ¢, <m.

By IH 2 on the second premise using
FV(e;) C dom(|”]y) and [}, C [T, and (m, 8) € GJoT’]]

we get (m, dey) € [oA,] Tt

By unrolling its definition with a) and b), we get

c) oky <1 <oty
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d) (m—cp, V) € [0A2]y
We can conclude as follows
1. Trivially, 0 <1 < 00
2. By d)
A OGN H el Al A0gx:UALTFece St

Case: r-e-let
NOTHeSletx=ejine; St)—Ky —Cler T2

There are two parts to show.

subcase 1: Assume that = 0@ and there exists '’ s.t. FV(e) C dom(T")
and I'" C T"and (m, §) € G[|oT"|1].
TS: (m, 8e) € [l
Follows by IH 3 on the second premise using (m,§) € G[|oT’|]
since we know that FV(e) C dom(I"') and I'" C I',x : A; since x

doesn’t occur free in e, we get immediately (m, de) € [|oT,l; ]]S"”.

subcase 2:
Assume that = 0c® and there exists '’ s.t. FV(let x = e in ;) C dom(T")
and I C T and (m,d) € G[|oT}2].
TS: (m,let x = deq in dey) € |I|O'Tz|2]]g’oo
Assume that
oep Y1 vy (%) deafvi/X] U ve (o)

a) ] let
let x = dej in dey ST TEr T T HClet o,

b) ci+cr+1<m

By IH 2 on the first premise using

FV(er) C dom(|T"]z) and ||z € [F; and (m, §) € S[loT"]2]

we get (m, deq) € [oA kb

Unrolling second part of its definition using (x) and c¢; < m, we

get

c) oky <171 < oty



Case:

A; @y THeo case (e/,x.e],y.es) St—k —cCeqse: T

There are two parts to show.

subcase 1: Assume that = 0c® and there exists '’ s.t. FV(e) C dom(T")

and I C T and (m,d) € G|oT";1].

TS: (m, 8e) € [lot];]>>

We conclude by IH 3 on the second premise using (m, 8) € G[|oT’|1]

since we know that FV(e) C dom(I"") and I'" C T, x : A; since x
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d) (m—cy,v1) € [oA1]y
By IH 3 on the second premise using (m —c,d[x — vi]) € Gx :
0A1,|oT’|;] which hold since
e FV(e;) Cdom(x: UA, T and x: UA;, T Cx:UA,T
* (m—c,d) € §[lol’|;] by downward closure (Lemma 20) on
(m,8) € G[loT];] usingm—c <m
L4 (m—c,v1) < [[GA]]]V
we get (m—c, dex[vi/x]) € [[|GT2|2]]S’OO.
Unfolding its definition using (¢) and ¢, < m —cj, we get
e) 0<rn <0
f) (m—(c1+cr),v) € [lotzl2]y
Then we can conclude as follows
1. Trivially, 0 <71+ 1r 4+ Cler < 00
2. By downward closure (Lemma 20) on f) using
m—(c+e+1)<m—(c+cr)
we get (m— (c+cr+1),v) € (lotal2)y.
A; Dg; T FE, e : Al + A
NDGx:UA THeoe; St A;Ogy:UATReoe, St
r-e-case
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doesn’t occur free in e, we get immediately (m, de) € [[IG'cI]]]S’OO.

subcase 2:
Assume that = 0@ and there exists '/ s.t. FV( case (e’, e], e})) C dom(T")
and I'" CT"and (m, §) € G[|oT”|2].
TS: (m, case (de’,8e],de3)) € [[IGTIZ]]S’OO
There are also two parts to show here depending on what de
evaluates to. We only show one for brevity, the other one is
similar.
Assume that
se/ I inl v (%) Seflv!/x] 4T v (o)
a) case-inl
case (8e,x.5eq,y.0ey) |J¢ Tertlr Hritcease 7

b) ¢/+cl+1<m

By IH 2 on the first premise using

FV(e’) € dom(|I"};) and [I|; € [T, and (m, 8) € G[|oT"];]

we get (m, de’) € [oA] + GAZ]]gk/’*/.

Unrolling second part of its definition using (x) and ¢ < m, we

get

) ok/ <rv' <ot/

d) (m—c/,inlV') € [oA; + 0A;]y
By IH 3 on the second premise using (m —c¢’,8[x — Vv']) € G[x :
0A1,|oT’[;] which hold since
* FV(e;) Cdom(x:UA, ") and x : UA;, T Cx:UA;,T

e (m—c’,8) € §[loT’];] by downward closure (Lemma 20) on

(m, ) € §[loT];] using m—c <m
e (m—c/,v') e [oA]y
we get (m—c’,de5[v'/x]) € ﬂ|m|z]]‘3f°°.

Unfolding its definition using (¢) and ¢, < m—c’, we get

e) 0<r <o
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f) (m—(c"+¢f),v) € [lotlz]v
Then we can conclude as follows

1. Trivially, 0 < v/ + 1] 4+ Cler < 00

2. By downward closure (Lemma 20) on f) using
m—(c'+c/+1)<m—(c"+¢c))

we get (m— (¢/+c¢;+1),v;) € (loTlz)y.
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In this chapter, we first describe the necessary definitions, lemmas and the-
orems for proving the soundness of the DuCostlt’s unary and binary (rela-
tional) typing with respect to the abstract change propagation and from-
scratch cost semantics.

We use some abbreviations throughout. STS stands for “suffices to show",
TS stands for “to show", and RTS stands for “remains to show".

B.1 DUCOSTIT LEMMAS

Lemma 31 (Value interpretation containment). The following hold.
1. (m,w) € (T)y then (m,w) € (1)°.
2. (m,v) € [A]y then (m,v) € [A]S.

Proof of (1). Assume that (m, w) € (t)y ().

Following the definition of (t)?, assume that

a) L(w) Iif (v,D)
b) R(w') " (v/, D)

c) f<m.

We have to show that there exist w’ and ¢’ such that:
1. {(v,D),w) ~w',(v/,D"), ¢’
2. v=L(w') A v/ =R(w')
3.¢/=0
4. (m—1,w') € (T

Since w is a bi-value, L(w) and R(w) are values and, hence, by value

evaluation rule combined with (a) & (b), we have
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Relational type T is well-formed.
Type A is well-formed.

———— wif-unit ——— wf-int
A F unit, wf A Fint, wf
AI—T]Wf Al—Tzwf AI—T]Wf Al—Tzwf
wif-prod wf-sum
AF T X T wf AF T 4+ 1 wf
AF T wf AF 1 wf AFt:R
wi-fun

CP
Al"[’] i)’[’zwf

AFn:IN At o IN AFTwf

f-list
A F listn]* Tt wf WS
1S, AF Twf i:SAFt:R i:S,AF Twf
CP(Y wi-v AF TS ut V7
AFVYL = S.twf Lo T
A A A wf At Twf AFCwf  AbFTwf
— wf-U — wf-box wif-CD
AFUA wf AFOTwf AFCDtwf
A Cwf A Twf
wi-C&
AFC & Twf

Figure 63: Well-formedness of relational types
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Type A is well-formed.

A . . wf-u-unit AL . wf-u-int
A F unit wf AN int wf

AFM Aqwf AFR A wf
AFA A x Ay wf

AFA AT wE AFA Ay wf
AFA AL+ Ay wi

AFA A wE AFA A wf AFk:z:R AFt:zR
AFA AL B A
AFn:IN AFA A wf
A FA listin] A wf

i::S,AI—AAwf i:S,AFk:R i:S,AFt:R

wf-u-prod

wf-u-sum

wf-u-fun

wf-u-list

S wif-u-Vv
AFYYL o S.Awf
i:S, AN A wf AFCwf AFMAw
=y wf-u-3 2 wf-u-CO
AF? xS A wf AFYC D A wf
AFCwf  AFMAwf
A wf-u-C&
AFAC & A wf

Figure 64: Well-formedness of types
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d) L(w) 4° (L(w),L(w))
e) R(w) §° (R(w), R(w))
Then, we can conclude as follows:
1. From lemma 34, ((L(w),L(w)), w) ~ w, (R(w), R(w)),0.
2. By (d) and (e), we have v = L(w) and v/ = R(w)
3. As obtained in the first statement, ¢/ =0

4. Since we have w’ = w as obtained in the first statement, we conclude

by the main assumption ().

Proof of (2). Assume that (m,v) € [A]y ().
Following the definition of [A]?, assume that v |f (v,v) and f < m. Then,

we can immediately show
1. By value evaluation rule, f = 0. Hence, f =0 < 0

2. (m—0,v) € [A], which follows from the assumption (x).

O
Lemma 32 (Bi-value projection). The following hold.
1. If (m,w) € (t)y then ¥j. (j,L(w)) € [Itl]y and (j, R(w)) € [ItI].
2. If (m,w) € CA D, then Vj. (j,L(w)) € [A]y and (j,R(w)) € [A].
Proof. (1) and (2) are proven simultenously by induction on the type. O

Proof of statement (1). Proof is by induction on the type.

Case: (m, keep(n)) € (int:) A
Since L(keep(n)) = R(keep(n)) = n, by definition we have Vj.(j,n) €
[[il’lt]]}\.

Case: (m, (w1, w2)) € (T1 % Ty (¥)

TS: Vj. (j,L((w1,w2))) € [Itl x It2l]v A (G, R((wy,w2))) € [IT1] x |2[]v-
Pick j.
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STS 1: (j,L(w1)) € [Itillv A (5, R(wq)) € [Ital]v (¢)

STS 2: (j,L(w2)) € [Itallv A (5, R(w2)) € [Ital]v (00).

By unrolling the (x), we get (m, w1) € (T1)y () and (m, w2) € (T2)v (1).
By IH 1 on (f), we get (¢), and by IH 1 on ({f) we get (oo).

Case: (m,w) € (11 + T2)A
TSvj. (j, L(w)) € [lti + 2l]a A (§, R(w)) € [It1 + T2[]A-
There are two cases. We only show the left projection:
We have (m, inl w) € (11 4 T32))y, that is (m, w) € (T1)v (1)-
TS:vj. (j, L{inl w)) € [lti + T2llv A (G, R(int w)) € [Ity + 12ffy (%)
Pick j.
STS: (j,L{w)) € [lul]y A (G5, R(w)) € [Itil]v
By IH 1 on (1), we get ¥j. (j, L(w)) € [ltly A (j,R(w)) € [l

By instantiating with j, we conclude.

Case: (m,nil) € (list[0]* T),
TS: Vj. (j, R(nil)) € [[ist[0]* t|]v = [list[0] | 7]

This follows immediately by definition.

Case: (m, cons(wy,w;)) € (list[I+ 1]% 1), (%)
TS: ¥j.(j, L(cons(wy, w2))) € [listlI+ 11* T[], /A (j,R(cons(wq, wy))) €
[llist(I + 1]* (], = [list[I+ 1] |(]y
Pick j.

There are two cases for unrolling the definition of ().

subcase 1: We have (m, w;) € (1)), (1) and (m, w,) € (list[I]* "), (11)
By IH 1 on (f), we get Vj. (j,L(wy)) € [Itl[v A (,R(wy)) €
[y (o

ByIH1on(ﬂ) we get Vj. (j, L(wy)) € [llist[T1* " t[]y, A (j,R(w,)) €
[[list[I]%~ ]TH]V = [List(I] |T(]v <><>).

By instantiating (¢) and (o¢) with the j we picked above, we get

(. L(cons(wy, w3))) € [listll + 1]|t[y A (j,R(cons(wy,w3))) €

[list[I + 17 |7[]y.

subcase 2: We have (m,w;) € (d1)y (1) and (m, w;) € (list[I]* ), ({1)
By IH 1 on (), we get Vj. (j,L(wy)) € [Itllv A (,R(wy)) €



272 APPENDIX FOR DUCOSTIT

[ITl]v (<)
By IH 1 on (1), we get Vj. (j, L(w2)) € [[list{I]* T[]y /A (5, R(w2)) €
[ist[1]1* 7], = [list{I] |T|]y (o0).
By instantiating (¢) and (o¢) with the j we picked above, we get
(j,L(cons(wy,w3))) € [listI+ 1]|t|]v /A (j,R(cons(wy, w2))) €
[list[I 4 1] |[].
Case: (m, fix f(x).ee) € (1 % )y (%)
TS: Vj. (3, L(fix f(x).)) € [t —% 5]y A (G, R(fix f(x).e)) €
It = wlly = [l s ).

By unrolling the definition of (x), we have
. FS(oc0)
(m, fix f(x).ee) € |11 —— |t2| Dy (1)

By IH 2 on eq. (1), we get Vj. (j, L(fix f(x).ee)) € [|T1] JF;S(O—O)% It2l]v A
. . FS(oc0
(5, R(Fix f(x).e2)) € [l 2 [nyl]s.

Case: (m,w) € (UA)y (%)
TS: V. (3, L(w)) € [UAT, A
(G, R(w)) € [lUA[]y = [A]s.
There are two cases for (*).
subcase 1: w = new(v,V’)
We can conclude by definition of (x).

subcase 2: w # new(v,v’), hence by (%), we have (m,w) € C A Dy.

We can conclude by IH 2.

Case: (m,w) € (1),
By unrolling the definition we know that (m, w) € (1)), ().
TS: V. (j, L(w)) € [0y A (j,R(w)) € (O, = [Ix]]-
Follows immediately by IH 2 on ().

Proof of statement (2). Proof is by induction on the unary type.
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(m,w) € (A1 + A)a

There are two cases. We only show the left projection:

We have (m, inl w) € (A7 + Aj),, thatis (m,w) € (UA1), (T).
TS: V. (j,L(inl w)) € A1 + Az]v A (G, R(inl w)) € [A7 + Az]y (%).
Pick j.

STS: (j,R(w)) € [Aq1]v

By IH 1 on (1), we get Vj. (j, L(w)) € [A1]v A (,R(w)) € [A1].
By instantiating with j, we conclude.

(m, Fix f(x).ee) € C Ay 2% Ay, (%)

TS: Vi. (j, R(Fix f(x).e)) € [A1 2% A,],.

This immediately follows by the definition of (x).

Lemma 33 (Downward closure). The following hold.

1.

7.

If (m, w) € (t)y and m' < m, then (m', w) € (T),.

If (m,v) € [t]y and m' < m, then (m/,v) € [1]s.

CIf(m,w) € CA Dy and m' < m, then (m/,w) € CA Dy.

If (m,ee) € (t)t and m' < m, then (m/, ee) € (1)L
If (m,e) € [T]t and m’ < m, then (m/,e) € [7]t.

If (m,8) € §(I) and m’ < m, then (m/,8) € §(I).

If (m,y) € G[I'] and m' < m, then (m’,y) € G[I'].

Proof. (1,3,4) and (2,5) are proved simultaneously by induction on . (6,7)

follows from (1,2).

We just show the proofs of statement (4) and (5) below.

Proof of statement (4). Assume that (m, ee) € (o)l and m’ < m.
TS: (m/, ee) € (o)t

Assume that
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a) L(ee) 4" (v,D)
b) R(ee) 4" (v/, D)
o f<m/
By unfolding the assumption (m, ee) € (o7); using (a-b) and f <m/ < m
(using (c)), we obtain
d) ({(v,D),ee) ~w’,(v/,D’),c’
) v=L(w') A v/ =R(w’)
f) ¢/ <t
)

&

e

m—f,w') € (oT)y

We can conclude as follows:
1. By (d)
2. By (e)

3. By ()
4. ByIH 1 on g) using m’ — f < m—f, we get (m' —f,w’) € (o).

Proof of statement (5). Assume that (m, e) € [cA]t and m’ < m.
TS: (m/, e) € [oA]L
Assume that

a) e’ (v,D)

b) f<m'
By unfolding the main assumption (m, e) € [cA]t with a) and f <m’ <m
(by (b)), we get

o f<t

d) (m—f,v) € [oA],

We can conclude as follows:

1. By d)

2. ByIH 2 on d) using m’ —f < m —f, we get (m’' —f,v) € [0A],.
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Lemma 34 (Bi-value propagation). ((L(w),L(w)), w) ~ w, (R(w), R(w)), 0.
Proof. By induction on w. We show some representative cases.

Case: w = keep(n)

L(keep(n)) = n. Immediate from rule cp-nochange.

Case: w = new(v,v’)
L(new(v,v’)) = v and R(new(v,v')) = v/. Immediate from rule cp-

new.

Case: w = (wq,w>7)
By IH on wj, we get ((L(w7), L(wq)), w1) ~ wy, (R(wq), R(wq)),0 (%)
By IH on w;, we get ((L(w2), L(w2)), w2) ~ w2, (R(w2),R(w2)),0 (1)
Therefore, by instantiating cp-pair rule using (x) and (f), we get
((L((w1,w2)), L{(w1,w2))), (w1, w2)) ~ (W, w2), (R((w1, w2)), R((w7, w2))), 0.

Case: w =nil

Follows immediately from the cp-nochange rule (nil, nil) ~ nil,nit,0.

Case: w = cons(wj,w>)
By IH on w;, we get ((L(wq),L(wq)), wi) ~ wy, (R(wy),R \X/])> 0 ()
By IH on w;, we get ((L(w2), L(w2)), w2) ~ w3, (R(w2),R(w2)),0 (1)
Therefore, by instantiating cp-cons rule using (x) and (T) we get
((L(cons(w1,w3)),L(cons(wy,w3))), cons(wy, wz)) ~

cons(wy, wy), (R(cons(wy,wz)), R(cons(wy, w;))),0.

Case: w =nil

Follows immediately from the cp-nochange rule (nil, nil) ~ nil,nil,0.

Case: w = fix f(x).ee

Immediate from rule cp-fix.
O

Lemma 35 (No input change). If L(ee) ||’ T and (T,ee) ~ w/,T',c’ and
stable(ee) then stable(w’) and ¢’/ = 0.
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Proof. Immediate from cp-nochange change-propagation rule where w’ =
"v7 (hence, stable("v7))and T’ = (v, D) and ¢’ = 0. O

Lemma 36 (Stable context soundness). Suppose (Vx € ' A; @ = T'(x) C
OT(x)) and o € D[A] and = o® and (m, 0) € G(oT). Then, the following hold.

1. If A, O;T Fcp e:t|t, then stable(6"e™).
2. If A; O;T'Fw > tand stable(w), then stable(Ow).
3. If A; O;T'-ee > | tand stable(ee), then stable(Oee).

Proof. All three statements have similar proofs. We show the proof of (1).

Proof of Statement (1). By definition, "e" does not have any occurrence of
new.

Therefore, it suffices to show that for any x € I', stable(0(x)).

Pick any x € T.

From the definition of G(oT), (m,0(x)) € (o(T(x)))y-

By lemma 39, (m, 0(x)) € (O o(I'(x)))y.

From the definition of (O o(I'(x)))v, we get stable(6(x)), as needed. O

[
Lemma 37 (Stable type). The following hold.
1. If and only if (m,w) € (1)), and stable(w), then (m,w) € (O T),.
2. If (m,ee) € (1)t and 0 < t and stable(ee), then (m,ee) € (O1)°.

Proof. (1) follows immediately by definition. (2) is proved using statement

(1).

Proof of statement (2)

Assume that (m, ee) € (t)! (x) and 0 < t and stable(ee) (xx).

TS: (m, ee) € (O7)°

Assume f < m such that L(ee) |f (v, D) (1) and R(ee) | (v/,D’) (&).
By unrolling the (x) with ({) and (#), we obtain
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a) {(v,D),e)w’,(v/,D’),c’
b) v =R(w') A v=L(w')
o ¢ <t
d) (m—f,w’) € (]TDV
Note that since stable(ee), we know that

e) L(ee) = R(ee), therefore v =v'.
f) By lemma 35 using (f) and stable(ee), we know that ¢’ = 0 and
w ="y

Hence, we can conclude as follows:

1. By (a)

2. By (b)

3. By (c),¢’=0<0

4. By (d) and (f), we know that stable(w’) = stable("v"), hence (m —
f,w’) € (O1)y

Lemma 38 (Bi-value inclusion). The following hold.
1. If (m, w) € (t)y, then (m,w) € (U|t),.
2. If (m,8) € G(I), then (m,d) € G(UIT).

Proof. (1) is proven by induction on T and (2) follows from (1).

We show a few representative cases of (1) below.

Case: (m, keep(n)) € (int;)y.
TS: (m, keep(n)) € (U lint,[), = (Uint),.
Follows by definition since (m, keep(n)) € Cint ), C (Uint],.

Case: (m,w) € (UA]), (%)
TS: (m,w) € (U[UA])y = (UA),.
We immediately conclude by (x).

Case: (m,inl w) € (11 + T2)y (%)
TS: (m,inl w) € (U|Tt; + T2|)y-
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STS:(m,inl w) € C |t7 + T2| Dy.
By unrolling its definition and noting that [t; + T2 = |T1| + |T2],
RTS: (m,w) € (Ul|tq])y.

By unrolling the definition of (x), we have
(m, w) € (1 (2)

By IH 1 on eq. (2), we conclude.
Case: (m,fix f(x).ee) € (1 C]P—(k)> )y (%)
) CP(k) IFS(00)
TS: (m, fix f(x).ee) € (Ut —— 12l)y = (U (IT7] —— [T2]))-
STS: (m, fix f(x).ee) € C |1q| M T2 Dv.
Follows immediately by unrolling the second part of the definition of

(%).

Case: (m,nil) € (list[0]* T),
TS: (m,nil) € (U (list[0] |t]))y
This follows immediately by definition since (m, nil) €  list[0] |t| D, C
(U (list[O] |T]))v

Case: (m, cons(wy,w;)) € (list[I+ 1]% 1), (*)
TS:(m, cons(wy, wy)) € (U (Jlist[I+ 1]* T[))y.-
By unrolling its definition, STS: (m, cons(wq, w)) €  list[I + 1] 7] D,.
STS 1: (m,w;) € (U]T|)y ()
STS 2: (m, w,) € (U (list[I] |T]))yv (o0).
There are two cases for unrolling the definition of ().
subcase 1: We have (m, w;) € (1)), (1) and (m, w,) € (list[I]* "), (11)
By IH 1 on (), we get (©)
By IH 1 on (1), we get (m, wy) € (U (List[T*" 1))y = (U (list(T] |T]))s-
subcase 2: We have (m, w;) € (1), () and (m, w,) € (list[I]* 1)y (1)
By IH 1 on (), we get ()
By IH 1 on (1), we get (m, w,) € (U ([list[I]*<[)), = (U (list[I] |T[))s.

]
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Lemma 39 (Bi-value subtyping soundness). The following hold.

1.

10.

117.

12.

IfA,@ EtC t'and 0 € D[A] and = o®@ and (m,w) € (o)., then

(m, w) € (o).

A0 EAAC Al and o € D[A] and = o® and (m,v) € [oA]y, then

(m,v) € [oA'].

fFAN O ETC ' and o € D[A] and E o® and (m, ee) € (o)l and t < t/,

then (m, ee) € (ot/)t’.

IfA,O EALC A and 0 € D[A] and = o® and (m,e) € [oA]L and
t < t/, then (m,e) € [cA']Y.

N0 =t C 1l and o € D[A] and (m,v) € [lotl]y, then (m,v) €

Tlot'I]v-

IfA® =t C 1 and o € D[A] and (m,e) € [Jot]]t and t < t/, then

(m,e) € [lot’]t.

FA,® EAAC A and o € D[A] and = o® and (m,w) € C 0A Dy, then
(m,w) € C oA’ Dy,

FA,®EAACA and o € D[A] and | o® and (m,w) € (UcA),, then
(m,w) € (UoA')y.

N0 EAAC A and o € D[A] and = o® and (m,ee) € (UcA): and

t < t/, then (m,ee) € (UoA')!'.

IfA;© EtC vt and o € D[A] and = o® and (m,w) € C|oT| Dy, then

(m,w) € C|ot’| Dy.

IfA;®© =1 C 1 and 0 € D[A] and = o® and (m,w) € (U|otl|)y, then
(m, w) € (U|oT'])y.

IfFA, @ EtC v and o € D[A] and E o® and (m,ee) € (U|ot|)S" and
t < t/, then (m,ee) € (U|oT'|)".
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Proof. Statements (1) and (2) are by proven simultaneously by induction on
the subtyping derivation. We first show the proof of statements (3), (4), (6),
((11) and (12). ]

Proof of statement (3). Assume that A;® =1 C 1’ and o € D[A] and
(m,ee) € (o1)t and t < t/
TS: (m, ee) € (o)t
Assume that
a) L(ee) 4 (v, D)
b) R(ee) I (v/,D’)

c) f<m

By unfolding the assumption (m, ee) € (o7); using (a-c), we obtain

d) ((v,D), ee) ~w', (v/,D’),c
e) v=L(w') A v/ =R(w’)
f) ¢/’ <t

g) (m—f,w') e (o),

We can conclude as follows:
1. By (d)
2. By (e)
3. Since ¢’ < t from (f) and t < t’ from the assumption, we get ¢’ < t'.

4. By IH 1 on g), we get (m—f,w') € (o7’)y.

Proof of statement (4). Assume that A;® = A C A’ and o € D[A] and
(m,e) € [oA]t and t < t’

TS: (m, e) € [oA]Y

Assume that e || (v, D) and f < m.

By unfolding the main assumption (m,e) € [cA]! with e | (v, D) and

f <m, we get

a) f<t
b) (m—f,v) € [ocA],
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We can conclude as follows:

1. Since t < t’ (from the assumption) and f < t (from (a)), we get f < t'.

2. By IH 2 on the main assumption using b).

Proof of statement (6). Assume that A;® =1 C 1’ and o € D[A] and
(m,e) € [lot]]i and t < t'.
TS: (m,e) € [lot/|]V
Assume that
a) e v
b) f<m
By unfolding the main assumption (m, e) € [|ot]]} with (a-b), we get
o f<t
d) (m—f,v) € [lotl]y
We can conclude as follows:

1. Since t < t’ (from the assumption) and f < t (from (c)), we get f < t'.

2. By IH 5 on the main assumption using d).

]

Proof of statement (11). Assume that A;® E v C 1’ and 0 € D[A] and
(m,w) € (U]ot|)y (*).
TS: (m, w) € (U]ot'|)y

There are two cases for the main assumption (x).

subcase 1: W = new(v,V’)
Then, we have Vj.(j,v) € [lotl]y /A (G,Vv) € [lotl]y (%*).
TS: ¥j.(j,v) € [lot'lly A (G,v) € [lot'l]y.
We conclude by instantiating IH 5 on A; @ =t C t/ using (x*).
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subcase 2: w # new(v,V’)
Then, we have (m,w) € C|oT| Dy (H*).

We conclude by instantiating IH 10 on A; @ = T C 1/ using (*x).

Proof of statement (12). Assume that A; ® =1 C 1’ and 0 € D[A] and
(m,ee) € (U|otl)t and t < t/
TS: (m, ee) € (]U|O‘T/|l)g

Assume that
a) L(ee) | (v, D)
b) R(ee) ' (v/, D)

c) f<m

By unfolding the assumption (m, ee) € (U|o7|); using (a-c), we obtain

d) ((v,D),ee) ~w',(v/,D’), ¢’
e)v L(w') A v =R(w')
e <t

g) (m—f,w') e (Ulotl)y

We can conclude as follows:
1. By (d)
2. By (e)
3. Since ¢’ < t from (f) and t < t’ from the assumption, we get ¢’ < t'.

4. By IH 11 on g), we get (m—f,w’) € (U|oT’|)y.

Proof of statement (1). Proof is by induction on the subtyping derivation.

Case: OU-int
A; © EOUint C int,

We have (m, w) € (O Uint),.

Unrolling its definition, we have w = keep(n).
TS: (m, keep(n)) € (int;)y.

Follows directly by definition.
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NOETIET NOETCET ADELLY

— ¢p
C CP(t/
AOET ﬂ>’l?2 ET]/ —)P(t) Té
Assume that o € D[A].
We have
cP
(m, fix f(x).ee) € (ot ASLON oT2))y (1)

TS: (m, fix f(x).ee) € (oTy % o).

There are two cases to show.

subcase 1: Assume thatj < m and (j, w) € (oT]),.

FS
subcase 2: TS: (m, fix f(x).ee) € C |oT] —— 0oT5| Dy = C |oTy| & loT)] Dy

STS: (j, elw/x, (fix f(x).ee)/f]) € (oTs)I"".

By IH 1 on (j, w) € (oTy) using the first premise, we get
(j, w) € (o) (2)
By unrolling eq. (1) with eq. (2) using j < m, we get

(, elw/x, (fix f(x).ee) /f]) € (oTa)¢" (3)

By Assumption assumption 25 on the third premise, we get ot <
ot’.
We conclude by applying IH 3 to eq. (3) using the second premise
and ot < ot’.

CP(ot’)
Assume that j < m and (j, w) € (U|oT}[), (%).
STS: (j, elw/x, (fix f(x).ee)/f]) € (U|oT5/)e°.

By IH 11 on the first premise using (x), we get
(j, w) € (UWloTl)y 4)
By unrolling the second part of eq. (1)’s definition, we get

i FS(co
(m, fix f(x).e) € ¢ Joti] 2 |o1] Dy (5)
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Next, we unroll eq. (5) with eq. (4) using j < m, we get
(j, elw/x, (fix f(x).ee)/f]) € (Uloal)e” (6)

We conclude by applying IH 12 to eq. (6) using the second premise.

Case: — Uep
cP CIP(0
AOEDMG Y oycon L% 0

Assume that o € D[A].

We have
(m, fix f(x).ee) € (O (o1 =% 53, (1)
and
stable(fix f(x).ce) )

TS: (m, fix f(x).ee) € (Do % O ota)y.

There are two cases:

subcase 1: Assume that

a)j<m
b) (j,w) € (ot (note that stable(w) (%)).

STS: (j, eelw/x, (fix f(x).ee)/f]) € (D o7y)°.

Since we know by eq. (2) and (%) that stable(ee[w/x, (fix f(x).ee)/f]),
by lemma 37,

RTS: (j, eelw/x, (fix f(x).ee)/f]) € (oTz)*.

This can be shown by unrolling the definition of eq. (1) with (a)

and (b).

CP(0 FS
subcase 2: STS: (m,fix f(x).ee) € ¢ |0oTy 4 Oot| Dy = CloTy] &

|O-T2| Dv.

Immediately follows by unrolling the second part of the defini-
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cP FS
tion of eq. (1) since ¢ | (oTy ﬂ sT2)| Dy = (ot &

loT2| Dy

Case: — OUep
ADEDUA 29 Aycoua, L% gua,

Assume that o € D[A].

We have

(m, fix f(x).ee) € (OU (0A;4 % oA2))y (1)
and

stable(fix f(x).ee) (2)

TS: (m, fix f(x).e) € (OU0A; % OU oA

There are two cases:
subcase 1: Assume that

a) j<m
b) (j,w) € (HU oA )y (note that stable(w) (%)).

STS: (j, eelw/x, (fix f(x).ee)/f]) € (DU A7),

Unrolling its definition, assume that

c) L(eelw/x, (fix f(x).ee)/f]) I+ (vy, Dy)
d) R(eelw/x, (fix f(x).ee)/f]) I+ (v}, DJ).

e) fr <j
Now, we can conclude as follows:

1. By (%) and eq. (2), we have stable(ee[w/x, (fix f(x).ee)/f]) (¢).

Therefore, by cp-nochange rule, we get

stable(es[w/x, (fix f(x).ee)/f])
((vy, Dy), eelw/x, (fix f(x).ee)/fl) ~ "v; 7, (v;, Dy),0

cp-nochange
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2. Since vy = v/ (by (¢)), trivially vy = L("v;") A vy =R("v, 7).
3.¢/)=0<0
4. TS: (j—fr," v 7) € (OU0A,),y.

Since stable("v, "),

TS: (m —f;,"v, ") € (UoAL)y.

Next, by unrolling the definition of eq. (1), we get

FS(ot) FS(ot)

(m, fix f(x).ee) € C|[OU (cA; ——— 0A3)| Dy = C0A] —— 0A2 Dy
(3)

Unrolling the definition of eq. (3) with (a-b) we get
(j, eelw/x, (fix f(x).ee)/f]) € (U oA, (4)

Next, by unrolling the definition of eq. (4) with (c-e),we get
f) (Ty, eelw/x, (fix f(x).ee)/fly~w], T/, ¢, where we know
that w/ = "v,”

g) G—fr,"v ) € (UWoAz)y
We conclude this subcase by g).

C
subcase 2: STS: (m, fix f(x).ee) € C |[JU 0A; & OU oAy Dy =

FS
CoA; 2 AL,

Pick j and assume that

a) j<m
b) (j, w) € (UoAq)y.

STS: (j, eelw/x, (fix f(x).ee)/f]) € (U oA,
Next, by unrolling the definition of eq. (1), we get

S S
(m, fix f(x).ee) € (|OU (0A; 22 6A,) Dy = € 0A; 29 5A, D,

(5)
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By unrolling the definition of eq. (5) with (a-b), we get
(j, eelw/x, (fix f(x).ee)/f]) € (UoA)" (6)

Then, we can conclude by IH 3 on eq. (6) using ot < oo.

Case: \%%
A,OETC UIT

By lemma 38.

ADE=ENn=n' AODE oo ADE=ETC T
Case: - 11
A; @ k= listin]* C list(n/]* 1/

Assume that 0 € D[A] and | o® and (m, w) € (list[n]* 1)y,

TS: (m,w) € (]list[(rn’]‘f“/ ot')y

From assumption 25 applied to the first premise, on = on’. Therefore,
STS: (m, w) € (listlon]®® ot’),,

From assumption 25 applied to the second premise, o < oa’. There-
fore,

We prove the following more general statement

Vm,w,n, oo if « <« and (m,w) € (listlon]°® o))y, then (m, w) €
(list[on] oo’ G Dy

We establish this statement by subinduction on w.

subcase 1: w =nil
We can immediately conclude that (m,nil) € (list[0]°® ot’), by
definition.

subcase 2: v = cons(wy,w;) and v/ = cons(v],V})
TS: (m, cons(wy, wy)) € (list[I + 1]9%' ot')y for some [+ 1 = on.

We have two possible cases:

* (m,vy,v}) € (Dot (1) and (m, vy, v5) € (listI]°% o))y (T1).
By subIH on (ft), we get

(m,w;) € QIist[I]G“/ oty (1)
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By IH on (f), we get
(m,v1,v}]) € (Do), (2)

Combining eq. (2) with eq. (1), we get (m, cons(wy, wy)) €
(list[I+ 10’ ot')y.
e (m,w1) € (oT)y (¢) and (m, wy) € (list[[]° " o))y, (00).

By subIH on (¢¢), we get
(m, wy) € (list[]°* " ot’),, (3)
By IH on (¢), we get

(m,w1) € (ot')y (4)

Combining eq. (4) with eq. (3), we get (m, cons(wy,w;)) €
(list[I + 119" o’)),.

Case: 10
A; © E listn]* O~ C O (listn]* 1)

Assume that 0 € D[A] and = 0® and (m, w) € (listfon]°* O o).

TS: (m, w) € (O (listn]* 1))y,

We prove the following more general statement

Vi,B,T. if (m,w) € (list[i]® O1),, then (m,w) € (O (list[i]? 1)), by

subinduction on 1.

subcase 1: n =0
Then, we know that w = nil
We can immediately conclude that (m,nil) € (dlist[0]°* o), by

definition.

subcase 2: n =1+1
TS: (m, cons(wy, wy)) € (Dlist[I + 1]°% o))y,

For the sub-assumption, we have two possible cases:
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e (m,wy) € (Oo7)y (1) and (m, wy) € (list[]°* O o)y (7).
Instantiating subIH on ({f), we get

(m,w;) € (Olist[I]°* o1))y, i.e. stable(w;) (1)
By (1), we also know that
(m,wq) € (do7)y i.e. stable(w;) (2)

Combining eq. (2) with eq. (1), we get (m, cons(wy,w2)) €
(D List[I 4 1]°% o)),

e (m,w) € (Dot (¢) and (m, w;) € (list[I]°*' O o), (00).

Instantiating subIH on (¢¢), we get
(m, w) € (Olist[1]°* " o), and stable(w;) (3)

Combining (<) with eq. (3), we get (m, cons(wy, w;)) € (OList[I+

11°% oT)y,.

Proof of statement (2). Proof is by induction on the subtyping derivation.

ANOEMAICAT AOEAACA) ADEt<H
Case: FS(1) FS(t) —> exec
AOEMNA] =S A C A —= AS

Assume that o € D[A].
We have

(m, fix f(x).e) € [0A; 29 5A,], (1)

TS: (m, fix f(x).e) € [oA] w oAl
STS: (m, fix f(x).e) € [oA] Blot), oAy

Pick j and assume that

j<m (2)
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Case:

(5, v) € [oA7]y (3)

STS: (j, elv/x, (fix f(x).€)/]) € [cAS]"".
By IH 2 on eq. (3) using the first premise, we get

(3,v) € [oA1]y (4)

By unrolling the definition of eq. (1) with eq. (4) and j < m, we get

(, elv/x, (fix f(x).e)/f]) € [oA]¢" (5)

By Assumption 25 on the third and fourth premises, we get ot < ot’.

We conclude by applying IH 4 to eq. (5) using o, i.e ot < ot’ .

isSSADEAACA 1€FV(D)

A; @ =M JisS A C JisS. A/
Assume that o € D[A].
We have

u-

(m, pack v) € [FizS. oA], (1)

TS: (m, pack v) € [3i:S. cA],.

By unrolling its definition, assume that - 1:: S (x).
STS: (m,v) € [cA{1/i}].

By unrolling eq. (1) with x, we get

(m,v) € [oA{I/i}]v (2)

Then, we can conclude by IH 2 on eq. (2).

Proof of statement (5). Proof is by induction on the subtyping derivation.
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NOETIET NOETCET ADELLY

— ¢p
CP(t CP(t’
AOET A’QET{#TE

Assume that (m, fix f(x).e) € [loT] M loTal]lv (%)
TS: (m, fix f(x).e) € [loT]] m o) ]

Pick j and assume that

j<m (1)

(3,v) € [loTilly (2)

STS: (j, elv/x, (fix f(x).e)/f]) € [loTsl]e°.
By IH 5 on eq. (2) using the first premise, we get

(G, v) € [lot1l]v (3)

By unrolling the definition of (x) with eq. (3) and eq. (1), we get

(j, elv/x, (fix f(x).e)/f]) € [loT2[[° (4)

We can conclude by IH 6 on the second premise using eq. (4).

FS(t) CP(0) = Dlep
A;®EOU(A —5 Ay)) COUA; — 5 OUA,

Assume that o € D[A].

We have (m, fix f(x).e) € [cA; M oAzlly (%).

STS: (m, fix f(x).e) € [oA; M oAy

Assume that for some j

j<m (1)
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(G,v) € [oA1]y (2)

STS: (j, elv/x, (fix f(x).e)/f]) € [oA].
By unrolling (x)’s definition with eq. (1) and eq. (2), we get

(, elv/x, (fix f(x).e)/f]) € [oA]¢" (3)

We can conclude by applying IH 4 to eq. (3) using ot < oo.

ADEN=n' AODE oo AOE=ETCT
Case: - 11
A; @ = listin]* 1 C list/]% 1/

Assume that 0 € D[A] and | oc® and (m,v) € [listlon] [oT[]y.
TS: (m,v) € [listlon'] |ot/[]y

From Assumption 25 applied to the first premise, on = on’. There-
fore,

STS: (m,v) € (listlon] |ot'|),

We prove the following more general statement

vV m,v, n. if (m,v) € [listlon] |ot[]y, then (m,v) € (listlon]|oT'|)y.

We establish this statement by subinduction on v.

subcase 1: v = nil
We can immediately conclude that (m,nil ) € (list[0] |ot/l)y by

definition.

subcase 2: v = cons(vy, V)
TS: (m, cons(vy,v;)) € (list[I+ 1]|ot’|)y for some [+ 1 = on.
By the main assumption, we have (m,v{) € [lot|]y (¢) and (m,v;) €
[list{loT]] Jv (o0).
By subIH on (¢0), we get

(m,v;) € [[hStHO'T/HH v (1)
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Case:

Case:

By IH 5 on (¢), we get

(m,v1) € [lot'[Jv
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(2)

Combining eq. (2) with eq. (1), we get (m, cons(vy,v;)) € [list[I +

1] ’0—1/”]\)-

izS,AOETCT igZFV((I))3
A; @ = FizS.t C FizS. 1/
Assume that o € D[A].
We have

(m, pack v) € [JloT[:S. ]y

TS: (m, pack v) € [JloT’[::S. ]v.

By unrolling its definition, assume that - S ::

STS: (m,v) € [lot/{1/i}]v-
By unrolling eq. (1) with (x), we get

(m,v) € [lot{I/i}]y

Then, we can conclude by IH 5 on eq. (2).

T
AOEOTCT

Assume that o € D[A].
We have (m,v) € [|Oo1|],.
TS: (m,v) € [|ot]y.

Immediately follows since by definition of | - |, we know that [ ot| =

loT|.

W

A,OETC UIT
Assume that o € D[A].

We have (m,v) € [|ot|].
TS: (m,v) € [[U]oT|[]y.

(1)

(%).

(2)
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Immediately follows since by definition of |- |, we know that [oT| =
[Ufo].

Proof of statement (7). Remember that we are trying to prove:

If A;0 EAAC A’and 0 € D[A] and = 0@ and (m,w) € C 0A D,, then
(m,w) € C oA’ Dy,.

Proof is by induction on the subtyping derivation.

ADOEAAICAT AOEAACA, ADEtSH

Case: =0 FS(t) —> exec
ADEAA =S A C A —— A

Assume that o € D[A].

2
We have

S
(m, fix f(x).ee) € C 0A; M 0A2 Dy

(1)
TS: (m, fix f(x).ee) € (o0A] Blot), OoA)y.
There are two cases to show.
subcase 1: Assume thatj < m and (j, w) € (UoAj), ().
STS: (j, elw/x, (fix f(x).ee)/f]) € (U oA}
By IH 8 on (x) using the first premise, we get

(§,w) € (UcAq)y (2)

By unrolling eq. (1) with eq. (2) using j < m, we get

(, elw/x, (fix f(x).ee) /f]) € (UoA)S" (3)

We conclude by applying IH 12 to eq. (3) using the second premise.
subcase 2: STS: Vj.(j, fix f(x).L(ee)) € [oA] 2% GAll, A (j, fix f(x).R(ee)) €
[oA] TStot), oAS]y.
Pick j.



B.1 DUCOSTIT LEMMAS

We just show the left projection part, the right one is similar.

Pick j’ and assume that

./

it<j (4)

(G,v) € [loA1lly (5)

STS: (j/, L(ee)[v/x, (fix f(x).L(ee))/f]) € [loAJI].
By IH 5 on eq. (5) using the first premise, we get

(G",v) € lloAql]y (6)
By unrolling the second part of the definition of eq. (1), we get
g IFS(o0)
vj.(j, fix f(x).L(ee)) € [[oA1] —— [oA2l]y (7)
Instantiating eq. (7) with j’ + 1, we get
1 : IFS(o0)
(G'+ 1, fix f(x).L(ee)) € [loA] —— [oA2]]y (8)

Then unrolling the definition of eq. (8) with eq. (6) using j’ <
i"+1, we get

(3, L(ee)bv/x, (fix f(x).L(ee))/f]) € [loA]¢” (9)

We can conclude by IH 9 on the second premise using eq. (9).

Proof of statement (10). Remember that we are trying to prove:
If A;® =1L 1t and 0 € D[A] and E oc® and (m,w) € C|oT| )y, then

(m, w) € C|oT/| Dy.
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Proof is by induction on the subtyping derivation.

Case: OU-int
A; © EOUint C int,

We have (m,w) € ¢ |JUint| D, = Cint Dy,

Unrolling its definition, we have w = keep(n).
TS: (m, keep(n)) €  |inty| D, = Cint Dy.
Follows directly by definition.
AOETET NOETCT ADELLSE
Case: — cp

CIP(t CP(t/
A0 E T #ng’f{g}’é

Assume that o € D[A].
We have

) CIP(ot IFS
(m, fix f(x).ee) € C |oTy & 01| Dy = C o] & lota| Dy (1)

C ! FS
TS: (m, fix f(x).e) € (o1, " or), = (ot} 22 |ot)) .

There are two cases to show.
subcase 1: Assume thatj < m and (j, w) € (U|oT{l)y (%).
STS: (j, elw/x, (fix f(x).ee)/f]) € (U|oTs])".

By IH 11 on (%) using the first premise, we get

(i, w) € (UloTl)y (2)
By unrolling eq. (1) with eq. (2) using j < m, we get

(3, elw/x, (fix f(x).ee)/f]) € (UloTal)" (3)

We conclude by applying IH 12 to eq. (3) using the second premise.

subcase 2: STS: ¥j.(j, fix f(x).L(ee)) € [lot)| 2 |ot [y A (i, fix f(x).R(ee)) €

FS(o0)
llotj| —— loTt5l]s.
Pick j.
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We just show the left projection part, the right one is similar.

Pick j’ and assume that

./

it<j (4)

G',v) € [loy[]v (5)

STS: (j', L(ee)v/x, (fix f(x).L(ee))/f]) € [loT3l[2°.
By IH 5 on eq. (5) using the first premise, we get

(',v) € llonilly (6)
By unrolling the second part of the definition of eq. (1), we get
g IFS(o0)
vj.(j, fix f(x).L(ee)) € [loti| —— o], (7)
Instantiating eq. (7) with j’' + 1, we get
./ . IFS(o0)
(3" +1,fix f(x).L(ee)) € [lot| —— [oT2[] (8)

Then unrolling the definition of eq. (8) with eq. (6) using j’ <
i"+1, we get

(3", L(ee)[v/x, (fix f(x).L(ee))/f]) € [loal]¢° ()

We can conclude by IH 6 on the second premise using eq. (9).

Case: \%Y%
A, O ETC UIT

We have (m,w) € C |oT| Dy.
TS: (m,w) € ¢ |UoT|| Dy.
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Immediately follows since by definition of |- |, we know that [oT| =

U |o]l.
Case: — OUep
AOEDOURA BY% aAycoua, L% oua,
We have (m, fix f(x).ee) € ¢ |[OU (cA; m 0A2)| Dy = C 0A; m
oA2 Dy (%)
: CIP(0) IFS(0)

STS: (m, fix f(x).ee) € ¢ [JUcA; —— OUGA, Dy = C0A] ——
O—AZ D\;.
Assume that for some j

j<m (1)

(j,w) € (UcAq)y (2)

STS: (j, eelw/x, (fix f(x).ee)/fl) € (UoA,)°.

€

By unrolling (x)’s definition with eq. (1) and eq. (2), we get
(5, ebv/x, (fix f(x).e)/f]) € (U oA)S" (3)

We can conclude by applying IH 3 to eq. (3) using ot < oo.

Assumption 40 (Constraint Well-formedness). If A; @ = C then A+ C wf

Lemma 41 (Refinement Removal Well-formedness). If ®;A + T wf, then
D; A FA || wt.

Lemma 42 (Subtyping well-formedness). The following hold.

e IfA;® =t C 1t/ and A; @ F twfand FIV(t) C A, then ®; A+ t/ wf and
FIV(T') C A.
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o IfA; 0 EAAC A’ and A; @ FA Awfand FIV(A) C A, then ;A= A’ wf
and FIV(A') C A.
Proof. The proof is by induction on the subtyping derivations. O
Lemma 43 (Well-formedness). The following hold.

1. If A, @y T Fepe:t|tand A;® F T wf and FIV(T) C dom(A), then
®; A+ twfand FIV(t,t) C dom(A).

2. fF A ®0;Q Fpse: Al tand A; ® FA Q wf and FIV(Q) C dom(A), then
®; A A A wf and FIV(t, A) C dom(A).

3. If A, @q;T Fep e:t|t, then FV(e) C dom(T).
4. If A, @; Q Fpg e Alt, then FV(e) C dom(Q).

Proof. The proof is by induction on the typing derivations. O

Both of our fundamental theorems rely on the assumption that the se-
mantic interpretation of every primitive function lies in the interpretation
of the function’s type. This is explained below.

Assumption 44 (Soundness of primitive functions (relational)). Suppose that
CP(t)

Gt U 1 and (myw) € () and & L(w) = (v, £,) and & R(w) = (v, L),
then
e fl <t

* (m_fT/ merge(VT/v‘r,‘)) E (]TZDV

Assumption 45 (Soundness of primitive functions (non-relational)). Suppose

that C: Ay 22 Ay and (m,v) € [Aq]y and Ev = (v, fy), then

« f<t

e (m—f,,v) € [[AZ]]V
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B.2 DUCOSTIT THEOREMS

Theorem 46 (Fundamental theorem). The following holds.

1. Assume that A, @ ;T Fep e: 1| tand o € D[A] and = o® and (m, ) €
G(oT). Then, (m,8"e™) € (o)t

2. Assume that A; @ q; Q Fpg e: A |tand o € D[A] and = o® and (m,y) €
G[oQ]. Then, (m,ve) € [cA]S".

3. Assume that A; @ g; T Fcpe:t|tand o € D[A] and = c® and (m,y) €
S[loT], then (m,ve) € [loTl]° .

4. Assume that A; @q; Q Fpg e: A tand o € D[A] and = o® and (m, ) €
G(U cQ), then (m,8"e™) € (UcA)?I".

5. Assume that A; @ ;T Fep e:t|tand o € D[A] and = 0® and (m,d) €
G(U|oT]), then (m,d"e™) € (UloT()° .

Proof. Proofs are by induction on typing derivations with a sub-induction
on step-indices for recursive functions. We show select cases of each state-

ment separately.

Proof of Statement (1). We proceed by induction on the typing derivation.
We show the most important cases below.
MNx)=r

Case: cp-var
A,'(Da;r |—C]]3XZT|O

Assume that = c® and (m, d) € G(oT).

TS: (m, 8("x 7)) € (o)°.

By Value Lemma (lemma 31), STS: (m, 8(x)) € (o7),.
This follows by I'(x) =t and (m, d) € G(oT).

NOGT Feper Tty A, OGT Fep e : listn]%t| t)
Case: cp-cons1
A; @g;T Fep cons(eq, er) : listm+ 117t |t + 1,

Assume that (m, d) € §(oTl) and = o®.
(Tt|+0"t2.

TS: (m, cons(57e; 7, 87e; ) € (listlon 4 1]°%F! o)
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Following the definition of (-),, assume that

LTt 4" Ty (%) LTe) 2 T, (o) vi=V(T)

cons(L(67e;),L(6"e2 ")) Ufﬁfz (cons(vy,v2), cons(Ty, Ty))

ev-cons

R(5Te; ) UM T (k) R8T U2 T (00) vl =V(T))

cons(R(87e;™),R(87e; ™) i}ﬂ”ﬁ (cons(v],v5), cons(T{,T;))

ev-cons

and f; +f, < m.
By IH 1 on the first premise, we get (m, 5 e;7) € (ot)¢'. Unrolling

its definition with (x) and f1 < m, we get

a) (1,87 e1ywy, T/, ¢}

b) vi =L(w;) A vi =R(wq)
c) ¢; < oty

d) (m—fy,w}) € (o1),

By IH 1 on the second premise, we get (m,d"e; ") € (list{on]°® ch[)ng.

Unrolling its definition with (¢) and f; < m, we get

e) (To,8"exyw3, Ty, ¢

f) vo =L(wj) A v =R(w))

g) ¢5 <oty

h) (m—f;,wj) € (listlon]°* o)),

Now, we can conclude as follows:

1. Using a) and e)
(Ti,R(87e1 ™)) ~ wy, T, ¢4
(Ty,ee2) ~wh, Ty,ch vi=V(T))
({(_,cons(Ty, Tz)), cons(R(6"e; "), R(6"ex ) ~
cons(wj,w}), (cons(v{, v}), cons(T{,T;)), ci +c}
2. Using b) and f),cons(vy, v;) = L(cons(wj, w5)) /A cons(v], vj) =

R(cons(w}, w}))

cp-cons

3. By using c) and g), we get c¢] + ¢} < oty + oty
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4. By downward closure (Lemma 33) on d) and h) using
m—(fi +f) <m-—Af

m—(fi+f)<m—"F
we get (m— (f1+f2), wq) € (oT), and (m— (f; +f2), w)) € (listlon]°* o1),,
when combined, gives us (m — (fy +f;), cons(wj, w5)) € (listlon +

‘I]O'O(+] GTD\)

NOGT Feper:OT] ty N, OGT Fep e : listin]*t| t
cp-cons2

Case:
A; Oy T Hep cons(er, er) s listin +1]%1 |t + 1

Assume that (m,d) € G(ol) and | c®.
TS: (m, cons(87e;7,87e; ) € (listlon + 1]9%+T o)t 7912,

Following the definition of (-),, assume that

L 4" T (1) LETe) U2 T (0)  wi=V(T)

cons(L(87e;7),L(87ex ™) I11772 (cons(vy,v2), cons(Ty, T2))

ev-cons

R(ETe; NI T (0 ROTeMU2T (0) v =V(T)

cons(R(87e; ), R(67e, 7)) f1772 (cons(v],v5), cons(T{,T;))

ev-cons

and f; +f; < m.
By IH 1 on the first premise, we get (m,57e;”) € (ot)¢"'. Unrolling

its definition with (%) and f; < m, we get

a) (T, 0 e1ywy, T/, ¢}

b) vi =L(wj) A vi =R(wj)
c) ¢; < oty

d) (m—fy,wj) € (DoT),

By IH 1 on the second premise, we get (m, 8 e, ") € (listfon]°® m[)StZ.

Unrolling its definition with (¢) and f; < m, we get

e) (To, 8" ey Yw3, Ty, ¢
f) vo =L(w)) A v =R(w))

g) ¢ < oty
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h) (m—f;,wj) € (listlon]°* o)),
Now, we can conclude as follows:

1. Using a) and e)
(Ti,R(87er M) ~ wi, Tj, ¢
(Ty,ee2) ~wy, Ty,c5  vi=V(T))
({(_, cons(Ty, T2)), cons(R(8"e; "), R(8"ex ")) ~

cons(wj,w}), (cons(v{, v}), cons(T{,T,)), c] +c}

cp-cons

2. Using b) and f),cons(vy, v2) = L(cons(wj, w5)) /A cons(v{, v5) =
R(cons(wj, w5))
3. By using c) and g), we get c; +¢; < oty + ot

4. By downward closure (Lemma 33) on d) and h) using
m— (f; +f) <m—f

m—(fi+f) <m—"~

we get (m — (f; +f2),w;) € (Dot)y and (m — (f; +f2),w)) €
(listlon]°* o)), when combined, gives us (m — (f; +f), cons(w}, w3)) €

(listfon + 1]°%* o1))y,

A, OGT Fep e listm]*T| t AOAN=0;TFcpe:t |t
L, A0 AN =1+ 1h: 0O tl: listi]* T, TFep ey it/ |t

LR,AOAN=i+1Aa=p+1;h:ttl:listilPt, T Fepes:t' |t/
Case: cp-
A, Oy;ThHep caseeofnil e |hutl— et/ |[t+t

caseL

Assume that (m,d) € G(ol) and = c®.

TS: (m, case 8"eofnil — 8 e; | hutl— 8"ey) € (]GT/Dgt+Ut/.
Following the definition of (-),, assume that

L(cased el ofnil — 8 e;7 |hutl—8Te; ) §F T

R(case 8Teof nil — 87e;7 | hutl— 87e; ") IF' T/ and F < m.
Depending on what L(8"e") and R(8"e™) evaluate to, there are four

cases.
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subcase 1:
L5 f T ()
L(8Te; M) U™ Ty (o) nil = V(T) v = V(Ty)
case L(57e™) of nil — L(87e; ™) | hztl — L(87ey ) | riCeasel (v casenit (T, Tr)
and

R(57e) I T/ (%)
R(5Te; M 4T T/ (00)  mil =V(T) v/ =V(T))

case R(67e™) of nil — R(87e;7) | hz tl — R(87ey ) | Hfrtceaset (v/ casenii (T,
al'ld F — f+f1‘+ccase]_ < m.

By IH 1 on the first premise, we get (m, 5 e™) € (listlon]** o1)?".

Unrolling its definition with (%), (»x) and f < m, we get

a) (T,8"eNw/, T/, ¢’
b) nil =L(w') A v/ =R(w')
) ¢’ <ot

d) (m—f,w’) € (listlon]°* o71)),,

By (b) and (d), we know that w’ = nil and on = 0.
Then, we can instantiate IH 1 on the second premise using
Eo® Aon =0, toobtain (m,d"e;") € (]m’Dgt/.

Unrolling its definition using (¢) and f, < m, we get

e) (T;,8e; Yw/, T/, c!

f) vi =L(w)) A vi =R(w})
g) ¢/ <ot/

h) (m—f,wy) € (ot')y

We conclude with

1. Using a) and e)
(T,57e™") ~ nil, T',¢’
(Tr,87e1™) ~w,, T, c; v/ =V(T))
case d"e'of nil —
({_, caseni1(T,T;)), 8 e Y~ wl, (v, casen (T, T))), ¢’ + ¢/

|h =tl — 6 ey”

C

2. Using f)
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3. By using ¢) and g), we get ¢’ + ¢/ < ot + ot’

4. By downward closure (Lemma 33) on h) using
m— (f+fr + Ceaser) <M — 1

we get (m — (f+ fr + Ceqser ), Wy) € (0T)y.

L(sTe) ' T (%) cons(vp, vy ) = V(T)
L(8"ex /My /t I T (o) v =V(Ty)

case L(57e7) of nil — L(87e; ) | hutl — L(87ey ) |FHiriCeasel (v, casecons(T, Ty))
and

ev

R(57e) I T (4x) cons(vy,vy) = V(T')
R(57e; ) vi /M, viy/t U T (00) vl =V(T/)

case R(67e7) of nil — R(87e;7) | hztl — R(87ey ) | Hirteeasel (v! casecons(T/, T/))
and F — f+ fr + CCQSGL < m.

By IH 1 on the first premise, we get (m, 8 e™) € (listfon]"* ot)?".

Unrolling its definition with (%), (%x) and f < m, we get

a) (T,0"eNnw/, T/, ¢
b) cons(vp,vy) = L(w’) A cons(vf,v{) = R(w’)
c) ¢/’ <ot

d) (m—f,w’) € (listlon]°* o7,

By b) and d), we know that w’ = cons(wyp, wy)

For d), there are two cases:

subsubcase 1: on = I+ 1 such that we have

(m—f,wy) € (do1)y (1)

(m—f,wy) € (list[I]°* o)y (2)
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In addition, by downward closure (Lemma 33) on (m,d) €
G(I'), we have

(m—f,8) € G(oT) (3)

Then, we can instantiate IH 1 on the third premise using
e oli— I € D[i:IN,A]
e =o[i— I[(®An=1i+1) obtained by
- = 0® by main assumption
— = on =1+ 1 by sub-assumption
e (m—f,8h+— wh,tl — wyl) € G(ofi — (T, x:O7,tl:

list[i]* 7)) using (1) and (2) and (3).

we get (m—f, 87 e; [wy/h, wy /tl]) € (ofi — I]T’[)S[Hﬂt/

Since, i € FV(t/,t,1’), we have
(m —f,87ex [wn/h, wy /tl]) € (ot/)ov.
Unrolling its definition using (¢), (¢¢) and f; < m —f, we

get

e) (Ty, 8 ez wn/h, wu/tU)~wy, T, c;
f) vi =L(w;) A vp=R(wy)

g) ¢y < ot

h) (m—f—f,w}) e (o),

We conclude with

1. Using a) and e)
(T,87e™y ~ cons(wy, wy), T, ¢’
(Tr, 0" ex Nwp/h, wy /tU) ~

Wil V=) )
- -con
case d"e'of nil — cp-casel-cons
<<_r casecons(T, Tr)>r der! > N

|h ztl— 6 ey
wy, (vi, casecons(T', T/)), ¢’ + ¢/

2. Using g)
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3. By using ¢) and f), we get ¢/ +¢] < ot + ot’

4. By downward closure (Lemma 33) on h) using
m— (f+fr + ceaset) <M —F—1;

we get (m — (f+ fr + Ceqser ), W1) € (0T)y.

subsubcase 2: on =1+ 1 and ox = ] + 1 such that we have

(m—1,wy) € (o), (4)

(m—f,wy) € (list[1)) o)y, (5)

In addition, by downward closure (Lemma 33) on (m,$) €
G(I'), we have

(m—1,8) € §(oT) (6)

Then, we can instantiate IH 1 on the fourth premise using
e oi= L B—JleD[i:N,p=IN,A]
e Eoli—LA—JI(@PAN=14+1Aa=p+1) obtained
- = o® by main assumption
- = on =1+ 1 by sub-assumption
- = ox =] + 1 by sub-assumption

e (m—f,dh — wp,tl —» wyl) € G(cli — LB — JI(T,x:
T, 1 : list[i]P 7)) using (1) and (5) and (6)
we get
(m—f, 87 e; Twn/h, wy /tl) € (oli s I, B s JI/) S 1BTY,
Since, 1, B € FV(t/,1,1’), we have
(m—f,8e; [wn/h, wy/tl]) € (ot/)ot.
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Unrolling its definition using (¢), (¢¢) and f, < m —f, we

get

i) (Tr, 8" ez lwn/h, wu/tl) ~wy, T, ¢
j) vr =L(w]) N\ v/ =R(w/)

k) c/ < ot/

) (m—f—",w) e (o)

We conclude with

1. Using a) and e)
(T,87e™) ~ cons(wp, wy), T, ¢’
(Tr, 8" ez wp/h, wy /tl) ~

wi, Tl vi=V(T) L
caseLére" Of nil — Cp-caselL-cons
((_, casecons(T, Ty)), 0 e ™

|h =tl— 8"ey”!
wy, (v;, casecons(T', T))), ¢’ + ¢/
2. Using g)
3. By using d) and f), we get ¢/ +¢] < ot + ot’

4. By downward closure (Lemma 33) on h) using
m— (f+fr + Ceaset) <M —f— 1,

we get (m — (f + fr + Ceaser), Wy) € (0T)y.

subcase 3:
L(6Te) ' T (%) cons(vy, vi) = V(T)
L8 e Nvn/hva/tU U7 T (0)  ve =V(Ty)
case L(57e") of nil — L(87e; ) | hutl — L(87ey ) | friCeaset (v casecons(T, Ty
and

R(57e™) 47 T/ (%)
R(67e; ) U T/ (00)  nil =V(T) vl =V(T))

case R(87e™) of nil — R(87e;7) | hz tl — R(87ey ) Y Hirteeaset (v/ casensi(T/,
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By IH 1 on the first premise, we get (m,d"e™) € (listfon]°® o))"

Unrolling its definition with (x), (»x) and f < m, we get

a) (T,8"eNw/, T/, ¢’

b) cons(vy,vi1) = L(w’) A nil = R(w’)
c) ¢/’ <ot

d) (m—f,w’) € (listlon]°* o)),

However, d) is false since two lists of different length are not

related, therefore this case is vacuously true.

L7e) ' T (%)
L6Te YU T (¢)  nil =V(T) v =V(Ty)

case L(57e7) of nil — L(87e; ) | htl — L(8ey ) || Frtceaset (v casenit (T, Ty))
and

eV-i

R(57e) 7' T" (5x) cons(vy, vy) = V(T
R(87e; ) vl /M, vl /tl U T (00) vl =V(T/)

case R(67e7) of nil — R(87e;7) | hz tl — R(87ey ) | Hfrteeasel (v/ casecons(T/, T/))

€

By IH 1 on the first premise, we get (m, 8 e™) € (listfon]** ot)?".

Unrolling its definition with (%), (%x) and f < m, we get
a) (T,0"eNnw/, T/, ¢

b) nil =L(w') A cons(v;,v{;) =R(w')

c) ¢/’ <ot

d) (m—f,w') € (listlon]°* o)),

However, d) is false since two lists of different length are not

related, therefore this case is vacuously true.

CIP(t)

cr
A;d)l—’qiwczwf A,'CD,'XZT],fZT]—t>Tz,r|_CJp€ZT2|t

cp-fix

Case:

C
A DT Fop fix f(x).e 11— 0, [0

Assume that (m, 8) € §(oT) and = o®.

P(Ut) 0

TS: (m, fix f(x).07e™) € (ot 0:—> oT2);-

CPP(ot)

By lemma 31, STS: (m, fix f(x).07e") € (oT) ——— 0T2)\-
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Let F = fix f(x).0"e™.
We prove the more general statement

CPP(ot)

'<m. (m,F) € (o1 —— oTa)y

Vm

by subinduction on m’.

There are two parts to show:

subcase 1: m’ =0
By the definition of the interpretation of function types, there are

two parts to show:

subsubcase 1: Vj <m/=0---
Since there is no non-negative j such that j < 0, the goal is

vacuously true.

FS
subsubcase 2: TS: (0,F) € C |oTq] —(O—o)—> loT2] Dy

As above, since there isno j < 0,

. /. FS(oc0) . FS(o00)
RTS: Vj.(j, L(F)) € [loti] —— lotal]v A (j,R(F)) € [lot1] ——
loT2(]y-
Pick j.

We show the left projection only, the right one is similar.

. FS(oc0
o STS 1: (j, L(F)) € [lori] =2 Jomyl]y

We prove the more general statement
IFS
vm' <. (m/, L(F) € [lon] = o]y

by subinduction on m’'.
There are two cases:
-m' =0
Since there is no non-negative j such that j < 0, the

goal is vacuously true.
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-m'=m"+1<m
By sub-IH

(m”, fix f(x).L(67e™) € [lot| LGN o]y (1)

STS: (m” + 1, fix f(x).L(57e7) € Jloti] = o, ]y,
Pick j” < m” + 1 and assume that (”,v) € [|oti[]y.
STS: (3”,L(8"e ™M) [v/x,L(F)/f]) € [loTa]]°.

This follows by IH 3 on the premise instantiated with
(37, 80x = v, f > L(F)]) € Sx : lotil, f : Jory]

loT2l, |oT|] which holds because
* (",8) € §[loT] using lemma 32 on (m, 8) & §(oT)
+ (3”,v) € [lot1[]v, from the assumption above

+ (57, fix f).L(67e) € oty 22 |6,[]y, obtained
by downward closure (Lemma 33) on (1) using j” <

ml/

subcase 2z m'=m"+1<m
By sub-IH

CcP
(m”,F) € (o & o)y (2)

TS: (m” +1,fix f(x).07e7) € (oTy % 0T2)y

There are two cases to show:

subsubcase 1: Pick j < m” + 1 and assume that (j, w) € (oT7)y.
STS: (j, 87 elw/x, F/f]) € (ot 2"
This follows by IH 1 on the second premise instantiated with
(§,8x — w,f— F|) € G(oT,x : o1y,f: 0Ty % 0T;) which

holds because

* (j,8) € §(oT) obtained by downward closure (lemma 33)
using (m, d) € G(oT) and j < m’ < m.

* (j,w) € (oTq))y, from the assumption above

311
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* (j,F) € (omy M 0712)y, obtained by downward closure

(Lemma 33) on (2) using j < m”

s
subsubcase 2: STS: (m” + 1, fix f(x).6"e™) € ( |oTq] M loT2| Dy

There are also two cases to show here.

* Pick j < m” + 1 and assume that (j, w) € (U|oTt7)y-
STS: (j, 8"e[w/x, F/f]) € (U oty):°.
This follows by IH 5 on the second premise instantiated
with
(3, 8x = w,f— F|) € G(U|oT|,x : UJoTy|, f: U(JoTy
071,|)) which holds because

CP(ot)
—

- (j,8) € G(U|oT]) obtained by downward closure (Lemma 33)
on (m,d) € §(U|oT|) (obtained by inclusion lemma on
(m,8) € G(oT)) and j < m’ < m.

- (j,w) € (U|oTql)y, from the assumption above

- (j,F) € (U (JoT] IF%S(O—O)—> |oT,]))v, obtained by downward

closure (Lemma 33) on (2) using j < m”

e STS: %.(,L(F) € [lonil =% |onll, A (,R(F) e

FS(o0)
lloti| —— loT2l]s.

The proof is same as above subcase where m’ = 0.

This completes the proof of this case.

CcP
ADF T Y

AD;x T, f:0O(T CIP—(% T),Tkepe:T |t
Vx € dom(T"). A; @ ET(x) C OT(x)
Case: P cp-fixNC
A, O;T, T Fep fix f(x).e: O (11 —— 1) | 0
Assume that (m, §) € G(oT, ol"’) and | o®.

Then, § = 87 U §; such that (m, 8;) € G(oT) and (m, 5,) € G(oT’).

TS: (m, fix f(x).07e™) € (d (o1 % GTZ)DS-

Since e doesn’t have any free variables from I'’" by the second premise,
TS: (m, fix f(x).5:7e7) € (O (071 2% o1,))0.
By lemma 31, STS: (m, fix f(x).017e™) € (O (o9 % oT2))v-
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By lemma 39 using (m,8;) € G(ol) and the third premise, we get
(m, d1) € §(™doT), i.e. Vx € dom(T).stable(d;(x)).

We also know that by definition, stable("e™).

Hence, stable(fix f(x).0;7e™).

Therefore, STS: (m, fix f(x).5;"e7) € (o4 M oT2)y-

Let F = fix f(x).07e .

We prove the more general statement

cP
vm' <m. (m/,F) € (o AGEN oT2)v

by subinduction on m’.

There are two parts to show:

subcase 1: m’ =0
By the definition of the interpretation of function types, there are

two parts to show:

subsubcase 1: Vj <m’ =0
Since there is no non-negative j such that j < 0, the goal is

vacuously true.

s
subsubcase 2: TS: (0,F) € C |oTq] ]F—(OO)—> loT2] Dy

As above, since there isno j < 0,

. FS(c0) . FS(00)
RTS: Vj.(j, L(F)) € [loti] —— lor2l]v A (5, R(F)) € [loty| ——
’UTZH]V'
Pick j.

We show the left projection only, the right one is similar.

. FS(o0
e STS 1: (j, L(F) € [loti| = s ],

We prove the more general statement
FS
vm' <. (m/, L(F)) € [lomil = o],

by subinduction on m'.

There are two cases:
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-m'=0
Since there is no non-negative j such that j < 0, the

goal is vacuously true.

-m'=m"+1<m
By sub-IH

(m”, fix f(x).L(5:7e) € [loti] = |onl], (1)

STS: (m” + 1, fix f(x).L(5;7e7) € [loti] 222 (o, ],
Pick j” < m” + 1 and assume that (j”,v) € [loti[]y.
STS: (3”,L(8:"e™)[v/x,L(F)/f]) € [loTa|]e°.

This follows by IH 3 on the premise instantiated with
(7,816 > v, f s LF)) € Slx  lomyl,  : oy s

|oty|, [oT'|] which holds because
+ (3”,81) € G[loT|] using lemma 32 on (m, §;) € §(oT)
+ (3”,v) € [lot1[]v, from the assumption above

+ (57, fix f).L(617e) € [loti] 22 |07y, obtained
by downward closure (Lemma 33) on (1) using j” <

TTL”

subcase 2z m'=m"+1<m
By sub-IH

CP
(m”,F) € (o ﬂ> o2y (2)

TS: (m” +1,fix f(x).5:7e7) € (ot AS(CON o12))y

There are two cases to show:

subsubcase 1: Pick j < m” + 1 and assume that (j, w) € (oTq)y.
STS: (j, 51" ew/x, F/f]) € (oTt)?".
This follows by IH 1 on the second premise instantiated with
(G,01x — w,f — F]) € G(ol',x : o1y, f : O(0o1y % 0Ty))

which holds because
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* (j,81) € G(oT) obtained by downward closure (lemma 33)
using (m, 87) € §(oT) and j < m’' < m.

* (j,w) € (oTq))y, from the assumption above

e (j,F) € (d(omy % 0712)))y, obtained by downward

closure (Lemma 33) on (2) using j < m” and also by
stable(F)

S
subsubcase 2: STS: (m” + 1, fix f(x).6;"e7) € C |o1y] Fleo), loTs] Dy

There are also two cases to show here.

e Pick j < m” + 1 and assume that (j, w) € (U |oTy[)y.
STS: (j,517e[w/x, F/f]) € (U ota|)e°.
This follows by IH 5 on the second premise instantiated
with
(G,01lx = w,f— F]) € §(U|oT|,x : U|oTq|, f: U (JoTy

073|)) which holds because

CIP(ot)
—

- (j,81) € §(U|oT|) obtained by downward closure (Lemma 33)
on (m, d1) € §(U|oT]) (obtained by inclusion lemma on

(m,81) € §(oT)) and j < m’ < m.
- (j,w) € (UloTyl)y, from the assumption above

- (j,F) € (U(loT] w lot2]))v, obtained by downward
closure (Lemma 33) on (2) using j < m”

e STS: ¥j.(,L(F) € [loml =% jorlly A (,R(F) €

FS(o0)
[lot| == |oT2l]s.

The proof is same as above subcase where m’ = 0.

This completes the proof of this case.

CcP
A}q)a}rPCIPe15T1&>T2|t1 ADOGTFep ey |t
Case: cp-app
ANOThHeperey:m |t +h+t

Assume that (m, ) € G(ol) and | c®.
TS: (m,8 ey e;7) € (o)t T2,

Following the definition of ()., assume that
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L(87e; ) U Ty (%)

L(6Te; ) U2 T, (o)  fixf(x)e=V(Ty) vi;=V(Ty)
elva/x, (fix f(x).e)/f1 4" Tr () vr =V(Ty)
L(87e; ) L(87ey ) Y112t Irteare (v app(Ty, Tp, Ty))
R(67er™) 41 T/ (%)

R(5Te; ) U2 Ty (00)  fix f(x).e/ =V(T]) v, =V(TJ)
efvs/x, (fix f(x).e")/f1 47 T (1) v =V(T))

R(87e; ) R(87ey ) Y11 2+ teare (v app(T/, T, T)))

ev-app and

ev-app and

C
By IH 1 on the first premise, we get (m, 5" e; ") € (o m GTzI)(am-

Unrolling its definition with (%), (xx) and f; < m, we get

a) (Ty,87e1"y~wy, T{, ¢ where w] = fix f(x).ee

b) fix f(x).e = L(fix f(x).ee) A\ fix f(x).e’ = R(fix f(x).ee)
c) ¢ < oty

d) (m—f;, fix f(x).ee) € (011 —% o1y,

By IH 1 on the second premise, we get (m, 5" e;™) € (oTy)¢ 2.

Unrolling its definition with (¢) and (¢¢) and f; < m, we get

e) (T, ex Yy wj, T, ¢4

f) vo =L(w}) A v =R(w))
) C2 oty

h) (m—f,w)) € (o)

Next, we apply downward-closure (lemma 33) to h) using
—(fi+f2+capp) <M —1
and we get
(m— (f1 +f2+ capp), W3) € (0T1)y (1)
We unroll d) using (1) since

— (f1+f2+capp) <m—1;  Note that here we have cqpp > 1
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and get
(m — (f1 + f2 + capp), eelw) /x, fix f(x).ee/f]) € (ot ¢" (2)

Next, we unroll (2) using (1), () and f; < m — (f; + 2 + capp)

to obtain

i) (Tr, eelw)/x, fix f(x).ee/flyw,, T/, ¢/
j) vr =L(w)) N v} =R(w/)

k) ¢/ <ot

1) (m— (f1 +f2 + fr + capp), W) € (0T2)y

Now, we can conclude as follows:

1. Using a), e) and 1)
(T1,R(87e1 ™)) ~ fix f(x).ee, T{, ¢}
(T2, R(87ex M) ~w), Ty, ¢)
(T, eelw)y/x, (fix f(x).ee)/f]y ~ w/, T ¢/ v/ =V(T/)
((_app(Ty, T2, T)), R(8"e1 ) R(87ex 7)) ™~
w!, (vi,app(T{,T;,T)), ¢} +c}+c/

2. Byj)
3. Using ¢), g) and k), we get (c; +c¢j +c¢;) < oty + oty + ot

4. By D)

AOGT Fep e i1y |t ANOGTHep e |t

cp-prod
A;OgThep (er,e2) it x|t +1
Assume that (m, 8) € §(oT) and = o®.

TS: (m, (87e17,87e; 7)) € (ot x o) T2,
Following the definition of (-),-, assume that
LETe DU T (x)  LETe DU T (o) v=V(Ty)
(L(87e1 ™), L(87ex ™)) 4112 ((vy,v2), (Ty, Ta))
R(67e; ) U Ty () REeN 2T, (00) v =V(T))
(R(87eq ™), R(87e2 ™)) 411772 ((wi,v3), (T], T3))

e-pair and

e-pair

and

f1+fH <m.
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By IH 1 on the first premise, we get (m, 0" e ) € (]Gﬁ[)gt‘ . Unrolling

its definition with (%), (xx) and f; < m, we get

a) (T, e1 ywy, T{, ¢

b) vi =L(wj) A vi =R(wj)
c) ¢; < oty

d) (m—fy,wj) € (o)

By IH 1 on the second premise, we get (m,d"e; ") € QO'TzDth.

Unrolling its definition with (¢), (¢¢) and f; < m, we get

e) (T, ex Yy wj, T, ¢5

f) vo =L(w}) A v =R(w))
g) ¢) < oty

h) (m—fy,w)) € (o2

We can conclude as follows:

1. Using a) and e)
<T1, 5'_61 —‘> 5% \X/]/, T]/, C{
(T,,87e; "y ~wy, Ty,¢5  vi=V(T))
(L (T, T2)), (87er ™, 87ex ™) ~ (wi, wa), ((vi, va), (T, T)), ¢f + 3
2. Using b) and f),(v1,v2) = L((wj, w3)) A (v],v}) = R((w], w}))

cp-pair

3. By using c) and g), we get ¢ + ¢} < oty + ot

4. By downward closure (Lemma 33) on d) and h) using
m—(fi +f2)) <m—Af

m—(ﬂ —|—f2) < m—fz

we get (m— (f1 4 f2), w;) € (oT1)y and (m— (1 +12), w3) € (0T2)v,

when combined, gives us (m — (1 + f2), (W], w3)) € (oT2)s

ANOyTHEepe:T x|t
Case: cp-proj1
A;Og;T Eep m(e) it [t

Assume that (m, d) € §(oTl) and = o®.
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TS: (m,m67e7) € (ot)2t.
Following the definition of (-);-, assume that
LETeNW'T (4)  (vi,v2) =V(T)

mL(87e) §orrei (vy, iy T)
R(57e) UF T (o%) (V] v5) = V(T')

mR(57e™) 7ol (v], m T)

f+ Cproj < M.
By IH 1 on the first premise, we get (m,8"e™) € (o1; x o2
Unrolling its definition with (x), (x) and f < m, we get

e-proj; and

e-proj; and

a) (T,0"eN~w/, T/, ¢’ where w' = (wq, w;)
b) (vi,v2) =L((w1,w2)) A (vi,v3) = R((wy, w3))
c) ¢; < oty

d) (m—fy, (w1, w2)) € (011 X 0T2)y
We can conclude as follows:
1. Using a)

(T,87e1") ~ (wy,w2), T', ¢’ (vi,v5) = V(T )
cp-proj;

(m T, ;8 er "y ~ wy, (vi, 1 T'), ¢’
2. Using ¢), vi =L(wy) A v] =R(wy)
3. By using c)

4. By downward closure (Lemma 33) on d) using
m— (f+cproj) <M —F
we get (m — (f + cproj), W1) € (oT1)y.

ADOTHepe:T |t A, 01 wf
cp-inl

NOGTHepinle: Ty 4+1) | t
Assume that (m, 8) € §(oTl) and = o®.
TS: (m,inl (87e™)) € (ot + o1zt
Following the definition of (-),-, assume that

LETe) ' T (%) v=v(T)
inl L(87e™) |} (inlv,inl T)

e-inl and
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RN U T (o) v =V(T)
inl R(57e™) |} (inl v/, inl T')
By IH 1 on the first premise, we get (m, 8 e™) € (oty)¢". Unrolling its

e-inl and f < m.

definition with (), (+x) and f < m, we get

a) (T,0"eNrw/, T/, ¢
b) v=L(w') A v/ =R(w)
) ¢’ <ot

d) (m—f,w') € (o)
We can conclude as follows:
1. Using a)
(T,87e™ ~w', T/, ¢’ v =Vv(T)

({,inlT),inl 8"e™) ~ inl w/, (inlv/,inl T'), ¢’

2. Using b), inl v =L(inl w) A inlv/ =R(inl w)

cp-inl

3. By using c)

4. Using d), we can show that (m —f,inl w) € (o1 + 072))y

AOyThHepe:T+1 |t
AO;x:1,TFeper:t]|t/ A ®y:t,Thepey:T|t!

Case: cp-case
A; @y T Fep case (e, x.e;,y.ep) :T|t+t'

Assume that (m, 8) € §(oTl) and = o®.

TS: (m, case (67e7,67e;™,87e; 7)) € (o)t ot
Following the definition of (-),, assume that
L( case (6"e7,87e;7,67ex ) F vy and

R( case (67e7,87e;7,87e, ) U7 v/ and

F<m.

Depending on what L(8"e) and R(6"e™) evaluate to, there are four

cases:

subcase 1:
Le ' T (%)
inlv=V(T) L(d"e; ) v/x] l}fr T (o) vr = V(Ty)

case (L(87e™),x.L(5"e;T),y.L(87ey ™)) | Firicease (v casein (T, T;))

and

ev-case-1
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R(87e™) 47 T/ (%)
inlv =V(T")  RTe;MV/X] 4T T (00) v =V(T))
case (R(57e7),x.R(67e;7),y.R(87ey 7)) | Ffrtecase (v casein (T, T/))
and
F=f+fr 4+ Ccase <M.
By IH 1 on the first premise, we get (m, 8 e™) € (o1 + o12)d"

ev-case-1

Unrolling its definition with (%), (%x) and f < m, we get

a) (T,8"e~w/, T/,c’ where w' = inl w
b) inlv=L(inl w) A inlv/ =R(inl w)
c) ¢/’ <ot
d) (m—f,inl w) € (o011 + 0T2))y
By IH 1 on the second premise using (m —f,8[x — w]) € G(oT’, x :
oT;) obtained by
* (m—f,8) € §(oT) by downward-closure (lemma 33) on (m,d) €
G(oT) using m—f < m
* (m—f,w) € (o11)y by unfolding e)
we get (m —f,07e; '[w/x]) € (]GTD?L/. Unrolling its definition
with (¢), (¢0) and f, < m —f, we get
e) (Tr, 87er lw/x])~w, T/, ¢]
f) vi =L(w)) A v) =R(w})
g) ¢ < ot’
h) (m—f—f,w)) € (ot')y
We conclude with
1. Using a) and e)
(T,8"e™y ~inl w, T/, ¢’

(Tr, 87 e w/x]) ~wy, T, er vy = V(T))

cp-case-inl
— in rir))y 7 R 1,9
<< case ](l [ )) case(6 e x.0"e y ) (] )> %

w), (vy, caseint (T, T))), ¢ +c;
2. Using f)
3. By using ¢) and g), we get ¢’ + ¢/ < ot + ot’
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subcase 2:

subcase 3:

subcase 4:

4. By downward closure (Lemma 33) on h) using
m— (f+fr + ccase) <M —f—1;

we get (m — (f+ fr + Ccase), Wy) € (0T)y.

e T inr v =V(T) erlv/yl I T, v = V(Ty)

ev-case-r
case (e, x.eq,y.ep) || T Cease (v case;n (T, Tr))

This case is symmetric, hence we skip its proof.

L") U T (%)
inlv=V(T) L& e Mv/x] T () v =V(Ty)

case (L(87e™),x.L(5"e; ), y.L(87ey 7)) | Hfricease (v casein (T, Ty))
and

ev-case-1

R(57eM) U T/ (%)
intv/ =V(T')  R("ex )V /gyl 477 T/ (00) vl =V(T))

case (R(57e7),x.R(67e;7),y.R(87ey 7)) | Ffrtccase (v casein (T, T/)) evreasedt
and
F=f+fr+Cease <m.
By IH 1 on the first premise, we get (m,8"e™) € (o717 + o12) %"
Unrolling its definition with (%), () and f < m, we get

a) (T,0"eNrnw/, T/, ¢

b) inlv=L(inl w) A inrv/ =R(inl w)

) ¢’ <ot

d) (m—f,w') € (ot + 012y
However, d) is false since a bi-value with different tags are not
related at type oty + 071).

LEeN ' T ()
inrv =V(T) L(5"e; Mv/yl I T (o) vy = V(T;)
ev-case-r

case (L(87e™),x.L(5"e; ), y.L(87ey 7)) | Hfricease (v casein (T, T;))
and
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R(87e™) 47 T/ (%)
inlv =V(T")  RTe;MV/X] 4T T (00) v =V(T))
case (R(57e7),x.R(67e;7),y.R(87ey 7)) | Ffrtecase (v casein (T, T/))
and
F=f+fr 4+ Ccase <M.
By IH 1 on the first premise, we get (m, 8 e™) € (o1 + o12)d"

ev-case-1

Unrolling its definition with (%), (%x) and f < m, we get

a) (T,0"eNnw/, T/, ¢
b) intrv=L(inl w) A inlv/ =R(inl w)
c) ¢/’ <ot

d) (m—f,w') € (ot + 012y

However, d) is false since a bi-value with different tags are not

related at type o1 + 072,

1uS,A0THepe:T|t 1 FIV(O;T)
Case: CPW cp-iLam
NDOG;TFep Ae:Vi o St |0

Assume that (m, 8) € §(oT) and = o®.
CP(o
TS: (m, AsTe) € (Vi & 8. o).
CP(o
By lemma 31, STS: (m, A.07e™) € (Vi ( ! S. o)y (*).

There are two cases to show:

subcase 1: By unrolling (x)’s definition, assume that - 1:: S.
STS: (m, s7e7) € (or{I/ i} .
This follows by IH 1 on the premise instantiated with the substi-
tution o[i — I] € D[i: S, A].

FS(ot)
subcase 2: STS: (m,A.0"e™") € Vi =  S.|oT| Dy (%*).
By unrolling (%%)’s definition, assume that - I :: S.
STS: (m,8"e™) € (U (loT{I/i}]))e°.
This follows by IH 5 on the premise instantiated with the substi-
tution o[i — I] € D[i: S, A].
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Case:

P(t’

A;(Da;rl—gpe:‘v’ic:: )S.T|t AFT:S
A; @g;T bcp el] s o{I/i [ t+ 1/
Assume that (m,d) € G(ol)) and E c®.
TS: (m, 8 e7[]) € (ot{ol/if)ot ot Y,
Following the definition of ()., assume that
LETeN T (x)  Ae'=v(T) e U"T (0)  w=VT)

L(87eM)[] J (v, iApp(T, Ty))

cp-iApp

ev-iApp
and /

R(87e™) |7 T/ (%%)
Ae”"=V(T) "I T (00) V. =V(T)

R(5TeM[] 47+ (v!, iapp(T', T)))
(f+fy) <m.

ev-iApp and

P(ot’

C
By IH on the first premise, we get (m,87e™) € (Vi = 's. o).

By unrolling its definition with (%), (%x) and f < m, we get

a) (T,8"e~w', T/,c/ where w' = A.ee’
b) A.e’ =L(w') A\ Ae” =R(w')

) ¢/’ <ot

CPP(ot’)
d) (m—c,Ae’)e (Vi = S.o1)y

By lemma 22 on the second premise using o € D[A], we get

Fol:S (1)
By unrolling the definition of e) with (1), we get

(m—f,e’) € (orlol/ips" " @)

By unrolling the definition of (2) with (¢), (¢¢) and f; < m —f, we get

e) (T, e Ynw/, T/ ¢/

f) vi =L(w)) A vl =R(w))

g) ¢/ < ot’

h) (m— (f+f;), w)) € (ot{ol/i})y

We conclude as follows
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1. Using a) and e)
(T,87e") ~ A/, T/, ¢ (T, e’y ~w/, T/, c! vi=V(T)) .
cp-iApp
({_,iApp(T, T)), 87 ) ~ w, (v), iApp(T', T))),c’ + ¢!

2. Using f)

3. By using ¢) and g), we get ¢/ +¢] < ot + ot’

4 Byh)
AOyTEepe:t{l/i}| t AFT1:=S

cp-pack
A QT Fep pack e: FisS. Tt

Assume that (m, 0) € §(oTl) and = o®.
TS: (m, pack 8"e™) € (Ji:S. o)t
Following the definition of (-),, assume that

L e I 'T () v=v(T)

ev-pack and
pack L(d"e™) Uf (pack v, pack T)
RO I T/ (k) v =V(T)
p ev-pack and

pack R(57e™) |7 (pack v/, pack T')
f<m.
By IH on the first premise, we get (m, 8 e™) € (ot{cl/i})?".
By unrolling its definition with (%), (xx) and f < m, we get

a) (T,0"eNrnw/, T/, ¢

b) v=L(w') A v/ =R(w’)

) ¢’ <ot

d) (m—f,w) € (ot{cl/i})y
By lemma 22 on the second premise, we get

Fol:S (1)

We can conclude as follows

1. Using a)

(T,8e ~w/, T, ¢! v =V(T)
cp-pack

{{_,pack T), pack 8"e™") ~ pack w’, (pack v/, pack T}, c’
2. Using b), pack v = L(pack w) A pack v/ = R(pack w)
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Case:

3. By using c)
4. TS: (m —f, pack w) € (di:S. o),
STS1: - ol = S follows directly by (1).
STS2: (m —f,w) € (ot{ol/i}), follows by d)

N, OGT Feper:FiuS.ty |t

1:S,00;,x:1,TkFepey: T | 6 1€ FV(O;T, 1), 1))
cp-unpack

A; QT Fep unpack ejasxiney: 1 |t +t)
Assume that (m,d) € G(ol)) and E o®.
TS: (m, unpack 8™ e as x in 87e; ) € (or)¢ " T2
Following the definition of (-),, assume that
L(d"e; M I Ty (%)
packv=V(T))  L(Te /X I T () v =V(T,)

ev-unpack
unpack L(87e1 ™) as x in L(67e; ™) {1 (v, unpack(Tq,x, T;))
and /
R(57e; ™) 41 T (%x)
pack v/ =V(T{)  R(8"ex)V'/x] UF T) (e0) v} =V(T)
ev-unpack

unpack R(57e; ) as x in R(87e; ) 11 (v/, unpack(T{,x, T/))
and

(f1 +1f2) <m.

By IH 1 on the first premise, we get (m,57e; ") € (3i:S. o1y [)gt‘.

By unrolling its definition with (x),(»x) and f; < m, we get

a) (Ty,87e1"y~wy, T{, ¢} where wj = pack w
b) pack v =1L(pack w) A pack v = R(pack w)
o) ¢/ < oty

d) (m—fy,pack w) € (3i:S. o1y))y

By unrolling the definition of e), we get

FI:S (1)

(m—f1,w) € (ot {l/i})y (2)
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By downward closure (Lemma 33) on (m, 8) € §(I), we have

(m—f7,8) € G(oT) (3)

By IH 1 on the second premise using
* oli— I € D[ix=S,A] using (1)
o (m—fy,8x+— wl) € §(ofi = II(I',x : T1)) using (2) and (3)

we get
(m—f1,87e; [w/x]) € (o))" (4)

By unrolling (4)’s definition using (¢), (¢¢) and f; < m — f, we get

e) (T, 0 ey [w/x])~w/, T/, c]
f) vi =L(w)) A v) =R(w})

g) ¢, < oty

h) (m—f; —f., w)) € (oT2)y

We can conclude as follows

1. Using a) and e)
(T,87e1™)y ~ pack w', T{, ¢}

(T, 87 e w'/x]y ~ w/, T/, c] vl =V(T/)
cp-unpack

((_, unpack(T,x, T;)), unpack 8"e;Tas x in 8"ex ") ~
w,, (v;, unpack(T’,x, T))), ci +c;
2. Using f)
3. By using ¢) and g), we get ¢’ + ¢, < oty + oty

4. By h)

ANDOGTFeper T |ty AO;x:t,ThEepe:t | b
Case: cp-let
NOTHepletx=ejine i1 |t + 1

Assume that (m, 8) € §(oT) and = 0.
TS: (m,letx = 87e;in 87e; ) € (ora)¢ T2,

Following the definition of ()., assume that
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L5871 U Ty (o)
V1 = V(Tl) L(&_ez—l)[vl/x] Ufr T (T) Vy = V(Tr)

ev-let and
let x =L(67e; ) in L(87ey ) Y1 Hrteter (v let(x, Ty, Tp))
R(57e;™) 411 T/ (00)
Vi =V(T{)  RETexMi /AT (1) vi=V(T))
ev-let and

let x = R(57e; ) in R(87e, ) Yf1Hfr+eter (v tet(x, T/, T/))
(f] + fr + C[et) < m.
By IH 1 on the first premise, we get (m,5e;7) € (ot)¢"'. Unrolling

its definition with (¢), (¢¢) and f; < m, we get

a) (Ty, 0 e1 ywy, T, ¢}
b) vi =L(wj) A vi =R(wq)
c) ¢/ < oty
d) (m—fy,wi) € (ot
By IH 1 on the second premise using (m — fy,8[x — w;]) € G(oT',x :
oT1) obtained by
e (m—fy,d) € §(ol') by downward closure (Lemma 33) on (m, d) €
G(oT) using m—f; <m
e (m—fy,wj) € (om)y bye)
we get (m—f,87e; [wy/x]) € (IGTzl)ftz. Unrolling its definition with

(1), (1) and f; < m —f;, we get

e) (Tr, 8 ey wy/xly~wy, T/, ¢/
f) v =L(w}) N\ v =R(w})
g) cr < oty

h) (m—f —f,, w;) € (oT2)y

Now, we can conclude with
1. Using a) and e)

(Ty,87e1™y ~ wy, T, ¢ (T, 87ex wy/x]) ~ w), T/, ¢!
cp-let

(let(x, Ty, o), let x = 8Te; ' in 87 e ") ~ w/, let(x, T{,T)),c1 + ¢/

2. Using f)
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3. By using ¢) and g), we get ¢/ +¢] < oty + oty
4. By downward closure (Lemma 33) on h) using m —f1 — fr — et <
m—f; —f, we get (m— (f1 + fr + clet), wy) € (0T2)y

AO; T Fpge: At
ADO;THepe:UA |t
Assume that (m, 8) € §(oT) and = o®.
TS: (m,8"e7) € (UcA)Z".
By lemma 38 on (m, 8) € G(oT), we get

cp-switch

(m,8) € G(U|oT]) (1)
Then, we can conclude by IH 4 on the premise using eq. (1).

A0 EC ANONC,THepe:T|t

ADOTHepe:C&T|t
Assume that (m, 8) € §(oT) and = o®.
TS: (m,8"e") € (0oC & o7)St.

Following the definition of (-),-, assume that

cp-c-andI

a) L(6TeM Yf T
b) R(s7e™) ' T/
¢ f<m

By IH 1 on the first premise using

* = o(C/A @) hold by the main assumption = c® and = oC (%)
obtained by lemma 22 using the premise A; ® = C

we get (m,87e™) € (o). Unrolling its definition with (a-c), we get
a) (T,0"eNrnw/, T/, ¢
b) v=L(wj) A v/ =R(w])
c) ¢/’ <ot

d) (m—f,wj) e (o1,

We can conclude as follows:
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Case:

-

. By a)
. By b)

N

. By ¢
. Using d) and (%), we can show that (m —f,w]) € (0cC & o7,

~ W

N OGTHeper:er |t C&Ty
A ONCx:T1, T Fep ezleéftz”fz

cp-c-andE
A, Dg;THepcletejasxiney it |t +1

Assume that (m, 8) € G(ol)) and = c®.
TS: (m,clet 67e; Tas x in 87 ey ) € (o)l 2.
Following the definition of (-),, assume that
L(Te M 41 Ty (o)
vi=V(T)  LE"e MM/ T (1) ve=V(Ty)

ev-clet and
clet L(67e; ™) as x in L(87ex ) 411 (v, cletas(x, Ty, Tr)
R(57e;™) 411 T/ (00)
vi=V(T))  RETIWM /A UTT (1) v =v(T)
ev-clet and

clet R(57e; ) as x in R(87e, ™) 411777 (v, cletas(x, T1, T/))
By IH 1 on the first premise, we get (m,5"e™) € (0C & o71y)

oty
E .

Unrolling its definition with (¢), (¢¢) and f; < m, we get

a) (Ty, 0 e1ywy, T, ¢}

b) vi =L(wj) A vi =R(w])
c) ¢’ < oty

d) (m—fy,wj) € (0C & oTy)y

By IH 1 on the second premise using (m — f, d[x — w;]) € G(oT',x :
oT1) obtained by

* = o(CA®) hold by the main assumption = oc® and = oC ob-
tained by unrolling the definition of b)

e (m—fy,d) € §(ol) by downward closure (Lemma 33) on (m, ) €

G(oT) using m—f; <m

e (m—fy,w) € (oTy)y by unrolling the definition of e)
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we get (m—fy,87e; [wi/x]) € (]G’tzl)gtz. Unrolling its definition with
(1), (1) and fr < m —f;, we get

e) (T, 8 ex ] /xIy~w), T/, c!
f) vi =L(w)) N v. =R(w))

g) ¢ <oty
h) (m—f; —f.,w)) € (oT2)y

Now, we can conclude with

1. Using a) and e)
(Ty,87e1™y ~ wy, T, ¢} (T, 87ex wy/x]) ~ wi, T/, c!

cp-clet
(cletas(x, T, Ty), clet 87 e Tasx in 87ey "y ~ wi, cletas(x, T4, T)), cf + ¢

2. Using f)
3. By using ¢) and g), we get ¢’ + ¢, < oty + oty

4 By h)

NONCThepe:T|t
Case: cp-c-impl
NOTHepe:CO Tt
Assume that (m,d) € G(ol) and | c®.
TS: (m,8"e") € (oC & oT)?".

Following the definition of (-);-, assume that

a) L(87e™) ||f T where T = (v, D)
b) R(67e™) |' T/ where T' = (v/,D’)
c) f<m

TS1: {(v,D),ee)~w', T, ¢’

TS2: v/ =R(w') A v=L(w)

TS3: ¢’ < ot

TS4: (m—f,w’) € (UcA),

We first show the last statement, the previous ones will be shown later.
TS2: (m—c¢,w’) € (0C D o7y

Assume that = 0cC ().

STS: (m—c,w') € (o 1)y

By IH 1 on the first premise using



332

APPENDIX FOR DUCOSTIT

Case:

* = o(C/A®) hold by the main assumption = c® and = oC (by *)
we get (m,87e™) € (o1)¢". Unrolling its definition with (a-c), we get

a) (T,5"eNnw/, T/, ¢

b) v=L(w') A v/ =R(w')

c) ¢’ <ot

d) (m—f,w') € (o1)y
We can conclude as follows:

1. By a)

2. By b)

3. By o)

4. Using d) and (%), we can show that (m —f,w’) € (cC D o7,

NOGTHFepe:CO Tt AOEC

cp-c-implE
A, O T Fep celims e: Tt

Assume that (m,d) € G(ol) and E o®.
TS: (m, celim-, §"e™) € (oT)S".
Following the definition of (-);-, assume that

L(s7e") U T (o) R(57e™) 4T T/ (00)
ev-celim and — ev-celim
celim- L(d7e) ' T celim- R(67e7) | T’
and f < m (%).
By IH 1 on the first premise, we get (m,0"e™") € (0C D o7)

Unrolling its definition using (¢), (¢¢) and (%), we get

ot
£ -

a) (T,5"eNrnw/, T/, ¢
b) v=L(w') A v/ =R(w')
) ¢’ <ot

d) (m—c,w') € (oC D o1)y
We can conclude as follows:

1. By a)
2. By b)
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3. By o
4. Using d) and = oC (obtained by lemma 22 on the second premise),

we can show that (m —f,w’) € (o7),

C
YO =1 L% 0 AOGuTFope:t |t/

A OgThep Ce:ty | t+t
Assume that (m, 8) € §(oT) and = o®.
TS: (m, ¢ 87e7) € (oma)gtter.
Following the definition of (-),, assume that
LETeN ' T (x)  v=Vv(T) <) =(fr,v) (o)
CL(87e) YfHfrteorimare (v primyy, (T, )
ROTeN) U T/ (k) vV =V(T) (V) = (f,v]) (00)

C R(ére—l) U/f"“f{f"c{)rimapp <\)7,,, primapp(T/; C)>

cp-primapp

ev-primapp and

ev-primapp

and
By IH 1 on the second premise, we get (m, 5 e7) € (or;)2".

Unrolling its definition with (%), () and f < m, we get

a) (T,8"eNw'/, T/, ¢’

b) v=L(w') A v/ =R(w’)
) ¢’ <ot

d) (m—f,w') € (ot1)y

cr
Next, by Assumption (assumption 44) using ( : 0Ty AEGEN 0T

(obtained by substitution on the first premise), d) and (o), (¢¢), we
get

e) f} < ot/

f) (m—f—f., merge(vy,v.)) € (07T2)y
Now, we can conclude as follows:

1. Using a) and e)

(T,87ey ~w', T/, ¢ v =V(T) (f,,v)) = ¢(v))
<<Vr/ primapp(T/ C)>; C 5'—6—'> 5%

me rge(vT/ v‘[/')/ <V‘:‘/ primapp(T// C)>/ C/ + f;

cp-prim

333
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2. By definition v; = L(merge(v;,v})) A v} = R(merge(vy,V}))
3. By using c¢) and e), we get ¢’ + f/ < ot + ot’

4. By downward closure (Lemma 33) on f) using
m— (f+f + Cprimapp) <m— (f+f;)
we get (m — (f + f; + Cprimapp), Merge(vy, vi)) € (o12),.

AO;ThHepe:T|t
Vx € dom(T). A; @ =T(x) COT(x)
Case: cp-nochange
A, O;T, T Fepe:OT|0
Assume that (m, %) € G(oT, o) and = c®.
Then, & = 87 U §; such that (m, §;) € G(oT) and (m, §,) € G(oT”).
TS: (m,57e”) € (Do1).
Since e doesn’t have any free variables from I’ by the first premise,
STS: (m, 8;7e7) € (D o1)’.

Assume that

a) L(6TeM) Uf T
b) R(87e™) |7 T’
¢ f<m.
By IH 1 on the first premise using
* (m,81) € G(oT)
e =00
we get (m,5;"e7) € (oT)?".
Unfolding its definition with (a-c), we get
a) (T,8"eNw/, T/, ¢’
b) v=L(w') A v/ =R(w’)
) ¢/’ <ot

d) (m—f,w') € (o1)y

We can conclude as follows:
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1. By a)

2. By b)

3. By lemma 39 using (m, ;) € §(oT)) and the second premise, we
get (m, 81) € (O ol"). This means that Vx € dom(I'). stable(d(x)).
Therefore, stable(8"e™). Hence, by lemma 35, we have ¢/ = 0 and
stable(w’) (x).

4. By d) and (x) obtained above, we get(m —c,w’) € (O o).

ANDOANCThHeper:T|t AN, ON-C,Tkeper:T]t A Cwf

Case: cp-
ADOTEepep Tt

split
Assume that = c® and (m, 8) € G(oT).
TS: (m,5"e”) € (oT) .

There are two cases:

subcase 1: = c® AC
Follows immediately by IH on the first premise.

subcase 2: = 0O A—C

Follows immediately by IH on the second premise.

AOGTFepe:T|t ADOE=TC T ADELLE
Case: cp-C
AOGTFepe:t |t/

Assume that (m, 0) € §(oTl) and = c®.
TS: (m,87e™) € (ot/)ot.

Following the definition of (-),, assume that

a) L(8"eN ' T

b) R(s7e™) ' T/

c) f<m
By IH 1 on the first premise using we get (m,57e) € (o1)d".
Unrolling its definition with (a-c), we get

d) (T,5"eNw/, T/, ¢

e) v=L(w') A v/ =R(w’)

f) ¢/’ <ot
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g) (m—f,w') € (oT)y

We can conclude as follows:

1. By d)

2. Bye)

3. By Assumption (assumption 25) on the third premise, we get
ot < ot’. Combining this with f), we get ¢’ < ot’.

4. By lemma 39 on the second premise with g), we get (m—c,w’) €

(ot'Dy

Proof of Statement (2). Remember the statement (2) of Theorem 46:
Assume that A; @,;Q Frge: A|tand 0 € D[A] and E o® and (m,y) €
G[oQ]. Then, (m,ve) € [cA]%"

Proof is by induction on the typing of e. We show a few selected cases.

Case:

Case:

Qx)=A
AP QFpgx:A |0
Assume that = 0® and (m,y) € §[cQ].
TS: (m,y(x)) € [cA]°.
By Value Lemma (lemma 31),
STS: (m,y(x)) € [oA]y.
This follows by Q(x) = A and (m,y) € §(cQ)

fs-var

AD;QFpger Aty A, D QFgg e listin] A |t
fs-cons

A, Dy Q Fgg cons(eq, er) :listn+1]A |t + 1
Assume that = c® and (m,y) € §[cQ].

TS: (m, cons(yeq,vey)) € [listlon + 1] ocA]

ot1+oty
9 .
Following the definition of [-];,

Assume that

vy " T (%) ver 42Ty (o) vi=V(TY)

cons(yey,yez) 1772 (cons(vy,vy), cons(Ty, To))

ev-cons
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and f; +f, < m.
By IH 2 on the first premise, we get (m,ve;) € [[GA]]gt‘ .

Unrolling its definition with (x) and f; < m, we get

a) f1 <oty
b) (m—fy,vi) € [oA],

By IH 2 on the second premise,we get (m,ve;) € [listlon] cA]¢"2.

Unrolling its definition with (¢) and f; < m, we get

c) fr <oty
d) (m—fy,vy) € [listlon] cA],

Now, we can conclude as follows:

1. Using a) and c), we get (f; + f2) < oty + ot;

2. By downward closure (Lemma 33) on b) using
m—(fi+f) <m—"f

we get (m — (f1 +f2),v1) € [oA],.

By downward closure (Lemma 33) on d) using
m—(fi+f) <m—"f

we get (m — (f1 +f2),v2) € [listlon] cA]y.
By combining these two statements, we can conclude as (m —

(f1 +f2), cons(vy,v2)) € [listlon+ 1] cA],
AD A A 22U AL wf
S
A O;x:Aq T Aq ]F—(t)>Az,Q Frse: Ay |t
IFS
A; Dg; Q Fpg fix f(x).e : Ay &> Ay |0

Assume that = c® and (m,y) € §[cQ].

TS: (m, fix f(x).ye) € [oA, % oA,]°.

fs-fix
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FS(ot)

By lemma 31, STS: (m, fix f(x).ye) € [cA; —— 0A;]y.

We prove the more general statement

FS(ot)

"< m. (m/, fix f(x).ye) € [cA; —— 0A3]y

Ym

by subinduction on m'.

There are two cases:

subcase 1:

subcase 2:

m' =0

Since there is no non-negative j such that j < 0, the goal is vacu-

ously true.
m =m"+1 <m
By sub-IH
(m”, fix f(x).ye) € [oA; Flon), oAy (1)

STS: (m” + 1, fix f(x).ye) € [oA; &“k 0A]y.

Pick j < m” + 1 and assume that (j,v) € [oA1]y.
STS: (j, velv/x, (fix f(x).ye)/f]) € [oA]°".

This follows by IH on the premise instantiated with

* (G, ¥k v, e (fixf(x)ye)]) € GloQ’,x: oA, f: 0A; m

0A;] which holds because
- (j,v) € §[0Q’] obtained by downward closure (Lemma 33)
on (m,y) € §[oQ'] usingj <m”+1 < m.

- (j,v) € [0A1]y, from the assumption above

_ (j, fix f(x)ye) € [oA; 7Y

ward closure (Lemma 33) on (1) using j < m

o0A;]y, obtained by down-

"

FS(t)

AO;QbFpser: A — Az [ty AOG;OQOFpsey: Al t

fs-app

Case:

Assume that = o® and (m,vy) € §[cQ].

TS: (m, ver vez) € [0A2]e

oty +oty+ottcapp

Following the definition of [-]., there are two cases: Assume that
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ver I T (») ve, 12 T, (o) tix f(x).e = V(Ty) vy =V(Ty)
elva/x, (fix f(x).e)/f1 4™ To (1) v =V(Ty)

vey yey |12 eare (v app(Ty, To, Ty))

ev-app

FS
By IH 2 on the first premise, we get (m,ye;) € [oA; ﬂ O'Az]]gt1
Unrolling its definition with (x) and f; < m, we get

a) f1 <oty

b) (m—fy, fix f(x).e) € [oA; M oAzl

By IH 2 on the second premise, we get (m,ve;) € [0A;]¢"2. Unrolling

its definition with (¢) and f; < m, we get

c) f2 <oty
d) (m—fy,v2) € [oA1]y

By downward closure (Lemma 33) on d) using m — f; —f; — capp <

m— f;, we get

(m—(fy +f2+ Capp)/VZ) € [oA1]y (1)

Next, we unroll b) with (1) and m — (f; +f; + capp) < m —f; (note
that 0 < cqpp) to obtain

(M — (f1+ f2 + capp), elva/x, (fix f(x).e)]) € [oA]{" (2)

By unrolling (2)’s definition using (1) and f; < m — (f1 + 2 + capp)
(note that 0 < cqpp), we get

e) fr <ot

Now, we can conclude as follows:

1. Using a), c¢) and e), we get (f; +f2 + fr + cqpp) < oty + oty + ot +

Capp
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Case:

Case:

2. By f)

AO;QFpse: At A0 Ay wf
fs-inl

AND;QFpginle: Ay +Ay | t
Assume that = o® and (m,y) € §[cQ].

TS: (m,inl (ye)) € [oA; + cAZ]%%
Following the definition of [-];, assume that
ye'T (x)  v=Vv(T)
inl ye ||f (inlv,inl T)
By IH 2 on the first premise, we get (m,ye) € [ocA]".

e-inl and f < m.

Unrolling its definition with (%) and f < m, we get

a) f <ot
b) (m—f,v) € [cA]y

We can conclude as follows:

1. By a), f <ot
2. By b), we can show that (m — f,inl v) € [oA; + 0A;],

ADOy;QFpge: A +A) |t

A, D;x: A, QFpger At AD;y:Ay Qe At
fs-case

A; Dg; Q Frg case (e,x.e1,y.e2) t A |t -+t + cease
Assume that = o® and (m,vy) € §[cQ].

TS: (m, case (ye,vej, vez)) € [[GA]]gt+Gt/+Ccase.

Following the definition of [-];, assume that

yel' T (x)  inlv=V(T)  yelv/xI " T (¢) v =V(T)
ev-case-1

case (ve,x.yey, y.yez) /T cease (v casein (T, T,))
and

f—+fr 4+ Ceqse < M.
By IH 2 on the first premise, we get (m,ye) € [0A; + 0A;]7".

Unrolling second part of its definition with (x) and f < m, we get

a) f<or
b) (m—f,inlv) € [cA; + 0A;]y
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By IH 2 on the second premise using (m —f,y[x — v]) € §[oQ’, x :
oA1] obtained by

* (m—f),y) € §[oQ’] by downward-closure (lemma 33) on (m,y) €
GloQ'] using m—f < m

e (m—f,v) € [oA]y by downward closure (lemma 33) on c), and

unfolding its definition

we get
(m—"~,veilv/x]) € [[GA]]gt/ (1)

By unrolling (1)’s definition using (¢) and f; < m — f, we get

o) fr <ot/
d) (m—(f+f;),vy) € [6A]y

Now, we can conclude as follows

1. By a) and ¢) (f + fr + Ccase) < 0t + ot + Cease

2. By downward closure (Lemma 33) on d) using
m— (f+fr + Cease) <M — (f+f;)

we get (m — (f + fr + ccase), Vr) € [OA]y.

A, O Q Fpg e listin] A |t AOAN=0;QFpger: A’ |t/
L,AOAN=1+1;h: A tl:listli]A, QFpg eyt A |t/

A; Dy QFpg caseeof nil — ey |[hutl = ey A’ [ t+t' 4 coqsel
Assume that = c® and (m,y) € §[cQ].

TS: (m, case ye of nil — ye; | h=tl — ye;) € [[GA’]]gt+Gt/+CC“3eL.
Following the definition of [-],, assume that
case yeofnil — ve; | h=ztl—ve, V" Fand F < m.

Depending on what ye evaluates to, there are two cases.

341
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subcase 1:

ve 'T (%) vyer 4™ Ty (0)  nil =V(T) v =V(Ty)
ev-case-nil

case ye of nil — yey | h tl — ye, |FFirfCeaset (v caseni (T, Tr))
and F = f + f; 4+ Cegser. < M.

By IH 2 on the first premise, we get (m,ye) € [listlon] cA]%".

Unrolling its definition with (x) and f < m, we get

a) f <ot
b) (m—f,nil) € [listfon] cA],

By b), on =0 since v =nil .

Then, we can instantiate IH 2 on the second premise using

= 0® A on = 0 obtained by combining = oc® with = on =0, we
get (m,yer) € [cA]o.

Unrolling its definition using (¢) and f, < m, we get

c) fr < ot’
d) (m_fr,\)r) G [[GA/]]V

We conclude with
1. By a) and ¢), we get f + f + Ccasel. < 0t + 0t’ + Ceqgsel
2. By downward closure (Lemma 33) on d) using

m— (f 4+ fr + Ceaser) <M — (f+f;)

we get (TTL — (f +fr + CcaseL)/VT) € [[O—A/]]V'
subcase 2:
ve ' T (%) cons (v, vy) = V(T)
vealvn/h v/t U T (00) vy =V(T;)

case ye of nil — ye; | htl — ye, |FFrfCeaset (v casecons(T, Ty))
By IH 2 on the first premise, we get (m,ve) € [listlon] cA]".

ev-case-cons

Unrolling its definition with (x) and f < m, we get

a) f <ot
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b) (m—f,cons(vy,v;)) € [listlon] cA],

By b), on =1+ 1 for some I and we have

(m—f,v1) € [cA]y (1)

(m—f,vy) € [list(l] cA], (2)

Then, we can instantiate IH 2 on the third premise using
e oli— I eD[i:IN,A]
¢ = ofi— IJ(® An =1+41) obtained by combining = oc® with
Eon=1+1,
e (m—f,y[h — vi,tl = wl) € Gfoli — I(Q',x : A, tl :
list[i] A)] using (1) and (2) and (m —f,y) € §[cQ’] (obtained
by downward closure (Lemma 33) ).

k/

we get (m,vex[vi/h,va/tl]) € [oli — I]A]]S[MH ofi — It

Since, 1 € FV(k/,t/, A, A’), we have
(m, yezlvi/h, va/tl]) € [oA']ZY.

Unrolling its definition using (¢¢) and f; < m —f, we get

o) fr < ot’
d) (m—f—f,v) € [oA'],

We conclude with

1. By a) and ¢), we get f + f; + Ccasel. < 0t + 0t’ + Cegsel

2. By downward closure (Lemma 33) on d) using
m— (f+fr + Ceaser) <M — (f+ 1)

we get (m — (f + fr + ccaser), Vr) € (0A),.
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NDg; Qbps et Ar |ty N D;x: AL, QFps et Az |
Case: fs-let
AD;QbFpgletx =ejiney: Ay |t + 1) + Clet
Assume that = c® and (m,y) € §[cQ].

TS: (m,let x = ye; in yep) € [oA,]¢ o2 Cret,

Following the definition of [-],, assume that
yar l" T () vi=v(T) vevi/x T T (o) v =V(T)

let x = yey in yey 1 Cler (v let(x, Ty, Ty))
and fq + fr + Clet < M.

ev-let

oty

By IH 2 on the first premise, we get (m,yve;) € [oA1]e

Unrolling its definition with (x) and f; < m, we get

a) f1 <oty
b) (m—fy,vi) € [[O‘A]]]v

By IH 2 on the second premise using (m — fy,y[x — v]) € GloQ’, x :
oA1] obtained by

e (m—fy,vy) € §[oQ'] by downward closure (Lemma 33) on (m,y) €
G[oQ'] using m—f; <m

e (m—fy,v) € [oA;]y by downward closure (Lemma 33) on c)

we get
(m—f1,verlv/x]) € [oA;]¢% (1)

Unrolling (1)’s definition using (¢) and f; < m — f;, we get

o) fr <oty
d) (m—(f1+1f),v) € IIO-A]]V

Now, we can conclude as follows

1. By a) and c) (f1 + fr + clet) < oty + 0ty + Clet

2. By downward closure (Lemma 33) on d) using

m— (f1 4+ fr +cler) <M — (f1 +f)
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we get (m — (f1 + fr + clet), vr) € (0A].

N, Dg; QFpge: A{I/i}] t AFT:S
Case: fs-pack
A;Dg; QO Fpg pack e: JinS A [ t

Assume that = o® and (m,y) € §[oQ].

TS: (m, pack ye) € [Ji:S. A

Following the definition of [-]., assume that
yel' T (x)  v=v(T)

ev-pack and f < m.
pack ve |7 (pack v, pack T)

By IH 2 on the first premise, we get (m,ve) € [cA{cl/1}]".

Unrolling its definition with (x) and f < m, we get

a) f <ot
b) (m—f,v) € [cA{cl/i}],

Then we can conclude as follows:

1. By a), f <ot

2. TS: (m —f,pack v) € [Fi=S. A],.
By lemma 22 on the second premise we know that i~ oI :: S.
STS: (m — f,v) € [oA{cl/i}].
This follows by b).

YO =A 2 A  AOGQFpse: At
Case: fs-primapp
A Dy Obps Ce: Ay [ t+t + Corimapp

Assume that = c® and (m,y) € §[cQ].

TS: (m, ¢ ye) € [oA]S ot Ferrimery

Following the definition of [-];, assume that

ye' T (x)  v=Vv(T) ) =(fr,v) (o)
Cye IHirterrimapy (v, primagy (T, C))

f+ fr + Cprimapp < M.

ev-primapp

By IH 2 on the second premise, we get (m,ve) € [cA]V.

Unrolling its definition with f < m, we get

a) f <ot/
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b) (m—f,v) € [cA1]y

)
Next, by Assumption (assumption 45) using ¢ : 0A; Folew), oA,

(obtained by substitution on the first premise), (¢) and (b), we get

c) fr <ot
d) (m—f—f,v) € [ocAz]y

Now, we can conclude as follows:

1. Using a) and d), we get (f 4 f; + Cprimapp) < 0t + 0t + Cprimapp

2. By downward closure (Lemma 33) on d) using
m— (f+f; + Cprimapp) <m—(f+f)

we get (m — (f + fr + Cprimapp), Vi) € (0A2)y.

AP QFpge:Alt AOE=ALCA! ADOELSt
Case: Eexec
AO;QFpge: Al |t/

Assume that = c® and (m,y) € §[cQ)].
TS: (m,ve) € [cA']oY.

Following the definition of [-],, assume that

a) ye v
b) f<m.

By IH 2 on the first premise, we get (m,ve) € [cA]".

Unrolling its definition with a) and b), we get

o) f<ot
d) (m—f,v) € [oA]y

We can conclude this subcase

1. By Assumption (25) on the third premise, we get ot’ < ot’.

By ¢) we know f < ot, therefore we get f < ot’
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2. By lemma 39 on the second premise using c), we get (m —f,v) €
[oA']y

Proof of Statement (3). Remember the statement (3) of Theorem 46:
Assume that A; @y;T Fepe:t|tand o € D[A] and E o® and (m,y) €
S[loTl], then (m,ve) € [loTl]° .

Nx)=r
Case: cp-var
AN DOyTHEepx:T]0

Assume that = c® and (m,y) € G[|oT]].
TS: (m,v(x)) € [lot]e™.
By lemma 31, STS: (m,v(x)) € [lotl]v.

By (m,y) € G[|oT|] and I'(x) = T, we can conclude that (m,y(x)) €

TloT!]y-
C C
A,'(Dl—’t]ﬂ’tzwf A;(D,'XZT],fIT1ﬂ’[z,rl—@pe:’tzft
Case: CPW cp-
ADOGT Fep fixf(x)e:tg —— 12| 0
fix

Assume that = c® and (m,y) € G[|oT].
TS: (m, fix f(x).ve) € [lot] % |or[].
By lemma 31, STS: (m, fix f(x).ye) € [loTi| M loT2!]v-

We prove the more general statement

!

FS
vm/ < m. (m’, fix f(x).ve) € [lot1] % |ot[],

by subinduction on m’.

There are two cases:

subcase 1: m' =0
Since there is no non-negative j such that j < 0, the goal is vacu-

ously true.
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subcase 2z m'=m"+1<m

Case:

By sub-IH
) IFS(o0)
(m”, fix f(x).ye) € [lot;] —— |ot2l]v (1)

STS: (m” + 1, fix f(x).ve) € [loti] = |ot,[s.
Pick j < m” + 1 and assume that (j,v) € [loTt;[]y.
STS: (j, velv/x, (fix f(x).ye)/f]) € [|oTa|]°.

This follows by IH 3 on the premise instantiated with

o (vl = v f e (fixfx)ve))) € Slx : ol f @ Jom| b

|oty|, |oT'|] which holds because

- (§,v) € G[loT[] using downward closure (Lemma 33) on

(m,y) € §[loT]] usingj < m”+1 < m.
- (,v) € [lot1]]v, from the assumption above

- (j, fix f(x).ye) € [loTy| &(Oo)—) lot,[]lv, obtained by down-

ward closure (Lemma 33) on (1) using j < m”

cP
A;q)a;chu?e]IT]&Tzlt] NOGTFeper:it |t

Cp-app
AOThHepere: |t +t+t

Assume that = c® and (m,y) € G[|oT]].

TS: (m,ve; vey) € [loTal]e°.

Following the definition of [-],, assume that

yer W T (%) yer 4Ty (o) fixf(x)e=V(T)) vy =V(T))
elva/x, (fix f(x).e)/f] L T, (1) vy = V(T;)

vey yey 12t tcary (v app(Ty, T, T))

ev-app

and
FS(co
By IH 3 on the first premise, we get (m,ye;) € [|oTy] # loTal]e°.

Unrolling its definition with (%) and f; < m, we get

a) f;1 < oo

b) (m—fy,fix f(x).€) € [loti] s ora]],
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By IH 3 on the second premise, we get (m,ve;) € [loT[]°.
Unrolling its definition with (¢) and f; < m, we get

c) fr <0

d) (m—f,vy) € [loti[]y

By downward closure (Lemma 33) on d) using m — f1 — f; — cqpp <

m— 1, we get

(m—(fi +f2+ Capp)/VZ) € [lotil]v (1)

Next, we unroll b) with (1) and m — (f7 + f2 + capp) < m —f7 to obtain

(m — (f1 4+ f2 4 capp), elva/x, (fix f(x).e)]) € [loTal]e” (2)

By unrolling (2)’s definition using (1) and f, < m — (f; + 2 + capp),

we get

e) fr < oo

f) (m—(fy +f2+1f + Capp)rvr) € [[|GT2|]]V
Now, we can conclude as follows:

1. We can trivially show (f1 + 2 +f; + capp) < 00
2. By f)

NOGT Feper:T]ty N, Oy T Fep ey listin]*t | 4

cp-cons1
A; @g;T Fep cons(eq, er) : listm+ 11 | t; + 1,

Assume that = o® and (m,y) € §[|oT]].

TS: (m, cons(yer,vez)) € [[listlon + 119+ GTI]]S’OO = [listfon+1] IGTI]]S’OO.

Following the definition of [-];, assume that

yer 4" T (1) ve 42T (0)  vi=V(T)

cons(yey,yez) 1772 (cons(vy,vy), cons(Ty, Ty))

ev-cons

349



350

APPENDIX FOR DUCOSTIT

Case:

and f; +f, < m.
By IH 3 on the first premise, we get (m,ye;) € [|oT|]°.

Unrolling its definition with (%) and f; < m, we get

a) f;1 < oo
b) (m —fy,v1) € [lol]y

By IH 3 on the second premise, we get (m,ve;) € [[listlon]* ot|]°.

Unrolling its definition with (¢) and f; < m, we get

¢) f <0

d) (m—f,,v;) € [listlon] |ot[]y
Now, we can conclude as follows:

1. We can trivially show that (f; + ;) < oo

2. By downward closure (Lemma 33) on b) and d), we get (m — (f1 +
f2),v1) € [lotl]y and (m — (f; + f2),v2) € [listlon]|ot|],, when
combined, gives us

(m— (f1 +f32),cons(vy,v;)) € [listlon+ 1] |ot(], = [llistlon + 11°%F! o1[],

NOGT Feper:OT] ty N, OGT Fep e : listn]*t| t

cp-cons2
A; Oy T Fep cons(er, ep) s listin +1]%1 |t + 1,

Assume that = 0® and (m,y) € G[|oT]..
TS: (m, cons(yeq,vey)) € [llistfon + 1]°% GTH]S’OO = [listlon+1] |GT|]]8’OO.

Following the definition of [-];-, assume that

yer " T (%) ver 42Ty (o) vi=V(T)

cons(yer, yez) 172 (cons(vy,v;), cons(Ty, T2))

ev-cons

and f; +f; < m.
By IH 3 on the first premise, we get (m,ye;) € [|0 ot[]¢°. Unrolling

its definition with (x) and f; < m, we get

a) f1 <oo
b) (m—fy,vi) € [[Dotl]v = [loTl]v
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By IH 3 on the second premise, we get (m,ve;) € [|listlon]°* o] °.

Unrolling its definition with (¢) and f; < m, we get

c) f, <o

d) (m—fy,vy) € [listlon]|oT(],
Now, we can conclude as follows:

1. We can trivially show that (f; +f;) < oo

2. By downward closure (Lemma 33) on b) and d), we get (m —
(f1 + f2),v1) € [lotl]]y and (m — (f; + f2),v2) € [listlon]|oTl]y,
when combined, gives us (m — (f; + f;), cons(vy,v2)) € [listfon +
11|ot|]y = [llistlon + 1]°* o],

N0 T Fpge: At

Case: cp-switch
ADO;THepe:UA |t

Assume that = o® and (m,y) € §[|oT]].
TS: (m,yer) € [[UGA[]>® = [cA]>™.

Assume that

a) yer U v,
b) fr < m.

By IH 2 on the first premise, we get (m,ve;) € [cA]"

By unrolling its definition with a) and b), we get

c) fr <ot
d) (m—fy,v) € [cA]y

We can conclude as follows

1. Trivially, f; < oo

2. By d)

Proof of Statement (4). Remember the statement (4) of Theorem 46:
Assume that A; @;Q Fpgse: At and o € D[A] and E oc® and (m,d) €
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G(UoQ), then (m,d"e) € (UcA)?".

Case:

Case:

Qx)=A
AN, D; QFpgx: A0
Assume that = c® and (m,d) € (U cQ).
TS: (m, 8(x)) € (UcA).
By lemma 31, STS: (m, 8(x)) € (U cA)y.
This follows by Q(x) = A and (m, 8) € §(U cQ).

fs-var

A0 A A, B AL

S
A, O;x i Aq, T Aq ]F—(t)> Ay, QFpge: At
FS
A Do O Fps fix f(x).e: A 2 A, |0

Assume that = c® and (m,d) € (U cQ).

TS: (m, fix f(x).67e) € (U (0A; 2% 5A,))C.

By lemma 31, STS: (m, fix f(x).0"e™) € (U (cA; w oA2))y-
By definition of (U -),, since fix f(x).0"e™ # new(,-),

STS: (m, fix f(x).07e) € € 0AT 2" 5A, Dy,

Let F = fix f(x).0"e™.

We prove the more general statement

fs-fix

FS(ot)

"<m. (m,F) € CoA) —— oAy D,

Ym

by subinduction on m’.

There are three cases:

e STS: ¥j.(, L(F)) € [oA; =2

(TAz]]v.
Pick j.

We show the left projection only, the right one is similar.

oAy A (G,R(F) € [oA; 27,
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FS(ot)

- STS 1: (j, L(F)) € [cA; —— 0A3]

We prove the more general statement

vm' <j. (m/,L(F) € [oA; 2% 6AL],

by subinduction on m'.

There are two cases:

*

em' =0

m' =0
Since there is no non-negative j such that j < 0, the goal

is vacuously true.
m =m"+1< j
By sub-IH

(m”, fix f(x).L(57eN) € [oA] 2% 6Asl, (1)

STS: (m” + 1, fix f(x).L(57e)) € [0A1 7% GA,],.

Pick j” < m” + 1 and assume that (j”,v) € [0A1].

STS: (”,L(8"e ) [v/x,L(F)/fl) € [oA;]"

This follows by IH 2 on the premise instantiated with
G”,0lx = v,f — L(F)]) € G[x : oA, f : oAy M
o0A;, 0Q] which holds because

(", L(3)) € §[0Q] using lemma 32 on (m, 8) € (U 0Q)

- (§”,v) € [oA1]y, from the assumption above

. (3" fix f(x).L(67e7)) € [oA; w oA;]y, obtained by

downward closure (Lemma 33) on (1) using j” < m”

Since there is no non-negative j such that j < 0, the goal is vacu-

ously true.
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Case:

em/'=m’"+1<m
By sub-IH

FS(ot)

FS
(m”, fix f(x).67e7) € C cA] ——— 0A2 Dy C (U (0A; (ot

—_— O'Az)[)v
(2)

S
STS: (m” + 1, fix f(x).0"e™) € € oA m oA Dy.

Pick j” < m” + 1 and assume that (j”, w) € (U 0Aq)y.

STS: (j”, 8 e w/x, F/f]) € (UoA,)2".

This follows by IH 4 on the second premise instantiated with
(57, 8[x — w, f — F) € Sx: UoAy, f: U(oA; =% 6A,), UcQ)

which holds because

- (37,8) € (U 0Q) by downward closure (Lemma 33) on (m, ) €
(U oQ) using j”

- (3”,w) € (UoA4)y, from the assumption above

_ (57, fix f(x).67e7) € (U (0A; 27 5AL)),, obtained by down-

ward closure (Lemma 33) on (2) using j” < m”

This completes the proof of this case.

FS
ADGQbpser: Al 2 Ay [t A OGO Fps er: Ar |t

fs-app
ND;QbFpgserer: Ay |t + 1 +t+ Capp

Assume that = c® and (m,d) € (U cQ).
TS: (m, 8 er e,7) € (U oA, e 72 o Carr,
Following the definition of (-),, assume that
LE eI Ty (%)
LoTe; M 2T (o)  fixf(x).e=V(Ty) vy =V(Ty)
elva/x, (fix f(x).e)/f1 I T (1) vr=V(Ty)
L(87e; ) L(87ey ™) Y12 F ¥ carr (v, app(Ty, Ty, T))
R(57e ™) 411 T/ ()
R(5Te; ) U2 1) (00)  fix f(x).e/ =V(T]) v, =V(TJ)
elvy/x, (fix f(x).')/F1 47 T (1) v =V(T))
R(57e; ™) R(87ey ) Y12t feteare (v app(T7, T4, T)))

ev-app and

ev-app and
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By IH 4 on the first premise, we get

(m,d7e1 ™) € (U(cA m GAZ)DSt‘ . Unrolling its definition with

(%), (%%) and f; < m, we get

a) (1,87 e1 Ny, T/, ¢q
b) fix f(x).e = L(wq) A fix f(x).e’ = R(w})
c) ¢; < oty

d) (m—f1,w!) € (U(oA; %

I GAZ)I)V

oty

By IH 4 on the second premise, we get (m,d"e; ") € (U oAj)e
Unrolling its definition with (¢) and (¢¢) and f; < m, we get
e) (T, 0 exYywj, T, ¢5
f) v =L(w)) A vy =R(w))
g) ¢; < oty
h) (m—f,wj) € (UoAq)y
There are two cases for d)

subcase 1: w; = new(fix f(x).e, fix f(x).e')

By d), we have (m — fy, new(fix f(x).e, fix f(x).e’)) € (U (cA4 M)
oA2))y (%)
Now, we can conclude as follows:
1. Using a), e) and ()
(T1,R(87e1 ™)) ~ new(fix f(x).e, fix f(x).e’), T}, c
(T, R(87ex M) ~ w), T5,¢)
e/[R(wj)/x, (fix f(x).e")/F U T/ vl =V(T})
Cp-app-new

((vr,app(Ty, T2, Tr)), R(87e1 ) R(87ez 1)) ~
new(vy, v;), (vi, app(T{, T3, T)), ¢ + ¢5 + f1 4 Capp
2. Trivially, vi = L(new(vy,v})) A v} = R(new(vy,V}))
4. TS: (m — (f1 4 f2 + fr 4+ capp), new(vy, vy)) € (U oAy),
STS: Vj.(j,vr) € [0A2]y A\ (§,v)) € [0A,]y
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Pick j.
TS1: (§,v:) € [0Az]y

By unrolling the definition of (x), we have

FS(ot) (ot)

V. (i, fix f(x).e) € [oAT % GAL]y A (, fix f(x).e') € [oA; =% gAL],
(1)
By lemma 32 on h), we get

Vj.(j, L(w3)) € [oA1]v A (G,R(w3)) € [0Az]y (2)

Next, we instantiate eq. (2) with j 4 f; +2 and get
G+ fr + 2, fix f(x).e) € [oA; w oA3]y (3)

Then, we instantiate eq. (2) with j + f. + 1 and get
G+ fr+1,L(w3)) € [oA 1]y (1)

Unrolling the definition of eq. (3) using eq. (4) and j+f; +1 <
j+fr+2, we get

( +fr + 1, e[L(w3)/x, (fix f(x).e)/f]) € [oA]{" (5)

Unrolling the definition of eq. (5) with (f) and f, <j+f; +1,
we get
i) fr <ot
j) G+1,v) € [0Az]y
Then, we obtain (j, v;) € [oA;], by downward closure (Lemma 33)
onj) using j <j+1.
This concludes TS1.

Next, we follow similar steps for the right projection as fol-



B.2 DUCOSTIT THEOREMS

lows:

We next instantiate eq. (2) with j + f] + 2 and get

(ot)

G+ f,+2,fix f(x).e') € [oA; oy, oA2]y (6)

Then, we instantiate eq. (2) with j + f, + 1 and get
G+ fr +1,R(wp)) € [oA]y (7)

Unrolling the definition of eq. (6) using eq. (7) and j +f/+1 <
j+fr+2, we get

G+, +1,eR(w) /x, (fix f(x).e")/f]) € [A2]S (8)

Unrolling the definition of eq. (8) with ({{) and
fl <j+1fl+1, we get

k) fl < ot

D G+1,v) € [oAz]y

357

Then, we obtain (j,v}) € [0A;]y by downward closure (Lemma 33)

onl)using j <j+1.
This concludes TS2.
. Using ), g) and k), we get (c; +¢) + f] + cqpp) < ot + 0ty +

subcase 2: w; = fix f(x).ee

Then, by unrolling the definition of d), we have

(m—fy, fix f(x).ee) € C 0A; w 0A2 Dy (9)

Next, we apply downward-closure (lemma 33) to h) using



358 APPENDIX FOR DUCOSTIT

and we get

(m— (f1 + f2+ capp), Wy) € (UoA ), (10)
We unroll eq. (9) using (10) since
m— (f1 +f2+capp) <m—F;  Note that here we have cqpp > 1
and get

(m — (f1 + f2 4 capp), e2[wy/x, fix f(x).ee/f]) € (UoA,)F" (11)
Next, we unroll (11) using (1), (11) and f, < m — (f1 4+ 2 + cqpp)

to obtain

i) (T, eelw;/x, fix f(x).ee/fl)~w/, T/, ¢/

j) vi = L(w;) A vi=R(wy)

k) ¢/ < ot

1) (m—(f14f2+fr 4 capp), wy) € (UOA,),

Now, we can conclude as follows:

1. Using a), e) and 1)
(T1,R(87e1 ™)) ~ fix f(x).ee, T{, ¢}
(T, R(87e2 7)) ~ wp, Tj, ¢;
(Ty, eelws/x, (fix f(x).ee)/f]) ~ w., T, c. v =V(T/))
((_ app(Th, Tz, Tr)), R(87e1 ") R(87ex ")) ~
wr, (vr,app(TY, Ty, 7)), e1 + e + ¢

2. Byj)
3. Using ¢), g) and k), we get
(c]+cs+cp) <oty + oty + ot <oty + oty + ot + Capp

4. By I)
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ADOy;QFpse: A +A |t

A O;x: A, QFpger At A D;y:AyQlFpg e At
Case: fs-case
A; Dg; Q Fpg case (e,x.e1,y.e2) t A |t -+t + cease

Assume that = 0® and (m,d) € §(U cQ).

TS: (m, case (87e™,87e; 7,07 ey 7)) € (U GA[)SHWHC“C.
Following the definition of (-),, assume that

L( case (67e7,87e;7, 8 ez ) F v; and

R( case (87e7,87e;7,87e, ) I v/ and

F<m.

Depending on what L(8"e") and R(8"e™) evaluate to, there are four
cases:
subcase 1:
LTe) ' T (%)
inlv=Vv(T)  LE e/ T (o) v =V(T)

case (L(87e™),x.L(5"e;T),y.L(87ey ™)) | Ffricease (v casein (T, T;))
and

ev-case-1

R(57e™) 47 T/ (x)
inlv =V(T")  RTe; MV /X 4T T (00) v =V(T))

T T

case (R(57e7),x.R(67e;7),y.R(87ey 7)) | Ffrtecase (v casesn (T, T/))
and

F:f+fT+Ccase<m.

ev-case-1

By IH 4 on the first premise, we get
(m,87e™) € (UoA; + 0A2)?". Unrolling its definition with (%),

(#%) and f < m, we get

a) (T,8"eNw/, T/, ¢’

b) inlv=L(w') A inlv/ =R(w’)
c) ¢’ <ot

d) (m—f,w') € (UcA; + dAy)y

There are two cases for d):
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subsubcase 1: w' = new(inl v, inl v/)
By d), we have (m — f,new(inl v,inl v')) € (U (0A| + 0A2))s.

By unrolling its definition, we have
Vj.(,inlv) € [oA7 + 0Az]y A (§,inl V') € [oA] + 0A,]y (1)
Then, by using eq. (1), we can show that
Vi.G,v) € [A1v A (G,v) € [A1]y (2)

We conclude as follows:

1. Using a) and (¢o)
(T,87e™) ~ new(_,inl V'), T/, ¢’

R(5Tey MWV /X 4 T/ vl =V(T))

cp-case-inl;
((vy, caseim (T, T;)), case(d"e ™, x.0"e; ,y, 8 ex "))

new(vy,vi), (v}, caseint (T', T))), ¢’ + f. + ccase
2. Trivially, vi = L(new(v;,v))) A v} = R(new(vy,V}))
4. TS: (m — (f 4 fr + ccase), new(vy, v;)) € (U oAJ),
STS: Vj.(j,vr) € [A']y A (G, vy) € [oA ].
Pick j.
TS1: (j,vy) € [oA']y
By instantiating the definition of eq. (2) with j + f, +1,

we have
G+fr+1,v) € [Ar]y (3)

By IH 2 on the second premise using (j + fr +1,L(8)[x —
v]) € §[Q, x : 0A4] obtained by

e j+fr+1,L(1)) € 9[cQ] by (lemma 32) on (m,d) €
G(UoQ)

e (j+fr+1,v) € [oA1], by eq. (3)
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we get (j + fr + 1, L(8)L("e; )v/x]) € [oA]°".
Unrolling its definition with (¢) and f, <j+f. 4+ 1, we
get

e) fr < ot/

f) G+1,v) € [cA']y

Then, we obtain (j,v;) € [oA’], by downward closure
(Lemma 33) onj) using j <j+ 1.

Next, we follow similar steps for the right projection as

follows:
TS2: (j,vy) € [oA]y
By instantiating the definition of eq. (2) with j +f/ 41,

we have
G +f§+ 1,v) e [A1]v (4)

By IH 2 on the second premise using (j + f, +1,R(3)[x —
v']) € §[Q,x : 0A;] obtained by

e j+f/+1,R(8)) € §[ocQ] by (lemma 32) on (m,d) €
G(UoQ)

* (j+fr+1,v) € [oA]y by eq. (4)
we get (j+ .+ 1,R(8)R(Te; ) [v'/x]) € [cA]".

Unrolling its definition with (¢¢) and f] < j+f/+ 1, we
get

g) fr < ot’
h) (5 +1,v;) € [oA"]y

Then, we obtain (j,v}) € [ocA’], by downward closure

(Lemma 33) onj) using j <j+ 1.

3. By using ¢) and g), we get ¢’ 4+ f/ + ccase < 0t + 0t' + Ccase

361
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subsubcase 2: w' =inl w
By d), we have (m —f,inl w) € (U (cA1 + 0A2))y.

By unrolling its definition, we have
(m—f,w) € (UoAq), (5)

By IH 4 on the second premise using (m — f,8[x — w]) €
§(UoQ,x: UocA;) obtained by
e (m—f,08) € §(UoQ)) by downward-closure (lemma 33)
on (m,d) € §(UoQ) using m—f < m
e (m—f,w) € (UoA4), by eq. (5)
we get (m—f,57e; [w/x]) € (UcA)I.

Unrolling its definition with (¢), (¢¢) and f; < m —f, we get

e) (T, 8"e; [w/x)~w., T/, c!
f) vi = L(w}) A v =R(w})
g) ¢, < ot/

h) (m—f—f.,w/) € (UcA’),

We conclude with

1. Using a) and e)
(T,87ey ~inlw, T/, ¢’

(Ty, 87e1 w/x]y ~w/, T ¢l v.=V(T))
cp-case-inl

((_, casein (T, T;)), case(d"e™,x.07e; ,y,8"ex 1))
w!, (v, casein (T', T))), ¢/ 4+ ¢!
2. Using f)
3. By using c¢) and g), we get
¢'+c] <ot+ot' <ot+ ot + cease

4. By downward closure (Lemma 33) on h) using

m— (f+fr +Cease) <M —F—1;
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we get (m — (f+ fr + Ccase), Wi) € (tchsoA')y.

e Uf T inrv=V(T) e2[v/yl i}ﬂ T, vy = V(T)

ev-case-r
case (e, x.eq,y.ep) || T Cease (v casein (T, Tr))

This case is symmetric, hence we skip its proof.

L(67e) I T ()
inlv=V(T) LE e v I" T (0) v =V(Ty)

case (L(87e™),x.L(6"e; ), y.L(87ey 7)) | Hfricease (v casein (T, T;))
and

ev-case-1

R(57e™) 4T T/ ()
intrv/ =V(T')  R("e; )V /Ayl 477 T/ (00) vl =V(T))

T

case (R(57e™), x.R(87e; ), y.R(8 ey 7)) | Hfitcease (v/ casesn (T, T))
and

F:f+fr+CCase<m.

ev-case-r

By IH 4 on the first premise, we get
(m,87e™) € (UoA; + 0A,)?". Unrolling its definition with (%),

(xx) and f < m, we get

a) (T,8"eNw', T/, ¢’

b) inlv=L(w') A inrv/ =R(w’)
c) ¢/’ <ot

d) (m—f,w') € (UcA; + dAy)y

There are two cases for d):

subsubcase 1: w' = new(inl v, inr v/)

By d), we have (m — f,new(inl v,inr v')) € (U (0A| 4+ 0A2)).

By unrolling its definition, we have
Vj.(j,inl v) € [oA7 + 0Az]y A (j,inr V') € [oA + 0Az], (6)
Then, by using eq. (6), we can show that

vj.(,v) € [Ailv A (G,v') € [Az]y (7)
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We conclude as follows:

1. Using a) and (¢0)
(T,87e™) ~ new(_, inrv'), T, ¢’

R(87e; v/ /X 4 T v =V(T))

cp-case-inl,
((vr, caseim (T, T;)), case(d"e ™, x.07e; ,y,8 e "))

new(vy,v;), (v), caseinr (T, T))), ¢’ + f| + ccase
2. Trivially, vi = L(new(vy,v))) A v} = R(new(vy,V}))
4. TS: (m — (f+ fr + ccase), new(vy, v})) € (U 0AY),
STS: Vj.(j, vr) € [oA v A (G,V}) € [0A ].
Pick j.
TS1: (j,vr) € [oA']y
By instantiating the definition of eq. (7) with j +f; +1,

we have
G+fr+1,v) € [A1]v (8)

By IH 2 on the second premise using (j + fr +1,L(8)[x —
vl) € §[Q, x : 0A4] obtained by

* (j+fr+1,L(8)) € §[0Q] by (lemma 32) on (m,38) €
§(U 00)

e (j+fr+1,v) €[oA]y by eq. (8)

we get (j+ fr +1,L(8)L("e; ) v/x]) € [cA']Z".

Unrolling its definition with (¢) and f, <j+f, + 1, we

get

e) f; < ot/

f) () +1,v;) € [[GA/]]V

Then, we obtain (j,v;) € [oA’], by downward closure
(Lemma 33) onj) using j <j+1.

Next, we follow similar steps for the right projection as
follows:

TS2: (j,vy) € [oA ]y
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By instantiating the definition of eq. (7) with j+ f| + 1,

we have
G+fr+1,v") € [Ay )

By IH 2 on the third premise using (j + f{ + 1,R(3)[x —
V') € G[Q,x : 0A;] obtained by

e j+f/+1,R(8)) € §[oQ] by (lemma 32) on (m,d) €
(U cQ)

* (j+fl+1,v) € [oA;], by eq. (9)

we get (j+ 1/ +1,R(O)R("e; v/ /x]) € [[GA’]]St/.
Unrolling its definition with (o¢) and ] < j—+f.+1, we
get

g) f; <ot
h) (j+1,v7) € [0A'],

Then, we obtain (j,v}) € [ocA’], by downward closure

(Lemma 33) onj) using j <j+1.

3. By using ¢) and g), we get ¢’ + f/ + ccqse < 0t + 0t' + Cease

subsubcase 2: w' =inl wVinr w
This case is impossible due to inl v =L(w’) A inr v/ =R(w’)
(obtained in b))
LETe) 4T (%)
inrv=V(T) LT e; MYv/yl I T, (o) vy = V(T;)

subcase 4: ev-case-r
case (L(87e™),x.L(5"e; ), y.L(87ey 7)) | fHiricease (v casein (T, T;))

and

R(57e™) 47 T/ (%)
inlv =V(T")  R(Te;MWV/x] 4T T/ (00) v =V(T))

T T

case (R(87e7),x.R(87e; ), y.R(87ey ) Y Firtccase (v casein (T, T/))
and

ev-case-1
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F :f+fr+CCase <m.
This case is symmetric to above case, hence we skip its proof.
AND;QFpge:Alt AOE=ALCA’ ADET<t
Case: E exec
ANO;QFpge: Al |t
Assume that = c® and (m,d) € §(UcQ)..
TS: (m,87e7) e (UoA’)d .

Following the definition of (-),, assume that

a) L(Te) Y T
b) R(57e™) |F' T
¢ f<m

ot
c -

By IH 1 on the first premise using we get (m, 8 e™") € (U oA

Unrolling its definition with (a-c), we get

d) (T,8"eNw/, T/, ¢’

e) v=L(w') A v =R(w’)
f) ¢/’ <ot

g) (m—1,w') € (UoA),

We can conclude as follows:

1. By d)

2. Bye)

3. By assumption 25 on the third premise, we get ot < ot’. Com-
bining this with f), we get ¢’ < ot’.

4. By lemma 39 (clause 8) on the second premise with g), we get
(m—c,w') € (UoA’),

Proof of Statement (5). Remember the statement (5) of Theorem 46:
Assume that A; @y T Fepe:t|tand o € D[A] and E c® and (m,d) €
G(U|oT]), then (m,d"e™) € (UloT|)e° .
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MNx)=r

A;d)a;l“l—@px:’c | 0
Assume that = o® and (m, 6) € G(U|oT]).

TS: (m, 8(x)) € (U|oT|)ee.

cp-var

Instead, we first show
(m,8(x)) € (UloT|)? (1)

By lemma 31, STS: (m, 8(x)) € (U|oT])y.
By (m, ) € §(UJoT|) and I'(x) = 1, we obtain (m, 5(x)) € (U|oT])y.

We conclude by lemma 39 on eq. (1) using 0 < oco.

CP(t) CIP(t)

AOFT — Ty wf ANO;x:t,f:11 —— 1, Thkepe:T | t
CP(v) p-
AOGT Fep fixf(x)e:tg —— 12| 0
fix
Assume that = o® and (m, 5) € G(U|oT]).

TS: (m, fix £(x).57e7) € (Ulor; % oryf)e.

By lemma 31 and lemma 39 using 0 < oo,
. CP(ot) FS(o0)
STS: (m, fix f(x).6"e7) € (U|oty ——— o1a)vy = (U (Joti] —— [o12]))v-
Let F = fix f(x).07e™.
By definition of (U -),, since fix f(x).5"e" # new(-,-),
STS: (m, fix f(x).57e™) € @ Jot1] = |ory] Dy.
Let F = fix f(x).07e™.

We prove the more general statement

!

FS
vym’' <m. (m/,F) € ¢ |ot| & loT2| Dy

by subinduction on m’.

There are three cases:

.. FS(co . FS(co
e STS: ¥j.(, L(F)) € [loti] 2% Jonol]y A (,R(F) € [loty] =

o2

367
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Pick j.

We show the left projection only, the right one is similar.

. FS(oco
— STS 1: (j, L(F)) € [lori] 22 o1y,

We prove the more general statement

FS
vm' <j. (m’,L(F) € [lori] 2% oy,

by subinduction on m'.

There are two cases:

*

e m' =0

m' =0

Since there is no non-negative j such that j < 0, the goal
is vacuously true.

m =m”+1< j

By sub-IH

(m”, fix f(x).L(67e™) € [lot| LGN lo12l]y (1)

STS: (m” + 1, fix f(x).L(57e") € [loti] =% o]y,
Pick j” < m” + 1 and assume that (j”,v) € [lot;|]v-

STS: (j”,L(8"e™)[v/x, L(F)/f]) € [oA]c°.

This follows by IH 3 on the second premise instantiated
with (j”,80x > v, f = L(F)]) € S[x : oAy, f : o] o

|oty|, [oT[] which holds because
(", L(8)) € S[JoT] using lemma 52 on (m, ) € G(UoT)
- (3”,v) € [lot1|]y, from the assumption above

- (" fix f(x).L(57eM) € [lot] 2% |ot,[], obtained by

downward closure (Lemma 33) on (1) using j” < m”

Since there is no non-negative j such that j < 0, the goal is vacu-

ously true.
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em/'=m"+1<m
By sub-IH

FS FS
(m”, fix f(x).67e") € ¢ Jot1] 2 Joy] Dy € (U (lot1] 2% o))y

(2)

STS: (m” + 1, fix f(x).67e7) € € o1 2 |67y Do

Pick j” < m” + 1 and assume that (j”,w) € (U |oTi)s.

STS: (3”,8"elw/x, F/f]) € (U|oT,|)e°

This follows by IH 5 on the second premise instantiated with
G, 8 -+ w, £ FI) € G(x : Uloty], £ : U (joty| = o)), U JoT)

which holds because

- (37,8) € §(U|oT|) by downward closure (Lemma 33) on (m, ) €
G(U|oT]) using j”
- (3”,w) € (U]oTi])y, from the assumption above

(57, fix £(x).67e) € (U (lot1] 2% 5,]))y, obtained by down-

ward closure (Lemma 33) on (2) using j” < m”

This completes the proof of this case.

cP
A;q)a;chn)eﬂT]—sz!t] AOGTFep et |t

Cp-app
ANDOTHeperer: |t +t+t

Assume that = c® and (m, ) € (U |oT).
TS: (m,87e; e;7) € (U oty
Following the definition of (-),, assume that
LETe I Ty (%)
LTe; ) 2T (0)  fixf(x)e=V(T1) vy =V(Ty)
elva/x, (fix f(x).e)/f1 " T (1) vr=V(Ty)
ev-app and
L(87e;™) L(87ey ™) Y172t I+ apr (v app(Ty, To, To))
R(87e; ™) 41 T/ ()
R(5Te; ) U2 Ty (00)  fix f(x).e/ =V(T])  v5=V(T)
elvy/x, (fix f(x).e") /A1 47 T/ (1) v/ =V(T))
R(57e; ™) R(87ey ) Y12t eteare (v app(T/, T4, T)))

ev-app and
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By IH 5 on the first premise, we get
(m,8"e; ") € (U|omy % GTZH)S“. Unrolling its definition with (x),

(xx) and f; < m, we get

a) (T, e1 Hynwy, T{, ¢

b) wi = L(fix f(x).ee) A fix f(x).e’ = R(fix f(x).ee)
c) ¢; < oo

d) (m—f1,w]) € [Ulot) — 5 oTal)y

By IH 5 on the second premise, we get (m,d"e; ") € (Uo7 |p§t2.

Unrolling its definition with (¢) and (¢¢) and f; < m, we get

e) (Tp, 0 exYy~wj, T, ¢5

f) v =L(w)) A vj =R(w))
g) ¢; < oo

h) (m—f,wj) € (UloTt|)y

There are two cases for d)

subcase 1: w; = new(fix f(x).e, fix f(x).e’)
By d), we have (m — fy, new(fix f(x).e, fix f(x).e)) € (U (Joty] M

o))y (%)

Now, we can conclude as follows:

1. Using a), e) and (ff)
(T1,R(87e1™)) ~ new(fix f(x).e, fix f(x).e’), T{, ¢
(T2, R(87ex7)) ~ w), T, ¢)
e/[R(wj) /x, (fix f(x).e")/A U+ T/ vl =V(T))
((vr,app(T1, T2, Tr)), R(87e1 ") R(07ex ")) ~
new(vr,vy), (v, app(T{, T, T)), ¢ + ¢5 + f1 + Capp

2. Trivially, vi = L(new(vy,v})) A v} = R(new(vy,V}))

cp-app-new

4. TS: (m — (f1 + f2 + fr + cqpp), new(vy, V) € (U oTa),
STS v](]lvr) € [[GTZ]]V /\ (],V{») S [[GTZ]]V Ple ]
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TS1: (j,v:) € Jota]y

By unrolling the definition of (%), we have

e e FS(o00) . FS(c0)
Vj.(j, fix f(x).e) € [lot;| —— o]y A (5, fix f(x).e’) € [loti| —— |oT2l]y

(1)
By lemma 32 on h), we get
Vj.(,L(w3)) € [Ulotilly A (G, R(w3)) € [Ulorally  (2)
Next, we instantiate eq. (1) with j 4 f; 4+ 2 and get
. . IFS(0)
(G + fr + 2, fix f(x).e) € [lori] —— |oT2[]y (3)
Then, we instantiate eq. (2) with j + f. + 1 and get
G+fr+1,L(w3)) € [Ulot[]y (4)

Unrolling the definition of eq. (3) using eq. (4) and j+f, +1 <
j+fr+2, we get

(G + fr + 1, e[Llw)/x, (fix f(x).e)/f]) € [Uloal]>  (5)

Unrolling the definition of eq. (5) with (f) and f; <j+f; +1,
we get

i) fr < oo

) G+1,v) € [Ulot[]y
Then, we obtain (j,v;) € [U|oT,]]y by downward closure
(Lemma 33) onj) using j <j+1.
This concludes TS1.

Next, we follow similar steps for the right projection as fol-
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lows:

We next instantiate eq. (2) with j + f; + 2 and get
. ’ X ’ FS(c0)
G+ fr+2,fix f(x).e’) € [loti| —— |oT2l]y (6)
Then, we instantiate eq. (2) with j + f/ + 1 and get
G+ fr+1,R(w3)) € [U|oT[]y (7)

Unrolling the definition of eq. (6) using eq. (7) and j+ f{ + 1 <
j+fl+2, we get

(+ L+ 1, e[R(wh) /x, (fix f(x).e")/f]) € [Ulowa[  (8)

Unrolling the definition of eq. (8) with ({{) and
fl <j+fl+1, we get

k) fl < o0

D) G+1,v) € [Ulota]v

Then, we obtain (j,v)) € [U|ot;|], by downward closure

(Lemma 33) on 1) using j <j + 1.
This concludes TS2.

3. Using ¢), g) and k), we get (c] + ¢} + f] + Capp) < 00

subcase 2: w; = fix f(x).ee

Then, by unrolling the definition of d), we have
. IFS(o00)
(m—fy, fix f(x).ee) € Clom] —— [oT2| Dy (9)
Next, we apply downward-closure (lemma 33) to h) using
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and we get
(m— (f1 +f2+ capp), W) € (Uloml)y (10)
We unroll eq. (9) using (10) since
m— (f1 +f2+capp) <m—F;  Note that here we have cqpp > 1
and get
(m — (f1 + f24 capp), €[5 /x, fix f(x).ee/f]) € (U|oTal)¢" (11)
Next, we unroll (11) using (1), (11) and fr < m — (f1 + 2 + capp)

to obtain

i) (Ty, eelw;/x, fix f(x).ee/fl)~w/, T/, ¢/
j) vr =L(w)) N\ v/ =R(w])
k) ¢/ < o0

) (m—(f1+f2+ fr + capp), Wy) € (UloT2l)y
Now, we can conclude as follows:

1. Using a), e) and i)
(T1,R(87e1 ™)) ~ fix f(x).ee, T{, ¢}
(T, R(87e2 ™)) ~ wp, Tj, ¢;
(Ty, eelws/x, (fix f(x).ee)/f]) ~w., T, c. v =V(T))
((_app(Th, Tz, Tr)), R(87e1 ") R(87ex ")) ~
wr, (vi,app(TY, Ty, 7)), e1 + cp + ¢

2. Byj)
3. Using ¢), g) and k), we get (c; +c)+cf) < o0
4. By D)
AOGTFepe:T|t ADE=TCT ADE=t<t
Case: cp-C

AOGTFepe:t |t
Assume that = c® and (m, ) € (U |oT).
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TS: (m,87e™) € (U|ot/[)7"".

Following the definition of ()., assume that
a) L(87e™) T
b) R(87e™) 4 T/

c) f<m

By IH 1 on the first premise using we get (m,57e) € (o1)d".

Unrolling its definition with (a-c), we get

d) (T,5"eNw/, T/, ¢

e) v=L(w') N v =R(w')
f) ¢/’ <ot

g) (m—f,w') e (Ulotl),

We can conclude as follows:

1. By d)

2. Bye)

3. By assumption 25 on the third premise, we get ot < ot’. Com-
bining this with f), we get ¢’ < ot’.

4. By lemma 39(clause 11) on the second premise with g), we get

(m—c,w’) € (Ulot'|)y
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Theorem 47 (Fundamental theorem for bivalues/biexpressions). The follow-

ing holds.

. Assume that A; O q;T' F w > tand o € D[A] and = oc® and (m,d) €

G(oT)). Then, (m, dw) € (oT)y.

. Assume that A; O ;T + w > tand 0 € D[A] and E oc® and (m,y) €

S[loT]. Then, (m,L(dw)) € (lotl)y A (m,R(8w)) € (loTl)y.

. Assume that A; O q;T' F w > tand o € D[A] and = oc® and (m,d) €

G(U|oT|). Then, (m,dw) € (U |oT()y.

Assume that A; @ ;T + e > t|tand o € D[A] and = oc® and (m, ) €
S(oT). Then, (m, See) € (oT)?".

. Assume that A; @ ;T e > 1| tand o € D[A] and = c® and (m,y) €

G[loT]. Then, (m,L(yee)) € (lotl)e® A (m,R(yee)) € (loTl):°.

Assume that A; @ ;T + e > t|tand o € D[A] and = o® and (m, ) €
G(U|oT|). Then, (m, dee) € (U |oT|)e°.

Proof. Proofs are by induction on typing derivations with a sub-induction

on step-indices for recursive functions. We show select cases of each state-

ment separately.

Proof of Statement (1). We proceed by induction on the bi-value typing deriva-

tion. We show the most important cases below.

Case:

Case:

bi-keep
A; O;T F keep(n) > int,

Assume that = c® and (m, §) € G(oT).
TS: (m, d(keep(n))) € (inty)y.

This immediately follows from the definition of (int,|),.

A,D;-Frgv:Alt A O; Fps v A |t

A; ;T Fnew(v,v') > UA
Assume that = c® and (m, 8) € G(oT).

bi-new

375
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TS: (m, 6(new(v v'))) € qu oA)y.

STS: Vj.(j,v) € [oA]y, A (§,V') € [0A]s.
P1ck)
RTS1: (j,v) € [oA]y

RTS2: ( i,v') € [oA].

Next, we will instantiate theorem 46 (second clause) on the first and
second premises.

For the first premise, we know that (j +1,-) € §(:) (by definition).
Hence, by instantiating theorem 46 (second clause) on the first
premise with (j+1,-) € §(:), we get (j+1,v) € [oA]¢".

To unroll its definition we use

a) Since v is a value, by ev-value rule, we have v | (v,v).
b) 0<j+1

Therefore, we get
(G+1,v) € [oA]y (1)

Next, we obtain the first statement (j,v) € [oA], by downward
closure (Lemma 33) on Equation (1) using j <j+1.

Similarly, we instantiate theorem 46 (second clause) on the second
premises and we get (j +1,v/) € [cA]°".

To unroll its definition we use

a) Since V' is a value, by ev-value rule, we have v’ |° (v/,V/).
b) 0<j+1

Therefore, we get
G+1,v") € [oA]y (2)

Hence, we obtain the second statement (j,v’) € [oA], by downward

closure (Lemma 33) on Equation (2) using j <j +1.
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ADO;THEw >T A O;T Fwy > listin]*t
Case: bi-cons
A; @; T+ cons(wy, ws) > listin + 1191 1

Assume that (m, 0) € §(oTl) and = o®.
TS: (m, cons (8w, 5wy)) € (listfon + 11°%1 o)),

By IH 1 on the first premise, we get (m, dw;) € (oT), ().
By IH 1 on the second premise, we get (m, dw;) € (listfon]°* o), (o).
By using (%) and (¢), we can conclude as follows:

(m, cons(dw1, dw,)) € (listlon + 1]°%F! o).

AO;TFw > 0O A, O;T Fwy > listin]*t
Case: bi-cons-[]
A; O;T F cons(wy, wy) > listin + 1]%1

Assume that (m, 8) € §(oTl) and = o®.
TS: (m, cons(dwy, dwy)) € (listlon + 1]°% o1))y,.
By IH 1 on the first premise, we get (m, dw1) € (O o)), (%).

By IH 1 on the second premise, we get (m, dw;) € (listfon]°* o), (o).
By using (x) and (¢), we can conclude as follows:

(m, cons(dwq,dw;)) € (listfon + 1]°% o))y

C
A O;x T, 1 ﬂ)Tz,Ff‘GE)TZ | t
Case: CPW bi-fix
A,O;THfix f(x).ee> 1 —— 1T

Assume that (m, 0) € §(oT) and = o®.
) e

TS: (m, fix f(x).0ee) € (oTy % 0T2))y-
Let F = fix f(x).bee.

We prove the more general statement

CIP(ot)

"<m. (m/,F) € (ot1 —— 0Ty

Vm

by subinduction on m’.

There are two parts to show:

subcase 1: m’ =0
By the definition of the interpretation of function types, there are

two parts to show:
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subsubcase 1: Vj <m’ =0---
Since there is no non-negative j such that j < 0, the goal is

vacuously true.

subsubcase 2: TS: (0,F) € C |oTy] M |oT2| Dy
As above, since there is no j < 0,
RTS: ¥i.(j, L(F) € [loti] —2 [otal]u A (3, R(F)) € [loty| 2
loT2(]v-
Pick j.

We show the left projection only, the right one is similar.

. FS(oco
e STS 1: (j,L(F)) € [lots] 2% o],

We prove the more general statement
. IFS
vm' <. (m/,L(F) € [loril == jom, ],

by subinduction on m'.

There are two cases:

-m'=0
Since there is no non-negative j such that j < 0, the
goal is vacuously true.

-m'=m"+1<m
By sub-IH

(m”, fix f(x).L(57eT)) € [lors| = jor,f]y (1)

STS: (m” + 1, fix f(x).L(57e7) € [lot| 22 |0, .
Pick j” < m” + 1 and assume that (j”,v) € [lot;|]v-
STS: (3”,L(8"e™)[v/x, L(F)/f]) € [loTta|]2°.

This follows by IH 5 on the premise instantiated with
(7, 8[x = v,f = L(F))) € S[x : o], £ : Jory| —s

|oty|, [oT'|] which holds because
+ (3”,8) € G[loT] using lemma 32 on (m, ) € G(oT)

+ (j”,v) € [lot1|]v, from the assumption above
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+ (37, fix f(x).L(d"e7)) € [loT| w |ot|]v, obtained
by downward closure (Lemma 33) on (1) using j” <

m//

subcase2: m'=m"+1<m
By sub-IH

C
(m”,F) € (o M o012y (2)

TS: (m” + 1, fix f(x).bee) € (oTy % 0T2)y

There are two cases to show:

subsubcase 1: Pick j < m” + 1 and assume that (j, w) € (oT;)y.
STS: (j,8"e[w/x, F/f]) € (oT2)?".
This follows by IH 4 on the second premise instantiated with
(3, 8x — w,f — F|) € G(oT',x : o1y, f: 0Ty % 07;) which

holds because

* (j,8) € §(oT) obtained by downward closure (lemma 33)
using (m,d) € G(oT) and j < m’ < m.

* (j,w) € (oTq)y, from the assumption above

e (j,F) € (om % 07T,), obtained by downward closure

(Lemma 33) on (2) using j < m”

FS(c0
subsubcase 2: STS: (m” + 1, fix f(x).07e™) € C |oT| M loT2| Dy

There are also two cases to show here.

e Pick j < m”+ 1 and assume that (j, w) € (U |oTy[)y.
STS: (j, 8" e [w/x, F/f]) € (U otaf)e°.
This follows by IH 6 on the second premise instantiated
with
(3, 8x = w,f— F]) € G(U|oT|,x : UloTy|, f: U(JoT

071;|)) which holds because

CP(ot)
—

379

- (j,8) € §(U|oT|) obtained by downward closure (Lemma 33)

on (m,8) € §(U|oT]) (obtained by inclusion lemma on
(m,8) € G(oT)) and j < m’ < m.
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- (j,w) € (U|oTyl)y, from the assumption above

- (3,F) € (U(loTy] IBteo), lo2]))y, obtained by downward

closure (Lemma 33) on (2) using j < m”

Lo FS(c0 .
e STS: V.G, L(F) € [lotil =% jorlly A (,R(F)) e
FS(oco
[ot| 2% 1ot

The proof is same as above subcase where m’ = 0.

This completes the proof of this case.

CP
ADix iy, f: 00T s ) T e >t

vxeTl. A,® ET(x) COT(x) stable(ee) .
Case: 0 bi-fix-NC
A, O;T, T fix f(x).ee > O (11 —— 13)
Assume that (m, ) € G(oT, o) and = c®.

Then, § = &; U d; such that (m, 8;) € G(oT) and (m, §,) € G(oT’).

TS: (m, fix f(x).67e™) € (O (oTy w o1y))?.

Since e doesn’t have any free variables from '’ by the second premise,

CP(ot)

TS: (m, fix f(x).6:7e”) € (O (o1 —— o12))°.

By lemma 31, STS: (m, fix f(x).017e™) € (O (ot % o12))v-

By lemma 39 using (m,81) € G(ol) and the third premise, we get
(m,d1) € §(doT), i.e. Vx € dom(T").stable(d;(x)).

We also know that by definition, stable("e™).

Hence, stable(fix f(x).5;"e™).

Therefore, STS: (m, fix f(x).6:"e™) € (o1 % 0T2))y-

Let F = fix f(x).07e .

We prove the more general statement

CPP(ot)

"<m. (m/,F) € (o1 —— o)y

Ym

by subinduction on m'.

There are two parts to show:

subcase 1: m’ =0
By the definition of the interpretation of function types, there are

two parts to show:
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subsubcase 1: Vj <m’=0---
Since there is no non-negative j such that j < 0, the goal is

vacuously true.

subsubcase 2: TS: (0,F) € ¢ |oTq] M |oT2| Dy
As above, since there is no j < 0,
RTS: V. (3, L(F) € [lot1| 2 [otal]y A (3, R(F) € [loty| 22
[ol]
Pick j.

We show the left projection only, the right one is similar.

. FS(co
e STS 1: (j, L(F)) € [lots] 2% |6y ],

We prove the more general statement
FS
vm' <. (m',L(F) € floril == jom, ],

by subinduction on m’.

There are two cases:

-m'=0
Since there is no non-negative j such that j < 0, the
goal is vacuously true.

-m'=m"+1<m
By sub-IH

(m”, fix f(x).L(5;7e7) € [lori] =2 jonl]y (1)

STS: (m” + 1, fix f(x).L(5;7e7) € [lot1] 222 |0, ],
Pick j” < m” + 1 and assume that (j”,v) € [lot;|]v-
STS: (3”,L(8:"e™M)[v/x, L(F)/f]) € [loTa[]e°.

This follows by IH 5 on the premise instantiated with
(7, 81[x 5 v, f > L(F)) € G[x : lon],  : Jomy| —2,

|oty|, [oT[] which holds because
+ (3”,81) € G[loT|] using lemma 32 on (m, &;) € §(oT)

+ (j,v) € [lot1|]v, from the assumption above



APPENDIX FOR DUCOSTIT

+ (57, fix f).L(617e) € [loti] 22 |o7y]]s, obtained
by downward closure (Lemma 33) on (1) using j” <

m//

subcase 2: m'=m”"+1<m
By sub-IH

C
(m”,F) € for1 ) o), (2)

TS: (m” + 1, fix f(x).6:"e™) € (ot % oT2)y

There are two cases to show:

subsubcase 1: Pick j < m” + 1 and assume that (j, w) € (oTq)y.
STS: (j, 81" elw/x, F/f]) € (ota)2t.
This follows by IH 4 on the second premise instantiated with
(G,01lx = w,f — F]) € G(ol',x : o1y, f : O(0o1y % ot3))

which holds because

* (j,81) € G(oT) obtained by downward closure (lemma 33)
using (m, 1) € G(oT) and j < m’ < m.

* (j,w) € (oTq)y, from the assumption above

* (j,F) € (d(ot Crioy), 012))v, obtained by downward

closure (Lemma 33) on (2) using j < m” and also by
stable(F)

FS(co
subsubcase 2: STS: (m” + 1, fix f(x).5;"e7) € C |o1y] LECON loT2| Dy

There are also two cases to show here.

e Pick j < m” 41 and assume that (j, w) € (U|oTq()s.
STS: (j, 01" e w/x, F/f]) € (U ota)$°.
This follows by IH 6 on the second premise instantiated
with
(G,01x = w,f— F]) € G(U|oT|,x : U|oTq|, f: U (JoTy

073|)) which holds because

CPP(ot)
—_—

- (j,81) € G(U|oT]) obtained by downward closure (Lemma 33)
on (m, d1) € §(U|oT]) (obtained by inclusion lemma on

(m,87) € §(oT)) and j < m’ < m.
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- (j,w) € (U|oTyl)y, from the assumption above

- (j,F) € (U(loT] % |oT,]))y, obtained by downward

closure (Lemma 33) on (2) using j < m”

.. FS(00) .
e STS: Vj.(j,L(F)) € [lory] —= lotwl]y A (§,R(F)) €
FS(oc0)
lloti] —— loT2[]v.

The proof is same as above subcase where m’ = 0.

This completes the proof of this case.

ADO;THEwWw>T VxeTl. A0 ET(x) COT(x) stable(w)
Case: bi-nochange
AO;T T Fw>s Ot

Assume that (m, d) € G(oT, o) and = c®.

Then, § = &; U d; such that (m,d;) € G(oT) and (m, §,) € G(oT”).
TS: (m, dw) € (O o7),.

Since w doesn’t have any free variables from '’ by the first premise,
STS: (m, 6;w) € (O oT)y.

RTS1: (m, d1w) € (07T)y.

RTS2: stable(67w).

The first part can be shown by By IH 1 on the first premise.

The second part can be shown by lemma 39 using (m,8;) € G(oT)
and the second premise, i.e. (m,87) € §(OoTl’). This means that vx €
dom(I). stable(61(x)).

Therefore, since stable(w), we have stable(d;w).

AO:THwW>>T ADE=TCT
Case: bi-C
AO;THw > T

Assume that (m,d) € G(ol) and | c®.
TS: (m, dw) € (ot’)y.

By IH 1 on the first premise, we have (m, dw) € (oT)y (*).

By lemma 39 on the second premise with (%), we get (m, dw) € (oT’)y.

O
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Proof of Statement (2). We proceed by induction on the bi-value typing deriva-
tion. For brevity, we show the most important cases of the left projection

below; the right one can be obtained similarly.

Case: bi-keep
A; O;T I keep(n) > int,

Assume that = c® and (m,y) € G[|oT].
TS: (m, L((ykeep(n)))) € (int)y.

This immediately follows from the definition of (int),.

ND;-Frsv:Alt A O; Frs v A |t
Case: bi-new
A; O;T F new(v,v') > UA

Assume that = c® and (m,y) € G[|oT|].

TS: (m,yL(new(v,v’))) € [JUcA]], = [oA]s.

STS: (m,v) € [oA]s.

Next, we will instantiate theorem 46 (second clause) on the first

premise.

For the first premise, we know that (m +1,-) € §(-) (by definition).
Hence, by instantiating theorem 46 (second clause) on the first
premise with (m+1,-) € §(-), we get (m+1,v) € [oA]?".

To unroll its definition we use

a) Since v is a value, by ev-value rule, we have v 30 (v,v).

b) 0<m+1

Therefore, we get
(m+1,v) € [oA]y (1)

Next, we obtain the first statement (m,v) € [ocA], by downward clo-

sure (Lemma 33) on Equation (1) using m < m+ 1.

ANDO;THw >T A O T Fwy > listin]*t
Case: bi-cons
A; @;T + cons(wy, ws) > listin + 11%+1 ¢

Assume that = o® and (m,y) € §[|oT]].
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TS: (m, cons(L(yw1),L(yw3))) € [llistlon + 11°%1 o1[], = [listlon +
1] o).

By IH 2 on the first premise, we get (m, L(yw;)) € [loTl], (%).

By IH 2 on the second premise, we get (m, L(yw;)) € [[listlon]°* o1(], =
[listlon] |oT(]y (<).

By using (x) and (¢), we can conclude as follows:

(m, cons(L(yw1), L(yw;))) € [listlon + 1] |oT|], = [[listlon + 11! o1(],.

AO;TFw > 0O A; O;T Fwy > listin]*t
Case: bi-cons-[]
A; ©;T F cons(wy, wz) > listin + 1]%1

Assume that = o® and (m,vy) € G[|oT]].
TS: (m, cons(L(ywq),L(yw3))) € [llistlon+ 1]°% ot], = [listlon + 1]|ot(]s.

By IH 2 on the first premise, we get (m, L(ywq)) € [|[O o]y (%).

By IH 2 on the second premise, we get (m, L(yw;)) € [listlon]°* o1(], =
[listlon] |oT(]y (©).

By using (%) and (¢), we can conclude as follows:

(m, cons(L(ywy),L(yw;))) € [listlon + 1]|ot|], = [|listlon + 11°% o1(].

cP
ANODO;x T, i1 &Tz,l"l—ee»nlt
Case: ) bi-fix
ADO;THfix f(x).ee > 11 —— T

Assume that = o® and (m,y) € §[|oT]].

TS: (m, fix f(x).L(yee)) € [lot; — % o1yl]w = [lot1] = |05, ].

We prove the more general statement
/ s IFS(o0)
vm' < m. (m/, fix f(x).L(yee)) € [loti]| —— |o12]y

by subinduction on m'.

There are two cases:

subcase 1: m' =0
Since there is no non-negative j such that j < 0, the goal is vacu-

ously true.
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subcase 2z m'=m"+1<m
By sub-IH

(m”, fix f(x).L(yee)) € [|oT| ESle), lot21]y (1)

STS: (m” + 1, fix f(x).L(yee)) € [loti| =% |0, ]y,
Pick j < m” + 1 and assume that (j,v) € [|loti[]v-

STS: (j, L(vee)[v/x, (fix f(x).L(yee))/f]) € [loal].
This follows by IH 4 on the premise instantiated with

* (j,vlx — v, f— (fix f(x).L(yee))]) € G[x: |oTy],f : [oT1] M

|oty|, |oT'|] which holds because

- (3,v) € 9[loT] using downward closure (Lemma 33) on

(m,vy) € GloT] using j <m” +1 < m.
- (§,v) € [lot1]]v, from the assumption above

- (j, fix f(x).L(yee)) € [loTi] M |ot2[]lv, obtained by down-

ward closure (Lemma 33) on (1) using j < m”

NO;THw>T vxel. A, E=T(x) CON(x) stable(w)
Case: bi-nochange
AO:T T Fw>s> Ot

Assume that = c® and (m,y) € G[|oT]].

Then, vy = v7 Uvy; such that (m,y;) € §[|oT|] and (m,vy;) € G[loT|'].
TS: (m, L(yw)) € [|O0 ot[]y.

Since w doesn’t have any free variables from '’ by the first premise,
STS: (m,yiw) € [|[Dotl]y = [loTl]v.

This follows by IH 2 on the first premise.

Proof of Statement (3). Remember that we are trying to prove:

Assume that A; @y;T - w > Tt and o0 € DJ[A] and E o® and (m,d) €
g(UloT|). Then, (m, dw) € (U |oT)y.

Proof is by induction on the bi-value typing.
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cP
A0 x T, i1 i>T2,I“I—ee>>”cz|t

CcP
A D:T k- fix f(x). e > 11— 1,

Assume that = o® and (m, 6) € G(U|oT]).
TS: (m, fix f(x).5ee) € (U|ot1 — L 50sl)y = (U (Jot1] 2 (o7
Let F = fix f(x).0ee.

By definition of (U -),, since fix f(x).0ee # new(, ),

bi-fix

STS: (m, fix f(x).5ee) € € |ot1] 2 |65] Do
Let F = fix f(x).bee.

We prove the more general statement

!

FS
vym' <m. (m/,F) € ¢ |ot| & loT2| Dy

by subinduction on m’.

There are three cases:

.. FS(o00 . FS(co
e STS: ¥.(, L(F) € [loti] 2% Jonol]y A (,R(F)) € [loty] =
o2l
Pick j.

We show the left projection only, the right one is similar.

. FS(oco
~ STS 1: (j, L(F)) € [lot] 2% oy ]y

We prove the more general statement

. FS (o)
vm' <j. (m/,L(F)) € [lot;]] —— loa[]

by subinduction on m’'.
There are two cases:
* m/ et 0
Since there is no non-negative j such that j < 0, the goal
is vacuously true.
sm/ =m"’"+1< j
By sub-IH

(m”, fix f(x).L(see)) € [loti] b o], (1)

387
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STS: (m” + 1, fix f(x).L(5e)) € [loti| = |o0,[s.

Pick j” < m” + 1 and assume that (j”,v) € [|lot;[]y.

STS: (3”,L(8ee)[v/x, L(F)/f]) € [oA].

This follows by IH 5 on the second premise instantiated
(o)

with (3", 8[x — v, f — L(F)]) € G[x : 0A;,f : |o1y] LECON

|oT,], |oT'|] which holds because
- (3”,L(d)) € g[loT|] using lemma 32 on (m, d) € G(U|oT])
- (37,v) € [loti[]y, from the assumption above

- (" fix f(x).L(5e)) € [loti] 2% |o1y]]y, obtained by

downward closure (Lemma 33) on (1) using j” < m”

em =0
Since there is no non-negative j such that j < 0, the goal is vacu-
ously true.

em'=m"+1<m
By sub-IH

FS FS
(m”, fix f(x).86e) € € |ot1] 2 [ota] 3y C (U (lor] 22 |6t )))y

(2)

STS: (m” + 1, fix f(x).5) € € |o7T1] 2 |65 Do
Pick j” < m” + 1 and assume that (j”,w) € (U o).
STS: (37, deelw/x, F/f]) € (U|oTy|)ee.
This follows by IH 6 on the second premise instantiated with
(57, 80x = w, £ 5 Fl) € S : Ulomy], 2 U (Jory| s o), UoT)
which holds because

- (3”,8) € §(UloT]) by downward closure (Lemma 33) on (m, §) €

G(U|oT|) using j” < m.
- (3”,w) € (U]oTy])y, from the assumption above

— (57, fix f(x).8ee) € (U (Jori| % oTy]))y, obtained by down-

ward closure (Lemma 33) on (2) using j” < m”

This completes the proof of this case.
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Proof of Statement (4). There is only one case.

Case:

Proof of Statement (5). There is only one case. We only show the left projec-

tion;

Case:

A0 THw > NO;xi T, THepe:T|t
A; ;T F Fefwy/xi] > Tt

Assume that = o® and (m,y) € G[oT].

TS: (m, 87 e [8(wi)/xil) € (o) (*).

By IH 1 on premise A; ;' = w; > T;, we get

bi-expr

(m, 8(wi)) € (o)) (1)

By (Fundamental Theorem) Theorem 46 (first clause) on the second

premise using
e 0 D[A],
* (m,d[x; — d(wi)]) € G(xi : o1y, ol) (by eq. (1) and (m,d) € G(oT))
e =00,

we get (m, d[x; — &(wi)l"e™) € (o1)?" which is the same as (x).

O

the right one is similar.

A0 THw > NO;xi T, ThFepe:T|t
AVON N re—'[wi/xi] >T|t

Assume that = c® and (m,y) € G[|oT]].

TS: (m, L(8"e[d(wi)/xil)) € [loT|]e° ().

By IH 2 on first premise A; @; T = w; > T;, we get

bi-expr

(m, L(3(wi))) € [lowil]y (1)

By (Fundamental Theorem) Theorem 46 (third clause) on the second

premise using

e o€ D[A],

389
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o (m,d[xi — L(&(wi))]) € G(x : loTil, |oT]) (by eq. (1) and (m,d) €
S(loT)
* o,
we get (m, 8[x; — L(8(wy))IL("e™)) € (JoTl)g® which is the same as (x).

]

Proof of Statement (6). There is only one case.

NOTEwW >T NO;x T, TkFepe:T|t
Case: bi-expr
N @O;T ETelwy/xi] > Tt
Assume that = c® and (m,y) € §(U|oT).
TS: (m, 8" e [6(wi)/xil) € (UloTl)g® ().

By IH 3 on the first premise A; O; T - w; > T, we get

(m, 8(wy)) € (Ulol)y (1)

By (Fundamental Theorem) Theorem 46 (fifth clause) on the second

premise using
* 0eD[A],
o (m,d[xi — &(wi)]) € G(xi : Ulotl, U|oT]) (by eq. (1) and (m,d) €
S(Ulall))
e =00,

we get (m, d[x; — d(w;)]"e™) € (U|ot])?" which is the same as (x).
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In this chapter, we first describe the necessary definitions, lemmas and the-
orems for proving the soundness and completeness of the BiRelCost’s unary
and binary (relational) typing with respect to the algorithmic system.

C.1 BIRELCOST LEMMAS

Lemma 48 (Embedding of Binary Subtyping). If A;® E 1 C t’ then Je €
RelCost Core such that A; ®;-+ece S0t % T/

Proof. Proof is by induction on the subtyping derivation. We denote the

, diff(0) ,
witness e of type T —— T’ as coerce, s for clarity.

ANOETIET (x) A0 ETmLCT (0)  AdEt<t
Case: diff(t) diff(t/) =
A Dy =T —>T2;T{ —>T£

diff

By IH on (x), we get Jcoercey/ ., .
diff(0)
. . .C /!
A OFEE coercers r, ©coercey S0t ——m
By IH on (¢), we get Jcoe rcer, o -

diff(0)

. . .C
A; ;- F coerceq, 11 © coerceq, S0t ——1

T2,T

Then, using these two statements and A; © | t < t/ with binary subef-
fecting rule (rule c-r-= in Figure 40), we can construct the following
derivation where

e = Ax.Ay.coerceq, 11 (x (coerceﬂm y))

diff(t)\ diff(0) , diff(t’)

) > Ty > T)

A0, Feoce <0 (T

391
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Case:

Case:

Case:

Case:

r-unit

A; © | unit, C Ounit,
Then, we can immediately construct the derivation using the rule c-

nochange in Figure 4o0.

A; @; - = AxNC () © Ax.NC () < 0 :€ unit, ﬂ O unit,

r-int-]

A; © | int, C Oint,

Then, we can construct the derivation using the primitive function

. diff(0 )
boxjp : inty %() Oint,

iff (O
A; @; - F Mx.boxjnx © Ax.box;x S 0 :€ int, &(k Oint,

r-0JU-int

A; ® = OU (int, int) C int,

Then, we can construct the derivation using the primitive function

iff(0
boxy : O U (int, int) ﬂ int,

A; @; - = Ax.boxyx © Ax.boxyx < 0:€ OU (int, int) LLCN int,

T

AOEOTCT
Then, we can immediately construct the derivation using the rule c-

der in Figure 4o0.

if£(0
A;d);-I—?\x.derx@?\x.derx,SO:cD'rﬂT
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Case: D
A0 EOrCO0x

Then, we can immediately construct the derivation using the rule c-

nochange in Figure 4o0.

iff(0
A;(D;-l—?\x.NCx@Ax.NCx,SO:cDTﬂ)DDT

A; Oq 11 E T2(%)
Case: B-J
NO, O EOT

By IH on (x), Jcoerceq, «, -

dif(0)
A; ©; -+ coercer, 1, ©coercer,r, SO0CT — 1

Then, using (x) and the rules c-der and c-nochange in Figure 40, we

can construct the derivation

diff(0)

AD;-Feoce<0f0T — 0O

where e = Ax.NC (coercer, r, (derx))
Case: W

A, @ =1 CU([Tth, )
Then, we can immediately construct the derivation using the rule c-

switch in Figure 4o0.

diff(0
A; ©;- F Ax.switch x © Ax.switchx <0 €t 1—()> U (T, Itlp)

Case: ———r-refl
ANOETCT
Then, we can immediately construct the derivation

A;(D;-I—?\x.x@?\x.x,ﬁo:c’cﬂ(o))’t
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Case:

Case:

Case:

Case:

AOsETIET () AOiFETET3 (0

NDOETIET
By IH on (%), Jcoerce, «, -

r-trans

) diff(0)
i1 S,A;@;- - coercer, r, ©coercer,, SO0f11 — 12

By IH on (¢), Jcoercer, «; -

. diff(0)
i1§,A; ;- coerceq, r; ©coercer,; S0C1, —— 13

Then, using (x) and (¢), we can construct the derivation simply by

function composition

iff (0
NO;-Fece<0°fT i())’tg

where e = Ax.coerceq, r, (coercer, , X)

r-— Ulaiff

i iff(0
AOEOm Y, o 29, 0,

Then, we can immediately construct the derivation where

e = Ax.AyY.NC (der x) (dery))

A,‘ (D;' Fece SJ 000 (T] diff(k)) Tz) diff(O)\ DT] —)diff(O) DTZ
(k) (K ) diff(t—k’) r
ADEU(A] 5 Ay Af 5 AD) E U (A, Af) = U (A A%)
— execdiff
Then, we can immediately construct the following derivation where
e = Ax.Ay.switch (x y) using the c-switch and c-app rules.
AD; Fece<0fT
exec(k, exec(k’t/ iff (0 iff(t—k’
wheret = (U (A; 20 A, ar @M aryy GOy 4y, A1) S (a5, A
i2S,A0,=1C 1 (%) i0S, AP, Et<t 1€ FV(Dy)
diff(1) Cdiff(t) I-Vaitt
AN, EVL = S.tCViI = St
iff(0
By IH on (%), Jcoercer s . 1S, A; @;- F coercer» ©coercer SO0t i(k T/
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Then, using this, the second premise and the c-r-iLam and c-r-iApp

rules in RelCost Core, we can construct the following derivation:

A; ©; - = Ax.Ai.coercer v (x [i]) © Ax.Al.coercer (x[i]) S0

., diff(t) S diff(0) i diff(t’)

wheret, = (Vi = S.1) —— Vi = S.1/

Case: - - r-v [
diff(t) diff(0)
AOEOM = S.o)CEVvi = S.0Ox

Then, we can immediately construct the following derivation using

the c-der, c-nochange, c-r-iLam and c-r-iApp rules in Figures 40 and 42.

A; ©; - F Ax.ALNC ((der x) [i]) © Ax.ALNC ((der x) [i]) S 0:€
chff( ) diff(0) diff(t’)
D

where T, = O (Vi S.T) vi = S.Or7
Case: - r-
. exec(k,t) . exec(k/,t) , . diff(t—k’) ,
AOEUMWM = SAVE = SA)YCVIE = S.U(AAY
(48

Then, we can immediately construct the following derivation where
e = Ax.Al.switch (x[i]) using the c-switch and c-iApp rules in Fig-

ures 40 and 42.

exec(k,t exec(k’,t’ i diff(t—k’
AD;-Fece<0e (UMTE s A v "W g Any SO, o T S A, A

AOETET (8) A0 ETET (0
Case: r- X
NOETI xT ET) X1

diff(0)

By IH on (%), 3coerce, o - A;@;- - coercey, o1 © coercey, S0t —= T
diff(0)

By IH on (¢), 3coerce,,, 7 - A; @; - |- coerce,, v, ©coercer, o S S0t —— 1)

Then, using these two statements and the rules c-prod and c-proj; in
Figure 41, we can show the following derivation where
e = Ax.(coerce,, pY (1t1x), coe rce, (112%x))

diff(0
AD; - Fece<0:€ (T XTz)l—()>T1/ X T
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Case:

Case:

Case:

Case:

r-x[J

AOEOTL xOn=0(1 X 12)

We show the direction from right-to-left using the rules c-der, c-nochange,
c-r-proj;, c-r-let and c-r-prod in Figures 40 to 42 where the expression

e = Ax.Jet a = myx in

let b = myx in NC ((der a,der b)).

iff(0
AD; Fece<0£0mn x Ot % 0 x 1)

A; @ U (A x Ag, Al x A7) EU (A1, A7) x U (A, Aj) o

Then, we can immediately construct the following derivation where
e = Ax.((switch mx, switch mx)) using the c-switch, c-r-prod and c-
r-proj; rules in Figures 40 and 41.

AD;-Fece< 0L (U(A x Ay Al x A))) diff(0)

U (A1, A7) x U(Ap A))

r-+01

A0 ELOn+UnR EU(T +1)
We can construct the following derivation by using the rules c-der,
c-nochange, c-r-case, c-r-inl and c-r-inr in Figure 40 where the expres-
sion

e = Ax. case (x, a.NC (inl der a), b.NC (inr der b)).

iff (O
AD;-Fece<0On + 00 % O + 1)

AOEn=n’" () A0 Ea<ga (0 AO =TT (1)

I r-
A; @y k= listin]* 1 C list[n/]% 1/
l1
By IH on (), Jcoerce, ./ .
A; @; -+ coercey s ©coercer SO0C€T O,
We first construct the more generic term for type:
.. diff(0) , ,
unit, —— Vnu:IN. Vn':IN. Voe:IN. Vo '::IN. (1)
1
iff(0 ’
(n=n"Aa <o) & listin]* 1) ﬂ listin/]* 1’
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and then instantiate the term for eq. (1) later.

It can be shown that such a derivation can be constructed for expres-
sion

e’ = fix fList(_). An.An'. Aa. Ao’ Ax.clet x as e in

case e of

nil — nil

|h oy tl = letr=fList () n—1] " —1] [« [&/] tlin

consnc(NC (coercer s der h),r)

|huctl = letr=fList()n—11n'—1][ax—1][a/ — 1] tl in

consc(coercer s h,T)

Then, we can instantiate fList using (%) and (¢) as follows where
e’ = Ax.fList () mIm/][a][x/] x

iff(0 /
A©0;-Fe’"oe” <0EClistin]*t O, list(n']* t’

r-11

A; @ E listn]* O+t C O (list(n]* 1)
We first construct the more generic term for type

unit, % vn:IN. Va:IN. listn]* Ot ﬂ O (listn]* 7) (1)

and then instantiate the term for eq. (1) later. It can be shown that
such a derivation can be constructed for expression

e’ = fix fList(_).An.Ao.Ax.

case e of

nil — NC (nil )

| h N tl — let r = fList () [n — 1] [&] tl in NC (consnc(der h,der 1))

| hic tl — let v =fList () [n — 1] [ — 1] tl in NC (consc(der h,der 1))

Then, we can instantiate fList with a concrete n and « as follows

where e” = Ax.fList () [n][a] x

A D;-F e’ oe” <0< listn]* 0t 29, g (listin]* 1)
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Case:

Case:

Case:

AOExx=0

A; @ = listn]*t C listn]*0O+
We first construct the more generic term for type

r-12

unit, ﬂ vnuIN. Voe:IN. (« = 0 & listn]* 1) ﬂ listn]* O (1)

and then instantiate the term for eq. (1) later. It can be shown that
such a derivation can be constructed for expression

e’ = fix fList(_).An.Aa.Ax.clet x as e in

case e of

nil — nil

| h =N tl — let r = fList () [n — 1][«] tl in consnc(NC h, 1)

| h:c tl — contra

Then, we can instantiate fList with a concrete n and « (note the

premise « = 0) as follows where e” = Ax.fList () [n][«] x

A0 Fe’oe” <0:Clistin]®x ﬂ listm]° O~

1i0S, A0, =1C 1 (%) 1€ FV(Dy)

A; @y = FinS. T C FizS. 1/
By IH on (x), Jcoerce .

r-3

. diff(0)
i:S,A;0;- F coercer v ©coercerrr SO0t —— 1

Then, using this and the c-r-pack and c-r-unpack rules in RelCost Core
in Figure 42, we can construct the following derivation where

e = Ax.unpack x as (y, ) in pack (coerce,, y) with i

AD;-Fece<0:€ (S 1) ﬂ S, 1

r-30]

A; @ EFJi:S.OrC O((Fi:S. 1)
Then, we can immediately construct the following derivation using

the c-der, c-nochange, c-r-pack and c-r-unpack rules in in Figures 40
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and 42 where e = Ax.unpack x as (y,1) in NC (pack der y with i).

AD;-Fece<0= (3izS. 00 2% 03is.1)

A, O NC = C (%) AD =11 (0)

AO,=ECorCC' o7
By IH on (¢), Jcoerce /.

r-c-impl

diff(0)
A; @; -+ coerce s ©coercerr SO0CT——1

Then, using this and the premise (x) along with the c-r-c-impllI and
c-r-c-implE rules in Figure 42, we can construct the following deriva-
tion where

e = Ax.coerce; s (celims x)

A, Fece<0f(CDT) ﬂC/DT/
r-c-impl-0J

AOEDOICDTECDOR
Then, we can immediately construct the following derivation using

the c-der, c-nochange and c-r-c-implE rules in RelCost Core where

e = Ax.NC (celim-, der x).
diff(0)
AD;-Fece<0f0O(Co1r)——=(CO0OnT)

A, DO, NCEC (%) AD =11 (0)

r-c-and
AD=EC&TC C' &1’
By IH on (), Jcoerce, ./ .
iff (0
A; ©;- F coercer ©coercerr SO0t (0 s

Then, using this and the premise (%) along with the c-r-c-prodI and

c-r-c-prodE rules in Figure 41, we can construct the following deriva-

399
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tion where

e = Ax.clet xasy in coerce . y

diff(0)
e

AD;-Fece<0:f(C&n) C'&T’

Case: r-c-and-[]
AOEC&OTCO(C&T)
Then, we can immediately construct the following derivation using

the c-der, c-nochange, c-r-c-prodl and c-r-c-prodE rules in Figures 40

to 42 where e = Ax.clet x as y in NC (der y).

AD; Fece<0e(C&On) M g(Cc &)
0

Lemma 49 (Reflexivity of Algorithmic Binary Type Equivalence). A; ) q; @ =
T=1= O and APy, Pq = O.

Proof. By induction on the binary type. O

Lemma 50 (Reflexivity of Unary Algorithmic Subtyping). A; @4 EAALC
A= Oand A; 0, = O.

Proof. By induction on the unary type. O

Lemma 51 (Transitivity of Unary Algorithmic Subtyping). If A; @, EAAC
Ay = Orand A; Oq A A C Az = ©sand A; @y = O A Dy, then A; @y EA
A1 C Az = ©j for some @3 such that A; @y = O©3.

Proof. By induction on the first subtyping derivation. O
Theorem 52 (Soundness of the Algorithmic Unary Subtyping). Assume that
1. K O EPA'CA= O

2. FIV((DG/A/AI) g Alll)a
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3. A, Dq[04] = @[O,] is provable s.t A > 04 : g is derivable.
Then A}(Da[ea] ):A A/[ea] C A[ea]-
Proof. By induction on the algorithmic unary subtyping derivation. O

Theorem 53 (Completeness of the Unary Algorithmic Subtyping). Assume
that A; @, EA A’ T A. Then 3®. such that A;®, EA A’ T A = © and
A Dy = .

Proof. By induction on the unary subtyping derivation. O

Theorem 54 (Soundness of the Algorithmic Binary Type Equality). Assume
that

1. ;P QT =1 O
2. FIV((DQIT/T/) g A/‘l-l)(l
3. A, Dq[04] = ©[O,] is provable s.t A > 04 : g is derivable.

Then A; @4[0,] = T'[04] = T[04].

Proof. By induction on the algorithmic binary type equivalence derivation.

O

Theorem 55 (Completeness of the Binary Algorithmic Type Equivalence).

Assume that A; @y = 1t = 1. Then 3®. such that A; O, = v =1 = © and
A0, E O.

Proof. By induction on the binary subtyping derivation. O

Theorem 56 (Soundness of RelCost Core & Type Preservation of Embedding).

The following holds.

1. If A, @ ; Qbp e~ et A then A, Og; Q Fp e C Aand A; @; Q Hp e A

2. If A0 Fejoeywejoe; St then A, Ol Fejoe; St
and
ADO;THer0ey St

401
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Proof. Proof is by simultaneous induction on the embedding derivations.
The proof follows from the embedding rules presented in Figures 40 to 42.
We show a few representative cases.

Proof of Theorem 56.2:

A; D [T "1?1 e1~ej AT (x)  ADgIT] htfz ey~ eyt Ay (o)

E=switche] E' =switche;
Case: e-switch
ADyTHe6ep ~ E@E/St] — ko U(A1,A2)

By Theorem 56.1 on (%), we get A; @y; Q I—E e; €A (xx).

By Theorem 56.1 on (¢), we get A; @4; Q I—izz e C Ay (o0).
Then, we conclude as follows:
NOGIThE e CAT AMOGIThHZ e A

A; Dy T switche; ©switche; St —ky € U(A1,Az)

c-switch

ANDTHescewe ce" <ttt (%)

Vxi € dom(T'), e = coercer(,)arw,) (©)
e’ =let y; = e; x; in NC e*[y;/xi]
Case: e-nochange
A0, T'Fecewe' oe’ <0:01

By Theorem 56.2 on (x), we get A; Og;THe*oe* Sttt (%)

By Lemma 48 using (¢), we know that

ADg-Feoe <0<T(x) % Orx) (o0).

By applying c-r-var rule in Figure 40, we get

A, O ;TExOx SEET(x) (M)

By applying c-r-app rule in Figure 41 to (¢¢) and (#), we get
ADOGTHEexiOegxy StEOT(xq) (M)

By substituting in (xx), we get

N Ogy - OT () Feflyi/xilee*lyy/xi] Sttt (1)

By applying c-nochange rule in Figure 40 to ({), we get

A; @i OT(xq), T, T NC e[yi/xi] ©NC elyy/xi] <t 0Ot ().

By applying c-r-let rule in Figure 42 to (##) and ({f), we can con-

clude as follows
N, O T, T et Yy =€ x; in NC e*[yi/xi] ©let Yy = € x; in NC e*[yi/x] St 0.
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FARK O s 1 w T wf
NO;x: T, f:O(T @mz),w eceweoe" <t (¥)
Vxi € dom(T'), e = coercer(,)Orw,) (©)
e™ =let y; = e; xy in fixne (x).e"[yi/xi]
Case: Ji v IV e e-r-fixNC
A, DT Hfix f(x).eofix f(x)e~w e oe™ <0:0(1) —— 1)
By Theorem 56.2 on (x), we get

ADOg;x:T,f: 01 ﬂ’tz),rl— efoe Stfr (%)

By Lemma 48 using (¢), we know that

Ay Feoe <0CTx) M O (o).

By applying c-r-var rule in Figure 40, we get

A, OTEx Ox SEET(x) (M)

By applying c-r-app rule in Figure 41 to (¢¢) and (#), we get
ADOGTHEexiOeixy StEOT(x) (M)
By substituting in (xx), we get

A @gx: 0t T 1),y O F eyl eefy/ml Stem (1),

By applying c-r-fixNC rule in Figure 40 to (}), we get

A; Oy OT0a), T, T F fixne f(x).eTyi/xi © fixne F(x).e Tyi/xd < t € 0 (1 S0,

(1)-
By applying c-r-let rule in Figure 42 to (##) and (f{), we can con-

T2)

clude as follows
AOLGT, T Fe*oe™ St O(h 0N T2)

where e = let §; = €; x; in fixne f(x).e*[yi/xil.

A0 -ty Y
A;Q‘)a;x:ft],f:’t]wn,rl—m@ezwe]*@ez*,gt:’tz (%) ]
Case: gy e-r-fix
A; @g; T F fix f(x).e © fix f(x).ex ~ fix f(x).e;" Ofix f(x).e;" <0: 1) —— 1)

By Theorem 56.2 on (%), we get

diff(t
ADOgx:T,f:m 1—”) T, TFejoe; St€1 (%)

By applying c-r-fix rule in Figure 40 to (xx), we conclude as follows

we get

A; @ T+ fix f(x).ef © fix f(x).e5 St diff(t), o
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NDTHeoep~e"oe* <ttt (%)
AO =TT (o) e’ = coercec (1) A0, =ttt
Case: e-r-C
AOgTHe 0ey~e'efoe’ ey St/
By Theorem 56.2 on (%), we get A; @;THejoe; Sttt (xx).

By Lemma 48 using (¢), we know that A; @y;-Fe'©e’ S0€t O s (00).

By applying c-r-app rule in Figure 41 to (xx) and (¢¢), we get
AOGTHe efoe’ ey Sttt (M)

By reflexivity of binary type equivalence, we know A; @, = 1/ =
T (AW).

Then, we conclude as follows:

NOTHe ejoe’e; St (@) AO =T =1 (68)
A0 <t (1)

A0y THe ejoe’ ey St/ €

cr— C

N CNANOGTREeOeywe"0e <ttt (%)

NA—=CNANODGTHer0ep~~ef"oe Stit (o) Al Cwf

E =split (e}, ej*) with C  E’ =split (e}, e5") with C
Case: e-r-split
ADyTHeCey~EOE <t

By Theorem 56.2 on (x), we get A;,C N D TFejoe; St€T (%)

By Theorem 56.2 on (¢), we get A; ~CA D@y Fef*oel* Sttt (00).
By applying c-r-split rule in Figure 40 to (xx) and (o), we get

Then, we conclude as follows:

NDONCTEe O Sttt (k)
N, DO, N-CTHEe o Stft (00)

c-r-split
A, DT split (e}, e)") with Cosplit (e3,e5") withC <t
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ADE L (%) A, Dy T wf (o)
Case: e-r-contra
A, Oy THer©ey~ contrae;©contrae; St:

By applying c-r-contra rule in Figure 40 to (x), we get

Then, we conclude as follows:

AO =L (K (o)

A, @y ;T contrae;©contrae; St

c-r-contra

ADTHeoe weroe <t:listm]®T (%)
AD,An=0TFeSel~er*cel St/ i1 (o)
O, =0 An=1i+1
i, A0h: O, tl:listi]* T, TFe;0e) ~ey* e St/ (1)
Ol =0, An=1+TAa=p+1
i,B,A0 N Tt listi]PT,TFey0e) wefoef <t':1' (M)

case e* of nil — e case e of nil — e;"
E=|h:nctl — € E'=|h anetl — eff
hictl — e} hictl —ef
Case: [hic _3 |, < ; 3 e-r-caseL
case e of nil — e; case e of nil — ¢, , ;o
ADO T H o , ~Eolb St+th:T
|h =tl— e |h ztl— e

By Theorem 56.2 on (x), we get A; @ ;T He* o e’ St listm]* T (xx).

By Theorem 56.2 0on (¢), we get A; @ An=0;T el Sel* wel*oef St/ 1/

(o)
By Theorem 56.2 on (1), we get

LA RO tl: listil*t, T ejee)f w es*cel <t/: 1 (1) By

Theorem 56.2 on (M), we get

i,B,00h: Tt listilPr,THefoef wel*oef St/ it (MA).

Then we conclude by applying c-r-caseL rule in Figure 40 to (xx), (¢, <), (1), (#, &)

A DT He oe™ <t € listn]*T
A0 An=0;TFejoe <t'€7 O =0, An=1+1

i, A,0;h: O, tl:listi]* T, THeloey St/ €1
O =D An=i+TAa=p+]1

i,B,A0 0 it tl:listilPr,THejoel <t/ €1

case e of nil — €] case e of nil — e;*
N, OgTHIRh iy tl — € Slhantl —eff St+t'eq
| h e tl — e |h uc tl — eff

c-r-caselL
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Theorem 57 (Completeness of RelCost Core). The following holds.
1. If A; ®; Q- e: A then, 3e* such that A; ®; Q e ~ e* : A.

2. If A; ;T ey ©ey St then, 3ej and 3 €5 such that
AD;THeiCe~ejoe; St

Proof. Proof is by simultaneous induction on the typing derivations. The
proof follows from the embedding rules presented in Figures Figures 46
to 49. We show a few representative cases.

Proof of Theorem 57.1:

ND; Qe A (%) A, D, EACA (o)

A Qg EK <k (1) AD <t
Case: 7 E exec
A 0g; Qb e A
By Theorem 57.1 on (x), we get Je* such that A; @; Q - e ~ e* : A (5x).

By e-u-C rule using (%), (¢), (1) and (f1), we conclude as follows
AD;QF evse A A0 EMACA
ADL EK <k ADg Et<t
AOGQF e et A/

e-u-L

Proof of Theorem 57.2:

B0 et Al () 404 Th R et Ay (0)

NOyTHe1oe St —ky: U(Aq,AL)
By Theorem 57.1 on (x), we get 3 e} such that A; ©; Q I—E e; ~ e A ().

Case: switch

By Theorem 57.1 on (¢), we get 3 €3 such that A; ©; Q I—izz e) ~ e Ay (00).
By e-switch embedding rule using (xx) and (¢¢), we can conclude as

follows:
A; ©g; T I—tkl1 er ~ eyt Ay (Hk)

A; @ T I—izz ey~ eyt Ay (00)
E =switchej  E'=switche}

ADOGTHe0ep~EOE <t —ky: U(A7,AL)

e-switch.




C.1 BIRELCOST LEMMAS 407

AOyuTHeocesSt:T (%)

Vx € dom(T). A, @, =T(x) TOT(x) (o)
Case: nochange
ANOGT,T;OFece<0:01

By Theorem 57.2 on (%), we get 3e* such that
AO;THescewe e St (1)

By Lemma 48 on (¢), we get

Je; = coercer(y,)n(rx,) forall x; € dom(l') (7).
By e-nochange embedding rule using (f) and (ft), we can conclude

as follows:
NDyTHeocewe ce" Sttt (1)

Vxi € dom(T'), e; = coercery,)orw,) (1)

i

e’ = let y; = €; x; in NC e*[y;/xi]

ADO;T,T'Fece~e' oe' <0:01

e-nochange.

A, DTHeoe <t:listn]*t (%)
A O An=0;Tkeoe Sttt (o)
LA O, AN =1i+1;h: 071 tl: listfi]*t,TFe;0e) Sttt ()
i,B,00, A AN=1+1Ax=B+TLh:ttl:listli]lP,TFe,ce, <t':7 (M)
Case: : 7 . 7 -
case e of nil — ey case e’ of nil — ¢ .,
A;@g; T+ S/ , Sttt
|h =tl — e [ h=tl = e

caseL

By Theorem 57.2 on (x), we get 3e* and Je'* s.t.

AD;THeoe ~efoe™ St:listin]*t  (%k).

By Theorem 57.2 on (¢), we get e} and Jej* s.t.
An=0NDQ;TFecelwejoe St (00).

By Theorem 57.2 on (1), we get Jej and Je}* s.t.

i2S,A05h: O tl:listfi]*T,TFe;0e; ~ejoey Stoth (1)
where @, = P, An=1i+1.

By Theorem 57.2 on (#), we get 3 e} and Jes* s.t.

i:S,B:uS, A0t listilPt,THe;oe, wejoe) St (M)
where @ =0, An=i+1Aa=p+1.

By e-caseL embedding rule using (xx), (¢¢), and (#é), we can con-

clude as follows
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AOGTHese ~efoe™ <t:listin]*t
A D, AN =0TFeCel~e*oel St : 7
O, =0, An=1i+1

i,A; @O, tl: listil*T, T e, 0es w ey oe)” <t/ ot

Ol =0 An=1+1Aa=p+1
i,B,A0 Lt tl:listi]Pr,T e 0es wefoef <t/ ot/

case e¢* of nil — e] case ¢* of nil — e}
E:|h:ZNcﬂ,—>€§ E/:|h::thl%e£*

|huctl — e} |huctl —esf e-recasel

case e of nil — e;  case e of nil — e . .
A DT S , ~Eol St+t'it

|h stl— e |h ztl— e

A, Dy T ﬂ“% T wf
A,DOgx T, f:0(T ﬂmz),w ecesSt:ty (%)
Vx € dom(T). A, @, =T(x) TOT(x) (¢)
Case: ? () r-fixXNC
A, DT Hfix f(x).eofix f(x).e < 0:0(t —— 12)
By Theorem 57.2 on (x), we get 3e* such that A; ©;x : 7y, f: O (1) ——
7)), TFece~we ce St:1y (*x).
By Lemma 48 on (¢), we get Je; = coercer(y,)n(r(x,) for all x; €
dom(T) (o0).
By e-fixNC embedding rule using (%) and (¢¢), we can conclude as
follows: .
VAR O PN e ' ﬂq wf
NO;x T, f:O(T ﬂ”tz),rl—e@ewe*@e* <t:m
Vxi € dom(I'), ey = coercer(,)or(x)
e™ =lety; = e; x; in fixne f(x).e*[yi/xi et ENC.

A; @g; T F fix f(x).e © fix f(x).e v~ e ©ce™ $0:0(m LLION )

i:S,A,0,;TFece <t:t (%) 1€ FIV(Dg;T)
Case: 0 r-iLam
ADOTHAeoAe <0:Vi = St
By Theorem 57.2 on (%), we get 3e* and e’ such that

iuS,A0;TFece ~efce™ Sttt (%)
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By e-iLam embedding rule using (%x) , we can conclude as follows:
i2S,A0uTHece weroe <t:t  1gFIV(DyT)

diff(t)
ADOGTHAeoAe ~ Ale*OALe™ <0:Vi = St

e-r-iLam.

, . diff(t’)

NOyTHeoe <t:Vi = S.t (%) AFT:S (o)
A Qg THell e[l St+t/[I/]: I/}

By Theorem 57.2 on (x), we get 3e* such that

exec(t’,1)

r-iApp

AD;THeoe ~efoe™St:Vi = S (%)
By e-iApp embedding rule using (xx) and (¢), we can conclude as
follows:
p . /% . diff(t’)
AOyTHeoe ~we*oe <t:Vi = St AFT:S
e-r-iApp.
AOGTReloe ]~ e loe™I <t +t/[1/i] : t{1/i}

AOTReoe <t:1{l/i} (%) AFIzS (o)

r-pack

A;@g;THpack e o pack e’ <t:3isS.t
By Theorem 57.2 on (%), we get 3e* and J e’ such that
AD;THeoe ~efoe™ St:tl/i}f ().
By e-pack embedding rule using (xx) and (¢) , we can conclude as

follows:
ADOTHeoe e oe <t:l/i)

AFT1:S  E=packe* withl E' =packe™ withlI
A;@g;THpackeopacke ~ EOE <t:3S.t

e-r-pack.

AOGTHe 0] Sty 3isSoty (%)
105,00 x:T,THFe0e; St (o)
i’ ¢ FV((DCU r/TZ;tZ)

1‘-
A; ©y;T F unpack ey as x in e; SOunpack ej asxine) Sty + 1) : 1
unpack

By Theorem 57.2 on (%), we get Je} and Je{* such that
NO;THe e~ ejoe” St:FuSom (k).

By Theorem 57.2 on (¢), we get e} and Je5" such that
inS,A0x:T,THFeoe)~ejoe) Stitp (00).

By e-unpack embedding rule using () and (¢¢) , we can conclude

409
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as follows:
N0 THer oel ~ e @e{* <t diS.m
1:S,A0x: T, THe0e)~ e 0e) <t
1Z FV(DQq;T, 12, t2)
E = unpack e} as (x,i)ine5  E’ =unpack e]* as (x,1) in e}

e-r-unpa
A; ©g; T+ unpack ey as x in e S unpack ej asxine; ~ ESE St +t: 1)

NOyTHer8ey <St:it (%)

AOETET (o) AQuEt<t f
Case: r- C
ADyTHe 0e St/
By Theorem 57.2 on (x), we get J e}, e; such that

AO;THerOey~e"oe* Sttt (xx).

By Lemma 48 on (<), we can show that Je’ = coerce, s (00).

By e-r-C rule using (*%), (¢¢) and (}), we conclude as follows
ANDOTHer0ep~e"0e*<t:t

AP ETCT e’ = coerce, A Dy E=t<t

e-r-C

AOgTHe oe;~e'efoe’ ey St/
O

Theorem 58 (Invariant of the Algorithmic Typechecking). We have the follow-
ing.

1. Assume that A;Vg; @g; QO Fe |l Ak, t = @ and FIV(D,, Q; Ak, t) C
dom(A, V). Then FIV(®) C dom(A;Pq).

2. Assume that AP, @g; Q F et A = W),k t,® and FIV(D,, Q) C
dom(A, ). Then FIV(A, Kk, t, ®) C dom(A, ¥; Vq).

3. Assume that A, O, @;T F eoe’ | 1,t = © and FIV(D,,T,1,t) C
dom(A,Vg).Then FIV(®) C dom(A; Pq).

4. Assume that A, Og; @g;T F eoe Pt = [V, t,® and FIV(D,,T) C
dom(A,Vq).Then FIV(t,t,®) C dom(A; P;Pq).



C.2 BIRELCOST THEOREMS 411

C.2 BIRELCOST THEOREMS

Theorem 59 (Soundness of the Algorithmic Typechecking). We have the fol-
lowing.
1. Assume that A,V @g; Qe ] Ak, t = O and
a) FIV(®4,Q, Ak, t) C dom(A,Pq)
b) A; @404 = @[O4] is provable for some 04 such that A > 04 : g is

derivable

Then A; ©q[0a); Q6a] Fijp) el © AlBal.

2. Assume that A;$; @; QF et A =[], k, t, © and
11) FIV((DQIQ) g dom(Arﬂr’a)
b) VO V0,. A; ©u[04] = OO 04] is provables.t A > 0 :pand A > 04 :

P are derivable

[0

Then A; @q[04]; Q0]

o) lel < A[B 6] .

3. Assume that A; g, @g;THeo e | 1,t = © and
a) FIV((DQI r/T/t) g dom(Alll)Cl)
b) A; ©q[04] = @[O4] is provable for some 04 such that A > 04 : g is

derivable

Then A; q)a[ea];r[ea] (o |€| © |6/| ,S t[ea] € T[ea]-

4. Assume that A;Po; @;THeoe 1t 1= [, t,©and
ﬂ) FIV(q)a/ r) g dom(Afll)a)
b) VO V04. A; ©u[04] = OO 04] is provable st A > 0 :pand A > 0 :

P are derivable
Then A; @q[00];T[0a] - lel © le'] S t[004] € T[004] .
Proof. Statements (1—4) follow from simultaneous structural induction on

the algorithmic typing derivations. We present several cases below.

Proof of Theorem 59.1:
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Case:
ki, t1,kp, t2 € fresh(R)  A;ky, t1, V0, Py Q Fer | Ay kgt = O

Ak, 12,00, Pa; Q€2 | A kg, 1 = @)
O =3k, t1 s RO ATk, 6 t RO, AL+t =t Ak =k + ko

MNPg; Dg; QF (er,e2) L A7 X A,k t= @

alg-

u-prod-|

TS: A; @q[0a); Ql0a] Fg" ) {le1l, leal) © A1[0a] x Az[0a).

By the main assumptions, we have

FIV(®4, O, Ak, t) € dom(A,Pg) (%)

A; @q[04]

(Fkq, t1 = ROy Adky, ty) s ROy A (4 +t2) =t A (k) +k2) =Kk)[04] (5x)

Using (*), (*xx)’s derivation must be in a form such that we have

a) AFKyzRand AFT; =R

b) AFK;zRand AFT, =R

Q) A @q[04] F @104, k1 = Ky, t1 = Tl

d) A;04[04] F @2[04, kz = Kp, t2 = Tl

e) A;@q[04] E (T +T2) = t[0a] A (Ky +K3) = Kk([Bd]

By Theorem 59.1 on the first premise using (%) and c), we can show
that

A; ©al04); QlOal ! ler] € Aq[0a] (1)

By Theorem 59.1 on the second premise using (x) and d), we can show
that

A; D4[04); Q00] H¢ lea] € Az[04] (2)

Combining egs. (1) and (2) with c-prod rule, we get
A; D4[04); Q0] L% (lerl, leal) © Aq104] x Az[04].
Then, by using e) with the ¢-E exec rule , we can conclude that

A; ©al04); Q0] Fyiy (lerl,leal) © Ag[Ba] x A[64.
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Aba; Qo Qe t Al =[] K,
A b @a N ATEA = @
Mg @; QF el Ak t=3(1).0;NO; At <tAKk<K
TS: A; @a[0); Q18] Fy le] © AlBal.
By the main assumptions, we have
FIV(®,, O, Ak, t) € dom(A,Pg) (%) and
A; @af0a] = (S(). Q1 A DAL <t AKSK)[Ba] (5%)
By Theorem 58 using (x) and the first premise, we get
FIV(A', X/, t/, @1) C dom(A,P;q) ().

Using (%) and (¢), (x*)’s derivation must be in a form such that we

alg-1).

have

a) A > 0q: g

b) A; @4[04] E @[04, 04]

c) A;@y[04] = D200, 04]

d) A;0q[04 Et'[004] <t0d AK[Oo] <K'[06]

By Theorem 59.2 on the first premise using (x), a) and b), we can show
that

A; Dl8); QBal Fiigo’ le] © A'[6.6] (1)

By Theorem 52 using the second premise and c), we obtain
A; Dq[Ba] " A'004] E A0 6] (2)

Note that due to (%), we have A[00,] = A[0,].
Then we can conclude by the ¢-C exec rule using eqgs. (1) and (2) and
(d) that A; ®q[8a); Q18] Fijo le] © Al

AP Dy Ay m Ayx:AL,QFel Ay K, t' =@

exec(k’/,t")
_—

Mg, Dg; QO F fix f(x).e | Aq
alg-u-fix-|
TS: A; D4[04]; Q04 kﬂfe‘j} fix f(x).le| € A1[04]

By the main assumptions, we have

Arkt=DAk=0A0=t

exec(k/[04],t'[04])

” AZ[ea]-

413
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A; q)a[ea];x DAY [ea]/f FAq [ea]

Case:

exec(k’,t")

FIV(®,, O,A1 ———,k,t) C dom(A,Pq) (x) and
A, OO JEDONO=KAO=1[04] (%)

Using (%), we can show that

exec(k/,t")

a) FIV((DQIQI A11A1 — " A‘ZI k//t/) g dom(Arll)a)-

We also can show that (xx)’s derivation must be in a form such that

we have

b) A; @4[04] = D[B4]
c) A;@y[04] F 0 =k[04]
d) A; q)a[ea] ’: 0= t[ea]

By Theorem 59.1 on the first premise using a) and b), we can show
that

exec(k/[04],t"[04])

A2l0a), Q0] Fy o) lel € A[04]
(1)
By the c-fix rule using eq. (1), we obtain

. exec(k'[04],t'[04]
A; Do [04]; Q0] S fix F(x).Je] € Aq[0] 2 )

By ¢-LC exec rule using (c) and (d), we obtain

? AZ [ea]-

. X k/[ea}/t/[ea]

2; Dal0]; QIO FLOY) fix F(x).Jel £ Ag[0a) = L Al0].
125,00 0,5,QFe | A ke, te = @
O = (VizSO)Ak=0A0=1t
T alg-u-iLam-|
AP P QFAle Vi & TS Akt= 0
t[04] . . exec(ke[0al,te[0a])
TS: A; ©4[04]; Q[0,] '_k[ea] Ad.le| € Vi : S.A[04].
By the main assumptions, we have
exec(ke,te

FIV(®q, Q,Vi (:: ) S.A,k,t) € dom(A,Pg) (%) and

A, D 0] E (Vi S O)AN0=KkANA0=1)[0q] (**)

Using (%), we can show that

a) FIV((DCU Q/ Ar ke/ te) g i/ dom(All-l)a)'
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We can also show that (xx)’s derivation must be in a form such that

we have

b) 1:§,4A; ©q[04] E @[04]
Q) A; @q[04] = 0 =Kk[04]
d) A;©q[04] 0 =1[0]

By Theorem 59.1 on the premise using a) and b), we can show that

i18,A;0a[00); Q[0a] Fy° 5 el © AlB] (1)

By the c-iLam rule using eq. (1), we obtain
0 . C s exec(ke[0a],te[04])

A; @[04, Q0] g Alllel € Vi 3

By ¢-LC exec rule using (c) and (d), we obtain

. . exec(ke[0al,te(0al)
A; ©a[00); Q0] Iy o7 Adle] € Vi :

S.A[Bq].

S.AlBql.

MNYg; Oq; Qe | All/iLk t= O AFT:S
Mg, Og; QO F pack e with I | Ji:S Ak, t = ©
TS: A; ®al0a); Q104] Fy " pack le] with I :€ 3izS. Al0,].
By the main assumptions, we have
FIV(®4, Q,31i:S. Ak, t) € dom(A,Pq) (%) and
A;@al0a] E D[Ba] (x+)

Using () and the second premise, we can show that

alg-u-pack-|

a) FIV((DQI Qr A{I/l}, kv t) g dom(Al 11)(1)

By Theorem 59.1 on the premise using a) and (%), we can show that

A; ©a[0a); Q0] ) lel © AlOa){1/4) (1)

By the c-pack rule using eq. (1) and the second premise, we obtain
A; o [04]; Q0] Fy ") pack Je] with € JizS. Al0,].

415
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MPg; DPg; QO F ey 1 31:S A = W], Kk, 1y, Dy
ks, t; € fresh(IR)
1250k, ), 0, b, Oux: A1, QF e | Ay ky,t) = O
LZFV(Dq;Q, A2 k2, t2)
O.=k=ki+ky+cunp Nt +t2+cunp =t
O =0; Ak, t) s RVi:S.0, AD,

Case: alg-u-
Mg, @g; QO Funpack ey as (x,1) iney | Ay k, t = J().D

unpack-|

TS: A; ©al0a); Q18] Fy ") unpack [ey] with (x,1) in |ea] € A2[04].
By the main assumptions, we have

FIV(®y, Q, A7k, t) € dom(A,Pq) (*) and

A, D0, E ((W).(D Adky, ty s RV S.O; A D)) [04] (5x)
where @ = (t; + 12 + cunp) = t A (K1 + k2 + cunp) = k.

By Theorem 58 using the first premise and (x), we get
FIV(A1,kq, 11, @1) € dom(A, h;ha) (o).

Using (%), (¢) and the 4th premise, (xx)’s derivation must be in a

form such that we have

a) A> 0:Y

b) A; ©qa[04] = ©1[0 6]

Q) i:S,A,0404] E ©3[04,0,ky — Ky, ty — T3]
d) A;©4[04] = t1[004] + T2 + cunp = t[04]

e) A; @q[0a] F k[0a] = k1[0 04] + Kz + cunp

By Theorem 59.2 on the first premise using (%), a) and b), we can show
that

A; a[0]; Q0] H 5] el £ TS, A1[004] (1)

From (x) and (¢), we can show that

f) FIV(®4, A1, Q, A2, ko, t2) C1i,ky,ty, dom(A, P, Pq)
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By Theorem 59.1 on the second premise using c), f), (x) and (¢), we

obtain
1S, A;q[00); % : A110 04, Q104 F¢ leal £ A7[00,] 2)

Note that due to (x), we have A;[0 0] = A;[04]. Then by the c-unpack
rule using egs. (1) and (2), we can show that
A; @4[0a); Q0] 1 g’ & 27" unpack [er] with (x, 1) in [ea]  A2[0].
By L exec rule using (d) and (e), we obtain
A; ©a[04]; Q[04] F ") unpack [e;| with (x, 1) in [ez] € A2[0].
MV ;CANOG;QFe LA K t= O
AP~ CADL;QFe) LA Kkt= D, Al Cwuf
O=C—->D;N-C— Oy

APy Og; QO F split (eq,ex) withC | Ak, t= O
TS: A; ©al0a); Q104) Fyg") split (legl, leal) with C € AlD].
By the main assumptions, we have
FIV(®y, Q, Ak, t) C dom(A, ) (%) and
A; Oql0q] E (C— O3 A—C = ©2)[0a] (+x)

Using (x) and the third premise, we can show that

alg-u-split-|

a) FIV(CA®g, Q, A,k t) C dom(A,bq).
b) FIV(=CA @g, Q, A,k t) C dom(A, Pg).

Using (%) and the third premise, we can show that

C) A;C/\(Da[ea] |: ®1[ea]
d) A;_'C/\(Da[ea] ’: (DZ[ea]

By Theorem 59.1 on the first premise using () and c), we can show
that

A; C A Da[04]; 0100 Fiy') lerl © AlBGH{I0]/1} (1)
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Case:

By Theorem 59.1 on the second premise using (x) and d), we can show
that

A;=C A q[84]; QlBa] g leal © AlOaHI04]/i} (2)

By the c-split rule using egs. (1) and (2) and the third premise, we
obtain

A; q)a[ea]; Q[ea] l_t[e ]

v SPLit (lerl, leal) with C € A[8].

ANONCOFelAkt=O
MY, Py;QFe [ COAKt=C— O
TS: A; Dal0a]; Q18] g’ le] € CIB.] S AlBol.
By the main assumptions, we have
FIV(®,,Q,C D Ak, t) C dom(A, V) (%) and
A; ®q[00] = (C— ©)[0a] (x%)
Using (*), we can show that

alg-u-c-impl-|

a) FIV(CA®g, 0Q,Ak,t) C dom(A,g).
By Theorem 59.1 on the premise using (x) and a), we can show that
A; ClBa] A ©qlB]; Q18] o) le] © A6 (1)

By the c-cimpl rule using eq. (1), we obtain
A; ©a[00); Q0] o7 le] © ClBa) 5 AlB].

Proof of Theorem 59.2:

Case:

MV, @; OFel Ak t= O
A0 HFAAwF FIV(A Kk t) € A
MNP, P OF (e Ak t)TA= [kt
TS: A; @ql0a); QlBal Fg’) (e 1 Ak, 1)] € Ala).
Since by definition, Ve. |(e: _, _, _)| = [e|, STS:
A; Dal04]; Q18] Fyyg! lel © AlBd].
By the main assumptions, we have FIV(®y, Q) C dom(A,Pq) (%)

alg-u-anno-7
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and A; @q[04] = @[O4] (%x)

Using the third premise, we can show that
a) FIV(®q, Q, Ak, t) C dom(A,a).

By Theorem 59.1 on the first premise using (xx) and a), we can con-
clude that

A; Do [0]; QlBa] ) le] < AlD] .

exec(Ke,te)

Mg, Qg; Qe T A ———— Ay = ], Kk, 1y, @
ky, ty € fresh(R) Nk, ), 0, Ve @g; QO Fer | Ak, ) = @)
K=k +ks+ketCapp  t=1t5 412+ te+Capp
Mo, @g; Qe ex 1Ay = [k, t2, 0], k, t, O3 A D,
u-app-T
TS: A; DqlBal; QlBa) Fiy 12 o Bart2) e fey) i€ A, (B4, 62].

(k1 +k2+ke +Cupp)[9 (1/92
By the main assumptions, we have FIV(®g, Q) C dom(A,Pq) (%)

alg-

and

A; @g[0q] = (@1 A D2)[0g,07] (5x) such that A > 07 : ky, t2, Y (0)
and A > 04 : . are derivable.

By (¢), we can show that 0, = kj, 5, 0 such that

a) 0(ky) =K and 0(ty) =T, for some K; and T>.
b) A > 0:VY

By Theorem 59.2 on the first premise using (%) and (b), we obtain

X el004],te[004
oxeclle00al1el00a), A 19 9,] (1)

A; ©al04); Q0] Fy 5o ler] © A1[064]
By Theorem 58.2 on the first premise and (x), we get
0) FIV(A; “52% 2 Ky, 1, @1) € dom(A, b, ba).

By (%) and c), we get

d) FIV(®4, Q,A5, k), t2) C ko, to, dom(A, ¥, Py).
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By Theorem 59.2 on the third premise using (c), (d) and (%%), we ob-

tain
A; D4[04); Q0a] H¢ leal € Aq1004] (2)

Then, by using c-app rule using egs. (1) and (2), we can show that

00q]+te[004]+T
A5 ©al0a); QB . 00 e ok, el leal © Az[ea, 0.

Note that we have k;[04,0,] = K; and k[0, 0] =
Moreover, t1[04,0;] = t1[004] and k1[04, 02] = k4 [9 04l (similarly for

ke and t.) since ky, t; are fresh variables.

exec(ke,t
MV O, QF et Vi (. S A= [l Kkt @ AFT:S
Case: alg-u-
Aba; @o; Q e[l + A'{T/i} = W], K+ KelT/4], t + te[I/i], @
iApp-T
TS: A; Da[04); QU0a iy s lel 111:€ (A{L/1)[0 0.
By the main assumptions, we have

e FIV(®,, Q) C dom(A,Pg) (%) and

o A;D4[04] = D2[00,] (%) such that the following are derivable
-AD> 0:Y (o)
- A D> Bq:a

By Theorem 59.2 on the first premise using (%) and (¢), we obtain

exec(kel[00q],te[004]
A; o[04 010] F100) o] £ i “ T s arga,l (1)

Then, by c-iApp rule using eq. (1) and the second premise, we can
conclude that

A; ©al0al; QlBa) o e ooy el 1€ A0 01/,

Proof of Theorem 59.3:

t’ € fresh(R) Mt P O0NFecel 1,6 = O
Case: alg-r-nochange-
AP OuT,OFFNCecNCe | OT,t=0=tA (3t = R.O)

!




C.2 BIRELCOST THEOREMS

TS: A; @o[04];T/[04], 0T [0 FNCeESNC e < t[0,]: OT[04].

By the main assumptions, we have
e FIV(®D,,I,0T,1,t) C dom(A,ha) ()
o A Dy[0] E (0=tA3t' = R.D)[O4] (**)

Using (x) and the first premise, we can show that
a) FIV(®,,T, 1, t") C t/,dom(A, ).
Using (%), (xx)’s derivation must be in a form such that we have

b) A; (Da[ea] ): 0= t[ea]
¢) AT =R for some T’
d) A;©q[04] = DO, t' =T

By Theorem 59.3 on the premise using a), d) and (), we can show
that

A; q)a[ea]; U r[ea] = |€| &) |€| ,S T : T[ea] (1)

By the c-nochange rule using eq. (1), we obtain

A; @[04, T'[04],T[0,] - NC Je] ©NC |e| < 0: O7[04].
By the c-r-C rule using this and b), we obtain

N, Dq[04];T'[04],0T[0a] FNCesNCe S t[0,] : O[0].
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AP, O T Heoe 1listin]*t = [, ty, De
t) € fresh(R) A, 0, b n=0AD;THe o6 | T,t = @
O =n=i+1Ad,

LAt O, Ve @ h O, tl: List[i]*T,THey;0€) | T/, 1 = O
O/ =n=1+1Aa=B+1AD,
i,B,0t, 0, P @S h Tt listlilP T,T Fesoel | 1,6 = @3
Deons =VioIN.Mm=1i+1) = (O, AV = IN.(x =B+ 1) — D3)
O =3).(Pe ATty s R((M=0— D) ADcons Nt +1 =1t))

Case: case e of nil — e; casee’ of nil — e alg-
AP, T HIh ane tl — e Slh unc tl — eb I1tt=0
|hictl — e |huctl —ej
r-caselL-|
TS:

case e of nil — |ey| case e’ of nil — [e]]
A; @[04, T[0a] Hh =N tL — ey P oo tl — e)] < 04 : T'[04]
| huc tl— |es) | hue tl— [ef]

By the main assumptions, we have

e FIV(®q,T,7/,t) C dom(A,Pa) (%)

* A, 04[00] F (3().Oe ATt 2 R @poqy)[0a] (3x)
By Theorem 58 using the first premise and (x), we get
FIV(listin]* T, t;, @) C dom(A, V;dq) (o).

Using (%) and (¢), (*#x)’s derivation must be in a form such that we

have

a) A > 0:

b) A; @4[04] F ©e[0064]

o) AFT, =R

d) A;n[00e =0ADG[04] = ©1[00,]

e) i:S,An00,] =i+1AD0,] | ©3[04,0,t; — T

) 12S,B:S,An00, =1+1Ax[00,] =R+T1ND0.] E
D3(0q,6,t = Tol

g) A 0u0a] E11[004] + T =t[04]
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By Theorem 59.4 on the first premise using b) and (x), we can show
that

A; 00 TI04] F lel & le’] < 111004 : listin[0 0,]1*°% 1[0 0, (1)

By Theorem 59.3 on the second premise using d) and (x), we can show
that

A;n[004] = 0N D@a[0u];T[0) F ler] S lejl S To: T'[0 4] (2)

By Theorem 59.3 on the third premise using e) and (%), we can show
that

1:S5,An[004] =1+ 1ADQ[0.];T0.F lezl ©le)] ST : T'[004] (3)

By Theorem 59.3 on the fourth premise using f) and (x), we can show
that

1:S,B:S,A,0,T04F leslOles] STo:t'[004] (4)

where @/ =n[00,] =1+ 1Ax[00,] =p+1ADL[0].

Then by c-r-caseL rule using egs. (1) to (4), we can show that

case e of nil — |e;| case e’ of nil — e
A; Dg[0a;TO] Fh Nt — e Fhoon tl — |€é| St00+Ts: '[04]
| huc tl— |es) | hoze tl— [ef]

We conclude by applying c-r-C rule to this using g).
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t1,ty € fresh(R) i € fresh(IN)
N, b, O T HFer © e{ Tt = O,
N;it, Vg O T H ey 06 | listi]* 1, t; = O
Q) =0; An=({i+1)At;+t, =t

O =3t s R.(O; ATty RAL = Nq)é)
Case: alg-
A;Po; Dg; T+ consyel(er, e2) © consnel(e, ep) | listm]% T, t = @

r-consNC-|

TS:

A; Dq[04);T[04] F consne(lerl, le2]) © consne(le]l, lef) < tl0a] : listn[04]]%0) [0,].
By the main assumptions, we have

FIV(®g, T, listn]*T,t) € dom(A,Pq) (%) and

A 0q[0] = (Tt m ROy ATty : Rz IN.OS) 0] (%)

Using (*), (xx)’s derivation must be in a form such that we have

a) AFT; =R

b) AFT, =R

Q) A Du[04] F @104, t1 = Tl

d) AFI:IN

e) A; Dq[0u] F ©2[04,t2 = Tp, i 1]
f) A; ©al04] = (I41) =n[04]

g) A, @q[04] E (T + T2) = t[64]

By Theorem 59.3 on the third premise using (%) and c), we can show
that

A;q)a[ea];ﬂ[ea] F |€]|@ |€]/| ,S T] : DT[ea] (1)

By Theorem 59.3 on the fourth premise using (%) and e), we can show
that

A; ©4[04); Q18] F lesl S leg] < T : list(11 %) (0] (2)
By c-r-cons1 typing rule using egs. (1) and (2), we obtain

A; @o[04); T[0a] - consnc(lerl, lea]) © consnc(lefl, les)) S Ty + T, : list[I + 1]*0al 7[0,].
We conclude by applying c-r-C rule to this using f) and g).
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Proof of Theorem 59.4:

Case:

Case:

MNP OuTHese [ T,t= @
A Dy Twf AFt:R

MY PyTH(e:t,t)o (e :T,t)tT=[],t @
TS: A; @q[00]; Q0] [(e: T, t)| O (e 1T, 1) S tl0a] : T[O4].
Since by definition, Ve. |(e: _, _)| = [e|, STS:
A; @a[04);T(0a] F el e’ < t0a] : TlBal.
By the main assumptions, we have FIV(®, ") C dom(A, ) (%) and
A; ©q[04] F ©Oq] (%x)

Using the third premise, we can show that

alg-r-anno-1

a) FIV((DO./ r/ T, k/t) g dom(Alll)(l)'

By Theorem 59.4 on the first premise using (+x) and a), we can con-
clude that
A; (Da[ea]/' r[ea] = ’€| &) |€/| S t[ea] : T[ea] .

MYg; O THerSey tHOr= [V, t, @
AP, DT Hderegodere; T =[], t,0
TS: A; ©al0a); Q18] Fjy le'] € T[0 64,
By the main assumptions, we have FIV(®4, ") C dom(A, ) (%) and
A, Dy[04 E ®OO] (+x)suchthat A > 0:1 (¢) and A > 04 : P, are

derivable.

alg-r-der-1

By Theorem 59.4 on the first premise using (%) and (¢), we obtain
A; ©q[04);T0u] F lel © e S t00,] : O[04 (1)

Then, by c-der rule using eq. (1) and the second premise, we can con-
clude that
A; (Da[ea]; r[ea] = |€| S) |€/| 5 t[O ea] e[S ea]-

[]

Theorem 60 (Completeness of the Algorithmic Typechecking). We have the

following.

425
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1. Assume that A; ®,; Q I—tk e € A. Then, 3e’ such that
a) A0 QFe’ LAk t= D
b) A, O, D

c) le'l =e

2. Assume that A; ® ;T F ey © ey St:€ 1. Then, Je], e} such that
a) A OTHejce) lT,t= @
b) A; Dy =@
c) lejl = e and |ej| = e;
Proof. Proof is by simultaneous induction on the RelCost Core typing deriva-

tions.

Proof of Theorem 60.1:

Qx)=A
Case: c-var
A0 QR x A
We can conclude as follows

Qx)=A
AP QOFxTA=[],00,T
A0y EAAC A= @ by lemma 50

MY, O; QOFXx ] A00=T

alg-u-var-1

alg-r-1

AOG;QR el CA A0 QR e € listn] A
Case: — 2 c-cons
ADg;Q }—kT:HfZ consc(ey, ep) €listn + 1] A

By Theorem 60.2 on the first premise, Je; such that

a) AP QF e]l LAk, 4 = O
b) A;®q = O

c) lejl = ey
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By a), we can show that for ki, t] € fresh(IR) where
CD]/ = ®; Nk ik]’/\’q it{

A0 QF e | A Kt = @] (1)

By Theorem 60.2 on the second premise, e}, such that

d) A 0,;,QF eé Jlist[n] A, ky, t) = ©)
e) A, Oy = O3

f) lejl =e;

By a), we can show that for i,k}, t) € fresh(R) where
(Dé =0y, ANk iké/\tz ité/\iin

A;i k), 15 @y Q F e | listli] A, kS, t5 = @) (2)

Then, we can conclude as follows

ki, t1, k5,15 € fresh(R) i € fresh(IN)
A K, Ve @ Q F el LA Kt = ©F eq. (1)
ALKt e Do Q F e} L listi] A, kS, th = @) eq. (2)
O = (O3 AN+1=(1+1)AKk+ky =k +ky At +1; =t + 1))
® = Ik, ] = R(D] A TS, t5 = RI1: IN.OS)

alg-u-cons-|
A Pa; @g; Q F consc(e], eh) | listm +11A, k1 + ko, t1 +t = @

2. Using b) and e) for the substitutions k{ = k; and t{ = t; for the

fresh costs and i = n for the size of the tail.

3. Using c) and f), [consc (e}, e;)| = consc(eq, €2)

Proof of Theorem 60.2:

NOyTHe0e, St:f0T
Case: c-der
A, Dy THderejodere; <t

By Theorem 60.2 on the premise, Jej, e; such that
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a) A OyTHeoe) LT, t= O
b) A; Dy E @

c) lejl =ej and |ej| = e,

Then, we can conclude by using a), b) and c) as follows:
A O T H e{ @eé T, t= O

alg-r-der-| and
A;;@g;THderejodere) [ T,t= @

1.

A DTHeioes L OT,t= @

alg-r-der-|
A; ;@ THderejoderes [ T,t= @

alg-r-anno-1
A; DT H (derep:t,t)o(derey:t,t) T t=[],t®

AOET=1= @ by Lemma49
A; DT H (dere):t,t)o(derey:T,t) T, t=OANDO At<t

alg-r-1]

2. By ¢), [(der e/ : T,t)| = der [€]].

3. By b) and Lemma 49.

A; ©; [T *—E e € Ay A; ©g; (T2 "Ez e Ay
A, @y;TF switch e ©switche; St —ky € U(A1,A)

Case: c-switch

By Theorem 60.1 on the first premise , Je] such that

a) A Oy ThiFep L ALK, = @
b) A; @y = @4

c) lejl =eq

By a), we can show that for ki, t] € fresh(RR) where
(D]’ = ®; Nk ik{/\’q it]/

Akt 00T Fep L ALkt = ©f (1)

By Theorem 60.1 on the second premise , Jej such that

d) A; QT ey L Ay kyty = @)
e) A, Oy = O
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f) leSl =e;

By d), we can show that for kj, t; € fresh(IR) where
Q)é =0, Nky = ké/\tz = té

Ay, ty; @ ITh Fey L Ay kg, t) = @) (2)

Then, we can conclude as follows

1. By using egs. (1) and (2):
ki, t7, k3, t) € fresh(R)

A;k{lt]/lll)a/. (D/‘rh - e{ \l/ A]/k]//t]/ = (D]/
Ak, 1, ¥a; @[T - eg | Ag, k), t) = @)
Ik, t1 = R(D] ATk, t) = RO At —kj =t)
alg-r-switch-].
A Pg; Dg; T switch e{ © switch eé JtLU(A,A) = D
2. By using b) and e) and the substitutions k{ = k; and t{ = t; for

the fresh costs where t = t; — k.

3. By ¢) and f), we get [switch e]| = switch |e;]

ADyTHeoe <t A =1=1
ADg =ttt

ADyTHeoe <t/ €1
By Theorem 60.2 on the first premise, Jej, e such that

C-r- =

Case:

a) A OgTHejoe L T,t= O
b) A; ®y = @
c) lejl =eand [ej| = ¢’

By Theorem 55 on the second premise,

d A;OE1=1 = 0,
e) A; 0y = D,

Then, we can conclude as follows
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1. By using a) and d)

A0 THe o) | T,t= @
alg-r-anno-1

A OGTE (ef:T,t)o(eh:T,t) T t=1[]1t @
ADOET=17= 0,

A @uTH (et t)o(es:tt) LTt = 0 A0 At <t

alg-r-1]

2. By using b), e) and the third premise, we can show that
A OISR OMVANOPWAS £ &
3. Byc), l(ej:T,t) =eand (ej: T, t) =€’

diff(t
A Oy T e 661, <t € T]l—(]> T2
ADgT = 626e§ St €1
Case: c-r-app
ADOGT ey ez@e]/ eé <t +H+tfn
By Theorem 60.2 on the first premise, J€;, €] such that

) A OgTFeE oF Lr 2 o 4 = o
b) A; @y E O

c) [e1l = ey and [e]] = e
By Theorem 60.2 on the second premise, J€;, €5 such that

d) A0 THE O L1, = D)
e) A Oy = D)

f) [l = ey and [€)| =€}

By d), we can show that for t; € fresh(R) where @} = ®; A\ t; =1t
Aty 0T e L 1,t = @) (1)

Then, we can conclude as follows
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1.
A OGTHE oF Lo Y 0 4 = o
prvees alg-r-anno-1
AsOuTHFEEE T — 1= [t O
t) € fresh(R)  A;t); O THE0%€) | 1,th = @)
c-r-app
A0 THE RO F—1/,2 T = [té],’q +t+t§, (ORIVAN (Dé
O =3t) : ROIADOINAG +t+t) <t +t+t
alg-r-1]
AsOTHERSE ) Lt +t+ = @
where E1; = (€1 : 1T m Ty,t1) € and
Ei=(e1:m &(t)) T7,t1) and
diff(t) diff(t)

E]/ = (51/ :T) — Ty, t1) and E1,,2 = (E{ T — T, 1) Eé.
2. By using b) and e) and the substitution t) = t, for the fresh cost.

3. Using c) and f), we get

diff(t
(€7 : T 1—”) T,t1) €] = e7 e and

_ diff(t) _
(€] : 11 —— 1o, t1) &) =e] e).

Case:
A0y THe o Sty €3Sy

108,00 x:m,TFe0e, St 1€ FV(DgyT, 1), t)) 5
c-r-unpac

A; @ ;T - unpack e as (x,1) in e; ©Ounpack e as (x,i) ine; <t +t €1
By Theorem 60.2 on the first premise, J€;, €] such that

a) A O THe o6 | FuS. 1,4 = O

b) A; @, = @y

c) [e1] = ey and [e]] = e;

By Theorem 60.2 on the second premise, J€;, €, such that

d) i:S,4,50ux: 1, TFe 08 L1t = 0
e) 1:S,A,0q = D)y

f) [l = ey and |5 = €}
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By d), we can show that for t) € fresh(RR) where @} = ®; Aty =t
i0S, Mt 0x: T, THEE0¢€) | 1), t) = @) (1)

Then, we can conclude as follows

A5 @ THe o8 | JisS.1, 4 = @1 (a)

A; @ THETOF] 1 3iS 1 = [, 4y, @

i0S, 0t 00x: 1, THE0¢€) | 12,t) = O (eq. (1))
O =3t i ROTADPIAL +1) =1+t

alg-r-anno-1

A;-; @g; T - unpack Eq as (x,1) in €; © unpack Ej as (x,1) in€) | 12, t1 +t; = @’

where By = (€7 : 3i:S. 1y, t1,) and E; = (€] : 3izS. 11, 13,)
2. By using b) and e) and the substitution t) = t; for the fresh cost.
3. Using c) and f), we get
lunpack (e; : 3i::S. 19, t1) as (x,1) in €;| = unpack ej as (x,1) in e,
and

lunpack (e} : 3i:S. 1y, t1) as (x,1) in €| = unpack eg as (x, 1) in e5.

]



APPENDIX FOR CASE STUDIES

In this chapter, we present additional material for our implementation and
case studies. Appendix D.1 presents the lemmas necessary to type two of
our examples: msort and bfold. Finally, Appendix D presents all the exam-
ples.

D.1 SOME ARITHMETIC PROPERTIES FOR DIVIDE AND CONQUER PRO-
GRAMS

We prove some arithmetic properties of summations and the log function
that are needed to type divide and conquer examples.

Lemma 61. For n > 1, [logy(n)]| =1+ [Llog,([5])].

Proof. We split cases on the parity of n.

Case: n even.
Let n = 2k. Then, k = [ 5] and

[logy(n)] = [log,(2Kk)]
= [1+logy(Kk)]

= 1+ [log; (k)]

n

= 1+ [1092([51)1

Case: n odd.

Then, [5] = “T“

Let k > 1 be such that 21 < “T“ < 2k (note that n > 3, so such a k exists).
Then, 2 —1 < n < 2K —1.

Since n is odd, this forces 2K +1 < n < 281 —1.

Hence, k < log;(n) < k+1,s0 [logy(n)] =k + 1.

Clearly, [logz(“T“ﬂ =k.

Hence, [logy(n)] =k +1 = [logy(®41)] + 1 = [loga([F])] + 1. u

433
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Lemma 62. Let f be a monotonic function and n > 1, « > 0 and o7 + x = «.
Then,

[ [tog2 ([51)] T

> (29 -min <a1,2rlogz(f%1>1—i) N
i=0

[[logs([5])] . |
> f(2Y) - min (o(z, 2[1092([%”1—1) ()
i=0

Mogaln)] |
< Y (29 min (o 2Nt
i=0

Proof. We prove the inequality through a series of transformations. In each

step, we highlight the changed subexpressions in red.

o2 (131)] -
> f(2Y) min (m,zflogz(f%M—i) N
| i=0
[[og2 (15 )]
> (29 -min (az,zﬂogzu%m—i> )
i=0

og2([31)]
3 f(2Y) - min <o¢1,2f1092(f%1)1—i> N
i=0

Toaa([31)] |
Z f(2') -min <o¢2,2f1092([%1)]—1> +f(m)
i=0

N

[ [log2([51)]

= b |mi [togy (13 1)1 - [ogy ([31)]—
% f(2Y) [mln ((X],Z 92( 7 )—i—mln (062,2 92([ 3 )]] +f(n)

og(131] |
> (2 min (aq + g, 2200821311
i=0

N

+f(n)
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(Using the inequality: min(a, c) +min(b,c) < min(a +b, 2c))

[og2 ([31)]
S (29 -min ((x’ 21+nogz(f%m—i>
i=0

+f(n)

[log2 ([51)] ' '
Z f(2') -min (oc,Z“ogZ(“ﬂfj +f(n)

i=0

(by Lemma 61)

[Log ([51)]
<

Z £(24) - min (oc,Z“ogZ(“ﬂi>] + f(zﬂogz(nﬂ)
i=0

(n < 20921 and f is monotone)

[log2([51)]
i=0

Z £(2Y) - min (oc,Z“ogZ(“ﬂi>] + £(2Mt09201) . min(, 1)

(because « > 0, min(e, 1) = 1)

[oga ([ 31)]
S (29 min ((xl znogz(nﬂ—i) 4 £(2M092M1) . pin (a, 2([toga (n)]—[ 1ogz(nm)
i=0

[logy(n)]

= ) (2 -min (oc, 2“092(nﬂ—i)

i=0
(by Lemma 61, [Logy(n)] =1+ [Logy([ 1))

]

[log,(n)] ) )
Lemma 63 (Balanced fold complexity). Let P(n, o) = > h(2')-min(c, 2[tega ()=,
i=0

Then P(n, &) € O(k - (ot + o - Logy(n/a))).
Specifically, for constant k, P(n, &, k) € O(x + o - logy(n/w)).
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Proof. We proceed by splitting cases on i in the summation in P(n, o).

Case: i > [logy(n)] — [logy ()]

Then, [log;(n)] —1i < [logy(a)].
Hence, [logy(n)] —1 < [logy ()] < logy ().
So, 2[teg2(n)]-1 <

o

.
Therefore, min(, 2/1092(n)1—1) — 2[logz(n)]—

Case: i < [logy(n)] — [logy(«)]
Then [log,(n)] —i > [logy(«)] and 2Mteg2(W1=1 >

Therefore, min(, 2/1092(W1-1) — o

It follows that

[log;(n)]
Pn,a) = >  k-min(e,2/M092MI7
i=0
[log;(n)]—[1ogs ()] [logz(n)]
= Z k- min(a, 2Mt092(M1=ty 4 Z k- min(o, 211092V
i=0 i=[1ogz(n)]—[logz () +1

= k-a-([logy(n)] — [loga ()] 4 1) + K - (2Mteg2(1=T " 4 20)
= k- ([Loga(n)] — ogy(e)] + 1) + k- (2110921 1)

€ O(k-oa-logy(n/a)) 4+ O(k- )

= O(k-(ot+oc-logy(n/x)))

]

Lemma 64 (Mergesort complexity). Assume that h is a linear, monotonic func-

tion.
[log(n)] '
Let Q(n, o) = Z h(21) - min(o, 2t002(M]-1)

Then, Q(n, «) € O( (14 log,())).

754 II

Proof. We proceed by splitting cases on “i” in the summation in Q(n, «).

Case: i > [logy(n)] — [logy ()]
Then, [log;(n)] —1i < [logy(«)] and, hence,
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)] —1< [logy(e)| < logy(«).

SO, 2“092( n)]-i <.

Therefore, min(x, 2/t092(n)1-1) — [logz ()]

Case: i <

[logy(n)] — “092 )]

Then [log,(n)] —i > [logy(«)] and 2/teo2(W1—1 >

Therefore, min(oc,Z“ogZ(“ﬂ*i) = «.

It follows that

Qn, )

[logy(n)]
Z h(2Y) - min(a, 2/te92(M1-1)
i=0
[logz(n)]—[logz ()] [Logy(n)]
Zx (2Y) - min(o, 2109211y Z h(2Y) - min (e, 2/t092(M1-1)
i=0 i=[logy(n)]—[logs (x)]+1
[logz(n)]—[logs (« ﬂ [logz(n)]
Z h(2 + h(21) . 2Mtegz(m)]—

i=[log; (n)]—[logz (a)]+1
(since h is linear, i.e. h(x) = a-x+b)

[log; (n)]—[1og; ()] [logz(n)]
Z(“' a-2'+a-b) + Z a2t 2teg (=t 4 1y pftegz(n)]—i
i=0 i=[logz(n)]|—[logz ()| +1

(since h is linear, i.e. h(x) = a-x+Db)

a- (20 ...+ 2Mtos2MI=102(®) o b - ([Logy(n)] — [ogz(a)T) +
a- 2“092(“ Tlogy(e)] +b - (2Mteg2(ed =T 4 20
o @ (20o2MI=os2( T 1) 4 o b - ([Togy(n)] — [Log,(«)]) +
a2/t Mogy(x)]+b- (2(1092(001 —1)
Om)+0O(n-logy(a))
O(n - (14 logy(«)))

D.2 EXAMPLE PROGRAMS

In this section, we present a list of example programs that we have type-
checked with BiRelCost.
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D.2.1 List operations

LIST APPEND We describe how the standard list append program can be
typed in BiRelCost.
fix append(_). AAAAANLAL.
case Ly of nil — 1,
| h::tl — cons(h,append () [J[][][] tl 1)

F append © append < 0: unit, — Vi,j, &, .

list[i]% T — list[j]® © 29 Jigt[i 4 §]*B ¢

LIST FILTER We describe how the standard filter program can be typed
in BiRelCost.

Afix filter(f). A AAL
case 1l of nil — pack nil
| h:tl —letr = filter f[][] tlin
letb=fhin
unpack ras v’ in
if f then pack cons(h, ') else pack r’

Ffiltero filter <0: Vt.(O(Uint ﬂ Ubool)) — Vn, «.

list[r)® Uint 2%, 1 (35 List[j] int)

L1sT zI1Pr  We describe how the standard list zip function can be typed in
BiRelCost.

fix zip(_).A.A.AAl;.case 1 of
nil — nil
| hy = tly — case |, of
nil — contra
|hy =ty — letr=zip O[][][] tl tly in
cons((hy, hy), 1)

Fzipozip < 0: unit, — Vn, «, B.

listm]* Ty — list(n]P t, O, it ymininetB) ¢
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LIST REV  We describe how the standard list reverse program can be
typed in BiRelCost.
fix rev(_).A.AA.AALAacc.
case L of nil — acc
|hatl— rev () [][][][] tlcons(h, acc)

Frevorev <0: unit, — Vi,j, «, 3.

list[i]* T — list[j]P T ﬂ list[i +3]*F ©

LIST SHUFFLE We describe how following program that shuffles the el-
ements of a list can be typed in BiRelCost. The program shuffles a list by
reversing its tail at each recursive call.

fix shuffle(_).A.AAL
case l of nil — nil
| h::tl —cons(h, shuffle ()[][] (rev ()[][] [] tlnil))

F shuffle © shuffle < 0: unit, — Vn, «.

listin]* Uint ﬂ list(n]* Uint

LIST FOLD (COMPARISON) We describe how following program that
compares the relative cost of the standard foldr and foldl functions can
be typed in BiRelCost.

fix foldr(f).A.A.AL.Aacc
case L of nil — acc
| h:tl —letr = foldr f[][Jtlaccinfhr

fix foldl(f).A.A.AlL.Aacc
case l of nil — acc
| h:tl —foldl f[][]tl (f h acc)

F foldre foldl < 0: Vt.(U (int — bool w bool)) — Vn, .
listin]* Uint ﬂ U bool

439



440

APPENDIX FOR CASE STUDIES

LIST FLATTEN  We describe how the standard list flatten program can be
typed in BiRelCost. Assume that we know the type of the append function
as derived above.
fix flatten(_) AAAAAM.
case M of nil — nil
|1z M’ =letr = flatten () [J[][][] M/ in
append [J[J[J[] Lr

F flatten © flatten < 0: unit, — Vi,j, &, B.

list[i)% T — list[j]P v % Jist[i - )P ¢

D.2.2 Example programs from RelCost
We have already all but one example in the thesis.

LOOP UNSWITCHING Next, we consider a compiler optimization tech-
nique known as loop unswitching that moves a conditional inside a loop to
the outside. For simplicity, we consider a variant in which the else branch
just returns a unit. Consider the function loop that iterates over a list L.

fix lLoop(l).case | of
nil — ()
|h:tl — if bthen let _=f hin loop tl else ().

This program can be transformed to a version that pulls out the condi-
tional from the loop body as follows:

loopOp = if b then
fix loop’(1l).case 1 of
nil — ()
|h:ztl — let_=fhin loop’ tl
else AL.()

Suppose that the list 1 has type list(n]® int,, i.e. it is substituted by the same

list for two programs, and the function f has type int, C]P—(O)> int,, i.e. given
related integers, it returns related integers with 0 execution cost difference.
Assuming that the boolean input b is equal between two runs, what can
we say about the relative cost of these two programs? Intuitively, LoopOp
is an optimization: rather than checking b at each iteration, it only checks
it once outside of the function definition. Here, we do a more fine-grained
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cost counting and assume all elimination forms to have a unit cost. Then, in-
tuitively one would expect that the execution cost difference between these
two programs is n.

If we resort to the non-relational execution cost analysis, using the switch
rule we have introduced in Example 1 from the paper, we can establish the
following type

- Ab.loop © Ab.loopOp S O0: U ((bool — Vn:IN.

exec(5-n+1,1)
_—

list[n] int unit), .)

by typing the two programs independently. Then, via subtyping U (A xeclic,

Az) C UA; cre ) U A,, we can establish a relative execution cost differ-
ence of 5-n for these two functions. However, this bound is not precise
enough: it is 5 times more than what we expected, because it completely
ignores the fact that b doesn’t change between the two programs.

Instead, we can obtain a more precise bound using relational analysis.
To achieve this, we make use of asynchronous rules that allows us to com-
pare programs with different structure. For instance, we can compare an
arbitrary expression e to an if statement as follows:

My e :bool TreoceSt':t Treoe St'iT

e-if
N-eo(ife’ thenejelsee;) St'—k—1:71

In this rule we relate e to the branches of the conditional and separately
establish lower and upper bounds on the execution cost of the guard of
the conditional. This rule allows us to compare loop to the inner recursive
function loop’ in loopOp. Similarly, using a symmetric variant of e-if rule,
we can compare the inner conditional branch of loop to the body of loop’
(shown in shaded boxes above). Note that, in the latter, we want to avoid
comparing the “else" branch () to let _ = f hin loop’ tl. This can be taken
care of by refining the boolean type with its value as follows: bool,[B]. *
Then, we can type these two programs with a more precise relative cost n

F Ab.loop & Ab.loopOp < 0: VB : {true, false}.

CPP(—1 C
bool[B] & VN list[n]° int, M unit,.

Although we do not consider indexed booleans in this paper, they can be easily simulated
by lists.
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The negative cost 1 comes from the fact that the optimized version incurs a
unit cost for the outer “if" statement and the expected cost n comes from
the fact that the conditional elimination incurs a unit cost for each recursive
call.

D.2.3 Additional examples

SELECTION SORT Consider the standard selection sort algorithm that
finds the smallest element in a list and then sorts the remaining list recur-
sively. In RelCost, we can show that ssort is a constant time algorithm, i.e.
its relative cost is 0.

We briefly explain its typing. The first ingredient is the function select
that takes an element x and a list of size n and returns the minimum among
x i 1 and the rest of the list.

fix select(x).Al.case 1 of
nil — (x,nil )
| h:tl — let (small, big) = if x < h then (x, h) else (h,x)
let (smaller, rest) = select small tlin
(smaller, cons(big, rest))

It can be given the following relational type:

CIP(0
F select © select <0: Uint # vn, oc:IN.

list(n]* U int % Jp=IN. (Uint x listin]P Uint)

The selection sort function ssort first finds the minimum element and the
rest of the list members and then returns the minimum element appended
to the rest of the sorted list.

fix ssort(l).case 1l of
nil — nil
| h:tl — let (smallest, rest) = select h tlin
cons(smallest, ssort rest)

Then, we can relationally show that ssort has zero relative cost with respect
to two lists that differ by o elements.

. CIP(0
F ssort&ssort < 0: unit, 4 vn, oc:IN.

list[n]* U int % JR:IN. list(n]P Uint.
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We briefly explain how we derived this type. We focus on the part where the
list has at least one element. From the type above, we know that select’s
relative cost is 0 and “cons”’ing is constant time. In addition, we assumed
that recursively, ssort incurs 0 cost. Hence we can conclude that relative
cost of ssort is 0.

D.2.4 Approximate sum

The next example is from the approximate computing domain in which
one often runs an approximate version of the program to save resources.
For instance, consider two implementations of a calculation that computes
the mean of a list of numbers. The first function computes the sum of a list
of numbers and divides the sum by the length of the list whereas the sec-
ond function (its approximate version) only computes the sum of the half
of the elements, divides this sum by the total length of the list and then
doubles the result afterwards. The first version could be operating over pre-
cise numbers whereas the second—approximate-version could be operating
over approximate numbers. How can we type these two implementations
in RelCost?

We first show the two helper functions sum and sumAppr that correspond
to precise and approximate summation over a list of numbers.

fix sum(acc).Al.case 1 of
nil — acc
| h:tl — case tl of
nil — h+ acc
|h' = tl" — sum (h+ h’+ acc) tl

fix sumAppr(acc).Al.case 1 of
nil — acc
| h:tl — case tl of
nil — h+ acc
|h':tl! — sum (h'+ acc) tl

Assume that addition and division operations are constant time and the
helper function length can be given the following type

iff(0
- length & length < 0: Vnu:IN. list(n]* Uint & int,
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Then, we can show that the two helper functions sum and sumAppr can be
given the following relational type with relative cost n.

iff(0 i
F sum & sumAppr < 0: Uint % vn:IN. listn]* Uint m Uint .

Intuitively, these two functions only differ by an addition operation for each
recursive call, therefore we obtain n difference cost in their execution time:
for each recursive call (which goes down in size by 2), a unit cost for the
addition and a unit cost for the primitive application.

Then we can type these two functions as follows:

sum O 1 sumAppr O 1
H S — 2 ————— ) <
(M length 1> © (M length 1 ) S0
N listr)® Wint 2702 Uint.

Since the approximate version performs an additional multiplication op-
eration, we use the symmetric version of the rule r-let-e and subtract two
unit costs: one for the cost of the multiplication and one for the cost of the
application of the primitive application.
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