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Abstract

A language-agnostic approach for type-based component-oriented software synthesis is devel-
oped from the fundamental principles of abstract algebra and Combinatory Logic. It relies on
an enumerative type inhabitation algorithm for Finite Combinatory Logic with Intersection
Types (FCL) and a universal algebraic construction to translate terms of Combinatory Logic
into any given target language. New insights are gained on the combination of semantic
domains of discourse with intersection types. Long standing gaps in the algorithmic under-
standing of the type inhabitation question of FCL are closed. A practical implementation
is developed and its applications by the author and other researchers are discussed. They
include, but are not limited to, vast improvements in the context of synthesis of software
product line members. An interactive theorem prover, Coq, is used to formalize and check all
the theoretical results. This makes them more reusable for other developments and enhances
confidence in their correctness.






Zusammenfassung

Es wird ein sprachunabhingiger Ansatz fiir die typbasierte und komponentenorientierte
Synthese von Software entwickelt. Hierzu werden grundlegende Erkenntnisse iiber abstrakte
Algebra und kombinatorische Logik verwendet. Der Ansatz beruht auf dem enumerativen Ty-
pinhabitationsproblem der endlichen kombinatorischen Logik mit Intersektionstypen, sowie
einer universellen algebraischen Konstruktion, um Ergebnisterme in jede beliebe Zielsprache
tibersetzen zu kdnnen. Es werden neue Einblicke gewonnen, wie verschiedene semantische
Domaénen des Diskurses iiber Softwareeigenschaften miteinander verbunden werden kdnnen.
Offene Fragestellungen im Zusammenhand mit der Algorithmik des Typinhabitationspro-
blems fiir Intersektionstypen werden beantwortet. Eine praktische Implementierung des
Ansatzes wird entwickelt und ihre bisherigen Anwendungen durch den Autor und andere Wis-
senschaftler werden diskutiert. Diese beinhalten starke Verbesserungen im Zusammenhang
mit der Synthese von Ausprdagungen von Software Produktlinien. Ein interaktiver Theorem-
beweiser wir genutzt, um alle Ergebnisse der Arbeit zu formalisieren und mechanisch zu
tiberpriifen. Dies tragt zum einen zur Wiederverwendbarkeit der theoretischen Ergebnisse in
anderen Kontexten bei, und erhéht zum andern das Vertrauen in ihre Korrektheit.
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Chapter 1

Introduction

In 1918’s Vienna, Ludwig Wittgenstein finished his most famous work, the "Logisch-philo-
sophische Abhandlung" that is also known as "Tractatus logico-philosophicus" [202], or
Tractatus for short. It was a reaction to the — in his opinion — confused state of Philosophy,
where many problems resulted from getting lost in the limitations of language. The ideas
presented in this text are motivated by summer heated discussions about detailed limitations
of object-oriented languages with Ugo de’Liguoro, Jakob Rehof, Andrej Dudenhefner, Boris
Diidder, and Moritz Martens at the Vienna Summer of Logic 2014 [119], and have been made
fully manifest with its publication 100 years after the Tractatus in 2019. A core motivation is
to address the —in the author’s opinion - confusing state of software synthesis, where many
problems result from getting lost in limitations of programming languages. Statement 6.002 of
the Tractatus postulates:

"Ist die allgemeine Form gegeben, wie ein Satz gebaut ist, so ist damit auch schon
die allgemeine Form davon gegeben, wie aus einem Satz durch eine Operation
ein anderer erzeugt werden kann."

Translated to English, this means all sentences are constructed by applying operations to other
sentences. This idea is not only fundamental to the philosophy of language, but also to abstract
algebra and the theory of Combinatory Logic. The latter was discovered by Moses Schonfinkel,
who was the first to successfully modularize the rules of logic in his groundbreaking work
"Uber die Bausteine der mathematischen Logik" in 1924 [174]. Abstract algebra [71] is the
mathematical way of assigning meaning to sentences by interpreting them in other languages.
The main contribution of this text, which is humble in light of the aforementioned precursors,
is to recognize the connection of software synthesis with abstract algebra and Combinatory
Logic. This provides a synthesis framework based on types and algebraic sorts, which is
agnostic to the details and limitations of individual programming languages. Further reasons,
contributions, prior publications, and the overall organization of the text are outlined in the
rest of this introduction.



Chapter 1. Introduction

1.1 Related Work on Software Synthesis and the Need for Language
Agnosticism

The most general definition of software synthesis is the process of translating an abstract
program specification to an executable program. This definition is broad enough to have
spawned multiple regular conferences, workshops, and conference tracks including ASE [88],
LOPSTR [124], SYNTH [182], IWLS [34], a special track at POPL [6], and many more. Gulwani
et al. [90] provide one of the most recent overview articles on the subject. The article is in part
based on a broad range of input, collected at a Dagstuhl Seminar organized by its authors
[31]. In their categorization, the approach described here is a mixture of enumerative search
and constraint solving. To better understand the field and its challenges, a short historical
overview focused on the more immediate influences on this text will be provided next.

Thomas [185] describes a 1957 talk given by Church as the first formal treatment of the
problem. Church posed the question, if functions operating on bit strings can be synthesized,
such that inputs and outputs satisfy a given logic formula. While undecidable for arbitrary
logics, the problem was later solved for monadic second order logic [36]. As it is the case for
many contributions by Church, the synthesis problem quickly gave rise to a vast amount of
research. By the late 1970s Manna and Waldinger [130] already acknowledge that the literature
on the subject is too vast to summarize in a single paper. Almost 40 years of continuous
research later, it is too vast to be even comprehended by a single person. Therefore, a few
landmark approaches and general directions will be discussed here, without any claim for
completeness. One of them was by said authors, who were among the first to treat program
synthesis as a theorem proving problem [131]. This idea is influential until today and also
a core component of the approach taken in this text, which uses an algorithm for theorem
proving in Combinatory Logic as its basis. A shortcoming of their specific implementation
of this idea becomes evident in their later exemplification of synthesizing an unification
algorithm [132] and Traugott’s subsequent work on synthesizing sort functions [190]: the
logic statements used for specification of the synthesis goal are similar to Hoare-Logic [102]
and therefore hinder abstract component-oriented modeling, which is crucial for any large
scale application. A Dagstuhl workshop organized by Rehof and Vardi [166] later identified
component orientation as one of the main challenges in the field. The problem of choosing
an adequate specification language was also addressed by Pnueli and Rosner [158], who
focused on temporal specification aspects rather than mere descriptions of static input/output
relations. This has since spawned a sub-field known as reactive synthesis, which has its own
standardized competitions [110] and is a driving factor for practical advances in temporal
logic, as well as game and automaton theory. This work adopts the taxonomic classification
and idealization of complex system properties by semantic types from the area of reactive
synthesis. It was first applied to linear temporal logic based synthesis by Steffen et al. [181].

The initial definition is also compatible with any form of executable algebraic specification.
Ehrig and Mabhr [71] describe the origins of algebraic specification as a reaction to the software
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specification (or lack thereof) crisis in the 1970s. Going back to Wittgenstein’s idea of compos-
ing all sentences out of operations on sentences, algebraic software specifications describe
software by imposing rules on the application of operations. These rules are standardized in
form of signatures. In contrast to Hoare-Logic, which constraints memory states before and
after running imperative programs, signatures constrain the meaning of operations by their
input and output sorts (types), and add additional relations, which are most often equations.
This avoids the need to find agreeing memory models and memory location names. It thereby
improves compositionality. It is also more flexible in the range of possible specifications,
because it is not tied to the imperative programming model. Examples will be illustrated in
this text, where algebraic specifications are used to synthesize automata, applicative terms
in Combinatory Logic, and even music. Here, a combination of many-sorted signatures [70],
subsorting [83], and signature indexing, which is a generalization of parameterization [148], is
used. There are notable and practically successful approaches to synthesize programs solely
from algebraic specifications. These include the suite of software developed by the Kestrel
institute [87] and its SpecWare component [178], the Maude System [127], the Alloy specifi-
cation language [108] and in a broader sense also the Expander theorem prover [149]. The
approaches have in common, that they are interested in producing one model to satisfy the
specification or a counter model to show contradictions in the specification. To this end, the
specification has to be very precise and needs to exist in the respective formalism. In contrast,
the approach taken in this text assumes that most software components exist without precise
specifications. Here, synthesis is meant to be a tool of automation which reduces the cost
of creating software. Formal specifications require expert users and time, which outweighs
the cost benefits of synthesis in many projects. This is especially the case, if large software
system parts would have to be re-implemented in another language and formal correctness
guarantees are not a core project requirement. The idea is instead to work with possibly under
specified systems with exchangeable target languages and multiple possible models. Similar
to oracles in complexity theory [152], it should be easier to test and select a solution than to
correctly construct it.

The need for language agnosticism does not just arise from the lack of experts on one lan-
guage and the increasing complexities faced when trying to make it generic enough to solve
all problems of one given software project (getting lost in the limitations of the language).
Recent empirical evidence shows that even within single software projects multiple languages
are present [188; 133; 134]. When synthesis is understood as the automation of composing
preexisting software artifacts, it is thereby unrealistic to assume they all exist in one language
— much more so if the language has been created to cater the needs and limitations of the
given synthesis approach instead of the problem at hand. In the realm of automated software
composition, the importance of language agnosticism is not widely acknowledged yet. The
FeatureHouse framework by Apel et al. [5] is a notable exception, but it only automates com-
position after artifacts have been manually selected and brought in order, while synthesis
would be responsible for the former task. It remains to discuss some more recent synthesis
approaches in light of the language-agnostic requirement.
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Haack et al. [92] enumerate instantiates of ML-Functors, which are parameterized signatures.
This idea is very similar to the proposal in this text, but their algorithms are not formally
specified and the authors conjecture that they are incomplete. Their implementation is
limited to the ML programming language.

Feng et al. [74] generate calls to abstract programming interfaces (APIs) by translation to
Petri Nets in which places are types and transitions are API calls. Synthesis is then reduced
to solving a place reachability problem. This is language independent in principle, but the
complications of Petri Nets really only make sense for imperative languages, where variable
sharing is exposed to the synthesis algorithm. For other scenarios the authors discuss a
simpler hyper-graph based representation, but fail to address why the standard technique
of hash-consing [75] is insufficient to create variable sharing. They also allude to a possible
hyper-multigraph extension. This extension turns out to be equal [18] to the Tree Grammars,
which are generated in the approach developed here. While the authors of [74] conjecture
that enumeration of these hyper-multigraphs might be difficult, and their construction is
easy, the opposite is the case: the most complex part of the algorithm is creating the Tree
Grammars. This misprediction is due to the fact that [74] uses a much weaker type system,
which only supports nominal subtyping instead of intersection types with support for nominal
and structural subtyping. Without richer type specifications, their approach has to rely on
user supplied tests. Many of these can be avoided by the semantic type concept used and
discussed here.

A number of more direct type based synthesis approaches exist. These answer the type inhabi-
tation question, that is: relative to a fixed type system, given a context of type assumptions
I' and a target type 7 does there exists a term M, with type 7, i.e. I' - M : 72 For the simply
typed Lambda Calculus, Statman [179] has shown that this problem is PSPACE-complete.
The first algorithm for actually finding inhabitants instead of just proving their existence is
attributed to Ben-Yelles [12; 99]. Given the Curry-Howard isomorphism between proofs and
types [176], the observation that type inhabitation can be used to construct programs is in line
with the earlier results by Manna and Waldinger [131]. Multiple variations of the algorithm
by Ben-Yelles [12] exist with slightly different goals, e.g. finding principal (think "best fitting
for its type") inhabitants [35; 63], or proofs for equivalent Sequent Calculi [69]. The latter was
among the first put into practice with the Haskell tool Djinn [7; 135]. Later, Gvero et al. [91]
implemented InSynth, a similar tool for Scala, which is based on a stratified version of simply
typed Lambda Calculus to avoid redundant results. One of the authors, Piskac [157], proposes
and proves an extension to Hindley-Milner polymorphism [139], but the claim to complete-
ness is not clear, since a later study on the undecidability of this problem by Benke et al. [13]
exists. Both [13] and work on type inhabitation with Combinatory Logic, intersection types,
and type schematism [57] suggest finite restrictions on the space of possible substitutions
in order to obtain algorithms instead of semi-algorithms. This approach is also taken here.
Osera [147] does the same, where additionally synchronization, a form of Sequent Calculus
[176], and refinement by examples are combined to generate lambda expressions. The core
system without polymorphism is also described in [146]. It was later enhanced to represent
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refinements with intersection types [78]. The key idea is to encode multiple user-provided
input/output examples into types, which is possible since intersection types can represent
arbitrary finite function tables [163]. It thereby bridges a long standing gap to the field of
example-directed synthesis. Example-directed synthesis has applications especially when
used by experts in some other domain than computer science. Leading work in this area has
been done by Gulwani, and is even integrated into wide-spread commercially used tools such
as Excel, with [73; 151] as a latest prominent accounts of development in this area. There
also exist example-based techniques relying on Tree-Automata, the machine equivalent of
the Tree Grammars used here, with an application to code-completion [200]. Comparing
[78] to other recent work on type directed synthesis with refinement types by Polikarpova
et al. [160], examples put less burden on the user, by not requiring formal specifications. In
contrast, traditional refinement types are very much in spirit of the initial work by Manna
and Waldinger [131]. Demanding more help from the user, these specifications can provide
additional guidance to the synthesis algorithm improving its performance, and adding safety
as well as resource consumption guarantees to the generated programs [159; 116]. Lambda
Calculus with intersection types yields undecidable type inhabitation [193] and typability
problems [82]. However, a recent development by Dudenhefner and Rehof has characterized
a large fragment of the type system, with decidable typability [64], inhabitation [65], and
useful notions of principality [66]. This might, in future, close the gap in expressiveness be-
tween refinement with intersection type based examples used by Frankle et al. [78] and the
program logic oriented refinement types used by Polikarpova et al. [160]. Here, a different
approach will be taken. As explained earlier in reference to [181], instead of examples or full
logical specifications, intersection types are used to encode semantic concepts ordered by a
taxonomy. Formal specifications remain optional and can be added per use-case, exploiting
the vast existing knowledge [71] on how to do this with algebraic specifications. Type-based
approaches are also used in the field of automation of interactive theorem-provers. Here, they
are known as Hammers and a dedicated workshop exists for their study [113]. Prominent
examples of Hammers are Sledegehammer for Isabelle/HOL [32], HOLyHammer for HOL Light
[112], and CogHammer for Coq [44]. Theorem provers are usually complex target languages
with undecidable inhabitation problems and almost no further generalization across theorem
provers is possible. Hence, Hammers are custom designed tightly integrated tools with little
common ground, except that they usually try to encode fragments of their target languages
into a logic solvable by automated theorem provers. In principle, the approach presented here
can be used for the specific purpose of synthesizing algebraically generated expressions in
Coq, because it is implemented and formalized in an executable fragment of Coq without any
axioms. Results from this may however be limited, because the execution of code in Coq is
very slow. At the time of writing, some preliminary effort has been undertaken to build the
infrastructure necessary to use the findings of this text for AST-fragment based synthesis of
Coq code [205] within a faster Scala implementation.

While this text tries to overcome the language specific limitations of type based synthesis, other
language-agnostic synthesis methods exist. Syntax-guided synthesis (SyGus) [2] is an umbrella



Chapter 1. Introduction

term for a joint effort to synthesize programs from their syntactic structure. Many approaches
to SyGus are implemented using Satisfyability Modulo Theory (SMT) solvers or variants thereof
[167]. Just relying on the grammar of the synthesis target language results in a vast search
space (all possible programs) and additional invariants, again in the form of language-specific
equations, have to be taken into account to make it useful. Logics resulting from this are of
very high complexity (mostly PSPACE-hard or above). The aforementioned Vienna Summer of
Logic [119] spawned a dedicated set of competitions for SyGus implementations [3]. Recent
work by Reynolds et al. [168] reconciles SyGus with many-sorted algebraic signatures and
integrates counter-examples to speed up the search process. Signatures used in [168] neither
support parametric nor subtype polymorphism, which makes them strictly weaker than
the approach discussed here. A problem with SyGus is that program syntax is usually not
component-oriented. Inala et al. [105] try to overcome this for a specific domain, abstract data
type transformation, with a template based approach. They tie their approach to a specific
template language. Other than not being language-agnostic, this is very much in the spirit of
using combinators and abstract algebra, where the result of combinator/operation application
can be any complex syntax tree manipulation, including template instantiation.

Finally, there are some synthesis approaches, the spirit of which can be described as using
meta techniques. Some of these are discussed next.

Based on insights into the monadic nature of backtracking by Kiselyov et al. [115], the miniKaren
language by Byrd and Friedman [37] tries to solve the most general synthesis problem possible,

by enumerating terms relative to an arbitrary given relation. There are a homepage [39],

book [79], and a dedicated workshop [38], which illustrates the traction of synthesis toward

more fundamental solutions. The miniKaren language is a spiritual successor to the logic

programming language Prolog [106], and could as such have serverd as an implementation

vehicle for the approach discussed here. In fact, early prototype versions have been based

on Prolog [56], but it quickly became apparent, that a more targeted programming effort was

needed to improve performance, maintainability, and usability.

The application of machine learning to synthesis tasks has also gained some prominence
[120; 72; 89; 175]. Work by Liang et al. [126] uses Combinatory Logic to generate programs.
However, they restrict combinators to a fixed base, which severely limits practicality. One of
the main challenges in that area are code-base updates without expensive retraining. Parisotto
et al. [153] try to achieve this with a domain specific language, but then have to resort to
extensive input/output examples to convey synthesis targets. The problem can be traced to
the topic of the Dagstuhl seminar [166] on component oriented synthesis: machine learning
approaches usually do not compose, when new or updated program components become
available.
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1.2 Combinatory Logic Synthesis, Contributions, and Organization

First described by Schénfinkel [174], Combinatory Logic is a formal component-oriented
approach to logic and programming languages, which predates Turing Machines and Lambda
Calculus [191]. An excellent historical account of its almost 100 years of development is given
by Cardone and Hindley [40]. Here, two fundamental extensions to what is usually known as
Combinatory Logic with simple types [176; 100] are used. The first extension are Barendregt-
Coppo-Dezani (BCD) intersection types. Originally, intersection types have been added to
Lambda Calculus [8] to obtain a system characterizing exactly the set of normalizing lambda
terms [82]. They later have been used to type Combinatory Logic [49]. The second extension
generalizes the combinator base form the two Turing-complete standard combinators S and
K to an arbitrary set of combinators, which are given as input. This results in Hilbert-Style
systems of logic relative to the combinators as axioms [176]. The resulting system of Finite
Combinatory Logic with Intersection Types (FCL) has been studied by Rehof and Urzyczyn
[165]. It provides inherent modularity with combinators, an expressive polymorphic type
language with intersection types, and it is well-suited for type based synthesis, because type in-
habitation is decidable. The system can be extended with bounded schematic polymorphism
[57] and the (CL)S Framework is developed around it [56; 55; 20].

This text describes the author’s contributions to the understanding of Combinatory Logic
Synthesis and their practical application in form of the (CL)S Framework. In short they can be
outlined as follows:

1. Arigorous mechanized formalization of the theory of Combinatory Logic Synthesis is
provided in Chapter 2. The formalization [15] is purely constructive and valid in the
Calculus of inductive Constructions [186] without additional axioms. It is mechanically
checked by the Coq proof assistant [184] and formally verified algorithms can be ex-
tracted to Haskell and OCaml. To the best knowledge of the author, this makes (CL)S
the only approach to synthesis with a sound and complete fully theorem prover verified
theory.

1.1. An extension of intersection types with constructors and products is presented in
Section 2.2 and its effects on the BCD subtype relation are studied in Section 2.3.

1.2. The currently best known verified algorithm for deciding the BCD type relation is
developed in Section 2.3.

1.3. The first mechanized proof for decidability of type-checking in FCL is given in
Section 2.4.

1.4. A proper theory of combining domains of discourse with semantic types is devel-
oped in Section 2.4.

1.5. The first fully formalized algorithm for answering the enumerative type inhabita-
tion problem of FCL is developed in Section 2.5.
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1.6.

1.7.

1.8.

1.9.

The question of Rehof and Urzyczyn [165] about the possibility to use Tree Au-
tomata for FCL including subtyping without double exponential blow-up is posi-
tively answered in Section 2.5.

Indexed many-sorted algebraic signature families with subsorting are defined in
Section 2.6.1 and their general sort emptiness problem is proven to be undecidable
in Section 2.6.2.

All finite restrictions of the sort emptiness problem of indexed many-sorted alge-
braic signature families with subsorting are proven to be decidable via reduction
to the enumerative type inhabitation algorithm for FCL in Section 2.6.3.

An algebra independent, sound, complete, and unique translation of synthesized
applicative terms of Combinatory Logic to any target language is constructed in
Section 2.6.3.

2. Apractical Scala implementation of the resulting synthesis framework is developed in
Chapter 3.

2.1.

2.2.

2.3.

Scala is extended to allow the seamless specification of combinators in Section 3.1
and Section 3.2.

Support mechanisms to integrate metaprogramming into the synthesis framework
are developed in Section 3.3.

Software tests for the resulting framework are developed in Section 3.4.

3. The impact of the framework on other people’s work is evaluated in Chapter 4. This
includes a novel technique for the model driven development of Software Productlines.

4. A critical discussion of current limitations and salient points of future work is provided

in Chapter 5.

The rest of this chapter describes the relation of the author’s prior academic publications to

this text.
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1.3 Publications

First ideas of this text were presented in [20], where the author outlines his ideas for extensions
of an older F# based implementation of (CL)S in sections 4.2 and 5 of that text. The application
is synthesis of configurations for dependency injection frameworks, which is also investigated
in the master’s thesis of the author [14]. Ideas for language independent metaprogramming are
sketched out in [20], but still focus on Staged Composition Synthesis with modal intersection
types [59]. Modal intersection types were later dropped from the framework. Work with
Heineman et al. [96] showed that metaprogramming is a useful component of synthesis.
However, the binding analysis to ensure all template components are closed (a requirement
to use modal box types) turned out to be infeasible and impractical. Strictly speaking, none
of the published examples in [20; 96] meet this requirement, because all target language
code uses libraries and thereby has unbound names. A target language specific analysis of
compositional safety properties with the meta language would have been necessary to ensure
that modal-types give the guarantees they are used for. Additionally, the target language
needs a compatible type system and compiler with programmatically accessible binding
analysis features to check if box-types are used used correctly. In practice, even the availability
of usable parsers and syntax trees is a problem for most target languages [5]. All attempts
quickly turned out to be an instance of "getting lost in the details of language", which this
text motivates to avoid. In an older formalization [17] of the work presented here, the Modal
Calculus used by Davies and Pfenning [47] is shown to be representable by the new algebraic
approach. Subsequently, the main framework developers including the author made the joint
decision to drop support for modal types. Another less formal observation resulted from
many discussions with other researchers and feedback from rejected papers. It turned out
that explaining the concept of modal types raised the mental burden of conveying the ideas of
the framework.

In a separate line of work, applications of Combinatory Logic Synthesis to the generation
of object-oriented code are investigated [19; 22; 25]. Specifically, mixin application chains
are synthesized, where a Mixin is a function mapping classes to classes. A Lambda Calculus
with records and intersection types is developed to represent objects, classes, and mixins.
Results regarding synthesis are positive. However, the specification mechanism is difficult
to get right and very fine-tuned, favoring the needs of synthesis and type-theory rather than
being easy to understand. These insights add to the motivation to have a simpler, language
independent approach. The usefulness of records motivated adding distributing covariant
type constructors to the framework.

Applications to product lines have been studied. In [23] a product line of robot control
programs is synthesized. Schifer [170] subsequently improved the results. They no longer
require modal types, work with new versions of (CL)S, and are generalized to support multiple
implementation strategies, including arrows. In [21] valid configurations of feature diagrams
are synthesized and then translated to product line code.



Chapter 1. Introduction

Feature diagrams and their encoding into Combinatory Logic are formalized in Coq. Success
with this formalization motivated the other applications of theorem proving in this text. A
first Coq verified algorithm to decide the BCD subtype relation is analyzed in [23]. It is based
on the idea of prime ideals, which is also discussed in Section 2.3. The algorithm has been
improved since then, leading to the form presented in [28]. Section 2.2 and Section 2.3 are
largely based on the latter publication.

A snapshot of the framework at that point in time was presented at PEPM 2018 [26]. The
formalization has since then been improved to use indexed signature families instead of
open and closed sorts. While even more expressive, it simplifies encodings of sorts, and
provides completeness and uniqueness instead of completeness and uniqueness up to choice
of substitutions. Internally, the formalization has also been completely rewritten to allow a
clearer presentation and code that can be extracted from Coq to Haskell and OCaml.

The latest addition to the (CL)S framework is a debugger, jointly developed with Anna Vasileva
and discussed in detail in [18].

10



Chapter 2

Theory

This chapter describes the theory of a language-agnostic synthesis framework. All proofs are
formalized in Coq and available online [15]. Proofs in the text try to give a high-level intuition
about the necessary low-level steps. Table A.1 maps all statements to the formalization,
allowing to trace every step in every proof. The chapter is organized to first give some details
on the formalization in Section 2.1. This is followed by the basic definitions required for
intersection types in Section 2.2. Then, in Section 2.3, the Barendregt-Coppo-Dezani [8]
subtype relation and a decision procedure for it are studied in depth. Finite Combinatory
Logic with Intersection Types (FCL) is defined and studied in Section 2.4. An enumerative
type inhabitation algorithm for FCL is developed in Section 2.5. A new result presented in
Section 2.6 links this algorithm to language-agnostic synthesis.

11



Chapter 2. Theory

2.1 Formal Verification Setup

All algorithms in this text are specified using a number of standard functions and data-
structures that are available in almost all functional programming languages and have well-
studied algorithmic [162; 145] and category theoretic [136] properties. They are implemented
in the Mathematical Components library [129] for Coq, which was used in version 1.8.0 to-
gether with Coq version 8.8.2. This library also includes hundreds of proven lemmas about
these structures, which are silently assumed in this text, but explicitly mentioned in the ac-
companying machine checked formalization. The text requires basic knowledge of standard
notions from Set and Category theory. Readers unfamiliar with them may find a precise mod-
ern introduction in [52]. The relationship between sets and types in Coq is clarified in [10].
Here, the intuitive understanding is used in which types act as sets. The impredicative sort
(type variables can be instantiated by expressions of the same sort) Prop in Coq represents
predicates. In the machine-checked formalization, no Axioms are added to the type theory of
Coq, which is explained in [186]. This means all proofs can be done in an intuitionistic (no
excluded middle), purely constructive (no axiom of choice), proof relevant (two proofs of the
same proposition are not necessarily the same), and intensional (functions mapping the same
inputs to the same outputs are not necessarily the same) way. The presentation in the text
avoids some of the detours imposed by this weaker logic and mentions differences when they
become relevant. In practice, the purist approach to logic pays off by allowing extraction to
Haskell and OCaml. Ramifications from not being able to use the principle of the excluded
middle (P or not P is always true) are mild, because the Small Scale Reflection extensions
for Coq [85] can be used to perform a double negation translation [193] of any intuitionistic
predicate P with little syntactic overhead whenever a decision procedure for P is available.
Proof irrelevance can also be restored whenever P is decidable by any function Pgec: types
with decidable equality can be truncated (all their equality proofs are equal) [94] and thus P
can be replaced by Pgec = true. The technique of handcrafted small inversions by Monin and
Shi [141] justifies performing case-analysis on the complex dependently typed operational
semantics step relations used in this text, even without (equality-)proof irrelevance or the
equivalent Axiom K, which is otherwise required for dependent pattern matching [41].

The rest of this section will introduce some standard [129; 52; 150; 136; 53; 162; 145] structures
and notations used throughout this text.

Definition 1 (Basic Structures)
* The category Set has sets as objects, functions as morphisms. For any set A, the identity

morphism is the identity functionid4 : A — A with id4(x) = x. Composition is function
composition (f o g)(x) = f(g(x)).

* The singleton unit set is given by 1= {()}.

* The set of booleans is given by B = {true, false}.

12



2.1. Formal Verification Setup

e The set of natural numbers is given by N ={0,1,2,3,...}.

* An I-indexed family of objects/morphisms A of some category € is a map from I into
%€,i.e. foranyie I, A; is a object/morphism.

— Families of sets are used to define indexed data types. A simple example is family
LT ={k e N| k < n},en, Which has LTy, the set of natural numbers less than 10, as
its member.

— Families of morphisms model generic functions, e.g. up : (LT, — LT};,+1) nen can be
defined by up,, (k) = k+ 1.

— The category of I-indexed families over Set is denoted by Set!. It has I-indexed fam-
ilies of sets as objects and I-indexed families of functions as morphisms. The iden-
tity morphism is the family of identity functionsid 4 : (A; — A;) ey withida(i, x) = x.
Composition is function composition at a given index, (f o g)s = fso gs.

* Products [],c;A; over some set I are objects equipped with unique projections
m:([ljer Aj — Adier
— Tuples with n € N elements over some family of sets A are written
[Mke2,...m An =T13_y An = A1 x Az x -+ x Ay,

- The special case of n = 2 is the Cartesian product A; x Ay and projections are
abbreviated in suffix notation m, (x, y) = (x, ¥).1 = x and 72 (x, y) = (x, y).2 = y.
- Function families f : (A; — Bj)ie; are isomorphic to f' : [[;e; A; — B; with

fi =m;(f). Notations are sometimes mixed to avoid clutter in repeated indexes.

e Sums @;;A; over some set I are objects equipped with unique injections
inj: (Ai = @jer Ajier-

- Sums @;¢; A; in Set are given by inj; (x) = (i, x) and encode tuples where the second
component depends on the first.
— The notation X;<;A; is more common in literature, but avoided to resolve a name

clash with signatures, which also use capital letter X.

* Lists A* over any set A are given by the grammar:

A" 3 Az=12]| [ x&A]
where x € A.
- Singleton lists are abbreviated using [:: x&[::]] = [::x].

— Element xisin [:: y&A] iff x = y or xisin A.
- The subsequence relation =< A* x A* is the least relation closed under the rules

A EA, A1EAp
leA Aq E [ x&A2] 2 x&A ] E [:: x&Ag]

13



Chapter 2. Theory

— Relation suffix € A* x A* is the least relation closed under the rules

suffix(Aq, Ap) -
suffix(Aq, [:: x&As]) suffix(A, A)

e Lambda functions Ax. My behave like normal functions f(x) = My, but do not require
an explicit name. m

Lists come with multiple pre-defined functions.

Definition 2 (Functions on Lists) If A and B are sets, and A,A;,A, € A*, Ae B*,z€ A, s€ B,
neN, f:A—- B, p:A—B and g: A — Djeco,3{(i,X) | X =Bori =0and X = 1T}; then
function

A for A =[:x&A'] )
¢ behead(A) = removes the first element of a list.
[::] otherwise

(1,x) forA=[:x&A'] o
¢ ohead(A) = returns the first element of a list (if it exists).
(0,0) otherwise
foldl(f, f(s,x),A’) for A =[:: x&A’
e foldl(f,s,A) = (/750,49 [ ] folds a list to the left.
s otherwise
foldr(f,s,A)) for A=[:x&A’
e foldr(f,s,A) = fx foldr(f,s,4)) - for Lz x : folds a list to the right.
S otherwise
[: f(x)&map(f,A)] for A=[:x&A']
. map(f,A) = f p(f

otherwise
applies function f to all the elements in the list.

[:: x&filter(p,A")] for A =[:: x&A'] and p(x) = true
* filter(p,A) = { filter(p,A") for A = [:: x&A'] and p(x) = false

[::] otherwise
removes all elements x of a list where test p(x) fails

pmap(g,A’) for A = [:: x&A'] and g(x) = (0,0)
* pmap(g,A) =1 [:: y&pmap(p,A")] for A; = [:: x&A'] and g(x) = (1,¥)

[:] otherwise
collects all successful applications of g on elements of a list.

[ X&A| +Ap]  for Ap = [ x&A] )
e A HAy = concatenates two lists

AV otherwise

14
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] 1+1size(A”) for A = [:: x&A'] )
Isize(A) = computes the length of a list.
otherwise
[:: x&rcons(A’, z)] for A = [:: x&A']
rcons(A, z) =

[::2] otherwise
adds an element to the end of a list.

X for A =[::x]
last(z,A) = { last(z, [:: y&A']) for A = [:: x&[:: y&A']]

z otherwise
returns the last element of a list or its first argument if the list is empty.

rev(A) = catrev(A, [::])

catrev(A', [:: x&A,])  for A = [1: x&A]
where catrev(A, Ay) =
Ay otherwise

reverses a list.

o [:: (x, y)&zip(A/,A)]  for A = [:: x&A'] and A = [:: y&A']

Zip(A,A) =
otherwise

combines two lists.

X forn=0and A = [:: x&A']
nth(z,A,n) =< nth(z,A’,n’) forn=n'+1and A = [:: x&A']

z otherwise
returns the n-th element of a list or the default element z if the list is too short.

take(n,A) =
otherwise

extracts up to n elements from the start of a list.

{ [:: x&take(n’,A")] forn=n'+1and A = [:: x&A']

map(AA".[:: x&A"],subseqs(A")) + A’ for A = [:: x&A']

[:[z:]] otherwise
computes all subsequences A’ = A of a list A.

subseqs(A) = {

[:: z&nseq(n',z)] forn=n'+1 ) .
nseq(n,z) = returns a list of n repetitions of z.
: otherwise
enum(A) = [ 1 &[: xo&... [11x,]...]]
enumerates set A as a list if A is the finite set [:: x; &[:: x2&...[:x,]...]]

undup(A’) for A =[:: x&A'] and x isin A’
undup(A) = { [:: x&undup(A”)] for A = [:: x&A'] and not x is in A/
[:] otherwise
removes all duplicates in a list. o
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Chapter 2. Theory

2.2 Intersection Types with Products and Type Constructors

Prior to any formalization, syntactic conventions for intersection types have to be established.

Definition 3 (Intersection Types with Products and Type Constructors) Intersection types
are formed over the following syntax:

T3AB:=w|c(A)|(AxB)|(A—B)|(AnB)

where c € Cis a constructor drawn from a countable set C, which will be chosen per use-case.

Throughout this text, capital Latin letters A, B,C,... are used to denote intersection types,
while small Latin letter denote constructors. Lists of types are denoted by A with some index
or apostrophe for disambiguation. Products %, arrows — and intersections N are to be read
just like their set-theoretic counterparts x, — and Nn. Parentheses and unnecessary syntax are
reduced using the following conventions:

Intersections bind stronger than products, which bind stronger than arrows:

ANB*xC—DxEnNF=(((AnB)*C)— (Dx (ENF)))

Intersections and arrows associate to the right:

ANBNC—-D—E=((An(BnC)—(D—E)

Products associate to the left:

AxB*xC=((A*B)*x()

¢ Constructors with w-arguments are abbreviated:

¢ =c(w)

Equality A = B is strict syntactic equality following the conventions above. o

The syntax presented in Definition 3 is identical to the syntax in [28]. Type constructors are
formally studied in their most generic form with arbitrary arities in [125]. Here, the system
is made more uniform by restricting them to the universal type of anything w, constructor
symbols applied to one argument, arrows, intersections and a single binary product construc-
tor. This restriction retains the possibility to express interesting types. Notation conventions
highlight that type constants, e.g. int or String, can be represented by having a single w
argument: int = int(w) and String = String(w). Parameterized types such as List(String)
are directly supported. Products can encode multiple parameters, e.g. Graph(N % E) for a
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2.2. Intersection Types with Products and Type Constructors

graph with nodes of some type N and edges of some type E. Unlike other presentations
[8; 194; 57] there are no type variables. Usually, type variables either model an arbitrary fixed
set of type constants or they are used for schematic polymorphism. The former use-case is
handled by constructor symbols as explained above and no point in the formalization requires
the latter use-case.

The following functions allow some basic analysis and manipulation of the structure of types.

Definition 4 (Functions to analyze and manipulate types) Lists of types can be converted
to an intersection associated to the right:

w for A = [:2]
intersect(A) =< A for A = [:: A]
Aj nintersect[:: A>&A']  for A = [:: A1 &[:: Ap&A]

For any list A (not necessarily of types), the shorthand

(] M = intersect(map(1A;.M,A))
A;eA

is used to compute its intersection and (if necessary) convert its contents using expression M.
The arity of a type is the type of the arguments of its outermost type constructor:

1 forA=w
arity(A) =< T for A=c(B)

TxT otherwise

Types can be measured counting the elements in their syntax tree, the maximal length of an
arrow they include, or the maximal depth of their syntax tree (ignoring intersections):

1 forA=w
size(A) =< 1 +size(B) for A= c(B)
1 +size(B) +size(C) for A=BnCorA=B—CorA=BxC

1 +length(C) forA=B—-C
length(A) = { max{depth(B),depth(C)} for A=BnC

1 otherwise

1 forA=w

1+ depth(B) for A= c(B)

depth(A) =
1 + max{depth(B),depth(C)} for A=B—CorA=BxC

max{depth(B),depth(C)} forA=BnC
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Chapter 2. Theory

2.3 Subtyping

The intuition of the intersection type operator n is revealed when types are preordered by
the relation < introduced by Barendregt, Coppo, and Dezani-Ciancaglini [8]. In "A < B" type
Ais a subtype of B, meaning that its values can take the shape of values of type B and used
whenever values of type B are expected. This is also referred to as subtype polymorphism.
Relation < is called BCD Subtyping, abbreviating last name initials in honor of its inventors.
Many programming languages are equipped with some similar notion. See [9] for a discussion
of how BCD subtyping can provide a basis for the formalization of other subtype relations.
Also Section 2.6 will come back to this point.

Definition 5 (BCD Subtyping) The subtype relation A < B is the least relation closed under

the rules:

c<cd A<B
cW=dB) M o@rncB=cann P

(w) (— w)

A<w W=wW—w

Bi<A Ar» < By \
A —A<B—B O ASB)nA=B)=A—B B LV

A <B; Ar < By
Al x A <B;xBy

(PRODSUB)

(A1 *A2)N (B *B2) <A NB * AN B, (PRODDIST)

A<B; A<By

A<B|NB, (GLB) BiNB,<B; (LUBY) BN B, <B, (LUB;)
A<B B<C
1=<C (TRANS) 1< A (REFL)

where <¢ is an arbitrary fixed preorder chosen together with the constructor symbols C. ¢

Rules (CAX), (CDisT), (PRODSUB), and (PRODDIST) are extensions to the original relation [8]
and account for the extended set of intersection types used in this text. The extensions are
again a restriction of those studied in [125]. Rule (w) positions type w as the universal type
of any value. This is analogous to the type Object in Java or C#. Rule (— w) accounts for the
lack of information on functions where the only known property is that they compute o, i.e.
anything. Combined with rule (w) this information is equally (un-)specific as the information
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2.3. Subtyping

that such a function could be anything. Rule (SuB) expresses the subtype polymorphism
property for functions. A function of type A; — A, is usable in place of a function of type
B; — B, if it operates on less specific inputs (B; < A;, contravariance) and produces more
specific outputs (A, < B, covariance). Note how rule (PRODSUB) is the same for products
with the crucial difference that components A; and B; are also covariant (A; < Bj) in its
first premise. Similarly, unary constructors are ordered by (CAX). Here, the first premise is
replaced by a customizable relation <¢< C x C that can be chosen with the set of constructor
symbols C. This extension mechanism provides the basis for embedding signature subsorting
in Section 2.6. Rules (GLB), (LUB;), and (LUB,) turn the intersection operator N into the
meet of a semi-lattice [86]. If values of type A can be used for B; and B, they can be used
whenever the intersection B; N B, is expected. Vice versa, values of the intersection of types
B; and B; can be used as values of both of these types. These rules are compatible with
interpreting types as sets of values with < as subset inclusion < and N as the intersection of sets.
Rules (Di1sT), (CDisT), and (PRODDIST) allow distribution of intersections over covariantly
related type components. Distribution over the contravariant left component of arrows
(A1 — B1)Nn (A2 — By) < A; n Ay, — By N By is derivable from the other rules and does not need
to be explicitly included. Finally (TRANS) and (REFL) close < under transitivity and reflexivity,
turning it into a preorder. Equivalent formulations of the rules above are discussed in [194].

The decision problem for the BCD Subtype relation is the following: given two types A and B,
are they related by A < B? At first glance, most rules of the subtype relation seem to indicate
that a decision procedure can simply try to construct a proof tree by reading the rules from
conclusion to premise. However, this approach breaks down because of type B in rule (TRANS),
which is not present in the conclusion and would thus have to be guessed. Rules with variables
in their premises that do not occur in their conclusion are called called cut-rules and B is
called a cut-type. Reformulating a proof system without cut rules is called cut-elimination and
the textbook example of cut-elimination is Gentzen’s Hauptsatz [176]. Laurent [125] proves
that cut elimination is possible for the rules of <. Solutions to the BCD Subtype decision
problem can be traced along a line of work started over 30 years ago with a decidability
proof by Pierce [156]. It was subsequently improved to decision procedures with exponential
worst-case runtime [45; 46; 118]. Later, algorithms with polynomial @ (n*) [165] and @ (n°)
[180] runtimes have been obtained. The first procedure with quadratic runtime @ (n?) was
developed in [67]. Algorithms with mechanized proofs but without runtime guarantees have
followed [24; 125; 30], where issues with the original proof have been discovered in [30]. The
decision procedure used in this text is the first with formally verified quadratic bounds on the
number of recursive steps involved to find a solution. At the time of writing a detailed account
of its development is peer-reviewed and accepted for publication [28] with authorship of the
presented parts of that publication coinciding with the declared authorship of this text.

Besides the aforementioned cut in rule (TRANS), the most difficult part in designing and
verifying a decision procedure for < is created by the first premise in rule (SUB). It toggles the
positions of types to B; < A; instead of A; < B;. This effectively prevents structural recursion
on types from working and more advanced techniques have to be employed for ensuring

19
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termination. Larchey-Wendling and Monin [123] suggest a way to obtain a termination
certificate Dom that allows recursion decreasing on its structure for such situations. The trick
is to turn a proof about a recursively defined function f into a proof about an inductively
defined relation R. The relation is then proven to be functional (xRy; and xRy, implies
¥1 = ¥2). Termination certificate Dom x is defined to be a proof tree for the statement that
there exists y such that xRy (x is in the domain of the relation). If Dom is total (for all x there
exists a proof Dom x) function f can then be defined by structural recursion on the proof tree
Dom x for any input x. Bounding the size of Dom puts a bound on the number of recursive
calls in f, yielding information about worst case performance. Inductively defining R is also
a good way to understand the algorithm: it effectively specifies its operational semantics by
means of rules for each possible input. This is useful for debugging purposes, because the
algorithm can be "halted" at each rule invocation. Furthermore, the relation provides an
alternative cut-free representation for <.

Some auxiliary functions are required for the main decision procedure.

Definition 6 (Auxiliary functions to decide BCD Subtyping) Testing for w < A is purely syn-
tactic:

true forA=w

isOmega(Ay) forA=A; — A
isOmega(A) = gt ! 2

isOmega(A;) and isOmega(A,) for A=A;n A,

false otherwise

Function castp : T — arity(B) collects type components to be recursively compared when
checking A < B. Its helper function cast), avoids inefficient functional list concatenations
using an accumulator parameter A.

[;:w] forB=w
castg(A) =1 [::(w, w)] for B = B} — By and isOmega(By)

casty (A, [:]) otherwise

[:: A&A] for A=c(A)and B=d(B')and c=cd
[:: (Al,Ag)&A] fOI’A=A1 —>A2 andeBl —>Bg
castyz (A, A) =1 [:: (A1, A &A] for A= Ay x Ay and B=B; % B,

castl; (A, cast’y(Az,A)) for A= AjnA;

A otherwise

The relational specification of subtyping can be thought of as a machine performing steps to
transform inputs to outputs.
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2.3. Subtyping

Definition 7 (BCD Subtype Machine) The BCD Subtype relation is decided by a machine
transforming inputs

lsup 2 i:=[ subty A of BJ]|[ tgt_for_srcs_gte A in A]
to outputs
Osup 2 0::=[ Return b]|[ check_tgt A']

where b is a Boolean, A, B € T, A is a list of pairs of types, and A’ is a list of types.
Its operational semantics is specified by the least relation ~»c gy x Ogyp closed under the
following rules:

S
[ subty A of w]~»[ Return true] (STEP,)

[ subty (Maecastyya) Ai 0f Bl~ [ Return b]

(STEPCTOR)
[ subty A of c(B)]~ [ Return castyp)(A) # [::] and b]
[ subty ﬂAiecastBI*Bz(A) A;.1 of Bjl~ [ Return bl
[ subty ﬂA,-eeastB o (A) A;.2 of By]l~»[ Return by]
7= (STEP4)

[ subty A of Bj xBz]~+[ Return castp «p,(A) # [::] and b; and bo]

[ tgt_for_srcs_gte B; in castp,_p,(A)]~ [ check_tgt A]

[ subty ﬂ A; of By]~»[ Return b]
AjeA

(STEP_.)
[ subty A of B; — Bz]~~[ Return isOmega(B;) or b]

[ subty B of A.l]~[ Return b]
[ tgt_for_srcs_gte B in A]~»[ check_tgt A']

(STEPCHOOSETGT)
[ tgt_for_srcs_gte B in [ A&A]l~

[ check_tgt if bthen [:: A.2&A'] else A']

[ tgt_for_srcs_gte B in [:]]~[ check_tgt [:]] (STEPDogTGT)

[ subty A of Bj]l~>[ Return b]
[ subty A of By]l~»[ Return by] o
(STEPR)
[ subty A of BjnBzl~[ Return b; and by]
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Behavior of the subtype machine can be explained considering each rule individually: Rule
(STEP,) is just rule (w) from the BCD relation. Constructors are analyzed recursively by
(STEPcror). Auxiliary function cast.(p) collects all arguments to recursively compare. For
example, if d <c ¢, f =c ¢, and not e <¢ c the result of casting is cast)(d(A;) N (A2 —
Az)Nne(As) N f(As)) = [:: A1 &[::As]]. If the list returned by cast is empty, either type shapes
did not match or there was no compatible constructor symbol. It is crucial to check this,
because the premise [ subty (gecast.,4) Ai 0f @]~ [ Return b] is fulfilled for any A,
even if it is structurally fully incompatible with c(w), e.g. A= (A; * A2) N (A3 — A4). Formal
verification in Coq spotted forgetting this check at an early stage of development. Rule
(STEP4) for the product constructor is analogous to (STEPcyog). Arrows are more difficult
to process because of the aforementioned switch in variance of their first argument. Three
rules are required. The entry point, (STEP_.), ensures subtyping of the second argument and
identifies arrows collapsing to w using isOmega. The second argument cannot be directly
compared. If multiple arrows are present in A, their distribution by (D1ST) can be required for
subtyping. However, just collecting all targets in A does not work: if A < A;, A< A,, and not
A < As distribution in (A; — B;) N (A2 — By) N (A3 — Bg) resultsin AyN AN A3 — BN By N Bs
which is not a subtype of A — B; n By, even though just distributing the first two arrows
results in (A; — B1) N (A — B2)N (A3 — B3) < A;n Ay, — BN By < A— B; N By. Instruction
[ tgt_for_srcs_gte B; in castp,—p,(A)] in the first premise of (STEP_.) is responsible for
selecting the correct arrows in A. Rules (STEPcuooseTgr) and (STEPponeTgr) implement this
computation. If the input list created by castp, .5, (4) is fully processed or empty no additional
arrow target is to be selected (STEPpongTGr)- If there is a remaining arrow, its first argument is
compared to By and the second argument is added to the list of targets to compare if this check
is successful. In the above example, this results in B; and B, being added to A’ while Bs is
dropped. The final rule (STEP) is an implementation of (GLB): components of intersections
are just recursively compared. Unlike <, relation ~» does not include cut rules and the choice
of rule to apply is fully determined by the input instruction. The following proofs will establish
that ~» can be implemented by a recursively defined function and that it is correct (sound and
complete) with respect to relation <.

Lemma 1 (Functionality of the BCD Subtype Machine) For all instructions i € Iy, and out-
puts 01,02 € Ogyp, if i ~ 01 and i ~ 0, then 01 = 0.

PROOF Induction on the proof of i ~ 0; followed by case analysis on i ~ 0, u

The termination certificate Dom can be defined next.

Definition 8 (Termination certificate for the BCD Subtype Machine) For any input i € lgyp,
termination certificate Dom i is a finite proof tree constructed from the following rules:

Dom[ SUbty ﬂA,-Ecastc(B)(A) Al Of B]
Dom|[ subty A of w] Dom|[ subty A of c¢(B)]
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2.3. Subtyping

[1]Dom[ tgt_for_srcs_gte B; in castp,—p,A]
for all A, if [ tgt_for_srcs_gte B; in castp,—p,A]~ [ check_tgt A]

then Dom|[ subty [ A; of By]
AjeA

Dom|[ subty A of B; — B»]

[1]Dom[ subty B of A.l] [2]/Dom|[ tgt_for_srcs_gte B in A]
Dom|[ tgt_for_srcs_gte B in [: A&A]]

Dom|[ tgt_for_srcs_gte B in [:]]

[1]Dom[ subty ﬂAi(—:castBI*Bz(A) Ai.l of Bl [1]Dom|[ subty A of Bl
[2]Dom[ subty ﬂAi(—:caStBl*Bz(A) A;j.2 of Byl [2]Dom[ subty A of Bj]
Dom|[ subty A of Bjx Bl Dom|[ subty A of B;nBy]

Childproofs of a tree p € Dom are selected using p.1 and p.2 where the boxed number in
front of each premise specifies which projection is chosen. O

The rules of Dom closely follow those of ~. Each recursive use of ~» is modeled by a child
proof in Dom, while other information - especially the result value - is erased. This leads to
Dom being just weak enough to poof totality.

Lemma 2 Totality of the Termination Certificate Dom For all instructions i € lgyy, there exists a
proof tree Domi.

PROOF Firstif Ais w, Dom|[ subty w of B]isobtained by induction on the structure of B.
For the other cases, induction on the maximal depth of A and B is followed by induction on
the structure of B. Function castg(A) either returns components with a smaller depth than
A, or [:w] or [::(w,w)]. The w-cases are dispatched by the earlier proof. Otherwise the list
returned by castg(A) contains only types with depth less than A. For (STEPcror), (STEP), and
(STEPR) the induction hypotheses solve the goal. For rule (STEP_,) target collection in the first
premise is shown to compute a list of targets with depth less than A by induction on the length
of castp, . g, (A) using the outer induction hypothesis for checking if B, is a subtype of any
of the sources. This is possible in spite of the toggled position of B;, because the maximal
depth of types A and B ignores the order of A and B. Any target list returned by invocations
of (STEPcnooseTer) and (STEPponeTer) ONly contains targets produced by cast castp, —. 5, (A)
and their intersection has a depth smaller than B,, because depth does not increase when
performing intersection operations. This is sufficient to complete the proof for the second
premise of (STEP_.) using the induction hypotheses. ™
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Functionality and totality are enough to translate the operational semantics ~» into denota-
tional semantics, a recursive procedure to decide subtyping.

Definition 9 (Procedure deciding the BCD Subtype Relation)

subtypes(i € lgy,) : Domi — {0 € Ogyp, | i ~ 0}
subtypes(i)(p) =
[ Return true] ifi =[ subty A of w]
[ Return castyp)(A) # [::] and b]
ifi=[ subty A of c¢(B)]and
for A':= ﬂcastD(B)(A) A;
subtypes([ subty A’ of B])(p.1)=[ Return b]
[ Return isOmega(B-) or b]
ifi=[ subty A of B; — By]and
for A; :=castp,—p,(A)
subtypes([ tgt_for_srcs_gte B; in A])(p.1) =
[ check_tgt A]and
f0fA23=ﬂAi€AAi
subtypes([ subty A, of By])(p.2) =[ Return b]
[ Return castp p,(A) # [::] and b; and bo]
ifi=[ subty A of B;*B]and
for A; := mAiecastBI*BZ(A) Al
subtypes([ subty A; of Bil)(p.1)=[ Return b;] and
for A, := ﬂAiecastBI*Bz w Ai-2
subtypes([ subty Az of Bl)(p.2) =[ Return by]
[ Return b; and b,]
ifi=[ subty A of BjnBy]and
subtypes([ subty A of Bj])(p.1) =[ Return b;]and
subtypes([ subty A of B])(p.2) =[ Return by]
[ check_tgt if bthen [:: A.2&A'] else A']
ifi=[ tgt_for_srcs_gte B in [:: A&A]] and
subtypes([ subty B of A.1])(p.1) =[ Return b] and
subtypes([ tgt_for_srcs_gte B in A])(p.2) =
[ check_tgt A]

[ check_tgt [:]]ifi=[ tgt_for_srcs_gte B in [:]]

Each case in function subtypes implements a rule of ~». It thus respects its restricted range
{o € Ogyp | i ~ 0}. Recursive calls always use a child trees of p € Domi and thus terminate
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2.3. Subtyping

because p is finite. Lemma 2 ensures existence of p for any input instruction i. Lemma 1
proves that subtypes does not lose any solutions. In Coq the termination certificate is part of
the universe of propositions, which is erased when extracting the specification to an executable
functional target language such as Haskell or OCaml: The constructive proof of Lemma 2 is
enough to ensure Dom proof trees exist and can be constructed without actually ever wasting
resources for constructing them. Most executable programming languages accept recursive
definitions without totality proofs and eliminate this overhead.

The proof that ~» actually implements < requires to show to
[ subty A of B]~~[ Return true]iff A<B.

The first part of this bi-implication is easier. It requires establishing some key properties of <.

Lemma 3 (Properties of the BCD Subtype Relation)

1. intersect(map(AA;. M) (A1 HAy)) <
intersect(map(1A;.M)(A1)) N
intersect(map(1A;.M)(Az))

2. isOmega(B) implies A< B

3. castep)(A) # [:] implies A < ¢(M ;ecasto (4) Ai)

4. A<aecasty, .5, (4) (Ai.1 = A;.2)

5. A=(aecasty, .5, (4) (Ai-1 % A;.2)

6. (A; — B1)N (A2 — B2) = (A1NA2) — (B1N By)

7. NMaeail*Ai2) < (Vg en A D * (g0 Ai-2) IfAZ L]

8. LetX beaset, f: X —T,andA,N\r: X*.
Ifforall x in Ay: x isin A, then
nAiEAI f(x) = nAiEAZ f(x)

PROOF Structural induction and case analysis. No difficult cases exist. n
Lemma 4 (Soundness of the BCD Subtype Machine) For all types A,Be T:

if[ subty A of B]~»[ Return true]then A<B.

Proor The change in variance of arrows again requires to first perform induction on the
maximal depth of types A and B. This is followed by structural induction on the derivation
of [ subty A of B]~» [ Return true]. If the derivation ends in (STEPcror), (STEPproD),
(STEPy) or (STEPR) the inner structural hypothesis and Lemma 3 are enough to finish the proof.
Rule (STEP_.) additionally requires the first induction hypothesis for its first premise. ™
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The proof of completeness requires to show that ~» supports transitivity of subtyping as well
as several other properties established by the following lemma.

Lemma 5 (Properties of the BCD Subtype Machine)

~

isOmega(B) implies| subty A of B]~~»[ Return true]

A

[ tgt_for_srcs_gte Bl in A]~~[ check_tgt A implies
A'Emap(1A;.A;.2)(A)

3. [ tgt_for_srcs_gte B; in castp,—p,Al~ [ check_tgt Al and
isOmega(A) impliesisOmega(A;) forall A; in A

4. [ subty A of B]~~[ Return true] andisOmega(A) impliesisOmega(B)

5. A, Ay and| tgt_for_srcs_gte By in Aj]~~[ check_tgt A'l] and
[ tgt_for_srcs_gte By in Ap]~»[ check_tgt A}l implies A, = A}

6. Ac A and[ subty MNaeaAi of Al~>[ Return true] implies
[ subty ﬂBieA’Bi of A]~ [ Return true]

7. [ subty A of (a,en, Ail~ [ Return bi] and
[ subty A of (Na,en, Ail~ [ Return by] implies
subty A of (Naea, Ail~ [ Return by A by] for A3 = Ay +A;

8. [ subty A of B]~~[ Return true] implies
subty ﬂAiecastc(C)AAi of mBﬁcastc(C)BBi]”’[ Return true]

9. [ tgt_for_srcs_gte B in [:(w,A)]l~ [ check_tgt A]implies A= [::A]
10. [ subty A of A]~~[ Return true]

11. [ tgt_for_srcs_gte A in Aj]l~[ check_tgt A}]and
[ tgt_for_srcs_gte A in Ap]~~[ check_tgt A’Z] implies
[ tgt_for_srcs_gte A in Az]~~»[ check_tgt Ag]for
A3 =A1HA) andAg = A,I -H-A’z

12. [ tgt_for_srcs_gte A in A;+As]l~ [ check_tgt A'l implies
there exist A}, A}, s.t.
[ tgt_for_srcs_gte A in Aj]~~[ check_tgt A’l] and
[ tgt_for_srcs_gte A in Ap]~»[ check_tgt Aj]and
A= AL+

13. [ subty A of BynB]~ [ Return true] implies
[ subty A of Bj]l~[ Return true] and| subty A of By]~»[ Return true]

14. C=¢(C") or C=Cy x Cy and castcB # [::] and
[ subty A of B]~~[ Return true] implies
castcA # [:1]

26
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15. [ subty A of B]~~[ Return true] and
[ subty B of C]~~[ Return true] implies
[ subty A of C]l~[ Return true]

16. [ subty c(Aj)nc(A2) of c(A1NA2)l~ [ Return true]
17. [ subty AN A of A]l~[ Return true]

PROOF The statements are proven in the order they are presented. Most just require induction
and/or case analysis. The weakening property in case 6 is inspired by [125]. It is needed for the
reflexivity proof for A = A; n A,. Transitivity in case 14 again needs nested structural induction
with an outer induction on the maximum of the depth of the types involved. ™

Lemma 6 (Completeness of the BCD Subtype Machine) Forall types A,Be T:

if A< B then[ subty A of B]~»[ Return true].

PROOF Induction on the derivation of A < B using Lemma 5. Lemma 5.14 takes care of the
problematic transitivity rule (TRANS). m

Correctness of the decision procedure in Definition 8 can now be proven.

Theorem 1 (Subtype decision procedure correctness) Forall A,B € T there exists a termina-
tion certificate p € Dom|[ subty A of BJ.
For all termination certificates p e Dom|[ subty A of B] there exists a Boolean b such that

subtypes([ subty A of B])(p)=[ Return b]with b=trueifand onlyif A< B.

PROOF The first part is Lemma 2. In the second part subtypes([ subty A of B])(p) =
[ Return b] and b = true can be replaced by either [ subty A of B]~»[ Return true]
or [ subty A of B]~~[ Return false] because of the definition of subtypes and function-
ality of ~. The result then immediately follows from Lemma 4 and Lemma 6. n

Further analysis of the termination certificate provides some insight on a bound of the number
of possible recursive calls.

Lemma 7 (Size of the Termination Certificate) For i € lgyp, p € Dom; define

1 fori=[ subty A of w]or
[ tgt_for_srcs_gte B in [:]]
measure; (p) =
1+measure(p.1) fori=[ subty A of c(B)]

1+ measure(p.1) + measure(p.2) otherwise
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and obtain

2-size(A) - size(B) fori=|[ subty A of B]
measure; (p) <{ 1+size(B) 'ZI;:1(1 +2-size(A;j.1))
fori=[ tgt_for_srcs_gte B in [: A1&[:: Ax&...[::Ak]...]]]
PrOOF The key insight is that types returned by castg(A) always have sizes smaller or equal

than the size of A. The result then follows by induction on p with a special case for i =
[ subty A of Bj; — By] where B, = w and cost;(p) < 3. [

Kurata and Takahashi [118] identified an algorithmically important property of the restricted
set of types considered in precursors to the full BCD system [43]. This property has been
the basis for the algorithms presented in [165] and has been algebraically classified [24] as
primality of the ideal induced by <.

Definition 10 (Primality) The ideal of A € T is the non-empty set {B € T|B < A} and A is its
principal element. An ideal with principal element C is prime if for all An B in the ideal, A< C
or B < C. Type C is prime if it is the principal element of a prime ideal. O

Prime ideals are desirable because they avoid distribution. For example if C prime, then in
(A; — B;)n (As — By) < C the distribution (A; N A, — B; N By) < C never has to be taken
into account, because one of the types (A; — B;) and (A2 — By) is less than C. One of the
particularly beautiful facts about intersection types is that primality is a purely syntactic
criterion and the precursor system [43] correctly captured that notion. Here, the syntactic
criterion is extended to account for constructor symbols and products.

Lemma 8 (Syntactic criterion for Primality) The set
ToTdsni=wlc) | (w*n) | (T*w) | A—7

is identical to the set of prime types.

PROOF By Lemma 4 and Lemma 6 it is sufficient to show

[ subty AnB of 7m]~»[ Return true]implies
[ subty A of @]~ [ Return true]or

[ subty B of m]~»[ Return true]

Induction on C uniquely identifies the last rule used to derive [ subty AN B of 7x] ~
[ Return true] in each case and the result then easily follows. ™

Let T, = {w € T? | not isOmega(x)} denote the set of prime types that do not collapse to w
under subtyping. In [43] this set is called the set of tail-proper types. In [57] and [67] these
types are called paths and it is proven that every type can be organized into a subtype equal
set of paths.
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Definition 11 (Prime factorization of Types) The following function computes a minimal
sequence of prime factors of type A€ T:

primeFactors(A) = primeFactors'(A, id, [::1)

primeFactors’ (A, contextualize, A) =

A for A=wand
isOmega(contextualize(A))
addAndFilter(A, contextualize(A)) for A= w and not
isOmega(contextualize(A))
< primeFactors’ (A, AB. contextualize(c(B)), A) for A=c(A))
primeFactors’ (Az, AB. contextualize(A; — B), A) for A=A; — A
primeFactors’ (A, AB. contextualize(w x B), for A= A; % Ay
primeFactors’ (A}, AB. contextualize (B x ), A))
primeFactors’ (A, contextualize, forA=A1nA
primeFactors’ (A1, contextualize, A))

addAndFilter(A, A) =

[:A] for A =[:1]
[:: B&A'] forA=[::B&\'landB< A
addAndFilter(A’, A) for A=[;: B&A']andnot B< Aand A<B

[:: B&addAndFilter(A’, A)] otherwise

Function primeFactors is implemented using primeFactors’, which keeps track of the accu-
mulated list of prime factors A and the context of the currently analyzed type with regard to
the initial type. This context is represented as a function mapping the current type into the
structure of the parent type. The context representation is inspired by Zippers, a functional
programming technique [104; 101]. Recursion in primeFactors’ finishes when w is reached. If
w is less or equal than the computed prime factor at this point, it is redundant, just like 1 is
redundant as a prime factor in a natural number. Otherwise it is inserted into the list of prime
factors using addAndFilter. Function addAndFilter appends a prime factor A to a list of prime
factors A if that list contains no subtype related element. Otherwise, if there is such an element,
and it is smaller than A, A remains constant. If the existing element is greater than A, it will be
replaced. The result of addAndFilter is a minimal list of prime factors without duplication of
subtype equal types. In any case which is not w, function primeFactors’ recursively proceeds,
adapting the context with the operation to map the next considered argument back into place.
Products have to be split recontextualizing their left and right prime components separately,
setting the other component to w (c.f. the restricted shape of products in T). The following
lemma is necessary to establish correctness and minimality of primeFactors.
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Lemma 9 (Prime factorization verification properties)
Let A, A1, Az, A3, A’ be universally quantified lists of types and A, B,C,D € T, then:

10.

11.

12.

13.

14.

There exists some B in addAndFilter(A, A), s.t. B< A

There exists some A' in addAndFilter(A, A), s.t. A'< C iff A< C or there exists B in A s.t.
B'<C.

If A € A" and there exists A" in addAndFilter(A, A) s.t. A’ < B then there exists A" in
addAndFilter(A’, A) s.t. A” < B

IfB is inaddAndFilter(A, A) then B= AorBisin A
IfAisin A and A< B then(,en Ai < B

(N A;eaddAndFilter(a, 4) Ai <Maen Ai
LetP: T — B then forall A in A: P(A) implies for all B in addAndFilter(A): P(B)

Ifforall Ain A: Ae T, and for all B € T,: contextualize(B) € T, then
for all D in primeFactors’ (C, contextualize, A): D€ T,
ﬂA,—EprimeFactors’(A,contextualize,A) A < ﬂAieA Aj

Ifforall B,CeT: B < C implies
contextualize(B) < contextualize(C) and
contextualize(B) N contextualize(C) < contextualize(B n C) then

ﬂAiEprimeFactors’ (A,contextualize,A) AisA

If B is in addAndFilter(A, A) then there exists C in [:: A&A] s.t. C< B
If for all A in A, there exists B in Ay s.t. B< Athen (e, Ai <M ajen, Ai

MA;er:Aa&A] Ai = A;eaddAndFilter(a, 4) Ai

Ifforall B,C € T: B < C implies contextualize(B) < contextualize(C) then

mAie[::A&A] A = ﬂAieprimeFactors’(A,contextualize,A) A;

Define lists free of subtype equal duplicates

15.

16.

30

true for A =[]
nosubdup(A) = 4 nosubdup(A’) and for A = [:: A&A"]
forallBinA:notA<BandnotB< A

nosubdup(A) implies nosubdup(addAndFilter(A, A))

nosubdup(A) implies nosubdup (primeFactors’ (A, contextualize, A))
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17. Ifforall Ain A: notw < A then for all B in primeFactors’ (A, contextualize, A): notw < A

Define deduplication modulo subtyping

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

[:] for A =[]

desubdup(A) = { addAndFilter(desubdup(A'), A)  for A = [:: A&A'] and not isOmega(A)
desubdup(A”) for A = [:: A&N'] and isOmega(A)

nosubdup(desubdup(A))

Let P: T — B then for all A in A: P(A) implies for all B in desubdup(A): P(B)

MA;edesubdup(a) Ai <M asen Ai

Ma;ea Ai =M A;edesubdupa) Ai
Isize(addAndFilter(A)) < Isize(A)
Isize(desubdup(A)) < Isize(A)

If A in desubdup(A) then notisOmega(A)

If Naen, Ai <Naen, Ai and
forall AinAy: Ae T, and notisOmega(A) then
forall AinA;: exists Bin Ay, s.t. B< A

If Najea, Ai =N aen, Ai and
forall Ain Ay: Ae T, and notisOmega(A) then
for A =filter(1A. exists Bin Ay : A< B)A;

Najen Ai =Nasen, Ai

Ifnosubdup(A) and A,B in A then A< B implies A= B

If Naen, Ai =Naen, Ai and
forall AinAy: Ae T, and notisOmega(A) and
nosubdup(A;) and nosubdup(Ay) and

Ay, Ay arein Ay and B isin A1 and A1 < B and A, < B then A1 = A,

If Nasen, Ai =N asen, Ai and Naen, Ai <MNasen, Ai and
forall Ain Ay: Ae T, and notisOmega(A) and
nosubdup(A;) and nosubdup(Ay) and
AisinAyandBisin A, and B< Athen A<B

IfA; £ Ay andnosubdup(Ay) then nosubdup(A)
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Define the permutations of a list of types up to subtyping Perm< as the least set closed under the
following rules:

A<B  B<A A ePermc(Ay+A3)

[:: A&A1] € Perm< (A, ++[:: B&A3]) [::] € Perm<[::]

31 If Nasen, +1:4&0,1 Ai =M ajen, Ai and

forall BinAs: Be T, and not A< B then

Nasen, +a, Ai =N ajen, Ai

32. Ifnosubdup(A; +[:: A&A,]) then

forall Bin Ay +Ay: notB< Aandnot A<B

33 If‘ﬂAiEAl Al = mAiEAg Al and ﬂA[EAZ Al = mA,‘EAl Al and

nosubdup(A;) and nosubdup(Ay) and

forall AinAy: Ae T, and notisOmega(A) and
forall AinAy: Ae T, and notisOmega(A) then
A1 € Perm<(Ap)

34. If A1 € Perm<(Ay) thenlsize(A) = lsize(Az)

PrROOF The above statements should be proven in the order they were listed. Then they follow

from easy induction, case-analysis, and application of previous statements. ™

Theorem 2 (Prime factorization correctness and minimality)
For all Ae T, primeFactors(A) is a subtype equal minimal list of prime factors of A:

. ﬂAiEprimeFactors(A) Ai =A
. A< ﬂA,—(—:primeFactors(A) Ai
. For all B in primeFactors(B): Be T,

. Forall A, if Na,en Ai < Aand A< p,en A; and for all B in A: B€ T, then

Isize(primeFactors(A)) < Isize(A)

PROOF

32

. Direct consequence of Lemma 9.10.
. Direct consequence of Lemma 9.14.
. Direct consequence of Lemma 9.8.

. By Lemma 9.23, A can be deduplicated with decreasing size. By Lemma 9.34 it is suffi-

cient to show that primeFactors(A) € Perm<(desubdup(A)). The result is then obtained
using Lemma 9.33 with Theorem 2.1, Theorem 2.2, Lemma 9.16, Lemma 9.18, the
premise and Lemma 9.24, as well as Theorem 2.3, Lemma 9.19 and Lemma 9.17. u



2.4. Finite Combinatory Logic with Intersection Types (FCL)

2.4 Finite Combinatory Logic with Intersection Types (FCL)

2.4.1 Basic Properties and Decidability of Type Checking

Finite Combinatory Logic with Intersection Types [165] is the main formalism driving synthesis
in this work. In this section some of its basic properties are discussed and the type checking
question for FCL is proven to be decidable.

Definition 12 (Finite Combinatory Logic with Intersection Types) Let B be a finite count-
able base of combinators. The set of applicative terms is defined by

A>3M,N,O:=c|@(M,N)

where c € B is a combinator and @(M, N) is the application of term M to argument N. Term
application is also abbreviated to (M N) using the convention that application associates to
the left and omitting outermost parentheses: MNO = (M N)O) = @(@(M, N), O).

Given a function I': B — T, called context, the type relation of Finite Combinatory Logic with
Intersection Types is the least relation < (B — T) x A x T closed under the following rules:

ITFM:A—B TFN:A
TFciTo VAR T MN:B

'EM:A A<B
I'=EM:B

(—E)

=) o

InT+ M: ATerm M has type A in context I'. Context I' assigns types to combinators. This
assignment is available in type judgments via rule (VAR). Terms are combined into new terms
using application and the arrow elimination rule (— E) controls which terms are safe to
combine. An intuitive understanding reads I' - M : A — B as a judgment proving that M is
a function taking inputs of type A to outputs of type B. The only extensions to Combina-
tory Logic with Simple Types [176] are the richer type syntax and rule (<) that changes type
judgments according to the rules of BCD Subtyping.

Proofs about type judgments use the following case-analysis and induction schemes.

Lemma 10 (Induction on and Inversion of FCL Type Judgments) LetI': B — T and P be a
proposition over terms and types, then:

1. Structural induction proofs use:
IfforallceB: P(c,T'(c))
and forall My,My € A, A}, A2 €T:
I'M;: A — Ay and P(M,y, Ay — Ay) and
'k M, : Ay and P(M>, Ay) implies
P(M; M, Az)
andforallNeA, A}, A2 €T:
' N:A; and P(N, Ay) and A < Ay implies P(N, Ay)
then forallM e A, Ae T:T+ M: A implies P(M, A)
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2. Combinator judgments can be reduced to Subtype judgments:
forallceB, AcT:IfTkc:AthenT(c)< A

3. Arrow elimination can be inverted:
forall M,Ne€A,BeT:
IfT'+= MN: B then thereexists A, s.t. TFM:A— BandT'FN: A

4. Normalized induction proofs use:
IfforallceB: P(c,T'(c)
and forallceB, AeT:
P(c,T'(c)) andT(c) < A implies P(c, A)
and forall My,My € A, A}, A2 € T:
' M;: Ay — Ay and P(My, A} — Ap) and
' M, : Ay and P(M>, Ay) implies

P(MMa, Ap)
thenforallM e A, Ae T:T+ M: Aimplies P(M, A)

PROOF

1. Recursion using the fact that trees are finite objects and children get smaller in each
step.

2. Structural induction using the scheme from Lemma 10.1.
3. Structural induction using the scheme from Lemma 10.1.

4. Structural induction using the scheme from Lemma 10.1 and then Lemma 10.2 for the
subtyping case, and Lemma 10.3 arrow elimination case. ™

The formalization is set up such that two more rules are derivable, which are sometimes
explicitly included into the system [50; 165].

Lemma 11 (Rules derivable in FCL) The following two additional rules are derivable in FCL:

'EM:A I'EM:B

—— (Aw)
T-M:ANB ("D I'-M:o

PROOF Both by structural induction on the derivation. For (nI) additionally Lemma 10.2 and
Lemma 10.3 are used. The proof for rule (Aw) uses the fact that I' is represented as a function
and has to assign some type A to every combinator, which then can be converted into an
arrow in case of application using BCD rules (w) and (— w): Asw <w — w. [

The system also allows weakening by making subtype assumptions smaller.
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Lemma 12 (Weakening Subtypes) ForallT',I',:B— T: ifforallceB:T2(c) <T'1(c) then for
allMeA,AeT:ifT1-M:AthenT, - M:A.

PROOF By normalized induction (Lemma 10.4) on the derivationI'; - M : A. m

Many other properties of FCL are best expressed using the construct of multi arrows.

Definition 13 (Multi Arrows) A multi arrow m is a pair T* x T, where the first component,
srcs, is a list of source types and the second component, tgt, is a target type. Projections m.1
and m.2 select these components.

Multi arrows are converted into types using:

mkArrow(m) = foldl(Ats.s — t)(m.2)(m.1) o

Lemma 13 (Properties of mkArrow) For src,tgt, tgt;,tgt, € T, and srcs, srcsy,srcsp € T* func-
tion mkArrow has the following formal properties:

~

. mkArrow(([:: src&srcs], tgt)) = last(src, srcs) — mkArrow((srcs, tgt))

2. mkArrow((rcons(srcs, src), tgt)) = mkArrow((srcs, src — tgt))

3. arity(mkArrow((rcons(srcs,src),tgt))) =T x T

4. If tgt, <tgt, then mkArrow((srcs, tgt;)) < mkArrow((srcs, tgt,))

5. If isOmegal(tgt) then isOmega(mkArrow((srcs, tgt)))

6. If tgte T, then mkArrow((srcs,tgt)) € T,

7. mkArrow((srcs, tgt, Ntgt,)) < mkArrow((srcs, tgt;)) N mkArrow((srcs, tgt,))

8. Iflsize(srcs;) = lsize(srcsy) and for all (srcy,srcy) in zip(srcsy, SIcsy): srcy < srcy then
mkArrow((srcsy, tgt)) < mkArrow((srcsy, tgt))

PROOF In the order presented and by inserting the definition of mkArrow and induction or
induction in reverse order on the source types. ™

There is an analogous operation to mkArrow on the term level.

Definition 14 (Reverse Application) Terms can be constructed from other terms M € A, Ns €
A™ using reverse application:

revApply((M, Ns)) = foldrt(ANM.@(M, N))(M) (N s).
The inverse operation is defined by:

(¢, [::D forM=c

unapply(M) = . ,
(c,[:: N&Ns]) for M = M'N and unapply(M') = (¢, Ns)
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Lemma 14 (Properties of revApply and unapply) For M,N € A, c€ B, and Ns € A* functions
revApply and unapply have the following formal properties:

1. revApply((M,rcons(Ns, N))) = revApply((@(M, N), Ns))
2. revApply((M, [:])) = M

3. revApply(unapply(M))) = M

4. unapply(revApply((c, Ns)) = (c,Ns)

PROOF Inserting definitions and induction. m

Being able to construct arrows and terms from lists generalizes (inverse) arrow elimination.

Lemma 15 (Generalized (inverse) Arrow Elimination)
Let M € A, Ns € A*, tgt € T, srcs € T* and m be a multi arrow, then judgments can be
(de-)constructed using:

1. Iflsize(Ns) = lsize(m.1) and for all n € N: T - nth(M, N, n) : nth(mkArrow(m), m.1, n)
thenT +revApply((M, Ns)) : m.2

2. If T +revApply(M, Ns) : tgt then there exists srcs € T*, s.t. Isize(N's) = Isize(srcs) and for
allneN: T +nth(M, N, n) : nth(mkArrow((srcs, tgt)), srcs, 1)

PROOF By induction on N, using Lemma 10.3 for the second statement. n

Moreover, minimal types can now be assigned to any given term M.

Definition 15 (Minimal Types) The minimal type of M € A in context I': B — T is found by:

minimalType(T, M) =
I'(c) forM=c
ﬂAieA Al

for M = M'N and

[ tgt_for_srcs_gte minimalType(I’,N) in castwﬁw*wminimalType(F,M')]
~» [ check_tgt A]

A

where A is computed using Definition 9 with a termination certificate obtained by Lemma 2.4

Lemma 16 (Minimal Type Correctness) Let M € A, A,B,Ce T andT : B — T then function
minimalType computes the correct minimal type:

1. ForallAin[ tgt_for_srcs_gte B in casSty_gxw Al~ [ check_tgt A]:
A< B —(aen Ai
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2. T'+ M :minimalType(T', M)

3. IfA<B — C then
forallAin| tgt_for_srcs_gte B in casty_yxp Al~> [ check_tgt AJ:
ﬂAiEA Al = C

4. If T+ M: A then minimalType(I', M) < A

PrROOF The intermediate statements 1 and 3 are proven by analysis of the last step of the
subtype machine, and each time two separate cases for the result of isOmega(B), showing
that cast, —y«e Will find appropriate targets. Soundness in statement 2 is shown by structural
induction using previous case 1 for (— E). Minimality in statement 4 is shown by normalized
induction using the previous statements 3 for (— E). [

Minimal type inference and decidability of the BCD relation are enough to provide a type-
checking algorithm for FCL.

Theorem 3 (Type Checking in FCL) Let M € A, Ae T andT' :B— T then

' M: Aiff minimalType(I'’, M) < A

PRrROOF The forward direction of the iff is minimality from Lemma 16.4, the other direction
follows from soundness Lemma 16.2 and rule (<). ]

The rest of this section is dedicated to the study of type inhabitation. The algorithm to infer
minimal types solves the problem: Given a context I', and a term M, find the minimal type,
such that I' - M : A is derivable. Type inhabitation solves the same problem for terms: Given a
context I' and type A, find all terms M such thatI' - M : Ais derivable.

2.4.2 Combining Separate Domains of Discourse

Finite Combinatory Logic with Intersection Types has the power to reason about multiple
domains of discourse simultaneously. Sometimes these domains are hard to describe in a
technically precise way. Steffen et al. [181] have introduced taxonomic modeling with semantic
type descriptors in the setting of synthesis. This was later adopted for intersection types and
inhabitation based synthesis [163]. Successful applications have been demonstrated multiple
times in various different scenarios [57; 59; 20; 21; 23; 96; 25; 171; 201]. Yet, with the notable
exception of [59] where the type system was modified to separate semantic domains, no formal
study has been conducted on mathematical conditions that make a separation of domains of
discourse possible. At this point, enough theory has been established to illustrate semantic
types and domain separation by example.
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Example 1 (Semantic Types) Suppose synthesis is used to create sheets for the music running
in background to motivate reading or writing this text. The sheet is typeset by LilyPond [143],
which can process a textual markup language. One combinator, addLyrics, inserts lyrics
text into a LilyPond markup file. Another combinator, motivationSong, provides a markup
file of "No Surrender" by Bruce Springsteen. Imagine that an automated web search has
downloaded lyrics including the text "surrender" and two combinators have been created.
The first combinator, noSurrender, provides the correct lyrics. The second combinator,
ISurrender, provides the lyrics of "I Surrender" by Celine Dion.

In a technical domain of discourse these combinators can be typed as follows:

I'1 = {addLyrics: LilyPond(Music) — String — LilyPond(Song)
motivationSong: LilyPond(Music)
noSurrender : String

ISurrender: String}

Synthesis in the technical domain uses type inhabitation to create all terms for which type
LilyPond(Song) is derivable, i.e. the set

{addLyricsmotivationSongnoSurrender,

addLyricsmotivationSong ISurrender }.

The first term represents the correct version with the advice "No retreat baby, no surrender"
[177]. However the second term not only has a text out of tune, but also includes the disastrous
advice "I surrender. Every night’s getting longer" [51].

A different, nontechnical, domain of discourse describes artist information:

I'y ={addLyrics: (Springsteen — Springsteen — Springsteen)n
(Dion — Dion — Dion)
motivationSong: Springsteen
noSurrender : Springsteen

ISurrender:Dion}.

In this domain the type of combinator addLyrics forces the music and lyrics artist of its
arguments to match.
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The inhabitants of type Springsteen are

{motivationSong,
noSurrender,
addLyricsmotivationSongnoSurrender,
addLyricsnoSurrendermotivationSong,
addLyrics (addLyricsmotivationSongnoSurrender)motivationSong,

addLyricsmotivationSong (addLyricsmotivationSongnoSurrender), ...}.

The problematic use of advice from Celine Dion is avoided, but an infinite set of solutions is
found. The output of addLyrics is fed back as input. Moreover, compared to the technical
domain, the arguments of addLyrics are in the wrong order in some terms.

This section discusses why it is correct (sound and complete) to combine I'; and I'; into
I'3(c) =T'1(c)nT2(c), for which inhabitation of LilyPond(Song) N Springsteen exactly yields the
correct answer

{addLyrics motivationSong noSurrender}.

Types in combined contexts need to be classified according to their provenance. The following
definitions make this classification mathematically precise.

Definition 16 (Split Type Universes) A Boolean predicate inPartition: T — B is called proper
classifier, if for all A, B € T the following conditions are satisfied:

1. inPartition(A — B) iff inPartition(A) and inPartition(B)
2. inPartition(A n B) iff inPartition(A) and inPartition(B)

3. inPartition(w) = true
Two classifiers inPartition;, inPartition, : T — B are disjoint, if for all A,B,C € T:

1. IfinPartition; (A), inPartition, (B), inPartition; (C),and AnB<Cthen A<C

2. IfinPartition, (A), inPartition; (B), inPartition, (C),and AnB<Cthen A<C

A Split Type Universe is a pair of proper disjoint classifiers. O

Definition 17 (Split Context Pairs) Let (inPartition;,inPartitiony) be a Split Type Universe.
The pair of contexts I'y,I'» : B— T is a Split Context Pair, if for all ¢ € B:

inPartition; (I'; (¢)) and inPartition, (I'2(c)) o
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Lemma 17 (Properties of Split Context Pairs) For all Split Context Pairs (I'1,I'2) over a Split
Type Universe (inPartition,, inPartitiony), and A,Be T, A€ T*, and M, N € A, the following
statements are true:

1. inPartition; (Na,en A;) iff for all A in A: inPartition; (A)
2. inPartitiony (M 4,ea A;i) iff for all Ain A: inPartition; (A)
3. inPartition; (minimalType(I'y, M))
4. inPartitiony (minimalType(I'2, M))

5. Thereexist A1,A> € T*, s.t.
minimalType(I'y, M) = (a,ea, Ai and minimalType(I'z, M) = a,en, Ai and
forT'(c) =T1(c) T2 (c): minimalTypeT’, M) = M ,en, +a, Ai

PROOF Statements 1 and 2 are proven by induction on A. Statements 3 and 4 require induction
on M, and in the case for applications M = M’ N additional induction on minimalType(T';, M")
with index i selecting the context mentioned in the statement to show. The last statement is
shown by induction on M and Ay, A, are [::T'1 (¢)], [::T'2(¢)] for M = ¢ or the type lists A used in
the minimalType algorithm for the case of M = M’N. In the latter case a detailed analysis of
subtype machine behavior is required. ™

Theorem 4 (Split Context Pair Correctness) For all Split Context Pairs (I'1,T'2) over a Split
Type Universe (inPartition;, inPartitiony), and A,Be T, M e A, andI'(c) =T1(c)nT2(c):

If inPartition; (A) and inPartition, (B) then
I'M:AnBiffT'FM:AandTy+ M : B.

PROOF Combining proofsI'i - M:AandI's - M:BintoI' M : An B is possible because of
Lemma 11 rule (n) and the context weakening property from Lemma 12. The other direction
follows from the minimality and soundness in Lemma 16, Lemma 17.5, disjointness of universe
classifiers, as well as Lemma 17.3 and Lemma 17.4. n

In fact, any context pair (I';,I'2) can be transformed into a Split Context Pair. The transforma-
tion requires a theory of intersection homomorphisms and their effect as context transforma-
tions in FCL.

Definition 18 (Intersection Type Homomorphism) Let C;,C; be preordered countable sets
of constructor symbols and T, T, types formed over each of these sets. Function f: T; — Ty
is an Intersection Type Homomorphism if it satisfies the following conditions for arbitrary
types A,Be T;:

1. A<Biff f(A) < f(B)
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2. f(A—=B)=f(A) — f(B)
3. f(AnB) = f(AN f(B)
4. flw=w

5. If there exist Ay, By € T, s.t. f(A) = A — By then A= A; — By forsome A;,B1€T; o

Lemma 18 (Intersection Type Homomorphisms as FCL Context Transformations)
Let f : T, — Ty be an Intersection Type Homomorphism, then forall A€ T7, Ae T, M€ A, and
I':B—Ty,aswellasTs(c) = f(T1(c)):

L f(NaeaAi) =Nasen f(A)

2. casty—wxw(f(A) = map(AAB.(f(AB.1), f (AB.2)))(casty—uxw (A)

3. minimalType(['s, M) = f(minimalType(I';, M))

4. T\FM:Aiff To- M: f(A)

PrROOF Statements 1 and 2 follow by induction on A and A and using the properties of f.
Statement 3 is proven using induction on M and case analysis on the subtype machine
behavior for the context constructed in minimalType(I's, M). Both directions of statement 4
require normalized induction on the derivations. The transformation from I'; to I'; only needs
the properties of f, while the other direction requires previous statement. ™

The canonical way to combine two contexts is coproduct lifting, which is defined next.

Definition 19 (Coproduct Lifting) Let C;,C, be preordered countable sets of constructor
symbols and T, T, types formed over each of these sets. Additionally, set C3 = B is inserted.
Set C = @Djeq1,2,3; Ci is ordered by the least preorder closed under the following rules:

C=c d C=c, d
Lo=scl,d) 2,0)=c2d Bb=c@BDb)

41



Chapter 2. Theory

Coproduct lifting into types T formed over C is perfomed using:

lift; (A) = lift(liftCtory, true, A)
lift, (A) = lift(liftCtor,, false, A)
liftCtor; (A) = (1, A)
liftCtor, (A) = (2, A)
lift(liftCtor, isLeft, A) =

W forA=w
liftCtor(c) (lift(liftCtor, isLeft, B)) for A=c(B)

4 lift(liftCtor, isLeft, A;) — lift(liftCtor, isLeft, A,) forA=A; — Ay
(3,isLeft) (ift(liftCtor, isLeft, A1) % lift(liftCtor, isLeft, A)) for A= A1 % A,
lift(liftCtor, isLeft, A;) nlift(liftCtor,isLeft, A,) forA=A;1nA;

Coproduct lifting has partially defined right inverses:

unlift(unliftCtor, A) =

w forA=w

A% A, for A= (3,b)(A;, Ay) and
unlift(unliftCtor, A;) = A} and
unlift(unliftCtor, Ay) = A)

(B for A=(i,c)(B)and i € {1,2} and
unliftCtor((i,c)) = ¢’ and

1 unlift(unliftCtor, B) = B’

Al — A, for A= Ay — Ay and
unlift(unliftCtor, A;) = A} and
unlift(unliftCtor, Ay) = A)

AlnA, forA=A;nAzand
unlift(unliftCtor, A;) = A} and
unlift(unliftCtor, Ay) = A)

unliftCtor; (¢) = c'for ¢ = (1, ¢)
unliftCtors (¢) = ¢'for c = (2,¢)
unlift; (A) = unlift(unliftCtor;, A)
unlift, (A) = unlift(unliftCtor,, A)
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There is an easy to define pair of T-classifiers inPartition; for j € {1,2}:

inPartition j(A)=
true forA=ow
true for A=(i,c)(B) and i = j and inPartition j(B)

true
true
true

false

for A= (3,true)(A; x A2) and j = 1 and inPartition (A;) and inPartition ; (Az)
for A= A; — A and inPartition (A;) and inPartition ;(Az)
for A= A; N A; and inPartition j(A1) and inPartition j(A2)

otherwise

The lifting is mostly straight-forward, except for the subtle encoding of products. The latter is
necessary to prevent information leakage between type universes from nested products. Type
w * w illustrates this point: it contains information because w < w * w is false, but without the
product encoding it cannot be uniquely classified as belonging to any type universe.

Lemma 19 (Properties of Coproduct Lifting) Again let C1,C, be preordered countable sets of
constructor symbols, T, T, types formed over each of these sets and T be formed over C as
constructed in Definition 19. For all k € {1,2}, (ck, di € Ci), and Ay, Ay, A7 € Ty, Ay € T}, and
B,B1,B> €T, ceC, b = true, by = false, coproduct lifting has the following properties:

1. liftg (A — A?) =liftg(A}) — lift; (A7)

2. lifte (A} 0 A7) = lLift; (A}) Nlifty (A7)

3. If there exists A\, A), s.t. lifty (Ay) = A] — A, then
there exists A1, A% € Ti, s.t. A = Al — A2

4. lifty (w) = w

5. unlift (lift; (Ar)) = Ax

6. lifty (Ma,en, A1) =M Aa;emap(AA.Lift (A) (Ay) Ai

7. castiif, (¢, (By) (lift (Ag)) = map()tA.liftk(A))(castck(Bk) (Ax))

8. isOmega(Ay) = isOmega(lifty (Ag))

9. castyp, (a1 42) (iftx (Ar)) = map(A AB.(lifti (AB.1), liftx(AB.2))) (cast 1 _. 42 (A1)

10, castyg, a1 « a2, (ifti (Ar)) = map(AAB. (lift (AB.1), liftx (AB.2))) (cast 41 , 42 (Ar)

11. IfB = hftk(Alk) *llftk(Ai) and A\ = CaSt(gybk)(B) (llftk(Ak)) then
castg(a,en Ai) = map(/lAB.(liftk(AB.1),liftk(AB.Z)))(castA}C*Ai Ap)
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12. A} < A7 iff lift (A) < liftg (A%)

13. inPartitiong (lifty (Ag)) = true

14. inPartitiony (B; — By) = inPartitiony (B;) and inPartition (B)
15. inPartitiony (B; N By) = inPartitiony (B;) and inPartitiony (B,)
16. inPartitiong (w) = true

17. IfinPartition; (B;) and inPartition;(c(By)) then cast.g,)(B1) = [::]
IfinPartitiony (B;) and inPartition, (c(B2)) then castg,) (B1) = [::]

18. IfinPartition; (B;) and inPartitiony (By) and By < B, thenisOmega(B;)
IfinPartition, (B1) and inPartition; (B2) and B < B, then isOmega(B>)

19. IfinPartitiony(B) then for all B' in primeFactors(B): inPartition (B’)

20. IfinPartition; (B;) and inPartitiony (B) and inPartition; (B) and BN B, < B then B; < B
IfinPartition, (B;) and inPartition, (B») and inPartition,(B) and BN B, < B then B, < B

PROOF The statements are proven in the order presented. Most follow from simple induction,
previous lemmas and unfolding of definitions. Statements 12 and 16 require analyzing the
operational semantics of the subtype machine and induction on the termination certificates
for [ subty A; of Af]and|[ subty B; of B,]. This is necessary because of transitivity
and the change of arrow variance. For similar reasons, statement 19 is proven by induction in
the size of B. Statement 20 is proven using statement 19 and correctness of prime factorization
(Theorem 2). ]

Theorem 5 (Coproduct Lifting Context Pairs to Split Context Pairs) Any pair of contextsT'y :
B — Ty and T, : B — Ty can be lifted into I (c) = lift; (I'1(c)) and T} (c) = lifty(T'2(c)) and
combined toT'(c) =T (c) NT5(c) such that forall A€ Ty, B€ Ty, and M € A:

'+ M :lift; (A) nlifto(B) iffT1 - M: AandTo = M : B.

PROOF By Lemma 19, inPartition; and inPartition, are proper disjoint classifiers and (I}, I"})
is a Split Context Pair. Also by Lemma 19, lift; and lift, are Intersection Type Homomorphisms.
Hence type judgments of the lifted contexts can be transformed back and forth between the
original and lifted contexts by Lemma 18. n
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2.5 Verified Enumerative Type Inhabitation in FCL

This section discusses an algorithm for enumerative type inhabitation (enumerate all inhabi-
tants of a given type) in FCL. Rehof and Urzyczyn [165] have studied the decision problem for
type inhabitation in FCL and characterized it as EXPTIME-complete. The decision problem be-
comes undecidable if the system is extended with schematism and (1+ k)-EXPTIME-complete1
if the schematism is restricted to variable instantiations of maximal depth k [57]. The decision
problem (does there exist an inhabitant of a given type?) is informative for complexity theory
and [165] also provides decision procedures for the problems of ambiguity (do there exist
multiple inhabitants of a given type?) and infinity (do there exist infinitely many inhabi-
tants of a given type?). Decidability and the alternating tree-automaton based representation
of FCL without subtyping [165] inform the design of an enumerative type inhabitation al-
gorithm, which can construct inhabitants instead of just answering questions about their
existence. The enumerative approach is most valuable from the practical perspective of soft-
ware synthesis and has been at the heart of multiple implementations of the (CL)S Framework
[56; 59; 55; 20; 61]. Yet, it has never been formalized — a gap that has existed for almost 10 years
of development and is finally closed in this section.

2.5.1 The Cover Machine

Combinators are the building blocks of FCL and the most fundamental task in any type
inhabitation algorithm is: given a combinator and a target type, find (all) possible types of
arguments, such that application of the combinator produces (covers) the desired target. The
cover machine solves this goal. For its specification some auxiliary functions are necessary.

Definition 20 (Auxiliary functions for the cover machine) Subtype duplicate free intersec-
tion is defined by:

A for A<B
AMB=<B fornot A<Band B< A

AN B otherwise

Function partitionCover partitions a list of types according to membership in another list:

(21, 2D for A, = [:1]
([:: A&ALL,A%)  for Ap = [:: A&A] and Ain A; and
partitionCover(Ay, Az) = 4 partitionCover(Aj,A) = (A}, A3)

(Aé, [:: A&Ag]) for A, = [:: A&A] and not Ain A; and
partitionCover(A, A) = (A3, A3)

1 The definition of depth(A) in this text coincides with level(A) + 1 in [57].
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Predicate stillPossible: (((T* x T) x T*)* x T*) — B tests for a list of multi arrows with target
components they cover and a list of target components, which are yet to cover, if these still
can be covered:

stillPossible(splits, toCover) = for all A in toCover :
exists covered € map(AmCovered.mCovered.2) (splits) :

A € covered

Function mergeMultiArrow distributes duplication free intersection over two multi arrows:

mergeMultiArrow(m;, m,) = (map(Asrcs.srcs.1 M sres.2) (zip(my.1, mp.1)), my.2 h my.2)

Definition 21 (Cover Machine) The instructions of the cover machine are given by

lcover 2 i ::= Cover splits toCover
| CheckCover splits toCover
| ContinueCover splits toCover currentResult

| CheckContinueCover splits toCover currentResult

where

e splitse ((T* x T) x T*)* is a list of multi arrows with parts of the target they cover
e toCover € T* is a list of target components still to cover

e currentResult € T* x T is an intermediate multi arrow, possibly added to the result
The output Ocgver = (T* x T)* is a list of multi arrows.
Behavior of the cover machine is specified by the following step relation:

not stillPossible(splits, toCover)
(s, [:: CheckCover splits toCover&pl) ~ (s, p)

(STEPchEckPRUNE)

not stillPossible(splits, toCover)
(s, [:: CheckContinueCover splits toCover currentResult&p]) ~ (s, p)

(STEPGHECKCONTINUEPRUNE)

stillPossible(splits, toCover)
(s, [:: CheckCover splits toCover&p]) ~ (s, [:: Cover splits toCover&p])

(STEPcHECKOK)

stillPossible(splits, toCover)

. ) (STEPCHECKCONTINUEOK)
(s, [:: CheckContinueCover splits toCover currentResult&p]) ~»

(s,[:: ContinueCover splits toCover currentResult&p])

(STEPpoNE)

(s,[:: Cover [::] toCover&p]) ~ (s, p)
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(STEPpONECONTINUE)

(s,[:: ContinueCover [::] toCover currentResult&p]) ~ (s, p)

partitionCover(covered, toCover) = ([::],A)

STEP
(s, [:: Cover [:: (m, covered)&splits] toCover&p]) ~ (s, [:: Cover splits toCover&p]) ( skr)
partitionCover(covered, toCover) = ([::],A) (STEP )
SKIPCONTINUE
(s,[:: ContinueCover [:: (m,covered)&splits] toCover currentResult&p]) ~»
(s, [:: ContinueCover splits toCover currentResult&p])
partitionCover(covered, toCover) = ([:: A&A], [::])
- (STEPApDDONE)
(s,[:: Cover [:: (m, covered)&splits] toCover&p]) ~»
([:: m&s], [:: CheckCover splits toCover&p])
partitionCover(covered, toCover) = ([:: A&A], [::]) (STEP )
MERGEDONE

(s,[:: ContinueCover [:: (m, covered)&splits] toCover currentResult&p]) ~»
([:: mergeMultiArrow(currentResult, m1) &s],

[:: CheckContinueCover splits toCover currentResult&p])

partitionCover(covered, toCover) = ([:: A&A1], [:: B&A3])
(STEPcoNTINUE)

(s,[:: Cover [:: (m, covered)&splits] toCover&p]) ~»

(s,[:: ContinueCover splits [:: B&Ay] m&[:: CheckCover splits toCover&pll)

partitionCover(covered, toCover) = ([:: A&A1], [:: B&Ay])

mergeMultiArrow(currentResult, m).1 = currentResult.1 (STEPCONTINUE_

(s, [:: ContinueCover [:: (m, covered)&splits] toCover currentResult&p]) ~» MERGEALWAYS

(s,[:: ContinueCover splits [:: B&Ay] mergeMultiArrow(currentResult, m)&p])

partitionCover(covered, toCover) = ([:: A&A1], [:: B&A3]) (STE

P
not mergeMultiArrow(currentResult, m).1 = currentResult.1 CONTINUE-
MERGE-
(s, [:: ContinueCover [:: (m, covered)&splits] toCover currentResult&p]) ~»
OPTIONS

(s,[:: ContinueCover splits [:: B&Ay] mergeMultiArrow(currentResult, m)&

[:: CheckContinueCover splits toCover currentResult&p]])

The n-step closure of ~ is the least relation closed under the rules:

[1](s1, p1)~ (52, p2) [2](s2, p2) ~n (83, P3)
(s, p)~0 (s, p) (81, P1) ~n+1 (83, P3)

By definition the n-step closure coincides with transtive reflexive closure: (s, p) ~. (s, p') iff
there exists n, s.t. (s, p) ~, (s, p). In proof trees t for (s, p) ~> 41 (8, p') the first and second
premise are selected using ¢.1 and £.2. O
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The cover machine processes a stack of instructions. Results are pushed onto an output stack.
Each of the instructions has lists splits, and toCover. For the initial instructions toCover will be
chosen as the prime factors of the target type. List splits will include multi arrows computed
from the type of a combinator. Each of these multi arrows will have the same number of
arguments and be paired with the target prime factors that are greater or equal than the
multi arrow target. For example, if a combinator x has typeI'(x) =(a—=b—-cnd)n(d —
e)N (f — g — h) and the target type is hn ¢, then one of the initial instructions will be
CheckCover [:: (([:: b&[::all,c N d), el &L (([:: g&L:: f11, h), [::hD]] [:: h&[::c]]. This instruction
checks the multi arrows with two targets, which are ([:: b&[::all,cnd) fora — b — cnd
and ([:: g&[::f11, h) for f — g — h. The target prime factors are ¢ and h, so the first multi
arrow is only paired with ¢, because cnd < c and not cnd < h. The second multi arrow
is paired with h because h < h and not h < c¢. Two of the four cover machine instructions
are prefixed with CHECK. They try to prune its exponentially large search space. If at some
point all of the covered components in splits are no longer enough to cover all components
in toCover, the search is aborted and the instruction can be dropped. This shortcut, or
if not viable the resumption of normal operations, is implemented by the first four rules
(STEPcueckPruNE)s (STEPcHEcKCONTINUEPRUNE), (STEPcHECKOK), @nd (STEPcheckConTiNurOK)- Rules
(STEPpone) and (STEPponeconTivue) iMplement failure modes and skip the current instruction.
They are inserted to ensure left totality of the step relation and invariants established for
proper initialization will later prevent, that their precondition (empty choices for splits) ever
occurs. If the first multi arrow in splits does not cover any new elements of toCover, it is
removed by (STEPskrp) O (STEPponeConTINUE)- Lhe opposite condition, if the first multi arrow
covers all remaining targets, is implemented in rules (STEPApppone) and (STEPyergeDoNE)- IN
each case the multi arrow from splits is pushed to the output stack. In (STEPygrgeDoNeE) it is also
merged with the current result. When merging two multi arrows, all of their targets and all of
their sources are intersected, avoiding redundancy whenever possible: mergeMultiArrow(([::
b&[::all,c), ([:: d&[::anell, f)) = ([:: bnd&[::an e]],cn f) where redundancy in the second
argument has been removed, i.e. a N e instead of an (ane). The DONE-rules continue with
the rest of the multi arrows in splits. Intuitively in (a — ¢) n (b — ¢), type a — ¢ is enough
to cover target c, but b — c is also viable, and recursive targets a and b can have different
inhabitants. Possibilities to cover the target are lost when resuming with the rest of splits, so
prune checks are scheduled. The CONTINUE-rules are used for the remaining cases, where
the first multi arrow in splits covers some, but not all, of the targets in toCover. This multi
arrow is then included in the current result, either by copying it if there was no prior result
(rule (STEPcontiNug)) OF by merging it with the previous result. In rule (STEPcontivue) Merging
with the previous result does not change any of the sources of the current result. Unlike the
other CONTINUE-rules and the DONE-rules, which need to consider inclusion and exclusion
of the first multi arrow, the multi arrow can always be included in this case. For example in
(a— b)n(a— c)n(d — enc)with target bn ¢ N e choosing a — c after b — ¢ does not change
any sources ((mergeMultiArrow(([::al, b), ([::al, ¢))).1 = ([::al, b).1). Unchanged sources imply
that no inhabitants are ruled out for recursive targets compared to the scenario without that
particular choice. The choice is always safe, again avoiding exploration of an entire search
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space area.

The first fact to establish about the specification in Definition 21 is functionality (c.f. Lemma 1).

Lemma 20 (Functionality) Foralln €N, and s, s1, sz € Ocover and p, p1, p2 € 15, the cover
machine step relation is functional:

L. If (s, p)~ (s1, p1) and (s, p) ~ (2, p2) then (s1, p1) = (s2, p2)

2. If (s, p) ~n (1, p1) and (s, p) ~>p, (S2, p2) then (s1, p1) = (S2, p2)
PROOF The precondition of all rules in Definition 21 are mutually exclusive. n

Definition 22 (Cover Machine Step Function) The result (s', p’) of steps (s, p) ~, (s, p) for
n < 1is computed by:

step(s, p) : {(s', p') € Ocover X Ioyey) | if p = [::] then (s', p) = (s, p) else (s, p) ~ (s, p')}
step(s, p) =

(s,[z]) forp=[:]
P(s, p)

(s', " for
P (s,p)~ (s, p)

in the rules of ~» and P(s, p) = true

Similar to the implementation of the subtype machine, totality of the implementation of the
cover machine is guaranteed by a termination certificate.

Definition 23 (Cover Machine Termination Certificate) For any input (s, p) € Ocover % I]é over

termination certificate Dom(s, p) is a proof tree constructed from the rules of (s, p) ~, (s', [::])
for some neNand s’ € Ocoyer. o

A tail recursive procedure now implements the full n-step behavior of the cover machine.

Definition 24 (Procedure implementing the Cover Machine)

coverMachine(s, p) : Dom(s, p) — {s" € Ocgver | (s, p) ~+ (8, [:])}

coverMachine(s, p)(d) =

s for step(s, p) = (s, [::])
coverMachine(s', [:: i&p'])(d.2) for step(s, p) = (s, [:: i&p'])

It remains to show that the cover machine is total, i.e. that a termination certificate can be
provided for all inputs.
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Lemma 21 (Totality of the Cover Machine) For i € lcoyer define:

splitsOf(i) =

splits for i = Cover splits toCover

or i = CheckCover splits toCover

1
ori = ContinueCover splits toCover currentResult
or i = CheckCover splits toCover currentResult
isChecked(i) =

true fori=Cover splits toCover

9 or i = ContinueCover splits toCover currentResult

false otherwise

) 22 Isize(splitsOf() for isChecked(i) = true
measure(i) = . . .
22~151ze(sp11tsOf(l)) +1 otherwise
ForallneN, s, 52 € Ocover and p1, p2 € I]éOVer the following statements are true:

1. If(s1, p1) ~ (S2, p2) then Y ; in p, measure(i) < 3.; i, p, measure(i)
2. If(s1,p1) ~n (S2, p2) then n < }; i, jp, measure(i)
3. Prooftree Dom(sy, p1) exists

PROOF The first statement is proven by case analysis on the possibilities for (s1, p1) ~» (s2, p2)
and application of some simple arithmetic. The second statement then follows by induction
on n, the first statement, and transitivity of < on natural numbers. Finally the proof tree
for Dom(sy, p1) is constructed by iterating the single step function up to }_; i, p measure(i)
times. The second statement proves that more iterations cannot result in additional steps and
thereby the program instruction stack p must be empty as is required for the leaves of the
Dom proof tree. ™

Correctness of the cover machine is a multi faceted issue and its proof requires to study
multiple properties and invariants of the machine behavior first.

*
Cover

fies the following stack invariants for its state and list of instructions

Lemma 22 (Stack Behavior) For all s, s» € Ocgyer, and p1, p2 €1 the cover machine satis-
1. If(s1, p1) ~ (2, p2) then suffix(behead(pl), p2)

2. If (s1, p1) ~ (82, p2) then suffix(s1, s2)

3. If (s1, p1) ~« (82, p2) then suffix(s1, s2)

PROOF Case analysis and in the last case induction on the steps. ™
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More auxiliary functions for multi arrows are used in the subsequent specifications.

Definition 25 (Auxiliary Functions for Multi Arrows) Function mergeMultiArrows merges se-
quences of multi arrows:

mergeMultiArrows(ms) =
([::], w) for ms =[]
foldl(Am; m,. mergeMultiArrow(my, my))(m)(ms')  for ms = [:: m&ms']

Function filterMergeMultiArrows flattens sequences of sequences of multi arrows by merging
subsequences or removing them if they are empty:

filterMergeMultiArrows(mss) =

[::] for mss = [::]
filterMergeMultiArrows(mss’) for mss = [:: [::]]&mss’]
[:: mergeMultiArrows([:: m&ms))&  for mss = [:: [:: m&ms|&mss']

ﬁlterMergeMultiArrows(mss')]

Components that might be subject to merging in a run of the cover machine are collected
from its instructions using:

mergeComponentsOf(i) =

map(Am.m.1)(splits)
for i = Cover splits toCover or
i = CheckCover splits toCover
[:: currentResult& map (A m.m.1) (splits)]

for i = ContinueCover splits toCover currentResult or

i = CheckContinueCover splits toCover currentResult

The first soundness property captures the fact that the cover machine does not add multi
arrows to its results which were not present in its input instructions:

Lemma 23 (Cover Machine Input Merge Component Soundness)
For mssy,mssy € (T* x T)*)*, and my, my € (T* x T), i € lcover, and p1, p2 € I]éover, and s1, 52 €
Ocover, and splits€ (T* x T) x T*)* the following statements are true:

1. filterMergeMultiArrows(mss) +Hmssy) =

filterMergeMultiArrows(mss;) +filterMergeMultiArrows(mss,)

2. If mss) E mss; then filterMergeMultiArrows(mss;) C filterMergeMultiArrows(mss,)
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3. filterMergeMultiArrows(map(Ams.[:: mergeMultiArrow(my, my) &ms]) (mss)) =
filterMergeMultiArrows(map (A ms.[:: m &[:: ma&ms]])(mss;))

4. If (s1, [ i&p1]) ~ (s2, p2) then
for all m in take(lsize(s,) —Isize(sy), $2) :

m is in filterMergeMultiArrows(subseqs(mergeComponentsOf(i)))

*

Define soundness as a Boolean predicate on Ocover * I¢ o DY:
sound(s,p) =forallmins:

misin

flatten(map(Ai.filterMergeMultiArrows(subseqs(mergeComponentsOf£(i)))) (p))

5. If (s1, p1) ~ (82, p2) then sound (take(Isize(sy) —Isize(s1), $2), p1)

[}

. Af(s1, [ i&p1]) ~ (82, p2) then
for all i, in take(Isize(p,) —Isize(p1), p2) :
if isChecked(i) then splitsOf(i») = behead(splitsOf(i))

7. If (s1, [ 1&p1]) ~ (S2, p2) then
for all i, in take(lsize(py) —lIsize(p1), p2) :
if i = ContinueCover splits toCover currentResult or
i = CheckContinueCover splits toCover currentResult then
currentResult is in

filterMergeMultiArrows(subseqs(mergeComponentsOf(i)))

o5

. If (81, [ 1&p1]) ~ (2, p2) and sound(splits, p2) then sound(splits, [:: i1 &p1])

©

. If (51, p1) ~« (82, p2) then sound(take(lsize(s2) —lsize(s1), $2), p1)

PROOF Statements 1, 2, and 3 are proven by induction on mss;, mss,, and mss;. They are
used to decompose properties of output states in multi step reductions. Statement 4 is the
interesting part of single step soundness in statement 5. The idea is to show that freshly
pushed outputs (those in take(lsize(s2) —Isize(s;), s2)) are the result of merging multi arrows in
the instructions before the step was performed. Lemma 22 facilitates this kind of reasoning by
decomposing instructions and outputs. Statement 4 requires Lemma 22.2 followed by case
analysis on i. Statement 5 is then proven by simple case analysis on p;. Reductions with
multiple steps require reasoning backwards: the output state is related to the input instructions.
Statements 6, 7, and 8 perform backwards reasoning for single steps. They follow from the
decomposition properties and case analysis on the first instruction i. Finally, statement 9 is
proven by induction on the steps, decomposition of the first step with Lemma 22.2 and the
later steps with Lemma 22.3, finishing by conjunction of the properties obtained by statement
5 for the first step with the properties obtained by statement 8 with the induction hypothesis
for the last steps. ™

52



2.5. Verified Enumerative Type Inhabitation in FCL

Completeness requires a more subtle and technically challenging argument. Statements and
definitions of the following lemma will be illustrated in its proof and the puzzled reader is ad-
vised to read it first and then interactively step through the accompanying Coq formalization.

Lemma 24 (Cover Machine Input Merge Component Completeness)
Define

toCover for i = Cover splits toCover or

toCoverOf(i) = i = CheckCover splits toCover or

i = ContinueCover splits toCover currentResult or
i = CheckContinueCover splits toCover currentResult

and some Boolean predicates to encode invariants:

e complete(s,i) =
for all m, in filterMergeMultiArrows(subseqs(mergeComponentsOf(i))) :

ifmp.2< N A
A;etoCoverOf(i)

exists my ins:
for (srcs, tgt) =
((mergeMultiArrow(currentResult, 1721)).1,

currentResult.2 NN 4,etoCover Ai)

\ fori=ContinueCover splits toCover currentResult or
i = CheckContinueCover splits toCover currentResult

(my.1, M 4,etoCoverof(i) Ai) otherwise
Isize(m,.1) = Isize(srcs) and
for all (srcy, srcy) in zip(srcs, mp.1) 1 src; < srcp and

my.2 < tgt

e instruction_covered(i) =
for all ((srcs, tgt), covered) in splitsOf(i) :
tgt< [ A;and

A;ecovered

for all A in toCoverOf(i) : If tgt < A then A is in covered

* not_omega_covered(i) =

not toCoverOf(i) = [::] and for all A in toCoverOf(i) : notw < A

e arity_equal(i) =
for all (srcsy, tgt;) in mergeComponentsOf(i) :

for all (srcsp, tgt,) in mergeComponentsOf(i) : Isize(srcs;) = Isize(srcsy)

53



Chapter 2. Theory

¢ toCover_prime(i) = for all A in toCoverOf(i): Ae T,

¢ currentResultNotDone(i) =

If A intoCover then not currentResult.2 < A

for i =ContinueCover splits toCover currentResult or
i = CheckContinueCover splits toCover currentResult

true otherwise

ForneN, msse (T* xT)*)*, mse (T* xT)*, srcse T*, and A, B,tgt € T, and m,my, my €
éover, and s, s1,52 € Ocover, Splits € (T* x T) x T*)*, and
covered,toCover € T* the following statements are true:

(-I]—* X -H—)! i€ [ICover; and P1, P2 el

~

. forall A in (partitionCover(covered, toCover)).1: A is in covered

A

for all A in (partitionCover(covered, toCover)).2: A is not in covered
3. (partitionCover(covered, toCover)).1 = toCover
4. (partitionCover(covered, toCover)).2 = toCover

5. If (s1, p1) ~ (82, p2) and for all i) in p,: instruction_covered(i,) then
foralli, in p,: instruction_covered(i,)

6. If (s1, p1) ~ (2, p2) and for all iy in p;: not_omega_instruction(iy) then
forall i, in p: not_omega_instruction(iy)

7. If (s1, p1) ~ (2, p2) and for all i} in p,: arity_equal(iy) then
foralli, in p,: arity_equal(i»)

8. Iffor allmy in ms: for all my in ms: Isize(m;.1) = lsize(my).1 then
for all m in ms: 1size(m.1) = Isize((mergeMultiArrows(ms)).1)

9. (mergeMultiArrow(my, my)).2 < m.2Nmy.2
10. my.2nmy.2 < (mergeMultiArrow(m;, my)).2

11. forall (srcy, (srcy, srcy)) in zip(mergeMultiArrow(my, my).1,zip(m;.1, my.1)):
SIC] < SICp N SIC3

12. for all (srcy, (srcy, sreg)) in zip(mergeMultiArrow(my, my).1,zip(my.1, my.1)):
SICy N SIC3 < SIC]

13. (mergeMultiArrows(m5s)).2 < (\p,ems Mi-2
14. Nm;ems M;.2 < (mergeMultiArrows(ms)).2

15. Iffor all my in ms: for all my in ms: Isize(m,) = lsize(my) then
nth(w, (mergeMultiArrows(ms)).1, n) < (e ms nth(w, m;.1, n)
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

If for all my in ms: for all my in ms: 1size(m,) = Isize(my) then
Nm;emsnth(w, m;.1, n) < nth(w, (mergeMultiArrows(ms)).1, n)

If (51, p1) ~ (82, p2) and for all iy in p,: toCover_prime(i;) then
forall i, in py: toCover_prime(iy)

Iffor all A intoCover: isPrimeComponent(A) and
forall A intoCover: m.2 < A implies A is in covered and
m.2 < p;ecovered Ai and

nmie[::m&ms] m;.2 < mA,»EtoC0ver A; then

m.2< ﬂAi€(partitionCover(covered,toCover)).1 Aj and

ﬂmiems mi-2 = mAi€(partitionCover(covered,toCover)).2 Ai

If m is in filterMergeMultiArrows(map (Ams.[:: my &ms], mss)) then
m=mj or
exists ms in mss s.t. mergeMultiArrows(ms) is in filterMergeMultiArrows(mss)

If for all ((srcs;, tgt;), covered;) in [:: ((srcs, tgt), covered)&splits] :
tg;< [ Aiand

A;j€ecovered;
forall AintoCover: A < tgt;

thentgt < () toCover and
A€

for all A intoCover: tgt < A implies A is in covered

If (partitionCover(covered, toCover)).1 = [::] then
(partitionCover(covered, toCover)).2 = toCover

If (partitionCover (covered, toCover)).2 = [:] then
(partitionCover(covered, toCover)).1 = toCover

If for all my in [:: m&ms]: for all my in [:: m&ms]: Isize(m;) = Isize(my) and
not ms = [::] then
Isize((mergeMultiArrows([:: m&ms])).1) = Isize((mergeMultiArrows(ms)).1)

If A is in toCover then
A is in (partitionCover(covered, toCover)).1 +(partitionCover(covered, toCover)).2

mAie(partitionCover(covered,toCover)).1+(partitionCover(Covered,t0C0ver)).2 Ai = ﬂA,—(—:toCover Ai

Ifforall A; intoCover: A< A; implies B is in covered and
A = aetoCover Ai then
(partitionCover(covered, toCover)).1 = [::]
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27.

28.

29.

30.

31.

32.

33.

34.

35.
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If (s1, p1) ~ (s2, p2) and

foralliinp:
instruction_covered(i) and
toCover_prime(i) and

currentResultNotDone(i)
then for alli in p,: currentResultNotDone(i)

IfnottoCover = [::] and for all A intoCover: nottgt < A then
nortgt = ﬂA;(—:toCover Aj

filterMergeMultiArrows(map(Ams.[:: m;&ms], map(Ams.[:: mp&ms], mss))) =

filterMergeMultiArrows(map (A ms.[:: mergeMultiArrow(m1, m2)&ms], mss))
for all (srcy, srcy) in zip(srcs, (mergeMultiArrow(m, (srcs, tgt))).1): srcp < src;
AnNB<AMB

AMB<ANB

(mergeMultiArrow(m, (srcs, tgt))).1 = map(Asrcs.srcs.1 M srcs.2, zip(srcs, m.1))

Iffor all ((srcs, tgt), covered) in splits:

tgt< (| Ajand

A;ecovered

forall A intoCover : tgt < A implies A is in covered
and for all A intoCover: isPrimeComponent(A) and
not stillPossible(splits, toCover) and
m is in filtertMergeMultiArrows(subseqs(map (Amc.mc.1, splits))) then
not m.2 < ,etoCover Ai

If (s1, p1) ~ (s2, p2) and

suffix(s,, s) and

foralliinp;:
arity_equal(i) and
not_omega_instruction(i) and
instruction_covered(i) and
toCover_prime(i) and

currentResultNotDone(i)
and for all i in p,: complete(s, i) then
foralliin p;: complete(s, i)
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36. If(s1, p1) ~« (82,[:2]) and
foralliinp;:
arity_equal(i) and
not_omega_instruction(i) and
instruction_covered(i) and
toCover_prime(i) and

currentResultNotDone(7)
then for alli in py: complete(sy, i)

PROOF Statement 36 is the interesting property to show. The complete-predicate is applied
to all the initial instructions and the final state. For each instruction it ensures that the state
includes a multi arrow sufficient to represent all possible merged solution subsets of multi
arrows specified in the instruction, including the current result if present. Merged multi arrow
subsets are only possible solutions if their merged target meets the goal, i.e., it has to be a
subtype of all the types to cover by the instruction. A multi arrow is sufficient to represent a
merged subset multi arrow, if its sources are greater or equal and the target is enough to meet
the goal. For example multi arrow ([::al, b) is sufficient to represent ([::anc],bn d) if only b
is to cover: sources of resulting multi arrows will eventually become recursive inhabitation
targets and the terms inhabiting a include all the terms inhabiting a n b. Just like the proof
for soundness, the proof for statement 36 requires induction, decomposition of the first step
and then reasoning backwards. Statements 5, 6, 7, 17, and 27 make it possible to apply the
induction hypothesis by showing that invariants still hold after the first step. Each of them is
proven by case-analysis on the derivation. Backwards reasoning is provided by statement 35.
It requires a detailed and careful case analysis on the many possibilities to derive (sy, p1) ~

($2, p2).

During this analysis all the invariants have to be taken into account. Invariant arity_equal
ensures, that all multi arrows in an instruction have the same number of sources: type (a —
b — c¢)n(d — e) can be used to inhabit ¢ and (b — ¢) N e but not ¢ N e which would require the
multi arrows ([:: b&[::all, ¢) and ([::d], e) with different numbers of sources. Late termination
is prevented by not_omega_instruction and currentResultNotDone. Late termination would
occur if the target of the current result in an instruction is smaller or equal than all of the types
to cover (invariant currentResultNotDone). Alternatively, if there is no current target, there
could be no types to cover. Both situations would lead to unnecessarily specialized sources,
restricting recursive inhabitation targets to types too small. Invariant not_omega_instruction
asserts that normal operation of the machine will stop before the targets to cover by an
instruction are empty. Also targets greater than w have to be sorted out before starting the
machine. This is because subtype rule (— w) converts any such target to an arrow of arbitrary
length, which is incompatible with invariant arity_equal. Machine operations also rely on the
possibility to discharge targets in toCover by adding multi arrows one-by-one. This is possible
if the targets are prime (asserted by invariant toCover_prime): for a prime target tgt and multi
arrows mj and my, m;.2N my.2 < tgt if m;.2 < tgt or my,.2 < tgt and no distribution across m;
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and m has to be taken into account. When processing a single multi arrow, its covered targets
are classified by partitionCover according to their relevance for the remaining targets to cover.
In splits each multi arrow is paired with its covered targets, allowing partitionCover to test for
equality instead of performing costly subtype checks. Invariant instruction_covered ensures
multi arrows are exactly paired with targets they cover. Inclusion of too few targets would
render CHECK and SKIP-steps incomplete by triggering premature exclusion of possibilities.
For the other steps, too many covered targets for a single multi arrow exclude future choices
by removing too many elements from the targets yet to cover.

The rest of the statements of Lemma 24 are technical necessities that simplify backward
reasoning in statement 35 and maintaining the invariants across steps. None of them are
particularly difficult if they are proven in the order presented. ™

There is another important soundness property, which will be proven next.

Lemma 25 (Target Soundness) Target soundness is defined as a Boolean predicate on states

*

se(T* xT)* and programs p € |]Cover"

tgt_sound(s, p) =
for all (srcs, tgt) ins:

thereexists i in p s.t.tgt< [ A;
A;eA

[:: currentResult.2&toCover]

fori =ContinueCover splits toCover currentResult or
forA = i = CheckContinueCover splits toCover currentResult
orA =
toCover

fori = Cover splits toCover or

i = CheckCover splits toCover

*

For i €lcover, and p1, p2 €10,

- and sy, 2 € Ocover the following statements are true:
1. If (s1, p1) ~ (82, p2) and for all i in p;: instruction_covered(i) then
tgt_sound((take(lsize(sy) —lsize(s1), $2), p1)

2. If (s1, [::i]) ~ (82, p2) and instruction_covered(i) and tgt_sound(s, p) then
tgt_sound(s, [::i])

3. If(s1, p1) ~« (S2, p2) and for all i in p;: instruction_covered(i) then
tgt_sound((take(Isize(sz) —lsize(s1), s2), p1)

PROOF Target soundness ensures that the target of every multi arrow in the result state s
covers at least one of the sets specified in an instruction (and the associated intermediate
result if it exists). The proof is similar to the proofs of Lemma 24.36 and Lemma 23.5. It again
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combines forwards and backwards reasoning after an induction on the machine steps and de-
composition of state and programs using the machine stack behavior established in Lemma 22.
Forward and backward steps are proven by case analysis on the derivation, where the back-
wards reasoning in statement 2 has been further simplified to account for just one instruction
(decomposition with Lemma 22 is strong enough for this). Invariant instruction_covered again
prevents the final state from becoming too small because of premature result exclusion. @

The five preconditions for completeness in Lemma 24.36 make proper initialization mandatory.
Additionally types in context I' have to be preprocessed into multi arrows to be accepted in
instructions. This preprocessing is performed by function splitTy defined next.

Definition 26 (Preprocessing Types into Multi Arrows) The list of lists of all multi arrows of
equal length for a given type A is computed by splitTy: T — ((T* x T)*)*

it Ty (A) [:] for isOmega(A)
spli =
Py [:: ([::], A)&splitRec(A, [::],[:])] otherwise

[ [:: ([:: Ay &srcs], A2)&A ]&splitRec(Ay, [:: A &srcs], As)]
for A= A] — A and (A1, Ay) = safeSplit(A)
splitRec(Ay, srcs, A) for A= A; n A, and isOmega(A;)
. splitRec(A1, srcs, A)
splitRec(A, srcs, A) = <
for A= A; n A, and isOmega(A) and not isOmega(A)
splitRec(Aj, srcs, splitRec(Ay, srcs, A))
for A= A; n A, and not isOmega(A,) and not isOmega(A;)

A otherwise

(LD for A=1:]
safeSplit(A) =< (A',[:]) for A = [::A']
(A1,A2) for A=1[:A1&A)]

Function splitTy first sorts out types equal to w and then proceeds recursively on the type
structure. During recursion the sources of the multi arrow currently under construction and a
list A of computed results are maintained. For constructor symbols and products recursion
stops, returning the computed results. These already include the current type as target from
a previous step. Intersections are processed component-wise, again filtering out all types
equal to w. For arrows the result list is split into a head and tail list. The head list contains all
results with Isize(srcs) + 1 sources and a new multi arrow constructed from the current arrow is
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inserted into it. The remaining arrows of the current arrow target are recursively constructed
from the tail list, which contains the results with more sources. The current source is added to
the sources for arrows under construction.

Lemma 26 (Properties of Type Preprocessing) Define the recursive Boolean predicate

arity_increasing(n,A) =

true forA=1:]
arity_increasing(n +1,A) and for A =[:: A1 &Ay]
for all (srcs, tgt) in A : n =lIsize(srcs)

Force€ C, neN, and srcs,srcsy,srcsy € T*, and A,B € Types, and A, A1, Ay, Az € (T xT)*)*,
and f:(T* xT)* - (T* x T)* the following statements are true:

1. arity_increasing(n, A; +A») iff
arity_increasing(n,A;) and arity_increasing(n +lsize(A1), A2)

2. Ifarity_increasing(Isize(srcs) + 1,A) then
arity_increasing(Isize(srcs) + 1, splitRec(A4, srcs, A))

3. arity_increasing(0, splitTy(A))

4. Forallms inA: for all (stcsy,tgt,) in ms: for all (srcsy, tgt,) in ms:
Isize(srcsy) = Isize(srcsy)

5. ﬂmi€nth([::],splitRec(A,srcs,A),n) mkArrow(m;) < ﬂmienth([::],A,n) mkArrow(m;)
6. If Isize(A;) = lsize(A,) thenlsize(splitRec(A, srcs, A1)) = Isize(splitRec(A, srcs, Ay))

7. If 1size(A;) =Isize(Az) and
ﬂmiEch([::],Al,n) mkArrow(mi) < mmienth([::],Az,n) mkArrow(mi) then

ﬂmienth([::] ,splitRec(A,srcs,A;),n) mkArrow(m;) < ﬂmiEnth([::],splitRec(A,srcs,Az),n) mkArrow(m;)

8. IfB = ﬂmi€nth([::],splitRec(A,srcs,nseq(lsize(A),[::])),n) mkArrOW(mi) and
B< ﬂmienth([::],A,n) mkArrow(m;) then

B <= ﬂmi enth([::],splitRec(A,srcs,A),n) mkArrow(m;)

9. IfmkArrow(srcs, A) <\, enth((:],A,n) MKArTow(m;) then
mkArrow(srcs, A) < ﬂm,—(—:nth([::],splitRec(A,srcs,A),n) mkArrow(m;)

10. A = (Mm;enth((:],splitTy(A),n) MKArTOW(172;)
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Define

¢ merge(A;,Ar) =

[:: ms; Hms,&merge(A],A})]  for Ay = [:: ms; &A1 and Ay = [:: ms; &A]
Ay for Ay =[]
Aq for Ay = [::]

 splitTy_slow(A) =

[::] forisOmega(A)

[ [:([2], A — Ao)]&map(Ams.map(Am.(rcons(m.1, A1), m.2), ms), splitTy_slow(A»)]
for A= A} — Ay and not isOmega(A)

[ [:([2], A N A2)]&behead (merge(splitTy_slow(A;), splitTy_slow(A>)))]
for A= A n Ay and not isOmega(A)

[:[:([2], A)]]  for not isOmega(A)

then:

11. merge(merge(Aq,Az),As) = merge(A;, merge(Az, Az))
12. merge(A,[:]) = A

13. merge([::],A) = A

14. splitRec(A, srcs, A) = merge(splitRec(4, srcs, [::]), A)

15. Iffor allmsy,ms, € (T* x T)*: f(ms; Hmsy) = f(msy) + f(ms,) then
map(f, merge(A;,Ay)) = merge(map(f, A1), map(f,Ay))

16. splitRec(A, srcsy +srcsy, [::]) =
map(Ams.map(Am.(m.1 +srcsy, m.2), ms), splitRec(A4, srcsy, [::]))

17. splitTy(A) = splitTy_slow(A)

18. IfisOmega(A) then splitTy_slow(A) = [::]

19. nth([::], merge(mssy, mssy), n) = nth([::], mssy, n) +nth([::], mssy, n)
20. nth([::],splitTy_slow(Az), n + 1) = nth([::], splitTy_slow(A; N Az),n+1)

21. Ifc(A) < mkArrow(srcs, B) then
(mergeMultiArrows(
filter(
Am.lsize(m.1) = Isize(srcs) and for all (srcy, srcy) in zip(srcs, m.1) : srcy < Srcp,
nth([::], splitTy(c(A)),Isize(srcs))))).2 < B
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22. If A} x Ay < mkArrow(srcs, B) then
(mergeMultiArrows(

filter(
Am.lsize(m.1) = Isize(srcs) and for all (srcy, srcy) in zip(srcs, m.1) : srcy < srcp,
nth([::], splitTy(A; x Ay),lsize(srcs))))).2< B

23. Ifw < mkArrow(srcs, B) then
(mergeMultiArrows(

filter(
Am.lsize(m.1) = Isize(srcs) and for all (srcy,srcy) in zip(srcs, m.1) : srcy < srcp,

nth([::], splitTy(w), Isize(srcs))))).2 < B

24. If A < mkArrow(srcs, B) then
(mergeMultiArrows(

filter(
Am.lsize(m.1) = Isize(srcs) and for all (srcy,srcy) in zip(srcs, m.1) : srcy < srcp,
nth([::], splitTy(A),lsize(srcs))))).2 < B

25. If A < mkArrow(srcs, B) and notisOmega(mkArrow(srcs, B)) then
exists m in filterMergeMultiArrows(subseqgs(nth([::], splitTy(A),lsize(srcs)))), s.t.
Isize(m.1) = Isize(srcs) and

for all (srcy,srcy) in zip(srcs, m.1) : srcy < srcp and
m.2<B

PrOOF Statements 1-10 prove soundness of splitTy with respect to its specification. The
resulting multi arrows are ordered increasing by their source count (statement 3). After re-
combination with mkArrow, type A is less than each of the multi arrows it includes (statement
10). When done in the order presented, proofs are unsurprising and follow by induction on
the first context mentioned in statement 1 and 2, and structural induction on the type that is
split in the other statements. Completeness is specified in statement 25 and requires a less
straight-forward proof. The main difficulty is to find invariants for the accumulated result
state A in the definition of splitRec. Instead the proof strategy is to replace splitTy by a slower
version splitTy_slow with linear overhead for list concatenation instead of constant overhead
for manipulating the head of the lists. Some easy proofs show that this slower version produces
equal results (statements leading up to 17) and behaves well with w, distribution of multi
arrows, and intersections (statements 18 - 20). Finally, the completeness proof in statement
25 follows from its alternative representation in 24, which constructs the desired multi arrow
selection to provide completeness instead of postulating its existence. The proof of statement
24 proceeds by structural induction on A. The easier cases for constructors, products and
omega are managed by 21, 22, and 23. The case for w, 23, is immediate, while for the other
cases reverse induction on the list of sources has to be performed. Then splitTy is replaced by
splitTy_slow, which can be evaluated one step before replacing it again with splitTy to be able
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to use induction hypotheses which are otherwise not applicable to the evaluated recursive
calls to splitTyRec. n

Preprocessing types allows for proper calls to the cover machine.

Lemma 27 (Proper Cover Machine Calls) For ms e (T* x T)*, srccs € T*, and A,B € T, and
s € Ocover, With Bs = primeFactors(B), and mss = splitly(A) the following statements are true:

1. foralli inmap(Ams.map(Am.(m,filter(AB.m.2 < B, Bs)), ms), mss):
instruction_covered(i)

2. If A < mkArrow(srcs, B) and notisOmega(B) and
([::], map(Ams.Cover (map(Am.(m,filter(AB.m.2 < B, Bs)), ms)) Bs, mss)) ~». (s, [::]) then
there exists m in s, s.t.
Isize(m.1) = Isize(srcs) and

for all (srcy, srcy) in zip(srcs, m.1) : src) < srcp and
m.2<B

3. Ifforall my in ms: for all my in ms: Isize(m;) = lsize(my) then
Mim;ems mkArrow(m;) < mkArrow(mergeMultiArrows(ms))

4. IfnotisOmega(B) and
([::], map(Ams.Cover (map(Am.(m,filter(AB.m.2 < B, Bs)), ms)) Bs, mss)) ~. (s, [::]) then
forallmins: A<mkArrow(m)

5. If ([::], map(Ams.Cover (map(Am.(m,filter(AB.m.2 < B, Bs)), ms)) Bs, mss)) ~ (s, [::])
then forallmins: m2<B8B

PROOF Statement 1 establishes the instructionsCovered invariant later used for Lemma 24.36
in statement 2 and Lemma 25.3 in statement 5. It easily follows from the definitions of map
and filter. Statement 2 proves completeness: for any multi arrow (srcs, B) greater or equal
than A, a subtype compatible multi arrow with the same number of sources can be found
in the final state of the cover machine. The proof uses Lemma 24.36. Its preconditions
are provided using Lemma 26.3 with Lemma 26.4, Lemma 9.17, statement 1, Theorem 2.3,
and observing that no intermediate results are present in the initial input. Statement 3 is
proven by induction on ms. The soundness proof in statement 4 proceeds by instantiating
Lemma 23.9 and Lemma 26.10, induction on s, and combining the instantiated lemmas with
subtype transitivity and statement 3. Finally, target soundness in statement 5 follows from
Theorem 2.1, Lemma 25.3 with statement 5, and transitivity of subtyping. ™

A final post processing step is applied to the results of the cover machine. Sometimes indepen-
dent choices can lead to redundancy, e.g. in (anb — cnd)n(a — ¢)n (b — d) with target cnd
the machine has to independently inspect possibilities for (a — ¢) n (b — d) for an execution
branch not choosing an b — cnd. This leads to duplicated inclusion of anb — cnd in the
results. Fortunately, these duplicates can easily be removed.
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Definition 27 (Cover Machine Result Reduction) The result reduction function defined re-
cursively on its input list:

reduceMultiArrows : (T* x T)* — (T* x T)*

reduceMultiArrows(ms) =

msy

for ms = [:: m; &ms'] and
ms, = reduceMultiArrows(ms’) and
exists (srcs, tgt) in ms; s.t.
Isize(srcs) = Isize(m;.1) and
for all (srcy,srcy) in zip(m;.1,srcs) : src; < srcy
[:: my&ms)]
) for ms = [:: m;&ms’] and
ms, = reduceMultiArrows(ms’) and
not exists (srcs, tgt) in ms; s.t.
Isize(srcs) = Isize(m;.1) and
for all (srcy,srcp) in zip(m;.1,srcs) : srcy < src
and ms', = filter(Amy.not (Isize(my,.1) = Isize(m;.1) and
for all (srcy, srcp) in zip(my.1,m;.1):
SICy < SICp), MS;)

[::] otherwise

Lemma 28 (Cover Machine Result Reduction Properties) For mse (T* x T)*,srcse T*, and
A, B,tgt e T function reduceMultiArrows has the following properties:

1. reduceMultiArrows(ms) C ms

2. Ifforall m in ms: A <mkArrow(m) then
for all m inreduceMultiArrows(ms): A < mkArrow(m)

3. Ifforallm in ms: m.2 < B then
for all m inreduceMultiArrows(ms): m.2 < B

4. Ifforallm in ms: m.2 < B and
exists m in ms, s.t.
Isize(m.1) = Isize(srcs) and
for all (srcy, srcy) in zip(srcs, m.1) : srcy < srcp and

m.2<B
then exists m in reduceMultiArrows(ms), s.t.

Isize(m.1) = Isize(srcs) and
for all (srcy, srcy) in zip(srcs, m.1) : srcy < srcp and
m2<B
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PROOF Statement 1 is shown by induction on ms and the (target) soundness preservation
properties of statements 2 and 3 immediately follow from it. Completeness preservation,
which is stated in 4, is proven by induction on ms and case analysis on the conditions checked
by reduceMultiArrows. ™

2.5.2 Generation of Tree Grammars

Results of the cover machine are combined into tree grammars, which allow for easy enumer-
ation. This section discusses an algorithm, which grows these tree grammars in a step-wise
way. Its correctness properties are specified and proven. Specifically the set of inhabitants of a
requested type coincides with the language of the resulting grammar.

Definition 28 (Regular Normalized Tree Grammar and their Language) In [42], chapter 2,
regular normalized tree grammars are defined by G = (S, N, %, R), where

e Se Nisan axiom (start symbol)

e N is aset of non terminal symbols

* Z is aset of terminal symbols disjoint from N

* Risasetofrules of shape A— f(A},Ay,...,Ap) or A— f
where f € &, and A, A}, Ay,...Ap €N

* Arities are used consistently, i.e. if f € & occurs in ry, > € R then either there exists some
neNandforiel,2andl<k<n: Ai,A;; € N s.t. either r; = Al — f(Al,A;_,...,A,l,L) and
ry =A% — f(Az,Ag,...,Afl) or there exist A, A e Ns.t. r; = Al — fand = A% — f-

Language L(G, A) for start symbol A is the least set closed under the following rules:

A— feR A— f(A1,A2,...,Ap) €R tr € L(G, A) for ke {1,2,...,n}
feL(G,A ft, t2,...,ty) € L(G, A)

Additionally language L(G) is defined to be L(G, S). o

Tree Grammars are well-studied concepts with good formal properties. These include efficient
decision procedures for emptiness, uniqueness, and infinity of their associated languages,
as well as an equivalent machine model, non-deterministic finite tree-automata (NFTA) [42].
Note that the associated NFTA model can express the same languages but is algorithmically
weaker than the alternating tree-automata constructed in [165]: transforming a given alter-
nating automaton into an automaton without alternation introduces exponential blowup.
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Rehof and Urzyczyn [165] state that this blowup occurring in addition to the already expo-
nential worst-case size prevents the alternating automaton construction from being a good
solution for deciding inhabitation with subtyping. The tree grammar approach does not intro-
duce double exponential blowup: for input size 7 there exist polynomial functions py, p2, p3
such that there can be up to 27 (M calls to the cover machine, which by Lemma 21.2 takes
at most 2P2(™ steps, adding at most p3(n) many recursive targets (multi arrow sources) per
step. The resulting tree grammar only contains rules for those targets, so its size is bound
by 2P1D . 2P2(0 . o () < 2P1 D +p2(W+og(ps (M) ntyitively, the reason for the performance im-
provement compared to the alternating automaton approach is that alternation elimination is
oblivious of the fact that the task of the cover machine is independent from the main algorithm
loop. It computes the powerset of main loop and cover computation states, instead of their
Cartesian product.

The main algorithm and its helper functions are defined next. The behavior is specified as a
machine performing step-wise transformations of rule lists for tree grammars.

Definition 29 (Inhabitation Machine) ForI :B — T define:

* The preprocessed multi arrow context I : B — ((T* x T)*)*

I’ (c) = splitTy(T'(c))

¢ The set of all possible rules
Rari:=A—~ 1| A—c| A—-@(B,(C)

forceB,and A,B,CeT

¢ Function computeFailExisting: R* x T — B x B

computeFailExisting(G, A) =

(true, true) forG=[:A— L&G']

(true, exists A— 1 inG')  forG=[:B— L&G'landnot A=Band A<B
computeFailExisting(G’, A) for G=[:: B— L&G'] andnot A=Bandnot A<B
{ computeFailExisting(G', A) for G = [:: B— c&G']

(false, true) forG=[:B— @(C, A)&G']
computeFailExisting(G', A) for G=[:: B— @(C,D)&G'] andnot A= D
(false, false) otherwise
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¢ Function commitMultiArrow: R* x B x (T* x T) — R*

commitMultiArrow(G, c, (srcs, tgt)) =

commitMultiArrow([:: tgt — @(src — tgt, src)&G], ¢, (srcs’, src — tgt))
for srcs = [:: src&srcs’]

[::tgt— c&G] otherwise

e Function commitUpdates:R* x Tx B x (T* x T)* — R*

commitUpdates(G, tgt, c, covers) =

commitUpdates(commitMultiArrow(G, ¢, stcs, (srcs, tgt)), tgt, ¢, covers’)
for covers = [:: (srcs, tgt') &covers']

G otherwise

e Function dropTargets : R* — R*

dropTargets(G) =

dropTargets(G') forG=[:A— @(B,C)&G'lorG=[:: A— L&G']
G otherwise

¢ Function accumulateCovers: (B— (T* x T)*) x T x T* x (R* xB) x B— R* x B

accumulateCovers(I”, tgt, toCover, (G, failed), ¢) =
(commitUpdates(G, tgt, c, reduceMultiArrows(covers)), failed and covers = [::])
for p = map(Ams.Cover (map(Am.(m,filter(AB.m.2 < B,toCover)), ms)) toCover,
I'(c)) and

([::], p) ~« (covers, [::])

¢ Function inhabit_cover: B — (T* x T)*) xR* x T — B x R*

inhabit_cover(I”, G, tgt) =

(false,G + G')

for (false, G') = foldl(As c.accumulateCovers(I”, tgt, primeFactors(tgt), s, ¢),
{ ([::], true),
enum(B))

(true, G) otherwise
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¢ Function G, : T — R*

Gy(A)=[:A— @(A, A)&map(Ac.A— c,enum(B))]

¢ The machine state transition function

inhabitation_step: (B— (T x T)*) x R*

inhabitation_step(I", Gstable, Grargets) =

(Gstable» G(argets)
for A— cin Ggaple
([:: A= c&Ggtaplel, G

OF

!
targets)
for not A— cin Ggaple

c&G!

targets

=

(0]

I Gtargets = [1: A— ]
/
(Gstable» Gtargets)

for A— @(B, tgt) in Ggtaple

/
targets

(Gstable, dropTargets(G

([:: A— @(B, tg) &Gstaple), G,

for not isOmega(tgt)

for not A— @(B,tgt) in Ggable
for Grargets = [:: A— @ (B, tgt) &G
®)(Gstable, dropTargets(G{argets))
for Geargets = [:: A— J-&Géargets
@ (Gstable, [::1)

for Grargets = [::]

U

]
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([:: tgt — L&Ggtaple], dropTargets(G;

targets

argets )

for computeFailExisting(Gstaple, tgt) = (true, false)
)

for computeFailExisting(Gsiaple, tgt) = (true, true)

argets)

for computeFailExisting(Gstaple, tgt) = (false, true)

HOX o) ([:: A— @(B, tgt) &G, (tgt) + Gsaplel, Géargets)
for isOmegaf(tgt)
([ tgt— 1 &Ggtaplel, drOPTargets(Géargets))
@ for inhabit_cover(I”, Giygers, t80) = (true, Grypoes)
([:: A— @(B, tgt) &Ggaplel, G{;rgets)
for inhabit_cover(I”, Gy ges, 180 = (false, Gigrges)

for computeFailExisting(Gsaple, tgt) = (false, false)

]
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Within preprocessed context I the inhabitation machine transforms lists of rules into lists of
rules . Its behavior is specified by the step relation induced by inhabitation_step:

I+ (Gstable Gtargets) ~ inhabitation_step (F’, Gstable Gtargets)

The n-step closure of ~ is the least relation closed under the rules:

I+ (Gstables Gtargets) ~>0 (Gstable, Gtargets)

! 2 ! o
F = (Gstable targets)v (Gstable Gtargets) F = (Gstable targets) ~n (GStable Gtargets)

3
F/ = (G Gtargets Gtargets)

)~ el (G

stable’ stable’

By definition the n-step closure coincides with transtive reflexive closure:

) iff

/
Gtargets)

I'" - (Gstables Gtargets) e (Gstable’ targets

there exists n, s.t. T - (Gsgables Grargets) ~*n (Gl p 100

!/
stable’ Gtargets

selected using 7.1 and ¢.2. O

In proof trees ¢ for I F (Gsable, Gtargets) ~n+1 (G ) the first and second premise are

The inhabitation machine with all of its helper functions may seem daunting at first, but its
core idea is simple. Each step transforms two rule lists. The first list Ggape represents rules
of the tree grammar under construction. It is stable because it will only grow by addition of
new rules, while its contents will never be deleted or modified. The second list Gargets is a
queue of rules under consideration for inclusion into the stable list. When there are no more
entries in Gargets inhabitation stops and Gaple is completed (case (7). Then the resulting
grammar is G = (A, T,{@}wB, R) for rules R = {r | r is in Ggaple and not exists As.t. r = A— 1}
and the request type A from I' -?: A. There are three options for rules r € R. Nonterminals are
types T and used without subtyping. Terminals are combinators B or the apply symbol "@".
Rules always use combinators without arguments and the apply symbol with two arguments.
List Ggaple can also include rules of form A— L, which are not considered for the resulting
grammar. They encode the absence of words (inhabitants) for nonterminal (type) A and allow
the algorithm to abort inhabitation early in certain situations. In each step, the machine
makes a decision based on the first rule in Giargets- The cases grouped under Q@ describe
how to add a combinator rule, which is just copied to the stable grammar if it is not yet
present. The target rule queue Giargets has an additional internal order. If the cover machine
finds multi arrow m = ([:: A2&[::A1]], B) for target B and combinator ¢, then Gargets includes
[(:A; — Ay = B— c&[:: Ap = B— @(A] — A, — B, A))&[:: B— @(A; — B,Ag)&G{
where G

argets] 11

targets 1S €ither empty or starts with a combinator rule of shape C — d. Whenever the
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machine detects that an intermediate nonterminal (type) such as A, is unproductive (has
no inhabitants), all of the targets up to the next combinator are discarded using function
dropTargets (case (7) and multiple subcases of (2)). In the example, this aborts inhabitation of
B using m and thereby avoids redundant work for A;. If the first rule on the target queue has
shape A — @(B,tgt) it is an application rule and processed by case (2). Again, rules which have
already been processed are skipped. Otherwise (case (3)) computeFailExisting(Gsaple, tgt)
analyzes if enough information has been collected about the next target tgt in Gsiaple to
continue without extra effort. Function computeFailExisting(Ggtaple, tgt) returns a tuple of
Booleans. The first Boolean indicates if type tgt or a greater or equal type has been marked
as uninhabited. By FCL rule (<) type tgt cannot have inhabitants in this case, because they
would also be inhabitants of the marked type. The second Boolean is true if tgt has previously
been used in target position or been directly marked as unproductive. In case 3) unproductive
target types are discarded with the rest of the entries from their multi arrows, and they are
marked unproductive in Ggyple unless they have been directly marked before. If tgt has been
previously used and not marked, the current rule A — @(B,tgt) is added to Ggtaple and no
further targets are generated. Otherwise, in case (@) the machine checks if w is a subtype of tgt.
Remember that the cover machine from Definition 21 only works correctly with inputs not
greater or equal than w (Lemma 27.2, Lemma 27.4). Every combinator ¢ can inhabit I'(c) < w
and therefore by rule (<) also tgt. Additionally, the subtype rules can derive tgt<w < w — w
resulting in inhabitants of tgt being applicable to other inhabitants of type tgt. The rules in
G, (tgt) express both of these facts, which is why they and the current rule are added to Ggapie-
Every applicative term is derivable by G,, (tgt) and no additional targets are required. Finally,
in case (5 the cover machine is invoked to compute additional inhabitation targets. Functions
inhabit_cover and accumulateCovers generate proper cover machine calls (c.f. Lemma 27)
for the split multi arrows of every combinator, which are precomputed in I'. Results of the
cover machine are postprocessed (c.f. Definition 27) and converted for future addition to
Gtargets using commitUpdates and commitMultiArrow. Function commitUpdates adds all
cover machine results for one combinator and commitMultiArrow adds a single result multi
arrow in the order described above. Both inhabit_cover, and accumulateCovers also keep
track of a Boolean to indicate if no cover machine call yielded any results for any combinator.
If this is the case, no inhabitants for tgt can be found. The inhabitation machine then marks
tgt as unproductive and again discards entries from the target queue. Otherwise, the current
rule is added to Ggple and the newly computed targets are enqueued. Note that using a stack
instead of a queue would lead to depth first instead of breadth first search.

Correctness of the inhabitation machine requires a fairly complex proof presented next. There
are two main sources of complexity. The first is the requirement to reuse information from
Gstable to avoid loops caused by cyclic grammar entries (e.g. from type A — A). The other
complex part is reasoning about the partially constructed list Ggaple, taking into account
potential future inhabitants from Gyargets Which can grow or shrink in any step, potentially
even discarding multiple scheduled targets at once. The easiest part, soundness, is proven first.
Again, the relational machine specification enables reasoning about soundness, completeness,
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and termination independently. Also, the initial call to the machine can be constructed after
preconditions for its correct execution have been established.

For the following proofs, membership in the language of the grammar computed by the
inhabitation machine is replaced by a Boolean predicate. This avoids the clumsy notation to
distinguish between the grammar and its rules.

Definition 30 (Boolean Predicate deciding Language Membership) Let G € R* be rules com-
puted by the subtype machine for some requested type B € T. Then for all types A€ T,
and terms M € A the Boolean predicate word : R* x T x A — B is by definition the same
as membership in the computed grammar, i.e. word(G, A, M) iff M € L((B,T,{@} w B, {r |
risin G and not exists C s.t. r = C — L}, A)):

word(G, A, M) =

true forM=cand A— cisin G

true for M = @(M;, M2) and exists A— @(B,C) in G s.t.
word(G, B, M;) and word(G, C, M>)

false otherwise

Lemma 29 (Inhabitation Machine Soundness) For contextI : B — T define the Boolean pred-
icate FCL_sound : R* — B by

FCL_sound(G) = forallr inG:

A=<T(c) forr=A—c
B=C—A forr=A—@(B,C)

true otherwise

G eR*, and

. !/
then the following statements are true for all G, Gy, Gz, Gsaple, Gargets» Geable’ targets

A,B,C,tgteT,srcse T*, mse (T*xT)*,ceB, MeA, and b e B:

1. If FCL_sound(G) andword(G, A, M) thenT M : A

2. suffix(dropTargets(G), G)

3. Ifsuffix(Gy, G2) andword(Gy, A, M) then word(Ga, A, M)

4. Ifsuffix(Gy, G») and FCL_sound(G») then FCL_sound(G)

5. If FCL_sound(G,) and FCL_sound(G») then FCL_sound(G; +Gy)

6. If FCL_sound(G) andT (c) = mkArrow((srcs, tgt)) and tgt < A then
FCL_sound(commitMultiArrow(G, c, srcs, A)
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7. If FCL_sound(G) and
forallminms:

I'(¢) < mkArrow(m) and

m.2 < A then
FCL_sound(commitUpdates(G, A, ¢, ms)

Additionally in the preprocessed contextT’ : B — ((T* x T)*)* from Definition 29:

8. If FCL_sound(G) and notisOmega(A) then
FCL_sound(accumulateCovers(I'”, A, primeFactors(A), (G, b), ¢).1)

9. If FCL_sound(G) and notisOmega(A) then
FCL_sound(

(foldl(A s c.accumulateCovers(I”, A, primeFactors(A), s, ¢), (G, b),enum(B))).1)

10. If FCL_sound(G) and notisOmega(A) then
FCL_sound((inhabit_cover(I”’, G, A)).2)

11. If isOmega(A) then FCL_sound(G, (A))

12. If FCL_sound(Gsgaple) and FCL_sound(Giargets) then
FCL_sound((inhabitation_step(I"’, Gstaple, Grargets)).1) and
FCL_sound((inhabitation_step(I", Gstaple, Grargets))-2)

13. If FCL_sound(Ggtaple) and FCL_sound(Gtargets) and
N (Gstable’Gtargets)“”* (Gstable’ targets) then
FCL_sound((inhabitation_step(I”’, G
FCL_sound((inhabitation_step(I”’, G

)).1) and

stable targets

stable targets)) 2)

PRrOOF The crucial trick is to define FCL_sound and to prove proposition 1 by induction on
M. This predicate is term-independent and statements 2 - 5, which are easy to prove, enable
compositional reasoning for all the intermediate rule lists created in the other statements.
These cover the different decisions made by inhabitation_step and in the order presented
their proofs follow by unsurprising case-analysis or induction. ™

A total function for the inhabitation machine step relation is constructed next.

Lemma 30 (Functionality of the Inhabitation Machine)
GZ

1
Gtargets » ~stable’

For all preprocessed contexts T' : B — (T* x T)*)* and rule lists G! stable’

2 3 3 Lo . )
Glargets' Gstaple’ Ctargets € R* the step relation is functional:
1
If(GStable' targets) (Gstable' targets) and (Gstable’ Grargets) ™ (Gstable' targets) then
3
(Gstable' targets) - (Gstable’ Gtargets)
PRrROOF Direct consequence of the definition via inhabitation_step. -
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Definition 31 (Inhabitation Machine Termination Certificate)
For all preprocessed contexts I' : B — ((T* x T)*)* and input rule lists Gsaple, Grargets € R*
termination certificate Domy (Gsgaple, Grargets) i @ proof tree constructed from the rules of

'+ (Gstable» Gtargets) 7 (G;table’ [::]) for some G;table eR*. o

Just as for the cover machine (c.f. Definition 24) a tail recursive procedure can now be stated
as implementation of the inhabitation machine.

Definition 32 (Procedure implementing the Inhabitation Machine)

inhabitationMachine(I"”, Gsable, Grargets) :
Domyr (Gstable, Grargets) = {G € R* | T"F (Gstables Grargets) ~« (G, [::])}
inhabitationMachine(I", Gstable, Grargets) (d) =
G for Gtargets =[]
inhabitationMachine(I”, Gy > Gtargets) (-2)

for inhabitation_step(I", Gsable, Gtargets) = (G;table’ G{argets)

Termination certificates d € Domr (Gsgaple, Gtargets) always exist because the growth of Gsaple
is limited.

Lemma 31 (Totality of the Inhabitation Machine) For contextT :B — T and the preprocessed
contextT': B — ((T* x T)*)* define

* A projection to the parameter types of rules by function parameterTypes : R* — T*

Some(C) forr=A— @(B,QC)
parameterTypes(G) = pmap | Ar. ,

None otherwise

e All types in rules generated for a multi arrow via grammarTypes: T* x T — T*

grammarTypes(srcs, tgt) =

[:: src&:: tgt& grammarTypes(srcs’ ,src — tgt)]]  forsrcs = [: Src&srcs’]

tgt otherwise

e All possible parameter types for an initial target by maxParameterTypes: T — T*

maxParameterTypes(A) =
[:: A&flatten(map(Ac.flatten(map(Ams.flatten(map(Am.
grammarTypes(m) + grammarTypes(m.1, A),

filterMergeMultiArrows(subseqs(ms)))), I'(c)),enum(B)))]
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Then forallr € R, and G, Gstaple, Grargets € R*, ¢ € B, and A, src, tgt, tgt' € T, and srcs, A, toCover €
T*, mse(T* xT)*, cseB*, be B, and n € N the following statements are true:

10.

11.
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. Ifsrc is in srcs then src is in grammarTypes(srcs, tgt)
. mkArrow(take(n, srcs), tgt) is in grammarTypes(srcs, tgt)

. Iffor all A inundup(parameterTypes(G)): Aisin A and

forall Ainsrcs: AisinA then
for all A inundup(parameterTypes(commitMultiArrow(G, ¢, srcs, tgt))): A isin A

. Iffor all A inundup(parameterTypes(G)): A isin A and

forall Ainsrcs: AisinA and
forall m in ms: for all src in m.1: src is in A then
for all A inundup(parameterTypes(commitUpdates(G, tgt, c, ms))): A isin A

. Iffor all A inundup(parameterTypes(G)): A is in maxParameterTypes(tgt) then

for all A in (accumulateCovers(I”, tgt, primeFactors(tgt), (G, b), ¢)).1:
A is in maxParameterTypes(tgt)

. tgt is in maxParameterTypes(tgt)

. Iffor all A inundup(parameterTypes(G)): A is in maxParameterTypes(tgt) then

forall Ain
undup(parameterTypes(

(foldl(A s c.accumulateCovers(I"”, tgt’, primeFactors(tgt’), s, ¢), (G, b),enum(B))).1)) :
A is in maxParameterTypes(tgt)

. Iffor all A inundup(parameterTypes(G)): A is in maxParameterTypes(tgt) then

for all A in undup(parameterTypes((inhabitCover(I”, G, tgt)).2)):
A is in maxParameterTypes(tgt)

For all A in parameterTypes(G,, (tgt)): A = tgt

If tgt’ is in maxParameterTypes(tgt) then
for all A inundup(parameterTypes(G,, (tgt'))): A is in maxParameterTypes(tgt)

Iffor all A inundup(parameterTypes(Giargets)): A is in maxParameterTypes(tgt) and
for all A inundup(parameterTypes(Ggapie)): A is in maxParameterTypes(tgt) then
for all A in undup(parameterTypes((inhabitation_step(I”, Gsaple, Gtargets))-1)) :

A is in maxParameterTypes(tgt)

and for all A in undup (parameterTypes((inhabitation_step(I”, Gstable, Gtargets))-2)) :

A is in maxParameterTypes(tgt)
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Define the measured lexicographic product inhabit_step_rel,,, < (R* x R*) x (R* x R*) as the

tgt
least relation closed under the rules:

lsize(maxParameterTypes(tgt)) + 1 —lsize(undup(parameterTypes(Gsiaple))) <

lsize(maxParameterTypes(tgt)) + 1 —lsize(undup (parameterTypes(Gétable)))

inhabit_step_rely ((Gstable, Gtargets), (G’ Gy

stable’ argets))

undup(parameterTypes(Ggiaple)) = undup(parameterTypes(G;table))

Isize(undup (parameterTypes(Giargets))) < lsize(undup(parameterTypes(G{argets)))

inhabit_step_relig ((Gstable, Grargets), (thable’ G{argets))

Also assert that relation R(x, y) is well-founded [154], written WE(R), if all x are accessible,
written Acc(x), where Acc(x) is the least set closed under the rule:

forall y: if R(y, x) then Acc(y)
Acc(x)

Continue with the proof of the following statements:

12. WF(inhabit_step_reltgt)

13. If inhabit—Step—r eltgt ((Gstable, Gtargets ) (G, G{argets )) and

stable’
for all A inundup(parameterTypes(Ggiapie)): A is in maxParameterTypes(tgt) then

inhabit_step_rely (([:: r&Gstable], Grargets), (Glabler G{argets))

14. lsize(dropTargets(Giargets)) < 1size(Grargets)
15. If ms = [::] then Giargets = commitUpdates(Giargets, tgt, ¢, ms)
16. If ms = [::] then reduceMultiArrows(ms) = [::]

17. If (accumulateCovers(I", tgt, toCover, (G, true), ¢)).2 then
G = (accumulateCovers(I”, tgt, toCover, (G, true), ¢)).1

18. If (accumulateCovers(I”, tgt,toCover, (G, b), ¢)).2 then b = true
19. If(foldl(As c.accumulateCovers(I”, tgt, toCover, s, ¢), (G, b), ¢s)).2 then b = true

20. If (foldl(As c.accumulateCovers(I”, tgt, toCover, s, ¢), (G, b), ¢s)).2 then
G = (foldl(As c.accumulateCovers(I”, tgt, toCover, s, ¢), (G, b), ¢s)).1

21. If(inhabit_cover(I", Giargets, tgt)).1 then (inhabit_cover(I”, Giargets, tg1)).2 = Grargets

22. Ifnot (computeFailExisting(G, A)).1 and not (computeFailExisting(G, A)).2 then
A is not in parameterTypes(G)
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23. Iffor all A inundup (parameterTypes(Ggiaple)): A is in maxParameterTypes(tgt) and
for all A inundup(parameterTypes(Gargets)): A is in maxParameterTypes(tgt) and
not Giargets = [::] then
inhabit_step_reltgt (inhabitation_step(I”, Gstaple, Grargets), (Gstable, Gtargets))

24. A finite proof tree Domp ([::], (inhabit_cover (I, [::], tgt)).2) can always be constructed

PrOOF The first part establishes the maximal list of parameter types that will ever occur
in position C in rules of shape A — @(B, C). These will always stem from the filtered and
merged combination of some multi arrows drawn from I/, possibly with their targets replaced
by the initial request type. Function grammarTypes allows all sources and targets of these
multi arrows in the generated set. Statements 1-11 establish the properties of the auxiliary
inhabitation machine functions with respect to the maximal parameters. Their proofs are
by straight-forward induction and/or case analysis. Statement 11 is the most important part
and shown by case analysis on the options considered by the inhabitation machine transition
function inhabitation_step.

Well-foundedness from statement 11 is used to construct the proof tree in statement 24. With
the rule for Acc well-foundedness generates the induction principle

Ifforall x:
iffor all y: R(y, x) implies P(y)
then P(x)

then forall x: P(x)

where P is chosen to be Domy and statement 23 satisfies the precondition R(y, x) for con-
structing the tree via the induction hypothesis. Statement 11 uses that inhabit_step_rel is the
lexicographic product of two well founded relations (less than on natural numbers), which
is again well-founded [154]. Statements 13-22 break down the proof of 11, which is by case-
analysis on the options of inhabitation_step, into easy to show steps. ™

The initial remark about the upper bound on the number of machine steps and thereby
the size of the grammar can also be clarified further at this point. It is easy to show that
the number of multi arrows in I (c) = splitTy(I'(c)) is bound by size(A) - length(A). Func-
tion subseqs computes exponentially many subsequences. The subsequences are passed to
filtertMergeMultiArrows, which invokes mergeMultiArrows for each subsequence. Function
mergeMultiArrows calls mergeMultiArrow linear many times, which then combines multi
arrows in polynomial time of their size using the quadratic subtyping algorithm. Results are
passed to grammarTypes and processed in linear time. Therefore maxParameterTypes(A) is
size(A)-length(A)) - bounds the

number of possible steps by (Isize(maxParameterTypes(A)) + 1) because Lemma 31.11 places

overall in 2P! for some polynomial p. Relation inhabit_step_rel

all parameters in Gsgple and Grargets Within maxParameterTypes(A). There is only one call to
the cover machine per step and its arguments are polynomial in the input size, hence the
overall single-exponential running time of the algorithm.
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The final part of the correctness proof, completeness, requires two additional invariants.

Lemma 32 (Inhabitation Machine Invariants) For contextT :B — T, a list of rules G € R*

* is soundly marked for failures, FailSoundr(G), if forall A€ T s.t. thereexists A— L inG
there does notexist Me A s.t.THM: A

* isatarget list without fail rules, noTargetFailures(G), if there does not exist A€ T s.t. there
exists A— 1L inG

Additionally for the preprocessed context T’ (c) = splitTy(I'(c)) as well as all Gy, G2, Gsable, Grargets,
Glargets €R", c€B, sres € T, and A, tgt e T the following statements are true:

1. If FailSoundr(G,) and FailSoundr(G») then FailSoundr(G; +G>)
2. If FailSoundr (G; +Gy) then FailSoundr(G,;) and FailSoundr(Go)

3. If FailSoundr(G) and (computeFailExisting(G, A)).1 = true then
FailSoundr([:: A— 1&G])

4. If (accumulateCovers(I”, tgt, primeFactors(tgt), (G, true), ¢)).2 = true and
not isOmegal(tgt) then
not T'F ¢ : mkArrow(srcs, tgt)

5. If(inhabit_cover(I'”, G, tgt)).1 = true and not isOmega(tgt) then
notexists Me A s.t. T = M : tgt

6. FailSoundr (G, (A))
7. If FailSoundr (Ggaple) then FailSoundr ((inhabitation_step(I”, Gstable, Gtargets))-1)

8. If noTargetFailures(Giargets) and sufﬁx(G{argets, Gtargets) then noTargetFailures(G{argets)

9. If noTargetFailures(Giargets) then noTargetFailures((inhabit_cover(I”, Gtargets, tgt)).2)

10. If noTargetFailures(Gargets) then
noTargetFailures((inhabitation_step(I", Gstaple, Grargets))-2)

ProOF Statements 1 and 2 follow from the definition of FailSound, while 3 is shown by
induction on G and case analysis of the first rule. The proof for statement 4 uses that I'(c)
is the minimal type of ¢ (Lemma 16), and completeness of the cover machine (Lemma 24)
after unfolding the definition of accumulateCovers (Definition 29). Statement 5 is shown
by inversion of I' = M : tgt using Lemma 15.2 and induction on the finite combinator set B.
Statement 6 follows from the definition of G, (A). Statement 7, sound failure marking, follows
by case analysis on the first rule in Gargets in combination with the previous statements.
Statement 8 follows from the definition of noTargetFailures, statement 9 by unfolding the
definition of inhabit_cover and induction on the finite combinator set B, and then by use of
statement 10 in the case analysis of the first rule of Giargets and the prior statements. m
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Lemma 33 (Inhabitation Machine Completeness) For contextl : B — T define:

» Function updateGroups: (R*)* xR — (R*)* to group a single rule together with the rules
of the multi arrow it was generated from:

updateGroups(groups, 1) =

[:: [::A— c]&groups] forr=A—c
[:: rcons(g, r)&groups’]  forgroups = [:: g&groups'] and notr = A— ¢

[:[r]] forgroups = [::] and notr = A— ¢

e Function group : R* — (R*)* fo group rules by the multi arrow they were generated from:

group(G) = rev(foldl(A s r.updateGroups(s, r), [::], G))

* A projection to the target (left hand side) of arulelhs :R — T

lhs(r)=Aforr=A— Lorr=A—corA— @(B,QC)

e A projection to the targets of a list of rules targetTypes : R* — T*

targetTypes(G) = map(lhs, G)

Potential future derivability of a term as the least relation future_word S R* x R* x T x A
closed under the rules:

A— cisin Gggple
future_word(Ggtaple, GtargetSr A )

g is in group(Giargets) for all B in parameterTypes(g):
A—cising exists M s.t.T-M:B

future_word(Gstaple, Grargets) 4, €)

future_word(Gsaple, Gtargets, B, M)

A— @(B,C) isin Ggaple future_word(Gstaple, Grargets) C, IV)
fuulre_word(Gstable, GtargetSy A,@(M, N))

future_word(Gsable, Gtargets) B, M)
I'EN:C
g is in group(Gargets) for all B in parameterTypes(g):
A—@(B,C)ising exists M s.t. THM: B
future_word(Gsaple, Grargets) A, @(M, N))
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* An intermediate machine state (Gsaple, Grargets) € R* x R* to be partially complete for

initial type tgt € T, written FCL_complete(tgt, Gsable, Gtargets), if-

forall Ae T s.t. A=tgtor

A is in parameterTypes(Gsaple) OF

Ais in targetTypes(pmap(Ag.ohead(rev(g)), group(Giargets))) :

forall M € A:T + M : Aimplies future_word(Gsgable, Gtargets, A, M)

Then for the preprocessed context T’ (c) = splitTy(['(c)) and all G, Ggaple, Gtargets) G

/
stable’

G

/
targets’

g,nextTargets € R*, groups € (R*)*, r € R, and A,B,C,D,tgte T, srcs € T*, covers,ms € (T* x

T)*,ceB,cseB*, MeA, beB, neN the following statements are true:

1. flatten(group(G)) =G
2. updateGroups([::], r) = [:[::r]]

3. Ifforallr in G: notexists Ac TandceBs.t.r = A— c then
foldl(A s r.updateGroups(s, 1), [:: g&groups], G) = [:: g HG&groups]

4. foldl(A s r.updateGroups(s, ), groups, [:: A— c&G]) =
foldl(A s r.updateGroups(s, ¢, [:], [:: A— c&G]) +Hgroups

5. If Giargets = G + dropTargets(Giargets) then
forallr inG: notexists Ac TandceBs.t.r=A—c

6. EitherdropTargets(G) = [:: A— c&G'] for some A€ T, ce B, and G' e R* or
dropTargets(G) = [::]

7. If Grargets = G + dropTargets(Gyargets) then
group([:: r&Gtargets]) =[] r&G]&group(dropTargets(Gtargets))]

8. If A=tgt or A is in parameterTypes(Ggple) and
FCL_complete(tgt, Gstaple, [::]) andT' = M : A then
Word(Gstable; A, M)

9. If future_word(Ggaple, [::], A, M) then word(Gsgapie, A, M)

10. If future_word(Gstaple, Gtargets) A, M) and for all r in Gsgpe: T is in G; wable then
future_word(G.,, ., Grargets) A, M)

11. If A— c is in Ggaple and future_word(Ggtapie, [:: A— c&Grargetsl, B, M) then
future_word(Ggaple, Gtargets) B, M)

12. If future_word(Ggaple, [:: A — @(B, C)&Gtargetsl, D, M) and
notexists Ne As.t. T+ N:C then
future_word(Gsaple, dropTargets(Grargets), D, M)
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
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If FailSound(Ggapie) and
(computeFailExisting(Ggtaple, C)).1 = true and
FCL_complete(tgt, Gsaple, [:: A — @(B, C)&Gtargets]) then

FCL_complete(tgt, thabl o dropTargets(Giargets)) where

G/

{ Gstable for (computeFailExisting(Ggtaple, C)).2 = true
stable —

[:: C— L&Ggaple]l Otherwise

If A— @(B, C) is in Gggaple and

FCL_complete(tgt, Gsaple, [:: A — @(B, C)&Gtargets]) and
future_word(Gsaple, [:: A — @(B, C)&Gargets], D, M) then
future_word(Gsaple, Gargets) D, M)

IfcomputeFailExisting(G, A) = (false, true) then A is in parameterTypes(G)
If isOmega(C) then future_word(G,, (C) + Gstaple, Grargets) C, M)

Iftuture_word(Gsgaple, [:: A— @(B, C)&Gargets, D, M) and
forall N e A: T+ N: C implies future_word([:: A— @(B, C)&Gstaple!, Gtargets) C, N) then
future_word([:: A— @(B, C)&Ggtaplel, Grargets, D, M)

If isOmega(C) and FCL_complete(tgt, Gstaple, [:: A — @(B, C)&Grargets]) then
FCL_complete(tgt, [:: A— @(B, C)&G, (C) +Ggaplel, Grargets)

(accumulateCovers(I”, C, primeFactors(C), (G, b),c)).1 =

(accumulateCovers(I”, C, primeFactors(C), ([::], b), ¢)).1 +G

(foldl(A s c.accumulateCovers(I”, C, primeFactors(C), s, ¢), ([::], true), enum(B))).1 =
flatten(map(
A c.(accumulateCovers(I'”, C, primeFactors(C), ([::], frue), c)).1,
rev(enum(B))))
If
(foldl(A s c¢.accumulateCovers(I”, C, primeFactors(C), s, ¢), ([::], frue),enum(B))).2 = true

then
(foldl(A s c.accumulateCovers(I”, C, primeFactors(C), s, ¢), ([::], true), enum(B))).1 = [::]

commitMultiArrow(G, c, (srcs, A)) = commitMultiArrow([::], ¢, (srcs, A)) +G

commitUpdates(G, A, ¢, covers) =

rev(map(Am.rev(commitMultiArrow([::], ¢, (m.1, A))), covers)) HG

Isize(commitMultiArrow([::], c, srcs, tgt)) = 1 + Isize(srcs)
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

nth(tgt — @(mkArrow(take(Isize(srcs) — (n — 1), srcs), tgt), nth(tgt, srcs, Isize(srcs) — n)),

commitMultiArrow([::], ¢, (srcs, tgt)), n) =

mkArrow(srcs, tgt) — ¢ forn=0
mkArrow(take(Isize(srcs) — n, srcs), tgt) — otherwise

@(mkArrow(take(Isize(srcs) — (n — 1), srcs), tgt), nth(tgt, srcs, Isize(srcs) — n))

If GpextTargets = rev(flatten(map(A m.commitMultiArrow([:], ¢, (m.1, C)), ms))) then
GnextTargets = A— d for some A€ T and d € B or GpextTargets = [::]

If GnextTargets =

flatten(map (A c.(accumulateCovers(I”’, C, primeFactors(C), ([::], true), ¢)).1, ¢s)) then
GnextTargets = A— d for some A€ T and d € B or GpextTargets = [::]

group (commitMultiArrow([::], ¢, srcs, tgt)) = [:: commitMultiArrow([::], ¢, stcs, tgt)]

Iffuture_word([::], Gtargets, D, M) and exists N € A s.t. T = N : C then
future_word([::], Grargets ++[::A— @(B, C)], D, M)

parameterTypes(commitMultiArrow([::], c, srcs, tgt)) = rev(srcs)

If tuture_word(Ggtaple, Gtargets A, M) and

Géargets = [ A— c&G]or G;argets = [::] then
future_word(Gstable, Gtargets + Giargets» A M)

If future_word(Ggape, G{argets, A, M) and
GI

targets — [:: A— c&G] or G, =[::] then

targets —
future_word(Gstable, Gtargets + Giargets» A M)

If T+ M: C and not isOmega(C) then
future_word([::],

flatten(map (A c.(accumulateCovers(I”, C, primeFactors(C), ([::], frue), ¢)).1,rev(enum(B))))
C,M)

If tuture_word(Gsaple, [:: A — @(B, C)&Gtargets], D, M) and notisOmega(C) then
future_word([:: A— @(B, C)&Ggtablel,

Gtargets +
flatten(map(1 ¢.(accumulateCovers(I”, C, primeFactors(C), ([:], true), ¢)).1,rev(enum(B))),

D, M)

IfB is in targetTypes(pmap(A g.ohead(rev(g)), group(targets))) then
B is intargetTypes(pmap (A g.ohead(rev(g)), group([:: r&targets])))

IfreduceMultiArrows(covers) = [::] then covers = [::]
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37. If (foldl(accumulateCovers(I'’, C, primeFactors(C), ([::], true),enum(B)))).1 = [::] then
(foldl(accumulateCovers(I'’, C, primeFactors(C), ([::], true),enum(B)))).2 = true

38. For all A in targetTypes(pmap(
A g.ohead(rev(g)),

group (flatten(map(A c. (accumulateCovers(I”, C, primeFactors(C), ([::], true), c)).1,

rev(enum(B)))))) :
A=C

39. Ifnot isOmega(C) and FCL_complete(tgt, Gsaple, [:: A — @ (B, C)&Gargets]) and
(G/ !

stable’ targets) =
([:: A— @(B, C)&Ggtaplel, GnextTargets)
f or inhabit_cover(I”/, Gtargets’ 0= (false, GnextTargets)

([:: C— L&Ggaplel, dropTargets(Giargets))  Otherwise

then FCL_complete(tgt, G;table’ G{argets)

40. If FailSoundr (Ggable) and noTargetFailures(Grargets) and
FCL_complete(tgt, Gstable, Gtargets) then
for (Gétable' Géargets) = inhabitation_step(I”, Gstable, Gtargets):

FCL_complete(tgt, G;table’ G{argets)

41. If FailSoundr (Gsaple) and noTargetFailures(Grargets) and
FCL_complete (tgt, Gstable, Gtargets) and
'+ (Gstables Gtargets) ™ (G, Géargets) then

stable’
!/ !
FCL_complete(tgt, Gstable’ Gtargets)

ProOOF The most important trick is to define potential future derivability by future_word. It
extends the language definition of Tree Grammars (Definition 29) to consider rules sched-
uled in Giargets. If at some point of the derivation of an applicative term list Ggaple does
not yet include enough rules, the derivation can be suspended. This suspension is only
possible if Giargets includes a rule that will - in later machine steps — ensure Gaple is suffi-
cient to continue. The rule is identified by regrouping subsequent Gargets €ntries accord-
ing to the multi arrow they originated from. Remember that the cover machine uses [:
Ay — A — B — c&[: Ay — B — @(A; — Ay — B, AD&[:: B — @(A — B, A))&Giyges]]]
for multi arrow m = ([:: A2&[::A1]], B), target B, and combinator ¢ with a split type I'(c)
including m. Function group isolates multi arrow entries into separate lists, resulting in
[:[::A; — Ay > B— c&[:: Ap > B— @(A; — Ay — B, A))&[::B— @(A, — B, Az)]]]&groups’].
If all the types in parameter positions, i.e. A; and A, are inhabited, the group will not
be discarded and its rules can be used to resume suspended derivations of A] — A, — B,
Az — B, and B. Property FCL_complete(tgt, Gsaple, Grargets) Characterizes machine states
Gstable and Giargets Which in future derive all terms M s.t. T'+= M : tgt. For this additionally
all terms with types in parameter positions of Ggple have to be derivable in future, guaran-
teeing that all choices for N will be considered when I' - @(c, N) : tgt for any ¢. Moreover,
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terms for some of the target types in Giargets Need to be future derivable. Suppose Giaple
includes A — @(B, C) and rules with target type C are not yet included in Gg,ple, then rules
for all multi arrows with type C are required to be scheduled for future consideration in
Grargets- However, simply requiring that all terms with target types of rules in Gargets are fu-
ture derivable is too restrictive. Suppose type A; in the previous example is uninhabited.
Then group [:: A — A2 — B— c&[:: A» = B— @(A]; — Ay, — B, A)&[::B— @(Ay — B, A))]]]
does not contribute to future derivability and it will be discarded after encountering rule
A - B— @(A; — A, — B, A;). Yet, terms N with I' - N : A, — B might exist (e.g. us-
ing a combinator 4 : A’2 — B with Ay < A’2) but not be (future) derivable. For them, rules
[:: A}, — B— d&[::B — @(A}, — B, A})]] would derive N from non-terminal A, — B instead.
In fact, only terms of the last target type of a group have to be derivable. By the definition
of future_word these terms only exist if all of the parameter types in the group are inhabited
and therefore the group will not be discarded. In the definition of FCL_complete, the part
pmap(Ag.ohead(rev(g)), group(Giargets)) projects all non-empty groups exactly to their last
target types.

Keeping the illustration above in mind, statements of the lemma break down its proof into
manageable components, individually proven by case analysis, induction and use of the
previously established propositions. Statements 1-7 make it possible to reason about func-
tion group used in the definitions of future_word and FCL_complete. Statement 9 is evident
from the definitions of word and future_word. It shows that future derivability is a sufficient
condition for derivability in the final machine state where Giargets is empty. The direct conse-
quence, proposition 8, justifies to prove FCL_complete(tgt, Ggaple, [::]) instead of T' - M : tgt
implies word (Gstaple, M, tgt) to obtain completeness. Proposition 10 allows weakening of fu-
ture derivability from Ggple, showing that future_word is closed under subset membership
of stable rule lists. Statement 11 is the first of multiple absorption properties (c.f. 14, 17, 34)
incorporating rules form Giargets into Ggraple- Specifically, with statement 11 combinator rules
can be removed from Giargets if they are included in Ggaple, possibly because of application
of the prior weakening property. This is in correspondence to case (1) of inhabitation_step
in Definition 29. Statements 12 and 13 justify to discard target rule groups because of unin-
habited parameters identified by computeFailExisting. The previously established invariant
FailSound (Lemma 32) is required to ensure completeness is not lost due to conflicting rules in
Ggtable- Absorption rule 14 can remove applicative rules from the targets. It has FCL_complete
as precondition to ensure derivations of the removed rule A — @(B, C), which previously
succeeded in suspended state from Gyargets without further derivation for C, do not get stuck
when replaced by derivations from Ggple that do require C. Rule 14 is used for the last two
situations of case (3), Definition 29. In the first situation the rule to move already existed in
Ggtable and this fact is checked by computeFailExisting. Statement 15 proves soundness of the
decision made by computeFailExisting. The other situation is grouped together under (4) and
again subdivided into two cases. Statements 16, 17, and their consequence statement 18 dis-
patch the first case of (4) in which w is a subtype of the parameter type of the next applicative
rule. For the other situation, (), function inhabit_cover has to be studied in more depth. The
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analysis proceeds with the auxiliary functions. Statements 19 and 20 allow separate reasoning
about the new entries in Giargets for individual combinators. By proposition 21 the Boolean
that detects if there are no updates t0 Giargets is computed soundly. Statements 22-30 help to
reason about adding multi arrows to the target queue. Analogous to statement 10, the target
queue can grow whilst weakening future_word to include at least the same derivable terms,
which is shown in 31 and 32. This is then used to prove the absorption rule 34 in combination
with future derivability of the terms for its parameter type C in statement 33. Propositions
35-38 provide more properties of grouping collected targets. They relate the target type of
freshly collected grouped rules to the requested parameter type (statement 38) and establish
(statement 37) the other part of correctness for the emptyness detection Boolean previously
addressed in statement 21. Results for case (5) in Definition 29 are combined in proposition 39.
The final statements 40, and 41 are the main properties to show. They establish FCL._complete
as an invariant across machine steps. The poof of 40 is by case analysis on all of the branches
of inhabitation_step, dispatching each branch with the facts proven above. The proof of 41 is
by induction on the machine steps using 40, Lemma 32.7, and Lemma 32.10 for progress. m

The proof of Lemma 33 is, together with that of Lemma 24, the most intricate of this text
and the interested reader is encouraged to interactively step through the Coq formalization
for all of its details (possibly starting in reverse from Lemma 33.40 to see where which part
becomes necessary). Both proofs have revealed subtle mistakes in initial attempts to define the
machines characterized by their lemmas. Spotting these mistakes would have been impossible
or at least improbable without the aid of Coq as a formal verification system. Also tuning the
delicate definitions of future_word and FCL_complete required multiple attempts, and being
able to automatically re-check which parts were affected by the changes was of great value
during development.

Finally the initial call to the inhabitation machine can be constructed and correctness of the
type inhabitation algorithm can be proven.

Theorem 6 (Type Inhabitation Correctness)
For applicative terms A formed over any finite enumerable combinator base B, and intersection
types T formed over any <¢-preordered countable set C of type constructor symbols define:

inhabit: B— T) x T — R*
inhabit(T", A) =

Gy(A) for isOmega(A) = true

inhabitationMachine(Ac. splitTy(I'(c)), [::], Gtargets) (d)

) for isOmega(A) = false and

inhabit_cover(Ac.splitTy(I'(c)), [::], A) = ( false, Giargets) and
d constructed by Lemma 31.24

A— 1 otherwise
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with the following properties forall A€ T and M € A:

1. If word(inhabit(l', A), A, M) then T M: A
2. If T+ M: A then word(inhabit(T', A), A, M)

PROOF By case distinction following the branches of inhabit and use of the invariants estab-
lished in Lemma 29, Lemma 32, and Lemma 33. m
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2.6 Algebraic Interpretation of Results

Terms of the tree grammar computed in Theorem 6 are of little use by themselves. This section
discusses a general algebraic framework to interpret them in different target languages.

2.6.1 Subsorted X-Algebra Families

Signatures are a common language for interfaces and connect combinatory logic with synthe-
sis target languages. Families of subsorted signatures allow to model interfaces parametric
and subtype polymorphism.

Definition 33 (Subsorted Signature Families) /-indexed <s-subsorted signature families £
are defined by Z;c1 = (S, O, arity;, dom;, range;) where

¢ Jisasetofindexes
* Sisasetof sorts ordered by a preorder (reflexive, transitive) relation s S x S
¢ O is afinite set of operations

e arity: (0O — N);¢; is a family of functions, assigning an arity to each operation

arity; (o)
e dom: (( H S is a family of families of vectors, assigning a domain, which is

”—1‘ 0€0/ je] .
a vector of arity; (o) sorts, to each operation

* range: ((S)oe0) ;¢ is a family of families of sorts, assigning a range to each operation. o

Restricting I to a singleton set yields traditional subsorted signatures described in [83]. Further,
the restriction <s= {(s, s) | s € S} results in many-sorted signatures [70; 71; 150]. Less trivial
restrictions on the parameter set I and their implications on the equations that can be imposed
on interpretations have been investigated in [148]. Signatures where S is a singleton have also
been studied [109]. Avoiding any meta-theoretic issues and simplifying the Coq formalization,
from now on all sort sets S are additionally assumed to be countable and <s is assumed to
be decidable. The following example illustrates the roles of the different components of a
signature.
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Example 2 (Signature family for even and odd natural numbers) Even and odd natural num-
bers can be constructed using

=N = (Sn;, Ony, arityJiN,dom'l-\',range'i\')ie{o,lyg}

where:

* The sorts Sy = {Nat, Even, Odd} are ordered by:
<s,, = {(Nat, Nat), (Even, Nat), (Odd, Nat), (Even, Even), (Odd, Odd)}

This ordering describes compatibility, indicating that every N sorted interpretation of
the signature is compatible with using an Even or Odd sorted interpretation instead.

* The operations are Oy = {zero, succ} for computing zero and the successor of a number.

* The arities are given by arity’i\‘ = {zero — 0,succ — 1} for every i, i.e. zero needs no
arguments and succ needs one argument, both independent of the signature index.

e The domains are given by

dom}) = {zero — (), succ — N}
dom = {zero — (), succ — Even}

domz'\I = {zero — (),succ— Odd}.

This means in Z? operation succ takes any natural number, in Z'l\' operation succ takes
even numbers, and in =} it takes odd numbers.

* The ranges are given by

range(')N = {zero — N, succ— N}
range) = {zero — Even, succ — Odd}

rangez'\I = {zero — Even, succ — Even}.

So, with the prior definition of domains, operation succ takes natural numbers to natural
numbers, even numbers to odd numbers, and odd numbers to odd numbers, while
zero produces a natural number in ZON and an even number for the signature indexes 1
and 2. Note that ZON is just the standard single sorted signature for natural numbers [70].
Wittgenstein used an earlier notation for the single sorted signature in the Tractatus,
sentence 6.02 [202]. O

Every signature family gives rise to a functor F, which describes the inputs required for inter-
preting operations.
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Definition 34 (Subsorted Signature Family Functor) Given an /-indexed <s-subsorted sig-
nature family Z;c; = (S, O, arity;, dom;, range;), its functor FZ is defined by:

F*:Set® — Set®

. arity; (o)
FO=( & [1 Cromion
i€l oeranged(i,s) n=1 S€S

F>(f)5(i, 0, (X1, X2, .., Xarity, (o)) =

(i, 0, (fry(dom; (0) (X1); frrs(dom; (0)) (X2)s 5 Fr iy, o (dom; (0)) (Karity, (0))))

where

e CisaS-indexed family of sets

* ranged(i, s) = {0 € O | range; (0) <s s} collects all operations that have ranges compatible
with s

* f:(Cs— Dg)ses is a morphism in Set®
The functorial equations FZ(id) = id and F*( fog) = FE( flo Fx (g) follow immediately from the
categorical equations of Set. o

Example 3 (Functor for the signature family of even and odd natural numbers) Letthe Sy-
indexed family of sets C>¥ be defined by:

Sn _
Crae =N

Sno
Cpr, =10,2,4,6,...}

Sn
CoNy=11,3,5,7,...}

For Example 2 and sort Odd, signature =V has functor 2 (C3V)pqq. It is the set of all triples of
indexes, operations and arguments usable to obtain odd numbers. Only operation succ from
Z’l\' with an even numbered input can produce odd numbers, and so it follows that

N
FZ (CSN)Odd ={(1,succ,x) | x€ zEven}'

What does it mean to interpret, or in other words execute, an operation? Mathematically,
FZ*-Algebras answer this question.

Definition 35 (F*-Algebra) Given an indexed <s-subsorted signature family =, an F*-Algebra
% = (C, h) is defined by
e A carrier C, which is a $-indexed family of sets, and

e Anaction h: (F*(C)s — C; which is a S-indexed family of functions o
y

SES’
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Example 4 (An algebra for the signature family of even and odd natural numbers) Continuing
Example 3, MEZNN = (=", h=") is an algebra defined by C=" and its action

P (P, —~ et

N,
hy (i,zero,()) =0

SES

N .
hf (i,succ,x) =x+1

For each index, operation and argument-vector, the action computes the result of inter-
preting that operation. Signatures are interfaces, which can have different implementa-
tions. This is expressed by different algebras for the same signature. An alternative algebra

dﬁi a2 = (Mod2, gzN) can be defined by the carrier

Mod2y, = {0,1} Mod2gyen = {0} Mod2p44 = {1}
. N SN
and action g~ : (F (Mod2); — Modzs) S
SE

SN . >N >N
g (i,zero,()) =0 gNat(O, succ,0) =1 gOdd(l,succ, 0)=1

zN zN
8Nat(0,succ, 1) =0 gg ., (2,succ, 1) =0

=N =N
In contrast to &{CZN’ algebra o/ .,

except for their parity. O

forgets all information about the constructed numbers,

The problem of automatic program construction can be reformulated to automatic enumera-
tion of the image of the action of an algebra. Suppose each sort describes a desired program
property, and the carrier set Cg of some F*-algebra (C, h) is the set of programs with that
property. Now each operation in X is necessarily interpreted by / as a program transformation,
mapping source programs with properties specified by its domain to target programs with the
properties specified by its range. Enumerating the range of & for a given sort s then produces
all programs with property s that are constructed using the transformations specified in X. The
notion of being constructed by operations in X is made precise using the following definition.

Definition 36 (Algebraically Generated Objects) Let X~ be an indexed <s-subsorted signa-
ture family, and «/* = (C, h) be an F*-algebra. An object is algebraically generated iff it is
contained in any set in the family AlgGen* *. For any sort s, AlgGen;d ‘cc s is the least set
closed under the rule:

If (i, 0, (X1, X2, .., Xarity, (o)) € F~(C)s
andforalli€{l1,2,...,arity;(0)} : x; € AlgGenfi?domi(o))

. >
then h(i, 0, (x1, X2, .. - Xarity, (0))) € AlgGenﬁf
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2.6.2 Undecidability of Sort Emptiness with infinite Index Sets

The sort emptiness problem of algebraically generated sets is the following: Given an index
set I, an I-indexed <s-subsorted signature family X, an F*-algebra «/* = (C, h) and a sort s,
is AlgGenéf * = ¢? This problem is interesting in two ways: it turns out to be undecidable if
I'is an arbitrary set and the undecidability proofis inspired by the undecidability proof for
Combinatory Logic with Hilbert Schematism presented in [163]. The proofidea is to reduce
the halting problem of 2-Counter Automata, which are a well-known Turing complete machine
model [140; 77; 117], to the emptiness problem by equating AlgGenﬁf * with counter values
for which the configuration represented by s halts. It immediately follows, that enumerating
algebraically generated sets for program construction implicitly includes a programming
language to control the enumeration process — a point which has been made before for
Combinatory Logic [163].

Definition 37 (2-Counter Automata)
Following the definition in [163], a 2-Counter Automaton is defined by (S, so, s £ c‘l), cg, R) where
¢ Sisafinite set of states
* 5o € Sis the initial state
* s¢ € Sisthe final state
0 .0

* ¢, ¢; €Nare the initial counter values

e Rc Z is afinite set of commands for the transition relation drawn from
R 3t = Add;(sy,s2) | Sub;(sy, $2) | Tst;(s1, $2, $3)

with i € {1,2} and s1, $2,53€ S

Automaton configurations are triples in C = S x N x N containing a state and two counters.
The transition relation > < C x C is the least relation closed under the following rules:

Add; (s;,s2) €R Add,(s;,s2) €R
(s1,¢1,¢2) > (82,01 +1,¢2) (s1,€1,62) > (82, 1,62+ 1)
Subj(s;,$2) €R Suby(s1,$2) €R
(s1,c1+1,¢) > (82,1, C0) (s1,¢1,c2+ 1) > (82, €1, C2)
Tsti(s1,52,83) €ER Tsto(s1,52,83) €ER
(51,0,¢2) > (82,0, ¢2) (s1,¢1,0) > (82, €1,0)
Tsti(s1,82,83) €ER Tsto(s1,52,53) €ER
(s,c1+1,¢2) > (83,01 +1,¢2) (s1,¢c1,02+ 1) > (83,¢1,62+ 1)

The reflexive transitive closure of I> is denoted by » and for k € C, notation k » is short for
there exists ¢1,c; ENs.t. k» (s, c1,C2). =
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Definition 38 (Signatures for 2-Counter Automata) For the 2-Counter Automaton A = (S, s,
s, ¢), ¢, R) signature family Z2A%(A) = (S 4,0, arity#, dom', range?) jenyxn is defined by

* Thesorts S4=C=SxNxN ordered by <s,={(k, k) | ke C}

e The operations 04 = {sf} w{Add;(s1, s2) | Add;(s1, $2) € R}w
{Sub; (51, 52) | Sub;(s1, $2) € R}w
{Tst(s1, 52, 53) | Tst;(s1, 52, 83) € R}w
{Tst} (s1,582,53) | Tst;(s1,$2,83) € R}
0 foro=sy

e The arities arityf(o) =
1 otherwise

0 for o= sy
(52,0, ¢2) for o= TS‘CIZ(SL $2,83)
(s2,¢1,0) for 0 = Tst (s1, 52, 53)

. (s3,¢c1+1,c) foro=Tsti(sy,s2,53)
¢ The domains domz“Cl Cz)(o) =4 1
' (s3,c1,c2+1) foro=Tst](s1,$2,53)
(s2,c1+1,¢0) for o=Add;(s;,s?)

(s2,c1,c2+1) for o=Add,(s;,s2)

(82,¢1,C2) for o = Suby(s1, $2)
(sf,c1,C2) foro=s¢
(51,0,¢2) for 0 = Tst{ (s1, 52, 53)
(s1,¢1,0) for 0 = Tstf (s1, 52, 53)

(s1,c1+1,¢2) foro=Tst](s1,52,53)
(0) =+ o

* The ranges range
(s1,c1,¢2+1) for o=Tst;(s1,52,53)

A
(¢1,62)

(s1,¢1,02) for o = Add (51, s2)

(s1,c1+1,¢0) for o=Subi(sy,s?)

(s1,c1,c2+1) for o =Suby(sy, s2)

>2Aut iq to traverse au-

Similar to the type signatures in [163], the idea in the definition of
tomaton states backwards from the accepting state s¢ to the initial state sy. Each possible
automaton transition is implemented by an operation and there exists an additional initial
operation sy without parameters. The signature index controls counter states. Note, that
the sorts S 4 directly represent automaton configurations without any need for additional
encodings and that no theory of substitutions into sorts is required. This illustrates express-
ibility of native implementation-specific concerns without the requirement of mappings into
approach specific type-structures necessary in [163]. Now an algebra for machine traces can

be constructed.

91



Chapter 2. Theory

Lemma 34 (Machine Trace Algebra) For the 2-Counter Automaton A = (S, sy, Sf, c(f, cg,R),
signature family 22" (A) = (S 4,04, arity/, dom', range?) jenixn, and 0 € 04, i eNxN, s€ Sy
the following statements are true

1. Ifo # sy thenrange? (o) > dom;'(0)
Define algebra «f () _ (CZZAM(A), hZZAm(A)) with

c s2Aut(g)

C[:?ZAM(A) ={(c;,c2) ENxN|sp» (Sf,Cb c2)}

2Aut (c1,¢2) foro=s
R D ((c1,¢2),0,%) = M
X otherwise
then
. ZZAul A
2. Ifexists (c1,¢2) € Cy, 4 then (s0,¢Y,¢)) B (sp,€1,2)

ZZAul( A)
s2Aut )

3. Ifexists (c1,¢2) €N xN s.. (sg, ), c9) » (sf,¢1,¢2) then (cy,¢2) € AlgGeng ©
PROOF Proposition 1 is proven by case analysis on o matching range and domain with the
rules of I>. It is used to ensure that K=" is well-defined for o # s . Soundness of the carrier
CZ*™@ and thereby the algebraically generated set is guaranteed by statement 2, which
immediately follows from the definition of C=*"). Finally, proposition 3 states completeness
and follows by induction on the steps in (sp, c?, cg) > (sf,c1,C2).

The existence of (c1,¢2) € N x N s.t. (sg, c(l], cg) > (sf,c1,02) is undecidable and so is the by
ZZAut(A)

q:ZZAut (A)

statements 2 and 3 equivalent question for emptiness of AlgGen, ™

2.6.3 Finite Index Sets and Combinatory Logic

Undecidability for infinite index sets does not render the algebraic approach useless. In
fact, whenever the index set is finite, type inhabitation in FCL can be used to enumerate
AlgGen*’ * of any algebra </ for any signature Z. The result follows from some abstract
algebraic properties, which require further definitions and proofs. The first two definitions are
extensions of the standard notions for F-CoAlgebras and algebra morphisms [52].

Definition 39 (F*-CoAlgebras) Given an indexed <s-subsorted signature family X, an [F*-
CoAlgebra «/* = (C, h) is defined by

¢ A carrier C, which is a S-indexed family of sets, and

e Aco-action h: (Cs — F*(C);) ., which is a S-indexed family of functions O

SeS’
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Definition 40 (Algebra Morphism Families) Given an indexed <s-subsorted signature fam-
ily %, and F z -Algebras afg =(C, h), ,Q{[Df = (D, g), family f : (C; — Dg) ey is an algebra morphism
family, if it makes the following diagram commute

FX(f)s
FE ), — 2y Fr(p),

2 2

Cs#ﬂ)s

ie forallseS: fyohs=goF*(f)s m

The next lemma extends the work of Paulson [154] to structures with polymorphic indexes.

Lemma 35 (Well-Founded Fixpoint Families) Let M be a set and R < M x M be a well-founded
relation (c.f. Lemma 31). Remember that the accessibility predicate of R is the least predicate
closed under rule:

forall y: if R(y, x) then Acc(y)
Acc(x)

Foranyy s.t. R(y,x), let Acc; ! (ay, y) be the proof tree of Acc(y) in the premise of any given proof
tree ay of Acc(x) . Observe that the proof tree Acc;!(ay, y) is always strictly smaller than the
prooftree ay.

Given an index set S, an S-indexed family of sets C, a family of sets P indexed over members of
C, and a measuring map m: [lses Cs — M, define for all s1,s, € S and x € Cy;:

| (x,82) ={y € Cs, | R(m(s2, y), m(s1, x))}
Then given a morphism F : [] 5 es er@n (Ts,es [ye) x5 Py) — Py the fixpoint morphism

FixAccp: H H Acc(m(s, x)) — Py

seSxeC

FiX-ACCF(Sly X, am(sl,x)) = F(51, X, A/(SZ) _V) FixF(SZ) y;ACC;}(Sl,x) (am(sl,x); m(SZJ _V))))
can be constructed because of the prior observation on proof tree sizes.

F is extensional in its third argument if for all s) € S, x € Cy,, and g, 8" : T1s,es [1ye| (x,s,) Py S-L.
foralls, €S, andyeCs,: g(s2,y) = g'(s2,¥), the statement F(s1,x, g) = F(s2,x, g') is true. This
always holds in extensional set-theory, but has to be shown on a per-case basis in intensional
type theory.
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For any F that is extensional in its third argument, s1 € S, x € Cg,, proof trees s, x), a;n(sl,x) of
Acc(m(sy, x)), and morphisms G : [1ses [1yec, Py morphism FixAccp is:

/

1. Invariant in its proof tree argument: FiXAcCr (81, X, Am(s,,x)) = FIXAccr(s1, X, 1.3

2. Aunique solution to the fixpoint equation: if forall s, €S, y € Cy,: G(s2,y) = F(s2,¥,G)
then FiXAccp(s1, X, Gm(s,,x)) = G(S1,%)

This justifies to write
Fix(F) (s, x) = FiXAccr(s, X, Gm(s,x) = F(s, x, Fix(F))

where aps,x) is any proof tree of Acc(m(s, x)) and always exists because R is well-founded. It
also yields the well-founded family induction principle:

Ifforall sy, x:
ifforall sy, y: R(m(sy,y), m(s1,x)) implies Q(y)
then Q(x)

then forall s, x : Q(x)

where Q is a predicate on elements of C.

PROOF Statements 1 and 2 are both proven by using the well-founded induction principle (c.f.
Lemma 31) on a,;s,x) and then follow by simple unfolding of definitions. In the constructive
logic of Coq, the well-founded family induction principle exists because propositions are
types and recursion and induction coincide. In classical logic the principle is generated
by instantiating Fix with P = ({y € C; | y = x and Q())}xec,)ses and F(s, x, f) = x. Whenever
F has a non-empty domain, its argument f exists. Now for any given s;,x and s, y with
R(m(sy,y), m(s1,x)), f computes an element of P, which implies Q(y). Therefore the induction
hypothesis is applicable, and Q(x) is true, which means x is an element of P. Thus F is well-
defined and existence of Fix(F)(s, x) as an element of P proves Q(x). u

Lemma 36 (Canonical Algebra Morphism) Given an I-indexed <s-subsorted signature fam-
iy, Fx -Algebras df: =(C, h), ,szfzz =, 9), Fx -CoAlgebra g{- =(C,h™ ), aset M, well-founded
relation R € M x M, and a measuring map m : [|ses Cs — M decreasing on h™! s.t.

orallseS,xeCs,(i,0,args) = h; ' (x),n€1,2,...,arity,(0) :
N 1

R(m(mp(dom;(0)), 7w (args)), m(s, x))
define the canonical algebra morphism family

interpret: (Cs — D) ses
interpret,(x) = Fix(A(s, x, ).(gs o F*(f)s o hy 1) (1) (s, x)
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2.6. Algebraic Interpretation of Results

Now, if h and h™! cancel out, i.e. foralls€'S, x € Cs, and y € F*(C)s: hs(h;'(x)) = x and
h;l(hs(y) = y, the following diagram commutes for all sorts s € S:

F* (interpret) s

F*(C)s ——— F*(D);

\l/gs
interpret;

Cs — > Dy
In detail this means the following statements are true:

1. interpret; = ggo Fx (interpret)s o hs_1

2. interpret is an algebra morphism family, i.e. interpret,ohg = g;oF* (interpret)
Thereby the canonical algebra morphism family is:

3. Unique, i.e. ifm: (Cs — D) ses is an algebra morphism family for h and g then
m = interpret

P

4. Sound, i.e. for all x € C: interpret,(x) € AlgGen"sQ{2
z
5. Complete, i.e. forall y eAlgGen}(2¢2 rexists x € Cg, s.t. interpret (x) = y

PrROOF Statement 1 follows from unfolding the definition of interpret and Lemma 35.1. State-
ment 2 is proven by applying Statement 3 and using that & and k™! cancel out. Statement 3, is
shown by replacing interpret using statement 1. The new goal is proven by the well-founded
family induction principle. Using the algebra morphism property of m, and cancelation of
hand h™!, it is sufficient to show F>(interpret)s o k! (x) = F*(m)g 0 h; ! (x). This follows from
commutativity of the canonical morphism family (statement 1), the induction hypothesis, and
the decreasing property of m. In the Coq formalization, statements 1 -3 are slightly weaker and
only claim intensional (the functions cannot be distinguished by their input/output behavior)
equality. Practically, this means their may always be faster or slower implementations, but
they all produce the same results. In traditional Set theory this distinction cannot be made and
is therefore omitted in the statement. Statement 4, is again shown by replacing interpret using
statement 1 and application of the well-founded family induction principle. It then follows by
another application of statement 1, the induction hypothesis, and the decreasing property of
m. The carrier element for statement 5 is constructed by induction on the derivation of the
proof that x is algebraically generated. An element of y € F*(C); with x = g,(F* (interpret)(y))
is constructed from the index and operation of the F*(D); element given in the inductive
case. Its arguments are provided by the induction hypothesis. Now by the algebra morphism
property shown in statement 2, interpret,(h;(y)) = gs(F*(interpret)s(y)), and so hs(y) is the
carrier element for which existence needed to be proven. ™
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At this point, category theory proficient readers will find Lemma 36 reminiscent of Lambek’s
Lemma [121] and its applications [84]. However, the construction does the opposite. Lambek’s
Lemma proves that functors with an initial algebra (there is a unique algebra morphism to any
other algebra) are fixpoints [1]. Here, conversely, a (family of) fixpoint(s) is used to prove that a
given algebra is initial by providing the (family of) canonical algebra morphism(s). The algebra
is chosen to have terms typable by Combinatory Logic as its carrier, and the algebra morphism
translates them to terms of any algebraically generated language. Meyer [138] clarifies the
notion of models for Combinatory Logic with combinators S and K as their base. Inversely,
the next construction finds a base for a given model (signature and algebra).

Lemma 37 (Finite Combinatory Logic (Co)Algebra) Given a <s-subsorted signature family
2ier = (S,0,arity;,dom;, range;) indexed over a finite set I, define:

The set of applicative terms A formed over combinator baseB 3 x ::= o |idx; forallie I
andoe O

* The set of types intersection types T formed over constructorsC> c::=s|idx; forallie I
and s € S preordered by <c=<s W{(idx;,idx;) | i € I}

* Theindex contextT';: I — T byI';(i) = idx; (w)
* The sort embedding function embed : S — T by embed(s) = s(w)

(1,s) forA=s(w)andse$S

e The sort unembedding function unembed(A) =
(0,0) otherwise
e Function typeAtindex: O x I — T by

typeAtindex(o, i) =
I';(i) — mkArrow(rev(map(An.embed(w,(dom;(0))),enum({1,2,...,arity;(0)}))),

embed(range; (0)))
* FunctionT's : 0 — T byI's(0) = Njcenum(n) typeAtindex(o, i)

;@) forx=idx;
e ContextT':B—T byI'(x) =
I's(x) otherwise

e The Combinatory Logic carrier Cs = {M € A |T' - M : embed(s)}
* The Combinatory Logic F*-Algebra /i3, = (Cs, h) with action
hs(i, 0,args) = revApply(@(o, idx;), rev(map(An.w, (args), enum({l, 2,...,arity; (0)}))))
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2.6. Algebraic Interpretation of Results

e The Combinatory Logic F*-CoAlgebra <f ECL = (Cs, h) with co-action

hs_l (M) =(i,o, (a]_‘gl, argy,..., argarityi(o)))

for unapply(M) = (0, Ns) and rev(Ns) = [::idx; &[:: arg; &[:: arg, &... [::arity; (0)]]]]

Which is possible because the following statements are true forallie I, 0€ 0O, and s, 51,52 € S,
MeA, and Ns,Ns' € A*, M, € Cs, t e F*(C), and Ay, A, € T, and ¢y, ¢, € C, and srcsy, Srcsy €
Ty:

1. unembed(embed(s)) = (1, s)

2. Ifs) <s $» then embed(s;) < embed(sz)
3. T+ hy(t) : embed(s)

4. unapply(M;).1 #idx;

5. IfmkArrow(srcsy, ¢2(Az)) < mkArrow(srcsy, 1 (A1) then
c2(Ay) < c1 (A1) andlsize(srcs;) = Isize(srcsy) and
for all (srcy, srcy) in zip(srcsy, SICS2): SIC) < SICy

6. If T+ M:idx;(w) then M =idx;
7. Ifrev((unapply(My)).2) = [:: N&Ns] then there existsi € I s.t. N =idx;
8. If unapply(M;) = (0, Ns) andrev(Ns) = [::idx; &Ns'] then lIsize(Ns') = arity, (0)

9. If unapply(M;) = (0, Ns) andrev(Ns) = [:: idx; & Ns'] then
foralll < n<lsize Ns': T Fnth(Ns',n—1) : m,(dom;(0))

10. If unapply(M;) = (0, Ns) andrev(N's) = [:: idx; &Ns'] thenrange;(0) <s s

PROOF Statements 1 and 2 immediately follow from the definitions. Statement 3 guarantees
that the algebra action h; is well-defined and follows from the subtype rule (<) of FCL Def-
inition 12 and generalized application (Lemma 15.1). The other statements are required to
ensure that the co-action k! is well defined. Statement 4 follows from inverse application
(Lemma 15.2), minimal type correctness (Lemma 16), subtype machine corretness (Theo-
rem 1), and case-analysis on the subtype machine rules (Definition 5). The proof of statement
5 is by inverse induction on the sources srcs; and srcsy, again followed by case-analysis on
the subtype machine rules. Statement 6 is shown by normalized induction (Lemma 10) on
the derivation and inverse application, minimal type correctness, primality (c.f. Lemma 8)
of types in I', and statement 5 are used to discharge the applicative case. An analogous proof
is used for statements 7, just with inverse application instead of normalized induction. This
is repeated for the other statements 8-10, additionally using statements 4 and 7 in inverse
induction on N's followed by inverse induction on the types obtained by applying the inverse
application lemma. ™
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It remains to show, that MFZCL and &/ %CL give rise to a canonical algebra morphism family into
any other algebra.

Lemma 38 (Finite Combinatory Logic Algebra Morphism Conditions) For dFZCL and o %CL
from Lemma 37 define the forgetful measure map

measuregcr. : H Cs—A
SES

measuregcr(s,M) =M

and the least relation IsChild c A x A closed under rule

M is in (unapply(NN)).2
IsChild(M, N)

Then for all predicates P on applicative terms, M € A, s €S, Mg e C;, 0 € O, i € I,

XS€E Hiri?'i(o) 7, (dom;(0)), and t € FX(C) s the following statements are true:

1. IfforallceBand NsinA*:
forall N in Ns: P(N)implies P(revApply(c, Ns))
then P(M)

2. Relation IsChild is well-founded: WF(IsChild)

3. Ifh;1(My) = (i, 0, x5) then
IsChild(measurercy (7, (dom; (0)), 7, (xs)), measurercy (s, Ms))

4. hit(hs() =t
5. hs(hy'(My)) = Mg

PROOF Statement 2 is an induction principle on applicative terms, which is proven by rewrit-
ing the result P(M) to P(revApply(M, [::])) using Lemma 14.2 and then generalizing to "if N
in [::] implies P(NV), then P(revApply(M, [::]))" and further to "if N in Ns implies P(N), then
P(revApply(M, Ns))" for arbitrary Ns € A*. Induction on M is now enough to show the result,
using Lemma 14.1 in the case for applications. Statement 2 easily follows from the induc-
tion principle in statement 2 and Lemma 14.3. The other statements follow by unfolding
the definition of the (co-)action with an additional inverse induction on Ns computed by
hs‘1 (M;) = (i, 0, Ns) to prove the last statement. u

With the measure map into the well-founded IsChild relation and the cancelation properties,
everything is set up to show the final theorem about uniqueness, soundness and completeness
of the translation from Combinatory Logic into the algebraically generated set of any given
algebra for any given signature.

98



2.6. Algebraic Interpretation of Results

Theorem 7 (Canonical Algebra Morphism for the Combinatory Logic (Co)Algebra) Givena
<s-subsorted signature family Z;c1 = (S, 0, arity;,dom;,range;) indexed over a finite set I, and
a target language implementation of X in form of an algebra «/* = (D, g), let interpret"CL :
(C — D) ges be the canonical algebra morphism family constructed for .QszCL and o ECL from
Lemma 37 and the well-founded relation 1sChild, and measure map measurercy, from Lemma 38.
Now forallseS, M;eCs, Ts € AlgGen"Sdz, and m : (C — D) s the algebra morphism family
interprettCr is

1. Unique:
if m is an algebra morphism family mgo hs = gsoF*(m)s, then m = interpret" L,

2. Sound:
interpretFCL (M) € AlgGenéf : .

3. Complete:
There exists N € Cg, S.L. interpretf CL(Ny) = Ts.

ProOF Immediate consequences of the abstract canonical algebra morphism properties
shown in Lemma 36. Uniqueness is again intensional in the Coq formalization. ™

Theorem 7 enables the following workflow for language-agnostic synthesis:

1. Define a code generator for some target language D by an interface X and its implemen-
tation «/%.

2. Convert the interface into a repository using the algorithm from Lemma 37.

3. Optionally add another semantic domain of discourse using the methods described in
Section 2.4.2.

4. Perform type inhabitation according to Theorem 6 with the desired (embedded) sort
(and an optional semantic domain type) as target.

5. Now any term in the language of the resulting Tree Grammar can mapped back using
interprett“ from Theorem 7.

Uniqueness, soundness, and completeness from Theorem 7 guarantee that the Tree Grammar
computed by inhabit is a finite and exact representation of all solutions to the synthesis
problem. Emptiness of Tree Grammars is decidable in linear time [42], which means the above
procedure also solves the sort emptiness problem. A fully materialized example, which is
adapted from [18], can be found in file Labyrinth. v of the accompanying formalization [15].
If desired, language specific proofs can be added to ensure coincidence of AlgGen* with some
set. This is illustrated for the 2-Counter Automata reachability in Lemma 34. If the semantic
domain requires formal reasoning, it can also be created from a translated signature family.
Note, that «#* = (D, g) is freely chosen. Therefore, the target language D and the meta-language
implementing g are parameters, which makes the procedure truly language-agnostic.
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The (CL)S Framework

The (CL)S Framework implements the theoretical results described in Section 2. At the time of
writing the framework has been under development for over 7 years. The earliest prototype
has been implemented in Prolog and a subsequent incarnation was ported to F#, mainly for
performance and maintainability reasons [56; 55]. This implementation has been continued
evaluating multiple ideas including availability as a web-service and modal intersection types
[59; 20]. Dudenhefner [61] describes the development of its latest incarnation, cls-fsharp [62],
with a focus on performance optimizations, mainly by making smart choices when substituting
type variables, implementing and extending the theoretical results presented in [58; 67]. The
ideas presented in [20] also lead to another branch of development, cls-scala [111], that is
implemented in Scala and described in this section. In contrast to cls-fsharp, which is built for
evaluating performance gains from different inhabitation strategies, its focus is on practical
concerns of software composition synthesis. These include an embedded domain specific
language (EDSL) to develop components, built-in support for automatically translating and
executing synthesized applicative terms, features to enable language-independent meta-
programming, versioned hosting of synthesized artifacts, seamless integration into the Scala
ecosystem via standard build-system dependencies, model driven development capabilities,
and most recently [18] the capability to visually inspect the synthesis process in order to debug
specifications. The architecture of cls-scala is modular and separated into multiple projects.
It is described in Section Section 3.1. All of its components are open source and available
online together with evolving ecosystem of related projects [27]. Notably, some of these just
make use of the metaprogramming features without using inhabitation, e.g. EpCoGen [97],
a framework for generating and studying approaches to solve the expression problem [199].
The extension to Scala with an EDSL for specifying software components (Section 3.2), meta-
programming support mechanisms and features for versioned artifact hosting have been
developed (Section 3.3) in step with the requirements arising from work on software product
lines [96; 21; 60; 95; 164]. The implementation is closely connected to its theory described in
Chapter 2 and accompanied by a suite of tests is described in Section 3.4. Finally it should
not go unmentioned that the proven Coq formalization [15] of Chapter 2 can be extracted
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to executable Haskell or OCaml code. It can thus serve as a verified baseline to investigate
future bugs of cls-scala. Additionally, if an increased level of confidence is required for some
application, it can be used to formally prove correctness of synthesis results.

The Coq formalization is an independent work of the author of this text. Most code of the
cls-scala framework has been created by the author, with some contributions from others.
The most notable other direct contributors of source code are George T. Heineman and Anna
Vasileva. Many design decisions were also made in team with Boris Diidder, whose prior
experience developing earlier versions of the framework was invaluable. All projects are
publicly available [27] and their source commit history can be traced author by author.

102



3.1. Architecture Overview

3.1 Architecture Overview

type enumeration runtime
N inhabitation using FEAT compilation
Repository Tree Grammar Stream of Stream of
[ ——
(Type Context) Trees Values
reflection reflection
Framework
Application presentation
to user
Signature and Request for Scala- and Website and
Implementation Semantic Type Git Branches

AST Manipulation AST Node Type and
Combinators Semantic Concept Generated Code

Figure 3.1: Data flow in cls-scala

Figure 3.1 shows the typical data flow when using cls-scala. An application implements com-
ponents in Scala as combinators that provide or manipulate fragments of abstract syntax trees
(ASTs) of a target language. Problem instance specific boxes are drawn in white: combinators
can manipulate any Scala objects, and ASTs are just one use-case that is often encountered.
The signature of components and their semantic types are collected using reflection and
translated into a single type context. A request is made, typically for the type of an AST node
and a semantic type. Type inhabitation creates a Tree Grammar describing all applicative
solution terms. The Tree Grammar is enumerated as a continuous stream of data using the
functional enumeration of algebraic types (FEAT) technique by Duregérd et al. [68]. Upon re-
quest each inhabitant is translated to Scala using the canonical algebra morphism constructed
in Section 2.6.3. The translated term is then runtime-compiled and injected back into the
JVM where it is executed. Results are available as a stream. If the results can be serialized,
infrastructure is provided to store them in a Git [189] repository and to inspect and control
their creation via a website.

cls-scala cls-scala-presentation-play-git cls-scala-templating

shapeless-feat

Figure 3.2: Projects in the cls-scala framework and their dependencies

Figure 3.2 shows the main projects of the framework with arrows indicating their interdepen-
dencies. Stages above the dotted line of Figure 3.1 are implemented in the cls-scala project. Its
implementation of FEAT is separated into a different project. The shapeless-feat projectis a
port of the original Haskell library [68] with additional integration into the shapeless frame-
work [169], which provides data-type generic programming [128] features beyond the scope
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of this text. Separation into a different project enables reuse independent of (CL)S. Similarly,
the template-based metaprogramming infrastructure is provided as a separate project. Type
inhabitation and its algebraic interpretation works independently of any metaprogramming
support, so there is no direct dependency of cls-scala on cls-scala-templating. Vice versa, the
templating support is generic enough not to depend on cls-scala. If results are source code
artifacts that can be serialized to disk, the cls-scala-presentation-play-git project can host
them. It uses the Play framework [33] and its integrated web-server to present users with a
website to manage repositories. Git access and hosting is provided using EGit [203].

All projects are built using the sbt build system [93]. Continuous integration provided by
Travis [80] automatically builds each project, executes its test-suite and triggers the early
release [198] build target. This pushes a snapshot of every successfully tested master branch
commit to maven central [11], from where the project can be immediately included as a jar-file
dependency into other projects. The sbt build system has cross building support to create,
test and publish jar-files for different Scala versions. At the time of writing Scala 2.11 and 2.12
are supported. The coveralls service [137] automatically collects test coverage reports from
each build and publishes them with a detailed analysis.

The Software and sources are released under a permissive open source Apache 2 license [4].
This allows free and commercial, open and closed-source projects to include all or parts of the
software with limited warranty, liability and possibility of patent-claims against the authors.
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3.2 Scala Extensions and their Relation to the Coq-Formalization

The most obvious user-facing extension Scala by cls-scala is an EDSL to specify components
used in synthesis. It consists of two parts. The first is a syntax extension to specify (semantic)
intersection types in a notation close to the way they are denoted in math. This way type

Map (Person n Owner x Pair(Cat x Dog)) — Person n Owner — Either(w x Pair(Cat x Dog))

can be written

’Map (’Person :&: ’0Owner, ’Pair(’Cat <x> ’Dog)) =>:
’Person :&: ’Owner =>:
’Either (Omega, ’Pair(’Cat <*> ’Dog))

The syntax extensions are activated by importing the implicit conversions defined in pack-
age org.combinators.cls.types.syntax. Symbol literals in Scala are converted into type
constructors. Without arguments, constructor ’C will be interpreted as type C(w), just like
in the mathematical notation convention. Constructors with one or more argument will be
desugared to the binary product of the arguments. Alternatively, the binary product operator
’Cat <*> ’Dog can be used directly to specify Cat x Dog. Arrows A — B are represented by ’ A

=>: ’Band intersections AN Bby ’A :&: ’B. Type constant w is the constant Omega in Scala.
All binding rules of Section 2.2 Definition 3 apply. Users not fond of operator overloading (e.g.
because of working within a code generator) can alternatively define types manually instan-
tiating case classes Constructor (String, Type), Product(Type, Type), Arrow(Type, Type),
and Intersection(Type, Type).

The constructor subtype relation <c is constructed from case class SubtypeEnvironment (Map
[String, Set[String]l). The map passed as argument stores all smaller constructors for a
given constructor name. Instances of SubtypeEnvironment compute the transitive reflexive
closure of their argument relation. Their contents are imported to add extension methods to
trait Type, which is implemented by all intersection types. These allow types to be compared
according to the BCD subtype < relation induced by <¢. A builder pattern [81] is used to
provide some sugar for constructing the < relation map. Practically, constructor preorder

<c¢={(Cat, Animal), (Garfield, Cat), (Dog, Animal), (Odie, Dog),
(Animal, Animal), (Cat, Cat), (Garfield, Garfield), (Odie, Odie), (Garfield, Animal), (Odie, Animal)}

is defined by

val env =
SubtypeEnviroment (
Taxonomy ("Animal") .addSubtype("Cat") .addSubtype ("Dog")
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.merge (Taxonomy ("Cat") .addSubtype ("Garfield"))
.merge (Taxonomy ("Dog") .addSubtype ("0die")) .underlyingMap)

after which variable results in

import env._
val results =
(’Pair(’Garfield <*> ’0die).isSubtypeOf (’Pair(’Cat <*> Animal)),
’Pair (’Garfield <x> ’0die)
.isSupertypeO0f (’Pair (’Animal <*> Animal)))

contains (true, false). The subtype algorithm is implemented using the machine from
Section 2.3 Definition 9.

The Scala implementation allows for finite type schematism. Types are extended with variables
and a finite set of well-formed substitutions is declared. When a combinator uses ownerType
declared in

val alpha = Variable("alpha")
val beta = Variable("beta")
val substitutionSpace =
Kinding (alpha) .addOption(’Garfield) .addOption(’0die)
.merge (Kinding (beta) .add0ption(’Jon))
val ownerType = ’FeedsWithLasagna(alpha, beta)

its use will be expanded to

’FeedsWithLasagna(’Garfield, ’Jon)
:&: ’FeedsWithLasagna(’0die, ’Jon)

Well-formed substitution spaces can be any finite collection of Scala functions Variable =>
Type and Kinding again implements a builder pattern to simplify their construction.

The most basic way to perform type inhabitation is to use an instance of InhabitationAlgorithm
according to the following type definitions from package org. combinators.cls. inhabitation

type Repository = Map[String, Typel

type TreeGrammar = Map[Type, Set[(String, Seql[Typel)]l]

type InhabitationAlgorithm =
(FiniteSubstitutionSpace, SubtypeEnvironment, Repository) =>
Seq[Type] => TreeGrammar

Inhabitation algorithms take a finite substitution space, a subtype environment, a repository,
and a sequence of types to inhabit. They then produce a Tree Grammar representing all
requested inhabitants. Substitutions spaces and subtype environments have been described
before. Repositories are just maps assigning each combinator a type. In contrast to the Coq
formalization, Tree Grammars in the Scala implementation use uncurried representations
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(c(M, N) instead of @(@(c, M), N)) of applicative terms. This is equivalent except for target
type w, which cannot be represented. Behavior of the Scala implementation is, at the time
of writing, undefined for this case, which is rare enough that it only became apparent during
the rigorous formalization. The Scala implementation can schedule multiple inhabitation
targets in a batch job, resulting in one big Tree Grammar. This is justified by Section 2.5
Lemma 29.5, and the various weakening properties in Lemma 33. It can lead to perfor-
mance improvements, if the recursive target types in batched inhabitation requests overlap,
allowing the algorithm to reuse parts of the previously constructed Tree Grammar. There
are two implementations of type InhabitationAlgorithm, both contained in package org.
combinators.cls.inhabitation. The first one by class BoundedCombinatoryLogic performs
all substitutions and then dispatches to the second one by class FiniteCombinatoryLogic,
which performs inhabitation for a context without type variables. Implementations of splitTy
(c.f. Section 2.5 Definition 26) and the cover machine (c.f. Section 2.5 Definition 21) match
the Coq formalization up to minor language differences. The function for inhabitation_step,
additionally to using uncurried applicative terms, accumulates covers (c.f. Section 2.5 Defi-
nition 29) for multiple combinators in parallel by turning the foldl into a map-reduce [122]

operation. The resulting performance benefit has been discussed at length by Diidder [55] and
Scala has parallel collections in its standard library [161], which allow the algorithm to be kept
almost unchanged. The implementation as a state machine operating with single invocations

of inhabitation_step makes it possible to debug the inhabitation process for a given repository
in order to find out, which targets are dropped for being uninhabited. See [18] for a detailed
description of a debugger implemented on top of cls-scala.

The extensions described up to this point are similar to the capabilities of cls-fsharp and earlier
incarnations of the (CL)S framework. The cls-scala implementation is made unique by the
second extension, which builds upon the algebraic theory of Section 2.6. It allows to specify
Section 2.4.2 Example 1 as shown in Listing 3.1.

class MotivationRepository {
val performer: Variable = Variable("performer")
val defaultPerformerSpace =
Kinding(performer) .addOption(’Springsteen)

@combinator object motivationSong {
def apply(): LilyPond[Music] =
LilyPond.loadMusic ("noretreat.ly")
val semanticType: Type = ’Springsteen
}
@combinator object addLyrics {
def apply(music: LilyPond[Music],
lyrics: String): LilyPond[Song] =
music.setLyrics(lyrics)
val semanticType: Type = performer =>: performer =>: performer
}

class LyricsCombinator (lyrics: String, performerName: String) {
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def apply(): String = lyrics
val semanticType: Type = Constructor (performerName)

}

def reflectedRepository:
ReflectedRepository[MotivationRepository] = {
val crawler = CrawlerDemo
val (performerSpace, lyricsCombinators) =
crawler
.findLyrics ("surrender")
.foldLeft ((defaultPerformerSpace,
Seq.empty [LyricsCombinator])) {
case ((s, cs), (lyrics, performerName)) =>
(s.addOption(Constructor (performerName)),
cs :+ new LyricsCombinator (lyrics, performerName))
}
lyricsCombinators.foldLeft (
ReflectedRepository[MotivationRepository](
substitutionSpace = performerSpace,
inst = this,
classLoader = this.getClass.getClassLoader)) {
case (repo, combinator) => repo.addCombinator (combinator)

def results: InhabitationResult[LilyPond[Songl] =
reflectedRepository.inhabit [LilyPond [Songl] (’Springsteen)

Listing 3.1: Definition of Section 2.4.2 Example 1 in cls-scala

Each synthesis component is declared in a combinator object. Combinator objects have a
single apply-method and an optional field semanticType. They can either be static objects
belonging to a class and carrying the annotation @combinator (e.g. motivationSong in line
6) or classes (e.g. LyricsCombinator inline 17). Methods in combinators may contain arbi-
trary code. This is especially useful when, as shown here, program sources of some target
programming language are manipulated. Method reflectedRepository uses reflection to
construct a context for inhabitation. The results of a web-crawler searching for lyrics are
converted into new combinators and substitution space options in lines 25-33. Newly added
substitution space options allow the semantic type of combinator addLyrics to grow with
each new performer (c.f. line 15). The inhabitation context is created in lines 34-40. First, a
ReflectedRepository for the current instance of class MotivationRepository is constructed
with the extended substitution space. The Java Virtual Machine class loader is used to obtain
reflection information about static combinators belonging to the instance reflected upon.
An algebraic signature gets extracted from this information according to the signatures of
all apply methods in @combinator annotated inner objects. Scala types become sorts of the
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3.2. Scala Extensions and their Relation to the Coq-Formalization

T
@ InhabitationResult |_

grammar : TreeGrammar

target : Type

resultInterpreter : Tree =>T

terms : feat. Enumeration|Tree]
interpretedTerms: feat. Enumeration|T]

InhabitationResult(grammar: TreeGrammar, target: Type, resultInterpreter: Tree =>T)
isEmpty : Boolean

isInfinite : Boolean

size : Option[BigInt]

Figure 3.3: Class to encapsulate inhabitation results

signature, which are ordered by their language native subtype relation. Additionally, the
semantic type information is included (Section 2.4.2 explains how and why native and se-
mantic types may be freely mixed). If required, semantic types can also be ordered by a
subtype environment passed to the ReflectedRepository constructor. Webcrawler results
cannot be known statically at compile time. Their combinators are added dynamically to
the repository at run time (line 39). Signature operations for static combinators are just their
object names, while dynamic combinators are suffixed with a unique identifier, which al-
lows to have multiple instances of the same class inserted as multiple different combinators.
Standard Scala objects and classes are used for component specifications. Therefore, combi-
nator implementations can be shared using inheritance and other object-oriented features,
and the learning curve for users not familiar with algebra or Combinatory Logic is reduced.
Line 44 shows the request for all inhabitants that have native type LilyPond [Song] and the
semantic type Springsteen. Results are encapsulated in class InhabitationResult shown in
Figure 3.3. It includes the Tree Grammar, the requested target type, and in the constructor
ReflectedRepository also passes the canonical algebra morphism for Combinatory Logic
(Section 2.6 Theorem 7), which translates applicative Terms of type Tree to the native type
T. The Scala algebra for this morphism is implemented by creating calls to the combinator
objects collected by ReflectedRepository. Code for these calls is compiled, injected back into
the class loader and then executed. Field InhabitationResult.terms stores alazily computed
enumeration of all terms that are words of the Tree Grammar for the target non-terminal (c.f.
Section 2.5.2 Definition 28). Terms in this enumeration are ordered ascending by their number
of terminal symbols. The InhabitationResult.interpretedTerns field stores the result of
lazily mapping the translation to Scala over InhabitationResult.interpretedTerms. Addi-
tionally, the class offers methods to check if the Tree Grammar is empty, infinite, or if it is finite
to compute the number of results. See [42] for the algorithms used in these computations.
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3.3 Metaprogramming Support Mechanisms

«trait»
Java 9
Persistable

fullText: String type T

compilationUnit(): CompilationUnit rawText(elem: T): Array[Byte]

statement(): Statement path(elem: T): Path

expression[T <: Expression](): T fullPath(basePath: Path, elem: T): Path

tpe(): Type persistOverwriting(basePath: Path, elem: T): File

persist(basePath: Path, elem: T): File

«object»

Java

apply(source: String): Java

Figure 3.4: Main components of project templating for target language Java

The templating project adds lightweight metaprogramming support. Figure 3.4 shows the
main components for this (exemplified for the target language Java). Class Java is a wrapper
around a string to provide extension methods to invoke a parser. They are implemented
using the JavaParser project [195], which offers parsing, pretty printing and AST manipulation
support for Java. The most useful syntactic sorts in the AST are accessible via these methods.
Together with the apply method defined in its companion object and the automatic string
interpolation support of Scala, this allows to write

val exp = Java("42").expression()
val stmt = Java(s"System.out.println($exp);").statement ()

which will cause variable stmt to reference an AST-representative of the Java statement
"System.out.println(42);". For the syntactic sort CompilationUnit, the project offers an
instance of the trait Persistable, with type T = CompilationUnit. This instance helps to
persist the java file represented by the CompilationUnit on disk. The trait offers method
rawText to convert an element of its type T to a serialized byte array, method fullPath to
determine the path of an element relative to some location, and methods to persist an element,
optionally overwriting previously existing files. For Java CompilationUnit elements the de-
fault instance can automatically determine paths, because Java source file names and their
contents are linked. For other languages, such as Python, where the source file name is not
clear from the contents, type T has to be instantiated as a pair which includes enough informa-
tion to find the file-system destination of elements. Currently, Java and Python are supported
languages, but users can add their own implementations on demand in their projects. The
aforementioned EpCoGen [97] has instances for Haskell, C++, and even an old Java dialect
called Generic Java. The language specific extension method provider classes do not have to
contain all AST elements. In fact, they can just wrap target language strings. It is up to the user
to decide on the trade-off between usage comfort and implementation effort for parsers.
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3.3. Metaprogramming Support Mechanisms

For the versioned hosting of artifacts, it is enough to setup a standard Play application [33]
and to configure a Play webserver route to a class inheriting from org. combinators.cls.git
.InhabitationController and trait org.combinators.cls.git.RoutingEntries, which are
both part of cls-scala-presentation-play-git. The class has to override three fields. Listing
Listing 3.2 shows the implementation for class MotivationRepository from Listing 3.1

class MotivationController @Inject () (webJars: WebJarsUtil,
lifeCycle: ApplicationLifecycle)
extends InhabitationController (webJars, lifeCycle)
with RoutingEntries {
lazy val repository = new MotivationRepository
lazy val Gamma = repository.reflectedRepository
override lazy val combinatorComponents:
Map [String, CombinatorInfo] = Gamma.combinatorComponents
override lazy val results: Results =
EmptyResults () .add(repository.results)
override lazy val controllerAddress: String = "motivation"

3

Listing 3.2: Definition of a controller to host generated MotivationRepository (Listing 3.1)
solutions

After the built-in Play webserver has been started, results are accessible via the address
specified in field controllerAddress relative to the route configured in Play. For a default con-
figuration and class MotivationController, the address is http://localhost:9000/motivation/.
The website shows an overview of the types in the reflected repository Gamma. Types for the
overview are provided via field combinatorComponents. Results are added to the website using
field results. Its type is another class implementing a builder pattern, which can collect
any InhabitationResult [T] type for which an implicit instance of Persistable for type T is
available in the declaration context. Multiple calls to the add method compute the Cartesian
product of results to combine all possibilities. Additionally, external artifacts which have not
been synthesized can be added. This is used in EpCoGen. The full code for the example,
including a Persistable instance for class LilyPond, is available online [16]. When running,
Play detects any changes to the source code, and subsequently recompile and restart the appli-
cation. This speeds up the development process, because refreshing the browser is enough to
obtain updates on the result website. For every computed code artifact, a link to a Git branch
with instructions on how to obtain it is available with the results.
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3.4 Software Tests

The cls-scala, shapeless-feat, and templating projects come with tests that achieve above
90% code coverage. The cls-scala-presentation-play-git project has above 65% test coverage.
A continuous integration pipeline triggers builds and tests on every commit to the project
code-base. Commits that result in decreasing test coverage are by default rejected. This
enforces increasing test coverage over time. Tests are implemented using a mixture of unit,
integration, and regression testing embedded into the ScalaTest framework [197]. Some tests
in shapeless-feat use ScalaCheck [144] for randomized property based testing, which pushes
its test coverage above 96%. The comparatively low coverage in cls-scala-presentation-play-git
is due to the side-effects associated with running a webserver and git to host solutions. In
contrast to the other projects this makes cls-scala-presentation-play-git stateful, which is
inherently harder to test than the otherwise purely functional implementations. The practice
to turn all reported bugs into integration tests has proven to be very useful, both for debugging
and future developments, which sometimes repeated old mistakes. Future implementation
plans include further convergence of the Scala implementation with its Coq counterpart. At
some point this may lead to a situation, where the lemmas in this text can be used for property
based testing. All tests and coverage reports are publicly available with the source code [27].

The extracted Coq code for Labyrinth.v has been tested manually and found to produce the
desired results.

Ongoing independent third-party use of cls-scala has been useful for finding bugs in the past.
Usage scenarios, which have been implemented are discussed in the next section.
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Chapter 4

Applications and Impact

The work presented in this text has been used by other researchers, who were able to develop
multiple successful applications. Some of these will be discussed in this chapter. Applications
are grouped into three categories with one section per category. These are: research which has
been conducted in tight collaboration with the author, work done in student projects, some of
which have been advised by the author, and research that has been conducted independently
from the author. Each of the categories adds confidence to the validity and usefulness of the
overall approach.

4.1 Work done in collaboration with the Author

An ongoing research effort with Boris Diidder, George Heineman, and Jakob Rehof investigates
applications of (CL)S to software product lines [95; 21; 96; 26]. A large scale application of this
work to a software product line of solitaire games is available online [98]. At the time of writing,
the product line has 17 families of solitaire games, where each family has up to 9 sub-variations.
The whole product line is generated from just under 13500 lines of code including test cases.
The individual games are implemented in Java and some have an additionally synthesized
Python implementation. In comparison, the older F# version of (CL)S required approximately
4500 lines of code to synthesize 4 variations that were only available as Java implementations.
The results show two things about cls-scala. On the one hand, the framework is scalable to
larger code-bases than most related synthesis approaches (e.g. the largest example in [160] is
a single red-black-tree balancing function). This effect is mainly due to the larger building
blocks, where each combinator can generate arbitrary amounts of code instead of just a
single component of a functional expression. On the other hand, cls-scala has improved over
previous implementations by allowing a massive scale-down in the amount of specification
required to generate code. This has two reasons. The first reason is the possibility to share code
by implementing combinators in regular Scala classes with inheritance and programmatic
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@ Solitaire

name : String
layout : Layout
moves : Seq[Move]

@ Klondike @ Spider

@ Scorpion @ Gigantic

Figure 4.1: Simplified Solitaire Domain Model

access to them, instead of just relying on static text file fragments written in a domain specific
Lambda Calculus like language. The second reason is reuse and structuring from domain
modeling. An abstract domain model M is a set of classes to abstractly describe the application
domain without containing information about how it is implemented. Figure 4.1 shows a
highly simplified version of the solitaire domain. Every instance of the base-class Solitaire
has a name, a layout to specify how cards are placed, and a sequence of possible moves.
Klondike has no sub variations, while the family of Spider solitaire games has the subvariations
Scorpion and Gigantic. For simplicity, subvariations are modeled by inheritance, but more
flexible models using delegation are also possible. When presented with an instance of the
Solitaire class, the implementation will create a repository with combinators specifically
selected and instantiated for that instance. This shrinks the search space, which now does not
include combinators for arbitrary other variations. It also motivates designing combinators
that are parameterized over instance properties, so they can work for arbitrary instead of
specific instances. Families can share model components by instantiating them as soon as
they become available in the model class-hierarchy (e.g. Spider solitaire games might all fix
a certain card layout). Algebraically, if M is a set specifying all allowed domain models, the
implementation provides a family of algebras («#*"”) ¢\, where each model instance m € M
gives rise to a signature X(m) and its implementation in form of an algebra «/*(". Exactly the
same happened for the machine trace algebra in Lemma 34, where the model are 2-Counter
automaton specifications. In earlier implementations of (CL)S, it was impossible to determine
why a specific combinator was included in the repository. This question can now be answered
by finding the model component for which the combinator was instantiated.
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4.2. Work done by Students

Another line of work done is developed in collaboration with Anna Vasileva, and Moritz Roidl.
It aims to investigate how to help experts in non-synthesis related domains with using and
understanding cls-scala. A prototype implementation of the labyrinth example from [18]
is provided together with an MQTT [107] based interface to externally control inhabitation.
This interface is accessed by the Unity game engine [192], which then controls a laser based
visualization installation to optically illustrate solutions. The code and a demonstration video
are available online [29]. The use-case illustrates that first steps have been taken to make the
framework usable, even by non experts in computer science.

4.2 Work done by Students

Various applications of cls-scala have been successfully explored by students in bachelor’s
and master’s thesis projects. In [173] Docker container [54] configurations are synthesized
based on a state machine model. Configuration data collected from a user interface is used
by the inhabitation algorithm to generate transition inputs for a state machine, which then
generates code in form of docker configurations and shell scripts. These are used to setup a
distributed system with replicated databases and variable topologies for redundancy. Results
have been further refined in [204], where additional constraint-solver scripts are synthesized
for computing job-to-node-assignments within a cluster. In [155] the idea of directly integrat-
ing computations into the search process of synthesis, which is illustrated by the 2-Counter
machine trace Algebra in Lemma 34, is implemented for various examples in cls-scala. These
include deterministic and non-deterministic finite automata and the word problem Tree
Grammars. Multiple better implementation strategies for the robot control programs gener-
ated in [23] are realized with cls-scala in [170]. One of them controls robot behaviors with
arrows, which most recently has spawned some research interest [76]. In particular [170] also
illustrates how abstract types in Scala can facilitate reusing the same signature structure for
multiple independent implementation strategies. A tool for the design of flexible electronic
business processes is developed on top of cls-scala in [48]. While traditional business process
modeling needs pre-designed branches for every possible eventuality, the idea in [48] is to
synthesize a custom-tailored process per use-case. This process is smaller and thereby easier
to understand and maintain. Block diagrams for numeric processing are synthesized in [183].
Language-agnostic synthesis is not restricted to computer executed code, which is illustrated
in [187], where variations of net-plan structures are generated for factory production steps
carried out by humans. The metaprogramming support of (CL)S is soon to be enhanced by
two successful projects which implement parsers, pretty printers, and AST manipulation tools
for Coq [205] and Python [142].

At the time of writing, a project group of 13 master students has started to evaluate possibilities
for synthesizing cyber physical systems. Their goal is to create different configurations of
intelligent plant management systems and their project is limited to one year. One preliminary
success is tool integration of ASTs for 3D-printable OpenSCAD [114] models.
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Beyond applicability of cls-scala to specific problems, two observations can be made: Most
of the students involved in the projects mentioned above did not have prior formal training
in type theory. This illustrates, that the framework is usable without expert knowledge. The
second observation concerns the scope of applicability. It includes abstract machine models,
configuration files and shell scripts, 3D printer models, and human executed factory pro-
duction plans. This is strong evidence, that the main goal of this work, language-agnostic
synthesis, has been achieved.

4.3 Work done by other Researchers

There exists externally peer-reviewed evidence for successful applications of the work pro-
vided in this text. These applications have been implemented, investigated and reviewed
independently of any involvement of the author.

An earlier version of the Coq formalization for the BCD subtyping algorithm is used by Honsell
et al. [103] to investigate different variations of intersection type systems in the A-Framework.
The authors were able to add union types to the subtype relation and still obtain a working
verified decision procedure.

In [172] business processes to model clinical path-ways are synthesized using cls-scala. The
authors manage to develop a structured methodology for the flexible generation of patient
individualized healthcare workflows. Their results are evaluated using a case-study, which
comes to a positive conclusion on applicability of the framework. Domain experts on clinical
business processes and logistics have been involved in the investigation.

Another independent investigation with involvement of domain experts shows, that the cls-
scala framework can be used to synthesize plans for building factories [201]. A case-study
based on a real-world scenario is used to show how generated plans can help to identify
bottle-necks, which would cause the build process to stall. The authors conclude that manual
planning labor can be automated, which leads to a better informed planning process.

The above findings indicate theoretical usefulness of the formalized proofs, and practical
usefulness of the implementation. Again, language-agnosticism is crucial to allow for the
vastly different domains of application.
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Chapter 5

Conclusions and Future Work

The journey took a long formal proof, but in the end this text has shown that synthesis can
be understood in a general language-agnostic way by going back to the first principles of
Combinatory Logic and abstract algebra. The 100 year old statement 6.002 of Wittgenstein’s
Tractatus [202] proved to be adequate for software synthesis: all programming language
statements can be constructed by applying (algebraic) operations to other statements. The
author hopes that this insight, together with the perspective it can give on the discussion of
related work in Section 1.1, helps to bring some clarity into the sometimes confusing state of
software synthesis.

Along the way to a fully formalized mechanically checked proof, many results about inter-
section types, Combinatory Logic and abstract algebra have been formalized. The outline of
novelties is given in Section 1.2 and maybe some of these results can be used beyond this text.
At least the analysis in Chapter 4 seems to indicate that there is some hope, that the theoretical
results of Chapter 2 and the practical results of Chapter 3 have brought some benefit other the
author’s pleasure to develop them.

All that remains to discuss at this point are some of the boundaries of knowledge, which are
salient points of future work.

It is natural to ask, if there is a lower bound on the complexity of the sort emptiness problem
for signature families. The answer to this question has not been mechanically formalized yet.
It is therefore not included in the main results of this text. The following proof sketch should
be seen as a conjecture to be elaborated in future work:

Given a number n and n Tree Grammars G, = (Sy, Ny, %, Ry,), the problem of deciding
MNi<i<n L(G;) # ¢ is EXPTIME-complete [42; 196] and sort-emptiness can be reduced to it.
Let f¥ € # be a non-terminal consistently used with k (including k = 0) arguments, then a
signature family can be specified with Z;¢c; = (S, O, arity;,dom;, range;), where
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I'is a set of binary numbers s.t.
i € T'iff decode(i) € (N} x Ny x -+ x N,,)L+maxtkif*e#}

e S=T1w{e, o} ordered by <s={(s,5) | s€ S}

e 0=%

o arity, (f*) = k

* ok(decode(i), f¥) iff for all 1 < m < n there exists

T m (k41 (decode(i))) —
fk(nm(nl(decode(i))),nm(ng (decode(7))), ...,y (T (decode(i)))) € Ry,

(71 (decode(i)), 2 (decode(i)),..., m(decode(i))) for ok(decode(i), f¥)
e dom;(f*) = (o,0,...,9) otherwise

k—times

7r+1(decode(i)) for ok(decode(i),fk)

o otherwise

o rangei(fk) = {

The idea is to have operations for each terminal f*¥ matching the product of the gram-
mar rules for that operation. Non-determinism of rules is encoded into the choice of i €
I. Invalid constellations are filtered by setting inputs to e, which cannot be produced by
any operation. Family Z is polynomial in the input size, because the cardinality of the set
(N7 x Np x -+ x Npy)Ltmaxtklf*e#} jg jegq or equal to pmax(IN;ll1=m=n}-(+maxikf*€F) and [ there-
fore can be specified by stating the amount of bits required for its elements, which is a number
log, (max{|N;j||1<m<n}-(1+maxik| f*eF})

log, (n)
possible in polynomial time because both are simple lookup functions. Now the algebra />

less than . Computing decode and ok is also

¢ with carrier

{t1t€ L(Gy1, A1) N L(G2, A2) N---N L(Gy, A3)}
C.o for s € I and 71 (decode(i)) = (A;, Aa, ..., Ay)
) 1 fors=o

@ fors=-

¢ and action

fk(ts) for ok(decode(i),fk)

0 otherwise

hS(irfkr ts) = {
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P2

generates AlgGenf{m =N1<i<n L(G;) for sort s with decode(s) = (S1, Sa,...,S,). Deciding empti-
z

ness of AlgGen‘_Zme therefore solves the intersection problem of Tree Grammars and sort-

emptiness is EXPTIME-hard.

From a practical standpoint, the conjecture above raises the question of when scalability limits
of the approach will be reached. When they are reached at some point, a possible idea is to
try to overcome the compositionaly limitations of machine learning discussed in Section 1.1.
Insights from the CogHammer project [44] show, that a major problem for constructing proofs
(or programs) out of large knowledge bases is preimse selection. In Combinatory Logic, this
could be addressed by giving more structure to the context I'. It would be interesting to
investigate adding a rule such as

CanReach(I'1,T'5) PlausibleFor(I'», A) IhFM:A
L FM:A

where predicate CanReach(I';, T'») is a user-defined or machine-learned relation on contexts,
and PlausibleFor(I's, A) is a machine-learned predicate on contexts and types, that limits the
search space.

A current drawback of the completely language-agnostic approach is that sometimes irrelevant
terms can be generated. An example is id(...id(id(x))...) where x is the only interesting
inhabitant. Some of the equational methods used in SyGus might be applicable for filtering
these irrelevant results. Most authors in literature equip algebraic signatures with equations
and so it seems obvious that the work presented here should be extended in this direction.

Finally many more practical applications of language-agnostic synthesis remain to be found.
The promising successes regarding synthesis problems in software product lines and the initial
steps toward more usability, even by non-experts, should be a start, rather than an end of a
journey.
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Appendix

Section/Statement File Name in Coq

1 2.3/Lemma 1 Types.v Semantics_functional

2 2.3/Lemma 2 Types.v subtype_total

3 2.3/Lemma 3.1 Types.v bcd_cat_bigcap_£

4 2.3/Lemma 3.2 Types.v bigcap_omega

5 2.3/Lemma 3.3 Types.v bigcap_cast__ctor

6 2.3/Lemma 3.4 Types.v bigcap_cast__Arr

7 2.3/Lemma 3.5 Types.v bigcap_cast__Prod

8 2.3/Lemma 3.6 Types.v bcd__Arr

9 2.3/Lemma 3.7 Types.v bcd__ProdDist

10 2.3/Lemma 3.8 Cover.v bcd_subset_f£

11 2.3/Lemma 4 Types.v subty__sound

12 2.3/Lemma 5.1 Types.v subty__omega

13 2.3/Lemma 5.2 Types.v check__tgt__subseq

14 2.3/Lemma 5.3 Types.v Omega__tgts

15 2.3/Lemma 5.4 Types.v Omega__subty

16 2.3/Lemma 5.5 Types.v weaken_check_tgt

17 2.3/Lemma 5.6 Types.v subty__weaken

18 2.3/Lemma 5.7 Types.v subty__cat

19 2.3/Lemma 5.8 Types.v subty__CtorTrans

20 2.3/Lemma5.9 Types.v omegaDoneTgt

21| 2.3/Lemmab.10 Types.v subty__Refl

22| 2.3/Lemmab5.11 Types.v split_tgts_for_srcs_gte

23 | 2.3/Lemma5.12 FCL.v tgt_for_srcs_gte_cat

24| 2.3/Lemmab5.13 Types.v subty__left, subty__right

25| 2.3/Lemmab.14 Types.v can_cast_trans__Ctor,
can_cast_trans__Prod
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Section/Statement File Name in Coq
26| 2.3/Lemma5.15 Types.v subty__Trans
27| 2.3/Lemma5.16 Types.v subty__CtorDist
28 | 2.3/Lemmab5.17 Types.v subty__Idem
29 2.3/Lemma 6 Types.v subty_complete
30 2.3/Theorem 1 Types.v subtype_machine_correct,

subtypeMachineP

31 2.3/Lemma 7 Types.v Domain_size
32 2.3/Lemma 8 Types.v primeComponentPrime
33 2.3/Lemma 9.1 Types.v addAndFilterLeq__A
34 2.3/Lemma 9.2 Types.v addAndFilterLeq__DeltaA
35 2.3/Lemma 9.3 Types.v addAndFilter_has_le_weaken
36 2.3/Lemma 9.4 Types.v addAndFilter_in
37 2.3/Lemma 9.5 Types.v bigcap_has_le
38 2.3/Lemma 9.6 Types.v addAndFilter_monotonic
39 2.3/Lemma 9.7 FCL.v all_addAndFilter
40 2.3/Lemma 9.8 Types.v primeFactors_rec_prime
41 2.3/Lemma 9.9 Types.v primeFactors_monotonic
42| 2.3/Lemma9.10 Types.v primeFactors_rec_leq
43 | 2.3/Lemma9.11 Types.v addAndFilterGeq__Delta
44| 2.3/Lemma9.12 Types.v bcd_all_ge
45| 2.3/Lemma9.13 Types.v addAndFilterGeq
46| 2.3/Lemma9.14 Types.v primeFactors_rec_geq
47| 2.3/Lemma 9.15 Types.v addAndFilter_nosubdup
48| 2.3/Lemma9.16 Types.v primeFactors_nosubdup
49| 2.3/Lemma9.17 Types.v primeFactors__notOmega
50| 2.3/Lemma9.18 Types.v desubdup_nosubdupb
51| 2.3/Lemma?9.19 Types.v desubdup_all
52| 2.3/Lemma9.20 Types.v desubdup_leq
53 | 2.3/Lemma9.21 Types.v desubdup_geq
54| 2.3/Lemma 9.22 Types.v addAndFilter_size
55| 2.3/Lemma9.23 Types.v desubdup_size
56| 2.3/Lemma9.24 Types.v desubdup_notOmega
57| 2.3/Lemma 9.25 Types.v bcd_prime_ge_all
58 | 2.3/Lemma9.26 Types.v prime_filter_le
59| 2.3/Lemma?9.27 Types.v nosubdup_unique
60| 2.3/Lemma9.28 Types.v nosubdup_prime_injective
61| 2.3/Lemma9.29 Types.v nosubdup_prime_bijective
62| 2.3/Lemma9.30 Types.v nosubdup_weaken
63 | 2.3/Lemma9.31 Types.v bcd_prime_strengthen
64| 2.3/Lemma 9.32 Types.v nosubdup_everywhere
65| 2.3/Lemma 9.33 Types.v nosubdup_prime_perm
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66
67
68
69
70
71

72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

2.3/Lemma 9.34
2.3/Theorem 2.1
2.3/Theorem 2.2
2.3/Theorem 2.3
2.3/Theorem 2.4
2.4/Lemma 10.1

2.4/Lemma 10.2
2.4/Lemma 10.3
2.4/Lemma 10.4
2.4/Lemma 11
2.4/Lemma 12
2.4/Lemma 13.1
2.4/Lemma 13.2
2.4/Lemma 13.3
2.4/Lemma 13.4
2.4/Lemma 13.5
2.4/Lemma 13.6
2.4/Lemma 13.7
2.4/Lemma 13.8
2.4/Lemma 14.1
2.4/Lemma 14.2
2.4/Lemma 14.3
2.4/Lemma 14.4
2.4/Lemma 15.1
2.4/Lemma 15.2
2.4/Lemma 16.1
2.4/Lemma 16.2
2.4/Lemma 16.3
2.4/Lemma 16.4
2.4/Theorem 3
2.4.2/Lemma 17.1
2.4.2/Lemma 17.2
2.4.2/Lemma 17.3
2.4.2/Lemma 17.4
2.4.2/Lemma 17.5
2.4.2/Theorem 4
2.4.2/Lemma 18.1
2.4.2/Lemma 18.2
2.4.2/Lemma 18.3
2.4.2/Lemma 18.4

Types.v
Types.v
Types.v
Types.v
Types.v
FCL.v

FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
Cover.v
Cover.v
Cover.v
Cover.v
Cover.v
Cover.v
Cover.v
Cover.v
Algebra.v
Algebra.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v
FCL.v

PermUpToSubtyping_size
primeFactors_leq
primeFactors_geq

primeFactors_prime
primeFactors_minimal
FCL_ind

(automatically generated by Coq)
FCL_Var_le
FCL_MP_inv

FCL_normalized_ind
FCL_II, FCL_Omega
FCL_weaken
mkArrow_arrow
mkArrow_rcons
mkArrow_arity
mkArrow_tgt_le
omega_mkArrow_tgt
mkArrow_prime
mkArrow_dist
mkArrow_srcs_ge
revApply_rcons
revApply_nil
revApply_unapply
unapply_revApply
FCL__App
FCL__invApp
minimalArrowType_le
minimalType_sound
minimalArrowType_minimal
minimalType_minimal
fclP
inPartitionl_bigcap
inPartition2_bigcap
inPartitionl_minimalType
inPartition2_minimalType
minimalType_partitioned
FCL__split
bigcap_hom
hom_arrow_cast
minimalType_hom
FCL__hom
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106/ 2.4.2/Lemma 19.1 FCL.v lift_arrow_hom
107| 2.4.2/Lemma 19.2 FCL.v lift_inter_hom
108| 2.4.2/Lemma 19.3 FCL.v lift_arrow_preimage
109| 2.4.2/Lemma 19.4 FCL.v lift_omega_hom
110| 2.4.2/Lemma 19.5 FCL.v unlift_lift
111| 2.4.2/Lemma 19.6 FCL.v lift_map_bigcap
112| 2.4.2/Lemma 19.7 FCL.v lift_cast_ctor
113| 2.4.2/Lemma 19.8 FCL.v isOmega_lift
114 2.4.2/Lemma 19.9 FCL.v lift_cast_arr
115| 2.4.2/Lemma 19.10 FCL.v 1lift_cast_prod
116| 2.4.2/Lemma 19.11 FCL.v lift_cast_inter_prod
117| 2.4.2/Lemma 19.12 FCL.v lift_subtype_hom
118| 2.4.2/Lemma 19.13 FCL.v inPartition_liftl,

inPartition_1ift2

119] 2.4.2/Lemma 19.14 FCL.v dist_arr_inPartition
120| 2.4.2/Lemma 19.15 FCL.v dist_inter_inPartition
121| 2.4.2/Lemma 19.16 FCL.v omega_inPartition
122| 2.4.2/Lemma 19.17 FCL.v inPartition_cast_ctor
123| 2.4.2/Lemma 19.18 FCL.v st_omega_inPartition
124| 2.4.2/Lemma 19.19 FCL.v primeComponents_inPartition
125| 2.4.2/Lemma 19.20 FCL.v st_irrel_check_inPartition
126| 2.4.2/Theorem 5 FCL.v canonicalCoproductLifted
127| 2.5.1/Lemma 20.1 Cover.v coverMachineFunctional_step
128| 2.5.1/Lemma 20.2 Cover.v coverMachineFunctional
129| 2.5.1/Lemma 21.1 Cover.v stepSize
130| 2.5.1/Lemma 21.2 Cover.v maxSteps
131| 2.5.1/Lemma 21.3 Cover.v Domain_total
132 2.5.1/Lemma 22.1 Cover.v step_programStack
133] 2.5.1/Lemma 22.2 Cover.v step_stateMonotonic
134| 2.5.1/Lemma 22.3 Cover.v steps_stateMonotonic
135/ 2.5.1/Lemma 23.1 Cover.v filterMergeMultiArrows_cat
136/ 2.5.1/Lemma 23.2 Cover.v filterMergeMultiArrows_subseq
137| 2.5.1/Lemma 23.3 Cover.v filterMergeMultiArrows_map_cons
138| 2.5.1/Lemma 23.4 Cover.v step_mergeComponents
139| 2.5.1/Lemma 23.5 Cover.v step_sound
140| 2.5.1/Lemma 23.6 Cover.v splitsTail
141| 2.5.1/Lemma 23.7 Cover.v step_mergeComponents_in
142| 2.5.1/Lemma 23.8 Cover.v sound_reverse
143| 2.5.1/Lemma 23.9 Cover.v semantics_mergeComponents
144| 2.5.1/Lemma 24.1 Cover.v partitionCover_subset
145| 2.5.1/Lemma 24.2 Cover.v partitionCover_notSubset
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146| 2.5.1/Lemma 24.3 Cover.v partitionCover_subseql
147] 2.5.1/Lemma 24.4 Cover.v partitionCover_subseq2
148| 2.5.1/Lemma 24.5 Cover.v instructions_covered_step
149| 2.5.1/Lemma 24.6 Cover.v not_omega_instruction_step
150| 2.5.1/Lemma 24.7 Cover.v arity_equal_step

151| 2.5.1/Lemma 24.8 Cover.v mergeMultiArrows_arity
152| 2.5.1/Lemma 24.9 Cover.v mergeMultiArrow_tgt_le
153| 2.5.1/Lemma 24.10 Cover.v mergeMultiArrow_tgt_ge
154| 2.5.1/Lemma 24.11 Cover.v mergeMultiArrow_srcs_le
155] 2.5.1/Lemma 24.12 Cover.v mergeMultiArrow_srcs_ge
156| 2.5.1/Lemma 24.13 Cover.v mergeMultiArrows_tgt_le
157| 2.5.1/Lemma 24.14 Cover.v mergeMultiArrows_tgt_ge
158| 2.5.1/Lemma 24.15 Cover.v mergeMultiArrows_srcs_le
159| 2.5.1/Lemma 24.16 Cover.v mergeMultiArrows_srcs_ge
160| 2.5.1/Lemma 24.17 Cover.v toCover_prime_step

161| 2.5.1/Lemma 24.18 Cover.v partitionCover_prime

162| 2.5.1/Lemma 24.19 Cover.v filterMergedArrows_in_cons
163| 2.5.1/Lemma 24.20 Cover.v covered_head_tgt

164| 2.5.1/Lemma 24.21 Cover.v partitionCover_dropl

165| 2.5.1/Lemma 24.22 Cover.v partitionCover_drop2

166| 2.5.1/Lemma 24.23 Cover.v mergeMultiArrows_cons_arity
167| 2.5.1/Lemma 24.24 Cover.v partitionCover_complete
168| 2.5.1/Lemma 24.25 Cover.v partition_cover_both

169| 2.5.1/Lemma 24.26 Cover.v complete_partitionCover
170| 2.5.1/Lemma 24.27 Cover.v currentResultNotDone_step
171| 2.5.1/Lemma 24.28 Cover.v notDone_incomplete

172| 2.5.1/Lemma 24.29 Cover.v filterMergeMultiArrows_map_cons?2
173| 2.5.1/Lemma 24.30 Cover.v mergeMultiArrow_srcs_monotonic
174| 2.5.1/Lemma 24.31 Cover.v cap_dcap

175] 2.5.1/Lemma 24.32 Cover.v dcap_cap

176] 2.5.1/Lemma 24.33 Cover.v mergeMultiArrow_srcs_map_zip
177] 2.5.1/Lemma 24.34 Cover.v impossible_notSubtype
178| 2.5.1/Lemma 24.35 Cover.v complete_reverse

179| 2.5.1/Lemma 24.36 Cover.v steps_complete

180| 2.5.1/Lemma 25.1 Cover.v step_tgt_sound

181| 2.5.1/Lemma 25.2 Cover.v step_tgt_sound_reverse
182| 2.5.1/Lemma 25.3 Cover.v steps_tgt_sound

183| 2.5.1/Lemma 26.1 Cover.v arity_increasing_cat

184| 2.5.1/Lemma 26.2 Cover.v splitRec_arity

185| 2.5.1/Lemma 26.3 Cover.v splitTy_arity

186| 2.5.1/Lemma 26.4 Cover.v arity_increasing_arity_equal
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187| 2.5.1/Lemma 26.5 Cover.v splitRec_monotonic
188| 2.5.1/Lemma 26.6 Cover.v splitRec_context_size_eq
189| 2.5.1/Lemma 26.7 Cover.v splitRec_context_monotonic
190| 2.5.1/Lemma 26.8 Cover.v splitRec_split_context
191| 2.5.1/Lemma 26.9 Cover.v splitRec_sound
192| 2.5.1/Lemma 26.10 Cover.v splitTy_sound
193| 2.5.1/Lemma 26.11 Cover.v merge_assoc
194| 2.5.1/Lemma 26.12 Cover.v mergesO0
195| 2.5.1/Lemma 26.13 Cover.v mergels
196| 2.5.1/Lemma 26.14 Cover.v splitRec_merge
197| 2.5.1/Lemma 26.15 Cover.v map_merge
198| 2.5.1/Lemma 26.16 Cover.v splitRec_rcat
199| 2.5.1/Lemma 26.17 Cover.v splitTy_slow_splitTy
200| 2.5.1/Lemma 26.18 Cover.v splitTy_slow_omega
201| 2.5.1/Lemma 26.19 Cover.v nth_merge
202| 2.5.1/Lemma 26.20 Cover.v splitTy_slow_inter_subseq2
203| 2.5.1/Lemma 26.21 Cover.v splitTy_complete_ctor
204| 2.5.1/Lemma 26.22 Cover.v splitTy_complete_prod
205| 2.5.1/Lemma 26.23 Cover.v splitTy_complete_omega
206| 2.5.1/Lemma 26.24 Cover.v splitTy_complete_alternative
207| 2.5.1/Lemma 26.25 Cover.v splitTy_complete
208| 2.5.1/Lemma 27.1 Cover.v splitTy_instructionsCovered
209| 2.5.1/Lemma 27.2 Cover.v coverMachine_splitTy_complete
210| 2.5.1/Lemma 27.3 Cover.v bcd_multiArrow_Dist
211| 2.5.1/Lemma 27.4 Cover.v coverMachine_splitTy_sound
212| 2.5.1/Lemma 27.5 Cover.v coverMachine_splitTy_tgt_sound
213| 2.5.1/Lemma 28.1 Cover.v reduction_subseq
214| 2.5.1/Lemma 28.2 Cover.v soundnessPreserving
215| 2.5.1/Lemma 28.3 Cover.v tgt_soundnessPreserving
216| 2.5.1/Lemma 28.4 Cover.v completenessPreserving
217| 2.5.2/Lemma 29.1 FCL.v FCL_sound_sound
218| 2.5.2/Lemmma 29.2 FCL.v dropTargets_suffix
219| 2.5.2/Lemma 29.3 FCL.v suffix_word
220| 2.5.2/Lemma 29.4 FCL.v suffix_sound
221| 2.5.2/Lemma 29.5 FCL.v cat_sound
222| 2.5.2/Lemma 29.6 FCL.v commitMultiArrow_sound
223| 2.5.2/Lemma 29.7 FCL.v commitUpdates_sound
224| 2.5.2/Lemma 29.8 FCL.v accumulateCovers_sound
225| 2.5.2/Lemma 29.9 FCL.v foldl_accumulateCovers_sound
226| 2.5.2/Lemma 29.10 FCL.v inhabit_cover_sound
227| 2.5.2/Lemma 29.11 FCL.v OmegaRules_sound
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228| 2.5.2/Lemma 29.12 FCL.v inhabitation_step_sound

229| 2.5.2/Lemma 29.13 FCL.v inhabit_multistep_sound

230| 2.5.2/Lemma 30 FCL.v InhabitationSemantics_functional_step

231| 2.5.2/Lemma 31.1 FCL.v grammarTypes_src_mem

232| 2.5.2/Lemma 31.2 FCL.v grammarTypes_tgt_mem

233| 2.5.2/Lemma 31.3 FCL.v commitMultiArrow_parameterTypes_subset

234| 2.5.2/Lemma31.4 FCL.v commitUpdates_parameterTypes_subset

235| 2.5.2/Lemma31.5 FCL.v accumulateCovers_parameterTypes_subset

236| 2.5.2/Lemma 31.6 FCL.v maxParameterTypes_initialTarget

237| 2.5.2/Lemma 31.7 FCL.v foldl_accumulateCovers_
parameterTypes_subset

238| 2.5.2/Lemma 31.8 FCL.v inhabit_cover_parameterTypes_subset

239| 2.5.2/Lemma 31.9 FCL.v OmegaRules_params

240| 2.5.2/Lemma 31.10 FCL.v OmegaRules_subset

241| 2.5.2/Lemma 31.11 FCL.v inhabitation_step_subset

242| 2.5.2/Lemma 31.12 FCL.v inhabit_step_rel_wf

243| 2.5.2/Lemma 31.13 FCL.v inhabit_step_rel_cons

244| 2.5.2/Lemma 31.14 FCL.v dropTargets_size

245| 2.5.2/Lemma 31.15 FCL.v commitUpdates_nil_eq

246| 2.5.2/Lemma 31.16 FCL.v reduceMultiArrows_nil

247| 2.5.2/Lemma 31.17 FCL.v accumulateCovers_failed_targets_eq

248| 2.5.2/Lemma 31.18 FCL.v accumulateCovers_failed_rev

249| 2.5.2/Lemma 31.19 FCL.v foldl_accumulateCovers_failed_rev

250| 2.5.2/Lemma 31.20 FCL.v foldl_accumulateCovers_

failed_targets_eq

251| 2.5.2/Lemma 31.21 FCL.v inhabit_cover_failed_targets_eq

252| 2.5.2/Lemma 31.22 FCL.v computeFailExisting_notFound

253| 2.5.2/Lemma 31.23 FCL.v inhabitation_step_sizes

254| 2.5.2/Lemma 31.24 FCL.v domain_start

255| 2.5.2/Lemma 32.1 FCL.v FailSound_cat

256| 2.5.2/Lemma 32.2 FCL.v cat_FailSound

257| 2.5.2/Lemma 32.3 FCL.v computeFailExisting_FailSound

258| 2.5.2/Lemma 32.4 FCL.v accumulateCovers_FailSound

259| 2.5.2/Lemma 32.5 FCL.v inhabit_cover_FailSound

260| 2.5.2/Lemma 32.6 FCL.v OmegaRules_FailSound

261| 2.5.2/Lemma 32.7 FCL.v inhabit_step_FailSound

262| 2.5.2/Lemma 32.8 FCL.v noTargetFailures_suffix

263| 2.5.2/Lemma 32.9 FCL.v inhabit_cover_noTargetFailures

264| 2.5.2/Lemma 32.10 FCL.v inhabitation_step_noTargetFailures

265| 2.5.2/Lemma 33.1 FCL.v cancel_group_flatten
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266| 2.5.2/Lemma 33.2 FCL.v updateGroups0
267| 2.5.2/Lemma 33.3 FCL.v group_notComb
268| 2.5.2/Lemma 33.4 FCL.v group_comb
269| 2.5.2/Lemma 33.5 FCL.v dropTargets_notCombinator
270| 2.5.2/Lemma 33.6 FCL.v dropTargets_combinatorOrEmpty
271| 2.5.2/Lemma 33.7 FCL.v group_split
272| 2.5.2/Lemma 33.8 FCL.v FCL_complete_emptyTargets
273| 2.5.2/Lemma 33.9 FCL.v future_word_word
274| 2.5.2/Lemma 33.10 FCL.v future_word_weaken
275| 2.5.2/Lemma 33.11 FCL.v rule_absorbl
276| 2.5.2/Lemma 33.12 FCL.v future_word_dropFailed
277| 2.5.2/Lemma 33.13 FCL.v computeFailExisting_failed_complete
278| 2.5.2/Lemma 33.14 FCL.v rule_absorbl_apply
279| 2.5.2/Lemma 33.15 FCL.v computeFailExisting_existing
280| 2.5.2/Lemma 33.16 FCL.v OmegaRules_future_word
281| 2.5.2/Lemma 33.17 FCL.v rule_MP
282| 2.5.2/Lemma 33.18 FCL.v FCL_Omega_complete
283| 2.5.2/Lemma 33.19 FCL.v accumulateCovers_cat
284| 2.5.2/Lemma 33.20 FCL.v inhabit_cover_flatten
285| 2.5.2/Lemma 33.21 FCL.v inhabit_cover_empty
286| 2.5.2/Lemma 33.22 FCL.v commitMultiArrow_cons
287| 2.5.2/Lemma 33.23 FCL.v commitUpdates_flatten
288| 2.5.2/Lemma 33.24 FCL.v commitMultiArrow_size
289| 2.5.2/Lemma 33.25 FCL.v commitMultiArrow_nth
290| 2.5.2/Lemma 33.26 FCL.v commitMultiArrows_combinatorOrEmpty
291| 2.5.2/Lemma 33.27 FCL.v nextTargets_combinatorOrEmpty
292| 2.5.2/Lemma 33.28 FCL.v group_commitMultiArrow
293| 2.5.2/Lemma 33.29 FCL.v future_word_weaken_inhabapply
294| 2.5.2/Lemma 33.30 FCL.v commitMultiArrow_parameters
295| 2.5.2/Lemma 33.31 FCL.v future_word_weaken_targetsl
296| 2.5.2/Lemma 33.32 FCL.v future_word_weaken_targets2
297| 2.5.2/Lemma 33.33 FCL.v future_word_covers
298| 2.5.2/Lemma 33.34 FCL.v rule_absorbl_apply_covers
299| 2.5.2/Lemma 33.35 FCL.v prefix_target_groups
300| 2.5.2/Lemma 33.36 FCL.v nil_reduceMultiArrows
301| 2.5.2/Lemma 33.37 FCL.v empty_inhabit_cover
302| 2.5.2/Lemma 33.38 FCL.v cover_targets
303| 2.5.2/Lemma 33.39 FCL.v inhabit_cover_complete
304| 2.5.2/Lemma 33.40 FCL.v inhabit_step_complete
305| 2.5.2/Lemma 33.41 FCL.v inhabit_multistep_complete
306| 2.5.2/Theorem 6.1 FCL.v inhabit_sound
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307| 2.5.2/Theorem 6.2 FCL.v inhabit_complete
308| 2.6.2/Lemma 34.1 TwoCounter.v sound_Sigma__Aut
309| 2.6.2/Lemma 34.2 TwoCounter.v sound
310| 2.6.2/Lemma 34.3 TwoCounter.v complete
311| 2.6.3/Lemma35.1 | DependentFixpoint.v Fix_F_inv
312 2.6.3/Lemma 35.2 | DependentFixpoint.v isFix_unique
313| 2.6/Lemma 36.1 Algebra.v canonical_morphism_commutes
314| 2.6/Lemma 36.2 Algebra.v canonical_morphism_alg_morphism
315| 2.6/Lemma 36.3 Algebra.v canonical_morphism_unique
316/ 2.6/Lemma 36.4 Algebra.v canonical_morphism_sound
317| 2.6/Lemma 36.5 Algebra.v canonical_morphism_complete
318| 2.6/Lemma 37.1 Algebra.v embed_unembed
319| 2.6/Lemma 37.2 Algebra.v embed_le
320| 2.6/Lemma 37.3 Algebra.v proofAction_FCL
321| 2.6/Lemma37.4 Algebra.v unapplyNotIndex
322| 2.6/Lemma 37.5 Algebra.v arrow_le
323| 2.6/Lemma 37.6 Algebra.v indexType_sound
324| 2.6/Lemma 37.7 Algebra.v unapplyIsIndex
325| 2.6/Lemma 37.8 Algebra.v termCoAction_size
326 2.6/Lemma37.9 Algebra.v proofCoAction__FCL
327| 2.6/Lemma 37.10 Algebra.v range_coAction
328| 2.6/Lemma 38.1 Algebra.v Term_unapply_ind
329| 2.6/Lemma 38.2 Algebra.v IsChild_wf
330| 2.6/Lemma 38.3 Algebra.v dec_coAction__FCL
331| 2.6/Lemma 38.4 Algebra.v cancel_action_coAction__FCL
332| 2.6/Lemma 38.5 Algebra.v cancel_coAction__FCL_action
333| 2.6/Theorem 7.1 Algebra.v unique
334| 2.6/Theorem 7.2 Algebra.v sound
335| 2.6/Theorem 7.3 Algebra.v complete

Table A.1: Statements and where to find their Coq formalization in [15]
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