THESIS FOR THE DEGREE OF LICENTIATE OF PHILOSOPHY

Practical Unification for
Dependent Type Checking

VicTor LOPEZ JUAN

. UNIVERSITY OF
CHALMERS GOTHENBURG

Department of Computer Science and Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY AND UNIVERSITY OF GOTHENBURG
Gothenburg, Sweden 2020



Practical Unification for Dependent Type Checking
VicTor LOPEZ JUAN

© VicTor LOPEZ JUAN, 2020.

Department of Computer Science and Engineering
Chalmers University of Technology

SE-412 96 Gothenburg

Sweden

Telephone +46 (0)31-772 1000

Printed by Chalmers Print Service
Gothenburg, Sweden 2020



iii

Practical Unification for Dependent Type Checking
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Abstract:

When using popular dependently-typed languages such as Agda, Idris or Coq
to write a proof or a program, some function arguments can be omitted, both
to decrease code size and to improve readability. Type checking such a program
involves inferring a combination of these implicit arguments that makes the
program type-correct.

Finding such a combination of implicit arguments entails solving a higher-
order unification problem. Because higher-order unification is undecidable,
our aim is to infer the omitted arguments for as many programs as possible
with a reasonable use of computational resources. The extent to which these
goals are achieved affect how usable a dependently-typed proof assistant or
programming language is in practice.

Current approaches to higher-order unification are in some cases too in-
flexible, postponing unification of terms until their types have been unified
(Coq, Idris). In other cases they are too optimistic, which sometimes leads to
ill-typed terms that break internal invariants (Agda).

In order to increase the flexibility of our unifier without sacrificing sound-
ness, we use the twin types technique by Gundry and McBride. We simplify
their approach so that it can be used within an existing type theory without
changes to the syntax of terms. We also extend it so that it can handle more
classes of constraints. We show that the resulting solutions are correct and
unique.

Finally, we implement the resulting unification algorithm on an existing
type checker prototype for a smaller variant of the Agda language, devel-
oped by Mazzoli and Abel. We make a suitable choice of internal term rep-
resentation, and use few, if any, example-specific optimizations. We obtain a
type-checker which avoids ill-typed solutions, and is also able to handle some
challenging examples in time and memory comparable to the existing Agda
implementation.

Keywords: dependent types, type checking, unification.
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Chapter 1

Introduction

Dependent type checking is at the heart of implementations of proof assis-
tants and programming languages such as Agda, Idris or Coq. When writing
programs and proofs in such tools, omitting information which is unequivo-
cally determined by the surrounding context can make programs both easier
to read and to write. These omitted values are replaced by metavariables,
which are assigned values in the course of type checking. Inferring values for
such metavariables is in general undecidable (see Section 3.3). However, for
many specific programs and proofs that arise in practice (e.g. those where
some of the resulting constraints are in Miller’s pattern fragment [41]), unique
solutions can be found.

In this work, we describe an algorithm for performing such an inference,
with a focus on its practical implementability.

Following Mazzoli and Abel [36] with some minor optimizations, the entire
type checking problem is reduced to a set of dependently-typed, higher-order
unification constraints, of the form '+ ¢ : A ~ u : B, whereI' F- ¢ : A (left side)
and I' - w : B (right side). These constraints are solved by first instantiating
metavariables in such a way that i) A and B become definitionally equal as
types, and ii) ¢ and u become definitionally equal as terms.

Mazzoli and Abel [36] only consider constraints to be well-formed when
the types of both sides coincide. Thus, the constraint I' - A : Set ~ B : Set
needs to be solved before I' - ¢ : A =~ u : B can be tackled. This prevents some
programs from being type-checked at all (for instance, see Section 5.6).

Inspired by Gundry and McBride’s twin types [25], we add rules that can
handle constraints where the types of the side are distinct, by allowing each
variable in the context to take up to two different types.

The original presentation of twin types requires annotations on variables to
indicate which type they take. In our solution, the left (right) side of the con-
straint only refers to the left (right) type of the variables in the context. This
means that the underlying term syntax and type theory remains essentially
intact.

By keeping the term syntax and type theory intact, we can rely on com-
mon assumptions about the type theory when proving the correctness of our
algorithm. Keeping the underlying theory unchanged also makes it easier to
adapt an existing type checker to use our unification algorithm. This helps
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us to demonstrate that an approach based on twin types can indeed work in
practice.

1.1 Ouwur contributions

« A high-level description of rules for higher-order unification (Section 4.5)
for a dependent type theory with uninterpreted constants, metavariables,
dependent products, dependent sums, and a boolean type (Chapter 2).
The rules implement the ideas in Gundry and McBride’s twin-type ap-
proach [25] without requiring changes to the underlying type theory (Sec-
tion 4.1). We show that, under some postulates about the underlying
type theory (page 216), the solutions produced by our unification rules
are correct and unique (Theorem 4.31).

e An implementation of the unification algorithm for Mazzoli et al.’s pro-
totype type-checker for a smaller variant of the Agda language, Tog [37].
This prototype implements a number of key features of Agda, such as
induction-recursion, equality type with J, and records with m-equality
(Section 5.3).

o Benchmarks of the implementation against programs that are typically
challenging for existing approaches, and are not handled by other
dependently-typed proof assistants such as Coq or Idris (Section 5.7.1).
With a suitable term representation (Section 5.5.1), we can type check
challenging examples in time and memory comparable to the existing
Agda implementation, while preserving the internal invariants that the
current Agda implementation occasionally breaks (Section 5.7.2).

1.2 Problem statement

We want to type-check terms with metavariables in an Agda-like dependently-
typed language. Metavariables are stand-ins for terms that have been omitted
by the language user. In the course of type checking a well-typed program,
the metavariables are replaced by terms (that is, instantiated) in such a way
that the resulting program is type-correct.

A program is only deemed type-correct if all metavariables can be instan-
tiated. We are interested only in solutions which are closed (i.e. without
uninstantiated metavariables) and unique.

First, we are interested in closed solutions because they correspond to well-
typed programs. Our algorithm is executed stepwise, producing a sequence
of intermediate metavariable assignments in which some metavariables are
uninstantiated. However, we do not study the theoretical properties of these
partial assignments beyond their well-typedness. We assume that the ultimate
goal of the interaction will be to produce a closed solution.

The case for uniqueness requires more explanation. In our setting, many
metavariables will occur in definitions, be they function bodies or theorem
statements. Avoiding non-unique solutions limits the potential for ambiguity
in what the define function does, or what theorem is being proved.
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Consider the program in Listing 1.1. This pseudocode program creates,
manipulates and prints integer vectors with statically-checked lengths. The
function replicate produces a vector in which all the components have the
same value. The first argument to replicate, which is implicit, determines the
length of the resulting vector and, unless given explicitly, is inferred from the
context where the result is used. In the second usage of replicate (line 16),
the length of the resulting vector could be any natural number. We expect
the type checker to ask the user to give the first argument explicitly, and not
to fill in an arbitrary term.

Listing 1.1: Non-unique implicit argument

- replicate 4 :: Vec 3 Int = [4,4,4]
- replicate {n = 5} 4 = [4,4,4,4,4]
- replicate {n = 0} 4 = []

replicate :: {n : Nat} = Vec n Int

- rotate9o [1,2] = [-2,1]
rotate90 :: Vec 2 Int -» Vec 2 Int

- print [1,2,3]
->1[1,2,3]
print :: {n : Nat} =» Vec n Int =» IO ()

main :: IO ()

main = do
print (rotate90 (replicate 1)) - > [-1,1]
print (replicate 6) -- (?)

From the user’s point of view, avoiding ambiguity due to non-unique so-
lutions is not only important for the well-defined behaviour of programs, but
also in proof relevant settings such as homotopy type theory.

Implementation-wise, avoiding non-unique solutions means that all instan-
tiations of metavariables during type checking are final. In those cases when a
program type-checks, the result of the unification is predictable and indepen-
dent of implementation details; in particular, the order in which constraints
are solved. The algorithm can tackle the constraints in the order that the
implementer considers most efficient or convenient, and does not need to im-
plement a mechanism for backtracking. Furthermore, as Andreas Abel pointed
out (personal communication), making all instantiations final is also helpful
in an interactive setting, where backtracking on solutions which have already
been output might be confusing to the user.

1.3 A brief history of higher-order unification
with dependent types
Higher-order unification is a key component in type checking programs with

metavariables. In 1974, Huet [29] described a semi-decision algorithm which
given a higher-order unification problem in the simply typed A-calculus, finds
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a unifier if one exists, albeit not necessarily a most general one. This is known
as a pre-unification algorithm. As shown by Huet [28], because higher-order
unification is undecidable, any algorithm which can always find a solution when
it exists must in some cases not terminate when a solution does not exist.

In 1989, with Huet’s work [29] as a starting point, Elliott [20] shows an
algorithm for the A calculus, only constructs approzimately well-typed terms,
which do at least have long fn head normal forms. Pym [51] arrives at a similar
solution, allowing variables to be substituted for terms of similar type, which
guarantees the existence of head normal forms. In both cases, this is enough
to prevent ill-typed terms from throwing the unification algorithm into a loop.
However, the problem of higher-order unification remains undecidable, so the
algorithm may not terminate.

In 1990, Elliott [21] extends his previous work into a pre-unification al-
gorithm for calculi with dependent function types (II-types) and dependent
pair types (X-types). Higher-order unification with dependent types may re-
sult in ill-typed terms, which may not be strongly normalizing and thus cause
non-termination. However, in this case, the presence of non-normalizing terms
implies that no unifiers exist, in which case non-termination is already one of
the expected outcomes of the algorithm.

In 1994, Magnusson [34] implements ALF, a precursor to Agda. Before
ALF, all implementations of type theory (among them NuPRL [13], Petersson’s
system [49] and Coq [15, 18]) would instead have the user build proof-trees
using tactics until eventually a complete term is produced [42, section 1.4], in
the style of LCF [23]. The complete term (which may or may not be well-
typed) would then be type-checked by the proof assistant.

A key innovation in ALF, was the use of metavariables to allow the user
to refine the terms themselves interactively. Typechecking of the incomplete
terms in ALF is done by using a simplified version of the ideas by Elliott [20]
and Pym [51]. The type checker would produce a list of constraints; the user
would refine the metavariables until all constraints were satisfied. Once all
constraints are satisified, all terms are known to be type correct. An advantage
of the ALF approach is that terms are manipulated directly. The user can
then have several incomplete terms simultaneously, add new definitions, and
manipulate everything in any order they wish, without needing to type check
the terms again.

The underlying type theory of ALF has II-types, two universe levels Set
and Type, inductive data types, explicit substitutions, and metavariables as
placeholders for open terms. In contrast with the approaches discussed so far,
only first order constraints are solved, and the remainder are postponed. The
unification algorithm may introduce terms which are not well-typed in general,
but are only well-typed modulo the unsolved constraints. In the case of ALF,
it is conjectured [34, section 8.4.1] that all terms involved in the execution of
the unification algorithm, even those which are ill-typed, are well-typed in the
simply-typed X\-calculus, and thus normalizing, so the unification algorithm
will terminate regardless. However, it is not clear how this line of reasoning
extends to a full dependent type theory.

In 1997, Cesar Muiioz [42, 43] put Magnusson’s [34] approach on a formal
footing, in such a way that all intermediate terms are well-typed, including
those with placeholders. As in the work by Huet [29], Elliott [20] and Pym [51],
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the focus is on the completeness of the algorithm; thus it is still possible that
the algorithm may not terminate when a solution does not exist.

Coquand built a dependent type checker called Agda [14], which imple-
ments Martin-Lof type theory. Agda was further improved by Norell and Co-
quand [48], introducing a metavariable solving mechanism based on the one
in Epigram [38]. Metavariable solving involves checking the equality of terms.
As Norell and Coquand [48] explain, normalizing terms in order to check for
equality may make the type checker loop if those terms are only well-typed
modulo a set of constraints. With the aim of ensuring normalization even
in those cases where the program being type-checked is not well-typed as a
whole, potentially ill-typed subterms are replaced by guarded constants of an
appropriate type. These guarded constants are such that they only reduce to
the corresponding subterm once the constraints that ensure the well-typedness
of the subterm are solved. According to Norell and Coquand [48], an improve-
ment in Agda with respect to Mufoz’s [43] approach is that both sides of each
constraint have the same type. This means that no additional type checking
is needed when instantiating a metavariable, which may otherwise be costly.

When using higher-order unification to build a type checker for dependent
types with implicit arguments, an algorithm that is not complete, but is instead
guaranteed to always give an answer (even if it is more often a negative one)
may provide for a more predictable user experience. Miller [41] discovered that
when the constraints are restricted to a specific form (the pattern fragment),
higher-order unification becomes decidable, and thus a terminating algorithm
is possible. Even if not all the constraints are in the pattern fragment, one may
solve those which are, and postpone the remainder with the hope that they
will become part of the pattern fragment when other constraints are solved.
This technique is known as dynamic pattern unification.

In 2009, Reed [52] showed a terminating algorithm for dynamic pattern
unification, and Abel and Pientka [3] extended the dynamic pattern unification
technique to handle Y-types and n-equality. In both cases, the terms are well-
typed only modulo the unsolved constraints. Normalization is ensured by
limiting how types may depend on terms.

Dynamic pattern unification [52, 3] with guarded constants [48] is used
for solving metavariables in the current version of Agda (2.6.1). The guarded
constants technique seems effective to ensure normalization of terms, but it
has some issues when implemented in practice [33, 16]. In the course of this
work we discovered that the first of these issues [33] can be solved using further
application of the technique of guarded constants, and proposed a fix to the
Agda developers. However, this fix was reverted after Abel et al. [9] found
out that it broke some existing code. For the other open issue [16] we are not
aware of any fix that does not involve a heterogeneous approach to unification
such as the one discussed in this work (but that does not mean that there are
none).
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1.4 Recent approaches to dependent type
checking with metavariables

As Mazzoli and Abel [36] show, elaboration of an Agda-like language (an
extension of Martin-Lof type theory) can be completely reduced into a higher-
order unification problem with dependent types. Their elaboration algorithm
(Algorithm 1) produces constraints of the form I' ¢ : A ~ w : B. Such a
constraint becomes solved when both ' A= B typeand 't =u: A.

Because A and B are potentially different types, solving these constraints
is more complex than solving those with a single type for both sides (T' ¢ ~
u: A).

For instance, when solving a constraint by assigning a term to a metavari-
able (e.g. solving - -« : A ~ ¢ : B by assigning « := ¢ : A), it is important that
the type of the right-hand side (here, B) matches the type of the metavariable
(A). Otherwise, when the newly-assigned value of the metavariable is sub-
stituted elsewhere, ill-typed terms may be produced, which breaks important
invariants of the type checker, possibly resulting in run-time errors [4].

Checking whether the types A and B match is complicated by the fact
that the types themselves may contain metavariables. Mazzoli and Abel’s [36]
implementation unifies the types of both sides of the constraint before working
on the constraint itself. That is, first they will solve the constraint I' - A =~
B : Set and then solve I' H ¢t ~ u : A. This may prove too restrictive, as
explained in Section 3.9.

Agda [48] avoids creating constraints where the two types are distinct dur-
ing elaboration, using guarded constants. A guarded constant is a definition
that is blocked from being unfolded until the constraints that guard the body
of the constant are solved. These constraints, when solved, ensure that the
body of the constant has the same type as the constant itself. For example,
instead of producing a constraint I' ¢ : A ~ u : B, it would produce a con-
straint ' - ¢ ~ p : A, using the guarded constant p : A such that p = u when
' A~ B : Set.

Gundry and McBride [27] allow constraints with two different types. To
work around issues such as the one presented in Section 3.8, they introduce
twin variables. A twin variable Z in a context I' can have two possible types
A; and Ay, ie. : A;TA, € . The type of the variable when it appears in
a term depends on which of the two forms of the variable is used: I' - & : A,
and I' -2 : A,.

In all three approaches, the use of the solution to a metavariable is in effect
blocked until we can ensure that the types of the metavariable and its potential
body match. This aims to guarantee that constraints are always well-formed.

1.5 Uniqueness of solutions

Implementation-wise, finding solutions to metavariables is typically done it-
eratively, as explained in Section 3.5 (dynamic pattern unification). At each
step of the algorithm, one or more metavariables may be instantiated with a
term. Giving a value to a metavariable may in turn make further constraints
mentioning that metavariable solvable.
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A big point of distinction among implementations of unification for
dependently-typed languages is the uniqueness of solutions. In our approach,
a metavariable may only be instantiated with a term if the metavariable
is equal to that term in all possible solutions to the problem. This way,
all metavariable assignments are final, and so backtracking is not needed.
Because all instantiations are unique (i.e. there are no choices forced by
implementation heuristics), this approach is also less sensitive to the order in
which constraints are tackled, or how far terms are normalized. Restricting
instantiations to unique solutions is particularly advantageous when these
metavariables occur in definitions, so that changes in the unification algorithm
do not change the statement of a theorem or the behaviour of a program.

Other implementations of dependently-typed calculi, such as Coq or Idris,
will produce non-unique solutions. This allows for programs to type-check
which otherwise would not. Additionally, as Ziliani and Sozeau [55] explain,
tolerating non-unique solutions, when combined with a careful reduction strat-
egy and a strict ordering of constraints, works particularly well with overload-
ing mechanisms such as canonical structures. Furthermore, the lack of unique
solutions is not a big issue for those metavariables which occur in proofs of a
proof-irrelevant type.

In principle, allowing non-unique solutions makes more unification prob-
lems solvable. However, the increase in the problems that can be solved by
renouncing uniqueness of solutions is not strict in practice. As we note in Sec-
tion 5.7.1, the additional rigidity imposed in the ordering of constraints might
actually prevent some unification problems from being solved.

1.6 Design choices

We build on the existing unification algorithms by Abel and Pientka [3],
Gundry and McBride [25] and Mazzoli and Abel [36]. Together with some
modifications of our own, we obtain a type-checker which can handle a range
of examples.

We first note that the type theory which we use includes Type : Type as an
axiom, which means that not only the theory itself, but also the assumptions
that we make regarding the theory (e.g. that all terms have a normal form)
are inconsistent. We believe however that these issues are largely orthogonal
to the treatment of unification; and thus that our arguments will hold in a
properly stratified theory.

In this section we explain the design choices that we made in the course of
our work.

Type checking through unification We use Mazzoli and Abel’s [36] ap-
proach for reducing a type checking problem with metavariables to a
higher-order unification problem.

As in Mazzoli and Abel’s [36] work, we use metavariables as place-holders
for both implicit arguments and for subterms which are not yet known
to be of the appropriate type. In the latter case, these metavariables are
constrained to be equal to the subterm they are replacing, and will be
assigned to this subterm once the types have been established to match.
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Each placeholder introduces additional constraints that need to be
solved. To reduce this overhead, we add some shortcuts to the Tog
elaboration process which avoids inserting these placeholders in some
cases where the types are already known to match.

Type theory In the formal description, we use a dependent type theory with
[I-types, X-types, and booleans. Having booleans in the theory allows
us to describe situations where the final form of a type is non-trivially
dependent upon a metavariable instantiation (Example 5.3).

Pattern unification for \IX with postponing At its core, the algorithm
used is Miller pattern unification with records and postponing of con-
straints. We follow Abel and Pientka’s approach [3] for solving unifica-
tion problems, including the requirement that solutions to metavariables
are unique. The latter choice is motivated in Section 1.5.

Solutions as closed metasubstitutions We consider only those solutions
in which all metavariables are instantiated in our correctness proof, fol-
lowing Abel and Pientka’s approach [3] of grounding metasubstitutions.
How this compares with an approach based on most-general unifiers is
described in Section 5.7.3.

Constraint unblocking We extend the blocking mechanism from the orig-
inal implementation of Tog by Mazzoli and Abel [36], which allows
for quickly narrowing down whether a constraint can potentially make
progress (Section 5.2.1).

Term representation Term representation affects the performance of term
normalization and other aspects of unification. The implementation uses
de Bruijn indices, just like both Agda and Tog. The theoretical repre-
sentation also uses de Bruijn indices in order to stay close to the imple-
mentation, although we sometimes denote them with names for clarity
(Section 2.7).

On top of the de Bruijn index based representation, we implement hash-
consing for terms. This increases the sharing of both the memory used to
store the terms, and of the work performed when normalizing them. Hash
consing is implemented in a way that is transparent to the unification
algorithm.

Term normalization We consider terms in 3-normal form, both in the base
theory and in the implementation. This keeps us close to existing imple-
mentations such as Agda.

Overly eager normalization of terms may have adverse effects on perfor-
mance. Therefore, like Agda, but unlike Gundry and McBride [25], we
allow 8-redexes in terms.

Heterogeneous constraints In order to make more problems solvable, we
perform operations on constraints even when the types of the two sides
have not been shown to be equal (see Section 3.10 and Chapter 4).

More specifically, we use the twin type approach by Gundry and
McBride [25] for unification, but enforcing the additional invariant that
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each side of an equality constraint (left or right) only references the
corresponding side of the context. In practice, this means that the term
syntax does not need to be extended with twin variables. This avoids
the need for extending the underlying type theory, reduces visual clutter
in the presentation, and saves the implementation cost of removing the
annotations on twin variables once an equation finally becomes solvable.

Closed metavariables The types and values of our metavariables are all
typed in the empty context. As Ziliani and Sozeau [56] observe, this has
the advantage of being easy to implement. However, because metavari-
ables will often appear applied to a series of variables in the context,
this leads to unnecessary (B-reductions when the solution is substituted
in. We follow Mazzoli and Abel [36] in mitigating this issue in the im-
plementation by removing the leading h-abstractions from the bodies of
the metavariables (Section 5.5.1).

A second issue with closed metavariables observed by Ziliani and
Sozeau [56] is that, when substituting their values into terms, many
unsightly lambdas will occur, unless the term is -normalized afterwards.
This is not a concern for us, as we only consider terms in -normal form
(see “Term representation” above).

Unique solutions As explained in Section 1.5, we choose to restrict our uni-
fier to producing those solutions which are unique. This gives us more
freedom in the order in which constraints can be solved, while preserving
the suitability of the language for both programs and proofs. The addi-
tional freedom in the ordering of constraints allows in practice for more
complex unification problems to be solved (Section 5.7). However, due
to the restriction to unique solutions, problems with more than one solu-
tion will not be solvable. As discussed above, other proof assistants may
have heuristics which choose one of those solutions as the more likely to
be intended by the user, and are thus able to deal with such unification
problems.

These choices constitute only one of the possible approaches to higher-
order unification for dependent type checking. In Section 5.7 we evaluate the
practical impact of some of these choices by looking at certain existing systems
in which these choices were made in certain ways.

1.7 Structure of the thesis

The next chapter (Chapter 2) describes a dependently-typed theory with
metavariables and its properties. Chapter 3 discusses pre-existing work on
how type checking terms in such a theory corresponds to a higher-order uni-
fication problem, and the challenges that arise when performing higher-order
unification on dependently-typed terms. Chapter 4 provides a toolkit of rules
to tackle these higher-order unification problems. Finally, Chapter 5 discusses
how the rules in Chapter 4 can be used to implement a unification algorithm,
and evaluates its performance.
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Chapter 2

A dependently-typed
language

The theory presented below contains the same constructs as Mazzoli and
Abel [36], with the addition X-types and their corresponding equality rules.
The result is a dependent type theory with dependent function and sum types,
n-equality, and large elimination. These features allow us to address the issues
that we describe in Chapter 3.

Our theory is similar to the one used by Gundry and McBride [25], with
the distinction that they specify the recursor for booleans as an eliminator,
instead of as a term head.

2.1 Term syntax

The syntax of terms in the language is described in Figure 2.1.

We include some typical constructions from Martin-L6f Type Theory, along
with metavariables (which take the place of terms omitted by the user which
we hope to infer), and atoms, which are irreducible constants (corresponding
to postulates in Agda) that we use to write more interesting examples.

2.2 Notational preliminaries

When discussing unification, it is common to work with lists of variables,
terms, and other syntactic constructs. Throughout the document, we use ¢ as
a succinct way to denote a sequence of elements ¢4, ...,1,,. Several variations
on this notation are described below.

Notation (Vector notation: £). Vector notation is a shorthand for sequences of
possibly-distinct elements sharing a common form:

. H denotes a sequence of zero or more possibly-distinct elements of the
form { . Ezample: Z denotes sequence of zero or more possibly-distinct

variables.

11
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T,Y,z = variables
X,Y.Z | 0,1,2,.. de Bruijn indices
a, B, metavariables
o,b,c, atoms
A,B,C
t,u,v,T, = terms and types
T,U,A,B | Bool boolean type
| TIAB function type
| XAB record type
| Set universe
| ¢ data constructor
| At A-abstraction
| (t,u) pair constructor
| f neutral terms
fig == neutral terms
| h elimination head
| fe eliminator
h o= elimination heads
| =, X, .. variable head
| «,p,.. metavariable head
|  ab,.. atom head
| if boolean recursor head
e = eliminators
| ¢ term application
| o | projections
c = data constructors
true | false booleans

Figure 2.1: Syntax for terms. Metavariables («, S, ..) and atoms (o, b, ..)
are drawn from disjoint and countably infinite sets of names.
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o [ denotes a sequence of n possibly-distinct elements of the form { .
Note: When specifying the length of a vector in this way, only one of the
occurrences needs to contain the length superscript. For instance, the
two sides of the equality o 2™ = o Z denote identical terms.

. denotes a sequence of n possibly-distinct elements of the form
numbered from 1 to n.

e i, i denotes a sequence of n identical elements of the form { .

e jo...0[ ", denotes a sequence of n possibly distinct elements of the form
i1, such that the operator ¢ is interspersed between each consecutive pair
of elements in the vector.

e "io..., oi i denotes a sequence of n identical elements of the form {
such that the operator ¢ is interspersed between each consecutive pair of

elements in the vector.

Remark. Within a given context (e.g. an example, lemma or theorem and its
proof, or a single paragraph), vector notations with the same name refer to
the same sequences of elements. For example, the two sides of the equality
a2 = a2 denote identical terms.

Notation (Neutral terms in vector form: hé€). A neutral term can be viewed
as a head h followed by a vector € of eliminators.

When manipulating neutral terms, we will use the recursive structure in
Figure 2.1 and the vector form given above interchangeably.

Notation (Vector elements: ¢;). Subindices can be used to pick out individual
elements of a vector. Indices start at 1, unless otherwise noted.

o z,; denotes the ith element of a vector Z.

1z, ; denotes the jth element of a vector z;.

Notation (Vector slices: Zi,“., ;)- Subindices can be used to pick out a sequence
of consecutive elements from a vector.

Let " be a vector of n elements. Then, given 7,5 such that 1 <i < j <mn,
Z; ;is a vector of length j —i + 1 whose kth element is the (i + k — 1)th
element of Z. Whenever i > j, the expression Z; ; denotes a vector of length
0.

Notation (Vector membership: _ € ). We overload the notation € for set
membership to also denote membership in vectors, or vector-like objects.

For example, Section 2.3 defines signatures, which we consider as a vector-
like object. If ¥ = o : Bool, A : Set, o : A, we say that o : Bool € 3.

Notation (Ungrammatical terms: [¢]). We use [t] to clarify that ¢ is syntac-
tically invalid, or otherwise ill-formed.

Notation (Partial functions: F |}y, Fl}, F). In this development, we spec-
ify procedures on syntax that may only be well-defined under certain condi-
tions. Some examples are Definition 2.31 (hereditary substitution) and Defi-
nition 2.143 (closing metasubstitution).
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We specify these procedures as relations F' |} y between two sides F' and v,
where F' is the computation begin defined, and y is the result of the compu-
tation (if it exists). The definition is such that there is always at most one y
such that F' | y.

We say F| if and only if there exists a y such that F' |} y. We denote such
a y by F itself.

2.3 Signatures (X sig)

A signature contains declarations which are available globally. In an extended
implementation, it could also include function and data type definitions.

empty signature

| 3,0:A atom
| Y,a:A metavariable declaration
|  3,a:=t: A metavariable instantiation

Definition 2.1 (Fresh declaration). We say that a is fresh in ¥ (or, that « is
fresh in ¥) if there is no B such that o : B € ¥ (respectively, if there is no B
such that a: B € ¥ or no t and B such that a:=t: B € X).

Definition 2.2 (Instantiated metavariable, body of a metavariable). When
a signature ¥ contains an element of the form « := ¢ : A, we say that the
metavariable « is instantiated in the signature X. The term ¢ is the body of «
in this signature.

Definition 2.3 (Uninstantiated metavariable). Conversely, given o : A € 3,
we say that « is uninstantiated in X if there is no ¢ and B such that « := ¢ :
BeX.

Instantiated metavariables “expand” to their bodies. For example, in a
signature containing « := Az Ay.y : B (for some type B), the term A a expands
to the term A (Ax.\y.y). Section 2.13 gives a full account of computation in
terms, which includes metavariable expansion.

Definition 2.4 (Well-formed signature: ¥ sig). A signature ¥ is well-formed
(written X sig) if each declaration is well-typed with respect to the preceding
declarations.

EMPTY

- sig

Y sig o is fresh in & Y-+ A type
3,0: A sig

ATOM-DECL

3 sig « is fresh in X ;- F A type

- META-DECL
Y,a: A sig

Y sig « is fresh in ¥ ;- F A type okt A
Y,a:=t: A sig

META-INST



2.3. SIGNATURES 15

The typing relations ;- - A type, and ;- - t : A are defined in Sec-
tion 2.5.

Remark 2.5 (Signature inversion). Let ¥ = X, %,, with ¥ sig. Then ¥, sig,
and:

o If ¥, =a: A XY, then 3y;- F A type.
o If X, =a: A3, then Xy;- - A type.
o If ¥y =a:=t: A%, then £y;-F A type. and X;- ¢ : A.

Definition 2.6 (Support of a signature: SUPPORT(X)). The support of a
signature is the set of metavariables that it declares.

SUPPORT(:) = ¢
SUPPORT(X,0: A) = SUPPORT(X)
SUPPORT(X,a : A) = SUPPORT(X) U {a}

SUPPORT(X,ac:=t: A) = SUPPORT(X)U {a}

Notation (Signature concatenation: X;,%,). Signatures can be syntactically
viewed as lists. The concatenation of two signatures 3; and ¥, is written
31,2,. Note that this is a purely syntactic operation. It is not implied that
3, is well-formed on its own, even if ¥, and 3, ¥, are.

Definition 2.7 (Atom declarations of a signature: ATOMDECLS(X)). The
atom declarations of a signature ¥ (written ATOMDECLS(X)) are the set of
the atoms it declares.

AToMDECLS(-) = 0
AroMDECLs(XZ,0: A) = {0} UATOMDECLS(Y)
ATOMDECLS(X, 0 : A) = ATOMDECLS(Y)
ATOMDECLS(X, 0 :=t) = ATOMDECLS(Y)

Definition 2.8 (Constants declared by a signature: DECLS(X)). The constants
declared by a signature ¥ (written DECLS(X)) are the metavariables and atoms
it declares (DECLS(X) = ATOMDECLS(X) U SUPPORT(X)).

Remark 2.9 (Atoms and metavariables are disjoint). For any two signatures 3,
and Y,, we have DECLS(3;) = DECLS(Y,) if and only if AToMDECLS(%,) =
ATOMDECLS(X,) and SUPPORT(X;) = SUPPORT(%,).

Definition 2.10 (Metavariables in a term: METAS(t)). The set of metavari-
ables occurring in a term ¢ (written METAS(t)) is the set of metavariables that
occur syntactically in ¢. The full definition is given in Figure 2.2.

Definition 2.11 (Set of atoms in a term: ATOMS(t)). The set of atoms occur-
ring in a term ¢ (written ATOMS(t)) is the set of atoms that occur syntactically
in t. The full definition is given in Figure 2.3.

Definition 2.12 (Set of constants of a term: CONSTS(t)). The set of constants
occurring in a term ¢ (written CONSTS(¢)) is the set of metavariables and atoms
that occur syntactically in .

CONSTS(t) = METAS(t) U ATOMS(¢)
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METAS(q) = {a}

METAS(@) = 0

METAS(z) =0

METAS(if) =0

METAS(f u) = METAS(f) UMETAS(u)
METAS(f .m;) = METAS(f)

METAS(f .my) = METAS(f)

METAS(At) = METAS(t)
METAS(ITAB) = METAS(A) UMETAS(B)
METAS(XAB) = METAS(A)UMETAS(B)
METAS(Bool) = )

METAS(Set) =0

METAS(c) =0

METAS((t1,t5)) = METAS(t;) U METAS(t5)

Figure 2.2: Metavariables occurring in a term

ATOMS(@) = {o}
ATOMS () =0
ATOMS() =0
ATOMS(if) = 0
ATOMS( f u) = ATOMS(f) U ATOMS(u)
AToMms(f.my) = ATOMS(f)
ATOMS(f .my) = ATOMS(f)
ATOMS(At) = ATOMS(?)
ATOMS(ITAB) = ATOMS(A) U ATOMS(B)
ATOMS(XAB) = ATOMS(A) U ATOMS(B)
atoms(Bool) = 0
ATOMS(Set) =0
ATOMS(c) =0

(

>
<]
]
=
72}

=8
“@F

2
|

ATOMS(t; ) U ATOMS(t5)

Figure 2.3: Atoms occurring in a term
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2.4 Contexts (X F I'ctx)

A context is a list of types:

'AZE o= . empty context
| T,A context variable

Contexts are read from left to right; that is, a context is well-formed if all
its variables are well-typed with respect to the preceding binders.

Y sig

—— CTX-EMPTY
YE-ctx

Y FTctx ;T A type
YET, Actx

CTX-VAR

What it means for a term to be a type (X;I" F A type) is explained in
Section 2.5.

Remark 2.13 (Context inversion). Let I' = T';,T'y. If ¥ + I';, T’y ctx, then
Y F T ctx. Also, if ¥ FT', Actx, then ¥ F I'ctx and ;' - A type.

Definition 2.14 (Support of a context: |T'|). The support of a context I is
the list of variables in a context. Because we use de Bruijn notation, it is solely
determined by its length.

. =0
o DAl = 14]T]

Notation (Variable names in contexts I',x : A). The syntax for contexts
does not include variable names. A variable name in a context indicates the
de Bruijn index to which a later-occurring variable name refers. For instance,
“Fxz:Ay:Bx, z:Cxyctx” denotes the judgment “- = A/ B0,C10ctx”.
Notation (Context concatenation: T';,T'5). Contexts are syntactically lists of
types. The concatenation of two contexts I' and A is written I', A. This is a
purely syntactic operation. It is not implied that A is well-formed on its own,
even if I and I', A are.

2.5 Types (3;T'F A type)

In a dependent type theory, terms and types share the same syntactic space.
However, as we have seen in the well-formedness rules for contexts and sig-
natures, only some terms can actually be used as the types of atoms and
variables. Those specific terms we call types.

S:TF A Set

——= ——— TYPE
;' A type

;' A=B:Set

TYPE-EQ
;' A= B type
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What it means for a term A to be of type Set (I' - A : Set) is defined in
Section 2.11. Correspondingly, what it means for two terms of type Set to be
equal (' A = B: Set) is defined in Section 2.12.

Remark 2.15 (There is only set). In this system, all terms of type Set are
considered types, and the only way for a term to be a type is to be of type Set.
Therefore, the judgments ;' - A : Set and %;T' F A type are equivalent for
any 3, I' and A; as are the judgments ;' - A = B : Set and ;' F A =
B type.

Despite Remark 2.15, our goal is that (with few alterations) this develop-
ment can be applied to properly stratified theories with a hierarchy of universes
(e.g. Sety, Sety, Sety, ...). In order to facilitate a stratification effort, we keep
distinct judgments for “A is a term of type Set” (3;T'F A : Set) and “A is a
type” (3;T F A type).

2.6 Context equality (X FT =1 ctx)

Equality of types extends pointwise to whole contexts.

Definition 2.16 (Equality of contexts). We say that two well-formed contexts
Y+ T4 ctx and X F Ty ctx are equal (written ¥ F IT'; = T'y ctx) iff they have
the same length, and the types of the variables are equal point-wise.

———  CTX-EMPTY-EQ
YE.=-

YFTy =T5ctx I F A = A, type
YFEI,A =T, Ayctx

CTX-VAR-EQ

Remark 2.17 (Context equality inversion). Let I' =T'y,'y, IV =T, T%.
IfY+FT,,Ty =T1,Tctx, then ¥ - T'y =T ctx. Also, if ¥ FT,4 =
IV, A’ ctx, then X - T'=T"ctx and ;T + A = A’ type.

2.7 Binders and variables

As shown in Figure 2.1, the term representation uses de Bruijn indices. Thus,
variable names occurring in terms (e.g. x, y, z, ..) stand for natural numbers
(e.g. 0, 1, 2, ..). This convention has the benefit of giving the same represen-
tation to all a-equivalent terms. For instance, the informally written terms
[Az.\y.xz| and [Az.Az.z| are both represented by the term A.\.1.

Notation (Names for de Bruijn indices). For the sake of readability, we will
use textual names when describing terms. Unless otherwise specified, which
binder each textual name refers to is indicated by writing the variable name
next to the corresponding binder (A, II or X). For instance, the syntax
Az.ax (Az.A\y.z) denotes the term A.cw0(A.1). The binders for II and X,
when given with a variable name, are written II(z : A)B and X(z : A)B,
respectively. Similarly, the expression I'y,z : A, Ty - = (Ay.z) : B denotes
I, ATy Fa(Az™Y): B where z = |Ty,| and 2tV = 1 + |T,|.
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Fv(a) =0

FV(0) = 0

Fv(if) =0

FV(fe) = FV(f)UFv(e)
FV(At) = Fv(t)—1

FV(ITAB) = Fv(4A)U(Fv(B)—-1)
FV(XAB) = Fv(A)U(Fv(B)—-1)
Fv(Bool) =0

FV(Set) =0

Fv(c) =0

FV((t1,t5)) = FV(t;) UFV(ty)

FV(.my) = FV(.my) = 0)

Figure 2.4: Free variables in a term

—n
Notation (N-ary binders: A\z™.t, II(xz : A) B). We may use vector notation
to bind several variables at the same time. For instance, A\Z".t denotes the

term Ax;. Azo... Az, .t, and T(x : A)nB denotes the term II(x; : A;)I(x, :
Ay)..I(z, : A,)B. If n = 0, then there are no binders: Az’.t £ t and
I(z:A) B B.

Notation (Arrow notation for Il-types: (x : A) - B, A — B). We may use
(z: A) — B as an alternative syntax to II(z : A)B. In cases where the bound
variable does not occur in B, we may use the syntax A — B instead.
Notation (Product notation for ¥-types: (x : A) x B, A x B). We may use
(z : A) x B as an alternative syntax to X(x : A)B. In cases where the bound
variable does not occur in B, we may use the syntax A x B instead.

Notation (Strengthening of a set of variables: X —1, X — k). Given X C N,
the notation X — k, k € N denotes the set {n —k|n € X,n > k}.

n

Definition 2.18 (Free variables in a term: Fv(t)). The free variables in a
term ¢ (written Fv(t)) are the set of variables which are not bound by a binder
(i.e. A, IT or X). The full definition of Fv(¢) is given in Figure 2.4.

Definition 2.19 (Free variables of a context: Fv(A)). Given a (partial) con-
text A, the set of free variables of A (written FV(A)) is defined as follows:

FV(-) = 0
FV(A,A) = Fv(A)U([Fv(A)—-1)

Notation (Membership of names in set of free variables). If ¢ is a term typed
in a context, then, in the expression x € Fv(t), x refers to the de Bruijn index
of variable z in the context in which ¢ is typed. The expressions Fv(¢) C {7}
are interpreted in the same way.
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2.8 Renamings

When dealing with a terms, we often need to renumber the variables in them
so that a term can be used in a bigger or smaller context. To do this we define
a notion of renaming.

Definition 2.20 (Renaming). A renaming p is a function p : A — N, where
ACN.

Definition 2.21 (Inline renamings: [... -+ ...]). We denote renamings by pairs
[€1, %9, ... & Yq,Ys,...] of (possibly infinite) sequences of de Bruijn indices.
Each index to the left of the arrow is mapped to the index in the corresponding
position to the right of the arrow.

Indices not mentioned in the left list are mapped to themselves.

Definition 2.22 (Weakening: (4n)). For n € N, the renaming [0... = n...]
maps variable x to variable x + n:

0..»n.]: N — N
r = x+n

We denote this renaming by (+n).

Definition 2.23 (Strengthening: (—n)). The renaming [n... - 0...] (strength-
ening by n) is the following:

[n...—~0..]: N/O0,...,.n—1} — N
T = x—n

We denote this renaming by (—n). It is not defined for inputs smaller than
n.

Definition 2.24 (Weakening of renamings: (p + n)). Given a renaming p :
A — N, and n € N, the renaming (p + n) is defined as follows:

(p+n): 0,1,2,..,n—1U{zr+n|lzec A} —N
T = if z<n
z Hplz—n)+n if x>n

Example 2.25 (Strengthening by a variable: ((—1) 4+ n)). The renaming
((—=1)+n), named strengthening by variable n, maps each number larger than
n to its predecessor.

(=1)+n): N—{n} — N
i B d ifi<n
i = i—1 ifi>n
It is not defined for n, so it may only be applied to terms ¢ such that
n & Fv(t). |

Definition 2.26 (Application of a renaming to a term: ¢ p, t*). Let p: A — N
be a renaming, and ¢ a term such that Fv(t) C A. Then tp is a term where
each free variable is renumbered according to p. The full definition is stated
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zp = p)

ap = «

ap = a

ifp = if

(fe)p = (fp)(ep)

(A)p = Altlp+1))
(IIAB)p = T(Ap)(B(p+1))
(XAB)p = X(Ap)(B(p+1))
Bool p = Bool

Set p = Set

cp = c

(ti,t)p = (tip,typ)

(my)p = .M

(.mg)p = T

Figure 2.5: Applying a renaming p to a term.

in Figure 2.5.
For conciseness, we may sometimes write renaming applications as ¢t instead
of t p. The two notations have identical meanings.

Definition 2.27 (Renaming of a context: I"p).

()p = -
(A,A)p = (Ap),(A(p+1))

Remark 2.28 (Renaming and free variables). Applying a renaming to a term
(if defined) commutes with taking the free variables of that term. That is, if
p:A— Nand Fv(t) C A, then Fv(t p) = p(FV(t)).

Notation (Composition of renamings: p;p5). Let p; : A = N, py : B = N
be renamings. Then p,p, denotes the composition of p; and p, (i.e. pipy :

p1t(B) = N, with (pyp5)() = py(py(2)))-
Remark 2.29 (Composition of renamings). Let ¢t be a term, and p; : A — N,
py : B — N be renamings. Then, if Fv(t) C p7(A), we have (t91)P2 = t(P1r2),

Remark 2.30 (Properties of renamings). Let p be a renaming, and a, b and ¢
be natural numbers. The following hold:

o (+a)(+b) = (+(a +b))
* ((pta)+b)=(p+(a+b))
o For any term ¢, t(4+0) = t.

o p(+c) = (+¢)(p + ¢). In particular, (+1)(p+ 1) = (p)(+1), p= (p +0),
and ((+a) +b)(+c) = (+¢)((+a) + (b +¢)).
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o Let t be a term. If for all x € FV(t), x < a, then t**® = ¢, In particular,
if FV(t) = 0, then t* = t.

o Let t be a term. If for all z € FV(t), x > a, then t(~)(+b) — p(-a+b),

o Let t be a term. If for all € FV(t), © > a, then t((0)+a) = 1(+0),

2.9 Hereditary substitution and elimination

(tlu/a], t @ )

In the syntax of terms we consider only a subset of the A-terms, namely those
in B-normal form. Terms in B-normal form are those which do not contain
B-redexes. Examples of B-redexes (which are not valid terms according to our
syntax) are [(A.t) u], [{t,u) .7 ] and [{¢,u) .my].

A definition of substitution which simply replaces each variable with its
respective term would create B-redexes. Because our syntax only allows for
B-normal terms, we need to define substitution in such a way that the result
is also in B-normal form: i.e. a hereditary substitution [10, 11].

Note that terms such as if Atrueab and if Afalseab are not considered
B-redexes, but are instead subject to d-reduction (Section 2.13).

Definition 2.31 (Hereditary substitution: t[u/z] | r). Hereditary substitu-
tion is a relation ¢[u/xz] |} r, defined in Figure 2.6.

Notation (BJ[t]). The syntax B[t] denotes B[t/0].

Notation (€"[t/x] u?n). We write é™t] L& if, for every i, 1 < i < mn, either:
e ¢, =¢,=.m,or
o e, =€, =.my, or
o There are u, v such that e, = u, e, = v, and u[t/x] | v.

When defining hereditary substitution for a case such as (x €)[u/x], one
has to apply the eliminators € to u, which may introduce B-redexes. Because
our syntax is restricted to B-normal terms, we need to ensure that the result
of such an application is 3-normal. That is, we need to perform a hereditary
elimination.

Definition 2.32 (Hereditary elimination: ¢ @ e |} r). Hereditary elimination
is a relation t@e |} r. The full definition is given Figure 2.6.

Notation (Hereditary substitution as a partial function: ¢fu/z|}, t[u/x]).
Hereditary substitution is defined recursively on the syntax of terms, with no
overlap among the different cases of the definition. This means that given ¢,
u and z, there exists at most one r such that t[u/z] | r.

We will use the proposition ¢[u/x]{ as a shorthand for Jr.t[u/z] | r. Fur-
thermore, if in a given proof context, if Ir.¢[u/x] || r holds, then we will denote
such an r by t[u/x].



2.9. HEREDITARY SUBSTITUTION AND ELIMINATION 23

ylu/z] by if x>y

ylu/z] I (y—1) if z<y

alu/z] | a

ofu/x] | @

iffu/x] | if

(fO)[u/z] I r it flu/z]Ury A tu/z]lry Arp @rylr
(f m)[u/z] Ir if  flu/z]lry Ay @Qomdr

(f mo)[u/x] b r if  flu/zx]dry Ay @ omg

A [u/z] U (A7) if  tu(+1)/z+1]4r

(IIAB)[u/z] | (MA’B") if  Au/z]} A A ButY/z+ 1] B’
(SAB)[u/x] | (RA'B’) if  AJu/z]} A A BlutY/z + 1] B’

Bool[u/x] {} Bool

Set[u/z] |} Set

clu/xz] ¢

(t1sto) [u/a] I (81, 12) it tfu/a] B A tofu/z] bt

(a) Hereditary substitution

hé @e' | (hée)
(ty,ty) @ .m Uty
(ti,t2) @ .my Uty
At Qulr if  tu/0)dr

(b) Hereditary elimination

Figure 2.6: Hereditary substitution and elimination. The syntax (t(+1)) de-
notes the result of weakening t by 1 (see Definition 2.22).
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Notation (Hereditary elimination as a partial function: (t @ e){, ¢ Q e). B
the same reasoning, for every term ¢ and eliminator e, there exists at most one
r such that t @ e | r.

We will use ¢ @Q el as a shorthand for 3r.t @ e | r. Furthermore, if in a
given context, Ir.t @Q e | r holds, then we will denote such an r by ¢t Q e.

Definition 2.33 (Iterated hereditary elimination: t@Qéyr, tQ@cé). Weuse
t Qe ...e, | ras a shorthand for 3ty,....t, ;.(t @ e; | t1) A (t; Q@ ey |
to) Ao A ( ,@e, 7). Frn=0,tQe |t and, forn=1,¢t@Q¢& | rif
and only if ¢ @ € ll r.

Ift Qe ...e, | 7 holds for some r, we denote such an r by t Q e, ... e,

Definition 2.34 (Iterated hereditary substitution: t[u/Z] || r). Let #" =
(m4+n—1),(m+n—2),...,(m=+1),m, and let 4™ be such that Vv € Fv(u;).v >
m. We use ¢[u/Z"] | r as a shorthand for 3t,, ...,tnfl.(t[u(ﬁ(n_l))/xl] It A
(tl[u<2+<n_2))/m2]llt2)/\.../\( t,_ 1[ /x JU 7). For n =0, tle/e] I t, and, for
n =1, t[ut/z] | r if and only if t[u/z] | .

If ¢[i/2] J r holds for some r, we denote such an r by t[i/Z].

We say t[d] | r if and only if t[u/(n — 1),...,0] § r.

Remark 2.35 (Iterated application as substitution on body). We have (A".t) @
d™ | r if and only if ¢[u] | r.

Proof. By induction on n.
e Case 0: Trivial.

e Case n + 1: We have (A""L.t) @ 4™t || r iff (\""1t) @ w | t; and
ty @iy, | r for some ¢;. By definition, ¢, is of the form A".ry, with
tlu/n] |} r1. By the IH, the latter is equivalent to 7[ty ] | . By

definition, t[u*™ /n] |} v, and r[i, ]| 7 is equivalent to t[i] | 7.

,,,,,

O

Remark 2.36 (Hereditary substitution by a neutral term: t[f/x]). Given a
term ¢, a neutral term f and a variable x, we always have t[f/z] {|. Therefore,
we can always write ¢[f/z]. Furthermore, if g is a neutral term, then g[f/x] is
also a neutral term.

Proof. Proceed by induction on ¢. In the base cases, (z)[f/x] | f, which is
neutral. For the inductive cases, note that, for every neutral term f, (i) f(+
is also neutral, and (ii) f @Q é | fé. O

Remark 2.37 (Hereditary elimination of neutral terms: f @ €). Given a neutral
term f and an eliminator e, by Definition 2.32 (hereditary elimination), f Qe |
(fe).

Given € and applying the above remark iteratively, we have f @ é | (f €).
Therefore, we can always write f Q €.

Definition 2.38 (Hereditary substitution for contexts: Au/x] | A”). A sub-
stitution can be applied to a whole context as follows:

fufa] -
(A, A)u/z] I (A", A)  if  Afu/z] I A and A'fu(+1)/z +1] § A’
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Notation (Names for de Bruijn indices in hereditary substitution). A variable
name in a hereditary substitution denotes the de Bruijn index of that variable
in the context in which the term to which the substitution is applied appears.
For example, given a term ;' x : A;A F t : B, the expressions Afu/z| | r
and t[u/z] | r denote Afu/0] | r and t[u/|Al|] | r, respectively.

Lemma 2.39 (Hereditary substitution and application commute with renam-
ing). Let p be a renaming, p: N — N.

o If p=p' +x and t{u/z]l, then tP+V[uf /]| (t[u/x]?).
o If (t @ e) | u, then (t* @Q ef) || uP.

Proof. By induction on the derivation for ¢[u/z] |} r. We enumerate some
representative cases:

o z[u/x] | u: Then 2Pt = 2P +@+) — g with 2P [u? /x] |} uP.

e ylu/z]y, y < x: Then y»*Y =y and y” = y. Therefore, y**V[ur /z] ||
y°.

o ylu/x] |} (y—1), y > 2: Then y»*Y) = p'(y —2x —1)+2+1 =1y (for
some ¥y’ > x). and (y—1)? = p'(y — 1 —z) + © =y — 1. By definition,
y'[u?/x] || (y' —1). Therefore y?™V[u?/z] | (y — 1)°.

o t=a a=a?") =a”. Thus afu”/z] | .

o (fO)u/x] I r, with flu/x] § ry, tfu/z] | ry and (r; Q ry) | r: By the
second induction hypothesis, f**V[u?/z] |} r{ and ¢+ V[u’ /2] || . By
the first induction hypothesis, ¢ @75}, Also, (f t)(PT1) = flo+1) ¢lo+1),
Therefore (f )PtV [u/x] |} rP.

o (N)[u/x] I (\r), with t{u(4+1)/z4+1] {7 We have (A\.t)PT1) = X (t(r+2)
and (A\.r)? = A\.(r(P*1)), Because p=p’ +, (p+1) =p’ + (x +1). By
the induction hypothesis, we have t?+2)[(u(+1))**V /z + 1] || r(»*1). By
Remark 2.30 (properties of renamings), u(+1)?*!) = u?(+1). Therefore
AP [P /2] U (Ar)P.

o hé@Qe' || (hée'): By definition (hée’)? = (h &) e’?. Therefore (hé)” Q
Pl (hée)r.

e At @ u | r with tfu/0] | r: We have p = p + 0. By the induction hy-
pothesis, t**V[u?/0] || r*. By definition, (\.t)? = \.(t**V). Therefore
(AP @ ul | re.

O
Lemma 2.40 (Correspondence between renaming and substitution). We have
Viy/z]4VI0,...,2—1,z,z+1,... = 0,...,x—1,y,z,...]. In particular, V[0/0]}
V[0,...0,0,1,2,..].
Additionally, V[Z"] = V[....,n,(n —1),...,0 — ..., 1,0, Z].

Proof. By induction on the structure of V. O
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2.10 Head lookup (X;T'F h = A)

The types of the heads of neutral terms (for instance, variables, metavariables
and atoms) are determined by the signature and the context:

YFTIct r=r,,AT =T
X 1 2 n = |y VA

YT Fn= AH0+D) "

YFTctx a:AeX
i TFa= A

META

Y FTctx a=t:AcX
Y I'Fa= A

META,

Y FTctx a:AeX
Yi'toa= A

ATOM

YFTctx
3T+ if = II(ITBoolSet ) (IIBool(II(1 true)(I1(2 false)(3 2))))

IF

Remark. Using the binder syntax described in Section 2.7, we may write the
conclusion of the IF rule as ¥;T' F if = (X : Bool — Set) — (y : Bool) —
X true — X false — X y.

Remark. In the conclusion of the rules ATOM, META;, and META,, because A
is closed, AT = A,

2.11 Terms (X;I'Ft: A)

The judgement “term t has type A in context I' under signature ¥ is written
SI'Ht: A

Notation (Implicit signature). In those rules where the signature ¥ is omitted,
it is understood that all premises and the conclusion share the same signature
Y. The rule then holds for any such ¥. For instance, consider the first typing
rule given below, the BOOL rule (left); and its implied full form (right).

I'ctx BOOL Y FTctx BOOL

I' + Bool : Set ;' Bool : Set

Type constructors

I'ctx
T'F Bool : Set 0%
'k A: Set I'JAF B : Set
T'+1IIAB : Set
' A:Set I'At+ B: Set SIGMA
I'-YAB : Set
I'ctx

T'F Set : Set SET
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Term constructors

I'ctx
T'  true : Bool

TRUE

I'ctx
T" I false : Bool

FALSE

I'NArF¢: B ABS
'k At :1IAB

F+t: A ' A+ B type B[tll '+ wu: B[t
'k (t,u): ZAB

PAIR

Neutral terms

I'h= A
T'Fh:A

HEAD
I'Ff:2AB

TF fomaa PRO

TF f:YAB
Ik f.my: B[f .m]

PROJ2

I'-f:IAB T'rt:A B[]l
TFft: B[t

APP

Other rules

'Ht: A ' A= B type
I'Ht: B

CONV

The Set : Set judgment and non-termination

Terms in a theory where ;T I Set : Set are not necessarily normalizing, as
described first by Girard [22] and then in a more succinct form by Hurkens [30].
Our theoretical description glosses over this fact.

Our intention when using Set : Set is to simplify the exposition. The
algorithm is ultimately meant to be used with properly stratified theories where
all terms are normalizing. The postulates about types and terms that such a
theory needs to satisfy are given in Section 2.14. Note that these postulates
may not hold for the unstratified theory defined in this chapter.
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2.12 Term equality (X;T'Ft=wu: A)

The judgmental (or definitional!) equality for terms is written I' -t = u : A,
and is given by the following deduction rules.

If for terms ¢ and u we have I' - ¢t = u : A, we say that ¢ and u are
judgmentally or definitionally equal. In particular, two types A and B are
definitionally equal if I' - A = B : Set.

I'ctx
I' + Bool = Bool : Set

BOOL-EQ

T'FA=A:Set T,AFB=DB:Set
T+ IIAB = IIA'B’ : Set

PI-EQ

I'FA=A":Set I'NAF B=DB:Set
I'YXAB=XYA'B : Set

SIGMA-EQ

I'ctx
I' F Set = Set : Set

SET-EQ

I'ctx
I' F true = true : Bool

TRUE-EQ

I'ctx
I' I false = false : Bool

FALSE-EQ

I''Art=u:B
P'FAt=Au:1IAB

ABS-EQ

'ty =uy: A
I' A+ B type B[t I Ity =uy: Blty]

PAIR-EQ
[k (ty, 1) = (ug,ug) : YAB

Elimination

I'Fh=A

L Th=48 Hpap-EQ
I'h=h:A

I'Ff=g:2AB

PROJ1-E
rcfm=gm:A @

THf=g:SAB
Tk fmy=g.my: B|f .m]

PROJ2-EQ

I'-f=g:TMAB Trt=u:A B[t}
'k ft=gu: Bt

APP-EQ

Remark. In the HEAD-EQ rule, h stands for either (i) a variable “z”, (ii) a

W

metavariable “o” (iii) an atom “@”, or (iv) the boolean recursor “if”.

n an intensional type theory such as this one, the two notions coincide.
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n-conversion

'+ f:1IAB
ETA-ABS
I'Ff=Af4Y0:11AB
Ik f:YAB
ETA-PAIR

Pk f=(f.m,f.my): ZAB

Remark (m-conversion for general terms). Because all the terms are in f-normal
form, neutral terms are the only cases where n-expansion is relevant.

d-conversion

a=t:AecX
i I'tae: T ¢ :T tQé|t
“:Ihae=t:T
I'+if Atruew, usé: T Pkw:T u, @€Y u
F'FifAtrueu, uype=u': T

DELTA-META

DELTA-IF-TRUE

I+ if Afalseu, ug€: T Fkw :T up @ e u
FFifAfalseu, ugé=u': T

DELTA-IF-FALSE

Other rules

I'Ft=wu:A I'- A= B type

CONV-E
I'Ft=wu:B Q
T'Ft=u:A T'Fu=wv: A
I'HFt=v:A TRANS
'Ft=wu:A
—  SYM
TFu=t:A

2.13 Term reduction (—>6n, —>§n)

Definition 2.41 (dn-normalization step: 3T ¢ —5, u : T). Let ¥ be a
signature, I" a context and T" a type. The relation —y, is defined in Figure 2.7,
with the additional requirement that, whenever X;I' = ¢ —5 w : T', then
SI'kt:T.

Remark. There is deliberate overlap between the reduction rules. The order
in which different subterms are reduced depends ultimately on the unification
rules are applied by the unification algorithm (Section 5.1).

Remark. The rule APP,, is a family of rules, with one element for each n € N,
n > 1.

Definition 2.42 (Iterated dn-reduction: 3;T' k¢t —F u : A). The relation
»IE 7—>‘gn _:+ Ais the reflexive and transitive closure of X;I" - B S
A.

Remark 2.43 (Free variables of dn-reduct). If 3;T' =t — u : A, then Fv(u) C
FV(t).
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(I,) T +IAB s, TA'B: T if ST F Ay, A Set
(I) ;T FIIAB —5, TAB T if ST Ak B B’ : Set
() ST FSAB— SA'B: T if ST F Ay, A Set
(8,) ST FSAB s, SAB : T if ST Ak B B’ :Set
(N ETE AL g At T if ©;T+ T =IIAB type

and X; I At —, t': B

(()1) BT (¢ u) —g, (¢u) : T if %;THT =XAB type
Sl Et—g,t' - A

ST (tu) —gy (Gu'): T if X;I'T =YAB type

((:)2) and B[t]{
and ;T = u —5, v’ : B[t]
(n-IT) 35Tk f —5, A(FED)0: T if ¥:T+7T =1IIAB type

M-%) 5Tk f—g, (fomy, fomg) : T if ;0T =XYAB type

(app, )T Fhe" M te —5 héue : T if ST kheé:TIUV
and X't —5, u: U

(META)Y; T - o€ —g, u: T if a=t:4AeX
and (t Q@ ¢€) Ju

(1Fy) ST FifAtruetué —g, t": T if t@eé)yt

(1Fy) ST if Afalsetué—g u' T if (u @é) |

Figure 2.7: Cases for Definition 2.41 (dn-normalization step). For each recur-
sive occurrence of the form X' =t —5, u T, there is an implicit condition
that ;T ¢ : T.
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2.14 Properties

Here are some properties of the dependent type system we have defined in the
previous sections. They will be useful when discussing the correctness of a
type checking algorithm for the system.

Those properties marked as postulates are assumed to hold without proof.
Some of these properties may not hold in the theory as described in this
chapter, but we expect they would all hold in a properly stratified version
thereof. A complete list of these assumptions may be found on page 216.

2.14.1 Judgments

For the sake of conciseness when stating properties we define a notion of judg-
ment. This allows for a homogeneous treatment of the judgments that have
been defined in this chapter.

Definition 2.44 (Judgment: ;T F J). A judgment J has any of the following
forms: Actx, A - Atype, A+ A = Btype, A} = A,ctx, A Ft: A
AFt=u:A, and J; A J,.

We write ;' F J if any of the following hold:

e J=Actx,and X T, Actx.

e« J=A, =Asctxand L FT,A; =T, A, ctx.

e« J=AF Atypeand ;T A A type.

e J=AFA=DBtypeand ;I';A+ A = B type.
e J=AFt:Aand ;T AFt: A

o J=AFt=u:Aand ;I AFt=u: A

o J=J, ANJy, with ;T F J; and E;T' F J,.

Notation (Signature judgment: ¥ F J). The statement X - J is equivalent to
DI

Judgments can be manipulated in similar ways as terms:

Definition 2.45 (Free variables of a scoped and typed term: FV(A k¢ : B),
FV(J)). We can consider the variables free in an entire judgment:

FV(A ctx) = FV(A)

FV(A; = A, ctx) = FV(A;)UFV(A,)

FV(- F A type) = FVv(A4)

FV(-+ A= B type) = FV(A)UFV(B)

FV(-+t: B) = FV(t)UFV(B)
FV(-Ft=u:B) = FV(H)U Fv( )UFV(B)
FV(A,J) = Fv(A)U(rv(J)—{0})—1
FV(J; A Jy) = Fv(J)U FV( 5)
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Definition 2.46 (Set of constants in a judgment: CONSTS(J)). We can con-
sider the set of constants occurring in a judgment:

CONSTS(A; = Ayctx) = CONSTS(A;) UFV(A,)
CONSTS(-+Ft=wu:B) = CONSTS(t) U CONSTS(u) U CONSTS(B)
CONSTS(A, J) = CONSTS(A) U CONSTS(J)

CONSTS(J; A Jy) = CONSTS(J;) U CONSTS(J,)

The remaining cases follow analogously to Definition 2.45 (free variables of
a scoped and typed term).

Definition 2.47 (Renaming of a judgment: J p). A renaming can be applied
to an entire judgment:

(Actx) p = (Ap)ctx

(A = Ayctx)p = Ajp=A,pctx
(-FAtype)p = -k Aptype
(FA=Btype)p = -+ Ap=DBptype
(‘Ft:B)p = -ktp:Bp
(Ft=u:B)p = -Ftp=up:Bp
(A, J)p = (Ap),J(p+1)
(JiAJy)p = (Jip) N (Jap)

Definition 2.48 (Hereditary substitution of judgments: J[u/z]). A variable
can be substituted hereditarily in an entire judgment. We explicitly define
hereditary substitution for judgments of the form (A F ¢ : B); the remaining
cases are follow analogously to Definition 2.47.

(Ft:B)u/z] (Ht':B) if tu/z]lt and Blu/x] | B
(A, DHu/z] U (A", ") if  Afu/x] | A" and Ju(+1)/z+1] | J’

2.14.2 Substitution and elimination

The following properties concern the behaviour of hereditary substitution and
elimination. As explained in the beginning of this section, we assume without
proof that those properties marked as postulates would hold, at least in a
properly stratified version of the theory.

Postulate 1 (Typing of hereditary substitution). If ',z : B[ AFt: Aand '+
w : B, then Afu/z]l}, tfuT12D /2]l A[u™12D /2]l and T, Alu/x] - t{u+1AD /z] -
A2 /2],

Postulate 2 (Typing of hereditary application). If ;T" + ¢ : IIAB, and
S;TFwv: A then (¢t @Q v)|, BlvJl}, and ;T ¢ @ v : Blv].

Postulate 3 (Typing of hereditary projection). If ¥;T' + ¢ : Y AB, then
(t Q@ .mp){, with ;T ¢ Q@ .y : Aand (t @ .my)l, with B[t @ .m;] and
%THtQ.my: Bt Q@ .m].
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Postulate 4 (Congruence of hereditary substitution). If &;T,x: A,AFt, =

t2 Band ;T I— u, = uy ¢ A, then Aluy /2], Aluy/z]l, t,[ul (+1A) /x]
[ 180 /210, BluitA) /x] BRGS falt, B - T, Afuy /], Bl ] =
Aluy /], Blu$ (+1a) Jx)ctx and 35T, Aluy /2] F ty [ul™2) /2] = ty[ul 2 /2] -
B[u(lﬂm)/m}.

Remark 2.49 (Strengthening by substitution). If x ¢ Fv(J), then J[u/z] =
JED+z

Postulate 5 (Hereditary substitution commutes). Let 3; T, U, AV, E - t: A,
S5 TVUARw:V ST Hw:U,and |A| ¢ rv(V,EFt: A).

Let (A*, 22 t*: A*) = (A, (EFt: A)v])[u]. Then X;T, Afu], (V,2F t:
A)EVHAL ST Alu) F ofu/|A]] - VEDHAL

Also, let A” = Afu], and (EP FtP: AP) = (2 ¢t: A)C HA‘H[ [u/ |A]]].
Then ¥ + I',A? =22 = T, AP ZPctx, ¥ F I',A?, 22 - A* = AP type, and
ST, A% B2 b 2 = P : A2,

Postulate 6 (Congruence of hereditary application). If ¥;T' H ¢ = u : IAB
and ;T F vy = vy : A, then (t Q v))|), (u @ vy)d), Blvy]l},and ;T Ht Qv =
u Q vy : Blvg].

Postulate 7 (Congruence of hereditary projection). If ;T - ¢ = u : ¥AB,
then:

(i) t@ ., (v @ .m)Jand Z;THE Q .1y =u Q .y : A4

(ii) and also (t @ .my){, (v @ .my)l, B[t @ .mq]{, and ;T + ¢t Q@ .7, =
u @ .7y : B[t @ .mq].

Postulate 8 (No infinite chains). If ;T - ¢ : A, then there is no infinite
chain of reductions ;" + oy A that starts at ¢. That is, there does
not exist an infinite sequence of terms ug, uy, uy, ... with uy = ¢ such that, for
all i € N, 35T b uy —g, w49 ¢ A

Definition 2.50 (Set of free variables, strengthened: Fv_(¢)). The set of
free variables of ¢ strengthened by z is denoted by Fv_(¢) and is defined as

Fv,(t) E{y—1]yerv(t),y >z} U{y|y € FV(t),y < x}.

Lemma 2.51 (Free variables in hereditary substitution). The following hold:
o Iftlu/x] | r, then Fv(r) CFv, (t) UFV(u).
o If(t @e)lr, then Fv(r) CFv(t) UFV(e).

Proof. By mutual induction on the derivations.
o zu/x]u: Fv(u) C Fv (x) UFV(u).

o ylu/x]y, y <z We have y € FV(t) and y < z; therefore, y € Fv,(y).
Finally, Fv(y) C Fv,(y) C FV_(y) UFV(u).

o ylu/z] | (y—1), y > z: We have y € Fv(¢) and y > z; therefore,
y—1€Fv,(y). Therefore, rv(y — 1) C rv,(y) C FV,(y) UFV(u).
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t=a,t=a,t=Iif t = true, t = false, ¢ = Bool or t = Set: Fv(t) =0 C
SUFV(u).

(f t)[u/x])Ur, with flu/z]{r; and ¢t[u/z]{r,. By the induction hypothesis,
Fv(r;) CFv,(f)UFV(u), FV(ry) C Fv,(t)UFV(u), and FV(r) C FV(ry)U
FV(ry). Therefore, Fv(r) C Fv,(f) UFV,(¢t) UFV(u). By Definition 2.18
(free variables in a term), Fv(ft) = Fv(f) UFv(t). Thus, Fv (ft) =
FV,(f) UFv,(t). Therefore, Fv(r) C Fv (ft) UFv(u).

(f m)u/x] v, with flu/z] J r and (r; Q@ .mq) | r. By the induc-
tion hypothesis, Fv(r) C Fv(r;), and Fv(r;) C Fv,(f) UFv(u). By
Definition 2.18 (free variables in a term), FV(f .m) = FV(f); therefore,
Fv,(f.m) =Fv,(f). Thus, Fv(r) CFv_(f.m) UFV(u).

(f mo)[u/x]dr, with flu/x]yry and (r; @ .my) | r: Analogously to the

previous case, replacing .m; by .m,.

( Yu/x] | (Ar), with tfu(+1)/2 + 1] { 72 By the induction hypothesis,
Fv(r) C va+1( ) UFv(u(+1)). By Definition 2.18 (free variables in a

term), FV(A.r) = Fv(r) — 1 and FV(A\.t) = Fv(t) — 1. By definition,

FV,(\t) = FV,,,(¢t)—1. By Remark 2.28, Fv(u(+1))—1 = Fv(u)(+1) —

1 = Fv(u). Therefore, FV(A.r) = Fv(r) —1 C (Fv,(t) UFV(u(+1))) —

1= (FVu 1 (t) —1)U(Fv(u(+1)) — 1) = FV,(At) UFV(u).

(IIAB)[u/z] | (ITA’B’), with Au/z] | A" and Blu(+1)/z + 1] | B’: By
the induction hypothesis, Fv(A") C Fv_(A) U Fv(u), and Fv(B’) C
FV,.1(B) UFv(u(+1)). By Definition 2.18 (free variables in a term),
FV(ITA'B’) = rv(A") U (FV(B’) — 1) C FV,(A) UFV(u) U (FV,, (B) —
U (Fv(u(+1)) — 1) = rv, (ITAB) UFV(u).

(ZAB)[u/z)} (XA'B’), with Alu/x]{ A" and Blu(+1)/2+1] | B’: Anal-
ogous to the previous case, replacing II with .

(1, to)[u/x] U (t7,t5), with ¢, [u/z] U ¢] and ty[u/z] | t5. By the induc-
tion hypothesis, Fv(t]) C Fv,_(t;) UFV(u) and FV(t5) C FV, () UFV(u).
Therefore, Fv((t’l,t/>) =FV(t]) UFV(t)) C FV,(t;) UFV,(ty) UFV(u) =
Fvw(<t1a t2>) U FV(U)

hé@e’ || (hée’): By Definition 2.18 (free variables in a term), we have
Fv(hée') =Fv(hé) UFv(e).

(t1,t) @ .y Y ty: FV(E)) CFV(t) UFV(Ey) UD = FV({ty,t)) UEV(.y).
(t1,ts) @ .y § ty: FV(ty) CFV(Ey) UFV(ty) UD = FV({ty,t5)) UFV(.Ts).

At @ u || r with ¢[u/0] |} r By the induction hypothesis, Fv(r) C
FVy(t) UFV(u). By definition, Fv(t) = Fv(t) — 1 = Fv(A.t). Therefore,
FV(r) C FV(A.t) UFV(u).

O

Postulate 9 (Commuting of hereditary substitution and application). As-

sume 3: T,V I u : IIAB, and £ such that 3T,V ¢, : A[f,

_1]). Finally, let

.....

% be such that ¥;T,V kv : V. Then (u @ £)[v] = (u[v] @ t,[v] ... t,[v]).
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2.14.3 Typing and equality

Lemma 2.52 (II inversion). If ;' - IAB : T, then ;T T = Set type,
5;T'F A:Set and 3;T, At B : Set. Also, by Remark 2.15 (there is only set),
if 5;T FIIAB type, then ;T F A type and X;T', A+ B type.

Proof. By induction on the derivation:

e Case coNV: By the premises of the rule, ;" - IIAB : T’ for some
T, and ;T = T" = T type. By the induction hypothesis, ;' - A :
Set, X;T' A+ B : Set and ;"' - T/ = Set type. By transitivity and
symmetry of equality, ¥;T' - T = Set type.

e Case PI: T = Set, and by the premises of the rule, 3;T" - A : Set and
;T A B : Set.

O

Postulate 10 (Injectivity of II). If ;T + IIAB = IIA’ B’ type, then X;T
A = A’ type and ;T A + B = B’ type. Also, by Remark 2.15 (there is
only set), if ;' + IIAB = IIA’B’ : Set, then ;' H A = A’ : Set and
;' A+ B = B’ : Set.

Lemma 2.53 (X inversion). If ;T - ZAB : T, then ;T - T = Set type
S;T'F A:Set and 3;T, At B : Set. Also, by Remark 2.15 (there is only set),
if 2; ' XAB type, then ;' F A type and X;T', A+ B type.

Proof. Analogous to the proof for Lemma 2.52 (IT inversion). O

Postulate 11 (Injectivity of ¥). If ¥;T'+ ¥AB = ¥ A’B’ type, then ¥;T
A = A’ type and ;T A + B = B’ type. Also, by Remark 2.15 (there is
only set), if 3;T - YAB = YA’B’ : Set, then ;T - A = A" : Set and
:I' A+ B = B’ : Set.

Lemma 2.54 (Term equality is an equivalence relation). Judgmental equality
of terms (E;T'F _ = __ : A is a reflexive, symmelric and transitive relation.

o Reflexivity: If 5; T Ft: A, then ;T Ht=1: A.
o Symmetry: If S;TFt=wu: A, then 5; T Fu=t: A.

o Transitivity: If S;THFt=u:Aand ;T Fu=v: A, then ;T Ht=wv:
A.

Proof. Reflexivity follows by induction on the typing derivation for ¢. Each
typing rule [X] is replaced by the corresponding equality rule [X]-EQ.
Symmetry and transitivity are rules themselves. O

Remark 2.55 (Type equality is an equivalence relation). Judgmental equality
of types (X; ' _ = type is a reflexive, symmetric and transitive relation:

o Reflexivity: If X;T'+ A type, then ;' - A = A type.

e Symmetry: If ¥; ' A = B type, then ;' - B = A type.
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o Transitivity: If ;' A = B : type and ;' + B = C type, then
;. I'+ A=C type.

Proof. By Remark 2.15 (there is only set) and Lemma 2.54 (term equality is
an equivalence relation). O

Lemma 2.56 (Neutral inversion).

o IfX;TF fté: T, then 5;T'F f:1IAB and ;T Ht: A for some A and
B, with BJ[t]{}.

o If5THfm€:T then ;T F f:XAB.
o If ST fmyé:T, then 2;TF f: X AB for some A, B, with B[f]{.

Proof. We consider the first case; the other two are analogous.

By induction on the derivation, we obtain that ;" F ft : T, with ApP
being the last rule in the derivation. By the premises of the rule, ;T F f :
ITAB and ;T F ¢t : A for some A, B, and BJt]{. O

Lemma 2.57 (Type of M-abstraction). If ¥;T'+ At : T, then there are A, B
such that ;T FTIAB =T type and X;T, A+t : B.

Proof. By induction on the derivation (as in the proof for Lemma 2.52), we
obtain that ;' - A.t : IIAB, with ABS being the last rule in the derivation,
and X; ' ITAB =T type. By the premises of the rule, >; T AF¢: B. [

Corollary 2.58 (Iterated A-inversion). If ;T F A"t : T, then &;T T =
ITA™B type, with ¥;T, A" -t : B.

Proof. By induction on n, using Lemma 2.57. O

Lemma 2.59 (Abstraction equality inversion). We have ;T F A"t = A".u :
I[MA™B, if and only if 2; T, AFt=wu: B.

Proof. = By induction on n, using Postulate 2 (typing of hereditary applica-
tion).

< By iterated application of the ABS-EQ rule.
O

Lemma 2.60 (Type of a pair). If ;T F¢: T, then there are A and B such
that ;T - XAB =T type, ;T Ht, : A. Blt,] || and ;T ¢, : B[t,].

Proof. By induction on the derivation (as in the proof for Lemma 2.52), we
obtain that ;T F (t,,t,) : YAB, with PAIR being the last rule in the deriva-
tion, and X;I' H ¥AB = T type. By the premises of the rule, 3;I' - ¢, : A,
B[t;] | and ;T F ¢, = B[ty]. O
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2.14.4 Contexts

Adding new variables to a context does not invalidate existing judgments:

Remark 2.61 (Reflexivity of context equality). Context equality is reflexive
(i.e. if X F T'ctx, then ¥ FT' =T ctx).

Proof. By induction on the derivation of ¥  I'ctx, using reflexivity of the
type equality (Remark 2.55). O

Lemma 2.62 (Context weakening). Let J be a judgment. If ;T F J,
YTy, Tyctx, and |Ty| = n, then ;T Ty F JH,

Proof. By induction on the derivation of 3;I'; I J. For most cases, it suffices
to apply the induction hypothesis to the premises, and use the same rule to
derive the conclusion. We show a representative subset of cases below:

e CTX-EMPTY: Then I'y = - and J = -ctx. By the assumption, ¥ +
I';,T, ctx. Note that -(*?) = .. Therefore, I';,T,,- " = I';,T,, thus
Y ET,,T,, - ctx.

e CTX-VAR: Then J = A Actx, X FT'|, A, Actx, with ;' A+ A type
and ¥ F I';,Actx. Let m = |A|. By the induction hypothesis, we
have ¥;T,,Ty, (A F Atype)*™. This gives %;T,,Ty, A |
AE+m) type and X;T,, Ty, A ctx. By the ¢TX-VAR rule, we have
Y ET,, Ty, A A7) ety that is, 2;T,, Ty F (A, Actx)+7)

e TYPE, TYPE-EQ: Apply the induction hypothesis to the premises, then
use the same derivation rule.

e CTX-EMPTY-EQ: Analogous to CTX-EMPTY, use Remark 2.61 (reflexivity
of context equality) to show X T’y =T, ctx.

e CTX-VAR-EQ: Analogous to CTX-VAR.

e PAIR: (X;T,A F (t,u) : YAB), with B[t]{|. Let m = |A|. By
the induction hypothesis, X;T';,Ty, A | ¢Fmtm o gGn)tm,
2T, 0y, A AlGn)+m) o Bln)+m) gype  and 3T, Ty, A
wltmtm) o p)(Gm+m) - By Lemma 2.39 (hereditary substitu-
tion and application commute with renaming), B[t](+"+m) =
BlFm+mt)p((+n)+m)] = By the PAIR rule and Definition 2.26 (ap-
plication of a renaming to a term), ;T Ty, AG™ | (t y)(F)tm) .
(EAB)(H—n)—O—m).

e HEAD, then VAR: X; T, A F 2 : A(+(x + 1)), with ;T A + 2 =
A(+(x +1)) for some A. We want to show X; Ty, Ty, A | gl(rn)tm)
A(+(z + 1))(F+m) %3 - T Actx, so, by the induction hypothesis,
5T, Ty F A(+n) ctx. Let m = |A|.

— If x < |A|: Then we have 3;T1, A" A, A" F z = A(+(z + 1)),
where # = |A”|. By the VAR rule, %;T', Ty, A/(+7) Altn)+[A])
AGHAED g o AGEHAD(H ) Note that |A/| + 2+ 1 =

m. Therefore, this is the same as X; T}, Ty, Al | gl(+n)+m) —
A @+1D)((+n)+m)
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—If + > |A]: Then ;T AT/, A F o = AFEHD where
x = |TY,A|. Also, by the VAR rule, ¥;T}, A, T}, Ty, A" |
(z4n) = AFEHD) which is the same as $; T, A, T/, Ty, A
pEFn)+m) o A+@+1))(+n)+m)

By the HEAD rule, ;T Ty, AU | gl(tn)m) . g +D)((+n)+m)

e DELTA-META: Y%;0,A b aé =t : T, with a := ¢t : A € %,
T, A bk aé: T, t@céelt and Z;T),A - ¢t : T. By the in-
duction hypothesis, X;T';, Ty, A | (q&)(Fm)+m) . pllanitm) - that
is, ;T Ty, A | qelttntm) . pln)+m) - Alse by the induction
hypothesis, ¥; T, Ty, A7) | ¢/((hn)+m) p((En)+m),

By Lemma 2.39 (hereditary substitution and application commute with

renaming), (M) @ gln+m) || p((Fn)+m) that js ¢ @ gl+m+m) ||
t/((+n)+m).

By the DELTA-META rule, ¥;T';, Ty, AF?) | g gltn+m) = p(Gn)+m)
T((+n)+m)

O

Lemma 2.63 (Preservation of judgments by type conversion). Let J be a
judgment such that ;T F J.

o IfXFT =T"ctx, then 3;T7 F J.

o Furthermore, if J = (t + A) (or J =t =u: A)), and ;' A =
A’ type (thatis, SFT,A=T" A" ctx), then ;T" -t : A" (respectively,
STVkHt=u:A).

Proof. We prove the simpler case where the type of only one variable changes
(that is, I' = T'}, A, Ty, IV =T1,,A4", Ty, and ¥;I'; H A = A’ type). For the
general case, we apply the lemma to each of the variables whose types differ
between I" and T".

We proceed by induction on the derivation of J, applying the rules as is.
The change of the type of a variable is only relevant in two cases:

e Rule vAR: This rule is always followed by either HEAD or HEAD-EQ. We
apply Lemma 2.62 (context weakening) ¥;T'; - A = A’ type, and then
use either the CONV or the CONV-EQ rules to obtain a judgment in the
new context.

o Rule CTX-VAR-EQ: By reflexivity, ¥;T'; - A" = A’ type.

SED =T cetx T, FA = A type

CTX-VAR-EQ
SFEI,A =T, A ctx

For the second statement, we apply the CONV or CONV-EQ rules to the
whole judgment. O

Lemma 2.64 (Equality of contexts is an equivalence relation). Context equal-
ity is a reflexive, transitive and symmetric relation.
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Proof. Reflexivity follows from Remark 2.61 (reflexivity of context equality).
Symmetry and transitivity follow by induction on the corresponding deriva-
tions, by applying Lemma 2.63 (preservation of judgments by type conversion),
and symmetry and transitivity of type equality (Remark 2.55). O
C

Lemma 2.65 (No extraneous variables in term). If 3;T Ft: A, then FV(t)
{0,...,|T| —1}.

Proof. By induction on the derivation of X;T' ¢ : A, for each variable z freely
occurring in ¢ there will be an instance of the VAR rule of the following form:

SEDActx  TA=T,ATyA  n=[0yA
ST F (z 4 ]A]) = AR

R

Because n =z + |A| = |I'y| + |A|, we have z = [I'y| € {0,...,|T'| —1}. O
Corollary 2.66 (The signature is closed). Let ¥ be a well-formed signature
(Xsig) Ifa: AeX ora: A€ X, then FVv(A) = 0. Also, ifa:=t: A€ X,
then v (t) = FV(A) = 0.

2.14.5 Signatures

Definition 2.67 (Signature subsumption: ¥ C /). If ¥ sig, ¥’ sig, and all
the declarations in ¥ are present in ¥/, then we say ¥ C X',
That is, we have ¥ C ¥’ if, for every X, Xy:

(i) if ¥ =3%,,a: A, X,, there are ¥} and ¥ such that ¥ = ¥{,0: A, 3.

(ii) and, if ¥ = ¥;,a : A, X,, then there are ¥] and X} such that ¥’ =
a0 ALY,

(iii) and, if ¥ = ¥y, :=t : A, %,, then there are ¥} and X such that
Y =%,a:=1: A Y.

Definition 2.68 (Well-formed reordering). We say that ¥ is a well-formed
reordering of ¥’ if ¥ C ¥/ and ¥’ C X.

Lemma 2.69 (Signature weakening). Let ¥, ¥’ be signatures such that ¥ C
Y, and J a judgment. If ¥ - J, then X' + J.

Proof. By induction on the derivation. The constructed derivation for X' - J
consists of the same rules as the derivation for X + J. O

Lemma 2.70 (Piecewise well-formedness of typing judgments). If a typing
or well-formedness judgment holds (i.e. has a derivation), then each of its
elements are themselves well-formed or well-typed.

More specifically:

(i) If ¥+ T ctx, then ¥ sig.
(i) If ;T - h = A, then ;T F A type.
(i) If ¥;T - A type, then ¥ I'ctx.
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(iv) If ©;T + A= B type, then 3;T F A type and ;T + B type.
(v) IfS;THt: A, then &;T + A type.
(vi) IfS;THt=wu: A, thenX;THt: A and 5;T Fu: A

Proof. The first two statements are proved individually by structural induction
on the derivation.

(i) If ¥ F T ctx, then ¥ sig.

e CTX-EMPTY: By the premise, ¥ sig.
e CTX-VAR: Then I' = IV, A. By induction on X F I ¢tx, we have
. sig.

(ii) If ;T H h = A, then ;T + A type and X + T ctx.
In all five cases (VAR, META;, META,, ATOM and IF), by the premises of
the rule, ¥  I'ctx. It remains to show ¥;T" - A type.

e VAR: By Remark 2.13 (context inversion), X;T; F+ A type. By
Lemma 2.62 (context weakening), ;T - A type.

e META;, METAy, ATOM: By Remark 2.5 (signature inversion), ¥ =
¥, %, with ¥y;- F A type. By Lemma 2.69 (signature weakening),
3;-F A type. By Lemma 2.62, 3; '+ A type.

e [F: By the PI, BOOL, SET, VAR, HEAD, TRUE, FALSE and APP rules,
and then the TYPE rule, ¥;T' F (X : Bool — Set) — (y : Bool) —
X true — X false — X y type.

For the rest, we prove a stronger version using mutual induction.

iii) If ;T + A type, then ¥ T ctx.
By mutual induction on the depth of the derivation.
e TYPE: Follows by induction on ;" - A : Set.
iv) If 5;T - A = B type, then ;T + A type, ;T + B type, and ¥
T ctx.
By mutual induction on the depth of the derivation.
e TYPE-EQ: By induction on ¥;T'F A = B : Set, we have X; T ctx,

>;TF A:Set and ;T B : Set. By the TYPE rule, 3;T F A type
and ;' + B type.

v) If 5;THt: A, then ;T + A type and X F T ctx.
) 1f % ; ; ypP
e BOOL, SET: By the premises, ¥ F I'ctx. By the SET and TYPE
rules, ¥; " - Set type.
e PI, SIGMA: By induction on 3;T"F A : Set.

e TRUE, FALSE: By the premises, ¥ - I'ctx. By the BOOL and TYPE
rules, ;T Set type.



2.14. PROPERTIES 41

e ABS: By induction, ¥ F I, Actx and ;I A - B type. By Re-
mark 2.13 (context inversion), ¥ F I'ctx and 3;T - A type. By
Remark 2.15, ;' A : Set and ;T A+ B : Set. By the p1 and
TYPE rules, 3;T' - IIAB type.

e PAIR: By induction, ¥ F I'ctx and X;T" - A type. By Re-
mark 2.15, 3;T'F A : Set. By the premises, ;' - B : Set. By the
SIGMA and TYPE rules, X;I' - X AB type.

o HEAD: Follows by the premise ;' h = A and (ii).

e PROJ1: By induction, ¥ F I'ctx and 3;T" - ¥ AB type. By Lemma
2.53 (¥ inversion) and Remark 2.15, ¥;T' + A type.

e PROJ2: By induction and lemma 2.53 (¥ inversion), ¥ - I' ctx, and
;T A+ Btype. By Remark 2.15, ;T A - B : Set. By the
PROJI rule, ;' + f.m; : A. By Postulate 1 and the TYPE rule,
%, T+ B[f .m] type.

e APP: By induction and lemma 2.52 (II inversion), ¥ F I' ctx, and
:T'A + B type. By Remark 2.15, ;T A - B : Set. By the
premise, ;T - ¢t : A. By Postulate 1 and the TYPE rule, 3;T" F
B[f .m] type.

e« CONV: By induction on ;' A = B type, we have % - T'ctx.
>; '+ B type.

vi) If ;T Ht=wu: A, then 5T Ht: A STHu: A 5T F A type and
Y T ctx.

e BOOL-EQ (resp. SET-EQ): By the BOOL (resp. SET) rule, X;T +
Bool : Set (resp. ;T F Set : Set). By the premise, ¥ F I'ctx. By
the SET and TYPE rules, ;" F Set type.

e PI-EQ, SIGMA-EQ: By the induction hypothesis, ;"' A : Set and
;T Ak B: Set. By the PI (resp. sicMma) rule, ;T + ITAB : Set
(resp. ;T F X AB : Set). Analogously, X;T' - IIA’ B’ : Set (resp.
3;T'FXA'B : Set). By induction, 3;T' F Set type and X + T ctx.

e TRUE-EQ (resp. FALSE-EQ): By the TRUE (resp. FALSE) rule, ¥;T' F
true : Bool (resp. ;T I false : Bool). By the premise, ¥ F T ctx.
By the BoOL and TYPE rules, 3;T" - Bool : type.

e ABS-EQ: By the induction hypothesis, ;T - t : B, X; A F
B type and ¥ + I', Actx. By the ABS rule, ;" - A\t : IIAB.
Analogously, ;' Au : ITAB.

By Remark 2.13 (context inversion), ¥ + I"ctx and 3;T' F A type.
By Remark 2.15 and the P1 rule, ;T - I[TAB type.

e PAIR-EQ: By the induction hypothesis, 3;I' ¢, : A and ;T F ¢, :
Blt;]. By rule PAIR, ;T F (t;,t,) : XAB.
By the premise, ;' A+ B type. By Remark 2.15, By reflexivity,
:I'YAF B = B : Set. By the premise, ;' - ¢, = u; : A. By
Postulate 4, ¥;T" + B[t;] = Bluq] : Set, which, by the TYPE rule
gives ;' F BJt;] = Blu4] : Set.
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By the induction hypothesis, ;T F u; : A and ;T F uy = B[ty].
By the conv rule, 3;T" F uy : Bluy]. By the PAIR rule, ;T +
(uy,uq) : TAB.

Also by the induction hypothesis, ¥ - I'ctx and ;T - A type.
By Remark 2.15 and the siGMA rule, 3;T' F X AB type.

HEAD-EQ: By the premise, ;T - h = A. By item (ii), ;T +
A type and X + I' ctx. By the HEAD rule, ;' h : A.

APP-EQ (X;T + ft = gu : B[t]): By the induction hypothesis,
5Tk f:TIAB and ;T t: A. By the apP rule, ;T F ft: B[t].
Analogously, ;T F gu : Blu].

By the induction hypothesis, ;" - IIAB type and X;T ctx. By
Remark 2.15, ¥;T' - IIAB : Set. By Lemma 2.52 (II inversion),
5T'JA F B : Set. By reflexivity, ;A - B = B : Set. By
Postulate 1 (typing of hereditary substitution), ¥; T - B[t] : Set. By
Postulate 4 (congruence of hereditary substitution), ¥;T" F B[t] =
Blu] : Set. By the syM and cONV rules, ;T F gu : Blu].

PrROJ1-EQ (' F f.m; = g.m :+ A): By the induction hypothesis,
%k f: ¥AB with ;T - YAB type and ¥ F I'ctx. By the
PROJI rule, ;' f.m : A. Analogously, ¥;T'F g .7 : A.

By Lemma 2.53 (¥ inversion) and Remark 2.15, ;T - A type.

PROJ2-EQ (I'F f .1y = g .7y : B[f .m]): By the induction hypothe-
sis, X; 'k f: YAB with ;T + Y AB type and X F ' ctx. By the
PROJ2 rule, ;T F f.my : B[f .m].

By Remark 2.15 and Lemma 2.53 (X inversion), ;T A+ B : Set.

By the ProOJ1 rule, ;T + f.m; : A. By Postulate 1 (typing of
hereditary substitution), 3;T" + B[f.m] : Set. By Remark 2.15,
Tk B[f .m]: type.

Because X;T' - f = g : ¥AB, by the PROJ1-EQ rule, X;T'F f .y =
g.m = A. By reflexivity, 3;I'; A+ B = B : Set. By Postulate 4
(congruence of hereditary substitution), ;T + B[f .| = Blg .m] :
Set. Analogously to ;T F f .7y : B[f .m], 5;T F g.my : Blg.m].
By the sym and coNv rules, ;T + g .7y : B[f .mq].

ETA-ABS (3T F f = A\ (fV)0 : TIAB): From the rule premise,
;T'F f: IIAB. By the induction hypothesis, ;" - IIAB type
and ¥ F T'ctx. By Lemma 2.52 (II inversion) and Remark 2.15,
3 T'F A type, which means ¥ F T', A ctx.

By the rule premise and Lemma 2.62 (context weakening), 3; T, A -
f&U : TIAB. By the VAR and HEAD rules, ¥:T, A+ 0 : A. By the
APP rule, ¥;T, A+ f0 : B. By the aBs rule, ¥;T = A\.(fF1)0 :
IMAB.

ETA-PAIR (X;T+ f = (f .7y, f.7) : YAB): From the rule premise,

>;T'F f: ¥AB. By the induction hypothesis, ¥;I' - Y AB type
and X F T' ctx.

By Remark 2.15 and Lemma 2.53 (¥ inversion), ;' A+ B type.
By the PrROJ1 and PROJ2 rules, ;' F f.mr; : Aand ;T F fomy
B[f .m].
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By Remark 2.36 (hereditary substitution by a neutral term),
B[f .m 4.
By the PAIR rule, ;T (f .mq, f .my) : ZAB.

¢ DELTA-META, DELTA-IF-TRUE, DELTA-IF-FALSE (X;T ¢ = u : A):
By the premises, ¥;T'F¢: A and ;T u : A. By induction on the
premises, ¥ - I'ctx and ¥;T' - A type.

e CONV-EQ (X;T'F ¢t = u : B): By the induction hypothesis, Z; T ¢ :
Aand ;T u: A. Bytheconvrule, ¥;T'FHt: Band X;T - w : B.
By item iv), ;T F B type and X I T ctx.

e TRANS (X;T'F ¢ = v : A): By induction on ;T F ¢t = u : A, we
have ;' ¢ : A, ;' F A type and X + I"ctx. By induction on
;s ThFu=v:A, wehave ;T Fo: A

e SYM (5;T Fu=t: A): Follows by induction on ;T F ¢ = u.
O

Lemma 2.69 (signature weakening) shows that judgments may hold in
larger signatures. We postulate that there is a converse property in the other
direction; namely, that judgments also hold in smaller signatures as long as
they only use constants present in the smaller signature.

Postulate 12 (Signature strengthening). Assume X C ¥’  and let J be a
judgment. If ¥’ - J and coNsTS(J) C DECLS(X), then X+ J.

We also postulate that an analogous property holds for variables in a con-
text:

Postulate 13 (Context strengthening). If 3;T, 2 : A + J and = ¢ Fv(J),
then ;T F J(-1).

Lemma 2.71 (Variables of irrelevant type). Let B be such that ;T B type.
If;T,x: A J, and x ¢ ¥V(J), then ;T z: BF J.

Proof. By Postulate 13, Lemma 2.62 (context weakening), and the fact that,
if 0 ¢ Fv(J), then J(—1)(+1) = J. O

Lemma 2.72 (No extraneous constants). If ¥ + J, then CONSTS(J) C
DECLS(X).

Proof. By induction on the typing derivation, if ¥;T' ¢ : A then CONSTS(¢) C
DECLS(X).

Given a judgment J, we use Lemma 2.70 (piecewise well-formedness of
typing judgments), induction on the corresponding derivations and the above
result to show CONSTS(J) C DECLS(X). O

Remark 2.73 (Signature piecewise well-formed). By Corollary 2.66, all the
terms involved in a well-formed signature are closed terms. By Remark 2.5
(signature inversion), Lemma 2.69 (signature weakening) and Lemma 2.62
(context weakening), for any context I' with ¥ F I ctx, we have:

o Ifa: A€ X, then ;T - A type.
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o Ifa: A€ X then ;T A type.
o Ifa:=t: A€, then ;T A type and ;T ¢ : A.

Remark 2.74 (Simplified DELTA-META rule: DELTA-META). The following rule
is admissible:

Y FTcetx a=t:AeX
Wl'kFa=t: A

DELTA-META,

Proof. By Lemma 2.70 (piecewise well-formedness of typing judgments),
Y sig. By the META; and HEAD rules, ¥;I' - a : A. By Remark 2.73
(signature piecewise well-formed), ¥;T" - ¢ : A. By Definition 2.33
(iterated hereditary elimination), ¢t @ ¢ | ¢. By the DELTA-META rule,
Y;I'Fa=t: A O

Lemma 2.75 (Uniqueness of typing for neutrals). Let f be a neutral term
such that ;T F f: A and ;T F f: B. Then 3;T'H A = B type.

Proof. By induction on the structure of derivations for ;" F f : A and
»:I'+ f:B.
We proceed by case analysis on the derivations:

¢ One of the derivations ends in a CONV rule. Then, either:

e« ;T f: A, with ;T + A" = A type By the induction hy-
pothesis, ¥;T' = A’ = B type. By transitivity and symmetry,
;' A= B type.

e« X:I'F f: B, with ;' + B’ = B type By the induction hypothe-
sis, ;' A = B’ type. By transitivity, X;T'+ A = B type.

e Both derivations end in a HEAD rule: Necessarily, A = B. By Lemma
2.70 (piecewise well-formedness of typing judgments), ¥;T" - A type.
By reflexivity, ;' - A = B type.

¢ Both derivations end in an APP rule: Then f = f’ ¢, with ;T f" : TIU, V;,
Vi[t] U A, and 3;T + f' : TIU,V, with V,[t] | B. Also, ;T + ¢ : U;. By
the induction hypothesis, X;T' - 11U, V; = 11U,V type. By Postulate 10
(injectivity of IT), ;T U, F V; =V, type. By Postulate 4 (congruence
of hereditary substitution) and reflexivity, ;T F V;[t] = V,[t] type,
that is, ;' A = B type.

e Both derivations end in a PROJ1 or PROJ2 rule: Analogous to the previous
case, using Postulate 11 (injectivity of X) instead.

O

Corollary 2.76 (Uniqueness of typing for equality of neutrals). Suppose that
5; '+ he] = he; : B, and either 5;T'F he] : B or 3;T'F he; : B'. Then
SiTFhe;=he;: B

Corollary 2.77 (Uniqueness of typing for heads). Assume that ;T h: B.
Then ;T h= A, and X;T' + A = B type.
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Proof. By induction on the typing derivation for X;I" = h : B, we obtain
Y; T+ h = A (there are two possible cases, CONV and HEAD).

By the HEAD rule, ;' - h : A. Because h is a neutral term, by Lemma
2.75, ;' A = B type. O

Lemma 2.78 (Variable types say everything). Suppose ;T y : A, T x :
A & J holds, with ;T y : AT,z : A b o AFAT AN Thep .17y -
AT z: A’ F Jlxz  y]. (Note that, by Definition 2.21, the renaming [z — y]
is such that it leaves all variables except x unchanged.)

Proof. By Lemma 2.75 (uniqueness of typing for neutrals), 3;T,y : A,T”, x :
A A = AHAT"AY) type. By Postulate 13 (context strengthening) and
Remark 2.30, 3;I7,y : A,T” F A’ = AFOHD) gype.

Let I = IV,y : A, T”, 2 : ACUHD) " By Lemma 2.63 (preservation of
judgments by type conversion), 3:T' - J.

;T J[z + y] follows by induction on the derivation for ;" - J. We
detail the case for the HEAD rule followed by the VAR rule:

YT, Actx
Y0, A b o = AFOHTDHAHAD)
YT, A bz s AGAHT DEAHAD)

VAR

HEAD

We need to show ;T Al i y] bz - y] : AFOHTDGOHAD 3 1y 4,
By Remark 2.28 (renaming and free variables) and Remark 2.30 (properties of
renamings) this is equivalent to X; T, Az - y] by : AFCHTHAD [z 4],

By the induction hypothesis, ¥;T' F Az i y] ctx; that is, 5;T F Az —
y] ctx. Therefore, by the VAR and HEAD rules, we have:

SET,Alz b ylctx
YT, A by = AFCHTHAD)
ST.A - g AR

HEAD

Finally, from ;T F J[z  y], by Lemma 2.63 (preservation of judgments
by type conversion), we have ;T y : A T, x: A"+ J[z + y].
O

Lemma 2.79 (Typing and congruence of elimination). Assume X;T F fé" :
T, with ;T f: A.

Then, for every t, u such that X;T'+t = wu : A, there exist t' and v’ such
thatt Qe t',uQeélu, and ;T =o' : T.

In particular, by reflexivity, for every t such that X;I' -t : A, we have
tQelt and ;T T.

Proof. By induction on the length of €.

o 0: By Definition 2.33 (iterated hereditary elimination), t' = ¢ and v’ = u.
By Lemma 2.75 (uniqueness of typing for neutrals), 3; '+ T = A type.
By the cONV-EQ rule, X;T'Ft=wu: T; that is, ;T ¢ =’ : T.
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e n+ 1: We do the case where € = & v. The cases for € = €' .1, and
é = & .m, are similar, but use Postulate 7 (congruence of hereditary
projection) instead.

By Lemma 2.56 (neutral 1nver810n), Ik fe UV, 5T o :U
and V[v] |J. By the APP rule, 3;T F fé' v : V[v]. By Lemma 2.75,
5T FVy =T type.

By the induction hypothesis, (t @ €"){, (v @ &'){, and Z;T'Ht @ &' =
u @ ¢ : IIUV. By Postulate 6 (congruence of hereditary application),
there exist t' and u’ such that (t @ €)v{t’, (v @Q &) vu’, and ;T +
t' =u : V[v]. By the CONV-EQ rule, 5;T ¢ =o' : T.

O

2.14.6 Admissible rules

Lemma 2.80 (Simplified APP, APP-EQ: APP,, APP-EQq). The following rules
are admissible:

I'-f:TAB Tkt:A

APP,
Tk ft: B[

TFf=g¢g:TIAB Trt=u:A
'k ft=gu: B[]

APP-EQ

Proof. Use Lemma 2.52 (II inversion), Postulate 1 (typing of hereditary sub-
stitution), and Lemma 2.70 (piecewise well-formedness of typing judgments)
to derive B[t]|}. The consequent follows by APP and APP-EQ, respectively. [

Remark 2.81 (Cancellation of weakening with substitution). For every term
t((+1) + 1 + x)[z/z]t. (Note that, by Remark 2.36, for any term w and
variable z, u[x/x]{.)

Proof. By induction on the structure of . O

Lemma 2.82 (X inversion). If ¥;T'F At : IIAB, then ;T A+ ¢ : B.

Proof. By Lemma 2.70 (piecewise well-formedness of typing judgments), 3
Fctx and 3;T F IIAB type. By Lemma 2.52 (II inversion), ¥;T' + A type
and X; ', A+ B type. By the CTX-VAR rule, ¥ - T', A ctx.

By Lemma 2.62 (context weakening), we have ¥;T, A F A.(+(FD+1)) .
HAGD B(+1D+1) By the HEAD and VAR rules, ¥;T, A+ 0: A,

By Remark 2.81 (cancellation of weakening with substitution),
t(+D+010/0] | t and BUHD+Y[0/0] |} B. Thus, by Definition 2.32 (hereditary
elimination), (A.(t(+*D+1)) @ 0 |} . By Postulate 2 (typing of hereditary
application), 3; ', A+t : B. O

Lemma 2.83 (Injectivity of A\). If S;T'F At = Au: IIAB, then &; T, At =
u: B.
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Proof. As in the proof for Lemma 2.82 (X inversion), ¥ + T, Actx. By
Lemma 2.62 (context weakening), ¥;T, A F X (D)) = A (oD
HAGD B+ By the VAR and the HEAD-EQ rules, X;,z : A0 =0 :
AFD,

As in the proof of Lemma 2.82, (\.(tV*D) @ 0) |1, (A.(u/FV+D) @ 0) Ju,
and B{+V+1[0/0] | B. By Postulate 6 (congruence of hereditary application),
WIVAFt=wu: B. 0

Lemma 2.84 ({,)-inversion). If 5;T'F (t,u) : SAB, then ;T F ¢ : A, B[t]],
and ;T u : Blt].

Proof. By Definition 2.32 (hereditary elimination), (t,u) @ .y { t and (¢,u) @

o .
By Postulate 3 (typing of hereditary projection), ;T F t : A, B[t]| and
Tk w: B[t]. O

Lemma 2.85 (Injectivity of (,)). If 3;T F (¢;,t5) = (uy,uy) : LAB, then
S5;THt, =uy: A, B[ty and ;T F ty = uy = B[ty].

Proof. By Definition 2.32 (hereditary elimination), (¢;,t5) @ .y | ¢,
(ug,uq9) @ oy 8y, (t1,t5) @ .y by, (ug,ug) @ .7y | us.

By Postulate 7 (congruence of hereditary projection), 3;T' F ¢, = uy : A,
B[t;]y and ;T F ty = uy : Blty]. O

2.14.7 Term reduction

Lemma 2.86 (Equality of dn-reduct). If 5;T'Ft: A and 3;T t—r5,u A,
then 3;TFu: A and 5;THt=u: A.

Proof. By structural induction on the derivation of ;T ¢ R U A. O

We postulate that dn-reduction characterizes term equality: that is, two
terms are equal if and only if they can be reduced to a common form.

Postulate 14 (Existence of a common reduct). Given X;T'F ¢ = u : A, there
exists v such that ;' —F v Aand 5;TFu U A.

Definition 2.87 (Full normal form: ;T k¢ >=55, : A). We say that a term
t is in full normal form (written ;T = ¢ =55, = A), if ;T ¢ : A and there is
no v such that ;' =t —, v A

Postulate 15 (Existence of a unique full normal form). If 3;T' ¢ : A, then
there exists v such that X;T' -t —3, v: A, and 5;I' o5, A

Remark 2.88 (Existence of a common normal form). Given Z;T FH¢ =wu: A,
there exists v such that 5;I' = ¢ —§ v : A ST F o g U A, and
il v=s5, : A

Proof. By Postulate 15 and Postulate 14. O

Remark (Uniqueness of full normal form). Let vy, v, be terms such that ;T +
v =F 5, 0 Aand BT F oy =5, + A

(1) X I'Fv =vy: A, then v; = v,.
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(ii) If there is t such that 3;T' ¢ —5, vy : A and 35T =t —, vy A, then
Ul - rU2.

Proof. Statement (i) follows from Postulate 14. Statement (ii) follows from
Lemma 2.86, symmetry and transitivity of judgmental equality, and (i). O

Remark 2.89 (Disjointness of primitive types). For any T, it is not possible
to have more than one of ¥;I' H T = Set : Set £;I' H T" = IIA; B, : Set and
S;I'FT =XA,B, : Set for any A, Ay, B; and B,.

Proof. Proceed by contradiction. If more than one of the equalities hold (in
particular, two of them) then, by Lemma 2.54 (term equality is an equivalence
relation) and Postulate 14 (existence of a common reduct), this means there
exists r such that two of the following hold ;T F Set 5 T Set, ;T
Bool —3, 7 : Set, ¥;I' FI1A; By —, 7 : Set, and X;I' = XA, By —5, 7 Set.

For the first and second cases, none of the rules in Definition 2.41 (8m-
normalization step) apply, so r = Set and r = Bool respectively. In the third
case, only the rules I1; and II, apply, which means that r = ITA] B} for some A}
and Bj. Similarly, in the fourth case, only the rules ¥; and X, apply, therefore
r = YA;B; for some A) and Bj. All of these alternatives are incompatible;
therefore at most one of the equalities holds. O

Lemma 2.90 (Reduction under equal context). If ¥;T" F ¢ —gyu: T and
D, T =1",T ctx, then ;1" g, U 7.

Proof. The case with one step follows by induction on the structure of the
derivation. The general case follows by induction on the number of steps. [

Remark 2.91 (Inversion of reduction under A). If ;T = A. f —rgqA-g T, then
there are A, B such that ;T AF f —5n9: B and ;' =T = IIAB type.

In fact, for any A’, B’ such that X;T' = T = IIA’B’ type, ;I A’
f—%,9: B

Proof. We proceed by induction on n.

e 0: By Lemma 2.57 (type of A-abstraction), 3;T' F T = IIAB type for
some A, B. By definition, 3;T, A& f—3 f: B.

e n+1: We have ;' = A f —5, A.fo : T" and E;Fl—)\.foﬁg‘n Ag:T

By case analysis, the only possible rule for 3;I" = A.f —5, A fy : T is
X. Therefore, there are A, B such that ¥;I' A = f—5, fo + B and
¥, I'-T =11AB type.

By the induction hypothesis, ¥;I', A" & f, —%, ¢ : B for some A" and
B’, with ;' = T = IIA’B’ type. By Postulate 10 (injectivity of II),
YFT,A B =T,4, B ctx. By Lemma 2.90 (reduction under equal
context), 3; T, A F f, —%5y, 9 ¢ B. Therefore, ;T A+ f —>’gn+1 g: B.

By Postulate 10 and Lemma 2.90, the property holds for any A’, B’ such
that ;' T = IIA’B’ type. O
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Remark 2.92 (Inversion of reduction under (,)). I 3T F (fy, fo) —7%, (91, 92)
T, then there are A, B such that ;' =T = ¥ AB type, ;' f; —>§:]1 g A
and 33T F f, —4 g5+ Blfy], with my +my = n.

In fact, for any A’, B’ such that ;T + T = XA’ B’ type, there exist m]
and mj such that ;T f; 7% g+ A and 5T F f, —72 g,  B'[f,), with
mj +mjH =n.

Proof. The proof is analogous to Remark 2.91 (inversion of reduction under
A). O

Remark 2.93 (Strengthening of hereditary substitution and elimination). For
all z, t, u, with z ¢ Fv(t), x ¢ Fv(u), z >y, if t{u/y] § v for some v, then
t(71)+z[u(71)+z/y} ) U(*l)‘FI.

For all x, t and é, with = ¢ Fv(t) and x ¢ FV(é), if t @ €| u for some u,
then t(71)+m Q@ 6(71)+:c llu(fl)qu'

Proof. By mutual induction on the derivations (see Definition 2.31 (hereditary
substitution) and Definition 2.32 (hereditary elimination)). O

Remark 2.94 (Strengthening of reduction). If ;I A, A bt —i 7 : B, |A[ ¢
FV(t) and |A[ ¢ FV(B), then ;T AU 1 ¢DHAL m ¢/ (ZUHAL, pEEUHAL

Proof. By Remark 2.43 (free variables of dn-reduct), |A| ¢ Fv(t') C FV(¢).
By induction on m, then by induction on the derivation (see Definition 2.41

(dn-normalization step)), using Postulate 13 (context strengthening) and Re-
mark 2.93. O

2.15 Weak head normalization (\)

In this section we define a special case of dn-reduction, which is i) fully de-
terministic, and ii) can be performed with knowledge of just the signature in
which the term is typed, but not necessarily the context or the type.

WHNF is used for defining type application (Definition 2.104), and for
determining which unification rule to apply in the unification algorithm (Sec-
tion 5.1).

Definition 2.95 (Weak head normal form: ¥ F ¢\, u). Given a signature
3, the relation X F ¢ \, u is inductively defined as follows (the signature ¥ is
implicit):
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Bool \, Bool
SAB \, YAB
IMAB \, IIAB
Set N\, Set
c \y ¢
At N\ At
) N ()
xe N\, x€
0€ N\, ©¢€
aé N, ou if a=t:AcXand (tQ@¢é)|u
and u \, v’
a€ N\, «aé if  « is uninstantiated in X
ifer N\, ifé if n<3
ifAbtue \, t’ if b\ trueand (¢t @ €) § ¢t and t' \,t”
ifAbtue \, u” if b\ false and (u @ €) | v’
and v\, u”
ifAbtué N\, ifAb tué if b\, b and b’ # true and b’ + false

Remark 2.96 (WHNF reduction is deterministic). If ¥ F t\juy, and ¥ F ¢\ uq,
then u; = u,.

Proof. By induction on the derivations, noting that given a signature ¥ and a
term ¢ (typed or untyped), there is always at most one case in Definition 2.95
(weak head normal form) which applies to ¢. O

Remark 2.97 (WHNF reduction is dn-reduction). If ;T F¢: A and ¥ F t\u,
then Z;I‘l—t—>§nu:A

Proof. By induction on the derivation for ¥ ¢\, u. O

Lemma 2.98 (Equality of WHNF). If ;T & ¢ : A then there is u such that
ShEtNu, with 2;TFu: Aand S;THt=w: A.

Proof. We first show the following property: If 3;' ¢ : A and 2v.X -t \ v,
then there exists u such that ;' =t —5, u: A, ;' w: Aand 0.3 - uNo.

We proceed by induction on ¢, and the fact that Zv.X - ¢ \ v, we are in
either one of these four cases:

o Caset = aé, with a:=t:T € X. By postulates Postulate 2 (typing
of hereditary application), Postulate 3 (typing of hereditary projection),
(t @ €) § u. By META, 35T F ¢ —5, u : T, which by Lemma 2.86
(equality of dn-reduct) means X;T  u : T. Because #v.X F t N\, v, by
Definition 2.95 (weak head normal form), then Zv.3 - u \, v.

o Case t = if Abtyuyé, with Ab".X F b\, b: By Lemma 2.56 (neutral
inversion), ;T F b : Bool. By induction, there exists b" such that
3T F b —5, 0"« Bool, 35T = 8" = Bool, and AT b N\ b, Let
u=1if Ab t;uy €. By App,, we have 3;I" -t —;5, u: A. And, because
26”35 b\ b” and the form of u, Av.2 - u \ v.



2.15. WEAK HEAD NORMALIZATION 51

o Caset =ifAbtyuge, with ¥ F b\ true, t = if Abtjuyé€, with ¥
b\ false: They are analogous to the case for t = a é, with a:=1¢: T € 3.

Note that the u in the property fulfills the same conditions as t. Therefore,
given ;T F ¢ : A and Z0.X + ¢t \ v, we can construct an infinite chain of
reductions starting from ¢. This contradicts Postulate 8 (no infinite chains).
Therefore, if 3;T'F ¢ : A, then there is v such that ¥ F ¢\, u.

By Remark 2.97 (WHNF reduction is dn-reduction), ¥ + ¢\, u implies
E;I'Et—5, u: A; and by Lemma 2.86 (equality of dm-reduct), this means
that 5; Tt =wu: A

O

Lemma 2.99 (Term in WHNF). Assume that ;T Ft: A, and £ -t N\, u.
Then, either:

e u = Bool.

u = XAB for some A, B.

u = ITAB for some A, B.

u = Set.

e U=2°¢C.

u = A’ for some term u’.

u = {uy,uq) for some term uy and u,.

e u =z € for some variable x, and vector of eliminators €.

u = 0 € for some atom @, and vector of eliminators €.

u = a € for some metavariable o such that « is not instantiated in 3.

o u =ifé", where n < 3.

uw = if Abtué, where neither X;T - b = true : Bool nor ;T + b =
false : Bool.

Proof. By induction on the derivation for ¥ F ¢\, u, and the typing rules. [

Definition 2.100 (Head of a term: Set, X, II, Bool, A, h, ¢, {_,_)). When
discussing terms, we will often refer to the “head” of a term. The head of a
term or type is its “top-most” syntactic element. More specifically, the head
of a term can be any of Set, ¥, IT, Bool, A, h, ¢, or the pair constructor (_, ).

The weak-head normal form determines the head of term. In particular:

Lemma 2.101 (Nose of weak-head normal form). Let T' be a term such that
;=T : Set.

(i) If ;T =T = AB : Set, then there are A’, B’ such that ¥ F T\JJIA'B’.
(i) If ;T =T = X AB : Set, then there are A’, B’ such that X+ T\ X A'B’.
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Proof.

(i) By Lemma 2.98 (equality of WHNF'), there is U such that ¥ - T\,U and
;' T = U : Set. By transitivity, this means ;' U = IIAB : Set.

By Postulate 14 (existence of a common reduct), there is V' such that
ST F U —=3, V + Set and ;T F IAB —}, V : Set. By Definition 2.41
(dn-normalization step), V is necessarily of the form ITA” B”.

By Lemma 2.99 (term in WHNF), and the fact that ;" - U — %
ITA” B” : Set, we have that U is necessarily of the form ITA’ B’ for some
A’ and B’, as it is the only alternative listed in Lemma 2.99 (term in
WHNF) which can reduce to a II-headed term.

(ii) Same as the proof for (i), replacing IT with X.
O

Remark 2.102 (Preservation of free variables by WHNF). If ¥ F ¢\, u, then
Fv(u) C FV(t).

Proof. By induction on the derivation. O

2.16 Type elimination (@)

The type of a neutral term is fully determined by the head and its type. We
now give a deterministic procedure to obtain this type given a signature and
a context.

Definition 2.103 (Type elimination: ;T F (h :) Qel U). In a signature ¥
and context I', the elimination of the type of a head h by a spine €, resulting
in a type U (written 3;T'F (h:) @ € || U) is defined as follows:

SiTk(h:) Qe T if S THh=T

SiTH(h:) QeulU if ;T (h:)@él|Tand
Y+ T\, IIAB and
;TFu: Aand

Blu] | U
SiTH(h:)@Qém | A if Y;TF(h:) @él| T and

ST\, TAB
SiTH(h:) Qé.m | Blhe] if Xk (h:) @2 T and

ST\, TAB

If the elimination spine € consists only of terms (i.e. € = E), then ;1"
(h:) @ % only depends on the type T such that X;T' - h = T. Therefore:

Definition 2.104 (Type application: ;T - T Qfl U). In a signature ¥
and context I', elimination of a type T' by a spine t, resulting in a type U
(written T @ £ |} U) is defined as follows:
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SSTFT Qe T

SSTFTQfulU if S;THT Q{7 and
YT N JAB and
¥;I'tu:Aand
Blu] 4 U

Remark 2.105 (Type elimination without projections). If ¥;T'+ h = T, then
YTk (h:) Qty T ifand only if 2;T T Q £} T".
The relation @ is consistent with the typing rules.

Lemma 2.106 (Type elimination). If$;T + (h:) Q2| B, then ©;T + hé: B.

Proof. By induction on the derivation of ;" F (h :) @ ¢} B. Use Lemma
2.98 (equality of WHNF) and the CONV rule. O

Lemma 2.107 (Type elimination inversion). Assume that ;T F hé : B.
Then ;T F (h:) @ €| B’ with ;T + B’ = B type.

Proof. By induction on the derivation for ;' hé: B.

o HEAD (base case): Then é = ¢, and, by the rule’s premises, ;' - h = B.
By Definition 2.103 (type elimination), ¥;T'F (h:) @Q ¢ |} B.

e CONV: By the premises, X;T' - hé : B” for some B” with X;T' - B” =
B type.

By the induction hypothesis, ;T + (h :) @ €l B’ for some B’, with
;' B” = B’ type.

By symmetry and transitivity, X;I' = B’ = B type.

e APP: Then € = € u, and we have ;"' - hé : IIA’B’ for some A’ and
B’, with ;T Fu: A and B = B'[u].
By the induction hypothesis, ;T F (h :) @ € J U, with ;T + U =
IIA’B’ type.

By Lemma 2.101 (nose of weak-head normal form), ¥ - U \,II4 B, for
some A, and By. By Lemma 2.98 (equality of WHNF') and transitivity,
5T HTIA'B =114, B, type.

By Postulate 10 (injectivity of IT), X + T, A’, B’ =T, A, B, ctx. By the
coNV rule and Postulate 1 (typing of hereditary substitution), By[ul]{.

Thus, by Definition 2.103 (type elimination), ;T F (h :) Qe ul By[ul.

Finally, by Postulate 4 (congruence of hereditary substitution), X;T" F
Bylu] = B’[u] type; that is, ;' - By[u] = B type.

e PROJ1, PROJ2: Analogous to the APP case.
O

Remark 2.108 (Uniqueness of head type lookup). If ¥;I'h = A and ;T
h= A" then A= A".
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Proof. By case analysis on the derivations of ¥;I' - h = A and ;T F h =
A O

Lemma 2.109 (Type application inversion). Assume that ;T F hu : B.

Then there is a unique A and a B such that ;T h = A, ;T A Qi B,
and ¥;T'+ B’ = B : Set.

Proof. Analogous to the proof of Lemma 2.107 (type elimination inversion).
Uniqueness follows from Remark 2.108 (uniqueness of head type lookup). O

Lemma 2.110 (Type of hereditary application). Assume ;' ¢t : A, and
Y>I'FAQul A. Thent Qu | t', and 3;T = t' + A’ Additionally, if
S;Thty=ty: A, thent; Qult], t, Qudty, and ;T Ht; =t : A,

Proof. By induction on the length of %, using Postulate 2 (typing of hereditary
application) and case analysis on ;' - A Q i A’ to build the typing
derivation. For the second part, by induction on the length of u and using
Postulate 6 (congruence of hereditary application). O

Lemma 2.111 (Application inversion). If 3;T'F héué’ : T, then there are
A, U and V such that S;TF (h:) @ A, S+ ANIUV and ;T Fu: U.
Also, 5;T' H A =TIUV type and ;T - hé : TIUV. Furthermore, if ;T F
hé: UV’ then ;T = U = U’ type, then ;T U =V =V’ type, and
S:T'Fu:U’ type.

Proof. By Lemma 2.107 (type elimination inversion), ;T (h :) Qéue VT,
for some Tj,.

By induction on the derivation of ¥;T" F (h :) Q éu ¢'l}, we have ;T
(h) @&y C and &+ C\IUV. By Lemma 2.98 (equality of WHNF),
5, T'F C = 1IUV type. By Lemma 2.106 (type elimination) and the cONV
rule, X; ' hée: TIUV.

By induction on the derivation of ¥;T' = héué : T, we have 3;T F hé :
[MHAB and ;T F u : A.

By Lemma 2.75 (uniqueness of typing for neutrals), ;T + IIAB =
IIUV type. By Postulate 10 (injectivity of II), 3;T' - A = U type. By the
CoNV rule, ;T Fw: U.

By Lemma 2.98 (equality of WHNF), ;T = A = IIUV type; and by
Lemma 2.106 (type elimination), ¥; T+ hé: TIUV.

By Lemma 2.75 (uniqueness of typing for neutrals), and Postulate 10 (in-
jectivity of I1), ;T U = U’ type and ;T U -V =V’ type. By the conv
rule, ;T - u : U’ type. O

Lemma 2.112 (Iterated application inversion). Assume ;T F ha™ : T.

Then there exist A and B such that »WIET = IIAB type and ;' - hd™ :
IMAB.

Proof. By induction on n and Lemma 2.111 (application inversion). O

Lemma 2.113 (Projection inversion). If ¥;T + hé.m e : T or ;T F
hé.myé : T, then there are A, U and V such that ;T F (h:) Q € A and
YEANXUV. In particular, ;T H A= XUV type, and ;- he: XUV,
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Proof. Analogous to the proof of Lemma 2.111 (application inversion). O

Definition 2.114 (Type application, reversed: ;I - T QR £l U). Given
a signature ¥ and context I', reverse elimination of a type T' by a spine t
resulting in a type U (ertten TQi{|U ) is defined as follows:

SSTHFT QR e || T

S THT QR wf T’ if S+T,IAB and
Y;'Fu:Aand
Blu] | B” and
S\ THB QR {4717

Lemma 2.115 (Type application, reversed). We have L;T T @ Lty uUif
and only if S;T T QR § ) U.

Proof. We show the following, stronger property: “For all V', we have ¥;T" -
T @ty Vand STV @R 4| Uif and only if ;T HT @R {4 U
By induction on the derivation of &;T T @Q £ |} V:

e Case ;' T @ 2z | V: Then by Definition 2.104 (type application),
necessarily 7= V', and the property holds trivially.

e Case ;T'HT Qv V: By Definition 2.104 (type application), ¥;T" +
T @ tv Vand ;T +HV QR 4 | U are equivalent to having ¥;T"
T@FLV/, Sk VN\JIAB, S+ v: A, Blu]lB’ (and ¥; ThVaRa | o),
for some A, B. By Definition 2.114 (type application, reversed), this is
equivalent to (X;T H T @ ¢ 4 V' and) ;T F V/ @R v@ | U. By the
induction hypothesis, this is equivalent to ;"' + T QR fva JU.

The lemma follows from the property by taking @ :=¢ and V :=T. O

Lemma 2.116 (Free variables in type application). If 3;T'+ T Qftl A, or
YT T QR £L A then #v(T) UFV(t) D A.

Proof. By Lemma 2.115 (type apphcatlon reversed), it suffices to show the

property for the case 3" = T Qf J A. We proceed by induction on the
derivation of ;T T Qt I A, using Remark 2.102 (preservation of free vari-
ables by WHNF) and Lemma 2.51 (free variables in hereditary substitution)
for the inductive step. O

Lemma 2.117 (Commuting of renamings with hereditary substitution and
elimination). The following hold:

(i) If tlu/z] |} 7, then tPH=+V[ylp+e) /o] || plote),
(i) If (t @ &) | u, then (t* Q &) || u”.
Proof. By mutual induction on the derivations. O

Lemma 2.118 (Commuting of renamings with WHNF). Let p be a renaming,
if X Et N\ u, then X P\, u”.
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Proof. By induction on the derivation, using Lemma 2.117 (commuting of
renamings with hereditary substitution and elimination). O

Lemma 2.119 (Commuting of renaming with reversed type application). The
following hold:

(i) Assume $;T" F A type. IfS;T,T” - T QR G U, then $;T7, A, T”(HD)
TEDHE| @R 7(+1)+T7] JUty +|F”|

(i) If ST,y : AT, 2 : A\T” =T QR 4 U, with ST,y + AT,z
A b g AFATNAN  ypen 5Ty AT z: A\ T[e =yl F Tle -
yl Q@ iz -yl Y ULz - ).

Proof. By induction on the derivations, using Lemma 2.98 (equality of WHNF')
Lemma 2.118 (commuting of renamings with WHNF), Lemma 2.78 (variable
types say everything) and Lemma 2.62 (context weakening). O

The following lemma is key for ensuring that metavariable solutions are
well-typed:

Lemma 2.120 (Typing of metavariable bodies). Assume we have o : A € ¥,
with ;T - ax™ : B, where all the variables in the vector T are pairwise
distinct. Let t be a term such that ;T -t : B, and vv(t) C {Z}. Then,
Y-E AT g A and (M ETH g]) Q 2 |t

Proof. We show the following (stronger) property:
For all A" =Ty with " = (|A"[ = 1),...,0; I' =T, with Z = (|T'| = 1),...,0,
{Z} C {Z} with all variables in 2 pairwise distinct, A’, B” and ¢, suppose:

(i) Z; A" F A’ type,

(i) ;AT = ACITD @R g0 ) B/,
(iii) DA T Ft: B,
(iv) FV(A’) C {y’} and

—(+IT)

(v) FV(t) UrV(B’) C {Z} U {y’ }.
Then there exists A = T;n with § = (JA] —1),...,0 such that ;A" -

— r — A )
naB i e 7 g) = A type, and SALA F iy ‘,:c =
—(+IAl)

= (+TD —(+A])
Bl i ey g
The proof proceeds by induction on Z.

In all cases, note that the variables in # must be pairwise distinct for the
(+\ D —=EAD
renaming [ , Ty ,J]” to be well-formed.

e &t Take A=, S; A/ T+ A @R ¢ || p/ implies B’ = A’HITD - Also,
—(+|T)

B/[?(+‘F‘)7f s y (H D } B/[ ] (=) A/(HF‘ -1 —
+[T)) +lA])
A’. Thus, by reﬂexiwty, A+ B’[ A ‘ l Ty ( A0 , U] = A’ type.
(+[T])

By the assumptions Fv(A’) C {y’} and Fv(t) UFV(B') Ce U {y’

.
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By Postulate 13 (context strengthening), ¥; A’ - ¢=1 - B’1). By con-
(+IT]) = —(+|A]) —(+T])

struction, t[y’ | =tly — 3/] = t1), and, as shown

T A T
carlier, B'ly’ | 57 "] = B'CT). Therefore, 5 A” b [y
(HAD, D) —(+AD
Y |: B'ly oy ]

o z’/ #": By Definition 2.114 (type application, reversed), we have (i) ¥
AUTIN UV, (i) $; AT F 2’ - U, (i) V[2']{ and (iv) ;AT F
V[z'] @ 77 | B’; where I =T",U’, T for some U’, and 2’ = |[T'”|. Let
xo Z 0; thus 2/ = xéﬂr b,

.+
Because Fv(A4") C {y’(H D}, by Remark 2.102 (preservation of free

variables by WHNF) then also rv(U) C {?(HFI)}' Therefore, UIFD
is well-defined, and, by Postulate 13 (context strengthening), ¥; A’
U(f‘r‘) type

By Lemma 2.62 (context weakening) ;A y, : U TEHED |
tHDFTT s BT that is, B3 Ay, : UCED TG GO+,
(D)) (4T BT et gy 2

From ;A" T" F 2’ : U and by Postulate 13 (context strengthen-
ing), L;A TV, zy : U F zy : U, By Remark 2.30 (proper-
ties of remamings), ¥; A IV, z, : U + xz, : UCTIHIUD - By
Lemma 2.62 (context weakening), ;A" y, : UCID T/ g
U/OH Ty U EITD DU DD+ U7]) By Remark 2.30,
Ay - U(*\F\)’F/(+1)’x0 DT g : UEThHu U,

By Lemma 2.78 (variable types say everything) ¥; A’ y, : UCTD T
to : By, where Ty = ['(1), g/ ((UHID (Dr(GDH 0D oy g E7DY
ty = tDHTD Dy SIPWUSED) g B o BT
(+r",u,r”))

Yo J-

Note that [IV,U’,T”| = |[I'| = |T'y|]. By Remark 2.102 (preservation of
free variables by WHNF), rv(V) C {0} U (rv(A’HTD) +1) C {0} U
LN

{y
By Postulate 13 (context strengthening), ;A TV,z" : U F 2’ :
UMD By Lemma 2.62 (context weakening), X;A’, UCITD p/(+1)]
U/ DU R D0+ Note that Fv(U) C
{JA",T] = 1,...,|T]}, ie. FVOCIDYy € (A, T, U'| — 1,..., 17, U’|}.
Therefore, U DGOHU) — D)) - By Remark 2.30 (prop-
erties of remamings), UCIT'N(E) = yELNEHULUD) - Therefore,
s AL UETD D) gD Ty UEIThu.r v’

Thus, by Lemma 2.119 (Commuting of renaming with reversed type

application, (i) and then (ii)), $; A", UCTD T =V, @R 2" | By, where
(+|T7]) (+|T7)) r

Vy = Viz | |]<(+1)+\r|>[l,0 VN yéﬂ |>}'

Similarly, by Lemma 2.62 (context weakening) and then Lemma 2.78
(variable types say everything), ¥; A, UI'D T\ -V, type. Note that
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Ve € Fv(Vy).x > |Ty|. By Postulate 13 (context strengthening) (and

noting |T| = [Ty|), £ A7, U | yi-Fo) type.

By Lemma 2.40 (correspondence between renaming and substi-

tution) and Remark 2.29 (composition of renamings), V, =
(U —(+u,r

V[y/( | |)75(+1)70|_>y’< | D@',yéJ ] Note that {ZFVYNFrv(V) = 0.

By Remark 2.29, Definition 2.23 (strengthening), Definition 2.22

(weakening) and Definition 2.24 (weakening of renamings), V, =
Y (=ITD+D T |

By Remark 2.28 (renaming and free Variables) we have Fv(V,) C
(FV(V))« P+DET) — (o3 U {7 T ) Y

o) T, By Remark 2.28 and Remark 2.30 (properties of renamings),
[Ty (1)
FV(V ’ g {(y/ 7y0)}'

(1
Similarly, Fv(to) UFV(By) C {7} U{@ T yo) HITDY.
By the induction hypothesis (instantiating A" := (A’, U-ToD)) T := T,

- - (41
A= VD B o Boand ¢ = ty, thus § = (7 yo)), there
exists A, with |A;| = n such that ¥; A/, UCT) + TIA, B, = V; type

)

and 2 A/ U(flr“)’Al F tl : Bl Where y (|A | _ 1) 0, B1 _
—(+1) ~ —(+A)) —(+1) R
Byl(y" ,yo) HFol 7 Y RTRE tl = tol(,yo) T 7 s
ZHAD (—IT)
Y Y] and Vi = V570

Note that |T| = |T|. Take A £ (U A}) and § 2 (y" ™ 777) =
(1A= 1),...,0).
),

By Remark 2.29 (composition of renamings), B; = B[y A
— —(+T —
y A U, t = t[y’(H D,x’,f =y A ,J]. (Note that all the variables

in (a’,2) are distinct and smaller than |T'|, so the renaming is indeed
well-formed).

This gives X; A, A + t[ A R 77<H . gl : B’[_’(-H . I S

—(+|A])
Yy’ ).

As shown above, ¥; A/, U - TIA, B, = V] type. By Remark 2.30
(properties of renamings), V; = VEITD+1 By reflexivity and the PI-EQ
rule, ¥; A’ - TIAB, = DU (VEITD+) type.

By Lemma 2.62 (context weakening), ¥; A’ = A’ type. Because
Y+ AN TIUV, by Lemma 2.98 (equality of WHNF), ;A +
A'HP) = TIUV type. By Postulate 13 (context strengthening), ¥; A’
A’ = (mUV)-IT type.

By Definition 2.20 (renaming), transitivity and symmetry of equality,

S A OA(B [y Al D,xo,g'c’Hy A ,4]) = A’ type.

We now use the property to prove the main theorem.
By the META; rule, ;T F a = A®TD, By Lemma 2.109 (type application

inversion) and Lemma 2.115 (type application, reversed), %;T" + AT @R
Z || B’ for some B’, and ;"' = B = B’ type. By the coNv rule, ;T F ¢ :
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B’. Because X sig, we have ¥,;- - A type for some ;. By Lemma 2.65
(no extraneous variables in term), this means Fv(A) = (. By Remark 2.28
(renaming and free variables), Fv(A*')) = (. By Lemma 2.116 (free variables
in type application), Fv(B’) C {#} Urv(AFITD) C {z} U ).

By applying the above-proven property with A’ := ¢, y/ := &, T’ := T,
B =B, A=A t:=t 2 =1, we have ¥;- - IIA(B'[Z — jj]) = A type,
and ¥; A F ¢[2 — y] : B'[Z — §], where A = Tym and § = (JA]—-1),...,0. By
the ABs rule, ;- F Ay".t[Z — y] : HA(B’[Z + 3]), which by the CONV-EQ rule
gives X;- F Ay .t[Z = g : A.

Finally, by induction on n, using Definition 2.33 (iterated hereditary elimi-
nation), Definition 2.32 (hereditary elimination), Lemma 2.40 (correspondence
between renaming and substitution) and Remark 2.29 (composition of renam-
ings), \y".(t[z — y]) @ Z | ¢.

O

2.17 Metasubstitutions (O)

Metasubstitutions are signatures which instantiate all the metavariables with
terms containing no metavariables.

Definition 2.121. Metasubstitution: ()

= empty metasubstitution
0,0: A atom
| o,
| ©,a:=

,a:=t: A metavariable instantiation

Definition 2.122 (Well-formed metasubstitution: © wf). A metasubstitution
© is well-formed (written © wf) if it is well-formed as a signature, and none
of the types and terms in it contain any metavariables:

7 EMPTY
o wf
o is fresh in © O; - A type METAS(A) = ()
SUBST-AXIOM
0,0: Awf
owf
a is fresh in © O;-Ft: A METAS(t) = METAS(A) = 0)
SUBST-META
O,a:=t: Awf

Remark 2.123 (Metasubstitutions are signatures). Given a metasubstitution
O, if © wf then O sig.

Furthermore, if © is a metasubstitution such that, for all a : A € O,
METAS(A) = (); and, for all o := ¢t : A € ©, METAS(t) U METAS(A) = (; and
O sig, then © wf.

(Note that, by Lemma 2.70 (piecewise well-formedness of typing judg-
ments), if ©;-F ¢ : A then ©;-+ A type).

Definition 2.124 (Metasubstitution subsumption: © C 0"). We say © C ©’
if © wf, ©’ wf, and, when taking © and ©’ as signatures, © C ©’.
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Definition 2.125 (Compatible metasubstitution: © F X). We say that © is
compatible with ¥ (written © F X) if © wf, ¥ sig, DECLS(0) = DECLS(X),
and, for every judgment J, if ¥ F J, then © - J.

Definition 2.126 (Declaration: (D)). Each of the elements of a signature is
a declaration. If D is a declaration, then either D = a: A, D = o : A or
D=a:=t:A.

Definition 2.127 (Compatibility of a metasubstitution with a declaration: ©
compatible with D). We say that a metasubstitution © is compatible with a
declaration D if any of the following hold:

e D=q:A and ©;-Fa: A.
e D=a:A and ©;-F «a: A.
e D=a:==u:A,and ©;-Fa=u:A.

Remark 2.128 (Compatibility with a declaration as a judgment: J = D).
Given a declaration D, there is a judgment J such that, for any metasubsti-
tution ©, © is compatible with D if and only if © - J.

Proof.
e f D=0:A,then J=-Fa:A.
e f D=a: A, then J = -+ a: A.
e f D=a:=u:A then J=-Fa=u:A.
O

Remark 2.129 (Alternative characterization of compatibility of a metasubsti-
tution with a declaration). A well-formed metasubstitution © wf is compatible
with a declaration D iff any of the following hold:

i) D=a: A, and there is o : B € © such that ©;-+ B = A type.
ii) D=a: A, and thereis a:=t: B € © and ©;-+ B = A type.

iii) D=a«a:=t: A, and there is a:= u : B € © such that ©;- - B = A type
and O;-Ft=u: B.

Proof.

<. Follows from the typing rules.

=-. Follows by induction on the derivation of © wf.

O

Lemma 2.130 (Alternative characterization of a compatible metasubstitu-
tion). Let © be a well-formed metasubstitution, and ¥ be a well-formed sig-
nature. We have © E X if and only if DECLS(O) = DECLS(YX), and, for each
declaration D € X, D is compatible with ©.
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Proof.

=. Assume O F X.

e ao: A € X. By the rules ATOM and HEAD, X;- F @ : A. Because
O F X, we have ©;-Fa: A.

e «a: A€ X By the rules META; and HEAD, ¥;- - « : A. Because
O F X, we have ©; -+« : A.

e a:=t:A€X. By therule DELTA-META(, ;- F a =t : A. By the
assumption, ©;-Fa =1t: A.

<. We need to show that, if ¥ + J, then © - J. We do induction on the
structure of J (in case J is a conjunction of judgments), and, for the
base cases, induction on the derivation of the corresponding judgment.

We do analysis on the lowest rule of the derivation tree. For those rules
which do not involve the signature, we apply the induction hypothesis
to the premise and use the same rule.

There are three rules that involve the signature: HEAD, HEAD-EQ and
DELTA-META.

a) HEAD:
S THFh= A

STHh:A

e If h = «, then necessarily o : A € ¥ or a:=1t: A € 3. By the
assumption, © is compatible with « : A; therefore ©; - F o : A.
By Lemma 2.62 (context weakening), ©;T' - « : A.

HEAD

e If h = @, then, analogously to the previous case, ;' -« : A.

e f h=xor h=if and X;I' - h = A, then also ©;' - h = A.
By the HEAD rule, ©;T'F h : A.

b) HEAD-EQ:

S THh= A
STFh=h:A

HEAD-EQ

By the same reasoning as above, ©;' F h : A. By reflexivity of
equality, ©; ' h=h: A.

¢) DELTA-META:
a:=t:AeX

> I'ae:T IRt :T tQelt
Y 'Faé=t:T

DELTA-META

By the assumption, © is compatible with « := ¢ : A; therefore, ©; - +
a=t: A By Lemma 2.62 (context weakening), O;'Fa =t: A.
By definition, (« @ €) || aé. By the assumption, (¢t @ €){t’. By
Lemma 2.79 (typing and congruence of elimination), ;" - ¢" : T
and O; T Fae=t:T.
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O

Remark 2.131 (Compatibility of extended metasubstitutions with declara-
tions). Let X sig be a well-formed signature, and © wf a well-formed meta-
substitution such that © F X. Let ©" be a metasubstitution such that ©" wf,
and © C ©’. Then, for every D € X, © is compatible with D.

Proof. By the assumption, © F ¥. By Lemma 2.130, therefore, © is compatible
with D. Because © C ©’, by Remark 2.128 (compatibility with a declaration
as a judgment), and Lemma 2.69 (signature weakening), © is compatible with
D. O

Definition 2.132 (Restriction of a metasubstitution to a set of metavari-
ables). The restriction of © to a set S (written Og) is a metasubstitution
which assigns the same metavariable values as ©, but only to those metavari-
ables in S.

()s = -

(®7®:A)S = @S,O:A

(B,a:=t:A)g = Oga:=t:A4 ifacs
(B,a:=t:A)g = Og otherwise

We overload the notation so that, when restricting metasubstitutions, sig-
natures stand for the set of metavariables they declare (O5, = Ogyppopr(x) ), and
terms stand for the set of metavariables they contain (0, = ©,,4)). The
union of signatures, terms and sets stands for the union of the corresponding

sets (e.g. Oxy = @SUPPORT(E)UMETAS(t))'

Remark 2.133 (Restriction to a compatible signature). Whenever SUPPORT(O) =
SUPPORT(X) (for instance, because © F X), then we have Oy, = ©.

Proof. If ® E X, by Definition 2.125 (compatible metasubstitution),
DECLS(0) = DECLS(X), which by Remark 2.9 (atoms and metavariables are
disjoint), gives SUPPORT(©) = SUPPORT(X).

The property follows by induction on O, using Definition 2.6 (support of
a signature) and Definition 2.132 (restriction of a metasubstitution to a set of
metavariables). O

Remark 2.134 (Subsumption of restriction). For any well-formed metasubsti-
tution © wf and set of metavariables S, © g wf and ©4 C ©. In particular, for
any signature ¥, Oy, wf and Oy, C 6.

Proof. By Postulate 12 (signature strengthening), and the fact that, by Defi-
nition 2.122 (well-formed metasubstitution), terms in a well-formed metasub-
stitution do not contain metavariables. O

Remark 2.135 (Declarations in a metasubstitution restriction). Given a
metasubstitution © and a set S, ATOMDECLS(©) = ATOMDECLS(Og)
and SUPPORT(®g) = SUPPORT(O) N S. In particular, given a sig-
nature ¥, ATOMDECLS(®©) = ATOMDECLS(Oy;) and SUPPORT(Oy) =
SUPPORT(O) N SUPPORT(Y).

Remark 2.136 (Nested metasubstitution restriction). Let © be a metasubstitu-
tion, and S and S’ sets of metavariables such that S C S’. Then (04 )¢ = Og.
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Remark 2.137 (Metasubstitution weakening). Let O, ©’ be metasubstitutions
such that © C ©’, and J a judgment. (For instance, if © = 0%.) If © - J,
then © F J.

Proof. By Remark 2.123 (metasubstitutions are signatures) and Lemma 2.69
(signature weakening). O

Remark 2.138 (Metasubstitution strengthening). Assume @ wf, © C ©’.
Let J be a judgment. If ©" F J and cONSTS(J) C DECLS(O), then © F J.

Proof. By Remark 2.123 (metasubstitutions are signatures) and Postulate 12
(signature strengthening). O

2.18 Closing metasubstitution (CLOSE())

Definition 2.139 (Closed signature). Let ¥ be a signature. We say that ¥
is closed if it assigns a term to every metavariable it declares. In other words,
there are no o and A such that a: A € X.

Definition 2.140 (Normalization to meta-free terms: ¥ ¢ & u). Given a
closed signature ¥ and a term ;' ¢ : A, we say that u is the metavariable-

free normal form of term ¢ (written 3 F ¢ \y u) if u is the result of replacing
all metavariables occurring in ¢ by their bodies given in X. (See Figure 2.8.)

Lemma 2.141 (Existence of meta-free normal form). Given a closed signature

Y, and a term X;T' -t A, there exists a unique term u such that X + tN\qu. For
this u, we have METAS(u) = (), CONSTS(u) C CONSTS(t), and Z; T Ht=wu: A.

Proof. By induction on the structure of ¢ and Definition 2.140 (normalization
to meta-free terms), we have ¥ = ¢t \y u with cONsTS(u) C CONSTS(t) and
METAS(u) = (). The induction is well-founded because the cases of Xy corre-

spond to reduction rules, and Postulate 8 prevents infinite chains of reductions.
The relation is deterministic because all the cases are disjoint, and each case

only depends (inductively) on deterministic relations. Note that, if ¥ F t& u,
then ;' ¢ —§ u: A. Therefore, ;' Ht = u : A. O

Remark 2.142 (Metavariable-free term). Let ¥ sig be a closed signature. By
Lemma 2.141 (existence of meta-free normal form), if ;- - ¢ : A, then there
are unique t" and A" such that X F ¢t \y ', ¥ F A Xy A’, METAS(A’) =
METAS(t') = (), ;- = A" = A type, 3;- Ht' =+t : A’. Also, by Remark 2.15
(there is only set), if ;- + A type, there is A" such that ¥ F A\ A’,
;- Atype, and ;- F A" = A type.

Remark. If METAS(t) = @, then for any signature X, ¥ ¢ & t.
Definition 2.143 (Closing metasubstitution: CLOSE(X) |} ©). Given a closed

signature X, whether a metasubstitution © is a closing metasubstitution for X
(written cLOSE(X) | ©) is inductively defined as follows:
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S FBool N\, Bool
YFIAB N\, HA'B  if YFA\A
and X FB\\B
YEYAB N\ NA'B  if NF A\ A
and Y FBX\(B
> F Set & Set
Yhe ¢ ¢
YR N\ M if SN\
SEtu) N\ () it Y\
and Y Fu\yv
YFaer \ v if a=t:Acy
and t @ ¢ v
and v \yv
Skher \y he if (h=2x or h=o0 or h=if)
and Vie{l, .., n}
e =e;, =.m
or e :=e; = .M,
or (e; =t

and X ¢, § U,
and €] := u;)

Figure 2.8: Inductive definition of the meta-free normal form of a term
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CLOSE(+) { -

CLOSE(X,0: A) | (0,0: A") if cLosE(X) | ©
and N AN A’

CLOSE(Z,a:=t: A) | (O, a:=t: A") if cLosE(®) | ©

and Y F AN A’
and Y&\t

Lemma 2.144 (Compatibility of closing metasubstitution). If ¥ sig is closed,
then there is a unique metasubstitution © such that CLOSE(X) || ©, © wf and
OF X

Proof. By induction on X. In all cases, we use Lemma 2.130 (alternative
characterization of a compatible metasubstitution) to show © F .

i) ¥ = Take © = -. Then CLOSE(-) || -, ©wf and O F X.

ii) ¥’,a: A: By the induction hypothesis, there is ©’ such that cLOSE(X") |
O, @ wfand © E Y.
Because ¥ sig, we have ¥’ F A type. By Remark 2.142 (metavariable-

free term), there exists a unique A’ such that ¥ - A \Qi A, Y
A’ type, ¥';-F A" = A type.

Take © = ©,0: A’ Because ©' £ Y/, ©’;- F A’ type. Therefore © wf.

Because O’ F ¥, for any declaration D € ¥/, O’ is compatible with D.
By Remark 2.128 (compatibility with a declaration as a judgment) and
Lemma 2.69 (signature weakening), © is compatible with D. Because
O EY and ¥';- - A" = A type, we have ©’;- - A’ = A type. By
Lemma 2.69, ©;- F A" = A type. By META,, HEAD and CONV rules,
O;-Fa: A

iii) ¥, := t : A: By the induction hypothesis, there is ©" such that
CLOSE(Y') | ©, © wfand ©" F X',
Because ¥ sig, we have ¥’ ¢ : A. By Remark 2.142 (metavariable-free
term), there exist unique ¢’ and A’ such that X' &t \(t/, ' - AN\ A/,
ikt =t AN FA =Atype. Let © =0 ,a:t AL Tt
suffices to show that ©;- F o =t : A, which follows analogously to the
previous case.

O

2.19 Equality of metasubstitutions (0, = 0,)

Definition 2.145 (Equality of metasubstitutions: © = 0’). We say that
metasubstitutions © and O’ are equal (written © = ©') if Owf, O wf,
DECLS(©) = DECLS(0’), and each declaration in © is judgmentally equal to a
corresponding declaration in © (and vice versa).

More precisely, it is the transitive closure of the following relation:
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0,,0: 4,0, = 0;,0:A",0, if ©;;-FA=A type
O,,a:=t:4,0, = O,,a:=t:A4,0, if 0O;;-FA=A type
O,a:=t:4,0, = O,,a:=t':A4,0, if O -Ft=t:A

()

o’ if © is a well-formed reordering of ©

Lemma 2.146 (Metasubstitution equality is an equivalence relation).

Proof. Transitivity and reflexivity follow by definition. Symmetry follows by
Lemma 2.54 (term equality is an equivalence relation). O

Lemma 2.147 (Compatibility respects equality). If ©, = O, and 0, F X,
then O, F X.

Proof. By induction on the proof for ©, = 0,, using Lemma 2.69 (signature
weakening) and Lemma 2.130 (alternative characterization of a compatible
metasubstitution). O

Lemma 2.148 (Uniqueness of closing metasubstitution). Let ¥ be a closed
signature, and ©1, O, metasubstitutions such that ©; F ¥, ©4 E X. Then
0, =0,.

Proof. We show the following stronger property:

Given metasubstitutions ©°, ©!, © such that (6° ©!)wf, (©° 0)wf,
0% 0! E ¥ and cLOSE(Y) |} (BY,0), we have 0%, 0! = Q°, O.

Note that, if CLOSE(X){} (0, ©), then we have ¥ = ¥°, 3 and CLOSE(Z,) |}
(09).

We proceed by induction on the length of ©.

o Case © = - Because DECLS(0?,01) = DECLS(X) = DECLS(0Y, ©), then
O! = .. By reflexivity, ©° = °.

e CaseO=a:=t": 4% 0"

Because CLOSE(Y) |} (©2,0), we have ¥ = X% a == t : A,Y and
cLosge(x?) || e°.

By Lemma 2.130 (alternative characterization of a compatible meta-
substitution), ©° © is compatible with o := ¢t : A € ¥. Therefore,
0% 0;-F A= A type, and ©°,0;- -0 =t : A°.

Because ©Y, © is well-formed, by Lemma 2.72 (no extraneous constants)
consTs(AY) C peEcLs(0%) and consTs(t’) C DECLS(©Y). Because
%0 a:=t: A sig, by Lemma 2.72, we also have CONSTS(A) C DECLS(Q?)
and cONsTS(t) C DECLS(t?). By Postulate 12 (signature strengthening),
0% . A=A type and O%;- 0 =¢: A°.

Because ©°,0' E ¥, we have o = t! : Al € 0° 0! In fact,
from ©O° Owf, we know that « is fresh in ©° so o := t!' :
Al € ©'. Because 6°,0' E X, we have that @°,0!;. - A! =
Atype, and 0%, 0%, - t1 = ¢t : Al. Let ©} and ©! be such
that ©1 = ©l,a = t' : A}, Ol Because ©°,0'wf, we have
consTs(Al) C prECLs(©Y,01) and consts(t!) C DpECLs(©°,01).
As shown above, cONSTS(A) C DECLS(Q?) C DpECLS(©°,01). and
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consTs(t) C pECLS(0Y) C DECLS(0°,01) By Postulate 12 (signature
strengthening), ©°,01;- - Al = A type and ©°,0};- Ft! =+¢: AL

By Lemma 2.69 (signature weakening), 0% ©1;. - A° = A type, and
0% 01;- -t =t: A°. By Lemma 2.146 (metasubstitution equality is
an equivalence relation) ©°,01;. - A! = A" type. This means that
0% 0! =0%0la:=t: 410 =0° 6] a:=1t: A° 6. By the
CONV-EQ rule, ©°,01;- F t1 =t : A°. By transitivity and symmetry of
equality, ©°,01;. - ¢! = 0 : A%, Therefore, ©°,01 a = ¢! : A%, 0] =
0% 01, a:=t": A% Ol

Because cONsTS(A?) C pecLs(0Y), and consts(t?) C pECLS(OY),
0% a =1t : A% 01,61 is a well-formed reordering of O, O}, o := 0 :
A% ©1. Therefore, (0°,01,a:=1": A%, 0)) = (0°, a:=1": A%, 01, 61).

Because 0°, o := t° : A% wf, one can show by induction on the derivation
for ©°,0} a = t¥ : A% Ol wf that ©°, 0}, a = t¥ : A% O wf (use
Lemma 2.69 (signature weakening) for the declarations in ©1, and the
fact that typing judgments do not rely on the order of declarations in
the signature, only on their well-formedness).

By transitivity ©°,01 = 0% a =t : A° ©1 ©). By Lemma 2.147
(compatibility respects equality), ©° a =t : A ©1 Ol F .

By applying the induction hypothesis to ©°, a =t : A%, ©1,0} and ©’
we have (0% a:=1%: A9),0},01) = (0%, a:=1": A%),0") = 0% 6.

By Lemma 2.146 (metasubstitution equality is an equivalence relation),
0% el =00 6.

e Case®@=0q:A4%0"
Because CLOSE(X) || (%,0), we have X = ¥ a: A, Y, cLosg(X") | ©°.

By Lemma 2.144 (compatibility of closing metasubstitution), 6%, 0 F .
By Lemma 2.130 (alternative characterization of a compatible metasub-
stitution), ©Y, © is compatible with a : A € ¥. Therefore, ©°,0;-
A" = A type, and ©°,0; - - t0 =1¢: A°.

Because ©°, ¢ : A% wf is well-formed, by Lemma 2.72 (no extraneous
constants), cONSTS(A?) C DECLS(OY). By the definition of CLOSE(Y),
we have that Xy;- - A type. By Lemma 2.72 (no extraneous constants),
we also have CONsTS(A) C DECLS(X?) = DECLS(0°). By Postulate 12
(signature strengthening), ©%;- - A° = A type.

Because 0%, 0! £ 3, we have o : A € ©°, 0. In fact, from ©°%, © wf,
we know that o is fresh in ©° so @ : A! € ©!. Because 6°,0! £ X,
we have that ©°,0!;- - A! = A type. More specifically, O! = 01 ¢ :
Al ©1. Because 00, 0! wf, we have coNsTS(Al) C DECLS(OY,©1). As
we explained above, CONSTS(A) C DECLS(OY) C DECLS(O°,01). By
Postulate 12 (signature strengthening), %, 01;- - Al = A type.

By Lemma 2.69 (signature weakening), ©° 0©1;- - A% = A type. By
transitivity and symmetry, ©%,01;- - A! = A° type. This means that
0.0 =0"0lc: 41,01 =00 61,0: A% 6].
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Because CONSTS(AY) C DECLS(OY), we have that 0% a : A, ©} O is
a well-formed reordering of ©°,01, 0 : A%, ©). Therefore, (6°,01},a :
A°,01) = (0%, a: A%,01,01).

By applying the induction hypothesis to % ¢ : A%, ©1,01 and ©" we
have (0% c : A%),0},01) = (0% c : A%),0') = © (the required well-
formedness and compatibility conditions are shown analogously to the
previous case).

By Lemma 2.146 (metasubstitution equality is an equivalence relation),
0% el=0Y 0.

Because ¥ sig and ¥ is closed, by Lemma 2.144 (compatibility of closing
metasubstitution), there is © such that cLOSE(X) | ©. By taking ©° := -
and ©! := ©,, we obtain ©! = ©. By taking 0° := . and ©! := O,, we
obtain ©, = ©. By Lemma 2.146 (metasubstitution equality is an equivalence
relation), ©, = ©,. O

Corollary 2.149 (Solution to closed signature). Let ¥ be a closed signature.
Then CLOSE(X) || ©, © E X, and, for any other ©" such that ©' E X, we have
0=0.

Proof. By Lemma 2.144 (compatibility of closing metasubstitution) and
Lemma 2.148 (uniqueness of closing metasubstitution). O

Lemma 2.150 (Equality of restricted metasubstitutions). If ©! = 02, then
(OY)y wf, (02)g wf and (B1)y = (0?)y,.

Proof. By induction on the derivations of ©! wf, ©? wf, ©! = 62, using Pos-
tulate 12 (signature strengthening). O

2.20 Signature extensions (X C X)

During type checking, the initial signature may be extended with new
metavariables, and existing metavariables may be instantiated. The end goal
is to obtain an extension of the original signature in which all metavariables
are instantiated (i.e. a closed signature) and in which the terms provided by
the user are well-typed.

We say that ¥’ is an extension of 3 (written ¥ C X') if ¥ contains all the
declarations in X. The signature ¥’ may instantiate some metavariables that
are not already instantiated in ¥, and/or replace some types and terms in X
by equal ones; but ¥’ must not declare any new atoms (i.e. ATOMDECLS(X) =
AToMDECLS(X’)). More formally:

Definition 2.151 (Signature extension: ¥ C 3). Consider the signatures ¥
and ¥'. We say that ¥’ extends ¥ (written ¥ 3 ¥ or ¥ C ¥'), if ¥ sig,
Y sig, and it does so inductively in any of the following cases:
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Declarations
ElaEQ C E1aa:14722
El,a:A,EQ E El,a::t:A722
Composition
S, C Y, if ¥, C%,and ¥, C 3,
Normalization
Yh,0:A4,%, C X,a:A%, if X;-F A=A type
Yh,a:A4%, C Y,a:A%, if X;;-F A=A type
Y,a=t: A%, C X,a:=t:A"%, if X;;-FA=A type
Y,a=t: A%, C Y, ,a:=t':A%, if X;-Ft=t':A
Permutation
¥ C ¥ if ¥’ is a well-formed reordering of

Remark 2.152 (Signature extension is reflexive and transitive). The relation
— L — is reflexive and transitive.

Remark 2.153 (Signature extension declarations). If ¥ LC %', then
ATOMDECLS(X) = ATOMDECLS(X’) and SUPPORT(X) C SUPPORT(X).

Remark 2.154 (Metasubstitution restriction to extension). If ¥ C ¥,
then by Remark 2.153 (signature extension declarations), SUPPORT(X) C
SUPPORT(Y’). Therefore, by Remark 2.136 (Oyy)s; = Osx..

The key insight is that extending the signature preserves all relevant prop-
erties about contexts, terms, types and constraints.

Lemma 2.155 (Preservation of judgments under signature extensions). Let
Y C Y, and J be a judgment. If X+ J, then ¥/ - J.

Proof. By induction on the derivation of ¥ C ¥'.

o Rules for declarations are proven by induction on J, using the same rules
as in the original derivation of J.

e The rule for composition is handled inductively.

o For the normalization rules, we proceed by induction on the derivation of
the judgment, using CONV, CONV-EQ and laws of equality as appropriate,
similarly to the proof of Lemma 2.130 (alternative characterization of a
compatible metasubstitution).

e The rule for permutation is a special case of Lemma 2.69 (signature
weakening).

O

Corollary 2.156 (Horizontal composition of extensions). Let ¥ = 3,3,
¥ sig, and X7 such that £, C X7 (in particular, ¥ sig). Also, DECLS(X]) N
DECLS(X,) = 0. (that is, all the new declarations in X' are fresh in ¥y). Then
¥, %, C X0, 58, (in particular, 37,3, sig).
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Proof. By induction on the length of 3,. Use Lemma 2.155 (preservation of
judgments under signature extensions) to prove the well-formedness of each
declaration in ¥,. O

Lemma 2.157 (Restriction of a metasubstitution to an extended signature).
Let © be a metasubstitution, and ¥ and ¥’ signatures such that ¥ C ¥’ and
© E Y. Then Ox wf and Oy F X.

Proof. By Remark 2.134 (subsumption of restriction), ©ywf. By Def-
inition 2.125 (compatible metasubstitution), it suffices to show that
DECLS(Oy;) = DECLS(X), and that for every signature judgment J, if ¥ F J
then Oy, - J.

Oy,) Definition 2.8

) = Remark 2.135

) = OEY, Remark 2.9
)

)

)

ATOMDECLS(Oy;) U SUPPORT(Os;
ATOMDECLS(0) U (SUPPORT(O) N SUPPORT(X)
ATOMDECLS(X’) U (SUPPORT(X’) N SUPPORT(X)
ATOMDECLS(X) U SUPPORT(X

DECLS(X

Remark 2.153
Definition 2.8

Let J be a judgment such that ¥ + J. By Lemma 2.69 (signature weaken-
ing), for each judgment J such that 3 J, we have ¥’ F J. Because © F ¥/,
we also have © - J.

By Lemma 2.72 (no extraneous constants), CONSTS(J) C DECLS(X) =
DECLS(®y.). By construction, Oy, C ©. By Postulate 12 (signature strength-
ening), Oy F J. O

2.21 Non-reducible terms

A key step in our unification algorithm is simplifying constraints into new
constraints involving smaller terms. For instance, one may reduce equating
two neutral terms h € and hé’ to pointwise equating each of the eliminators
(e.g. Rule schema 14). In order to ensure that we do not lose solutions, we
need to restrict which terms such a transformation may be applied to.

Definition 2.158 (Strongly neutral term). A strongly neutral term is a neu-
tral term of one of the following forms:

o if €™, where either n < 2, or e, is a strongly neutral term.

Remark 2.159 (Prefixes of strongly neutral terms). Prefixes of strongly neutral
terms are strongly neutral. That is, if h €] e, is strongly neutral, then he] is
also strongly neutral.

Remark 2.160 (Closure of strongly neutral terms). If f is a strongly neutral
term, then:

(i) If p is a renaming, then f” is strongly neutral.
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(i) If ¢ is a strongly neutral term, then then f ¢ is strongly neutral.

i) Ife= .1 ore=.my, and ;' + fe : T for some type T, then fe is
1 2
strongly neutral.

Proof. From Definition 2.158 (strongly neutral term). For 2.160, observe that,
by Lemma 2.56 (neutral inversion) and Lemma 2.75 (uniqueness of typing for
neutrals), the terms if A .7y and if A .7, can never be well typed. O

Remark 2.161 (Intermediate steps of reduction of strong neutrals). Assume
YTk fo—5gt: T, and 5T F £ — % f1 T, where f, is a strongly neutral
term. Then t is a neutral term.

Proof. By Definition 2.41 (dn-normalization step), there are only three possible
cases for 3;I' = f —5, T

(n-II) S0k f—g A SV 0:T if ;T FT =1IAB type
M) S0Ff—s (fm, fom):T if >;THT=XAB type

(app,) X;THhe" lue —5 héve :T if X I'Fhe:IIUV
and XiI'tu-—5,v:U

However, if t was of the form A.t, or (t;,t5), and 3;T" F ¢ —5y u: T, then
necessarily u is of the form A.ug or (uy,uy). But 5T =t —5 fy : T', where
f1 is a neutral term. Therefore, we must be in case APP,, where ¢ is also a
neutral term. O

Remark 2.162 (Reduction preserves strongly neutral terms). If f is strongly
neutral, and ;' - f —F f’ T, where f’ is a neutral term, then f’ is also
strongly neutral.

Proof. Consider the case with a single step, X;I' F f — 5 f’ +T. We proceed
by induction on the structure of the derivation.

Observe that the only rule that reduces a strongly neutral term to another
neutral term is ApP; for some i. If f = hé, then ' = he'.

e If h =1z or h =g, then [’ is strongly neutral.
e If h=if and i # 2, then f’ is strongly neutral.

o Ifi=2, wehave X;I' - ey —5, e4 : U for some type U. By the induction
hypothesis, e is strongly neutral; therefore, f’ is also strongly neutral.

By Remark 2.161, the intermediate steps in the reduction are necessar-
ily neutral terms. Therefore, the general case follows from induction on the
number of steps. 0

Lemma 2.163 (Injectivity of elimination for strongly neutral terms). Assume

that f and g are strongly neutral terms, with f = h' eTn and g = h? gn, and
;' f=g:T. Then, h' = h?, and for eachi € 1,...,n:
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e If e} =t and €2 = u, then there are U and V such that ;T
1_h2€2 UV and ST Ht=w:U.

.....

PO

SiTHhRYel, , ,=h%e%, . :SUV.

,,,,,,,,,,

Note that, by Lemma 2.75 (uniqueness of typing for neutrals)
and Postulate 10 (injectivity of 1), the above hold for any U, V

such that ;' F hlgl = h2e?1 7777 i1+ UV (first case) or
SiTHhlel, ., =h%el, . ,:SUV (second case).

yeenyi— yeeyd—

Proof. By Postulate 14 (existence of a common reduct), there exists v such
that ;T F f—>§ﬁv :Tand ;T g—>§i}v : T. We show by induction on the
sum of M and N that for all M, N, and for all f, g such that X;T" f—>§ﬁv : T
and ;T g —>é\; v : T, the consequences of the theorem hold.

e M =N =0: Then f = g. The result follows by Lemma 2.56 (neutral

inversion), and reflexivity.

e M >0or N >0: We proceed by case analysis on the derivations. Note
that, for any f which is strongly neutral, only the reduction rules n-II,
n-%, and APP,, for some n can be applied to it.

= app; for fr ST - f —, f —=1 0y T, where f = hle’l,
such that, for some j, el = el, 16’1 eljJr1 7777 ny With 3:T F
hlel) i1 MUV and 35T & ef —, €t = U.
By Remark 2.162 (reduction preserves strongly neutral terms), f’
is strongly neutral. There are two possible cases:
1. i # j: Then e} = €}'. By Lemma 2.86 (equality of dn-reduct)
and transitivity of equality, ;' + f = ¢g : T, and ;T +
i —>M Ly:T.
By the mductlon hypothesis, we have that h' = A%, and:

x If e} = e/' =t and e? = u, then there are U, V, T” such
that ;0 F ptety = h%*e? ., :T", T =1UV,
and X;'Ft=wu:U.

x Ifel =€/l =e? = .m orel = e}l =e? = .y, then there are
U, V,T" such that T” = XUV and ;T - hlety ) =
h? ;21,...,i—1 T

If ¢ # 4, then either i < j, or i > j:

* If i < j, then gl,...,z;l = é/—fl)mﬂ;l, and the lemma is
proven.

« If 5 < 4, then, by Lemma 2.56 (neutral inversion)
and the APP; rule, we have ;T + hlely | —,
h! ;’1,”1‘71 2 T By Lemma 2.86, this gives ;1" F
ht 6117”"1-71 = hlel i 71 1 ¢+ T'. By Lemma 2.75,
ST +hl el 1 =hte L : T”, and, by transitivity

’L
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STk htel, 4 =h%e?
proven.
2.4 = j: Then ;' b t —5, € : U, which, by Lemma 2.86
(equality of dm-reduct), gives E I'HFt=e ;.1 :U.
By the induction hypothesis, h! = A% ;T + Al 517“.724_1 =
h? 671,”1»71 : MUV and ;T F ef' = u : U. By transitivity,
XiI'Ft=w:U.

— APP; for g: Symmetric to the previous case.

.ie1:T”. Then the lemma is

— None of the above apply, the first reduction for f is n-II:
By Remark 2.89 (disjointness of primitive types), we cannot have
both ;T =T =IIAB : Set and ;T =T = Y A’B’ : Set for some
A, A’, B and B’. Then, necessarily, the first reduction for g is
also n-1I, ;T + f—);m (f( ))0—>M YA« T, and 3T F
g =50 A(g(+1)) 0 — 5P A’ : T, where 3;T = T = [1AB type
for some A and B.
By Remark 2.91 (inversion of reduction under )\), ;T A +
g0 —N1w : B, and ST, A B f0V 00—y« B. By
Remark 2.160 (closure of strongly neutral terms), if f and g are
strongly neutral, then so are f*1) 0 and ¢(+1 0.
1. el =tand e? =
By the induction hypothesis, (h')*1) = (R2)+V (fe. Al =
h?), ST AR (hhely |, )) = (h?e2) )V UV, and
DT, AR ) =00 .
By Lemma 2.56 (neutral inversion), ;I + Al ;1"_“‘71 :
IU’'v’. By LernIna 2.62 (context weakening), %;T, A +
(Rt gfl,__qi_lﬂ . (MU'V")*Y. By Lemma 2.75 (uniqueness
of typing for neutrals), Z;I‘,A FIOUV = (IIU'V)HY type.
By Postulate 10 (injectivity of IT), ¥;T, A+ U = U’ type.
By the coNv-EQ rule, we have ¥;T, A - (ht ;1Mi71)<“) =

(h2 62 i1 )(+1 : <HU/V/)(+1>? and ;1,4 - fHD) = (D)
U/(+1 ]

By Postulate 13 (context strengthening) we have X F -
(htel, )Y = (h2ed, | )EDED L Uy HueD,

,,,,,,,,,,

and ;T F ¢(FUED = (DD U’<+1( D that is, ;T
hlel, .y =h?e , IU'V/ and 3; Tht=u:l.
= .m, or e; = e; = .mMy. Analogous to the previous
case.
— None of the above apply, and the first reduction for f is n-X:
As in the previous case, necessarily, the first reduction for g is n-%,
S0 f =g (f o7y, foma) —>é\f] Y (vj,vp) « T, and B;T F g —5,
(f .y, fomg) —>é\;71 (vi,v5) : T
The proof is similar to the above case, using Remark 2.92 (inversion
of reduction under (,)).

O
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Definition 2.164 (Irreducible terms). A strongly neutral term is irreducible
if it is in one of the following forms:

o ife; ey €, where e, is a strongly neutral term.

Remark 2.165 (Extensions of irreducible terms). If f is an irreducible term,
then so is f €.

Lemma 2.166 (Reduction at II-type). Assume ¥;T  f : Hﬁ"Vﬁfor some
U, V. Then there is v such that ;T F \Z"™.f z" H}‘m AZ"wv  IIU™V, and

ST A vy, : TTU"V.

Proof. By the ETA-ABS rule, we have ;T - f = A\Z*.f2" : Iz: U V. By
Postulate 15 (existence of a unique full normal form), there is r such that
ST F A f 20—, s UMV, and 55T b =5, « IUV. Note that, by
Definition 2.41 (3n-normalization step), for any ¢, if 3T = A2t —4, 7
IIU™V, then only X applies (recursively, perhaps), so necessarily r, = A\Z™.t
for some .

By induction on the derivation, r = AZ".v for some v, and therefore there
is v such that ;" = AZ™.f 2" —%n Az U™V, and 3;T + AZN =
1ov. O

Lemma 2.167 (Characterization of normal forms). Suppose that ©;T Fv:V
and ©;' = v==75, : V. Then v is of the form v, for some v, generated by
the following grammar:

tnf unf,vnf’ Anf,an = Set
| Bool
| HAnanf
| ) Anf an
| ¢
|
|
|

)

Aot
<tnf unf>

h ent if hent gs strongly neutral

enf - tnf |

|
Note that the converse does not hold; for instance:
A:Set;x: A= Az —5 Ayzy: A— A

Proof. Assume that v is not of the form v"f. Then, by induction, show that it
can be subjected to at least one reduction step. O
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2.22 Rigidly occurring terms (¢[u])

A subterm occurs rigidly in a term if the occurrence cannot be made to “disap-
pear” from the term by normalizing it (c.f. Definition 2.41, dn-normalization

step).

Definition 2.168 (Rigid occurrence). Let ¢t and w be terms. Whether u
occurs rigidly in ¢ under n binders (written t[u]™) is defined recursively on ¢
as follows:

A]° if fis an irreducible term

é
é)[u]™ if hé is strongly neutral

(R-1D)  ufu]®
(r-IL) (HAB)[]"  if Afu]”
(R-TI,) (HAB)[u]**™ if Bfu]"
(RS, (SAB)[u]®  if A[u]"
(R-5,) (SAB)[u]*™ if B[u]"
(R-N) (AD[u]™ i tu]”
(R-()1) (s to)[ul™  if ¢ [u]”
(8-()a) (o) [u] i to[u]"
(
(

and there is ¢ € € such that ¢[u]"”

Note that the term w is not weakened when the definition goes under a binder.
Instead, the superindex n keeps track of the number of binders above u.

Definition 2.169 (Typed rigid occurrence). Let ¢ and u be terms. We say that
u occurs rigidly with type U and context A (written ;T F ¢[A b w: U] : T)
it T Ht: T, 5TAFw:U,and ;T F¢[A Fw: U] : T, where the latter
is defined as follows:

(TR-1D) STk Fu:U] : T if S;THU=T type
(TR-II,) STk (UAB)[AFw:U) T  if S0k AJAFw: U] : Set

(TR-IL,) 5T+ (UAB)[A,AFu:U] :T if ST+ A’ = A type
and ;T AF B[AF u: U] : Set

(TR-X;) X;TH (ZAB)[Arw:U] :T if %;TF A[JAF w:UJ: Set

(TR-2,) ST+ (BAB)[A, Ak w:U] T if ST A’ = A type
and ;T A+- B[AFw: U] : Set

(TR-N) ST AD[AAFw:U) T  if S;TFIIAB=T type
and ;T AFt[AFw:U]: B
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(TR-(,);) Z;TF ({t1, ) [AFw:U] :T if 5;THXAB=T type
and ;T H ¢ [AFu:U]: A

(TR-(,)5) Z;TF ({t1, ) [AFw:U] : T if X;TFYXAB=T type
and ;T 4,[AFw: U] : Blty]

(TR-IRRED) ;T (feé)[ H f:U) : T if f is an irreducible term

(TR-STRONG)E; T' - (hejte;)[AFw: U] : T if ¥;T'Fhe;:1IAB
and ;T Hi[AFw:U]: A

and hej te, is strongly neutral

Lemma 2.170 (Typing of rigid occurrences). Suppose ;T ¢ : T and t[u]™.
Then there exist A and U, |A| = n, such that S; T Ht[A b w:U]: T.

Proof. By induction on the derivation of ¢[u], and using the corresponding
inversion lemmas (i.e. Lemma 2.53 (¥ inversion), Lemma 2.52 (II inversion),
Lemma 2.57 (type of A-abstraction) and Lemma 2.82 (X inversion), Lemma
2.60 (type of a pair) and Lemma 2.84 ((,)-inversion), or Lemma 2.111 (appli-
cation inversion), respectively). O

Remark 2.171 (Free variables of rigid occurrence). If 3;T' F¢[AF w: U] : T
then Fv(u) — |A| C FV(t).

Lemma 2.172 (Free variables in reduction of rigid occurrences). Let t and
u be terms such that ;T F t[A &+ w = U] : T. If there is v such that
1T F tﬂgn r : T, then there is v such that X;TA F uw =v : U, and
FV(v) — |A] CFV(r).

Proof. First, we show the following lemmas by mutual induction on n. For all
L, t,u, T, A, B, uy, uq, f, € h, €7, e and t:

(i) f ;T +1IAB —g, ¢+ T then there is A’ and m < n such that ;T F
A—g A" Set and FV(A") C FV(2).

(i) If 3"+ ITAB—¢, ¢ : T then there is B” and m < n such that 3;T', A -
B—¢, B’ : Set and FV(B') —1 C FV(1).

(iii) If 35T = XAB —§ ¢ : T then there is A” and m < n such that 3;T" -
A—g A" Set and FV(A”) C FV(2).

(iv) If 3;I' F ¥AB—, t : T then there is B” and m < n such that 3;I', A +
B—§, B’ : Set and FV(B') —1 C FV(1).

(v) ST F A u —gyt:Tand 5T HT = IIAB type then there is v’ and
m < n such that ;I Abu—¢ v : Band Fv(u') —1 C FV(2).
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(vi) 5T F (uy,ug) —5, t: T and 5;I' - T' = £AB type then there is u}
and m < n such that ;' uy — ) )+ A, and Fv(u]) C FV(2).

(vii) If 35T F (uy,up) —g, ¢+ T and 31 T = EAB type then there is u)
and m < n such that ;1" uy — 7 b : Bluy] and FV(uj) C FV(2).

(viii) If 3,7 F f € —rg, t: T, with f irreducible, and ;' f : B’ then there
is f" and m < n such that 5;I' = f—§ f": B and FV(f’) C FV(2).

(ix) If 3T - heyue; —¢, ¢ B, with h ey ue; strongly neutral, and ;'
he] : TIUV then there is u’ such that ¥;T' F u—>’g1] w U, m <nand
Fv(u') C FV(t).

Here we do one case of (viii):

o Case where ;' - f é%?ﬁ’l t: T and the first step is n-II:

In this case, 55T F f é—5, A(f&) T 0: T, and 3;T F A (£ &) D 0—3,
t:T.

By Lemma 2.56 (neutral inversion), there is B’ such that 3;T'F f: B’.

Because ;T A.(f €)Y 0 : T, by Lemma 2.57 (type of A-abstraction),
then ¥;T'+IIAB =T type.

By (v), there is ¢’ and m/ such that X;T, A + (f&))0 —>g’;{ t': B,

with Fv(t') —1 C FV(t) and m’ < n. If f is irreducible, then f+1) is also
irreducible.

By Lemma 2.62 (context weakening), ¥;T', A - f1 . B"+1)| By (viii),
there is f’ such that ¥; T, A + f(+1) —rin [ BEY m<m’ <n<n+l
and Fv(f’) C Fv(t"). By Remark 2.94 (strengthening of reduction),
STk f—p f0 B

As shown earlier, m < n + 1 and Fv(f’) C Fv(¢'). The latter gives
Fv(f/ V) C Fv(t’) — 1. Note that rv(t') — 1 C Fv(t); therefore
FV(f/Y) CEV(t).

Then, proceed by induction on ;T F ¢t[A + w : U] : T. We do a few
representative cases:

o Case (TR-1D): Then 5;I' k wf- b w: U]« T, 5Tk uw—f, r: T,
and ;' - U = T type. Take v = r. By Lemma 2.86 (equality of
dn-reduct) and the CONV-EQ rule, ¥;T' - w = v : U. By construction,
Fv(v) — 0 C Fv(v) = FV(r).

o Case (TR-II,): Then A = A, A’ and ;T + (IAB)[A", A" Fw: U] : T,
with ;T A - B[A"Fw: U] : Set and X;T' = IIAB —}, 7 : T, By (ii),
there is B” such that ;I A= B —§ B : T, and FV(B’) —1 C FV(r).
By the induction hypothesis, there is v such that X; T, A, A" Fu=v:U
and Fv(v) — |A’| C FV(B’), that is, Fv(v) — |A] CFV(B’) — 1 C FV(r).

O



78 CHAPTER 2. A DEPENDENTLY-TYPED LANGUAGE

Corollary 2.173 (Preservation of head variable). If 2;T Faxé=t: U, then
x € FV(t).

Proof. By Postulate 14 (existence of a common reduct) and Remark 2.43 (free
variables of dm-reduct), there is r such that ;T F x € —5, 7 Uand ;T
t—r5q 7 U, with Fv(r) C FV(2).

By property (viii) in the proof of Lemma 2.172 (free variables in reduction
of rigid occurrences), there exists f’ such that 3;I' - a € —¢} f: U for some
m, and FV(f") C Fv(t).

By Definition 2.41 (dn-normalization step), at each of the m reduction
steps, only the APP; rule may be applied (for perhaps a different j at each step)

and thus f = z ¢/ for some ¢’. Therefore, z € Fv(f’), and thus, z € Fv(t). O

Lemma 2.174 (Rigidity of substitution by neutral terms in normal forms).
Given a vector f of irreducible neutral terms, a normal form term v™, and
a vector T of variables fulfilling the hypothesis of Definition 2.34 (iterated
hereditary substitution). Then we have v™[f/Z] |} u for some u, and, for all
i€{l,..,n}, if z; € *V(v™), then there is m such that u[[ffm)]]m,

Proof. By Remark 2.36 (hereditary substitution by a neutral term), u exists.
By induction on v™ and Definition 2.31 (hereditary substitution), u[f*+™]™.
O

Lemma 2.175 (Preservation of irreducibles by normal forms). Suppose that
©;T,z:U Fv:V, and ©;T,UFv—=;, :V.

Let f” be a wvector of irreducible terms, such that, for_} all @ = 1,...,n,
f; = h; €, and, for some h, ©;T + h: TIU"B, and ©;T F h f : B[f].

(2
=

Toke i € {1,...,n} such that x; € FV(v). If ©;T Fv[f] = u: T for some
term u and type T, and h; =y, then y € Fv(u).

Proof. By Lemma 2.167 (characterization of normal forms), v is of the form
nf
™.

By Lemma 2.174 (rigidity of substitution by neutral terms in normal

forms), we have that v[]?][[ff+m>]m for some m, which, by Lemma 2.170
(typing of rigid occurrences), gives ©;T F o™ [f][A + fZHAD : U] : T for some
A, U, with |A] =m.

-

Because ©;T + o[f] = u : T, by Postulate 14 (existence of a common
reduct), there is a term r such that ©;T" v[f] —%, 7+ T, and ©;"
u—3, r: T

Because ©; T + v"[f][A - fZ-(HAD U] : T and ©;T F o[f] —5n 7 T, by
Lemma 2.172 (free variables in reduction of rigid occurrences) and Remark 2.28
(renaming and free variables), there is @ such that ©;T, A + fi(HA‘) =u:U
and Fv(u) — |A| C FV(r).

By Corollary 2.173 (preservation of head variable), hEHAD = yHah ¢
FV(i), therefore h, =y € Fv(@) — |A| C Fv(r).

Because ©;1' - u—5 r: T, by Remark 2.43 (free variables of dn-reduct),
h; =y € Fv(u). O
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Lemma 2.176 (Injectivity of normal forms with respect to irreducibles). Sup-
pose that ©;T,x: U Fwv:V, and e;I,U+ V=5V

Let f" and ?n be two vectors of irreducible terms, such _I;hat, for all i =
1,eumn, fi = h; €, fl =h} ;, and, for some h, ;T h:IIUB, ©;T F h f :
Blf). &:T -1 : B[F. -

Let i € {1,...,n} such that z; € FV(v). If ©;T F o[f] = v[f’] : V][], then

Proof. Because o:I,U + V=5, : V, by Lemma 2.167 (characterization of
normal forms), v is of the form v, for some v,;.

Let 2" = n —1,...,0. It suffices to show the following, stronger property,
and taking A = -
For all A and u if xMAl € rv(u™) and for some T, ©;T,A F

unf[fz+m|>/f<+m|>] [f’ ‘A|/ +\A\)] T, then hEHA\ W\ (+HAD

By induction on u:

(a) Case u™ = :Z:EHADE: By Definition 2.34 (iterated hereditary
substitution) and Remark 2.36 (hereditary substitution by a neu-
tral term), we have u™[fUHIAD/z(+HAN] — fHAD ﬁ[ﬂ*‘A|>/zﬁ(+|A‘)],

unff7 e JEEIAN = f7 CHAD Ent enf[f/ e J#HAD]. By the assumption,
—(+ —(+Al)
f; and f! are irreducible. By construction, fi a0 and f’

also irreducible By Remark 2.165 (extensions of 1rredu(31ble terms)

—(+]A —
because f; A and f’< 0 are irreducible, fi(HA‘) ent[ fLHAD /z(+AD]

+
and f’, (HAD “f[f/ - |/ +1AD] are irreducible, and therefore strongly

neutral By Lemma 2.163 (injectivity of elimination for strongly neutral

terms), hEHA‘ h; HAD

(b) Case u™ = oy ent (z; € 2, j # i): By Remark 2.165 (extensions of irre-

ducible terms), fi*14) enf[ fl+18D /z(+AD] and ff§+\A\ nf[f/< IAD JEHAD)
are irreducible, and therefore strongly neutral. The proof follows as
above.

(c) Case v = he“f, h =y, y ¢ 214D Then u“f[fmm/ (+Hal) =

A
T [2480) a7 i) )
some y’.

If xMA‘ € rv(u™) and h # x; (12D then Z‘EHAD € Fv(e}f) for some
J By the assumption and Lemma 2.163 (injectivity of elimination
for strongly neutral terms), we have ©;,A e;.lf[fmA‘)/:f(HAD] =

—(+|A])
[f/ " ‘/ (+1AD] © U for some U. By the induction hypothesis,

h(+|A\> _ o Ha).

(d) Case u™ = = hevt, h =@ Then u® F[FUHAD /2 (HAD] = hﬁ[ﬂ%\)/ﬂﬂm]

ut[f7 e ‘/ AN = [f’ e |/ (+1AD], The proof follows as in
case (c).
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(e) Case uf = henf, h = if, uf strongly neutral: The proof follows as in
case (d).

(f) Case u™ =¢c: Then FV(c) = () 3 x;. This case holds vacuously.

(g) Case u™ = A.t*: Follows by Lemma 2.83 (injectivity of A) and the
induction hypothesis.

(h) Case u™ = (#}f,#5F): Follows by Lemma 2.85 (injectivity of (,)) and the
induction hypothesis.

(i) Case u™ = IAMB™: . Follows by Postulate 10 (injectivity of II) and
the induction hypothesis.

(j) Case u™ = X AMB"f: Analogous to case (i).

(k) Case u™ = Bool or u™ = Set: Analogous to case (f).

2.23 Out of scope features

The theoretical description is a subset of the actual implementation. Our focus
is on the metavariable solving aspect of dependent type checking. Our goal is
to provide a unification algorithm which will only produce well-typed terms
throughout its operation. We have thus side-lined some equally important,
but mostly orthogonal aspects of dependent type checking.

2.23.1 Inductive definitions and inductive families

Recursive definitions or pattern matching are not described in the theory. We
do this to avoid cluttering the exposition with redundant details.

In the implementation, expansion of definitions is performed analogously
to metavariable expansion, and pattern matching for inductive families is a
generalization of the recursor for booleans (if).

2.23.2 Identity types

The implementation also includes a built-in identity type (i), the corresponding
constructor (ii), the J axiom (iii) and its computation rule (iv).

Y FTctx )
;EId: (X :Set) » X — X — Set

»:I'kt:T
ST hFrefl: IdT ¢t

(i)

X :Set) = (2 : X) = (29 : X) —

Yi(z;: X) = (2y: X) = ld X 2y 25 — Set)
(x:X) = Yaxzrefl) —
z:ldXay2y) 2 Y 292

STFJ:

NN S
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ETEJITttUvrell —g, vt : Uttrell (iv)

2.23.3 Generalized records with n

We include a dependent sum type (X) with n-equality in the theoretical presen-
tation. The implementation includes record types with an arbitrary number
of fields, and n-equality.

¢ Records with more than two fields can be modelled in the theoretical
system as nested X-types.

o Record types with no fields (i.e. the unit type with n-equality) can how-
ever not be modelled easily in the theoretical system.

In fact, n-expansion for a record type with no fields can be particularly
challenging to handle rigorously. In the implementation we adopt a prag-
matic approach, where we reduce the power of our unification rules in
order to preserve completeness (Section 4.7.1).



82

CHAPTER 2. A DEPENDENTLY-TYPED LANGUAGE



Chapter 3

Unification for type
checking

We are interested in the problem of dependent type checking with metavari-
ables, or, more succinctly, the type checking problem.

When describing a type checking problem, we use metavariables to repre-
sent those subterms omitted by the user. Specifically, each omitted term is
replaced by a fresh metavariable applied to all the variables that are in scope
at that particular point in the term. The result is a term with holes.

Definition 3.1 (Term with holes). Consider a signature ¥ and context I',
such that ¥ T ctx.

We say that t is a term with holes in signature 3 and context I if, for each
metavariable « occurring in ¢ (o € METAS(t)), either:

(a) « € DECLS(X), or

(b) « occurs only once in ¢, and it occurs applied to all variables in the scope
of its occurrence.

R

More precisely, if we define the relation “HOLES(_, , ) | _” as in Fig-
ure 3.1, we say that a term ¢ is a term with holes in signature ¥ and context
I' if (moLES(X,|T'|,¢) { H) and METAS(t) C SUPPORT(X) U H.

Definition 3.2 (Well-formed type checking problem: ;T 7 ¢ : A). Consider
a signature ¥ and context I', such that ¥ F I'ctx, and a type A such that
;T A type. Let t be a term with holes in signature ¥ and context I". Then
YT H t: Ais a well-formed type checking problem.

Definition 3.3 (Solution to a type checking problem: © F ;T 7 ¢ : A).
We say that a metasubstitution © is a solution to the type checking problem
YT Yt A (written © F S:T F ¢+ A), if Owf, Oy F X, DECLS(O) =
DECLS(X) UHOLES(X, [T'| ,t), and ©;T ¢ : A.

Definition 3.4 (Unique solution to a type checking problem). In our develop-
ment we are interested in finding a unique solution; namely, a metasubstitution

O such that i) © F ;T 7 ¢ : A, and ii) for any other metasubstitution ©’
such that ' EX:TH ¢t : A, we have © = ©’.

83
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HOLES (X, n, Set) | )
HOLES(X, n, Bool) | 0

HOLES(X,n,IIAB) |} (H, U Hy) if
and
and

HOLES(X,n,XAB) | (H, U H,) if
and
and

HOLES(X, n,c) |} 0

HOLES(X,n,At) § H if

HOLES(X, m, (t1,%,)) | (H, U Hy) if
and
and

HOLES(X,n,a (n—1) (n —2)...0) | {a} if

HOLES(S,n, he™) | (U;", H,) if Vie{l,..,

HOLES(X, n, .mq)

10
HOLES(X, n,.my) || 0

HOLES(X,n, A) | H,
HOLES(X,n+1,B) || H,
H, NHy,=1
HOLES(X,n, A) | H,
HOLES(X,n+1,B) || H,
H NH,=0

HOLES(X,n+1,t) | H
HOLES(X,n, ty) | Hy
HOLES(X,n,ty) | Hy
H NH,=0

a ¢ DECLS(X)
m}.HOLES(X, n,e;) | H,

K2

and Vi,j.i# j.H,NH; =0
and (h = a,« € DECLS(X)
or h=xz or h=a or h=if)

Figure 3.1: Recursive definition of the set of holes in a term
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This is one simple example of a type checking problem:

Example 3.5 (Dependent type checking with metavariables, unique solution).
Consider ¥ = A : Set,c: (A : Set) - A — A. We have ¥ sig, ¥ F - ctx, and
- A — A type.

Take t = Az.c (o x) z. The metavariable o does not occur in the signature
¥, and is applied to all the variables in scope (here, only x, because I is empty).
By Definition 3.1 (term with holes), ¢ is a term with holes in signature ¥ and
context I', and the following is a well-formed type checking problem:

Y- F Az (ax)w s A— A

If we take © = A : Set,c: (A :Set) > A — A a:= Az.A: A — Set, then
Oy F X, and O;- -t : A — A. Therefore, © is a solution to the type checking
problem 3:- ' t: A — A.

Let ©" be another solution to the given problem.

(i) © E X, therefore ©’;-F A: Set and ¢ : (A: Set) - A — A.

(ii) By Lemma 2.82 (X inversion), Lemma 2.56 (neutral inversion), and
Lemma 2.52 (IT inversion), ©’;- + « : A — Set and ©;- F oz = A : Set.
By Lemma 4.36 (Miller’s pattern condition), ©';- + a = Az.A : A — Set.

By Lemma 2.130 (alternative characterization of a compatible metasubstitu-
tion), © F ©. By Lemma 2.148 (uniqueness of closing metasubstitution),
©’ = O. Therefore, O is a unique solution to the given type checking prob-
lem. |

Example 3.6 (Dependent type checking with metavariables, no unique solu-
tion). Take the same type checking problem as in Example 3.5:

i Az (ab)z i A— A

Both ©, and ©, (below) are solutions:

O, =A:Set,c:(A:Set) > A— A,a:=x.A: A— Set
O, =A:Set,c: (A:Set) > A — A, a:=Av.x: A — Set

However, by postulate Postulate 14 (existence of a common reduct),
[©4;-F a# Az.x: Set| thus [©, £ ©,|. By Lemma 2.147 (compatibility
respects equality) this means [©; # O,]. Therefore neither ©; nor ©, are
unique solutions. |

3.1 From type checking to unification

In this section we give an account of an elaboration algorithm proposed by
Mazzoli and Abel [36], which reduces a type checking problem to a higher-
order unification problem.
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Definition 3.7 (Basic constraint). A basic constraint is a well-typed equation
between two terms and their types.

I'Ft:A~u:B

A basic constraint is well-formed in a signature ¥ (written 3;T" - ¢ : A =
u : Bwf) when each of the two sides is well-typed.

TRt A >;'Fu:B
Y. I'Ht: A=u: Bwf

Basic constraints thus defined are heterogeneous: each side may have a
different type.

Definition 3.8 (Solution to a basic constraint: @ F ;T FHt: A= wu: B). A
metasubstitution © is a solution to a well-formed basic constraint 3;T" ¢ :
A=uy: Bwf (written © F X;THt: A=u:B)ifOFX ;' A= B: Set
and ©;I'Ft=wu: A.

Given a set of basic constraints in a common signature, we can formulate
a dependent unification problem.

Problem 3.9 (Unification of dependently-typed terms). Given a signature
Y and a set of basic constraints of the form ;T F ¢, : A, 2 u, : B, (i €
{1,...,n}), is there a metasubstitution © such that © F X, and for each i €
{1,...,n}, © is a solution to 3;T'; ¢, : A, = u, : B;?

An elaboration algorithm reduces a type checking problem to a unification
problem:

Definition 3.10 (Elaboration algorithm). An elaboration algorithm takes as
input a type-checking problem ;T -’ ¢ : A (Definition 3.2) and produces a
signature ¥’, a term u, and a set of basic constraints €.

Definition 3.11 (Well-formedness of an elaboration algorithm). We say that
the elaboration algorithm is well-formed if, for any well-formed type check-
ing problem ;T +’ ¢ : A, the algorithm produces a signature ¥’, a term
u and a set of basic constraints €, such that ¥ C ¥/, ATOMDECLS(Y) =
ATOMDECLS(Y), SUPPORT(X’) D METAS(t), ¥’ sig, ¥';T F u : A, and each
of the basic constraints € € € is well-formed.

For an elaboration algorithm to be correct, the solutions to the constraints
must be in correspondence with the solutions to the original type checking
problem:

Definition 3.12 (Correctness of an elaboration algorithm). We say that an
elaboration algorithm is correct if it is well-formed, sound and complete. That
is, given a well-formed type checking problem 3:T' F’ ¢ : A, if ¥/ is the
signature produced by the elaboration algorithm, u the term, and € the basic
constraints, then the following hold:

Soundness Let © be such that © £ ¥’ and © £ €. Then Os Wi, Oy, F
S TH ¢t:A and O;THt=u: A.
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Completeness Let © be a metasubstitution such that © F 3" Fft: A.
Then there is a metasubstitution © such that GZUt = 0, @ E Y/, and

OFC.

The algorithm proposed by Mazzoli and Abel [36] thus elaborates a type
checking problem (Definition 3.2) to Problem 3.9 (unification of dependently-
typed terms). Both those subterms omitted by the user, and those subterms
which cannot be immediately type-checked are replaced by metavariables of
the appropriate type. The signature X is thus extended into a signature ¥/,
which adds declarations for any metavariables used in the term ¢ and the type
A. A term u of type A, and a set of basic constraints C is returned. These
are such that, when the constraints are such that, when the constraints C are
solved, the term u becomes judgmentally equal to the term ¢.

We describe some of the cases of their algorithm in Algorithm 1; namely
the cases for holes, A-abstraction, application and atoms.

Example 3.13 (Elaboration of a type checking problem with metavariables).
Consider again the type-checking problem of Example 3.5 (dependent type
checking with metavariables, unique solution):

YoFt Ao A
where
L= A:Set,c: (X :Set) > X - X

t= \re(az)z

Solving the type-checking problem involves i) finding a type and a body
for «, such that ii) the term ¢ has type A — A in the empty context (-).

If we apply Algorithm 1 to the problem X;- ' ¢ : A — A, we obtain the
constraints below, and the elaborated term u = «. Note how each output
constraint corresponds to one level in the syntax of the term ¢.

27

gt A — A yq s Set, vy 1y — Set

(T 7)) = Y,

Y3 7 — Set,

Yai(@:y1) = (2:932) — Set

Qg 71 =7 V3%

ag:(ziy) = (2:732) = Y47 2,

75:71~>Set,

Yo i (T :7) = (2795 ) — Set

a:(z:y) = vz

ap (@) = (2:79520) > YT 2

9

Fag: A= A= dz(ogx): (T:9) = (Y22)

ANz:iy b agz:yr = (agr) (az) 747 (ay )
Nex:ylFoagr:yprxa:y
Ne:ipbagz:(z:y32) 27222 (agr)(az): vz (ax)
ANr:yFaye:(z:9,2) > yxz=2c:(y:Set) >y —y
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<

Remark 3.14. The elaboration process generates many metavariables and con-
straints. In particular, given a term of the form h €™, n metavariables with
corresponding constraints will be generated, which will then need to be solved.
In Section 5.5.2, we explain the shortcuts that we take to reduce the number
of constraints when elaborating neutral terms.

We consider a proof of the correctness of the elaboration out of the scope
of this work, as the unification approach described in Chapter 4 (unifying
without order) does not depend on the particular details of the elaboration.

Once we have elaborated the type checking problem into an extended sig-
nature and a set of basic constraints, finding a solution to all the constraints
will give us values for each metavariable; in particular, to those corresponding
to the holes in the original type checking problem.

The solution to the unification problem in Example 3.13 is:

6 £ 3

oy = Az.chAz A=A,

Y1 = A : Set,

Yo = AT.A : A — Set

o = Ax.cAz A — A

V5 = AT.A : A — Set,

V4= AT AYA :A— A — Set

ay = Az A — A

ag = AzT.CA A= A— A,

V5 = Az.Set : A — Set,

Y6 = AxAz.(z—z) :A—(z:Set) — Set
a = Az.A : A — Set

a, = Az.c :A— (z:Set) >z — 2

Note how, if we substitute « for Az.A in the original term, we obtain a
well-typed term: ;- Az.c Az : A — A. The term that the user omitted is A.

Finding a solution to the above constraints is an instance of higher-order
unification. A review of how this problem has been approached both histori-
cally and in the context of dependent types follows. The specific approach we
adopt is explained in Chapter 4.

Note that we are interested in solutions to the unification problem only
when they are unique. What it means for two solutions to be equal is described
in Definition 2.145 (equality of metasubstitutions).
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Algorithm 1: ELABORATE

input : Type-checking problem ;T ¢: A
output : Signature ¥’

Elaborated term u

Constraints @

Let X/ :== 3;

Let z: 1T = T

if t = aZ for some a, o ¢ SUPPORT(X) then
Y =Y, T A;

U=z
C:=0;
return

Let o be fresh in 3};
¥ =% ay: II7T A;
U= Z;
switch ¢ do
case \.t; for somet; do
Let 74, 5 be fresh in ¥';
S =%y, T — Set,yy : z: T — v, Z — Set;
>/ /€ := ELABORATE(Y ; T,z : 4, ZH £+ v, Z2);
Co=Tru:Ax= v :(z:7 2 > viz A C
L return
ase ft, for some f andt, do
Let vy, v, be fresh in ¥
=%y, : T = Set,yy: 2: T — 7, Z — Set;
>’ uy, € == ELABORATE(Y ;T H' ¢, : 7, 2);
>/ g, €7 := ELABORATE(X ;T Y f i (27, 2) = vy Z2);
Co=Thru:A=(uy @uy):vzZu, A C A C;
L return
case b for some b withb: B € ¥ do

.

C:=Tru:A=b:B;
L return

o
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3.2 Higher-order unification

The problems of first-order and higher-order unification were initially of inter-
est because of the immediate application to theorem proving over first-order
(respectively higher-order) logic.

Unification can be stated for any language with a notion of equality between
terms. For instance, unification can be considered in the context of simply-
typed A\-terms, where equality is given by the n and (B-rules.

Notation (Terms and constraints). In the rest of this chapter we consider
unification constraints of the form I' - ¢ ~ u : T, which are satisfied in a
signature ¥ when ;' Ft=wu: T,

Unification is first-order when the types of metavariables are all first-order
(e.g. a: Ay — ... = A, with all A; atomic types). First-order unification was
independently shown to be decidable by Guard [24] and Robinson [53].

Example 3.15 (First-order problem). Consider the following first-order prob-
lem:

«: Set, [ : Set — Set,a: Set;- FFa~~Fa: Set

def

The problem has the solution © = F : Set — Set,a : Set,« := @ : Set.
Indeed, replacing all occurrences of a by @ in F a gives F a. |

Unification is higher-order when the types of metavariables are higher-
order, that is, the arguments of a metavariable may in turn be of function
type. This more general version of unification is the one we need to elaborate
our dependently-typed language, where metavariables of function type may
appear in types; and thus the unifier must be aware of the workings of (-
reduction.

Example 3.16 (Higher-order problem). Consider the following higher-order
problem:

« : Set — Set — Set, [ : Set — Set;z : Set,y: Set - axy~F x: Set

Note that « is of function type, and in fact occurs at the head of a term
(axy). The problem has the solution © £ F : Set — Set, o :== A\v. \y.F @ :
Set. Finding this solution requires accounting for the fact that substituting
Az Ay.F x for « is not a purely syntactic substitution, which would give the
(ungrammatical) term [(Ax.\y.F z) x y|; but instead also involves a computa-
tion step (resulting in F z). <

3.3 (Un)decidability of higher order unification

Deciding whether a solution to a higher-order unification problem exists is
undecidable, as shown by Huet [28]. Huet shows the undecidability of higher-
order unification by encoding the (undecidable) Post correspondence problem
[50] as a higher-order unification problem. In this section we sketch Huet’s
argument, adapting the notation to our setting, and generalizing it to show
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the undecidability of not only the existence of a solution, but also of whether
a given solution is unique.

Given a Post correspondence problem for words {a;, b;}?_; over the alpha-
bet {x,y}, consider the corresponding higher-order unification problem:

A : Set,

a: (A=A — ..., = (A=A = (A=A,
B:(A—=A)— (A—A);

Ty A= AFad..a, ~ab ..b, A
A= Arax.. xxdzx(Brz): A=A

The tilde 77 over a word denotes its encoding as a list of variables. For
example, the encoding of the word xyx is xyx = Az.(z (y (z 2))).

By a combinatorial argument, because of the type of metavariable «, in all
well-typed solutions to the problem, the body of «, when fully n-expanded,
is of the form Aw;...\w,,.\z. wil(...(wipz)). The indices iy, ..., 1, encode one
candidate solution to the Post correspondence problem. Given a solution, the
first constraint ensures that concatenating the words s oes Gy will yield the
same result as concatenating b , ..., bip. The second constraint of the problem
guarantees that p > 0.

Conversely, any solution to the Post correspondence problem can be trans-
lated into a solution to the unification problem. Therefore, deciding whether
there is a solution to an instance of the Post correspondence problem cor-
responds to deciding whether the corresponding unification problem has a
solution.

Note that whether a unique solution exists is also undecidable. To show
this, observe that, if we drop the metavariable § and the second equation,
the problem always has at least one solution, namely, © £ A : Set,« :=
Awy.dw, Az z s (A= A) — ..., = (A — A) = A — A. This solution is unique
if and only if the matching Post correspondence problem has no solution.

3.4 Miller pattern unification
Even if higher-order unification is in general not decidable, some particular
instances of this problem can be solved.

Example 3.17 (Solvable higher-order unification problem). Consider the fol-
lowing higher-order unification problem:

A : Set,
a: (A= A) = (A= A) = A= A
u:A=Av:A=>AFauvdzoo(v(uz))

This problem has the following solution:
O =A:Set,a:=(AuwAvAs.v(v(us))): (A=A = (A= A) = A=A
<
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Note that all the metavariables in Example 3.17 are applied only to dis-
tinct variables. This means that the unification problem is in the pattern
fragment as described by Miller [41]. Problems in this fragment always have
a unique, most-general solution (see Lemma 4.36, Miller’s pattern condition).
Paraphrasing Gundry and McBride [25], the behaviour of a metavariable is
fully characterized by its application to distinct variables.

3.5 Dynamic pattern unification

It may be the case that, in a problem, some but not all constraints are in the
pattern fragment. For example, the following problem is not entirely in the
pattern fragment, because the first argument to «, (8« y), is not a variable.

A:Set,a: A—A—>AB:A— A— A
zy:AtaBry)y~y:A
r,y:A-Bry~ax:A

However, the second constraint is in the pattern fragment. This means that,
in any solution to the problem, 3 is necessarily instantiated to the term Ax.\y.x
(or a term judgmentally equal to said term). Following this assignment, the
first constraint becomes = : Ajy : AF axy ~ y : A, which is in the pattern
fragment, and necessitates [z : A,y : AF axy=y:A|. This means that the
unique solution is A: Set,a:=Az. \y.x : A > A= A =z \yy: A— A —
A.

As Michaylov and Pfenning [40] observed, by postponing certain con-
straints, we can solve problems which are not strictly in the pattern fragment.

Furthermore, by using pruning (see Section 4.5.9), it is possible to use infor-
mation in one constraint to remove certain arguments from a metavariable in
another constraint, thus bringing more constraints into the pattern fragment.

The use of constraint postponement and pruning constitutes dynamic pat-
tern unification and is treated rigorously by Reed [52] in the context of depen-
dent types.

3.6 Extension to product types

So far we have discussed unification for the simply typed \-calculus. The
pattern fragment can be extended to accommodate terms with product types
(x), including pairs (t,u), projections (.my, .m5) and the corresponding m-
equality.

For example, the following problem is not in the pattern fragment, because
the arguments are projected variables:

A : Set, B : Set,
a:A— B—B;
z:AXBFa(z.m) (z.my) ~ (x.m9): B
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Duggan [19] observes that this is not a problem, as long as the projections
applied to a given variable are distinct.

In fact, we can obtain an equivalent problem which is in the pattern frag-
ment by “currying” the context variable z : A x B into two separate variables
xy : A and x4 : B, with & = (@, ).

A : Set, B : Set,
a:Ah— B— B;
XA xy BFEax,zy = xy: B

Similarly, the following problem is also not in the pattern fragment, because
the argument is not a single variable, but a pair:

A : Set, B : Set,
a:AxB— B;
x:Ay:BFalr,y) ~y:B

However, because all the components of the pair are distinct variables, this
does not preclude a unique solution either. In this case, we can curry the
first argument of «. The problem then becomes the following, which is in the
pattern fragment:

A : Set, B : Set,
o :A— B— B,
a:=Ar.o (z.mp) (x.my) : A X B— B;

x:Ay:BFa' zy~y:B

Because of m-equality, a term of record type is determined by its projec-
tions, therefore the set of possible solutions for « stays unchanged after this
transformation. The resulting constraint implies that any solution must fulfill
z:Ay:BFa xy=1y:B. Because x and y are distinct, then, for any solu-
tion ©, ©;- F o’ = Ax.\y.y : A — B — B (see Lemma 4.36, Miller’s pattern
condition). In fact, the new problem has the following unique solution:

© = A:Set,B:Set,a:=Av.(v.my) : AXxB—B,a/ :=v.\yy: A—B—B

Therefore the original problem has the unique solution ©y,, = (A :Set,B:
Set,:= Azx. z.my : A X B — B).

Abel and Pientka [3] extensively elaborate on this insight to extend dy-
namic pattern unification for a theory containing both dependent function
(IT) and record (X) types.

3.7 Interleaving type checking with unification

In dependent type checking with metavariables, the type of all terms is not
known in the beginning, as it may depend on uninstantiated metavariables.
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At the same time, some unification problems require awareness of the types of
terms in order to be solved. For example, see Section 3.6 (extension to product
types).

Approaches for interleaving type checking with unification must deal with
the fact that some terms might not be well-typed until some constraints are
solved.

Reed [52] and Abel and Pientka [3] use a formulation of typing modulo
constraints. This formulation relies on the fact that in their case, unsolvable
constraints do not jeopardize the correctness of normalization. More specifi-
cally, in their system, metavariables in types can only appear as parameters
to atomic type families.

In section 3.4 of Norell’s thesis [44], an example is given where a non-
recursive, yet non-terminating term can be typed. This failure to prevent
non-normalizing terms leads to non-termination in the type checker. !

For Agda, where metavariables may appear anywhere in a type, Norell and
Coquand [44] designed the system in such a way that certain subterms are
blocked from being reduced until the constraints ensuring their well-typedness
are solved. This restriction is quite robust in practice, but one can still create
ill-typed terms under certain circumstances [33].

In the elaboration algorithm described in Section 3.1 (from type checking to
unification), subterms which cannot be immediately type-checked are replaced
by metavariables of the appropriate type. These metavariables take a role
similar to Norell and Coquand’s guarded constants [44]: in the same way that
a guarded constant prevents a term from normalizing until a constraint is
solved, a metavariable effectively prevents a term from normalizing until the
metavariable is instantiated.

3.8 The II problem

A unification problem can sometimes be solved by breaking down the con-
straints into smaller ones, until they can either be dismissed as trivial, or
solved by instantiating a metavariable.

A difficulty with solving heterogeneous constraints appears when attempt-
ing to simplify a constraint involving binders, like II, 3, or A.

For example, consider a basic constraint which unifies two II-types: II(x :
A)B and II(z : A’)B’. In order to obtain constraints that we can be solved,
we may want to simplify («») the given constraint into two new constraints,
one that unifies A and A’, and another which unifies B and B’:

S;T'FI(z: A)B: Set = 1l(x: A")B’ : Set ~»
;- A:Set= A" : Set A
Iyz:[?|F BB :Set
The question is, in the second constraint, what the type [?] of the new

variable x should be. If the type is A, then the right side of the constraint
may not be well-formed; mutatis mutandis for A’.

Tn Agda and Coq, non-terminating recursive definitions are disallowed by a termination
checker.
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3.9 Strictly ordered, homogeneous constraints

The approach suggested by Mazzoli and Abel [36] sidesteps the II problem by
having both sides of the constraints have the same type. Such constraints are
called homogeneous.

Definition 3.18 (Homogeneous constraint). A homogeneous constraint is of
the form ;" - ¢t ~ uw : A. Such a constraint is well-formed if and only if
Y;I'Ft:Aand ;T Fu: A

In their implementation, each well-formed basic constraint ;' - ¢ : A =
u : B is translated into two homogeneous internal constraints; namely ;1" -
A~ B:Setand ;T Ht ~u: A Note that the second constraint is not
necessarily well-formed, because it might not be the case that ;1" - u : A.
Solving the second constraint before the first constraint is solved could lead to
inconsistencies [4].

However, once an extension ¥’ J X is found such that ¥";T'+ A = B : Set,
then the second constraint will be well-formed in this extended signature:
Y:I'Ft~u: A, and can be solved.

Unifying types and then terms sequentially help ensure well-formedness of
constraints throughout the algorithm, but, at the same time, prevents using
information which could help unify types.

Example 3.19 (Limitations of sequential solving). Given metavariables « :
Set — Set and S : aBool, consider the constraint z : Set F (ax,true) :
Set x Bool ~ (Bool, 3) : Set x a Bool. This constraint has the unique solution
« := Az.Bool : Set, 3 := true : Bool.

A strictly ordered approached based on homogeneous constraints would
first solve x : Set - Set x Bool & Set x a Bool : Set, and once it is solved (and
only then), attempt x : Set - (a z, true) &~ (Bool, 8) : Set x Bool. However, the
first constraint has two possible, incompatible solutions: « := Az.Bool : Set
and a := Az.x : Set.

In order to determine that the first alternative is the right one, we need
information from the second constraint. However, this information is inacces-
sible until the first constraint is solved. |

3.10 Heterogeneous constraints using twin
variables

Gundry and McBride [25] propose considering, as internal constraints, con-
straints with a twin context: that is, a context where each variable has two
possible types.

r == . empty twin context
| T A variable of simple type
|

, Lt
I'z: A;tA, variable of twin type
Each occurrence of the variable in the rest of the constraint is annotated

with either an acute () or a grave () accent, depending on whether that variable
should have the left or the right type, respectively.
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In our particular type system, this would correspond to extending the
syntax of terms in this way:

= neutral heads
| & left twin variable
| 2 right twin variable

h

The rule VAR is replace by the following two rules:

VAR-LEFT

T,o: AfA Az = A

VAR-RIGHT

T,o: AtA  AFa= A

In this new setting, the basic constraint from Section 3.8 is simplified in
this manner, where the type B[z + ] (respectively B’[z + 2]) is the result
of syntactically replacing each occurrence of z in B by & (respectively, each
occurrence of x in B’ by z):

S;TFH(x: A)B:Set = 1l(x: A’)B’ : Set
S I'FA:Set~u:A":Set A
;1,2 : AJA"F Blx > £] : Set =2 B[z > 2] : Set

In Chapter 4 we build on this approach to implement a unification algo-
rithm.



Chapter 4

Unifying without order

In this chapter we present an unordered, heterogeneous approach to unifica-
tion.

Our goal is to specify an algorithm that can be easily implemented for
an existing dependent type checker, such as Agda. Our approach builds on
Gundry and McBride’s [25]. We both simplify and extend their unification
algorithm to make it easier for us to implement side-by-side with Mazzoli
et al.’s prototype type checker [37].

There are three main differences with respect to Gundry and McBride’s [25]
approach:

e In Gundry and McBride’s [25] approach, variables on any side of the
constraint may refer to either side of the context, depending on an anno-
tation which is added to the variable. See Section 4.1 (two-sided internal
constraints) for more details.

These twin variable annotations would eventually need to be removed in
case of successful unification, impacting performance. In case of error,
they would need to be displayed to the user, possibly resulting in confu-
sion. In our approach, variables on the left or right side of the constraint
may only refer to the left or right side of the context, respectively; thus
rendering twin variable annotations superfluous.

e A constraint can be deemed solved even before the both sides of the
context or the types are equal, thanks to a more general notion of equality
(see Definition 4.12, heterogeneous equality).

This allows for a syntactic equality check (see Rule schema 1, syntactic
equality) which only checks the terms. This way constraints where the
terms on both sides are syntactically equal can be solved as directly
as in a homogeneous setting. This syntactic equality check can lead to
improved performance in some cases, as shown in Section 5.6.1.

e All rules can be applied to terms which are not in §-normal form. Exces-
sive normalization may affect both readability [2] and performance [12].
Being able to handle partially-normalized terms may be a useful tool in
order to obtain a well-performing type checker.

97
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4.1 Two-sided internal constraints

The constraints in the problem are all basic constraints (Definition 3.7). How-
ever, in order to solve the II problem (Section 3.8) without enforcing a strict
ordering of constraints (Section 3.9), we use Gundry and McBride’s [25] notion
of contexts, where each variable may have two different types: one for each
side of the constraint.

Definition 4.1 (Twin contexts). A twin context I';II'y is a pair of contexts
I'; and Ty, such that [I'y| = |T'y|.

A twin context is well-formed if each of the sides I'; and I'y are well-formed.
The precondition |T';| = |T'y| follows from the use of the syntax I';iI'y. For
the sake of clarity, we reiterate it in the derivation rule.

Y ETctx Y ET,ctx (ITy] = |Ts))
DN B B s §

Notation (Twin context). Given a well-formed twin context I'; Iy, it can also
be viewed as a context where each variable has two types:

ryir, == - empty twin context
| T4y, A;1A,  variable of twin type

Twin contexts can be concatenated by concatenating each of their sides.

Notation (Twin context concatenation). The concatenation of two twin-
contexts I'1ITy and A IA, is written (I'11T5), (A1IA,), and corresponds to
the twin context (I'\,A;) i (T'y,A,). Writing (T'y1I), (A1A,) instead of
(T1, A5, Ay) indicates that |T';| = [Ty| and |A;] = |A,].

Internal constraints extend the notion of basic constraint by replacing the
context with a twin context. In contrast to Gundry and McBride [25], we do
not extend the syntax of terms with twin variables (see Section 3.10). Instead,
the variables on the left (or right) side of the constraint only reference those
on the left (respectively right) side of the context.

Definition 4.2 (Well-formed internal constraint). Given a twin context
I'; iy, two terms ¢ and u, and two types A and B, an internal constraint is a
5-tuple of the form I'|iI'y F¢ ~ u : AIB.

An internal constraint € is well-formed in a signature ¥ (written %; € wf)
if and only if each side of the constraint is well-typed in the corresponding side
of the context.

S ET T, wt 5Tkt A :I'yFu:B
500, Fit~u: AfBwf

A unification problem is a set of constraints sharing the same signature:

Definition 4.3 (Unification problem). Given a signature ¥ and a sequence
of constraints €, a unification problem is a pair of the form ; €, where C is a
vector of internal constraints.

C,D,& == TI'yfI'ykFt~wu:A}B internal constraint
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Notation. The vector € may be understood as a conjunction of constraints;
therefore we use A as the element separator:

—

Gr=C,A...NC,

An empty vector of constraints is denoted by “O”:
=0

Definition 4.4 (Set of constants in a constraint or a vector of constraints:

-

CONSTS(C), CONSTS(C)).

consTs(I' 1Ty Ft~u: AtB) = conNsTs(T';) U consTs(Ty)
U CONSTS(t) U CONSTS(u)
U CcONSTS(A) U cONSTS(B)
consTS(€") = |J_, CONSTS(C;)

Definition 4.5 (Well-formed unification problem). A unification problem %; €
is well-formed if 3 is well-formed, and each of the constraints in C is well-
formed in X.

Y sig Ve € C,%; Cwf
¥ Cwf

Remark 4.6 (No extraneous constants in constraint). If ;€ wf, then

-

coNsTS(€) C DECLS(X). Also, if 3; € wf, then coNsTs(€) C DECLS(X).

Proof. By definition Definition 4.2 (well-formed internal constraint), Defini-
tion 4.5 (well-formed unification problem), and Lemma 2.72 (no extraneous
constants). O

Remark 4.7 (Well-formed unification constraint is a judgment: J = €). Given
an internal constraint €, there is a judgment J such that, for any well-formed
signature X, ¥;Cwf if and only if ¥ F J; and cONSTS(J) = CONSTS(C).
Namely, J = (I'; Ft: A)A(Ty b u: B).

Remark 4.8 (Well-formed unification problem is a judgment: J = @) Given
a vector of internal constraints a there is a judgment such that, for any well-
formed signature ¥, we have ¥; € wf if and only if £ + J, and coNsTs(J)
includes only those constants mentioned in C. Namely, the judgment J is the
conjunction of the judgments given by Remark 4.7 (well-formed unification

constraint is a judgment). If C = 0O, then let J be a judgment that holds in
any signature, such as J £ - ctx.

Definition 4.9 (Solution to a constraint: © E €, © E €). Let © be a meta-
substitution, and € =T";iI'y -t ~ u : AIB be an internal constraint.

We say that © is a solution to € (written © F C) iff ©;Cwf, @ - T, A =
I'y,Betx and ©;T H ¢t = wu : A (or, equivalently, © - T'; = I'yetx, ;T F
A=Btypeand O;T Ft=u: A).

If @ is a vector of constraints, we say that © F e if, for each C € @, OFC.
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Remark 4.10 (Solution to a constraint as a judgment). Let € be a constraint,
C =T,iT'ys -t ~ u: A{B. Then there is a judgment J, J = (I'1,A =
Iy, Betx) A(I'y Ft =wu: A) such that CONSTS(J) = CONSTS(C) and, for any
well-formed metasubstitution © wf, © F € if and only if O F J.

A solution to a problem is a metasubstitution which is compatible with the
problem signature, such that each of the problem constraints is satisfied in the
metasubstitution.

Definition 4.11 (Solution to a unification problem: © & X;€). Let ;€ be
a well-formed unification problem, and © a well-formed metasubstitution. We
say that © is a solution to 3; € (written © E ¥; €) if we have © £ ¥ and © E C.

4.2 Heterogeneous equality

A key point in the flexibility of Gundry and McBride’s approach [25] is the
possibility of partially solving a constraint before the types of both sides have
been deemed equal. For instance, one can unify the first projections of two
pairs as long as the types of the first projections are equal, and then use this
information to unify the types of the second projections.

We take this idea a step further, and define an equality for terms which may
have distinct types. This equality allows us to implement the type-agnostic
Rule schema 1 (syntactic equality), which results in a significant impact in
performance for some examples (Section 5.6.1).

Definition 4.12 (Heterogeneous equality: X;TIA F ¢ = w : AiB). Two
terms ;T F ¢ : A and 3;A F w : B are heterogeneously equal (written
Y TIA Rt =wu: ALB), iff there exists a term v such that (1la) ;T Ht =v: A,
(Ib) Z;AFwu=wv: B, and (2) Fv(v) C FV(t) NFV(u).

Given such a witness v, we can write Z; TIA ¢ =Hovl=u: AlB.

Condition (2) ensures that the witness v only uses those variables that
are used by both ¢ and u. This is helpful when extending the heterogeneous
equality to whole contexts, as done in Definition 4.37 (heterogeneously equal
contexts modulo variables) and Lemma 4.38 (typing in heterogeneously equal
contexts).

The notion of an equality with intermediate witness is inspired by the
ternary equality relation due to Gundry and McBride [25], but different in two
key aspects: the types A and B are not necessarily equal, and the witness v is
not necessarily a fully-normalized term.

The heterogeneous notion of equality generalizes the judgmental equality:
In other words, if the contexts and types on both sides are equal, then the two
notions are equivalent:

Lemma 4.13 (Homogenization). Assume that ¥ + T',A; = Ty, A, ctx.

Then, we have L; T {0y Ft=wu: AjTA, (ff ;0 Ft=u: Ay

Proof. = By assumption, ;i Ht SHvj=u: 4114,
By Lemma 2.63 (preservation of judgments by type conversion),
510,40, F t ol= w2 AjTA,. By transitivity and symmetry of
homogeneous equality, ;I Ft =wu: A;.
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< By Postulate 14 (existence of a common reduct), we have v such that
LTy Ft—5, v Ay, BT B u—, v A;. By Remark 2.43 (free
variables of dn-reduct), Fv(v) C Fv(¢)NFV(u). By Lemma 2.86 (equality
of dn-reduct), ;T Ft=v: Ay and 5; T, Fu=wv: A;.
Because ¥ FT';, 4; =Ty, A, ctx, by Lemma 2.63 (preservation of judg-
ments by type conversion), 3; 'y Fu=wv: A,.
By Definition 4.12 (heterogeneous equality), ¥; 1,1, F ¢t ={v}= w :
A tA,.

O

Example 4.14 shows that the heterogeneous equality is strictly stronger
than the judgmental equality of the underlying theory:

Example 4.14 (Heterogeneous equality).

A:Set,a: A a: A — Set;
z:A— Af(aa),z: (ao)iA — A
',

(x, \y.zy) H(z,2) )= (\y.ry, 2) :
(aax (A= A)i((A— A) x ao)

Note that each side of the heterogeneous equality is equal to the witness
({(z, 2)) but both sides are not judgmentally equal to each other at either of
their respective types. |

Like the judgmental equality, the heterogeneous equality is reflexive and
symmetric relation:

Remark 4.15 (Reflexivity of heterogeneous equality). Heterogeneous equality
is reflexive. That is, given ;T F ¢ : A and X; A F ¢ : B, we have ;T T A +
t={t}=t: Ai B (even if I # A).

Remark 4.16 (Symmetry of heterogeneous equality). Heterogeneous equality
is symmetric. That is, given 3;T'TA F ¢t ={v}= v : A I B, we also have
AT Fu=v)=t: B A

For our development, we are not concerned with whether the heterogeneous
equality is transitive.

The heterogeneous equality is used to define when a constraint is satisfied
in a given signature.

Definition 4.17 (Constraint satisfaction: ¥ k €, ¥ k €). Let ¥ be a
signature, and € an internal constraint, ¢ = I'tA F ¢t ~ v : AIB. We say
that € is satisfied in ¥ (written X | @), if ;€ wf and the two sides of the
constraint are heterogeneously equal. That is, X5;TTAFt =u : AIB.

We say that the constraints € are satisfied in signature ¥ (written X | e ),
if, ¥ is well-formed and for cach € € €, ¥ | €.

Remark (Relationship between constraint solution and constraint satisfaction).
Constraint satisfaction is a weaker notion than Definition 4.9 (solution to a
constraint). If ® E €, then, in particular, © k C.
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When we can go in the other direction (that is, © C implies O F € ), we
say that Cisan essentially homogeneous set of constraints. That is, even if each
constraint is not necessarily homogeneous (e.g. T';iTy Ft = u: A 1A, € e
with I'; # I’y and/or A; # A,) both sides of the context and of the type are

equal in any solution © to the problem (i.e. © FT';, 4; =Ty, 4, ctx):

Definition 4.18 (Essentially homogeneous set of constraints). Let C be a
vector of constraints. We say that € is an essentially homogeneous set of
constraints iff for every metasubstitution ©, such that © | € we have © F C.

Definition 4.19 (Essentially homogeneous problem). A problem ;€ is es-
sentially homogeneous iff € is an essentially homogeneous set of constraints.

As we show in Lemma 4.23 (well-formedness of elaboration into internal
constraints), all problems resulting from type checking will be essentially ho-
mogeneous.

Solving constraints is done by extending the signature. It is thus critical
that extending a signature does not invalidate previously solved constraints:

Lemma 4.20 (Constraint satisfaction in extended signature). Assume 3 C
Y, and ¥ R C. Then ¥ | C.

Proof. By Definition 4.17 (constraint satisfaction), it suffices to show that, for
any TIAFt ~u: AIB€ G, if S;TIAFt =u: AfB, then X TIAF t = u:
AlB.

Let X;TiA F t = u : A}B. By Definition 4.12 (heterogeneous equality),
there exists a term v such that ;' ¢t = v : A, ;A F u = v : B, and
Fv(v) C FV(t) NFV(u).

By Lemma 2.69 (signature weakening), ¥ ;T'Ft=v: Aand ¥;AFu =
v : B. Therefore, ¥ ;Ti1AFt=u: AiB. O

Lemma 4.21 (Constraint satisfaction by compatible metasubstitution). As-
sume O F X and ¥ & C. Then © Rk C.

Proof. By Definition 4.17 (constraint satisfaction), it suffices to show that, for
any ['fAFt=wu: AIB,if 5;TIAFt=u: AiB, then ©;TIA+t=wu: AIB.
Let X;TtA F t = w : A}B. By Definition 4.12 (heterogeneous equality),
there exists a term v such that ;' Ft =v: A, ;A Fu=v: B, and
FV(v) C FV(t) NFV(u).
By Definition 2.125 (compatible metasubstitution), ©;T ¢ = v : A and
O;AFwu=wv: B. Therefore, ©;TIAFt=u: AIB. O

In general terms, the unification algorithm (Algorithm 2) works by ex-
tending the signature step by step until the resulting signature satisfies all
the constraints in the original problem. The solution to the original problem
is obtained as a restriction of the closing metasubstitution of the resulting
signature (see Theorem 4.31, correctness of unification).
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4.3 From type checking to internal constraints

With the notions at hand we can give a precise description of how a type
checking problem is reduced to a set of internal constraints.

Definition 4.22 (Elaboration into internal constraints). Let 3; T’ ¢ : A be
a type checking problem, to which an elaboration algorithm is applied (Defini-
tion 3.10). Let 3/; € be a unification problem, where Y’ is a signature produced
by the elaboration algorithm and é contains, for each basic constraint of the
form I' F u : A = v : B produced by the elaboration algorithm, the internal
constraints I'{T' H A ~ B : SetiSet and I'{T' F u ~ v : AIB. Then we say
that X; € is the elaboration of ¥: T+’ t: A into internal constraints by said
elaboration algorithm.

Lemma 4.23 (Well-formedness of elaboration into internal constraints). Let
YT H t: A be a type checking problem, and ¥'; @ its elaboration into internal
constraints by a well-formed elaboration algorithm.

Then, the following hold:

Well-formedness The problem X':C is well-formed, ¥ C %' and
DECLS(Y’) O DECLS(X) U METAS(?).

Essential homogeneity The set of constraints Cis essentially homogeneous.
Proof.

Well-formedness By construction.

Essential homogeneity Assume © k C,
Let C €@, Let € =T,ily -t~ u: AtB.

There are two possible cases:

i) =Ti' F A ~ B : Seti{Set: Assume O;T'i' H A ={V}= B :
SetiSet. This implies ©;'F A=V : Set and ©;T' - B =V : Set.
By Lemma 2.70 (piecewise well-formedness of typing judgments)
we have © F T"ctx. Also, by the SET rule and Remark 2.15 (there
is only set), ©;T" - Set type, which gives © + T',Setctx. By
reflexivity of context equality © + I',Set = I',Set ctx. Because
O FTI',Set =T,Setctx and ©;T'i[' - A = B : Set{Set, by Lemma
4.13 (homogenization), © E C.

ii)  =Til' -t ~ u : AfB: By Definition 4.22 (elaboration into
internal constraints), the elaboration algorithm produced a basic
constraint € =I' F¢: A =« : B, which means there is a constraint
C'€@,C =TiI'+ A~ B: SetiSet. Because © E €, in particular,
© E €. This means ©;T - A= A, : Set and ©;T' - B = B, : Set.
By transitivity of equality, ©;T' - A = B : Set. By Remark 2.15,
O;I' - A = B type. By reflexivity of context equality, © - I' =
I'ctx. By Definition 2.16, © - I') A = I', Betx. By Lemma 4.13
(homogenization), © E C.
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Therefore, for all € € G, © E €. Thus, € is an essentially homogeneous set
of constraints. O

If the elaboration algorithm is correct, the solutions to the type checking
problem will coincide to the solutions with the resulting internal constraints:

Lemma 4.24 (Correctness of elaboration into internal constraints). Let
YT H t: A be a type checking problem, and ¥'; € its elaboration into internal

constraints by a well formed and correct unification algorithm. Then the
following hold:

Soundness For each © such that © £ ¥/;C, we have Oy, wf and Oy, =
Tt A

Completeness If there is © with © E ;T F' t : A, then there is O with
Oy, =0 and O EY/;C.

Proof.

Soundness Assume O £ Y'; €. By Definition 4.11 (solution to a unification
problem), we have © E X',

Let 'Ht: A~ wu: B be a basic constraint produced by the elaboration
algorithm. By Definition 4.22 (elaboration into internal constraints),
there is a corresponding constraint € = T'{l' ¢ =2 u: AIB € é. Again
by Definition 4.11 (solution to a unification problem), this means ©
I''A=T,Bctxand ©;T'Ht=u: A

By Definition 3.12 (correctness of an elaboration algorithm), Oy, F
' t: A

Completeness Assume there is a metasubstitution © such that © £ ;T +7
t : A. By Definition 3.12 (correctness of an elaboration algorithm), there

is © such that éZUt —Oand OF Y.
Let € € €. We proceed by case analysis:

o« C =TiI' H A ~ B : Set{Set, and the elaboration algorithm pro-
duced a basic constraint € =T'Ft: A=~ wu: B.

By Definition 3.11 (well-formedness of an elaboration algorithm),
YTk t: A By Lemma 2.70 (piecewise well-formedness of typing
judgments), ¥’ F Ictx. As in the proof of Lemma 4.23 (well-
formedness of elaboration into internal constraints), ¥’ - I', Set =
I, Set ctx. Because OF Y/, we have Or I',Set =T, Set ctx.

Also, by Definition 3.12 (correctness of an elaboration algorithm),
é;F F A = B type. By Remark 2.15 (there is only set), é;F H
A = B : Set; that is, OFe.

o C=TiI'+t~ u: AIB, and the elaboration algorithm produced
a basic constraint € = I' -t : A = u : B. By Definition 3.12
(correctness of an elaboration algorithm), (:); I' - A = B type and
(:); 'Ft=u: A.
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By Lemma 2.70 (piecewise well-formedness of typlng judgments),
we have © I T ctx. By reflexivity, this means O+ T =Tectx. By
Definition 2.16 (equality of contexts), OF I'y A =T, Bctx; that is,
OEC.

Therefore, OF ¥/ C. O

4.4 A unification relation

Our approach makes use of reduction rules to simplify unification problems.
A reduction rule may create new constraints and/or extend the signature.

Definition 4.25 (Reduction rule). A rule is a four tuple of the form ;€ «»
P @, where ¥ and ¥’ are signatures, and @ and D are vectors of internal
constraints.

A rule ¥; C s DI D states that, under signature X, the constraints @ reduce
to a list of constraints 2_5, extending the signature to X’.

Correct rules are those which preserve the set of possible solutions. In
Section 4.5 we give a collection of rule schemas, and show that all the resulting
rules are correct.

Definition 4.26 (Rule correctness). A rule Y6~ Y:D is correct if, as-
suming that ;€ is well-formed, we have:

Well-formedness The problem Y';2 is well-formed, and ¥ C ' (in partic-
ular, ¥’ sig).

Soundness For every ¥ with £” Y/, if ¥’ | D then " k C.

Completeness For each metasubstitution © such that © = E;C:" , there is a
metasubstitution ©” such that © = ©f, and ©" F ¥';D.

Remark. The soundness property is stated in terms of constraint satisfaction
(), and the completeness in terms of constraint solutions (F).

We make this distinction to make the correctness proofs of the individual rules
more succinct, as for soundness it suffices to show satisfaction (X7 k €).
However, for proving completeness, we use the stronger premise (O F e ).
Theorem 4.31 (correctness of unification) only discusses constraint solutions.

We can define a reduction relation on problems by applying correct rules to
an individual constraints, while preserving the other constraints as they are.

Definition 4.27 (One-step problem reduction: ¥ E s E’;g”). We say that
the problem X;€ reduces to X';&" in one step (written X;& a ;&) if|
E=E/NCNE, E =E/NDNE,, and ;€ +» ¥/ D is a correct rule.

Definition 4.28 (Problem reduction: X’; Er Y g’) We say that the prob-
lem ¥:€ reduces to £/;& if $;:€ w* ¥/;:E, where a+* is the reflexive, transitive
closure of .
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Lemma 4.29 (Correctness of problem reduction). Given a well-formed prob-
lem &, such that ;& ¥/, then ;& ~» ¥/ & is a correct rule. That
18, the following hold:

Well-formedness The problem ¥/;& is well-formed, and X C Y.
Soundness For every X7 with X" 2%, if £" | & then X" | &,

Completeness For each metasubstitution © such that Qh Z;g’; there is a
metasubstitution ©" such that © = O, and O F ¥';&’.

Proof. By induction on the length of the derivation of ¥; Eay ;&

« Base case (3; &= P g’//):

Well-formedness By assumption, X7;&” = ;& is well-formed, and
YCY.

Soundness Take ¥ 1 %" such that ©” | &”. Because & = g, Then
E/// h ((:'

Completeness Assume © F X; €. Then we have @ = O, with © = Oy,.

o Inductive step (E;gl\» Y& and ;& E”;g”):

By Definition 4.27 (one-step problem reduction), we have & = &, ACAE,,
& = EA DA E,, and ;€ 4 YD is a correct rule.

‘Well-formedness E;g is well-formed. By Definition 4.5 (well-formed
unification problem), this means that, for each constraint £ € £; A
C A E,, we have X; E wf. In particular:

1. % Cwf. By well-formedness of the rule, ¥’; D wf, which implies
Y sig.

2. By the well-formedness of the rule, ¥’ 3 ¥ By Lemma 2.155
(preservation of judgments under signature extensions), for ev-
ery £ € &; N &y, we have ¥; & wi.

Therefore, for every £ € a ADA ?2, Y/; Ewf: thus ¥'; & wf. By
the induction hypothesis, ¥”; &” wf and X C X”.
Soundness Take ¥” I ¥” such that ¥ | &, By the induction
hypothesis, ¥” k &’; that is, ¥ r ;A DA ?2 In particular:
LY~ ENEL
2. %” k D. By Definition 4.26 (rule correctness), ¥” J ¥
Because ¥©” O X", by Remark 2.152 (signature extension is
reflexive and transitive) we have ¥” J ¥/, Because 7 | D,
by the soundness of the rule, ¥” k C.

Therefore, ©” | & AC A Ey; that is, B R €.
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Completeness Assume O F Z;g. In particular, © F X, © F E; A g
and © E C.
Because © F ¥ and © E €, we have © £ ;€. By Definition 4.26

—

(rule correctness), there is © such that © = Oy, and ©' F ¥/; D.

By Remark 2.137 (metasubstitution weakening), © E &, A &,.

Because ©' £ Y and ©' E & A DA E,, we have O E ¥/;&. By

the induction hypothesis, there is ©” such that ©” £ X7 &” and
g:/ = @/.

By Remark 2.154 (metasubstitution restriction to extension), be-

cause Oy, = © and ©F, = ©’, we have OF, = (0%, )y, = O5, = O.

O

Our unification algorithm (Algorithm 2) will start from a problem G
and apply rules iteratively, stopping if it produces a signature ¥’ such that
¥ G Y0

If ¥’ is closed (that is, instantiates all metavariables) we can obtain a solu-

tion to the original problem 3; e by constructing the closing metasubstitution
of ¥'.

Definition 4.30 (Solved problem). Let %; D be a problem. We say that X; D
is a solved problem if 3; D wf, ¥ is a closed signature, and D = 0.

Theorem 4.31 (Correctness of unification). Let 3;€ be an essentially ho-
mogeneous, well-formed problem such that: 2;634:)* Y0, where X';00 is a
solved problem (i.e. ¥’ is closed).

Then the following hold:

1. The signature ¥’ is well-formed.

2. There is © such that CLOSE(X') | © and Oy E X; €.

3. For every O such that © F ¥, @, we have Oy, = 0.
Proof.

1. By Lemma 4.29 (correctness of problem reduction), we have that ¥’;0
is well-formed.

By Definition 4.5 (well-formed unification problem), ¥’ sig and ¥ C X'.

2. By Corollary 2.149 (solution to closed signature), CLOSE(X') || ©, and
O E ¥’'. By Lemma 2.157 (restriction of a metasubstitution to an ex-
tended signature), Oy, F 3. By the soundness statement in Lemma
4.29, % v €. Because © E X', by Lemma 4.21 (constraint satisfaction
by compatible metasubstitution) we have © C. Because the set of
constraints € is essentially homogeneous, we have © F e.

By Remark 2.134, Oy, C ©.

Because ¥;C wf, by Remark 4.8 (well-formed unification problem is
a judgment) and Remark 4.6 (no extraneous constants in constraint),

—

CONSTS(C) C DECLS(Y).
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By Definition 2.8 (constants declared by a signature), DECLS(X) =
ATOMDECLS(X) U SUPPORT(X). By Remark 2.153 (signature ex-
tension declarations), ATOMDECLS(Y) = ATOMDECLS(Y’). and
SUPPORT(X) C SUPPORT(Y’), which means that SUPPORT(X) =
SUPPORT(X’)NSsUPPORT(X). Therefore, DECLS(X) = ATOMDECLS(X)U
(ATOMDECLS(X’) N SUPPORT(Y)).

By Lemma 2.130 (alternative characterization of a compatible meta-
substitution) and Remark 2.9 (atoms and metavariables are disjoint),
ATOMDECLS(0) = ATOMDECLS(X’) and SUPPORT(®) = SUPPORT(X').
Therefore, DECLS(X) = ATOMDECLS(®©) U (ATOMDECLS(©) N
SUPPORT(Y)).

By Remark 2.135 (declarations in a metasubstitution restric-
tion), ATOMDECLS(®) = ATOMDECLS(Oy) and SUPPORT(Oy) =
SUPPORT(O)NSUPPORT(X). Therefore, DECLS(X) = ATOMDECLS(Oy,)U
ATOMDECLS(Oy,) = DECLS(Oy,), and thus coNsTS(€) C DECLS(Oy;).

By Remark 2.138 (metasubstitution strengthening) and Remark 4.10
(solution to a constraint as a judgment) Oy, F C.

Because Oy, £ ¥ and Oy, E €, we have Oy, £ 3; €.

3. Let © be a metasubstitution such that © F Z;@ . By the completeness
statement in Lemma 4.29, there is a metasubstitution C:)’, such that
0L =6 and & FY;0.

By Corollary 2.149 (solution to closed signature), this gives © = e
By Lemma 2.150 (equality of restricted metasubstitutions), this gives
Oy, = é’z, or, equivalently, Oy, = o.

O

Corollary 4.32 (Correctness of type checking by unification). Let 3;T' 7 ¢
A be a well-formed type checking problem, and Y’ C the output produced by a
well-formed and correct elaboration algorithm.

If S Cav X700, and X is closed, then there is © such that CLOSE(X") |
O, and Oy, is a unique solution to the type checking problem ;T ¢ : A
(up to equality of metasubstitutions).

Proof. By Theorem 4.31 (correctness of unification), there is © such that
cLOSE(Y”) | O, Oy, wi, Og, E Y, Oy, E X/ C.

By Lemma 4.23 (well-formedness of elaboration into internal constraints),
DECLS(X’) D DECLS(X) U METAS(t). By Remark 2.136 (nested metasubstitu-
tion restriction), (O )y ; = Ox ;. By Lemma 4.24 (correctness of elaboration
into internal constraints), Oy, , F ;T F ¢ : A.

To show the uniqueness of O, we assume there is © such that © F T
t : A. By Lemma 4.24 (correctness of elaboration into internal constraints),

there is © such that Oy, = © and 6 E ¥'; €.
By Theorem 4.31 (correctness of unification), because Oy, E Y';€ and

~

Ok Y/; @, we have 6= Oy. By Lemma 2.150 (equality of restricted meta-
substitutions), ézut = (O )s; that is, 6= O ;- O
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4.5 A reduction rule toolkit

Below, we describe a set reduction rules (or more precisely, reduction rule
schemas), and show their correctness according to Definition 4.26.

These rules can then be used to define a correct unification algorithm. The
way the unification algorithm is built from the individual rules is discussed in
Section 5.1 (unification algorithm). According to Theorem 4.31 (correctness
of unification), in order to show the correctness of the algorithm it suffices to
show the correctness of each individual rule.

4.5.1 Syntactic equality check

The heterogeneous equality is reflexive (Remark 4.15). We can exploit this
remark to discharge those constraints whose two sides are syntactically iden-
tical.

Thanks to how the heterogeneous equality is defined (Definition 4.12), this
rule applies even if the type and/or the context on each side of the constraint
are distinct.

Rule-Schema 1 (Syntactic equality).
SiTilV Ft~t: ATA v 20
Proof of correctness. By Definition 4.26 (rule correctuness), it suffices to show:

Well-formedness Assume that X; T3V Ft ~ t: AfA’ is well-formed. Then,
Y sig. If 3 is well-formed, then the problem ;0 is also trivially well-
formed. By Definition 2.151 (signature extension), ¥ C X.

Soundness Because X; 1TV Ft~t: AL A’ is well-formed, we have 3;T"
t:Aand 3;TVFt: A’ Let ¥” 3 X. By Lemma 2.155 (preservation of
judgments under signature extensions), X”;T'F¢: A and X7;T" ¢ : A’

From Remark 4.15 (reflexivity of heterogeneous equality), X”; Tl +
t={t}=1t: AfA’.
Completeness Assume © F XTIV Ft ~t: ATA’. In particular, © E X.

Let © = ©. We have O, = ©. By assumption, ©’ F ¥. Because
O’ F X, then vacuously ©’ E ;.

O

4.5.2 Metavariable instantiation

Metavariable instantiation is the bread-and-butter of higher-order unification.

Given a unification problem of the form ¥’; 0 (with ¥’ closed), Theorem
4.31 (correctness of unification) states that such a unification problem has
a unique solution. The end goal of our unification algorithm is to reduce
both the number of unification constraints and the number of uninstantiated
metavariables to zero.

Metavariable instantiation reduces both the number of constraints in the
problem, and the number of uninstantiated metavariables, thus getting us
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closer to a solution to the unification problem. However, metavariable instan-
tiation must be performed in such a way that the body of the metavariable
has the appropriate type (soundness) and that potential solutions are not lost
(completeness).

Problem 4.33 (Metavariable instantiation). Consider the following candidate
for a rule schema:

[Yy,a: A%, il Faa™ ~t: BiiBy w Yy, a=u: A Y0 (%)

This rule schema instantiates « to w using the constraint I';iI'y F o z" ~
t: B;1B,.

The question is, under which conditions does rule (x) fulfill Definition 4.26
(rule correctness)?

Sufficient preconditions for a solution to Problem 4.33 are given in
Rule schema 2 (metavariable instantiation). In order to specify those
preconditions and prove the correctness of the rule, we first need to introduce
some new concepts.

Lemma 4.34 (General n-equality for II-types). If 3T F w : H/Y”B, then
ST Fu=A2" (" Q@ Z):IIA"B.

Proof. By induction on n.

e Case 0: Assume X;T F u : ITA9B. Note that (u*? @ &) § u. Also,
u = A2%.u. By reflexivity of equality, ¥; T F u = Az%.(u*? @¢) : TIA"B.

e Casen+1: Assume ¥;T' b u : ITAITA"B.

By Lemma 2.62 (context weakening), ¥; T, Ay F ul*) : (HAOH/I"B)(H),
that is, £;T, Ay F u+D) : TTALTY (1A B) (141,

By the typing rules, ;' : Ay : AE)H).

By Postulate 2 (typing of hereditary application), and Definition 2.31
(hereditary substitution), (u*!) @ 0)|} and ©;T, 4, + (u*Y @ 0) :
(ILA™ B)*H+1)[0/0], that is, $;T, A, F (utY) @ 0) : ITA"B.

(i) Because (u!™") @ 0)|, by Definition 2.32 (hereditary elimination),

we have two possible cases for u:
— u = [, for some neutral term f. Then by the ETA-ABS rule,
T Ef=AfFD0: A, TA"B.
— u = A\, for some term uy. Then (u*!) @ 0) |} uy. By reflex-
ivity, 2T F u = A.(u*V) @ 0) : [TA,IIA"B.
In both cases, $;T F u = \.(u(tY) @ 0) : ITA,IIA"B.

(ii) By the induction hypothesis (with z, = 0), ;T, 4, F (u*V @
0) = AZ".((u™) @ 0)*") @ 7) : IIA"B. By Lemma 2.39 (heredi-
tary substitution and application commute with renaming), Defini-
tion 2.33 (iterated hereditary elimination), and Remark 2.30 (prop-
erties of renamings), this is the same as ¥;T, 4, F (u™V) @ n) =
AZ" (w0 D) @ n Z) : TIA™B.
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By the ABS-EQ rule, 3T F Azy.(utY) @ z) = Azg A" (uH "D @
2o 7) : TIA LA™ B.

By (i), (ii) and transitivity of equality, ¥;T' F u = Az Az".(uF ")) @
20 #) : TIATLA" B,

O

Lemma 4.35 (General n-equality for pairs). Assume ;T F w: SAB. Then
(v@ ., (u@ ) and T;TFu=(u@ .m,u@ .1, : LAB.

Proof. By Postulate 3 (typing of hereditary projection), (v @Q .m;){} and (u @
.m5){. By Definition 2.32 (hereditary elimination), there are only two possible
cases:

(i) w = f, where f is aneutral term. Then u @ .7, f .7y and (u @ .7y) f .75.
By the ETA-PAIR tule, ;T F f = (f.my, f.my) : ZAB, that is, ;T +
u=(u Q@ .m,u @ .my) : TAB.

(i) v = (ug,us), v @ .1y Y ug and (v @ .my) | uy. By reflexivity, &; T
(Ug,ug) = (uq,uq) : TAB, that is, ;T Fu = (u Q@ .1, u Q .1y) : TAB.

O

The following lemma, derived from Miller’s pattern condition [41], shows
that a term of a function type can be characterized by the result of applying
distinct variables to said term.

Lemma 4.36 (Miller’s pattern condition). Let u, v be such that ¥;- + u :
IMA .B,Y;-+v:1A B (in particular, v and v closed). Assume that, for all
i€{l,.,n}, 5T Fax, c A7 4], and 85T Fu Q7 =v Q7 : B[F], with

all variables in T pairwise distinct. Then ¥;-Fu=wv: A .B.

Proof. By Lemma 2.62 (context weakening), Z;y:‘An,I‘ Fu@Qr=0v@QZ:
B[Z].

By induction, we show that for all m € {0,...,n}, there exist '™, z(m
with ‘F(m>| = \W = n —m such that all variables in z(™ are pairwise
distinct, Z;mn,F<m) Fu@ ylmW =vQ ylwmm : B[gj17m7m,m],
and, for all k such that 1 < &k < n — m, we have Z;mn,l’(m) + xscm) :

Am—‘—k[zjl,u.,mvWl,...,k—l]'
Here, §; & (’F(m)’ +n—1), (’F(m)’ +n—2),..., ‘F<m)’.
By induction on m:

—_—

 Case 0: Holds by the assumptions of the theorem, with T’y = T, 2(0) = Z.

e Case m + 1: By the induction hypothesis, E;y:An,Fm F u @

U omzr™=v@g, xm B ™) and, for all k such that

1 < k <n-— m, 2; Yy Anarm F xECM) ; Am+k[§1,...,m7x(m)l,...kfl]'
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In particular, we have ¥;y : An,Fm Foal™ Al ), that is,
Siy: AT, ko™ ARl m=n) By Lemma 2.65 (no extraneous
variables in term), T(™) = 1"<1m>,x(1m) : A’,F(Qm, where |F(2m)‘ = m(lm). By

Postulate 13 (context strengthening), we have ¥;y : An,F(lm) - xgm) :

ACHAHT 4 (nmm)) (™))

By Remark 2.29 (composition of renam-
ings), Z;mn,l’(lm) F ac(lm) : A(HH‘FY’L) FHnmm)),

By Lemma 2.78 (variable types say everything), we have that for each k
such that 2 < k < n—m, E;mn,F§m>,x§m> A (F(Qm))[xgm) e

$§cm) ; Am+1+k[ﬂ1,..4,m7x<m>][$<1m) = ym+1] and ¥;y: A 7F(1m),$(1m) ;
A/v(rém))[xgm) = ym+1] F ('LL @ yl ,,,,, m x<m>>[x(1m) = ym+1] = (’U @

tcom 2D 4 Y] 2 Bl 2 6 )
Let T(m+1) & plm) pimhygmly ) ] and 20m+1) be defined such that

gmth)| & m — 1, ximﬂ) £ xETf if xETl) < x§m>, and xgmﬂ) =

xETl) — 1 otherwise. By construction, all the variables in z(™*1 are

pairwise distinct.

Note that w and v are closed terms. By Lemma 2.39 (hereditary

substitution and application commute with renaming), and Postulate 13

(context strengthening), for each k such that 1 < k < n—m —1
—_n R

we have Y;y: A Tm+D xgcmH) c Akl g ™Y ]

and Xy ¢ An,F(m“) Fu@yy zm+l) = 4 @ Uit xlm+1) .

By, i1, ™).

By taking m = n we have Z;m,l"n Fu@Qy=vQy: B[y

Observe that Fv(u @Q §j = v @ § : B[y]) C y. By iterated application of
Postulate 13 (context strengthening), we have Sy Aru@j=0Qj: Bly].

By the ABs-EQ rule, ;- F Aj.(u @ §) = A\j.(v Q p) : IIAB. By Lemma
4.34 (general n-equality for II-types), 3;- Fu = Ay.(u @ ) : IIAB and -k
v=Ayg.(v @QY): IIAB. By transitivity of equality, X;-Fu=wv: IIAB. O

The term u in Problem 4.33 is based on the right-hand side of the original
constraint (t), as we see in Rule schema 2. For u to have the appropriate type
(A), the context and types of both sides of the constraint must be consistent.

A sufficient precondition is ¥ + I';, B; = I'y, B, ctx. However, we can
define a weaker precondition which is also sufficient, and concerns only the
types of those variables which are used in the constraint.

Definition 4.37 (Heterogeneously equal contexts modulo variables). We say
that two such contexts I'y and I'y are heterogeneously equal in signature ¥
modulo the sets of variables X; and X, (written ¥ F T’y E{I“EXPX2 r,), if
¥ is a well-formed signature, I'; and I'y; are well-formed contexts such that
IT;| = |T'y|, and, for each variable  occurring in both X; and X,, the types
of x in I'; and I'y are heterogeneously equal.

EMPTY

Sh={ =g
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0¢ X, UX, SrT ==y T
SETLA ST, Setl=y Ty, Ay

UNUSED

0eX,—X,; DR Y 3P}EX171,(X271)UFV(A2) Ly

USED-R
SETLA S A=y To A

0eX, —X, ST EHTE x oeviay) x, 1 L2

USED-L
X F1aAl E{FaAl}EXI,X2 FZaAQ

Xi=(X, -1 UFV(4))
Xy = (X —1)UFV(4,)
5T, F A ={A)= A, : SetiSet YET =y 0 Dy

USED
SETLA ST AlE,  Tody

Remark. In the rule UNUSED we use Set as the witness type because it is
well-formed in any context I'. Using Bool instead of Set would work equally
well.

Lemma 4.38 (Typing in heterogeneously equal contexts). Let ¢ and u be
terms such that ;T Ft: By, ;T Fu: By, with [T'1] = |Ty.

Furthermore, we have 3;T1il'y = B; ={B}= B, : SetiSet and ¥ +
Iy E{F}EFV(t)UFV(Bl)7F\’(U)UF\’(B2) Ly

Then X;T'Ht: B and ;T u: B.

Proof. We will prove the following stronger property:

Suppose that ¥ F T E{I‘}EXUXQ I,. For every A, if
¥:I'\,Att: Band rv(At+t: B) C X;, then ;T AF1¢: B. (%)
Also, if %;T9,A F u : B and FV(A + u : B) C X,, then

X T,AkFw: B.

We proceed by induction on the length of T' (i.e., the structure of the
derivation for X =T HT'}=,  Ty).
1,32

In the base case, we have I'y = I'; = I' = -. By assumption, -, A+ ¢: B
and ,AFu:B.
In the inductive step, we have:
r, = I'4
Iy = F/27A2
r = 1A

We consider four cases, one for each possible rule in the derivation of ¥
r, QI‘EXMX? Ts.

o Rule EMPTY: Trivial.

¢ Rule UNUSED:
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0¢ X,UX, SEDI==, T
S L

UNUSED

From the premises of the rule, 0 ¢ X;. By assumption, FV(A+Ft: B) C
X, which means 0 ¢ FV(A ¢t : B).

Also by assumption, I'1, A;, A -t : B, which, by Lemma 2.71 (variables

of irrelevant type), implies T'}, Set, A ¢ : B.

By Definition 2.45 (free variables of a scoped and typed term) and the

assumption, Fv(Set,A+¢t: B)=Fv(AFt: B)—1C X, — 1.

From the premises, ¥ - I} HI"}=, |
1 12

hypothesis, IV,Set, A+ ¢: B;ie. I';AFt:B.

By the same token, we show that, if I'y, A u: B with FV(AFu: B) C

Xy, then ' A u: B.

I';. By the induction

Rule USED-L:

0eX;—X,  TFEDTEHI= g i x, D2
Y+ F/laAl 3F/7A1EX17X2 1_\/2aA2

USED-L

Assume I'),A+t: B,ie I'[,A;, A t: B.

Because FV(A F t : B) C X;, by Definition 2.45 (free variables of a
scoped and typed term), FV(A;,A F t: B) = FV(A;) U (FV(A F ¢ :
B)—1) C (X, —1)UFv(4,).

By the induction hypothesis, IV, A;,A+¢: B, ie. [AFt: B.
Now assume 'y, AFu: B, ie. I',, Ay, A u: B.

By the original assumption, FV(A  u : B) C X,. By the premises of the
rule, 0 ¢ X,; therefore, 0 ¢ FV(A F u : B). By Lemma 2.71 (variables of
irrelevant type), I';, Set, A F u : B.

Also from FV(A + u : B) C X, we deduce Fv(Set,A F u : B) =
FV(Set) U(FV(AFwu:B)—1)=FV(AFu:B)—1C X, —1. By the
induction hypothesis, I/, Set, A - u : B.

Finally, by Lemma 2.71, we have IV, A;,AF wu: B,ie. [ AFu: B.

Rule USED-R: Same as USED-L, swapping “;” and “,”, and “¢t” and “u”.

Rule USED:

X1 =(X; —1)UFV(4,;)

Xj = (X, — 1) URV(Ay)

ST, A ={A)= Ay s SetiSet  DET M=, T}
ST A ST, Ak, o Th, Ay

USED
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Assume that 3;T, A;, A+ t: Bwith Fv(AFt¢: B) C X;.

From the first premise of the rule, we have ¥;T] + A; = A : Set and
FV(A) CFV(A;).

By the assumptions and Lemma 2.63 (preservation of judgments by type
conversion), 3; T, A,AFt¢: B.

By the assumptions and Definition 2.45 (free variables of a scoped and
typed term), FV(A,A + ¢ : B) = Fv(A)U (FV(A F ¢t : B)—1) C
FV(A)) U (X, —1)

By the induction hypothesis, ¥; TV, A, A+t: B, ie. 5;T,AFt:B.
From the assumptions FV(A F u: B) C X, and X;T%, Ay, A+ w: B, by
the same token, it follows that ;T A+ u : B.

Now that we have proven (), we can use it to prove the original lemma.

By hypothesis, ¥;T'1 i’y - By ={B}= B, : Set.

Assume ;') Ft: B;. From the hypothesis, we have 3;I'; - B; = B : Set,
with Fv(B) C Fv(B;). By the CONV-EQ rule, ;T ¢ : B.

By Definition 2.45 (free variables of a scoped and typed term), Fv(- - ¢ :
B) =Fv(t) UFV(B) C Fv(t) UFV(B;),

Also by hypothesis, ¥ + I'y 3F}EFV()&)UFV(31),FV(u)UFV(Bz) I',. By applying
(%) with A = -, we have ;T ¢ : B.

By the same reasoning, from ;T F u : By and using (x), we deduce
X;I'Fu: B.

O

Using the notion of heterogeneously equal contexts we can define a correct
rule schema for metavariable instantiation.

Rule-Schema 2 (Metavariable instantiation).

STy Fad ~t: BiiBy v Xy, a:= A"t : A, X0

where

Y=%,a: 4%,

t' =tz 1]
all variables in Z are pair-wise distinct (1)
Fv(t) C & (2a)
CONSTS(t) C DECLS(X,) (2b)
;I 4l - B, ={B}= B, : SetiSet (3a)
NET 31—‘}5{901.\i:l,...,n}UFv(Bl),FV(t)UFv(BZ) Iy (Bb)

The vector 3 denotes (n — 1) ...0. The side conditions ensure that Ay.t" is
a well-typed and unique instantiation for a.

Proof of correctness. Let € = T1ily - a@” ~ t : BjiBy, and ¥ = ¥, «a :=
Ayt s A Y.
By Definition 4.26 (rule correctness), assuming 3; € wf, it suffices to show:

Well-formedness Because no new constraints are added, the rule is well-
formed if ¥’ sig and ¥’ J X.
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By well-formedness of the original problem, we have ;') - a2 :
By and ;5 -t : B,

By (3a), (3b) and Lemma 4.38 (typing in heterogeneously equal
contexts), we have ;T F a2 : B and ;T F ¢ : B. Because
5;T'FaZ: B, by Lemma 2.109 (type application inversion), there
is B’ such that ;T - A @ # | B/, and S;' - B = B’ : Set.
Because ¥;T" - ¢ : B, by the coNv rule, ;' F ¢ : B’. By Lemma
2.120 (typing of metavariable bodies), ;- - Ay™.t" : A.

By the assumption, cONsTS(¢#') C DECLS(X;). Because X;;- +
A type, by Lemma 2.72 (no extraneous constants), CONSTS(A) C
DECLS(X;). Because ¥; C ¥, and ¥;- F Ay™.t" : A, by Postulate 12
(signature strengthening), ;- F A\g™.t’ : A.

By Remark 2.5 (signature inversion), we have that X, sig. By Defini-
tion 2.4 (well-formed signature) and item (ii), Xy, := Ay"™.¢’ : A sig.
By Definition 2.151 (signature extension), this gives ¥y, a: AC 3, :=

A"

"+ A. By Corollary 2.156 (horizontal composition of extensions),

YL,a: AN, CY a= A" AL,

Soundness Take ¥” J%’. We need to show that & k C.

(1)

(i)
(iii)

By rule DELTA-META,, ;T F a = Ay™.t’ : A. Because ¥’ F
', ctx, by Lemma 2.155 (preservation of judgments under signature
extensions), we have X";T'; F a = Ay™.t' : A.

The term « is neutral. By Definition 2.32 (hereditary elimination),
a@Qrlazx.

By Remark 2.35 (iterated application as substitution on body)
Ag".t) @ z |y ¢'[7],

By Lemma 2.40 (correspondence between renaming and substitu-
tion), t'[Z] | ¢'[§ + Z]. Because the variables in Z are pairwise
distinct, and so are the variables in g, we have t'[j — Z] = t[Z
Y][y = &) = t. Therefore, we have (A\y™.t" Q Z) | ¢.

By well-formedness of the original problem, ¥;I"; - aZ : B;. Be-
cause X7 J ¥ O X, by Lemma 2.155 (preservation of judgments
under signature extensions), we also have ¥”;T'y - aZ : By. By
Lemma 2.109 (type application inversion), this means that there ex-
ists B, such that ©”;T, F A @ z || B, and ¥";T, - B, = B, type
By (i), (ii) (iii) and Lemma 2.110 (type of hereditary application),
Y I FaZ=t: B

By (iv) and the CONV-EQ rule, ¥”;Ty - aZ =t : By.

By well-formedness of the original problem, 3;I'y ¢ : B,. Because
XY 3%, %" Ty t: By By reflexivity, ¥7; Ty Ht =t : B,.
By the premises of the rule, Fv(t) C & = Fv(aZ). Also, trivially,
FV(t) C FV(t).

By (v), (vi), and (vii), ”;T1iTy F a 2™ =t}=t : B,1B,.
By Definition 4.17 (constraint satisfaction), ¥” k C.



4.5. A REDUCTION RULE TOOLKIT 117

Completeness Assume that © F X; "1y - a 2™ ~ t : B;1B, holds; that is,
OFEX, OFT,,B,=T,,Byctxand ;' FaxX=t: B,.

Take ©' = ©. Because © F X, O, = Oy, = ©. We need to show that
O F Y/;0. Because there are no new constraints, it suffices to show
O E ¥’. Because DECLS(O) = DECLS(X’), by Lemma 2.130 (alternative
characterization of a compatible metasubstitution), it suffices to show
that, for each D € ¥/, © is compatible with D.

IfDeX¥ or DeX,, then D € ¥. Because © F 3, by Lemma 2.130, ©
is compatible with D.

If D¢ %, and D ¢ %,, then D = (« := A\y".t’ : A). Let v and B
be the term and type such that o := v : B € ©. By Remark 2.129
(alternative characterization of compatibility of a metasubstitution with
a declaration), it suffices to show that (i) ©;- - B = A and (ii) ©;-
u=Aj".t': B:

(i) By the assumption, © F ¥, with o : A € 3. By Lemma 2.130, and
Remark 2.129, ©; -+ B = A type.

(ii) Because ¥ + T';ctx and © F X, we have ©  I'; ctx. Because
a:=u: B € 0O, by the rule DELTA-META, ;' Fa=u: B.
Because the original problem is well-formed, we have ¥;I'; - a Z :
B,. Also, because o := u : B € O, we have ©;I'; - a« = B. By
Lemma 2.109 (type application inversion), ¥;I'F B @ 2 |} Bf, and
5;T'F B] = By : Set.

By Lemma 2.110 (type of hereditary application), from ©;T'; - o =
u: B wehave ;' FaZ=u Q 2 : B,.

By assumption, ©;I'; - aZ =t : B;. By symmetry and transitivity
of equality, we have ©;I'y Fu Q Z =t: B;.

By item (iii) of the soundness proof, A\y".t" @ Z | t. Therefore,
by reflexivity, ©;I'; F (Ay".t') @ & = ¢t : B;. By symmetry and
transitivity of equality, we have ©;T; Fu Q Z = (A\y™.t') Q Z : B;.
By Lemma 4.36 (Miller’s pattern condition), this gives ©;'; Fu =
(A\gm.t') = A.

Because all of u, (Ay™.t") and A are closed terms, by Postulate 13
(context strengthening), ©;- - u = (Ay".t') : A. Because O;-
B = A type, by the CONV-EQ rule, ©; - Fu = (A\y™.t') : B.

4.5.3 Type constructors

When it comes to the judgmental equality, the type formers Il and ¥ are
injective. That is, two II types are equal as terms iff the domain and codomain
are equal as terms (Postulate 10). Correspondingly, two Y-types are equal as
terms iff their first and second components are equal as terms (Postulate 11).

We can exploit this injectivity property to simplify those constraints where
both sides are a Il-type or a X-type.
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Rule-Schema 3 (Injectivity of IT).

$: T4 F TIAB ~ TIA’ B’ : SetiSet s
ST A~ A’ : SetiSet A
i, AfA’ + B ~ B’ : SetiSet

Proof of correctness. Let € = TiIV + IIAB ~ IIA’B’ : SetiSet and D =
Il - A~ A’ : SetiSet A TilV, AfA’ + B ~ B’ : SetiSet.

Assume X; € is well formed. By Definition 4.26 (rule correctness), it suffices
to show:

Well-formedness We want to show that 3;2; and ¥;2D, are both well-
formed. For this, it suffices to show that ;' A : Set, ;T A+ B : Set,
and also ¥; IV F A" : Set, ; IV, A’ + B’ : Set.

Because X; € is well-formed, we have ¥;T"' - ITAB : Set. By Lemma 2.52
(IT inversion), ¥;I'F A : Set and ;T A+ B : Set.
Analogously, ;T + A" : Set and X; T, A’ - B’ : Set.

Soundness Assume that we have ¥” D and ¥ 3 X. By Definition 4.17
(constraint satisfaction), X”;TiI” + A ={A,}= A’ : Set{Set and
S T, AtA’ - B ={B,)= B’ : Set}Set.

By the PI-EQ rule, from X”; T F A= A, : Set and ¥”;T', A+ B = By :
Set, we deduce ¥”;I' F IIAB = IIA,B, : Set. Also, by Definition 2.18
(free variables in a term), from FV(A,) C FV(A), and FV(B,) C Fv(B), it
follows that FV(IIA,B,) = FV(4,)U(FV(By)—1) C Fv(A)U(FV(B)—1) =
Fv(IIAB).

Analogously, ¥7;TV + TTA’B’ = TIA B, : Set with Fv(II4,B,) =
Fv(IIA'B’).

Therefore, X7;T' 1 TV + IAB ={I1A,B,}= IIA’B’ : Set{Set. By Defini-
tion 4.17, ¥ Rk C.

Completeness Assume © F ;€. By Definition 4.11 (solution to a unifi-
cation problem), © F X, © F I',Set = IV, Set ctx and ©;T - IIAB =
TTA’B’ : Set.

Take ©" = ©. Because O F X, Oy, = Oy, = O.
(i) Because ©;T' - TTAB = I1A’ B’ : Set, by Postulate 10 (injectivity of
IM),e;'+A=A":Set and ©;T, A+ B = B’ : Set.
(ii) By the assumption, © - T',Set = IV, Setctx. By (i), O F T, A =
I, A’ ctx, and Definition 4.9, © F D.

From the assumption, © F ¥. By (ii), © E D. Therefore, © E 2,5.
Because © = ©’, we have O’ E X, D .

O
Rule-Schema 4 (Injectivity of ).

S:TiT - SAB ~ SA'B’ : SetiSet s
DIV F A~ A : SetiSet A TV, AtA’ + B ~ B’ : SetiSet
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Proof. We follow the same reasoning as in the proof for Rule schema 3 (injec-
tivity of IT). We replace all mentions of IT by X, and use the SIGMA-EQ rule and
Postulate 11 (injectivity of X) instead of PI-EQ and Postulate 10 (injectivity
of IT), respectively. O

The following rules are special cases of syntactic equality, and we can in
fact do without them. We spell them out here for the sake of completeness.

Rule-Schema 5 (Bool).
;T F Bool ~ Bool : SetiSet v X;0

Proof of correctness. This rule schema is a special case of Rule schema 1 (syn-
tactic equality). O

Rule-Schema 6 (Set).
3 TiIY F Set ~ Set : SetiSet ~» X; O

Proof of correctness. This rule schema is a special case of Rule schema 1 (syn-
tactic equality). O

4.5.4 Constraint symmetry

The heterogeneous equality is symmetric (Remark 4.16). We can exploit this
property to exchange both sides of a constraint.

Rule-Schema 7 (Constraint symmetry).

STilVkHtru: ATA” v STV TFu~t: A'TA

Proof of correctness. Let C =TiIV Ft ~u: AtA  and D =T"i'Fu ~ t:
A'tA.

Well-formedness Follows from Definition 4.2 (well-formed internal con-
straint), which is symmetric.

Soundness Assume X" J Y/, with ¥ | D. That is, 2" TViT' Fu =vl=t¢
A'tA.
From Remark 4.16 (symmetry of heterogeneous equality), we also have
YT Ft vl=u: ATA’. Therefore, ¥7 R C.

Completeness Assume © F ;€. This means © F X and © F C.
Take ©" £ ©. Because O F X, Of, = Oy, = 0.
Because © F €, by Definition 4.9 (solution to a constraint), this means
OFD,A=T",A'ctx,and O; '+t =u: A.
By Lemma 2.64 (equality of contexts is an equivalence relation), © +
IV,A =T, Actx.

By symmetry of equality, ©;' - u =t : A. By Lemma 2.63 (preservation
of judgments by type conversion), ;T Fu=1¢t: A"
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Because O F TV, A’ =T, Actx and ©;IV Fu =t: A’, by Definition 4.9,
OFD.

Because © F ¥ and Definition 4.11 (solution to a unification problem),
O F X;D; that is, © E 3; D.

O

Remark 4.39 (Rule symmetry). By Lemma 4.29 (correctness of problem re-
duction) and Rule schema 7 (constraint symmetry) means that, for each rule,
we get a corresponding mirrored version.

In more detail, for each correct rule in the form ¥; C DI 5, we get a
rule ;€ ~» ¥;D’; where for each €, = I';ily, F t ~ u : A;1A, we have
C,E Tl Furt: AyfA,, and for each D, = Ty Ft ~ u: AjTA, we
have D, Z THiT Fu~t: AytA,.

4.5.5 Term conversion

Consider the following problem:

SibbFardraz: (A= A)(A—A) (%)
X=A:Set,a: A— A

Observe that, by the ETA-ABS rule, ;- F a = Az.az : A — A (x%). If we
replace the LHS of the constraint in () with the RHS of (%*), we can use
Rule schema 1 (syntactic equality) to solve problem (x).

In general, given a constraint ¥; TV F ¢ ~ u : AfA’, we may need to
replace one of its sides (e.g. t) with a different, but still judgmentally equal
term (t'), before we can apply other rule(s) and solve the constraint.

Because of the definition of heterogeneous equality (Definition 4.12), we
impose the additional constraint that ¥v(¢’) C Fv(t). This condition is in
particular fulfilled when ;" = ¢ — "+ A, which by Remark 2.43 (free
variables of dn-reduct) implies Fv(t") C FV(¢), and covers the use cases in the
unification algorithm (Algorithm 2).

Rule-Schema 8 (Term conversion).

Uil Rt r~wu: AtA ~» STV Ht/ ~u: ATA
where X:I'Fi=t":A
FV(t) D FV(t')

Proof of correctness. Let C =TiIV Ft ~u: AfA, and D =TIt/ =~ u:
AtA’.

Well-formedness 1t suffices to show that ;" = ¢’ : A. This follows from
% THt¢t =1t :Aby Lemma 2.70 (piecewise well-formedness of typing
judgments).

Soundness Assume that ¥” J ¥, with ¥” | 2D. By assumption, ¥”; "I
t' Hv}=wu: ATA’. In other words, ¥7; T ¢ =v: A and X"V Fu =
v: A’ with Fv(v) C Fv(¢') and FV(v) C FV(u).
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By transitivity of equality, ¥”;T F ¢t = v : A. Also, Fv(v) C Fv(t') C
FV(t).

By Definition 4.12 (heterogeneous equality), X”; T F ¢t Hovl= u :
AtA’. Therefore, ¥ |k C.

Completeness Assume © F 3;C. Thismeans O F X, O FT', A =T1", A’ ctx,
and ©;T'Ht=wu: A.
Take ©" = ©. Because O F X, O, = Oy, = O.
By the rule premises, ;T = ¢ = ¢’ : A. Because © E 3, by Defini-
tion 2.125 (compatible metasubstitution), ©;T' - ¢t = ¢’ : A. By as-
sumption, ©;T' ¢t = u : A. By transitivity and symmetry of equality,
O;T'Ft" =wu: A. By Definition 4.9 (solution to a constraint), © £ D.

Because © FE ¥ and © £ D, by Definition 4.11 © E X; D. Because © = 0
we have @' E X; D.

O

4.5.6 Type conversion

By Lemma 2.63 (preservation of judgments by type conversion), we may re-
place the context and/or the type in a typing or equality judgment by a judg-
mentally equal one.

In practice, this means that we can consider forms of the context and the
type with fewer free variables, metavariables and/or constants when determin-
ing if a rule can be applied to a constraint. This may make it easier to fulfill
the rule’s preconditions.

Rule-Schema 9 (Type and context conversion).

LTl Ftru: ATA w» ST Ft~u: AgtA’
where X FTI,A=T,A4,ctx

Proof of correctness. Let € £ TV Ft ~ u: AfA" and D T iI" F it~ u:
AgtA”.

Well-formedness By well-formedness of the original problem, ¥; TV Fu : A’.

Also by hypothesis, ;' t: A,

By the premise, ¥ FI'; A =T, 4, ctx. By Lemma 2.63 (preservation of
judgments by type conversion), ¥; Ty ¢ : A,.

Therefore, 5; TyiTV F ¢ ~ u : AjgtA’ is well-formed.

Soundness Assume ¥” 1 %, with ¥” | D. By Definition 4.17 (constraint
satisfaction), this means that X”; T iT" bt SHv}=u: A tA".

(i) By the rule’s premise, ¥ F I'; A = T, A, ctx. By symmetry of
context equality, we have ¥ + I'j,A; = I', Actx. By Lemma
2.155 (preservation of judgments under signature extensions), ¥”
Iy, Ay =T, Actx.
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(ii) By assumption X”;T, F ¢t =v: A,. By (i) and Lemma 2.63 (preser-
vation of judgments by type conversion), ¥”";T'Ft=wv: A.

(iii) By the assumption, Fv(v) C Fv(t).
(iv) By the assumption, ¥”;TV Fu=wv: A’, and Fv(v) C FV(u).

By (ii), (iii), (iv) and Definition 4.12 (heterogeneous equality),
YTl Bt =Hvlj=u: AgtA’. By Definition 4.17, ¥” k C.

Completeness Assume O F X; C; that is, © F ¥ and © F €. By Definition 4.9

(solution to a constraint), we have @ F ', A=T1", A" ctx and ;' + ¢ =
u: A

Let © = ©. Because © F X, Of = Oy, = O.

(i) By the premise, ¥ - I'; A = Ty, A, ctx. By assumption, © F X.
By Definition 2.125 (compatible metasubstitution), ® + ') A =
Iy, Ay ctx. Because © F T', A =T, A’ ctx, by transitivity of con-
text equality, © - T'y, A, =TI, A" ctx.

(ii) By assumption, ©;T' - ¢ = u : A. Because © - I'| A = T'y, 4, ctx,
by Lemma 2.63 (preservation of judgments by type conversion),
O;TyFt=u:A,.

By (i), (ii) and Definition 4.9, © F D. By Definition 4.11, © F 3; D.
Because O = O, we have ©' E X; D.

O

In order for the body of a metavariable to be well-scoped, we may need to

rearrange or normalize the signature first.

Rule-Schema 10 (Signature conversion).

0w X0
where Y C Y and X' C Y ctx

Proof of correctness.

Well-formedness By the assumption, ¥ C ¥’. By Definition 2.151 (signa-

ture extension), ¥’ C ¥ implies ¥’ sig. Therefore, ¥’; O wf.

Soundness Holds vacuously.

Completeness Assume O F 3. By Definition 2.125 (compatible metasubsti-

tution), DECLS(©) = DECLS(X). Because ¥ C ¥ and ¥’ C X, by Re-
mark 2.153 (signature extension declarations), DECLS(X) = DECLS(X’).

Because ¥’ C ¥, by Lemma 2.157 (restriction of a metasubstitution to
an extended signature), Oy, E X', Let ©® = ©. Because DECLS(Q’) =
DECLS(0) = DECLS(X) = DECLS(X’), by Definition 2.132 (restriction of
a metasubstitution to a set of metavariables), 0’ = Oy,. Thus ©’ F X'.

By the same token, ©f = ©. Thus OF, F ¥'.
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4.5.7 Type-directed unification

Two functions are judgmentally equal if and only if their bodies are judgmen-
tally equal (Lemma 2.83). Correspondingly, two pairs are equal if and only if
their first and second projections are equal (Lemma 2.85).

We can use these properties to simplify constraints where both sides are
headed by a A\-abstraction, or by a pair constructor.

Rule-Schema 11 (\-abstraction).

T B At ~ A : [IABIITA’ B’ ~»
YT, AfA' Ft ~u: BB’

Proof of correctness. Let € £ T'iIV - A\t ~ Au : [IABIIIA’B’ and let D &
DT, AA’ bt ~u: BiB'.
Assume that X; € is well-formed.

Well-formedness By Definition 4.5 (well-formed unification problem) and
Definition 4.2 (well-formed internal constraint), this means that ¥ sig,
At :IIAB and ;T = Au : [TA’B’.

By assumption, ;T + At : [IAB. By Lemma 2.82 (X inversion), this
means ¥; ', A+t : B. Analogously, ;T A" - u: B’.

By Definition 4.5 and Definition 4.2, 3; D is well-formed.

Soundness Assume ¥” 1 %, with ¥” | D. By Definition 4.17 (constraint
satisfaction), this means X”; T{I"V, AfA" + t Sv}=w: BiB’.

By the assumption, ¥”;TyA + ¢t = v : B, with Fv(v) C Fv(¢). By
ABS-EQ, this means ¥”;T' F A\t = Aw: IIAB. Also, Fv(Av) = Fv(v) —
1 CFv(t)—1=Fv(\i)

Analogously, ¥”; TV F Au = A : I[IA’B’, with Fv(A.v) C Fv(Au).

Therefore, Y7 TiTY + At = v}= Au : HABIIIA’B’. By Defini-
tion 4.17, this means 3" = C.

Completeness Assume © F ;€. By Definition 4.11 (solution to a unifica-
tion problem) and Definition 4.9 (solution to a constraint), this means
OFX, OFT IIAB=T1",IIA'B' ctx and ©;T' - \.t = A.u: [IAB.

Take ©" = ©. Because O F X, Oy, = Oy, = O.

(i) By assumption, © + I''TIAB = I”,11A’ B’ ctx; that is © - T’ =
IVctx and ©;T + ITAB = ITA’B’ type. By Postulate 10 (injec-
tivity of II), ©;T H A = A’ type and ©;T,A + B = B’ type.
By Definition 2.16 (equality of contexts) we have © - I'; A, B =
I, A’, B ctx.

(ii) By the assumption, ©;' + At = Awu : IIAB. By Lemma 2.83
(injectivity of A), we get ©; ' AFt=wu: B.

By (i), (ii) and Definition 4.9 (solution to a constraint), we have © F D.
By assumption © E X, so, by Definition 4.11, © F ¥; D. Because O’ = ©,
0 EX;D.
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O

To unify a pair it suffices to unify each component individually.

Rule-Schema 12 (Pairs).

ST (b, 1) & (ug, up) : ABISA'B ~»
ST Hty muy: ATA” A TIT Bty &~ uy 2 B[t |18 [uy]
where Bl[t;]{ and B'[u]|

As we show in the proof below, the rule preconditions B[t;]{} and B’[u,]{
are redundant provided 3;TiI” b (t1,%5) & (uq, uy) : TABIX A’ B’ wf.

Proof of correctness. Let € = TiI F (;,t5) = (uy, uq) : SABIYA'B’, D, =
Dil' bty ~ oy AFAY Dy =TT bty ~ uy ¢ Bt |18 [uy].

Assume that ;€ is well-formed. By Definition 4.26 (rule correctness), it
suffices to show:

Well-formedness We need to show that ¥; D, and X; D, are well-formed.
By assumption, ;T F (t1,t5) : YAB. By Lemma 2.84 ({(,)-inversion),
this means ;' ¢, : A, B[t and ;T F ¢, : B[t].
By the same reasoning, ¥;TV Fu, : A’ B'[uy]l and ;T F uy = B [uy].
Therefore, both X; D, and ¥; D, are well-formed.

Soundness Assume 3" 3 ¥, and ¥” & D; A D,. By Definition 4.17, this
means that X7; Tl F ¢, v, }= vy + ATA” and 7T F ¢y oy }=
uy = B[t 1B [uy].

By the assumption, ¥”;T ¢, = v; : A and and X7;T -ty = vy : B[ty].
By the PAIR-EQ rule, this gives ¥7;T' F (t1,t,) = (vq,vy) : ZAB.

Also from the assumption, Fv(vy) C FV(¢;) and FV(vy) C FV(ty). There-
fore, FV((vy,vy)) = FV(v;) UFV(vy) C FV(t;) UFV(ty) = FV((t,1s)).
Analogously, 7TV F (uq,uy) = (vy,0) : TA’B’, with Fv({vy,v,9)) C
FV(<“17 u2>)

Therefore, &7; T F (t1,t5) ={(vy,09) = (uq,uy) : SABIXA’B’. By
Definition 4.17, this means ¥” | C.

Completeness Assume O F 3;C. By Definition 4.11 (solution to a unification
problem) and Definition 4.9 (solution to a constraint), this means © F X,
OFT,YAB=T1",YA'B ctx, and ©;T" k- (t;,t5) = (uq,uy) : TAB.
Take ©" £ O. Because © F X, by Remark 2.133 (restriction to a com-
patible signature), 0% = Oy, = ©.

(i) By the assumption, © F I';¥AB = I",¥A’B’ ctx. By Defini-
tion 2.16 (equality of contexts), this gives © + T' = I ctx and
O;T+XAB =Y A’B’ type. By Postulate 11 (injectivity of X), we
have ;T A= A’ type and ©;T", A+ B = B’ type.

By Definition 2.16 (equality of contexts), O - T'; A =T", A’ ctx.
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(ii) By the assumption, ©;T b (t1,t5) = (uq,uq) : TAB. By Lemma
2.85 (injectivity of (,)), we get ©;T F t; = u; = A, B[t;]|} and
O;T Fty = uy : Blty].

(iii) By (i), ©;T,A+ B = B’ type. By (ii), ©;'Ft; =u, : A. By Pos-
tulate 4 (congruence of hereditary substitution) and Remark 2.15
(there is only set), ©;T + B[t;] = B’[u,] type. By Definition 2.16
(equality of contexts), © - T', B[t;] = I, B'[u4] ctx.

By (i), (ii), (iii) and Definition 4.9 (solution to a constraint), we have © F
D, and © E D,. By assumption, © F X. Therefore, by Definition 4.11,
OF ;D AD,.

O

For the Bool type, two constructors are equal if they are the identical.
Because true and false take no arguments, the following rule is subsumed by
syntactic equality. We include it for the sake of completeness.

Rule-Schema 13 (Booleans).
3T F ¢ &~ ¢ : BooliBool v X; [0

Proof. The rule schema is a special case of Rule schema 1 (syntactic equality).
O

4.5.8 Strongly neutral terms

Constraints involving neutral terms are not always straightforward to normal-
ize. Let ¥ = A : Set,a : A,b : A, and consider the following three examples:

Example 4.40 (Strong neutral unification).
Y,a: A;x:BooliBool Fif (AA)zoaa =if (A.A)zab: ATA

By Definition 4.11 (solution to a unification problem), this problem has a

def

solution ©® = ¥, o := b : A. In effect, we can obtain such a solution by requiring
each of the arguments to if on the LHS to be equal to the corresponding
argument on the RHS.

Y, a: Az BooliBool - A.A =~ A.A : (Bool — A)i(Bool — A)
z : BooliBool - & ~ = : Bool{Bool
z : BooliBool F o ~ a : ATA
x : BooliBool - o ~ b : AIA
By applying Rule schema 1 (syntactic equality) and Rule schema 2 (meta-

variable instantiation), we have X, := b : A; 0. By definition, CLOSE(X, o :=

b:A) O |

However, this approach does not by itself lead to a correct rule schema, as,
in the general case, solutions may be lost:
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Example 4.41 (No solutions). Consider the problem:

Y, a: Bool, 8 : Bool; - Fif (A.A) aba=if (A\.A) Sab: A

This problem has a solution, namely ©® = X, « := true : Bool, 5 := false :
Bool.

Analogously to Example 4.40 (strong neutral unification), we can solve the
problem by solving the following problem instead:

>, a: Bool, B : Bool;- H A.A =~ A.A : Bool — A
-Fa =~ f:Bool
‘Foxb:A
‘Fbr~ao:A

However, © is no longer a solution of the resulting problem, as this would
imply ©;-Fa=Db:A. |

Even when a solution is found, the solution might not be unique:

Example 4.42 (Non-unique solutions). Consider the problem:

¥, a : Bool, 8 : Bool; - F 8 ~ true : Bool
cFif(AA) aca=if (AA)Soa: A

This problem has two solutions, namely ©; = ¥, o := true : Bool, 8 :=
true : Bool, ©, = 3, v := false : Bool, 8 := true : Bool.

Analogously to Example 4.40 (strong neutral unification), we can solve the
problem by solving the following problem instead:

>, a: Bool, 8 : Bool; - F 8 ~ true : Bool
-FAA X~ AA:Bool — A
-+ a =~ f:Bool
‘Fo~ra: A
‘Faoa~a: A

By applying Rule schema 1 (syntactic equality) and Rule schema 2 (meta-
variable instantiation), we have:

¥, := true : Bool, a :=  : Bool; I

And CLOSE(Z, 3 := true : Bool, a := 3 : Bool) |} ©,. However, the resulting
solution (©,) is not a unique solution to the original problem. |

We wish to reduce constraints involving neutral terms, such as the one
in Example 4.40, without losing solutions, as in Example 4.41, or sacrificing
uniqueness (Example 4.42).
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Rule-Schema 14 (Strongly neutral terms).

ST - heét ~he : TIT ~»

S \ Tl - t, ~ u; : B,iB;
iceJ
where
JC{l,...,n}

héand hé are strongly neutral

for each i € {1,...,n}, either:

(i) i ¢ J, and either e; = e, = .my or e; = e, = .7y,
(ii) i € J, and there exist t;, u;, such that e, = t;, e} = u;,
SiTHh@é, IV, and £+ V, \,IIB,C;, and

7 27

SR @é; UV, and SF V; \I1B]C]

Proof of correctness. By Lemma 2.106 (type elimination), Lemma 2.98 (equal-

ity of WHNF') and the CONV-EQ rule, for each i € J, &;T'F hé;
i1’ I1B;C;.

and 5; IV F hé]

i1 1B C;

,,,,,

Let @ = T4V F hé” ~ he'™ : TiT'. For each i € J, let D, = T{IV -t ~
w: B;iB and D = /\iEJ D,,

Well-formedness Assume that X; € is a well-formed problem; that is, X sig,
SiTHhe:Tand ST F he : T
Let « € J. By assumption, ;" = he; ; t;€4, , : T, By the
preconditions and Lemma 2.111 (application inversion), ¥;T" F ¢ : B,.
Analogously, and ¥;T' + u : B]. Therefore ¥; D, wf.

Because X sig, we have ¥ C 3. By Definition 4.5, 3; D is a well-formed

problem.

Soundness Let ¥’ J 3. Assume that, for each ¢ € J, ¥’ R D,, that is,
YT Bt v = v, - B;iB, and ¥ D, wi (x).

Consider the term h?n, where, for each 7 € {1,...,n}:

”
@
”
i
”

e, =

3

if ieJ

. RV
if e =¢=.m
. 0
if e =¢=.m,

(i) We show by induction on k that for all k, there are U, and Uj,
such that ;T4 - hé;, , ={he’y )= he'y ¢ Uy, that is,
ST Hheéy =he’y U, ST Fhey o =hey U,
and FV(he”y 1) CPV(he ) NEv(he’y ).

e Case 0: Because X;C is well-formed, we have ;' + he : T.

By Lemma 2.155 (preservation of judgments under signature
extensions), we have X';T'F hé: T.
By Corollary 2.77 (uniqueness of typing for heads), there is Uj,
such that ¥;T'+ h = U,. By the HEAD-EQ rule, ¥';T'+ h =
h : Uy. Analogously, there is Uj such that ;I = h = h: U.
Trivially, Fv(h) C Fv(h) NFV(h).
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e Case k+ 1:

By the induction hypothesis, ;I = hé; , = he”; , :
U STV F he'y 4 = he’y 4+ Uj, and #v(he”y ;) C
Fv(hé; )ﬂFV(hel ,,,,, k)-

— Case €1 = V1, €1 = lpyy and €y = ug g As
shown above, ;T = hé; , : By, ,Cp . By Lemma
2.155 (preservation of judgments under signature exten-
sions), X, T hé; 1By, 1 Cpyy-

By Corollary 2.76 (uniqueness of typing for equality of neu-
trals), X I'Fhé; ;= hg’71,..,k By Oy

By (%), and Definition 4.12 (heterogeneous equal-
ity), ¥ + t,,1 = v ¢ Biyi. By the APP-EQ
rule, there is Uy, (with C) [t;.1] | U,,,) such that
ST Ehe) gt =he] v Uppr

Analogously, there exists U;,, such that X;I' F
h éi,...,k lp1 = hglf,‘.,,k V41t UI;+1'

Finally, by (x) and distributivity of N over U,' wi
have Fv(héy/ Lk Vppr) = Fv(hel 7,6) U FV(vj4q)
(Fv(hey k) H FV(hé) ,)) U (Fv(tk+1) N FV(ugiq))
(FV(hér, ) U FV(tear)) N (FV(RED 1) U FV(ugy))
FV(hé)  ptpp) NEV(RE]  pupyq)

— Case e}, = e,y = €}, = .m: By Lemma 2.113 (projec-
tion inversion), there are U, V' such that ¥";I' - hé; -
SUV. By Corollary 2.76 (uniqueness of typing for equal-
ity of neutrals), ¥;I' = hé, , = héj , : SUV. Let
Upi1 £ U. By the PROJI-EQ rule DI F Fhé gom =
hel p-m U 41 Analogously, there exists Uy, such
that ST R he kM =he] om Uy,

By the 1nduct10n hypothesis, Fv(he] ,.m) =
FV<h €..x) C FV(hé, ) NFV(he ) = FV(héL...,k
m) N FV(h k1)

,,,,,

@

1NN

— Case e, = ekﬂ = e, = -Ty: As in the previous case,
YSU'Fheé,  ,=hel ,:XUV. By Remark 2.36 (hered-
itary substitution by a neutral term), there exists U,
such that V[hé; ] Ug,;. By the PROJ2-EQ rule, ;T -

he . k'7725h€/1/ g Upyr
Analogously, there exists Ui, such that X1V F
héj j-m= he1 W RUPR Uk+1
Finally, by the induction hypothems Fv(hél =
Fv(héy k) C rv(heé; ;) NEV(RE k) = FV(heéy
) N Fv(h €1k T2)

(ii) By taking £k = n in (), we have ¥;T' + hé = hé” : U, and

Y:;THhe =he” U], with rv(he”) g Fv(hé)NFv(he').

Because the original problem is well-formed, we have ¥";T'F hé: T
and X';T' hé’ : T'. By Corollary 2.76 (uniqueness of typing for

LGiven A, B, C and D sets, we have (ANC)U(BND) C (ANC)U(BND)U(AND)U(BNC) =

(AUB)N(CUD).
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equality of neutrals), ¥;T'Fhé=hé" : Tand X;T+Hhé =heé”:
7.

By Definition 4.12 (heterogeneous equality), X’;TilV
hé={hé"}=hé : T{T’. Therefore, ¥’ | C.

Completeness First, note that, by Remark 2.159 (prefixes of strongly neutral
terms), because h & and h €’ are strongly neutral, we have that for all k,
hé  ,and hé; , arealso strongly neutral. (x)

Assume that © E ¥;C. By Definition 4.11 (solution to a unification
problem), assume that © E X, O F T')T =TV, T ctx and ©; - hé =
he' :T.

Take © = ©. By Remark 2.17 (context equality inversion), © + T
T’ ctx.

By induction on k, we show that for every k, if there exists U such that
;' - hé, = heé U, then for every i € J, i <k, we have

.....

o Case 0: Vacuously true (i € {1,...,0} = 0).

e Case k + 1: Assume that there exists Uj,; such that ©;I'
héi ki1 =hé i1 ¢ Ugyr- By the rule preconditions, we have
two possible cases for e, ; and e} ;:

— Case ey, =ty 1, €4y = Uy, and k+ 1 € J: Assume there
exists U such that ©;T'Fheé; ;.4 = he"}lpnjkﬂ : U.
(i) By Lemma 2.163 (injectivity of elimination for strongly
neutral terms), there exist Bgﬂ, Clg+1 such that ©;T" +
hé, = hg/l,...,k : HB12+1CI(€)+1 and ©;1" 4 = uypy ¢
By
(ii) Because © F X, we have ©;T'Fheé; . : 1By Oy, ;.
By (i) and Lemma 2.75 (uniqueness of typing for neutrals),
we have ©;I' + IIB},,Cp., = IIB,,C,,, type. By
Postulate 10 (injectivity of II), we have ©;T + BY
B, type.
By the CONV-EQ rule, we have ©;T' - hé; , = hé)
B, ,,Cpyq and Ot =y - By

(iii) By (ii) and Lemma 2.70 (piecewise well-formedness of typ-
ing judgments), ©;T" F h?lmk : 1By, ,1C) 1. By assump-
tion, © F ¥ and ;' - heéy  , : 1B ,Cp . By Defini-
tion 2.125 (compatible metasubstitution), ©;I' - he| ;-
1B ,,C} ;. By Lemma 2.75 (uniqueness of typing for neu-
trals), ©;I' - 1IB, ,C}.,, = lIB;,C} , type. By Postu-
late 10 (injectivity of II), ©;T'F B, = B;; type.

Take i € {1,....,k+1}NnJ. If i = k + 1, then, by (ii), ©;T F

tr1 = Uiy © Byyq, and by (iii), ©;T = By, = By, type.

Therefore © F D,.

If i <k, then by (ii), ;' - hé; , =he| 1B, 1 Cpy.

,,,,, 5.

By the induction hypothesis, © F D,.

11 =
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— Case €, =€), = .M, 0r €, =€, =.My,and k+1 ¢ J:
By Lemma 2.163, ©;T' - he; , = he) ;T Take i €
{1,...,k+1}. If i € J, then necessarily ¢ < k. By the induction
hypothesis, © F D,.

By (x), ;' he; , =heé; , :T. Note that Vi € J,i < n. By the
proven property, taking k :=n, we have that for all i € J, © F D,.

By the assumption, © E X. Therefore, by Definition 4.11, © E X; D.

4.5.9 Metavariable argument killing

In some cases, we may be able to deduce that the body of a metavariable
cannot depend on some of its arguments.

By including this information in the signature, we can simplify existing
constraints. This may allow us to instantiate more metavariables.

Example 4.43 (Good pruning). Consider the following problem, where 3 =
A:Set,a: AF:A— A

Y,a:Bool = A, B : A;z: BooliBooll 8 =~ F (ax): ATA
‘Fatrue~ @ T ATA

This problem has solution ® = ¥ a := Az.o : Bool — A := Fa : A.
However, there is no clear way of finding this solution with the rules described
so far:

(i) Inthe first constraint, z € FV(F (a x)), but x is not in the arguments of /3;
and in the second constraint, « has a non-variable argument; therefore,
the Rule schema 2 (metavariable instantiation) does not apply to either
of them.

(ii) In both of the constraints, there is at least one side which is not a strongly
neutral term. Therefore, Rule schema 14 (strongly neutral terms) does
not apply to any of them.

(iii) Finally, because none of the terms in the constraints can be reduced
further, there is no clear way in which Rule schema 8 (term conversion)
or Rule schema 9 (type and context conversion) could change the con-
straints so that any of the above-mentioned rules would apply.

Observe that the variable x does not appear in the arguments of 5. Thus,
we may (correctly) assume that z is not actually used by a. Under this
assumption we may “kill” the argument of « as follows:

S,y : A= Axey: Bool = A, : A;x : BooliBool - 8 ~ F (ax) : ATA
-k atrue ~ a: ATA
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By applying Rule schema 8 (term conversion) twice, we obtain:

X,y A= Axy : Bool = A, B : A;x : BooliBool - 8 &~ F v : ATA
Fy~a  :AIA

And now, by applying Rule schema 2 (metavariable instantiation) twice,
we obtain:

Y,yi=a:A o=y Bool -+ A B:=Fa:AQO

Finally, by Definition 2.143 (closing metasubstitution), CLOSE(X,y := @ :
A=Az :Bool = A B:=Fa:A) IO, and OF , .01 s = ©- X |

Example 4.44 (Bad pruning). The approach in Example 4.43 is not always
correct.
Consider the following problem, where ¥ £ A : Set,a: A, F : A — A:

S,a:A—=AB:Ay:A— A z:BooliBoolt & v (az): AIA
AN-Faxz~z: AIA
AN-Fryz=~a:ALA

The problem has the solution © = ¥, a := Az.x : A = A/ S =0 : Ay =
Az.a: A — A
If we kill the first argument of «, we obtain the following problem:

X0 :Aa=drd: A= AB:Ay: A— A;x: BooliBool - 8~ v : ATA
~|—5¢\3.’L‘:A1A
Fyz Ao ATA

Because metavariables can only be instantiated to closed terms, the con-
straint - - 0 ~ x : AIA is unsolvable. The resulting problem does not have the
solution ©. Therefore, it was not correct to kill the argument. R |

We want to “kill” metavariable arguments in cases such as Example 4.43,
while avoiding cases such as Example 4.44.

In this section we introduce a notion of killing arguments, and use it for
specifying two correct rule schemas; namely Rule schema 16 (generalized meta-
variable intersection) and Rule schema 17 (metavariable pruning).

Definition 4.45 (Metavariable argument killing: ¥ + KILL(a,n) = £). We
say that killing the n-th argument of metavariable « in signature ¥ yields
signature ¥’ (written ¥ F KILL(a, n) = X7), if all the following hold:
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(i) neN,n>1,
(ii) ¥ sig, ¥ =X, a: T,%, for some ¥, ¥, and T

(iii) ¥ = %,,8: AU, o = AL \y.BZ : T,%, for some f3, Aand U
with with 5 ¢ DECLS(X); and

(iv) £,;-F T = HA" ' IIBU™Y type for some B.

Lemma 4.46 (Well-formedness of killing). Assume ¥ + KILL(a,n) — X/,
where L =Y, a:T,%,, and X' =X,8: T ,a:=t:T,%, for some ¥y, ¥,,
T, T andt. Then ¥’ sig and X C Y.

Proof. Follows by construction, Postulate 13 (context strengthening), and the
typing rules.

(i) By the assumption ¥ sig; by Remark 2.5 (signature inversion), ¥; sig.

(ii) Also by the assumption, ¥y;- T = A IBUHY type. By Lemma
2.70 (piecewise well-formedness of typing judgments) and Lemma 2.52
(Il inversion), gives ¥,; A", B - U™V type. By Postulate 13 (con-
text strengthening), X; Al U type. By repeated application of the
PI rule, X;;- A LU type, that is, ¥;;- = 77 type. By Defini-
tion 4.45 (metavariable argument killing), 8 ¢ DECLS(X) D DECLS(X,).
Therefore, ¥,,8 : T’ sig. By Definition 2.151 (signature extension),
¥, E X,,8:T. By Corollary 2.156 (horizontal composition of exten-
sions), Xy, a: T, 5, C X, 8: T a: T,3,.

(iii) By Lemma 2.69 (signature weakening), ¥,,5:T7";- + T type.

— n—1

By the typing rules, ¥,,8 : T";2: A F B2z : U. By Lemma 2.62

— n—1
(context weakening), ¥,,8:T";z: A ,y:BF 2 :U*Y. By the ABS
rule, X1, 3 :T';- = A\#" L \y.37 : HA"IIBU, that is, ¥,,8: T';- F t :
IMA™ 'IBU.
By the assumption, ¥;- - T = [IA"IBU type. Therefore, by the
CONV-EQ rule, ¥,, 3 : T7;- +t : T. Therefore, ¥,,5: T, a:=1t: T sig.
By Definition 2.151 (signature extension), ¥,,8 : T/, : T C %y, :
T, «a:=1t:T. By Corollary 2.156 (horizontal composition of extensions),
2,8: T, T, 5, C 5, B: T a:=t:T,%,.

By (ii), (iii) and composition rule in Definition 2.151 (signature extension),
TC Y. O

Killing an argument of a metavariable « preserves a solution if the body
of the metavariable in that solution does not depend on the killed argument.

Lemma 4.47 (Completeness of killing). Assume that ¥ F KILL(a,n) — %’
where for some T,,, Ty and t,, we have ¥ = ¥y, a : T, %y and ¥’ = X, B :
Ty ai=1y: Ty, %,.

Also, let © be a metasubstitution such that © E 3.

If there is v and T such that ©;-F a = X" : T, with 0 ¢ FV(v), then there
are ug and Uy such that, for 0 =0,8:= ug : Ug, we have:

'’
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(i) © wi,

(i1) ©5 =0,
(i) ©® C O, and
(iv) © F Y.

Proof. By Lemma 2.75 (uniqueness of typing for neutrals), Lemma 2.70 (piece-
wise well-formedness of typing judgments) and the CONV-EQ rule, O;- F+ a =
Ao T,

By Definition 4.45 (metavariable argument killing) and Lemma 2.69 (signa-
ture weakening), ¥; - + T, = IIU"V type for some U and V, with 0 ¢ Fv(V).
By Definition 2.125 (compatible metasubstitution), ©;- T, = U™V type.

By the CONV-EQ rule, ©;- F a = A".v : IIU™V.

By Lemma 2.70 (piecewise well-formedness of typing judgments), O;-
Ao o II0™V. By Corollary 2.58 (iterated A-inversion) and Postulate 13
(context strengthening), we have (—);Ul,m,nfl F oY . VU By the pI
rule, ©;- F A" LoD s WO, (VEY). Take Ty 2 10, (VD).
By Remark 2.142 (metavariable-free term), we have ug and Ug such that
;- F Ug = T type, O5- - ug : Ug, O;- = ug = AL Us, and
METAS(ug) = METAS(Up) = 0.

(i) ©" wf: By assumption, © wf. By the SUBST-META rule, ©" wf.

)
(i)
)
)

©% = ©: By construction.
(ili) ® C ©": By Definition 2.151 (signature extension).

(iv) © F ¥: By Lemma 2.130 (alternative characterization of a compat-
ible metasubstitution), it suffices to show that, for each declaration
D € ¥/, © is compatible with D. Because © £ ¥ and © C ©’, by
Remark 2.128 (compatibility with a declaration as a judgment) and Re-
mark 2.137 (metasubstitution weakening), it suffices to consider the two
declarations that are in X', but not in X.

1. © compatible with a:=t, : T,: Because ©;- - o = \z".v : IIU"V,
© C © and Remark}.lS? (metasubstitution weakening), we have
O -Fa=M\"wv:1IU"V.

By DELTA-META(, transitivity and CONV-EQ, ©’;- F [ =
A= HULM’”?I(V(_”). By Lemma 4.34 (general n-equality
for Il-types), symmetry and transitivity, ©’;- F A#"" 1.2 =
ALY IOy, (V). By Lemma 2.59 (abstraction
equality inversion), ©;z:U, , , +F BT, = o) YD,
By Lemma 2.62 (context weakening) ©;2:U; , 1,y : U, F
BT .1 = v : V. By Lemma 2.59 (abstraction equality
inversion), ©';- = AZ" L \y.B% = A" ov.

By symmetry and transitivity, ;- a = AZ" L. \y.f 7 : IUv. By
Definition 4.45 (metavariablejzrgument killing), t, = A" 1.\y.B Z.
Therefore, ©';- Fa =t : IUV.
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Because O F X, we have ©;-+ o : T,,. By Lemma 2.75 (uniqueness
of typing for neutrals) and Remark 2.137 (metasubstitution weak-
ening), ©;- + T, = IIUV type. By the CONV-EQ rule, ;- F a =
ty : Ty,
2. ©’ compatible with 3 : Ty: By construction, 3 : Uy € ©'. By the
META; and HEAD rules, ©';- F 3 : Uj.
As shown above, ©;- F Us = Tj type. Because © I O, by
Lemma 2.155 (preservation of judgments under signature exten-
sions), ©'; - = Uy = T type. By the cCONV rule, ©’;- - 3 : Tj.

O

Metavariable intersection

One case where we may kill metavariable arguments is when both sides are
headed by the same metavariable, but some of the arguments differ. We first
prove the following lemma:

Lemma 4.48 (Intersection). Assume that O;0 F af = af’ : A, where
— —n —1l+m —n —1+m — —
f=H fo =1 f ,and forallfef, or fef, fisirreducible.

Also, assume that f, . =x€, f, 1=y ¢, and +uy.
Then there are v and T such that ©;-+ a = X""1v: T, where 0 ¢ FV(v).

Proof. By Lemma 2.70 (piecewise well-formedness of typing judgments),
o;I' + af : A, By Lemma 2.112 (iterated application inversion),
©;- b a : OUH™V for some U and V. By Lemma 4.34 (general
n-equality for Il-types), ©;- F o = AZnFHm o Znfltm . [untitmy,

By Lemma 2.166 (reduction at II-type), there is v such that ©;- F
AFmEEm g g e Ay IOV, and ©;- B AZTIT
nov,

By Lemma 2.86 (equality of dn-reduct), it suffices to show that z,, . ; =m ¢
FV(v).

By the assumption, ©;T" a?lm (x€) Em = ozf?n (y é’)Em : A. By
Lemma 2.86 (equality of dn-reduct) and transitivity, ©;- - a = \zZ" 1 my -
n+1+m

z:U V. In particular, by Lemma 2.62 (context weakening) and Re-

n+1+m
mark 2.30 (properties of renamings), ©;T - a = A2 14" ¢ [z : U V.

By Remark 2.35 (iterated application as substitution on body), (AZ""1*™.y) @
FU0[f/Z] and A2y @ f7 4 o[f7/2).

By Lemma 2.79 (typing and congruence of elimination), ©;T" af =
o[f/Z]: Aand ©;T Fa f/ = v[f’/7] : A.

By transitivity and symmetry of equality, ©; T + v[f/z] = v[?/ Z]: A.

By the app rule, ©;T + o f : V[f/Z]. By Lemma 2.75 (uniqueness of
typing for neutrals), ;T A = V[f/Z] type. By the cONV-EQ rule, O;T F
olf/2) = /2] VA

Assume that z,,; € Fv(v). which by Lemma 2.176 (injectivity of normal
forms with respect to irreducibles), means that = y. This is a contradiction
with the theorem premises. Therefore, 2z, ; € FV(v). O
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Rule-Schema 15 (Metavariable intersection).

ST Fa ffo g™~ oz?ny?m i ATAY
s XTI F B fga~Bf g« ATA

where
Ty o (1)
all terms in f, f/, g, ¢’ are irreducible (2)
Y EKILL(a,n+ 1) > ¥, where ¥ =%, a: U, %,
and X' =3%,,8:T,a:=u:U,%, (3)

Condition 3 ensures that the resulting problem is well formed, while con-
ditions 1 and 2 ensure the resulting problem has the same solutions as the
original problem.

Proof of correctness. Let € = T'il" F afrg~afyg : AtA and D =
M-8 fg~pBf g ATA".
Assume ¥ sig and X; C wf.

Well-formedness By Lemma 4.46 (well-formedness of killing), we have that
Y sig, and X' I X.
Because X; € wf, we have ;T F « fxﬁ : A. By Lemma 2.155 (preser-
vation of judgments under signature extensions), ¥';T'F«a fx g: A. By
Definition 4.45 (metavariable argument killing) and the DELTA-META
rule, ¥;I' F afeg = ffg : A. By Lemma 2.70 (piecewise well-
formedness of typing judgments), ;T F 3 f g : A.
Analogously, X TV -3 f/ ¢/« A'.
Therefore, ¥'; D wf.

Soundness Assume ¥” J ¥/, with ¥” | D. That is, ¥”; D wf, and there
is a term v such that :I'-Bfg =v: A, ST RBf g =0 A
FV(0) € FV(3 7 §) and ¥v(v) C ¥V(5 &),

By the same reasoning as in the well-formedness proof, YTk a fx g=
Bfg: A By Lemma 2.155 (preservation of judgments under signa-
ture extensions), X”;T' F afxzg = fg: A. By transitivity, ¥”;T
afrxg=v: A

By Definition 2.18 (free variables in a term), Fv(3 fg§) C Fv(a fz §);
therefore, Fv(v) C Fv(a f x g).

Analogously, X7; TV I afygd =v:A and Fv(v) C Fv(a?y?).

By Definition 4.12 (heterogeneous equality), £”; Tl + a fz § ={v)=
afyg  ATA’.

By Lemma 2.70 (piecewise well-formedness of typing judgments), " sig,
Y.Tkafrg: Aand X1 Faf yg : A'. Note that || = [[V]. By
Definition 4.2 (well-formed internal constraint), ¥”; C wf.

Therefore, & k= C.
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Completeness Assume that © F ;€. This means that O F X, O -1 A =
I"Actxand ©;TFafzg=af yg : A

(i) By Definition 4.45 (metavariable argument killing), there exist

—n+1 —n+1
U and V, 0 ¢ rv(V), and ;- - U = UV type
such that ¥; C ¥. By Lemma 2.69 (signature weakening) and

O F X, we have ©;- - U = HvU7n+1V type. By the conv rule,
O Fa: HWHHV.

By Lemma 4.48 (intersection), there exists u, such that ;- + a =
AZ™ Ay.ug HWHHV, and y ¢ Fv(u,). By Lemma 4.47 (complete-
ness of killing), there is ©” F ¥’ with 05, = ©.

(ii) By (i) and Remark 2.134 (subsumption of restriction), 8" 2 ©.
By Lemma 2.69 (signature weakening), ©' T, A =TI", A’ ctx and
O Ttafzg=afyg : A

(iii) By the same reasoning as in the well-formedness proof, ¥;T"
aixﬁ =f3fG: A Because © F Y, we have O; - a fzg =
Bfg:A. o o
Analogously, ©";TV + af'axg = Bf'¢g : A. By (ii) and
Lemma 2.63 (preservation of judgments by type conversion),
;T F g?z?’;z Bf ¢ : A. By transitivity of equality,
O TFBfG=ATq : A

By (ii) and (iii), ©" E D. By (i), © EX'; D.
O

The proof above (via Lemma 4.48), does not use the fact that = and y are
variables; only that they are irreducible terms with distinct heads.

Therefore, we could prove the correctness of the following, more general
version of the rule using the same reasoning steps:

Rule-Schema 16 (Generalized metavariable intersection).
SLa:U Sy TV Faff ~agh: ATA ~»
X8 T a=u:U, Sy T B J?l,...,iﬂ :+1,...,n ~ B, ic1 91,0 P ATA
where
ie{l,..,n}
fi=hé g =hne, h+hn
all terms in fand g are irreducible
Y,a: U, FKILL(a, i) = 2,0 : T a:=u: U, %,

Metavariable pruning

Another situation where we can kill an argument of a metavariable is when it
is headed by a wvariable which is not free on the other side of the constraint.
For completeness, the metavariable must occur in a rigid position, and all
arguments to the metavariable must be irreducible.
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Lemma 4.49 (Pruning). Let f = flm (y+h) &) Em where, for all f € f, or
fe E, f is irreducible, and let o be a metavariable.
Assume that tya f]F, ©;T Ft, =ty : A, and y & FV(t,).
Then there exist A and B such that |[A| =k ©;T, A+ af: B,
and there exist vy and T such that ©;-F a = A"y : Ty and 0 ¢ Fv(v,).

Proof. By Lemma 2.170 (typing of rigid occurrences), there exist A and B
such that |A| = k and ©;, A+ a f: B.

By Lemma 2.112 (iterated application inversion), there exist U and V such
that ©;- F o : U147V,

By Lemma 2.166 (reduction at II-type), there is v such that ©;- F
A sy s UV and ©;- B AZnFlEm g zndlem pp azndlam g,
UMY | with 2777 = ((n + 1 +m),...,1,0). Take v, = A\™.v, and
T, := U™ 1+™Y . By the ETA-ABS rule, transitivity of equality and Lemma,
2.86 (equality of dn-reduct), ©;- F a = Nt : Tp.

It suffices to show that 0 ¢ Fv(vy), ie. 2,4 & FV(v).

By the hypothesis, ©;T + t; = t, : A. By Remark 2.88 (existence of
a common normal form), there is a term r such that ©;T F ¢, —>’gn r: A,
;' t, —>‘gnr : Ay and ©;T Fr—=, + A

Because ty]a f]]k, by Lemma 2.170 (typing of rigid occurrences), ©;I" +
to[AF o f: B']: A for some A and B’ with |A| = k.

We have ©;I" ¢, —5, 7 : A. By Remark 2.43 (free variables of dn-reduct)
and Lemma 2.172 (free variables in reduction of rigid occurrences), there is
u' such that ©;T A F o f =« : B and ¥v(u/) — |A| € Fv(r). Because
y ¢ Fv(r), this means y + |A| ¢ Fv(u').

By Postulate 6 (congruence of hereditary application), ©;T, A ozf =
o[f] © V[f]. By Lemma 2.75 (uniqueness of typing for neutrals) and the
conv-EQ rule, ©;,A F af = v[f] : B'. By transitivity and symmetry,
O;0,A+u[fl=u : B.

We proceed by contradiction; assume z,.,; € Fv(v). Because f,,.; =
y 1A € by Lemma 2.175 (preservation of irreducibles by normal forms), this
means yt14) € rv(u’), which is a contradiction. Therefore, z,,,; ¢ FV(v). O

Rule-Schema 17 (Metavariable pruning).
SiTiV Foat: ATA ~» XTI Fost: ATA

where
tlaf; (yé) f, 1Ffor k€N (1)
yErve )
every f € f, or f € f, is irreducible (3)
Y ExLL(a,n+ 1) = ¥, where ¥ =%, a: U, %,

and X' =3%,,0:T,a:=u:U,%, (4)

Proof of correctness. Let C ZTiIV v~ t: AfA’.
Assume ¥ sig, ¥; C wf.

Well-formedness By the assumption and Lemma 4.46 (well-formedness of
killing), we have ¥’ sig and ¥’ J 3.
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Also by assumption, ¥; €. By Lemma 2.155 (preservation of judgments
under signature extensions), and Remark 4.7 (well-formed unification
constraint is a judgment), ¥; € wf.

Soundness Assume Y7 1Y and Y7 E €. Then we have X" E €.
Completeness Assume that © F X;C. This means © F ¥, O - A =
I, A ctx and ©; T Fv=1t: A.

By Lemma 4.49 (pruning), taking ¢, := v, t, :=t, and f := ﬁn (y €) Em,
there exists uy and U’ such that ©;- F a = \Z" M, : U/, with z,,,; ¢
FV(uq).

By Lemma 4.47 (completeness of killing), there is © with % = © and
©’ E ¥'. By Remark 2.134 (subsumption of restriction), ® 2 6. By
Lemma 2.69 (signature weakening), © FT',A =T", A’ ctx and ©';T I
v=t: A; that is, © E €.

Therefore, ©" F ¥/; C.

4.5.10 Metavariable argument currying

The pattern condition for metavariable instantiation states that all the argu-
ments of a metavariable must be variables. Abel and Pientka [3] observed that
we can relax this condition when some of the arguments of the metavariable
are record constructors. In this case, we can consider each of the fields of the
record as a separate argument when evaluating the pattern condition.

In our formulation, this means that a metavariable argument of type y :
YUV can be expanded into two arguments y; : U and y, : V]y,].

Rule-Schema 18 (Metavariable argument currying).

YT Y0 v Xy, B T, ai=1,:T,%5;0
where

[ is fresh in X

Y,;- T =AI(SUV)B type

B((+2) + D[{1,0)/0] 4 B’

T, = MA"TIUTIV B’

to = ATy BT (y.my) (y .7y)

Proof of correctness. Let ¥ = X, : T,5,, ¥/ =%,,5: Ty, :=1t, : T, %,
and T, = IIA™I(SUV)B.

Well-formedness Assume ¥ sig. We want to show that X C X',

o Xy, B: T} sig:
It suffices to show that the premises of the following rule are fulfilled:
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Y, sig B is fresh in 3 Y- F 15 type

META-DECL
Elu ﬂ : TB Sig

By assumption, ¥; sig. By assumption f is fresh in ¥, and therefore

also in ¥;. It remains to show that X;;- = T type.

(i) By the rules premises, 3;;- T = T, type. By Lemma
2.70 (piecewise well-formedness of typing judgments), ;- F
T, type (that is, ¥q;- F HA”B(ZUV)B type) By Lemma 2.52
(IT inversion), this gives ¥,; A, XUV F B type.

(ii) By Lemma 2.70 (piecewise well-formedness of typing judg-
ments) and Lemma 2.53 (X inversion), we have ¥; A+ U : Set
and 3; A, U F V : Set.

(iii) By (i), ¥, F A,U,Vctx. By (i) and Lemma 2.62 (context
weakening), ¥,; A, U, V, (RUV)+2) | B(+2)+1) ; Set.

(iv) Note that $; AU,V + 1 : UYY, SA U,V F 1 : VD,
VED = vE2+D[1 /0], and SUVH?) = S(UE2)(VIE2+HD),
By the PAIR rule, X; AU,V (1,0) : SUVH2),

By (iii), (iv) and Postulate 1 (typing of hereditary substitution),

Y; AU,V F BG2HD[(1,0)/0] : Set; that is X3 A, U,V + B’ :

Set. By successive applications of the PI rule, we have ;- F

IMAIIUTIV B : Set; that is, ¥;- = T type.

o Xy,0: Ty, a:=1t, : T sig: It suffices to show that the premises of
the META-INST rule are fulfilled:

¥, B: Tj sig
a fresh in ¥, 8: T}
¥,B8:Ts; -+ T type
Y,8:Tg;-Ft,:T
X,B8: T, a:=1t:1T sig

META-INST

As shown above, ¥, 3 : Ty sig. Because ¥ sig, we have that « is
fresh in ¥;. Because § is fresh in ¥, o # 8. Therefore, « is fresh in
31,8 : Ts. Because ;- =T type and X, C ¥y, 3: Ty, by Lemma
2.69 (signature weakening), we also have X, 5 : Ty;- =T type.

It remains to show that 3,8 : Ty;-H 1, : T

(a) Let (z,...,2,,y) = (n,n—1,..,1,0). Note that Fv(ILAIIU
IIVB) = (), and therefore, A(1+("+1)) = A, A(2+n) = Ayzq], -,
AV = Az, ], UMY = UF, ) and VOV (y o)) =
V[fl,...,nv (y '71—1)]7 .

By the the VAR tule, 33y, 8 : Tg,z : A,y : BUV by Ay, 5y, B+
TB@?A,y : XUV Foay 2 Aglxy], ., and X, : TB,xTA,y :
SUVEax,:A, [xl’_“’nfl].

By the PrROJ1 and the PROJ2 rule, 3, 8 : T, @ ?A,y : XUV E
ymy Uy ) and 2,8 : Ty,a: Ay = SUV by

VEDH [y ).
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By repeated application of the APP rule, we have X,,0 :
Tgsx: A,y : SUV E BE(y.m) (y.my) : B'[Z, (y.mp), (y .m0)].

By Lemma 2.40 (correspondence between renaming and sub-
stitution) and Postulate 5 (hereditary substitution commutes),

B[, (y .m), (y .my)] = B((+1) + 1)[(0.7, 0 .75) /0].

By the ETA-PAIR tule, ¥y, 8 : T; A, XUV =0 = (0.7;,0.7m5) :
YXUV. By Postulate 4 (congruence of hereditary substitution),
Y, Ty Ay : SUV F B'[Z, (y 1), (y .mp)] = B((+1) +
1)[0/0] type. By definition, B((4+1) 4+ 1)[0/0] = B. Therefore,
Y8 Tgw: Ay XUV E BT (y.my) (y.my) : B

By the ABS rule, ¥,8 : Ty;- = A" y.87 (y.m) (y.mp) -
IIATI(SUV)B.

(b) By assumption, we have ¥;;- + T = HXH(EUV)B type.
By Lemma 2.69 (signature weakening), %,,0 : Ty;- BT =
IIAII(SUV)B type

(c) By (a) and the cONV rule, ¥, : Ty;- = A" y.(B7" (y .my)
(y.my)): T

By Definition 2.151, ¥y, : T C 34,8 : Ty, a0 := ¢, : T. By Corol-
lary 2.156, ¥y, a0 : T, 3, C Xy, B: T, =t + T, 3y,

Soundness Assume X" sig such that ¥ I %, 3: Ty, a =1, : T,%,. Vacu-
ously, ¥ k [O.

Completeness Assume O F ¥. We want to find ©" such that ©¢ = O, and
O EY.

(1)

(iii)

Because a : T' € 3, by Lemma 2.130 (alternative characteriza-
tion of a compatible metasubstitution) and Remark 2.129 (alterna-
tive characterization of compatibility of a metasubstitution with a
declaration), there are u and 7" such that « := u : 77 € © and
0;-FT' =T type.

By (i) and Remark 2.73 (signature piecewise well-formed), ©;- +
u:T’. Because © F X, ©;- T = H/T"H(EUV)B type. By (i)
and transitivity of type equality, ©;- T’ = HX”H(EU V)B type.
By the CONV rule, ©;- F u : IA"II(SUV)B.

By (ii) and Lemma 2.62 (context weakening), @;/Y, UV F u:
AII(SUV)B.

Let Z,91,9 = n + 1,...,1,0. Note that (SUV)*+?) = (SUV)[].
Therefore, by the VAR and PAIR rules, ©;A,U,V + (1,0)
(BUV)[Z].

By Postulate 2 (typing of hereditary application), (u @ & (y;, y,)){
and ©;2 : Ay, : Uyyy : V Euw @3 (y;,y,)  B[@, (y,5,)]. By
Lemma 2.40 (correspondence between renaming and substitution),
B[, (y1.y2)] = B" M [(y1, )] = B’

Let v = AZ"™ Ay, Ayy.(u @ Z (y;,95)). By the ABS rule, ;- F v :
MATUTIV B, that is, ©;- v : T.
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Because a := u : 7" € © and © wf, we have METAS(u) = ). By
construction, this implies METAS(v) = (.

(iv) By Lemma 2.141 (existence of meta-free normal form), let 7§ be a

term such that © F Ty & TB’. In particular, ©;- F Ty = Té : Set
and METAS(Ty) = 0. By (iii) and the CONV rule, ©;- v : Tj.

Let © = (0,8 :=v:T}).

By (iv) and Definition 2.122 0’ wf. Because ©% = O, we have O C ©’.
It remains to show that ©" F 3.

Let D be a declaration, D € ¥’. There are three possible cases:

DeX,orDeX,: Then D € 3. By Remark 2.131, ©’ is compatible
with D.

D = pB:Tg: We have 8 := v : Ty € ©'. By (iv), ©;- - Ty =
T; ¢ Set. By Lemma 2.69, we also have e F Ty = Té : Set,
which, by Remark 2.15, ©’;- = Ty = Té type. By Remark 2.129
(alternative characterization of compatibility of a metasubstitution
with a declaration), © is compatible with D.

D=a:=t,:T: Wehave a:=u:T" € O.
Note that 8 := v : Tj € ©', where v = AZ".Ay;. A\y,.(u @
Z(y;,y,)) and ©;- b+ IANUNVB = Ty : Set.  Also,
to = AT" y. BT (y.my) (y .73).
By the DELTA-META rule and Postulate 9 (commuting of
hereditary substitution and application), ©’; z:Ay : SUV F
B (y.m) (y.my) = u Q@ Z(y.m,y.m) = B'[Z, (y.m), (y.m)]
The premises of Postulate 9 are fulfilled by the fact that
O;-+ T’ =AUV type and the same reasoning as above.
By the Postulate 4 (congruence of hereditary substitution) and the
ETA-PAIR and CONV-EQ rules, we have ©;z: A,y : SUV F u @
T(y.my,y.my) =B (y.my) (y.73) : B.
By the ETA-PAIR rule and Postulate 6 (congruence of hereditary
application), @’;x:—A,y XUV Eu@QZy=p82"(y.m) (y.my) : B.
By repeated application of the ABs-EQ rule, Lemma 4.34 (general
n-equality for II-types), and transitivity of equality, ©';- Fu =t :
T.
By (i) we have ©;- = T" =T type. Because © C ©’, 0';- T’ =
T type.
Therefore, © is compatible with D.

By Lemma 2.130 (alternative characterization of a compatible metasub-
stitution), @" F ¥’.
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4.5.11 Metavariable n-expansion

Rule schema 2 (metavariable instantiation) cannot be applied if the metavari-
able has projections among its eliminators. Abel and Pientka [3] show how
these eliminators can be removed.

Example 4.50. Consider the following problem:

A:Set,a: Ab:Aa:A— A= AXA
T AIA Yy AIAF axy .m AT ATA,
T AIA Y ATA - axy Ty Ry ATA

Rule schema 2 (metavariable instantiation) cannot be applied to any of the
constraints, because the metavariable « is applied to eliminators which are
not variables (.m; and .my, respectively). However, if we instantiate o with
a = Az y oy zy,a,xzy) : A — A — Ax A (where a; : A - A — A and
ay + A — A — A are fresh metavariables) and apply Rule schema 8 (term
conversion) to normalize the constraints, then the problem becomes:

A:Set,o: Ab: A,

ot A= A=A

gt A= A=A

a = y{ag xy,ayxy) i A— A— A XA
T AIA Yy AIAE oz y &z ATA,

T AIA Y AIAF sz y &y ATA

Then Rule schema 2 can be applied both constraints.

Example 4.51. Consider the following unification problem:

A:Set,a: A,

B:A— Set,b:Ba,

a:A— Ba— SA(Ba);

‘Faab.m 2o ATA A

x:AfAy:BoiBok azy ~ (z,y) : SA(Ba)IXAB (aab.m))

In order to instantiate o by applying Rule schema 2 (metavariable instan-
tiation), we need to have ;T - YA(Ba) = XA(B (aab .m)) : SetiSet.

By m-expanding « as in the previous example and then applying
Rule schema 12 (pairs), we obtain the following problem:
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A:Set,ao: A,

B: A — Set,b:Ba,

o A= Bao— A,

oy:A—Baoa— Ba,

a:= Az \y{a; 2y, azy) : A— Ba— TA(Ba);
‘Fajabra:AA
x:AIAy:BaiBolF a; xy ~ o ATA A
x:AIAy:BoiBok aszy~y: BaoiB(a; ab)

Then, by applying Rule schema 2 (metavariable instantiation), we can in-
stantiate o; to Ax.Ay.x. Then the rest of the constraints can be solved using
Rule schema 8 (term conversion), Rule schema 9 (type and context conver-
sion), Rule schema 1 (syntactic equality) and Rule schema 2 (metavariable
instantiation).

<

Examples 4.50 and 4.51 may be generalized as the following rule:

Rule-Schema 19 (Metavariable n-expansion).

Yi,0:U, X0 w»

S0 IT.A, - IT.Bloy T, = A2 (0, Z, 0y Z) = U, By; 0
where

Y=X,,a:U,%,

¥,;-F U =1T"XAB type

a; and o, fresh in ¥, ay # aq

Remark. Rule schema 19 may be applied to any metavariable, regardless of
whether it occurs in a constraint or not.

Proof of correctness. Let
SOE Y o, IIT.A,
¥ & 50 o, ¢ 1T Bloy 7,
yb & A o= A" (aq 7, Z) : U and
P Y
Well-formedness 1t suffices to show X sig, and ¥ C 3.

o X° sig:
We use the META-DECL rule:

3, sig o is fresh in X, ¥, IOT.A type
Y° sig

META-DECL
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By induction on the derivation of ¥ sig, we have X, sig.
By the rule preconditions, «; is fresh in ¥, and thus in ;.

Also by the rule preconditions, X;- - U = [T".>AB type. By
Lemma 2.70 (piecewise well-formedness of typing judgments),
Y- T X AB type.

By Lemma 2.52 (IT inversion), we have El;T F X AB type. By
Lemma 2.53 (¥ inversion), this gives ;7 - A type. By Re-
mark 2.15 (there is only set), 3;;7 + A : Set. By repeatedly
applying the PI rule, we have X;- = IIT.A : Set, which means
Y- 1T A type.

o X2 sig:
We use the META-DECL rule:

>.° sig
ay is fresh in X° Y%+ Iz : T.Bloy ¥ type
X2 sig

META-DECL

By the rule preconditions, « is fresh in ¥, and therefore also in X°.
By the META; and HEAD rules,&ﬁ Fo: IT.A. By repeat-
edly applying the APP rule, X%z : T+ ay Z: A.

As shown in the proof of %° sig, Yi; T+ SAB : Set. By Lemma
2.53 (X inversion), this gives ¥;; T, A+ B : Set.

Because Y%z : T o T Aand El;T,él_l;B : Set, by Postulate 1
(typing of hereditary substitution), £°x : T+ Blay Z] : Set.

By repeatedly applying the P rule, we have - - HT.B[al Z] : Set
which means 3°; - - IIT. B[a; Z] type.

o YP sig:
X2 sig Y2 -+ U type
« fresh in ¥ Y E A oy a2y U
META-INST
¥P sig

By Definition 2.4 (well-formed signature), ¥ sig implies X;;-
U type. By Lemma 2.69 (signature weakening), ¥.?;- - U type.
Finally, by the typing rules (in particular, ABS, PAIR, META; and
APP) X% . F A\i".(a, &, 00 @) : IIT".SAB. From the premises,
;o FU = [IT" X AB : Set. By Lemma 2.69 (signature weak-
ening), % - - U = IT".XAB : Set. By the CONV rule, ¥?;-
A" (o &y 00 &) UL

Thus, ¥* sig. By Definition 2.151, ¥;,a : U C ¥P. By Corollary 2.156
(horizontal composition of extensions), ¥,,a : U,¥, C %P, %,; that is,
LY.

Soundness Assume X7 sig, ¥” 3 ¥/, Vacuously, ¥” |k O.

Completeness Assume O E X;[0; that is, © E X.
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(i) Because © E %, by Lemma 2.130 (alternative characterization of a
compatible metasubstitution) and Remark 2.129 (alternative char-
acterization of compatibility of a metasubstitution with a decla-
ration), we have a := v : U' € O, ©;- - U’ = U type and
;- Fu:U".

(ii) By the rule preconditions, ¥;- - U = [ITSAB type. By Lemma
2.69 (signature weakening), ;- = U = IITXAB type. Because
© F X, we have O;- - U = IITYAB type. By (i), transitivity of
equality and conv, ©; -+ u : [ITYAB.

(iii) By (ii) and Lemma 2.62 (context weakening), ©;T - u : ITSAB.
By Postulate 2 (typing of hereditary application) (u @ 2)J} and
O;z:THu@QZ:YAB.

By Postulate 3 (typing of hereditary projection), we have (u @
Z.m)d and ©;2: T Fwu @Q Z.m; : A. By the same token, we have
(u@Z ., Blu@ZzZ.m]Jand ©;2: T+ u@Z.7my: Blu@QZ.m].

(iv) Let uy = A@".(u @Q 2 .my) and uy, = A@".(u Q Z.7m,). By (iii)
and the ABS rule, we have ©;- F vy : Ilx: T".A and O;- F uy
Mz : Tn.B[u Q 2 .m].

(v) By Lemma 2.141, there are U; and U, such that ©;- F Iz : TA =
U, : Set and ©;- + Iz:TBu Q@ Z.my] = U, : Set, with
METAS(U;) = 0 and METAS(U,) = 0.

By Remark 2.15 (there is only set) and the CONv rule, ©;- F u; : U;
and ©;- F ugy : Us.

Let © = 6,0 = uy : Uj,ay := uy : Uy,. Note that DECLS(O) =
DECLS(X). By the rule premises, «; is fresh in © and a, is fresh in
(©,ay == uy : Up). By (i), (iv) and (v), METAS(u;) = METAS(uy) =
METAS(U;) = METAS(U,) = 0, ©;- F uy : U; and ©;- F uy = Uy. By
Lemma 2.69 (signature weakening), ©,a; := u; : Uy;- F uy : Uy, By
Definition 2.122 (well-formed metasubstitution), ©" wf. Because 0% =
O, we have © C ©’.

Let D € ¥’. There are four possible cases:

1. De X, or D€ X,: Then D € ¥. By Remark 2.131, ©” is compat-
ible with D.

2.D = ay : Iz:7 .A: We have ap =y = U € ©. By (v),
0;- - U, = Mz T A type. By Lemma 2.69, ©;- - U, =
Mz T .A type Therefore, ©’ is compatible with D.

3. D=uqy: Hﬁn.B[al Z]: We have agy := uy : Uy € ©'. Tt suffices
to show ©';- l'IgjzﬁTn.B[oz1 7] = U, type.
Because © F X, we have ©;- F u = AZ.{a; T, a9 &) : U. By Def-
inition 2.32 (hereditary elimination) and Postulate 7 (congruence
of hereditary projection), we have ©;- Fu @ 2.1y = ay @ : A[Z].
Because © C ©’, by Remark 2.137 (metasubstitution weakening),
©;-Fu@QZ.m=a,d: AlZ].
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By Postulate 4 and reflexivity, ©; T F Blay ) = Blu Q2 .mq] :
U,. By the pr-EQ rule, ©;- F Iz : T .Bloy @] = Nz : T .Blu @
Z.mq] : Set. By (v), Lemma 2.69, symmetry and transitivity,
©; FU,=Mz:T .Bla, i : Set. By remark 2.15, ©';- - U, =
Hmn.B[al Z] type.
By Remark 2.129 (alternative characterization of compatibility of
a metasubstitution with a declaration), © is compatible with D.
4. D = a:=t, : U, where t, = A\&".(aq T,y Z). We need to show
that ©;-Fa=t,: U.
Note that 3+ = U = IIT".SAB : Set. By © F X, © C © and
transitivity of equality we have ©';- + U’ = [IT".X AB type. Also,
a:=u:U" € 0. Therefore, it suffices to show that ©’;-Fu =t :
U’
By the definition of ©’, we have ©';- F o = u, : IIT™.A, that
is @ Fa = \#"u Q Z.1, : IT™.A. Similarly, ©;- F a, =
Uy : Hﬁn.B[ul Q Z.m] and thus ©’;- F ay = A\d".u Q 2.7y :
Hﬁn.B[ul @ 7#.m]. By Postulate 6 (congruence of hereditary
application), Lemma 2.75 (uniqueness of typing for neutrals) the
PAIR-EQ rule, the ETA-PAIR rule ©’;2: T F (u @ Z .1, u @ & .my) =
(o1 Z, a5 ) : ©AB.
By Lemma 4.35 (general n-equality for pairs), ©;z: T +u Q 7 =
(o &0, %) : TAB.
By the ABs-EQ rule and Lemma 4.34 (general m-equality for II-
types), ©;- b u = AZ".(oy &,y &) : ITSAB. By the CONV-EQ
rule, ©;- Fu= A" (o, Z,a, %) : U’.

Therefore, by Lemma 2.130 (alternative characterization of a compatible
metasubstitution), © E ¥’.

O

4.5.12 Context variable currying

In the same way that one can remove Y-types from metavariable arguments,
Abel and Pientka [3] show how one can remove X-types from constraint con-
texts. This will help us instantiate metavariables whose arguments contain
projections.

Example 4.52. Consider the following problem:

A : Set,B: Set,a: A — (A — B) — B;
z:(AXx (A—=B))I(Ax(A—=B)Fa(x.m) (x.7mg) ~ (x.7my) (x.7m) : BIB
Rule schema 2 (metavariable instantiation) may not be applied, as the
arguments of « are not variables. However, because x is a pair, we could
consider each of the components as a distinct variable, and reformulate the
constraint as follows:
A:Set,B: Set,a: A — (A — B) — B;
Ty AIA Ty (A= B)I(A—B) Faxyzy =,z : BIB
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By applying rule Rule schema 2, we have
A:Set,B: Set,a:= Az Ay.(yz): A— (A= B) = B;O

<

The technique in Example 4.52 can be generalized as the following rule:

Rule-Schema 20 (Context variable currying).

S 030,, 2 - SUVIIEUGV,, AJTA, F it =ty 2 AjTA, ~»
5040, 2y UyiUy, oy - ViV, ATIAL F 8] &t : A1TAL,  where
(ApFty s A UL 0) /0] 4 (A] ¢+ AY)

(Ag bty Ay)F2HDIL,0)/0] I (AG F 15 A)

Informally, we have [A] = A, [(xq, z,) /]|, [t] = t1[(x1,25) /]|, ete.

Before showing the correctness of Rule schema 20, we introduce two new
lemmas:

Lemma 4.53 (Free variables in substitution by pair). Let t be a term such
that, for some r, t[{x,y)/z] . Then:

o Ifz¢ FV(t), then FV(r) = FV,(t).
o Ifz€FV(t), then Fv (t) CFV(r) CFV,(t) U{z,y}.
Proof. By induction on the derivation for ¢[(z,y)/z] | r, and Remark 2.28

(renaming and free variables). O

Lemma 4.54 (Free variables in substitution by irreducible). Let t be a term
such that, for somer, tlxe/z] | r, where e = .y or e = .my. Then:

o Ifz¢ FV(t), then FV(r) = FV,(t).
o Ifz€FV(t), then Fv,(t) CFV(r) CFV,(t) U{z}.

Proof. By induction on the derivation for ¢[x e/z] | r, and Remark 2.28 (re-
naming and free variables). O

Proof of correctness for Rule schema 20. Let € = T'yily,x : XU, V12U, V,,
AfA, F ity =ty s AyTAy and D = TiTy, @y = UpiUs, oy ¢ ViV, AJTAG
t] ~th s AJTAL.

Well-formedness Assume that ¥ sig, and X; € is well-formed. By assump-
tion X sig. By Definition 2.151, ¥ C X.

(i) By the assumption, I'y, XU, V;,A; F t; : A;. Because %;C, by
Lemma 2.70 (piecewise well-formedness of typing judgments), we
have 3;T'; ctx.

Because X; T'; F XU, V; type, by Lemma 2.53 (¥ inversion) we also
have that ¥;I'y + U; type and 3;I';,U; F V] type. Therefore,
Y+-T,,U,,V ctx.



148
(if)
(iii)

(iv)

CHAPTER 4. UNIFYING WITHOUT ORDER

By Lemma 2.62 (context weakening), ¥;T'y,U;, Vi, (XU, Vi, Ay
ty A1)<+2>7 that is, X;I'y, Uy, Vi, (EUI‘/I)(+2)a (Ap ity A1>(+2)H-
By the VAR, HEAD and PAIR rules, 3;T',U;,V; F (1,0)
(XU, V;)*2. By (ii) and Postulate 1 (typing of hereditary
substitution), $;T,,U;, Vi, (A, F t; = A)EDH[(1,0)/0], i.e.
50,0,V ALt AL

Analogously, because I'y,XU,V,, Ay + ¢, : Ay, we have
5T, Uy, Vo, AL 8+ AS.

By (iii) and (iv), ¥; D wf.

Soundness Let ¥” O X such that ¥” | 2D. That is, there exists a term v’
such that £7; T, U, Vi, Al F ] =0+ A}, X705, Uy, Vo, AL, =0
Al Fv(v') C FV(t]) and Fv(v') C FV(t5).
Trivially 37 3 3. Tt suffices to show X7 | @; that is, finding a v such
that 37T, XU, V), Ay Bty = v Ay, 37T, 20,V Ay E ity =0 Ay,
FV(v) C FV(ty) and FV(v) C FV(ts).

(1)

(i)

(iii)

By Lemma 2.70 (piecewise well-formedness of typing judgments)
and Remark 2.13 (context inversion), ¥”;I';y + U; type and
Y7 T'y,U; F V] type. By the siGMA rule, ¥7;T'; - XU, V; type.
By the ETA-PAIR rule, ¥";T,, XU, V; F 0 = (0.7m,0.7my)
(XU, ;). By Lemma 2.62 (context weakening),

E; F? E(]1‘/1a (EU1V1)<+1>7 (Al + tl : A1)<+1)+1'

By Lemma 2.40 (correspondence between renaming and substitu-
tion), (A; Ft; + A)FVEH0/0] U (A, ¢+ Ayp).

By Lemma 2.62 and Postulate 4 (congruence of hereditary substi-
tution), there exist A7, t3, A such that (A} Ft3: A%) = (A H ¢, :
ADNEDHLO 7y, 0 )]

By Postulate 4 (congruence of hereditary substitution),
YT, 50,V B Ay = Afetx, 27,1, 30U, V,, Ay F A = AY type,
and X7; T, XUV, A Bty =15 AL

By Lemma 2.70 (piecewise well-formedness of typing judgments),
Y7 T, F XU, V; type. By Lemma 2.53 (X inversion) and Lemma
2.62 (context weakening), ¥”; Ty, XU, V;, Ul(H) H Vl('H)+1 type. By

the VAR, HEAD and PROJI rules, ¥/;T,SU,V, + 0.m, « UV,

By Postulate 1 (typing of hereditary substitution), ¥”; Ty, XU, V; +

V1<+1>H[0 .| type.

By Lemma 2.62 (context weakening), ¥”; Ty, XU, V;, Vl(H)H[O ],
(SUVL A, b oty 2 A)SD | that is, ©7;T,, S0, V,, VU0 ),
(BUV) T2 (A bty = Ay DL

By the VAR, HEAD, and PROJ2 typing rules, ¥©”;T;,XU,V; +
0.my : V1(+1)+1 [0.m;]. By the VAR, HEAD, PAIR and PROJI rules,
ST, U VL VY0 ] F (L, 0) + SU, V. By Defini-
tion 2.31 (hereditary substitution), (1.my,0)[0.75] § (0.7y,0 .75)
and EU1V1(+2) [0.7,] 4 (ZU, V;) Y. By Postulate 1 (typing of hered-
itary substitution), X”; T, XU, V; F (0.7,0.m,) (XU, V;)HD.
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Let (AY b AP) = (A; F ¢« A)FPH(1 .7y, 0)][0 7o)
Note that 1 ¢ FV((A, F ¢, : A;)*2*1). By Remark 2.49 (strength-
ening by substitution), this means (A, F ¢, : A))(+2*+V[1 .71, /1] =
(A, bty A ),
As shown earlier, (A3 2 : A2) = (A, F t; = A)FVTV0 .7, 0 .7m5)].
By Postulate 5 (hereditary substitution commutes), we have ¥”
Dy UV, AY = Ty, S0V Afetx, 5T, S0V, A - A =
A% type, and X7; T, XU, V;, Ab - t]f =t : Ab.
By (ii), Lemma 2.63 (preservation of judgments by type con-
version), Lemma 2.63 (preservation of judgments by type
conversion), and the CONV-EQ rule, we have ¥” FT';, XUV, A =
I, 20,V Abetx, YT, 20, V;,A; F A, = AP type, and
STy, SU VL At =10 AL

(iv) Note that X7, U, V,, U™ VI (SUVL A F iy 0 A2
By the typing rules, £”; Ty, SU, V; F 0.7y - U1+1>,
and £7;T,, U, V,, USY v =10y = o, v,
Let (AS &t @ AS) = (A F ¢ty = A)FPH[(1,0)][1 .7, /1], and
let (AL R ¢ 2 Al = (A F ¢t A1)<+2>+1[2 K /2][(1 71,0)]. By
Remark 2.49 (strengthening by substitution), (Ag FdosAl) =
(A Fty s AL, 0)).
Observe that 1 ¢ Fv((XU,V,, A, F t, : A))*?). By Postulate 5
(hereditary substitution commutes), Lemma 2.63 (preservation of
judgments by type conversion) and the CONV-EQ rule, we have ¥”
[, XU, V;, A = Al etx, 7;T, %0, V,, AS - AS = A type, and
STy, XUV, A F 1 =t AL
Let (AS 15 : AS) = (Af ¢ = AD)[0.7,/0].
As earlier, let (AD D2 AD) = (AS 15+ A$)[0.7,/0].
By the typing rules and reflexivity, ¥”; Ty, XU, V; F 0.y = 0.5 :
VEDH0 1], By (iii) and Postulate 4 (congruence of hereditary
substitution), X" Ty, XU, Vi, Ab =T, BU, V;, AS ctx,
YTy, XU, Vy, AP = AS = AS type,
and X7; T, XU, V;, Ab 1§ =15 : AL,
Analogously to the previous steps,
Sy, SU VL Ay =T, SUL VL AS etx,
20T, 80,V A F A = AS type,
and X7, T, 2U, Vi, Ay Bty =¢85+ Ay

(v) By the assumptions and Lemma 2.62 (context weakening),
YTy, UV, (U, Vy, At = v A that is, ¥7; T, SU, V,,
U1(+1)7 V1(4r1)+17 (Ai - t/l =u: A/1)<+1>+2~

By the typing rules, ¥;T,,SU,V, + 0.1, : U™, By Postu-
late 4 (congruence of hereditary substitution), ¥”;I'\,XU,V],
VIO ), (AL ) = v AD)EDHR[L 1 /1)

By the typing rules, we have ¥”; T, XU, V; F 0.7y : Vl(H)H[O ]

By Postulate 4 (congruence of hereditary substitution),
YT, XUV, (At = v ADFDF2[1 ., /1][0 .7, /0]
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Let v = o/(FD2HA g{HAD g |A No.ast2 /1A ) By

the earher definitions, A F ¢ = v : A) = (A F ] = v :

ADEDE2[L /1[0 .7r2/0].

By Postulate 4 (congruence of hereditary substitution),

ST, SU Vy, AS - 18 = v AS

By transitivity, ¥”; T, XU, V;, A Bt =v: AL

So far, we have shown X”; 'y, XU, V;, A F ¢, = v : A1 Analogously

(replacmg contexts, terms and types of the form { % by those of the

form {7i,), we have X7; Ty : ZU,V,, Ay bty =0 A

It remains to show that Fv(v) C Fv(t;) and Fv(v) C FV(t,).

We have v = v/(-D+2+80[1 M2 1 A 0 #1200 /A
2)+1+|A

= iR 0 1A )

By the assumption Fv(v') C FV(t]). Assume z € Fv(v). There are

three possible cases:

o Case z < |A;]. We have z € pv(v/(+DH+2+A1[] .7T§HA1D/(1 +
|AL])][0 .77&+|A1‘)/|A1|]). By Lemma 2.51 (free variables in
hereditary substitution), we have z € Fv5 | (v/FDF2HA](1
) HAD /(1 4 |AL])]).  Then, because z < |A,|, we have
z € Fv(vHDH2HA]] .7T§+‘A1D/(1 +1A,)]).

By the same token, z € Fv(v/(+D+2+12:0) " By Remark 2.28
(renaming and free variables) because z < |A|, z € FV (V).
By the assumption, z € Fv(t]). By Lemma 4.53 (free variables
in substitution by pair), z € Fv(t]) C FV‘AI‘(t(fHHHm D)
FV((1,0)*H21D) Because z ¢ Fv((1,0)+141D) then 2 €
FV|a, (t<1<+2)+1+m1|)). Because z < |A,], z € FV(t%HQ)HHAlU).
Because z < |A;|, by Remark 2.28 (renaming and free
variables), z € FV(t;).

o Case z > |A;]. We have z € pv(v/(FDF24HAN (1 7 )(HAD /1 4
A 0752/ |1A, ). By Lemma 251 (free variables in
hereditary substitution), z € FV|5 (v (+FD+2HA[(] ) )(HAD
(1 + |A])]). Because z > |A;|, this means z + 1 €
Fv (0 A1y ) IR /(1 4 1A, ])]).

By the same token, z+2 € pv(v/(+D+2+21)) By Remark 2.28
(renaming and free variables), because z+2 > |A|+2, z+1 €
Fv(v').

By the assumption, z + 1 € ¥Fv(¢]). By Lemma 4.53
(free variables in substitution by pair), z € Fv(t]) C
v a, (TS Upv((1,0)H12D), Because 241 > A, |+ 1,
z ¢ wv((1,0)HAD) 2 € FV‘Al‘(t(l(’LQ)HHAlD). Because

241> |A, ], 242 € pv({PPTH2D) Because z2+2 > |A+1,
by Remark 2.28 (renaming and free variables), z € Fv(t;).
o Case z = |A;|. We have z € pv(v/(+D+241A:0]1 .7r§+|A1‘)/1 +
A,
A 0.7 1A ).
By Lemma 4.54 (free variables in substitution by irreducible),

{2,z + 1} NEv(/D+2HA -7T§+‘A1D/1 +Aql]) # 0.
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Again, by Lemma 4.54 (free variables in substitution by
irreducible), {z,z + 1,z + 2} N Fv(u/DF2HA0) L ¢ By
Remark 2.28 (renaming and free variables), and noting that
Fv (v FDF2HADY € L0, 1, | Ay 4+ 1, .y [A | + 3,...}. we have
{z,z+ 1} NFv(v') # 0. Because Fv(v') C FV(t]), we have
{z, 24+ 1} CFv(t)).

We show that z € Fv(t;) by contradiction.  Assume
z ¢ FV(t;). By Remark 2.28 (renaming and free variables),

z ¢ t(1<+2>+1+|A1‘). By Lemma 4.53 (free variables in substitution

(t((+2)+1+m1‘)). Therefore, because

by pair), FV(t]) = FV|5 |
{224+ 1} CEV(H)), {z,2 + 1} Crv, (1720 By defi-
nition of FV|5 ((+), {z+1,2+2} C FV( (P HLFIALD ).
by definition, Fv(t§<+2>“+‘A Dy 0,1, 1A ] | A +3, .0,
which is a contradiction.

Therefore, z € FV(;).

However,

Analogously, Fv(v) C FV(t,).

By Definition 4.12 (heterogeneous equality), ¥; Ty 1y, z : SU; V,1XU,V;,
AIA, H ity SHul=ty s AjTA,; that is, T E C.

Completeness Assume that ©;3 F €. Thenwe have © F X, O + ('}, XU, V;,
AL A) = (T, 30,V,, Ay, Ay) ctx, and O;T, XU, V), A Fit, =ty Ay
Take ©' = O.

By Remark 2.13 (context inversion), Postulate 11 (injectivity of ¥) and
Definition 2.16 (equality of contexts), © + I';,U; =Ty, U, ctx and © +
I, U,Vy =T, U, V,ctx.

By Lemma 2.62 (context weakening) © +TI'y,U;, Vi, XU, V;, Al,Ag”) =
Ty, Uy, Vo, ZULV,, AQ,A(;2> ctx. By Postulate 4 (congruence of heredi-
tary substitution), © - I'y, U, V;, Al A =T, U, V,, AL, A ctx.
Similarly, we have ©;T'y,U;, Vi, Al Ft] =t5: A].

Therefore, © E ¥; D, and by Remark 2.133 (restriction to a compatible
signature), Oy, = Oy, = O.

O

Remark 4.55. Note that, if ;€ wf, then by Postulate 1 (typing of hereditary
substitution), A7, Aj, 7, t5, A} and Aj exist uniquely. This means that the
rule’s preconditions always hold.

4.6 Beyond correctness

In Section 4.5 (a reduction rule toolkit) we give a collection of rules and prove
their correctness. This set of rules has an additional property which is orthogo-
nal to the correctness, but still desirable; namely, the open-world assumption.
We describe this assumption in more detail in Section 4.6.1.
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On the other hand, the correctness theorem only partially specifies con-
ditions under which a solution exists. As explained in Section 3.3, whether
a solution exists is undecidable in general. However, we can also partially
characterize those conditions under which the original problem is unsolvable
(Section 4.6.2).

4.6.1 Open-world assumption

Either for the sake of performance, or in an interactive setting, it may be
desirable to type-check a program incrementally. In our setting, this means
that rule schemas applied to a problem should remain correct if the problem
is extended with additional declarations or constraints. The general idea that
inferences should remain valid even if new knowledge is added to the system is
called the open-world assumption [31]. In our application, adding new knowl-
edge to the system corresponds to extending the signature with additional
atom declarations, and/or introducing new constraints.

Definition 4.26 (rule correctness) does not entail the open-world assump-
tion. For example, consider the problem ¥; 0, where 3, is defined as follows:

Y, EA:Set,o: Ao A
And let X7 be defined as follows:

Y] EA:Set,0: Aai=a: A

Because, in the empty context, o is the only value of type A, the rule
¥,;0 «w» X1;01s in fact a correct rule (we will not prove this).

Now, let ©; = A : Set,a : A, := @ : A. Then, 0, is a unique solution to
Y150, and also to 3;; 0 (we will not prove this either).

Consider extending the original problem with an additional constant and

—

an additional constraint, yielding a well-formed problem (X,;C):

S CEN b:A -t Fa=b:AtA

If we generalized the inference ¥;;0 -» X1;0 to the extended problem
22;63, we would obtain the unification rule (X;,b : AC ¥,b A;@).
Applying this rule results in the problem (X;,b : A; @), which has one unique
solution O, = A: Set,0: A,b: Aa:=b:A.

By definition, (0,)y, = ©,. However, O,;- I a # b : A, which means 0, is
not a solution for X7, b : A; C. The rule (X,b: AC b A C‘_;) is thus
not complete, and thus not correct.

Because it does not remain correct under extensions, we say that the rule
¥,;0 -w» X1;0 does not fulfill the open-world assumption.

However, all the rule schemas that we define in Section 4.5 (a reduction
rule toolkit) do fulfill the open world assumption.

Remark 4.56 (Open-world assumption for rule schemas). Suppose E;@ 2
¥/ D. Let ¥, be such that 3, ¥, sig and DECLS(X;) N DECLS(X') = (). Then
2,556 w Y 8, D.
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Proof. By case analysis. By construction and applying Lemma 2.69 (signa-
ture weakening) to the preconditions, each of the rule schemas that we define
contains the extended version of each of its rules. O

This open-world assumption can be generalized to sequences of rule appli-
cations:

Remark 4.57 (Open-world assumption for problem reduction). Suppose
3 G Y D. Let ¥, be such that ¥, %, sig and DECLS(X,)NDECLS(Y') = 0.

—

and let € be such that ¥, %,; Ewf. Then, X, %;C,Ea* ¥/, %; D, E.

Proof. By induction on the derivation for ¥; Cay* Y ; 173, using Definition 4.28
(problem reduction) and Remark 4.56 (open-world assumption for rule
schemas) at each step. O

4.6.2 Unsolvable problems

It might be the case that a problem cannot be solved; for instance, because
one of its constraints is unsolvable.

Definition 4.58 (Unsolvable problem). A problem X; € is unsolvable if there
does not exist © such that © F X; é.

Correct rules preserve problem unsolvability. This means that the unifica-
tion algorithm (Section 5.1) may use the rules in Section 4.5 (a reduction rule
toolkit) not only to find a solution, but also to assess whether a solution exists
at all.

Lemma 4.59 (Preservation of unsolvability). If ¥; Cawn Y, T), and there is

no solution ©" such that ©" F E/;’J_j, then there is no solution © such that
OF%;C.

Proof. Proceed by induction on n.

e Case O:ﬁProceed by contradiction; assume there exists © such that
O F X;C. Then O = 0O fulfills © F E’;g?, which is a contradiction.
Therefore, there is no © such that © F X; C.

e Case 1 4+ n: Then we have ;Cw" X7; & a» Z;T) By Lemma 4.29
(correctness of problem reduction), ¥”; & a» Y/, D is a correct rule; in
particular, it is complete. Proceed by contradiction; assume there exists
©” such that ©” F ¥”:&. By completeness, there exists © such that
©” = 0§, and O F X'; D. This is a contradiction; therefore, there is
no ©” such that ©” E £”; €. By the induction hypothesis, there is no ©
such that © F ¥; €.

O

In general, deciding whether a problem ¥; € has a solution is undecidable
(Section 3.3). However, Lemma 4.60 shows that unsolvability is decidable in
some cases.
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Lemma 4.60 (Partial characterization of unsolvable problems). Consider the
following classes of terms:

T, = {c}

T, = {f | f is strongly neutral}
T, “ {IIAB)

T, “ {SAB)

T = {Bool}

Ty = {Set}

Let ;€ be a problem, and € € C a constraint, C = Nl Ftr~u: ATA.
Suppose than any of the following hold:
(i) teT, ueTy i#j.
(ii) t = ¢y, u = ¢y, for some ¢y, Cy; and ¢y F Cq.
(i) t = hy ey, u = hy ey, t and u strongly neutral, and hy % h,.
Then there is no © such that © E X; C.

Proof. Assume there is © such that © F ¥; e. Then, in particular, ©;T' -t =
u : A. By Postulate 14 (existence of a common reduct), there exists r such
that ;T k¢t —F r: Aand ©;I' - u-—F r: A However, in cases (i) and
(ii), the existence of such an r leads to a contradiction.

In case (iii), by Lemma 2.163 (injectivity of elimination for strongly neutral
terms), ©;T'F ¢ = wu : A implies h; = hy, which is a contradiction. O

Example 4.61. By Lemma 4.60, the following problem is not solvable.

-3 - F true ~ false : Bool

<

However, as expected from the undecidability of the problem, not all un-
solvable problems can be detected.

Example 4.62 (Unsolvable problem). The following problem is unsolvable,
but this cannot be determined by Lemma 4.59 and Lemma 4.60.

« : Bool = Bool ; - F a true ~ true : Bool A

- atrue ~ false : Bool

4.7 Extensibility and limitations thereof

The system is designed to allow addition of new unification rules; it suffices to

show that each of the new rules fulfill Definition 4.26 (rule correctness).
However, adding new typing constructs with new reduction rules can break

completeness. The case of the unit type with n-equality is described below.
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4.7.1 Singleton types with n-equality

If a type Unit has a single element (), then an n-rule for that type would have
the form:
S:TF f: Unit
SiTF f—, () : Unit

Adding such a rule to the system is convenient, among other things, be-
cause, if one has a metavariable « : ITA™.Unit, one can instantiate it directly
as a = AZ".() : IIA™ Unit. If we consider the unit type above as a record
type with no fields, this is a generalization of Rule schema 19 (metavariable
n-expansion).

However, this rule has ramifications on the theory. In particular, one would
have -;z : Bool — Unit - x true = z false : Unit without true = false, which
means that Lemma 2.163 (injectivity of elimination for strongly neutral terms)
and the subsequent corollaries do not hold. In other words, whether a term
is strongly neutral or irreducible would depend not only on the syntax of the
terms, but also on their types.

Agda’s implementation of n-expansion for singletons shares the same issues
[7], and is thus incorrect. A correct implementation would require additional
bookkeeping which may result in decreased performance, but m-equality for
singleton types has use cases that cannot be straightforwardly subsumed by
other existing features.

Our theoretical development does not support such a singleton type. How-
ever, we support singleton types in our prototype Tog™ so that we can run
the case study in Section 5.6. We weaken the Rule schema 14 (strongly neu-
tral terms) and Rule schema 17 (metavariable pruning) rule with the aim of
preserving completeness. More specifically, Rule schema 14 is only applied
when the type of either side of the constraint is known not to be a singleton,
and Rule schema 17 is not applied if the metavariable only occurs rigidly in
subterms which, because of their syntax, may possibly have singleton type.
While this works for our case study, we do not know how these fixes would
scale to the whole corpus of existing Agda code.
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Chapter 5

Evaluation and conclusions

In order to assess the practical usefulness of the unification rules described
in Section 4.5 (a reduction rule toolkit), we implemented a unifier based on
these rules on a prototype type checker for a dependently-typed language.
The type-checker implementation is Tog, which is in turn based on the design
by Mazzoli and Abel [36]. We extend the unification algorithm in Tog with
the unification rules for twin types. We name the resulting implementation
Tog™ (pronounced [to:g tiz]).

We evaluate Tog"on examples covering the different constructions in the
language.

5.1 Unification algorithm

In this section we give an overview of how the rules in Section 4.5 (a reduc-
tion rule toolkit) can be combined in order to find a solution to a unification
problem. We choose the order in which the rules are applied with the goal
of minimizing the need for normalizing terms, but we do not claim that our
algorithm is optimal in any sense.

The algorithm is given as a series of functions in pseudocode. The values
assigned can mutate inside a function, but not across function boundaries;
there is also no global shared state. The entry point to the algorithm is the
SOLVE function (Algorithm 2), which receives the constraints from the elabo-
ration. SOLVE calls REFINE (Algorithm 3) iteratively until all the constraints
are solved or stuck. In turn, REFINE uses ASSIGN (Algorithm 4) in order to
perform the metavariable instantiations which are ultimately needed to achieve
a closed signature.

Remember that the elaboration algorithm (Algorithm 1) produces a sig-
nature ¥ and a list of constraints €*. The function SOLVE is called with the
signature (¥) from the elaboration, the current list of unsolved internal con-
straints (initially empty) and all the constraints from the elaboration (€*).
One thus obtains (X', D) := SOLVE(E, [J, €*).

The resulting signature (X’) may then be fed back into the elaborator,
which will return an extended signature (X" 3 %) and/or additional elabora-

tor constraints €*(1). One then obtains (X', D) := SoLve(XM, D) @+1)),

157
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This process can be repeated as long as there are new elaborator constraints,
lets say, for n steps. If the final signature ¥’(™) has no uninstantiated metavari-
ables, and the final list of constraints is empty (2™ = ), then we are un-
der the hypotheses of Theorem 4.31 (correctness of unification), which means
that the elaborated program type-checks. A solution © may be obtained as
cLOSE(X'™) |l ©, but this is not necessary in order to know that the program
is type-correct.

By Remark 2.96 (WHNF reduction is deterministic), the ¢* such that
¥ F ¢\t is unique. This is necessary for the algorithms to be deter-
ministic, in particular, for the auxiliary functions ETACONTRACTWHNF and
ETAEXPANDDEFHEADED. Determinism is important from a user-experience
point of view: at least for a given version of the unification algorithm, we want
a given program to either type check or not type check consistently across dif-
ferent calls to the algorithm.

Note that, by Lemma 2.98 (equality of WHNF') we have that if ;"¢ : A
and X F ¢\ ¢/, then ;T + ¢ =+¢ : A. By Remark 2.102 (preservation of free
variables by WHNF), Fv(¢') C Fv(t). These are precisely the preconditions in
Rule schema 8 (term conversion).
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Algorithm 2: SOLVE

input : Current signature %

Current internal constraints €

New constraints from the elaborator C*
output : Current signature X’

Updated internal constraints D

=%
5:: O
// Prepend the new constraints to the existing ones:
foreach (C+t: A= u: B) € |C*| do
L // Definition 4.22 (elaboration into internal constraints)
D:=D ATiT+ A~ B:SetiSet A Til'+t~u: ALB
5::5 A g
// Solve constraints until progress is no longer made:
do
progress := false
iﬁgﬁz:[]
foreach € € D do
if UNBLOCKED(X';C) then
progress := true
/* Update the signature and collect the constraints
produced by REFINE */

¥, D,.s = REFINE(X',C)
Punew .— Phnew A Jhres

/* Attempt to unblock constraints by m-expanding
uninstantiated metavariables */
metas := [all & such that a: T € ¥']
foreach a € metas do
Take ¥, ¥, such that ¥ =%y, a: T, 3,
if by Rule schema 19 (metavariable n-expansion),
Y,a:T,3,;0 v X0 then
progress := true
E/ = Z//

D:=D N Duew
while progress = true
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Algorithm 3: REFINE

input : Current signature X
Constraint € =T{IV -t~ u : AiB
output : Updated signature >

Constraints D

if by Rule schema 1 (syntactic equality), 3;C Z’;ﬁthen return;

// Normalize terms before checking whether other rules apply,
using Rule schema 8 (term conversion) (and Rule schema 7
(constraint symmetry))

t:= 1’ such that ¥ F ¢\ t/;

w:=u" such that X F u \ u;

// The if case of Definition 2.158 (strongly neutral term) has a
condition on the number of arguments which may be fulfilled
by mn-expanding the terms

t := ETAEXPANDDEFHEADED(t);

u := ETAEXPANDDEFHEADED(u);

if t or u are neutral terms then

if by Rule schema 14 (strongly neutral terms), 3;C «» ¥'; D then

return;
ift=ae] oru=ae; for some o then
// We m-contract to reduce sizes of terms
t := ETACONTRACTWHNF (¢);
u := ETACONTRACTWHNF (u);
ift=ae] and u = ae, for some o then
// For simplicity, we do not use the full generality
of the intersection rule.

if e = 2" and e; =y then

L >/ D = INTERSECT(X; T{IV  a T ~ a § : ALB);
return

else if ¥’ := ASSIGN(E; iV Ft ~ u : AIB) and X’ # failure

then
L 5 =
return

else

t: A:= ETAEXPAND(X; T ¢ : A);

u: B := ETAEXPAND(X; TV - u : B);

if by Rule schema 11 (A-abstraction), ¥;C ~» Y'; D then return;
if by Rule schema 12 (pairs), ;€ ~» Y'; D then return;

if by Rule schema 18 (booleans), ¥;C ~» ¥; D then return;

if by Rule schema 8 (injectivity of 11), ;€ ~» X/, D then return;
if by Rule schema 4 (injectivity of ), ;€ «» X'; D then return;
if by Rule schema 5 (Bool), £;C ~» ¥/; D then return;

| if by Rule schema 6 (Set), ¥;C ~» Y/; D then return;

=X
Di=C;
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Algorithm 4: ASSIGN

[t] input : Current signature %°
Constraint ©°
output : Result signature ¥

Result constraint 2D

for two iterations do

¥ = %0,

Set € =iy Ft ~u: AtB;

// This implicitly assigns I';, T'y, ¢, u, A and B

C:=C;

if t = aéN then

3; € := CHECKPATTERNCONDITION(X, 1Ty F aéV ~u
AiB);

if t = a7 then

// The following statement implicitly updates ¢

C := PRUNE(C);

if Fv(t) C Z then

// For brevity, we leave the actual sequence of

operations unspecified. As discussed in
Section 5.8, only an occurs check is implemented
in practice.

Reorder and normalize ¥ using Rule schema 10
(signature conversion), and normalize ¢ so that
Y=%,,a:T,%, for some 3, ¥, and 7', and
CONSTS(t) C DECLS(X,);

if by Rule schema 2 (metavariable instantiation),
;€ ~» ¥;0 then

Eres = E/;
D=1

return

// If we couldn’t instantiate «a, we can at least attempt
to kill some its arguments by using information on the
free variables of u

// We apply Rule schema 7 (constraint symmetry) so that u
is on the LHS of the constraint, as required by the
implementation of PRUNE

3; € := PRUNE(X; ") where X; € ~» 3; €’ by Rule schema 7

(constraint symmetry);

else
L C := €" where X;C ~» ;€ by Rule schema T;

// The assignment was unsuccessful
EFGS = 2.
)
D :=C,
return
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Algorithm 5: CHECKPATTERNCONDITION

input : Current signature %(©)
Constraint €©) of the form I';iT, F aé~t : AfB
output : Signature X'

Constraint D

// Remove projections and record constructors

Y= E(O);

Set € £ T 10, - aéN ~t: AlB;

// This implicitly assigns I';, 'y, «, €, t, A and B

C:= 6’<O);

1:= N,

while i > 1 do

if e; = (vy,09), X =%, a: T, X, and by Rule schema 18
(metavariable argument currying) applied with n = i, we have
0w X, B Ty, a:=t, : T,¥5;0 then

Y= Elvﬂ : Tﬁva = tOL ; T722;

a:=f;

€:= é1,...,:‘71 Uy Vg €i+1,.4.,N§
N = N —|— 1,

=1+ 1;

else if e, =z .m; e or e, =T .Ty ¢ and, by applying
Rule schema 20 (context variable currying) to x, we have
3:€ « ¥;€ then
3=
L C:=C
else if e, = x for some = then
Li:=i—1
else
// Constraint not solvable; reset and abort
ZI‘GS = E;
D=,
return

// Now we have € =Z for some I
res .__ /.

yres .= ¥/,

D=

return
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Algorithm 6: PRUNE

input : Current signature £(©)
Constraint € = I'1il'y Fu~~t: AiB
output : Updated signature X%

Constraint D = T' Ty F u ~ " : AiB

// We define an auxiliary recursive function PruneTerm

// Let t, be the value of t before calling PruneTerm, ¢; be the
value of t when PruneTerm returns, and v’ the value returned
by PruneTerm

// Precondition: ty[v]™

// Postcondition: ¢; is the result of replacing the rigid
occurrence of v in t, by v’

= FV(u);

Function PruneTerm(n,v)

if Fv(v) —n € Z then

v:=v" such that X F v\, v’;

// In practice, t is not updated by PruneTerm; here we do
it to clarify which rules are involved

By Rule schema 8 (term conversion), ¢ := t’, where t’ is the

result of replacing the rigid occurrence of v in ¢ by v’;
if v = B € then
if by Rule schema 17 (metavariable pruning) applied to
t'[v]", ;€ «» ¥;C then
=3
Let v” be such that ¥ F v\, v;
By Rule schema 8, ¢ := ', where t’ is the result of
replacing the rigid occurrence of v in ¢ by v/;

return v’;

else if v =1IU, U, then

L return IIPruneTerm(n, U;)PruneTerm(n+1,U,);
// We write the remaining cases more compactly
else if v =hé and v is strongly neutral then

L return h PruneTerm(n,e;) ... PruneTerm(n,e;);
else if v = XU, U, then

L return XPruneTerm(U,)PruneTerm(n+1,U,);
else if v = A.vy then

L return \.PruneTerm(n+1,vy);
else if v = (v;,v,) then

L return (PruneTerm(n,v,),PruneTerm(n,vy));

L r;turn v
EI"CS = Z.
t'*s := PruneTerm(0,t);

// At this point, t'* =1t

return
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Algorithm 7: INTERSECT

input : Current signature B
Constraint € £ TiI" +a fN ~a gl : AiB
output : Updated signature >

Constraints D

n = N;
for i from N down to 1 do
if by Rule schema 16 (generalized metavariable intersection),

_n1 B
ST FBF  ~Bg  :AiB then
| S=%a=8n=n—1; f:=[;j=¢,
=3
if f=gthen D:=0;
else D:=Ti{l"Faf~aj: AiB;

Algorithm 8: Weak head normal form of a term, m-contracted
(ETACONTRACTWHNF)

// Removes redundant A\-abstractions and pair constructors with
the aim of improving performance

input : Current signature %

Term ¢
output : Term in weak head normal form ¢’
repeat

stop := false;
t’ :=t’ such that ¥ F ¢\ t';
if #' = A\.fO and 0 ¢ Fv(f) then

L t/ = f(fl)

else if t' = (f .1y, f .m,) then
[t

else

| stop := true

until stop = true;
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Algorithm 9: Type directed top-level n-expansion (ETAEXPAND)

input : Signature, context, term and type: ;¢ : A
output : Term and type ¢ : A’

A’ := A’ such that X+ AN A’;
if t £ Au and A’ =TIUV then
t = At @ 0);
L return
Ise if ¢t # (u,v) and A" = XUV then
=(t Q@ .m,t Q .my);
L return
else
t =1t
L return

o

Algorithm 10: Application of m-expansion to some neutral terms
(ETAEXPANDDEFHEADED)

input : Term ¢

output : Term in weak head-normal form ¢’
if t =ife andn<4then

|t = A () (4 - — 1) .. 0)

else

Lt =t
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5.2 Constraint book-keeping

Algorithm 2 (SOLVE) checks whether a constraint is UNBLOCKED before per-
forming the (potentially expensive) REFINE operation on this constraint. The
function UNBLOCKED is left unspecified in Section 5.2.1 in order to avoid
cluttering the pseudocode. In this section we give an overview of how the
UNBLOCKED function is implemented in Tog™.

5.2.1 Constraint unblocking (UNBLOCKED)

Each constraint € in the Algorithm 2 (SOLVE) is internally associated with
an unblocker B. The unblocker for each constraint describes the conditions
under which the algorithm should attempt to make progress on that particular
constraint.

In the original Tog [37], unblockers are a disjunction of metavariables
(a1 Vay V...Va,,). We generalize unblockers to include not only metavariables,
but also constraints, and not only disjunction, but also conjunctions. The aim
is to restrict the conditions under which constraints may unblock, hopefully
increasing performance. We also introduce a “never” unblocker (L), for con-
straints which have been deemed unsolvable, and an “always” unblocker (T),
for completeness.

Definition 5.1 (Unblocker). An unblocker B is defined inductively as follows:

B = o,B, ... metavariable
| e internal constraint
| B,ANB, | ByV3B, conjunction and disjunction
| T | L1 always and never

Initially, every constraint has the T unblocker (“always”), which means
that the constraint is unblocked. Each constraint returned by REFINE is an-
notated with a corresponding unblocker. This unblocker is computed by the
same functions that generate the new constraints, by, among other things,
noting which metavariables are preventing some term from normalizing fur-
ther (yielding metavariable unblockers) and which types need to be equal in
order for Rule schema 2 (metavariable instantiation) to be applicable (yielding
internal constraint unblockers).

Definition 5.2 (Unblocking of constraints: UNBLOCKED(X; C)). We say that
a constraint € is unblocked in ¥ (written UNBLOCKED(X; €)), if, for the un-
blocker B associated with €, we have X - B unblocks.

The relation ¥ = B unblocks is defined recursively as follows:

3 "o unblocks when o is instantiated in X

¥ I '€ unblocks when ¥ k€

¥+ B, AN B, unblocks when X+ 3B, unblocks and ¥ - B, unblocks
3+ B,V B, unblocks when X+ 3B, unblocks or ¥ F B, unblocks
> F T unblocks
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Checking whether a metavariable is instantiated is a simple table lookup,
but checking whether ¥ I "€ unblocks is more involved: it is equivalent to
solving the constraint itself. In the following section we explain the how this
check is implemented in Tog™.

5.2.2 Ordering of rule application

As described in Algorithm 2, when turning a basic constraint (Definition 3.7)
into internal constraints (Definition 4.2), the constraint that unifies the types
is output before the constraint that unifies the terms.

All generated constraints are initially unblocked; and unblocked constraints
are attempted in the order in which they are generated. This way, the algo-
rithm attempts to unify the sides of a twin type before the constraint contain-
ing it is attempted, hopefully minimizing the occurrence of twin types with
differing sides.

We discuss two issues related to the order in which rules are applied below.
We consider further optimizing the order in which rules are applied outside
the scope of this work.

Effect on the applicability of syntactic equality: One may fear that
the applicability of syntactic equality is sensitive to which other rules have
been applied to a constraint, and that there may exist problems that become
unsolvable if syntactic equality is not applied at the right time. However, in
our tests, Rule schema 1 (syntactic equality) is not necessary for solving any
of the examples; it just affects performance. For all the other rules, we see no
obvious way in which the preconditions for one rule would cease to hold by
the application of another rule.

Therefore, we believe that the order in which constraints are solved may
affect performance, but should not critically affect the ability of the algorithm
to find a solution.

Use of Rule schema 19 (metavariable mn-expansion): Applying
Rule schema 19 increases the number of metavariables, and, as shown
in Section 4.5.11, also may indirectly increase the number of constraints.
Thus rule should not be applied indiscriminately to all metavariables of the
appropriate type, but only in the presence of constraints of the form of those
in Example 4.50 or Example 4.51, and only if other approaches to solve these
constraints, such as Rule schema 2 (metavariable instantiation) have proven
unfruitful.

5.2.3 Constraint satisfaction

In order to efficiently assess whether ¥ | € (or, equivalently, whether X +
“C unblocks), the implementation keeps a tree of constraints, which has a
node for each constraint that has ever been considered by SOLVE. Initially,
the elaborator constraints are inserted as roots, with the corresponding inter-
nal constraints as children. When a call to REFINE on € by SOLVE returns
constraints W, these are added as children of €. If Dres = O, then C is
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marked as solved. When all the children of a constraint are marked as solved,
their parent is also marked as solved.

Each constraint in the tree has an identifier. Internal constraint unblockers
do not contain the constraints themselves, but rather the identifier of the node
in the tree of constraints.

By the correctness (and therefore soundness) of the rules, if ¥; € -w* ¥'; 0,
then for any extension ¥” J ¥/, we have ¥” |k €. Furthermore, the signature
produced by a sound rule is always an extension of the previous signature,
and signature extension is a transitive relation (Remark 2.152). Therefore, the
implementation can (partially) determine whether, for the current signature
¥, we have ¥ | € (and thus, whether X - ‘¢ unblocks) by checking whether
C is marked as solved in the tree.

The constraint tree built for assessing constraint satisfaction has two fur-
ther use cases:

Heterogeneous context equality: The constraint tree is also used to avoid
redundant conversion checks when deciding heterogeneous context equality
(Definition 4.37). For instance, checking the heterogeneous context equality
when assessing the applicability of Rule schema 2 (metavariable instantiation)
in Algorithm 4 is equivalent to checking whether certain constraints are satis-
fied.

Error reporting: When the unification algorithm cannot solve all the con-
straints (that is, when all the remaining constraints are blocked), the user is
informed of which constraints could not be solved and why they are being
blocked.

By finding the elaborator constraints in the constraint tree that are an-
cestors to the unsolved constraints, one could even report the position in the
code from which this constraint originates, and even the typing rule or some
other reason why the constraint was introduced. With this information, the
user could decide whether to change the term, its type, or give more of the
implicit arguments explicitly.

Although collection of this information can be enabled in the implementa-
tion, we have not implemented a way to display it in a user-friendly way.

5.3 Language extensions

The language implemented by Tog (and Tog™) extends the one described in
Chapter 2 in the following ways:

Implicit arguments: Function arguments can be marked as implicit, by
surrounding them with curly braces (Listing 5.1). Such arguments may be
omitted by the user, in which case they are internally replaced by a metavari-
able and inferred.

Listing 5.1: Implicit arguments

module Implicit where
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id : {A : Set} -> A -> A
id x = x

postulate B : Set
postulate b : B

example_id : B
example_id = id b

The step of identifying the points in the code where implicit arguments
have been omitted is not straightforward. We preserve the approach used by
the original Tog implementation as explained by Mazzoli and Abel [36]. In
this approach, only the top level function definitions have implicit arguments,
and these may only occur before non-implicit arguments.

Inductive-recursive data types: Inductive-recursive datatypes can be de-
fined. These datatypes may have several parameters (Listing 5.2). From the
point of view of unification, datatype constructors (e.g. Nat and Vec) and data
constructors (e.g. zero, suc, nil and cons) behave in the same way as postu-
lates: they are equal only to themselves, and injective with respect to the judg-
mental equality (Section 2.12). Recursive definitions (e.g. map) have a judg-
mental equality analogous to the rules DELTA-IF-TRUE and DELTA-IF-FALSE.

In the implementation, the constructors do not take the type parameters
as arguments. This is analogous to the way that A-abstractions and pairs are
implemented. Note that this implies that the constructor (and thus the term)
may have several different types. Constructor-headed terms are treated as
strongly neutral; the type parameters (in the example in Listing 5.2, (A : Set)
and (n : Nat)) are inferred from the type of the constraint.

Listing 5.2: Inductive data types

module Vec where

data Nat : Set where
zero : Nat
suc : Nat -> Nat

data Vec (A : Set) (n : Nat) : Set
data Vec A n where
nil : n == zero -> Vec A n
cons : {m : Nat} (p : n==sucm) (x : A) (xs : Vec Am) ->Vec An

map : {A : Set} {B : Set} {n : Nat} -> (A ->B) ->Vec nA ->VecnB
map _ (nil eq) = nil eq
map f (cons eq x xs) = cons eq (f x) (map f xs)

Identity type with the J axiom: The implementation includes an identity
type and the J axiom. In Listing 5.3, it is shown that the built-in equality type
respects substitutivity (also known as indiscernibility of identicals or Leibniz’s
law), and is a symmetric, transitive and congruent relation.
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Listing 5.3: Properties of the identity type
module IdentityType where

subst : {A : Set} {xy : A} (P : A -> Set) ->
X =y ->Px ->Py
subst P=J (\xy _ ->Px ->Py) (\xp ->p)

sym : {A : Set} {x : A} {y : A} ->x ==y ->y ==X
sym {A} {x} {y} p = subst (\'y ->y == x) p refl

trans : {A : Set} {x : A} {y : A} {z : A} ->
X::y->y:: -> == z
trans {A} {x} p g =subst (\y ->x ==y) gp

cong : {AB : Set} {x : A} {y : A} (f : A ->B) ->
x =y ->fx=fy
cong f p = subst (\ z ->f x==1f 2z) p refl

Record types with n-equality: The X-type in the language described in
the theory is generalised to dependent records with an arbitrary number of
fields. These records, as does the X-type in the calculus, exhibit m-equality.
Listing 5.4 shows the particular case of how the Y-type may be defined as a
record type.

Listing 5.4: X-type implemented in Tog

module Record where

record Sigma (A : Set)(B : A -> Set) : Set
record Sigma A B where
constructor pair

field
fst : A
snd : B fst

eta : (A : Set) (B : A ->Set) (x : Sigma A B) ->
x == pair (fst x) (snd x)
eta A B x = refl

As explained in Section 4.7.1, n-equality for records with no fields as im-
plemented in Agda leads to non-unique solutions, as we reported [7]. We
implement m-equality for such records in Tog™, but restrict the unification
rules with the aim of preserving completeness. In particular, Rule schema 14
(strongly neutral terms) is not applied until at least one of the sides of the con-
straint is known not to have singleton type; and rule R-STRONG is disallowed
when assessing rigid occurrences in Rule schema 17 (metavariable pruning).

Simplification of metavariable intersection: Furthermore, for simplic-
ity, we implement the simpler metavariable intersection rule (Rule schema 15)
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instead of the more general Rule schema 16. We do not expect any issues re-
garding unit types, as we expect that those arguments of a metavariable that
are of unit type can always be killed.

5.4 Benchmarking methodology

In the coming sections we benchmark the CPU and memory usage of the
implementation in order to justify certain design choices. We compare with a
reference implementation, Agda, to put our figures in context.

The benchmarks are run on an Intel i7-8550U CPU, 32GiB RAM, running
64bit Linux. Agda and Tog are compiled using GHC 8.4.4 (-02 enabled),
and the Stackage 12.26 LTS release. CPU usage is measured as the total
execution time of the process with respect to the wall clock, while memory
usage is measured as the maximum amount allocated from the system by the
GHC runtime system (where 1 MB = 10° bytes). The specific versions and
command line arguments of the programs used are detailed in Table 5.1.

To reduce the variability due to concurrent processes running on the same
machine, we take the median of at least 10 measurements. In all plots, we re-
port a 95% confidence interval for the median. This interval is calculated using
the non-parametric bootstrap technique, which uses sampling with replace-
ment from the data itself (in our case, 1000 samples) in order to approximate
the actual distribution of a statistic (in this case, the median).

5.4.1 Comparing Tog with Agda

Tog code can be run essentially unchanged in Agda. Because of the lack
of universe stratification in Tog/Tog"™, Agda may need to be given the
--type-in-type option when type-checking a Tog/Tog" file. Additionally, if
the Tog program being type-checked by Agda uses Tog built-in identity type,
this type must be loaded into Agda by importing the module in Listing 5.5.

Listing 5.6 shows an example of how to adapt a Tog program so that it can
run in both Tog and Agda:

1. {-# OPTIONS --type-in-type #-} disables universe stratification checks
(see Remark 2.15).

2. {-@AGDA-} makes Tog/Tog ignore the following line.

3. open import Prelude includes the definitions in Listing 5.5. A file named
Prelude.agda with the contents of Listing 5.5 must be in Agda’s import
path.

4. open Sigma makes the constructors and fields of the Sigma record type
available in the global scope, in the same way as they are by default in
Tog.
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‘ Commit ‘ Command line arguments

Agda

87a3b458

--type-in-type --without-
K --no-termination-check
--ignore-interfaces --no-
positivity-check

Tog

c13fdd5e

--quiet --synEquality 2 --
physicalEquality --solver W -
-noCheckElaborated --termType
HC4 --fastElaborate

Tog™ without

hash consing

--quiet --synEquality 2
--physicalEquality --
termType S --solver W
--noCheckElaborated --
fastElaborate

Tog™ without fast

--quiet --synEquality 2 --

elaboration physicalEquality --solver W -
-noCheckElaborated --termType
HC4

Tog™ without —" --quiet --synEquality @ --

syntactic equality

Table 5.1: Command line options for the benchmarks in Chapter 5

{-# OPTIONS --type-in-type #-}

solver W - -noCheckElaborated -
-termType HC4 --fastElaborate

Listing 5.5: Tog Prelude

{-# OPTIONS --without-K #-}
module Prelude where

data _==_ {A : Set}(x : A)

refl : x == x

J : {A: Set} {xy:
(P : (x : A (y:

A}

: A -> Set where

A) -> x ==y -> Set) ->

((z:A) ->Pzzrefl) -=>(p:x==y) ->Pxyp

J P hrefl =h_
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Listing 5.6: Adapted version of Listing 5.4

{-# OPTIONS --type-in-type #-}
module Record where

{-@AGDA-}
open import Prelude

record Sigma (A : Set)(B : A -> Set) : Set
record Sigma A B where
constructor pair
field
fst : A
snd : B fst

{-@AGDA-}
open Sigma

eta : (A : Set) (B : A -> Set) (x : Sigma A B) ->
x == pair (fst x) (snd x)
eta A B x = refl

In order to make the benchmark results more comparable be-
tween Tog"? and Agda, we have disabled some features of Agda, such
as the aforementioned universe levels (--type-in-type flag) termina-
tion checking (--no-termination-check flag) and positivity checking
(--no-positivity-check flag), in order to not make Agda unfairly slower.
Another reason to disable universe levels, together with the K axiom
(--without-K flag), is to make the underlying type theory in Agda closer to
the one in Tog and Tog*.

Noe that our benchmarks are done with a small set of programs, which
where also used to guide the development of the prototype itself. Furthermore,
the Agda implementation does more bookkeeping work than our prototype;
for instance, it keeps track of more information associated with the type-
checked terms and definitions, and it also serializes the type-checked definitions
together with syntax highlighting information and writes the result to disk. On
the other hand, Agda has been developed over the years by a big community,
with many optimizations to deal with specific use cases. Because of these
differences, we will only make claims regarding the technical feasibility of our
approach; but we will not make claims about the relative performance of the
two tools beyond our case study.

5.5 From Tog to Tog™

Tog" extends Tog with an implementation of the unification algorithm de-
scribed in Section 5.1. The implementation is modified with respect to Sec-
tion 5.1 in order to improve performance and to accommodate the language
extensions described in Section 5.3.
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Apart from the unification algorithm, we modify the term representation
and the elaboration procedure to increase the performance of type checking.

5.5.1 Term representation using hash-consing

If represented as their syntax trees, the size of the terms involved in type
checking can be exponentially large compared to size of the original program.
In Tog", in order to increase the amount of sharing in the representation, and
thus reduce the memory footprint, we use hash-consing on terms.

In hash consing, introduced by Deutsch [17] in the context of Lisp, each en-
countered term is represented at most once in memory, and assigned a unique
identifier. This has the potential of reducing the memory footprint of a col-
lection of terms with a large number of identical subterms. It also makes it
possible to compare terms for syntactic equality in constant time.

In the rest of this section we assess the performance of our hash consing
implementation on two examples which are typically hard for dependent type
checkers. These are families of examples of increasing size, and involve implicit
arguments which, in their fully expanded form, are exponential in the size of
the program, and contain many duplicated subterms. We thus expect that
increasing sharing via hash consing will reduce the memory footprint, and
that memoizing operations on terms will reduce the execution time. Both of
these examples were originally written for Agda and then in turn adapted to
the original Tog implementation.

Repeated application of the identity function: One example is re-
peated application of the identity function (Listing 5.7), suggested by Shao
et al. [54].

When all implicit arguments are inferred, the size (without sharing) of the
term that gets passed as the first implicit argument to id increases exponen-
tially in the number of occurrences of id. We use hash-consing to reduce the
memory usage of terms, and the processing footprint of term reduction and
comparison.

Using hash-consing results in a great decrease in both CPU time (Fig-
ure 5.1) and maximum heap size (Figure 5.2). In the case of Agda, the example
is fast because of an optimization by Norell [46] which inlines simple functions
like id. An analogous example which precludes this optimization (Listing 5.8)
brings the performance of Agda closer to that of Tog™ without hash consing
(c.f. Figure 5.3 and Figure 5.4).

Projection functions: Another example where there is redundancy in the
term representation is given in Listing 5.9, which was presented as a particu-
larly slow example by Mazzoli [35].
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Listing 5.7: Example with n = 20 applications of id

module Ids2@ where

id : {A : Set} -> A -> A
id x = x

id20 : {A : Set} -> A -> A
id20 = (id id id id id id id id id id
id id id id id id id id id id)

Listing 5.8: Example with n = 20 applications of id, while preventing inlining.

module IdsBinder20 where

slow20 : {A : Set} -> ((A : Set) > A ->A) -> A -> A
slow20 id = ((id _) (id _) (id _) (id _) (id _)

(id _) (id _) (id _) (id _) (id _)

(id _) (id _) (id _) (id _) (id )

(id J) (id _) (id ) (id ) (id _))

Typechecking of id ... id

1.00
w Implementation
.g —— Agda
S Tog* without hash consing
6 0.10 —=— Tog+
0.01
0 10 20 30 40

Number of occurrences of id

Figure 5.1: CPU usage of id
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Typechecking of id ... id

1000
g 100 Implementation
= —— Agda
E’ g
g —+— Tog* without hash consing
[} -u— Tog*
S g
10
0 10 20 30 40
Number of occurrences of id
Figure 5.2: Memory usage of id
Typechecking of id ... id
with id as a bound variable
10.00
1.00
w Implementation
g —— Agda
S —+— Tog* without hash consing
0.10
Ay +
3] —=— Tog
0.01

0 10 20 30 40
Number of occurrences of id

Figure 5.3: CPU usage of id when the inlining optimization is prevented
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Typechecking of id ... id

with id as a bound variable

1000
g 100 Implementation
E’ —— Agda
g Tog* without hash consing
] -=— Tog*
=
10

T

0 10 20 30 40
Number of occurrences of id

Figure 5.4: Memory usage of id when the inlining optimization is prevented

Listing 5.9: Exzample of projections from data type forn =17
module Data where
data Sigma (A : Set)(B : A -> Set) : Set
data Sigma A B where

pair : (x : A) -> B x -> Sigma A B

fst : {A : _} {B: _} -> Sigma AB -> A
fst (pair x y) = x

snd : {A: _} {B: _} (p: Sigma A B) -> B (fst p)
snd (pair x y) =y

data Unit : Set
data Unit where

tt : Unit

Cat : Set

Cat =
Sigma Set (\ Obj ->
Sigma (Obj -> Obj -> Set) (\ Hom ->
Sigma ((X : _) -> Hom X X) (\ id ->
Sigma ((X Y Z : _) ->Hom Y Z -> Hom X Y -> Hom X Z) (\ comp ->
Sigma ((X Y : _)(f : Hom X Y) ->comp _ _ _ (id Y) f == f) (\ idl ->
Sigma ((XY : _)(f : Hom X Y) ->comp _ _ _ f (id X) == f) (\ idr ->

Sigma (WX Y Z : )
(f : Hom W X)(g : Hom X Y)(Ch : Hom Y Z) ->
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comp _ _ _ (comp _ _ _h g ==
comp _ _ _h (comp _ _ _ g f)) (\ assoc ->
Unit)))))))

Obj : (C : Cat) -> Set
Obj C = fst C

Hom : (C : Cat) -> Obj C -> Obj C -> Set
Hom C = fst (snd C)

id : (C: Cat) -> (X : _) > Hom C X X
id C = fst (snd (snd C))

comp : (C : Cat) > (XY Z: _) ->HomCY Z ->HomC XY ->HomC X Z
comp C = fst (snd (snd (snd C)))

idl : (C : Cat) -> (XY : _)(f : HomC X Y) ->
comp C _ _ _ (id CY) = f
idl C = fst (snd (snd (snd (snd C))))

idr : (C : Cat) > (XY : _)(f : Hom C X Y) ->
comp C _ _ _ f (id C X) ==
idr C = fst (snd (snd (snd (snd (snd C)))))

assoc : (C : Cat) ->
WXYZ:_)(f:HomCWX)(g : Hom C X Y)(Ch : Hom C Y Z) ->
comp C _ _ _ (comp C _ _ _hg ==
comp C _ _ _h(comp C _ _ _gf)

assoc C = fst (snd (snd (snd (snd (snd (snd C))))))

We compare the performance of the type-checker on examples of different
sizes, from 0 to 7. The size of the example corresponds to the maximum
number of nested applications of fst and snd in the file. Listing 5.10 shows
the test file for size 3.

Listing 5.10: Example of projections from data type for n = 3. For succintness,
we have omitted the code ({- ... -}) corresponding to the definitions of Sigma,
fst, snd and Unit in Listing 5.9.

{-# OPTIONS --type-in-type #-}
module Data3 where

{ -}

Cat : Set

Cat =
Sigma Set (\ Obj ->
Sigma (Obj -> Obj -> Set) (\ Hom ->

Sigma ((X : _) -> Hom X X) (\ id ->
Unit)))
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Obj : (C : Cat) -> Set
Obj C = fst C

Hom : (C : Cat) -> Obj C -> Obj C -> Set
Hom C = fst (snd C)

id : (C : Cat) -> (X : _) > Hom C X X
id C = fst (snd (snd C))

Both of the functions fst and snd take the types A and B as implicit argu-
ments. However, the type of the function snd also has an application of the
function fst. This means that the type checker needs to infer and manipulate
implicit arguments whose size (without sharing) grows exponentially with the
number of nested applications of these functions (Listing 5.11).

Listing 5.11: Listing 5.10 with partially expanded implicit arguments (n = 3).
If the all of the implicit arguments ({_}) were to be filled, each definition body
would be several times bigger than as defined below.

- ... )

Obj : (C : Cat) -> Set
- 0bj C = fst C
Obj C = fst {Set}
{\ obj -> Sigma (obj -> obj -> Set)
(\hom -> Sigma ((X : obj) -> hom X X)
(\ id -> Unit))}

Hom : (C : Cat) -> Obj C -> Obj C -> Set
- Hom C = fst (snd C)
Hom C = fst {fst {_} {_} C -> fst {_} {_} C -> Set}
{\ hom -> Sigma ((X : fst {_} {_} C) -> hom X X)
(\ id -> Unit)}
(snd {Set}
{\ obj -> Sigma (obj -> obj -> Set)
(\ hom -> Sigma ((X : obj) -> hom X X)
(\ id -> Unit))}
©

id : (C : Cat) -> (X : _) > Hom C X X
- id C = fst (snd (snd C))
id C = fst {(X : fst {_} {_} C) -> fst {_} {_}
(snd {_} {_} C) X X3
{\ id -> Unit}
(snd {_} {_} (snd {_} {_} ©))

When type-checking examples of different sizes, we observe that hash-
consing reduces both the CPU time (Figure 5.5) and the amount of memory
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Typechecking of fst (snd ...n snd)
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Figure 5.6: Memory usage of the Data example



5.5. FROM TOG TO TOG* 181

required (Figure 5.6) by orders of magnitude. Further reductions could be
achieved with a specialized optimization for projection-like functions, which is
done for Agda as explained by Abel [1], and implemented by Norell [45].

Hash consing also allows for performing syntactic equality checks in con-
stant time, instead of linear in the size of the terms involved. Performing these
checks result in significant reductions in execution time for large examples (see
Section 5.6.1).

5.5.2 FElaboration

Mazzoli and Abel [36] show that dependent type checking can be reduced to
unification. This means in particular that the type-checker does not manipu-
late ill-typed terms. Instead, there is an elaboration step before typechecking
which translates the syntax written by the user into well-typed terms (possibly
involving new metavariables), and a set of unification constraints. In this ap-
proach, metavariables fulfill two functions: they stand for implicit arguments
that the user omitted; and they also replace subterms which, if present, would
lead to possibly untyped terms.

However, the introduction of metavariables and constraints by the elab-
oration procedure leads to additional constraints that must be solved, and
metavariables that must be instantiated. This is particularly inefficient in the
case of neutral terms where the head is of known type (see Remark 3.14). At
the suggestion of Andreas Abel, we add an additional case to the elaboration
rule for application so that, when a constant which is known to have a II-type
is applied to a term, the domain and codomain of the II-type are extracted
directly by the elaboration instead of the unifier.

Listing 5.12: Example of applications forn =7
module App7 where

data Bool : Set where
true : Bool
false : Bool

first : Bool -> Bool -> Bool -> Bool -> Bool -> Bool -> Bool -> Bool
first x1 x2 x3 x4 x5 x6 x7 = x1

res1 : Bool

resl = first true true true true true true true
res2 : Bool

res2 = first true true true true true true true
res3 : Bool

res3 = first true true true true true true true
res4 : Bool

res4 = first true true true true true true true
res5 : Bool

resb5 = first true true true true true true true
resé : Bool

res6 = first true true true true true true true
res7 : Bool
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res7 = first true true true true true true true
res8 : Bool
res8 = first true true true true true true true
res9 : Bool
res9 = first true true true true true true true
res1@ : Bool
res1@ = first true true true true true true true

To measure the impact of this optimization we compare the performance
of elaboration in examples with 10 function applications of the same length n,
for varying n. The case for n = 7 is shown in Listing 5.12.

Figure 5.7 and Figure 5.8 show how enabling the shortcut in the elaboration
algorithm (fast elaboration) eliminates a big part of the cost of type checking.
We apply similar shortcuts when elaborating \-abstractions, refl, and the
application of data constructors, type constructors and the J axiom.
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5.6 Case study: Type Theory in Type Theory

To assess the feasibility of our algorithm, we use it to typecheck a large exam-
ple, and compare its performance with Agda.

Listing A.1 in appendix A shows a small definition of a dependently typed
language, using the technique by McBride [39], and implemented for Tog by
Nils Anders Danielsson.

The embedded dependently typed language is then used to define pro-
gressively more complicated structures, such as a pointed set (Listing 5.15),
a reflexive graph (Listing 5.17), part of the definition of precategories (List-
ing 5.18), and part of the definition of a setoid (Listing 5.19).

These examples give rise to constraints such as the one in Listing 5.13 or
5.14. As explained in Section 5.7, many proof assistants cannot handle them,
but Agda can. This makes these examples a good way of benchmarking the
implicit argument inference capabilities of our approach, and provides some
indication of whether this approach could replace the current one used in Agda.

Listing 5.13: Constraint from the pointed set example (Listing 5.15). The
constraint can be solved by unifying two terms before their types have been
Sfully unified.

_443 : Unit -> U

ctx: []
lhs:
Sigma (Unit -> U) (\u ->
Sigma (_==_ (Sigma Unit (\g -> Set) -> U)
(\g ->u (fst g)) (\_ -> set))
(\_ -> (A : Set) -> A))
. Set
rhs:
Sigma (Unit -> U) (\u ->
Sigma (_==_ (Sigma Unit (\g -> E1 (_443 g)) -> U)
(\g ->u (fst g)) (\g -> _443 (fst g)))
(\_ > (A : Set) -> A))
. Set

Listing 5.14: Constraint from the multigraph example (Listing 5.16). The
constraint can be solved by currying a context variable with a two-sided type.

_1733 : (Sigma Unit (\g -> Set)) -> U
ctx: []
lhs: _==_ (Sigma (Sigma Unit (\g -> Set)) (\g -> snd g)
-> U)
(\g -> el (snd (fst g)))
(\_ -> set) : Set
rhs: _==_ (Sigma (Sigma Unit (\g -> Set)) (\g -> E1 (_1733 g))
> U)
(\g -> _1733 (fst g))
(\g -> set) : Set
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Listing 5.15: Definition of a pointed set
pointU : U
pointU =
sigma set (\ obj -> (el obj))

point : Type empty (\ _ -> pointU)

point =
- Objects.
sigma' set'
- Point.

(el' (var zero))

Listing 5.16: Definition of a multigraph

graphU : U
graphU =
sigma set (\ obj ->
(fun (el obj) (fun (el obj) set)))

graph : Type empty (\ _ -> graphU)

graph =
- Vertices
sigma' set'
- Edges

(pi' (el' (var zero)) (pi' (el' (var (suc zero))) set'))

Listing 5.17: Definition of a fully-reflexive multigraph

refl-graphU : U

refl-graphU =
sigma set (\ obj ->
sigma (fun (el obj) (fun (el obj) set)) (\ hom ->
(pi (el obj) (\ x -> el (hom x x)))))

refl-graph : Type empty (\ _ -> refl-graphU)
refl-graph =
- Objects.
sigma' set'
- Morphisms.
(sigma' (pi' (el' (var zero)) (pi' (el' (var (suc zero))) set'))
- Identity.
(pi' (el' (var (suc zero)))
(el' (app (app (var (suc zero)) (var zero)) (var zero)))))

Listing 5.18: Part of the definition of a precategory
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raw-categoryU : U
raw-categoryU =
sigma set (\ obj ->

sigma (fun (el obj) (fun (el obj) set)) (\ hom ->

times

(pi (el obj) (\ x -> el (hom x x)))
(pi (el obj) (\ x -> pi (el obj) (\'y -> pi (el obj) (\ z ->
fun (el (hom x y)) (fun (el (homy z)) (el (hom x z)))))))))

raw-category : Type empty (\ _ -> raw-categoryl)

raw-category =

- Objects.
sigma' set'
- Morphisms.
(sigma' (pi' (el' (var
- Identity.
(sigma' (pi' (el' (var
(el" (app

- Composition.
(pi' (el' (var (suc
(pi" (el' (var (suc

(pi' (el' (var (suc
(pi' (el' (app (app
(var

(pi' (el" (app (app
(var

(el' (app (app

(var

zero)) (pi' (el' (var (suc zero))) set'))

(suc
(app

(suc
(suc
(suc
(var
(var
(suc
(var
(var
(suc
(var
(var
(suc

zero)))
(var (suc zero)) (var zero)) (var zero))))

zero)))) -- X
(suc zero))))) -- Y.
(suc (suc zero)))))) -- Z.

(suc (suc (suc (suc zero)))))

(suc (suc zero))))

zero)))) -- Hom X Y.
(suc (suc (suc (suc (suc zero))))))

(suc (suc zero))))

zero)))) -- Hom 'Y Z.
(suc (suc (suc (suc (suc (suc zero)))))))
(suc (suc (suc (suc zero))))))

(suc zero))>>)))3)))) - Hom X Z.

Listing 5.19: Part of the definition of a setoid

setoidU : U
setoidU =
sigma set (\ a ->

sigma (fun (el a) (fun (el a) set)) (\ rel ->
times (pi (el a) (\ x -> el
times (pi (el a) (\ x -> pi
fun (el (rel x y))

(pi (el a) (\ x -> pi

fun (el (rel x y))

2)))

(rel x x))) (

(el a) (\y ->

(el (rel y x))))) (

(el a) (\y ->pi (el a) (\ z ->

(fun (el (rel y z)) (el (rel x z)))))))

setoid : Type empty (\ _ -> setoidU)

setoid =
- The set.
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sigma' set'
- The relation.
(sigma' (pi' (el' (var zero))
(pi' (el' (var (suc zero))) set'))
- Reflexivity.
(sigma' (pi' (el' (var (suc zero)))
(el' (app (app (var (suc zero)) (var zero))
(var zero))))

%

- Symmetry.
(sigma' (pi' (el' (var (suc (suc zero)))) -- X.
(pi' (el' (var (suc (suc (suc zero)))))
(pi' (el' (app (app (var (suc (suc (suc zero))))
(var (suc zero)))

(var zero))) - X &Y.
(el' (app (app (var (suc (suc (suc (suc zero)))))
(var (suc zero)))
(var (suc (suc zero)))))))) - Y & X.
- Transitivity.
(pi' (el' (var (suc (suc (suc zero))))) .- X.
(pi' (el' (var (suc (suc (suc (suc zero)))))) -- Y.

N

(pi' (el' (var (suc (suc (suc (suc (suc zero))))))) --
(pi' (el' (app (app (var (suc (suc (suc (suc (suc zero))))))
(var (suc (suc zero))))
(var (suc zero)))) -- X
(pi' (el' (app (app (var (suc (suc (suc
(suc (suc (suc zero)))))))
(var (suc (suc zero))))
(var (suc zero)))) - Yy xR Z.
(el' (app (app (var (suc (suc (suc
(suc (suc (suc (suc zero))))))))
(var (suc (suc (suc (suc zero))))))

(var (suc (suc zero))))))))))))) - X R Z.

%
<

These examples cannot be type-checked using the original Tog implemen-
tation due to the strict ordering of constraints (Section 3.9). However, our
implementation Tog'is able to type-check these examples, and do so with a
usage of CPU time (Figure 5.9) and memory (Figure 5.10) which is comparable
to the Agda implementation.

Even though the figures show Tog™to be apparently more efficient than
Agda, one should consider that Agda does additional processing on the type-
checked terms (such as writing out syntax highlighting information, or storing
associated line ranges in code). We expect this additional work to be respon-
sible for a constant factor increase in resource usage by Agda with respect to

Tog*.

5.6.1 Impact of syntactic equality

With this example we can also measure the impact of the use of Rule schema 1
(syntactic equality). In Figure 5.11 we see how enabling Rule schema 1 has a
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Typechecking of the TT-in-TT examples
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Figure 5.9: CPU usage of the TT-in-TT examples, Agda vs Tog. We show
the results for the reflexive graph (Listings A.1+5.17), a part of the definition

of a precategory (Listings A.1+5.18), and a part of the definition of a setoid
(Listings A.1+5.19).
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Figure 5.10: Memory usage of the TT-in-TT examples in Figure 5.9.
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Typechecking of the TT-in-TT examples
12 -
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2 ° W
o . Tog* without syntactic equality
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Refl. é[raph Precat. (part) Setoid (part)
Structure

Figure 5.11: CPU usage of the TT-in-TT examples in Figure 5.9, with and
without syntactic equality.

results in a consistent and significant lowered CPU usage of Tog". The impact
on memory usage is less clear, as shown in Figure 5.12.
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Typechecking of the TT-in-TT examples

100

Implementation

. Tog*

. Tog* without syntactic equality

Memory (MB)

0 -

Refl. graph Precat. (part) Setoid (part)
Structure

Figure 5.12: Memory usage of the TT-in-TT examples in Figure 5.9, with and
without syntactic equality.

5.7 Related systems

One of our goals for this approach to unification is to allow flexibility in the
order in which constraints are solved, while preserving the well-typedness of
constraints at every step of the algorithm. In this section, we explain the
constraints that make the example in Section 5.6 particularly interesting for
us, and use it as a starting point to compare the power of Tog'’s unification
algorithm with that of other systems.

For the sake of readability, we define the following shorthands. The type
annotations are given for the sake of clarity; the definitions themselves are
purely metasyntactic.

u £ Bool x Bool : Set
set = (true, false) U

el (b:Bool) = (false, b) U

El (u:U) = if(\.Bool) (u.m) true (u.m,) : Bool

These shorthands mimic some sort of inductive data type (U) with two
constructors (set, el) and an inductively-defined function of type U — Bool
(i.e. E1l). Although our implementation does support inductive datatypes
(Section 5.3), we use these abbreviations in this section so that we can keep
the discussion within the syntax of our language as defined in Section 2.1.

We can now introduce Example 5.3. It is an example where finding a
solution relies on having flexibility for the order in which constraints are solved.
This example is a simplification of a problem which arises when typechecking
the case study in Section 5.6 (see Listing 5.13).
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Example 5.3 (Cross-dependent constraint). In the problem below, a meta-
variable @ occurs in a term (Ay.(a z)), which has to be unified with another
term (Ay.set), whose type (F (EL (ax)) — U) contains the same metavariable
a.

F : Bool — Set, P : (X : Set) — (x : X) — Set, « : Bool — U

2 :Bool P (F (E1 (ax)) — U) (Ay.set) : Set = P (F true — U) (Ay.(ax)) : Set

<

By Definition 4.22, the constraint in Example 5.3 decomposes into two
internal constraints, yielding the problem %(¥; €<10>, 6’(2()), where:

\gl
C
Ii3

= [ : Bool — Set, P : (X : Set) — (2 : X) — Set, « : Bool — U
=z : Bool{Bool - Set ~ Set : SetiSet

e # 4 : BoolfBool - P (F (E1 (az)) — U) (\y.set) ~

P (F true — U) (Ay.(a x)) : SetiSet

Q.
C)
g

The constraints are refined using Algorithm 2, following the steps below:

1. By Rule schema 1 (syntactic equality), E(0>;6’(10) ~ 2000 By
Rule schema 14 (strongly neutral terms), E(O);Ggo) Ay E(0>;C’(11)76’(21>,
where:

C’(ll> £ x : BooltBool - F (E1 (o)) — U= [ true — U : Set1Set
G(QD = x : BooliBool I (Ay.set) ~ (\y.(ax)) :
(F (E1 (ax)) — U){(F true — U)

Therefore, £©; €V ) Ay 501 e,
2. By Rule schema 3 (injectivity of II), X(©); 6(11) 2 200, 6’<12), €<22>, where:

8(12> £ x : BooltBool - F (E1 (o z)) =~ F true : SetSet
6(22> = x : BooltBool, y : F (E1 (v ))tF true - U & U : SetiSet

By Rule schema 11 (A-abstraction), 3(%); €<21) 5 20, @9, where:
6’532) £z : Bool,y : (F (E1 (ax)))i(F true)  set ~ o x : ULV

Therefore, (), C’gl), €<21> A+ 20, 6(12>, 6(22), 652)'

3. By Rule schema 14 (strongly neutral terms), E<0>;€(12> A Z(O);G(f'),
where:

C’<13) £ x : Booli{Bool - E1 () = true : Bool{Bool

By Rule schema 1 (syntactic equality), X(©; €<22> ~ 200,
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By Rule schema 2 (metavariable instantiation): E(o);@?) 2 2.0,
where:

¥ & [F: Bool — Set, P : (X : Set) — (x: X) — Set,
«:= A\x.set : Bool — U

Therefore, Zm);@(lz),@(;),@:(f) Ap* E(1>;€(13).
4. By Rule schema 8 (term conversion), pICE €<13) ~» B, 6’(14), where:

6’(14) £ 1 : Bool{Bool |- true = true : BooljBool

5. Finally, by Rule schema 1 (syntactic equality), »; €<14> ~ 20,

Because E(O>;C’<1O),C’(20) 4 X0 and £ is closed, by Theorem 4.31,
there exists a unique solution © such that © £ $(©): ¢ (10), C’éo), where:

© =T : Bool — Set, P : (X : Set) — (z: X) — Set,  := Az.set : Bool = U

5.7.1 Comparison with Coq, Matita, Idris, Lean and Tog

We test examples equivalent to Example 5.3 on the dependently-typed proof
assistants Coq 8.11.0, Matita 0.99.3, Idris 1.3.2, Lean 3.4.2, and also on the
original Tog. All of these implementations get stuck on the corresponding
example (see Listing 5.20, and, in appendix B, Listings B.1, B.2, B.3 and
B.4). In all cases, there is a metavariable alpha with a variable z in scope. In
all cases, the type checker is not able to infer a term for alpha, even though
set' is the unique solution. The example indeed type checks in all the proof
assistants once the solution for alpha is filled.

Listing 5.20: Minilang example in Cogq:

(* Atoms *)
Axiom F : bool -> Set.
Axiom Pred : forall (X : Set) (x : X), Set.

(* Shorthands *)

Definition U : Set := bool * bool.
Definition set' : U := (true, true).
Definition el' (b : bool) : U := (false, b).

Definition E1 (u : U) : bool :=
match (fst u) with
| true => false
| false => (snd u)
end.

(* Metavariables and constraints *)
Definition c1
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forall (x: bool),

let alpha : U := _ in
(Pred ((F (E1l alpha)) -> U) (fun y => set')) ->
(Pred ((F true) -> U) (fun y => alpha)) :=
fun x y =>y.
Output:
File "Minilang.v", line 22, characters 16-17:
Error:
In environment
X : bool
y : Pred (F (E1 ?2u) -> U) (fun _ : F (E1 ?u) => set')
The term "y" has type "Pred (F (E1 ?u) -> U) (fun _ : F (E1 ?u) => set')"
while it is expected to have type
"Pred (F true -> U) (fun _ : F true => 2u)".

5.7.2 Comparison with Agda

Agda is able to deal successfully with an example analogous to the ones in
Section 5.7.1. However, Agda’s unifier may at some times be over-eager when
comparing terms, which results in ill-typed terms in the course of unification,
as reported by Norell [33].

Consider the well-formed unification problem below. Note that F and f
could also be defined only in terms of if; we use pattern-matching syntax for
the sake of readability.

Nat : Set, F : Bool - Set
) F false = Bool
0 Nat, F true = Nat
1 : Nat,
2 : Nat, f : (b : Bool) » F b = Nat
D : Nat — Set f false false = 0
] g f false true =1
a : Nat — et f true x =2
. 0B : Nat — Bool,
9
- (x:Nat) > ax:Set~ (z:F(80)) > D(f(50)x): Set (1)
-F B : Nat — Bool ~ A.false : Nat — Bool (2)
‘Fao ~ DO : Set (3)

Coq, Matita, Idris, Lean, Tog and Tog' correctly instantiate 8 := \.false,
and then recognize that the resulting problem has no solution, because Nat #
F(50).

However, Agda will first solve constraint (1), incorrectly instantiating o
with an ill-typed term ([a:=Ax.D (f (80)x) : Nat — Set]). Agda will then
solve constraint (2), instantiating 5 := A.false : Nat — Bool. Finally, Agda
will attempt to solve constraint (3) by reducing the LHS to the ill-typed term
[D (f false 0)]. This leads to a crash in the Agda type checker, which assumes
that all intermediate terms are well-typed.
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This behaviour can result in unexpected crashes even in well-typed pro-
grams, for example when using instance search: see the issues reported by
Abel et al. [6], Abel et al. [8] and Norell [47].

5.7.3 Comparison with the twin variable approach

By implementing twin types in the style of Gundry and McBride [25, 27], Tog™
is able to type check an example analogous to the ones in Section 5.7.1. We
make certain changes to their unification rules to make them more amenable
to an implementation in the context of a dependent type checker such as Agda.

Twin contexts, but no twin variables: We have a strict separation of
variables on both sides of the context. That is, variables on the left hand
side of the constraint only reference the left hand size of the context, and
viceversa. Because it is always clear which side of a context a variable refers
to, we can dispense with the twin variable annotations (Section 3.10) alto-
gether. This reduces the space of possible terms, which is specially interesting
in an implementation with hash consing as it reduces the memory footprint
(Section 5.5.1).

Heterogeneous syntactic equality: Rule schema 1 (syntactic equality)
can immediately solve constraints in which both the LHS and the RHS are
syntactically identical. This rule mimics the one proposed by Gundry and
McBride [25, cf. (4.1) in Figure 4.14].

When type checking our case study (Section 5.6), enabling Rule schema 1
(syntactic equality) results in a significant speed-up compared to recursively
unifying the term using the remaining unification rules (Figure 5.11).

In our version of the rule, we only check whether the terms are equal, but
completely ignore the types. The soundness of the rule is justified in terms of
Definition 4.12 (heterogeneous equality).

By ignoring the types, we avoid the potential cost of comparing them for
equality. Also, because variables do not have twin type annotations, whether
the two sides of the context are equal does not need to be accounted for; in
fact, we ignore the context completely. Furthermore, when using hash consing,
the syntactic equality becomes a constant time operation. We expect that this
simplification of the rule leads to an improvement in performance.

Avoiding type checking in metavariable instantiation: The precondi-
tions for Rule schema 2 (metavariable instantiation) ensure that the body of
a has the right type; that is, ;- F Ay.t’ : A. As suggested by Gundry and
McBride [25, 27] and also as implemented in Tog, the implementation does not
type check the metavariable body (as is done in the original implementation
by Gundry [26]), but instead relies on conditions on the context and the types
to establish that the body of « has the right type.

In Rule schema 2 the preconditions for well-typedness of the body of o are
phrased in terms of Definition 4.37 (heterogeneously equal contexts modulo
variables) for the context and Definition 4.12 (heterogeneous equality) for the
type. However, the middle term of these heterogeneous equalities (e.g. v for
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140, Bt Sovl= w s AjTA,) is not computed explicitly in the implemen-
tation (Tog"). Instead, a unification constraint is associated with each twin
type, and the twin types are recognized as heterogeneously equal when the
corresponding constraint is solved.

Note that Definition 4.37 (heterogeneously equal contexts modulo vari-
ables) also performs a form of context strengthening, by ignoring those vari-
ables which are not used in the constraint. To make this strengthening sound,
our Definition 4.12 imposes an additional constraint on the free variables of
the middle term; namely, Fv(v) C Fv(t) UFV(u). In practice, this restriction
does not affect the choice of rules or the implementation of the algorithm, as
neither extracting subterms nor reducing terms according to Definition 2.41
(dn-normalization step) introduces new free variables.

Heterogeneous context currying: As opposed to the corresponding rule
by Gundry and McBride [25, cf. (4.15) in Figure 4.14], our context currying
rule (Rule schema 20) works for any context variable where both sides have
the required form, even if the two sides of the twin type are otherwise not
equal. Despite being more powerful in this sense, the implementation becomes
more straightforward than if we also had to check whether both sides of the
twin type can be unified.

Listing 5.14 shows an example where such heterogeneous currying is
needed. Here is a distilled version of the resulting constraint:

Example 5.4 (Heterogeneous currying constraint).

[ : Bool — Set,

P:(X:Set) = (z:X)— Set,

o : Bool =+ U

.=

P (3(x : Bool)(F ) —U) (Ay.el (y.my))

IR

P (X(z : Bool)(F (E1 (ax))) = U) (A\y. (y .7m1))
: SetiSet

The unique solution is © £ F : Bool — Set,P : (X : Set) — (z : X) —
Set, o := Az.el z : Bool — U]. |

The resulting example can be solved by using Rule schema 20 (context
variable currying), but it is not obvious to us that it can be tackled with the
rules proposed by Gundry and McBride [25, cf. Figure 4.14].

Otherwise, both Gundry and McBride’s approach [25] and ours seem to be
similar regarding the kind of constraints that they can solve.

Most general unifiers vs. closed metasubstitutions: Our correctness
theorem is phrased in the style of Abel and Pientka [3]. Solutions are (closed)
metasubstitutions ©, in which each metavariable is assigned a closed term. By
contrast, Gundry and McBride phrase the correctness in terms of producing a
most general unifier.
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For a program to be type-correct, closed solutions to all metavariables must
be found, in which case the most general unifier will also be the unique closed
solution.

If no closed solution exists, it is possible that the original problem may be
reduced to a problem with no constraints (e.g. ;€ ¥’:[0), where some of
the metavariables in ¥” are uninstantiated.

One important difference between the most-general unifier approach and
the closed metasubstitution approach is that the former automatically im-
plies the open-world assumption (Section 4.6.1), which means in particular
that extending the signature with additional constants does not invalidate the
uniqueness of the obtained solutions. With closed metasubstitutions, whether
this assumption holds or not depends on the specific rules used. As we explain
in Remark 4.57, the assumption does hold for our choice of unification rules.

5.8 Future work

The goal of this line of research is a verified-correct implementation of depen-
dent type checking with implicit arguments. Our work gets us closer to this
goal, but leaves however some main questions unaddressed.

Postulates: We make a limited number of assumptions which correspond to
our intuition about how terms in the type theory we work in should behave.

However, as of November 2018, and according to Krishnaswami [32], prov-
ing the correctness of hereditary substitution in a dependently-typed language
with large elimination without resorting to a larger theory with explicit sub-
stitutions is an open question.

A proof of correctness of unification in the given type theory necessitates
a proper stratification of Set that replaces the SET rule. The existence of
hereditarily-substituted terms in the resulting, stratified theory must then be
addressed.

Termination and coverage of unification: We only address the correct-
ness of the individual rules that make up the algorithm. However, we do not
assess whether the unification algorithm always terminates, and under which
circumstances it can find a solution.

As Gundry and McBride explain in Gundry’s thesis [25], the rule SET easily
leads to non-termination. Once the theory is properly stratified the question
of whether the algorithm terminates can be considered.

Mazzoli and Abel [36] show that unification problems arising from the elab-
oration of programs without metavariables always fall entirely in the pattern
fragment, and thus, if the program is well-typed, then the resulting unification
problem can always be solved by pattern unification. Because our unifica-
tion algorithm is implemented using their algorithm as a starting point, we
conjecture that this property also holds for our implementation.

Singleton types with n-equality: The case study in Section 5.6 makes use
of singleton types with n-equality in order to avoid the need to write empty
environments explicitly.
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Agda uses the m-equality in a sound way, but ignores the impact it has
on completeness when it comes to pruning. Thus, pruning may produce non-
unique solutions [7]. However, due to lack of evidence of the practical impact
of this issue, the behaviour is still in place in Agda.

In our implementation (Tog"), we introduce a unit type with n-equality,
but simultaneously weaken Rule schema 17 (metavariable pruning) and
Rule schema 14 (strongly neutral terms) with the aim of preserving
correctness.

A full solution would be able to preserve the full power of pruning while
addressing the issues that n-equality for singleton types presents for its com-
pleteness. This would however require keeping track of the necessary infor-
mation about the types of subterms, which would in turn require important
changes in our implementation. We consider this out of the scope of this work.

Generalization of performance: The example we choose performs ade-
quately with the hash-consing implementation. However, hash-consing has
its own drawbacks. A successful implementation must either also use hash-
consing and/or find a mechanism to deal with the duplicated effort due to the
twin types.

We believe that by perfecting the book keeping associated with twin types
explained in Section 5.2.3, it would be possible to minimize the presence of
twin types in the constraints, and also reduce the amount of redundant com-
putation.

Signature ordering and occurs check: By Definition 2.151 (signature
extension) and Lemma 2.155 (preservation of judgments under signature ex-
tensions), reordering a signature does not affect which judgments hold under
the signature (as long as the resulting signature is well-formed). Therefore,
the ordering of the signature is of limited relevance, as long as an ordering
which makes the signature well-formed exists.

When implementing the algorithm in Section 5.1, we do not reorder the
signature as needed. Instead, the signature is kept as an unordered set.

{A:Set,a:=F:A[F:=a:Ao:A}

However, in this unordered signature, a cyclic dependency between
metavariables could lead to an infinite sequence of reductions:

Y= {A:Set,a:=0:A[:=a:A}
E;~Fa—)5nﬁ—>5na—>5n5—>6n...:A

The issue is that the body of o mentions S which in turn mentions a.
To avoid this issue, before instantiating a metavariable, we perform an occurs
check to ensure that instantiation will not introduce any cyclic dependencies
in the signature between metavariable bodies.

Another problem in an unordered signature is that of metavariables or
atoms occurring directly or indirectly in their own type. This leads to what is
called “very dependent types”, and allows perplexing declarations such as the
following:
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{a:=DpB:Set,f:=d:a,D:a— Set,d: D3}

However, no analogous check is performed for the occurrence of constants
in their types in our implementation at the point of instantiation. This is
neither done in Agda, as reported by Abel et al. [5] using the example above.

Unlike metavariables occurring in themselves, which can easily lead to non-
termination, examples such as the one above do not seem to be an issue for
Agda in practice. The lack of cycles in the declarations in the final signature
can be ensured after unification is completed, which was done by Agda together
with the termination check for recursive function definitions (until this check
was disabled for practical reasons [5]).

5.9 Conclusions

This thesis demonstrates how the techniques by Mazzoli and Abel [36] and
Gundry and McBride [27] can be leveraged and extended in order to type-
check challenging dependently typed programs.

At the elaboration phase, we use the algorithm proposed by Mazzoli and
Abel [36] with some minor modifications (Section 5.5.2).

For unification, we take the algorithm by Gundry and McBride [27], sim-
plify it, and extend it with a shortcut syntactic equality (Rule schema 1) and
context currying for twin variables (Rule schema 20).

In Section 4.5 we provide a detailed argument for the correctness of our uni-
fication rules, modulo some (admitedly incorrect) postulates. The correctness
argument is done on the same term representation as is used in the imple-
mentation (B-normal terms, no explicit substitutions, variables as deBruijn
indices). Despite its reliance on certain postulates about the type theory, and
the difficulty of trusting large technical proofs that have not been machine-
checked, we believe that the correctness argument is detailed enough to provide
a good level of assurance of the soundness and completeness of the unification
rules.

The evaluation section suggests that implementing a unification algorithm
based on twin-types in a dependently-typed programming language such as
Agda could be done while using the same underlying type theory, and result
in an improved preservation of internal invariants over the current state of
affairs.

There are still mismatches between the theoretical rules (Section 4.5) and
the actual implementation (Section 5.1), which are recounted in Section 5.8.
Many of these mismatches are also shared with the Agda implementation; we
hope that this thesis will show the more salient obstacles which stand in the
way of a completely invariant-preserving implementation.

Finally, our prototype uses hash consing as a quick-and-dirty alternative
to the years of optimization work done by the Agda community. The fact that
a straightforward optimization such as hash consing results in type-checking
times comparable to the current Agda implementation suggests that the our
unification technique could be implemented in an existing proof assistant with-
out drastically increasing its resource usage. It also suggests that hash consing
may in some cases be a potentially useful optimization.



Appendix A

Code for the TT-in-TT
case study

Listing A.1: Definition of the dependently-typed language
module TTINTT where

- We define a substitutitivity property using the
- J axiom.
subst : {A : Set} {x y : A} (P : A -> Set) ->
X=y ->Px ->Py
subst P=J (\ xy _ ->Px ->Py) (\ xp ->p)

- We define the type with no elements as its Church encoding
Empty : Set
Empty = (A : Set) -> A

- We define the unit type with m-equality.

- All values of type Unit are definitionally equal to tt.
record Unit : Set
record Unit where

constructor tt

- We define a sum type as follows
data Either (A : Set) (B : Set) : Set
data Either A B where

left : A -> Either A B

right : B -> Either A B

- We define a X -type with m-equality, as in the
- theoretical development.
record Sigma (A : Set) (B : A -> Set) : Set
record Sigma A B where
constructor pair
field

199
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fst : A
snd : B fst

- This is the uncurry operation for Y -types, which
- mimics the uncurry operation for pairs in Haskell
uncurry : {A : Set} {B : A -> Set} {C : Sigma A B -> Set} ->
((x : A) (y : Bx) ->C (pair x y)) ->
((p : Sigma A B) -> C p)
uncurry f p = f (fst p) (snd p)

- Non-depedent product types are a specific case of
-- X-types.
Times : Set -> Set -> Set
Times A B = Sigma A (\ _ -> B)

- A universe
- We define a datatype to encode a fragment of the universe of types
- in dependent type theory. Note that this is an inductive-recursive
- definition, because a function that eliminates from U (i.e. El) is
- used in the definition of U itself.

data U : Set

El : U -> Set

data U where

set .U

el : Set -> U

sigma : (a : U) -> (El a ->U) -> U
pi :(a: U ->(Ela->U ->U

- The El function returns the Agda type corresponding to a
- given code (i.e. a term of type U).

El set = Set

El (el A) A

El (sigma a b) = Sigma (E1 a) (\ x -> E1l (b x))
El (pi a b) (x : E1 a) -> E1 (b x)

- Abbreviations.

fun : U -> U -> U
fun a b =pia (\_ ->b)

times : U ->U -> U
times a b = sigma a (\ _ -> b)
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- We now define a language to describe a fragment of dependent type
- theory with a universe of types U. We do this by defining syntax
- for contexts, variables, types and terms.

- Contexts

data Ctxt : Set

- Types.

Ty : Ctxt -> Set

- Environments.

Env : Ctxt -> Set

- A context is a list of types. Each type in the list is typed
in the preceding context G.

data Ctxt where
empty : Ctxt
snoc : (G : Ctxt) -> Ty G -> Ctxt

- A type gives a code for each possible assignment of Agda terms to the
- variables in the context.

Ty G = Env G -> U
- The environment associated to a context is an Agda type whose
- elements are assignments of terms to each of the variables in the

- context of the Agda type corresponding to the type of that variable.

Env empty = Unit
Env (snoc G s) Sigma (Env G) (\ g -> El (s g))

- Variables are represented by their corresponding de Bruijn indices,
- using the auxiliary functions zero and suc.

- Var G T is the type of variables of type T in context G.
- Such a variable is either:
- The last variable in the context, if, for an abstract
environment 'g', the code of that variable's type (s (fst g))
is equal to (t g).
- A variable of some type 'u' in the preceding context, if, for
an abstract environment 'g', the code of that variable’s type
(u (fst g)) is equal to (t g).

- In both cases, s and u are typed only in the initial fragment of
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- the context (all variables except the last), so we restrict the
- environment g to its initial segment (fst g).
Var : (G : Ctxt) -> Ty G -> Set

Var empty t = Empty
Var (snoc G s) t =
Either ((\ g -> s (fst g)) == t)

(Sigma _ (\ u -> Times ((\ g -> u (fst g)) == t) (Var G u)))

- The variable (zero) has type s in any context where the last
- variable has type s.
zero : {G : _} {s : _} ->
Var (snoc G s) (\ g -> s (fst g))
zero = left refl

- If x has type t in G, then (suc x) has type t in the extended
- context (snoc G s).
suc : {G : _} {s : _} {t : _}
(x : Var G t) ->
Var (snoc G s) (\ g -> t (fst g))
suc x = right (pair _ (pair refl x))

- A lookup function.
- Given a variable and an environment, the term mapped to that
- variable in the environment is returned.
lookup : (G : Ctxt) (s : Ty G) ->Var Gs -> (g : Env G) -> El (s g)
lookup empty _ absurd _ = absurd _
lookup (snoc vs v) _ (left eq) g = subst (\ f -> E1l (f g)) eq (snd g)
lookup (snoc vs v) t (right p) g =
subst (\ f -> E1 (f g)) (fst (snd p))
(lookup _ _ (snd (snd p)) (fst g))

- A language

- Syntax for types.
data Type (G : Ctxt) (s : Ty G) : Set

- Terms.
data Term (G : Ctxt) (s : Ty G) : Set

- The semantics of a term.

- eval gives the Agda term corresponding to a term in the language.
eval : {G: _} {s : _} ->Term G s -> (g : Env G) -> El (s g)

- When defining the Agda types for language types and language terms,

- we use equality proofs to make up for the lack of support for
indices in Tog datatypes.
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data Type G s where
set'' : s = (\ _ ->set) -> Type G s
- Terms of type 'set' represent codes of types. To obtain the
- corresponding type, we apply el'' to the term.

el'! : (x @ Term G (\ _ -> set)) ->
(\ g -> el (eval {G} {\_ -> set} x g)) == s ->
Type G s

sigma'' : {t : _} {u: _} ->
Type G t ->

Type (snoc G t) u ->
(\ g -> sigma (t g) (\v ->u (pair g v))) ==s ->
Type G s
pi'' s {t 3 {u: _} ->
Type G t ->
Type (snoc G t) u ->
(N\g ->pi (tg (\v ->u (pair g v))) ==s ->
Type G s

data Term G s where
var :Var G s -> Term G s
lam'" @ {t : _} {u : _} ->
Term (snoc G t) (uncurry u) ->
(Ng >pi(tg (N\v->ugv)) =35 ->
Term G s
app'' : {t : _} {u: (g : Env G) ->El (t g ->U} ->
Term G (\ g ->pi (tg) (\Nv -=>ugyv)) ->
(t2 : Term G t) ->
(\g ->u g (eval t2 g)) == ->
Term G s
- For conciseness, we do not include the constructors and
- eliminators for the X -type

- The interpretation of a variable is obtained from the environment
eval (var x) g = lookup _ _ x g
- The interpretation of a \-abstraction is an Agda function, where
- the bound variable is added to the environment.
eval (lam'' t eq) g = subst (\ f -> E1 (f g)) eq
(\ v -> eval t (pair g v))
- The interpretation of an application is the Agda function
- application of the evaluation of the terms.
eval (app'' t1 t2 eq) g = subst (\ f -> E1l (f g)) eq
(eval t1 g (eval t2 g))

- Abbreviations.
- These abbreviations make up for the lack of support for indices in
- Tog datatypes.

set' : {G : Ctxt} -> Type G (\ _ -> set)

set' = set'' refl
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el' :

el' x

sigma'

sigma'

pi' :

pi' s

lam :

lam t

app :

app t1

APPENDIX A. CODE FOR THE TT-IN-TT CASE STUDY

{G : Ctxt}

(x : Term G (\ _ -> set)) ->

Type G (\ g -> el (eval {G} {\_ -> set} x g))
=el'' x refl

: {G : Ctxt} {t : Env G -> U} {u : Env (snoc G t) -> U} ->
Type G t ->
Type (snoc G t) u ->
Type G (\ g -> sigma (t g) (\ v -> u (pair g v)))

st =sigma'' s t refl

{G: 3 A{t:_}{u:_} >

Type G t ->

Type (snoc G t) u ->

Type G (\ g ->pi (t g) (\v ->u (pair g v)))
t =pi''" st refl

{G: _3A{t: _}{u:_} >

Term (snoc G t) (uncurry u) ->

Term G (\ g ->pi (tg) (\v ->ugv))
= lam'' t refl

{G: _3{t:_Y{u:(g:EnvG ->El (tg) ->U} ->
Term G (\ g -=>pi (tg) (\N\v ->ugyv)) ->
(t2 : Term G t) ->
Term G (\ g -> u g (eval t2 g))
t2 = app'' t1 t2 refl
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Code and output of system
comparisons

Listing B.1: Minilang example in Idris:
module Minilang

- Atoms
postulate F : Bool -> Type
postulate P : (X : Type) -> (x : X) -> Type

- Shorthands - -
U : Type
U = (Bool, Bool)

Set' : U
Set' = (True, True)

El' : Bool -> U
E1l' b = (False, b)

El1 : U -> Bool
El u = if (fst u) then True else (snd u)

postulate ¢ : {alpha : Bool -> U} ->
let ty1 : Type = (x : Bool) -> (F (E1 (alpha x))) -> U
ty2 : Type = Bool -> (F True ) -> U in
(P tyl (\x , y =>Set'), P ty2 (\x , y => alpha x))

postulate AreEqual : {A : Type} -> (A, A) -> Type
- Constraints
cl : Type

c1l = AreEqual c

205
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Output:

Minilang.idr:30:6-15:
|
30 | c1 = AreEqual c
| ~~~~~~~~~~
When checking right hand side of c1 with expected type
Type

When checking an application of Minilang.AreEqual:
Type mismatch between
(P ((x : Bool) -> F (E1 (alpha x)) -> U) (\x8, y => Set'),
P (Bool -> F True -> U) (\x10, y11 => alpha x10)) (Type of c)
and
(P (Bool -> F True -> (Bool, Bool)) (\x10, y11 => alpha x10),
P (Bool -> F True -> (Bool, Bool))
(\x10, y11 => alpha x10)) (Expected type)

Specifically:
Type mismatch between
P ((x : Bool) ->
F (if fst (alpha x) then True else snd (alpha x)) ->
(Bool, Bool))
(\x8, y => (True, True))
and
P (Bool -> F True -> (Bool, Bool))
(\x10, y11 => alpha x10)

[ExitFailure: 1]

Listing B.2: Minilang example in Lean:

constant F : bool -> Type
constant B : Type
constant P : Il (X : Type), X -> Type

- Shorthands
def U : Type := bool x bool
def set' : U = (tt, tt)

def el' (b : bool) : U := (ff, b)

def E1 (u : U) : bool :=
match u.1 with
| tt = tt
| ff = wu.2
end

-- (* Metavariables and constraints *)
def c1
let alpha (x : bool) : U :

1
[
=
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(P (Il (x : bool), (F (E1 (alpha x))) ->U) (A x vy, set')) ->
(P (IT (x : bool), (F true) -> U) (A xy, alpha x)) :=
A X, X

Output:

Minilang.lean:18:34:
error: don't know how to synthesize placeholder
context:
X : bool
u
[ExitFailure: 1]

Listing B.3: Minilang example in Matita:

include "basics/bool.ma".
include "basics/types.ma".

(* Atoms %)

axiom F : bool -> Type[@].

axiom B : Type[0].

axiom P : (II (X : Type[@]). II (x : X). Typel[@]).

(* Shorthands *)

definition U : Typel[@] bool x bool.
definition mkSet U true , true .
definition mkEl (b : bool) : U false , b .

definition E1 (u : U) : bool match (\fst u) with
[ true => true
| false => (\snd u)
1.

(* Metavariables and constraints x)
definition c1
let alpha : bool » U Ax.? in

(P (IT (x : bool). (F (E1l (alpha x))) =» U) (A x. X y. mkSet)) -

(P (II (x : bool). (F true) - U) (N x. N\ y. alpha x))
N X. X.
Output:

*kkkkxxxx%x DISAMBIGUATION ERRORS: #****%xk%%**
*%x%%% Errors obtained during phases 4: *#x%%
*Error at 721-722: The term

X

has type

(P ( x:bool.F (E1 259[...1)-U) (Ax:bool.\y:F (El ?59[...]1).mkSet))

but is here used with type
(P ( x:bool.F true-U) (Ax:bool.A\y:F true.?59[...1))
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*xxxx Errors obtained during phases 3: **xxx

*Error at 721-722: The term

X

has type

(P ( x:bool.F (E1 ?58[...1)=U) (Ax:bool.X\y:F (E1 ?58[...]).mkSet))
but is here used with type

(P ( x:bool.F true-U) (Ax:bool.\y:F true.?58[...1))

*%x%%% Errors obtained during phases 2: *#x%%

*Error at 721-722: The term

X

has type

(P ( x:bool.F (E1 ?57[...1)»U) (Ax:bool.\y:F (E1 ?57[...]).mkSet))
but is here used with type

(P ( x:bool.F true-U) (Ax:bool.\y:F true.?57[...1))

*xxxx Errors obtained during phases 1: **xxx

*Error at 721-722: The term

X

has type

(P ( x:bool.F (E1 ?56[...1)=U) (Ax:bool.\y:F (E1 ?56[...]).mkSet))
but is here used with type

(P ( x:bool.F true-U) (Ax:bool.\y:F true.?56[...1))

Info: Compilation failed
[ExitFailure: 1]
Listing B.4: Minilang example in Tog:
module Minilang where
record Sigma (A : Set) (B : A -> Set) : Set

record Sigma A B where
constructor pair

field
fst : A
snd : B fst

data Bool : Set where
true : Bool
false : Bool

if : (A : Bool -> Set) -> (b : Bool) -> A true -> A false -> A b
if _ true x vy = x
if _ false x y =y

- Atoms
postulate F : Bool -> Set
postulate P : (X : Set) -> (x : X) -> Set
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- Shorthands --
U : Set
U = Sigma Bool (\_ -> Bool)
set' : U
set' = pair true true

El : U -> Bool
El u = if (\_ -> Bool) (fst u) true (snd u)

alpha : Bool -> U

alpha x = _
- Constraints
cl : (P ((x : Bool) -> F (El (alpha x)) -> U) (A\x -> \y -> set')) ->
(P ((_ : Bool) -> F true > U) (\x -> \y -> alpha x))
cl x = x
Output

- Solved Metas: 193
- Unsolved Metas: 3

_184 (38:60) : Minilang.Bool -> Minilang.Bool

_185 (38:60) : Minilang.Bool -> Minilang.Bool

_196 (39:8)
Minilang.P
((x : Minilang.Bool) ->
Minilang.F
(Minilang.if (\_ -> Minilang.Bool) (_184 0#x)
Minilang. true
(_185 o#tx)) ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool))
(\_ _ -> Minilang.pair Minilang.true Minilang.true) ->
Minilang.P
(Minilang.Bool ->
Minilang.F Minilang.true ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool))
(\x _ -> Minilang.pair (_184 1#x) (_185 1#x))

- Unsolved problems: 1
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*x Waiting on [128, 127] [[_184]]
[ x : Minilang.P
((x : Minilang.Bool) ->
Minilang.F
(Minilang.if (\_ -> Minilang.Bool) (_184 0#x)
Minilang.true
(_185 o#x)) ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool))
(\_ _ -> Minilang.pair Minilang.true Minilang.true)
; _ : Minilang.Bool
11-
Minilang.if (\_ -> Minilang.Bool) (_184 0#x)
Minilang. true
(_185 @#x) = Minilang.true : Minilang.Bool
>>
UnifySpine
ctx:
[ x : Minilang.P
((x : Minilang.Bool) ->
Minilang.F
(Minilang.if (\_ -> Minilang.Bool) (_184 0#x)
Minilang.true
(_185 0#x)) ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool))
(\_ _ -> Minilang.pair Minilang.true Minilang.true)
; _ : Minilang.Bool
]
type: (Minilang.F Minilang.true -> Set) -> Set
h: no head
elims1:
[ $ \_ -> Minilang.Sigma Minilang.Bool
(\_ -> Minilang.Bool)
]
elims2:
[ $ \_ -> Minilang.Sigma Minilang.Bool
(\_ -> Minilang.Bool)

>>
UnifySpine
ctx:
[ x : Minilang.P
((x : Minilang.Bool) ->
Minilang.F
(Minilang.if (\_ -> Minilang.Bool) (_184 0#x)
Minilang.true
(_185 o#x)) ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool))
(\_ _ -> Minilang.pair Minilang.true Minilang.true)
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type:
(Minilang.Bool ->
Minilang.F Minilang.true ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool)) ->

Set
h:
Minilang.P
(Minilang.Bool ->
Minilang.F Minilang.true ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool))
elims1:
[ $ \x _ -> Minilang.pair (_184 1#x) (_185 1#x) ]
elims2:
[ $\_ _ ->Minilang.pair Minilang.true Minilang.true ]

>>
[ x : Minilang.P
((x : Minilang.Bool) ->
Minilang.F
(Minilang.if (\_ -> Minilang.Bool) (_184 0#x)
Minilang. true
(_185 0#x)) ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool))
(\_ _ -> Minilang.pair Minilang.true Minilang.true)
11-
_196 0#x

Q#x

Minilang.P
(Minilang.Bool ->
Minilang.F Minilang.true ->
Minilang.Sigma Minilang.Bool (\_ -> Minilang.Bool))
(\x _ -> Minilang.pair (_184 1#x) (_185 1#x))
Type error:
Error at 90:0 :
UnsolvedMetas [_184
[ExitFailure: 1]

185, _196]

y - y -
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