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Abstract. Type-checking algorithms for dependent type theories often
rely on the interpretation of terms in some semantic domain of wvalues
when checking equalities. Here we analyze a version of Coquand’s algo-
rithm for checking the #n-equality of such semantic values in a theory
with a predicative universe hierarchy and large elimination rules. Al-
though this algorithm does not rely on normalization by evaluation ex-
plicitly, we show that similar ideas can be employed for its verification.
In particular, our proof uses the new notions of contertual reification and
strong semantic equality.

The algorithm is part of a bi-directional type checking algorithm which
checks whether a normal term has a certain semantic type, a technique
used in the proof assistants Agda and Epigram. We work with an abstract
notion of semantic domain in order to accommodate a variety of possible
implementation techniques, such as normal forms, weak head normal
forms, closures, and compiled code. Our aim is to get closer than previous
work to verifying the type-checking algorithms which are actually used
in practice.

1 Introduction

Proof assistants based on dependent type theory have now been around for
about 25 years. The most prominent representative, Coq [INRQT], has become
a mature system. It can now be used for larger scale program development
and verification, as Leroy’s ongoing implementation of a verified compiler shows
[Ler06]. Functional programmers have also become more and more interested
in using dependent types to ensure program and data structure invariants. New
functional languages with dependent types such as Agda 2 [Nor(7] and Epigram 2
[CAMOT] enjoy increasing popularity.

Although many questions about properties of dependent type theories have
been settled in the 1990s, some problems are still waiting for a satisfactory
solution. One example is the treatment of equality in implementations of proof
assistants. When we check that a dependently typed program is well-typed,
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we may need to test whether two types are definitionally equal (convertible).
Although it is of course impossible for a system to recognize all semantically
equal types, a user will feel more comfortable if it can recognize as many as
possible. Whenever it fails the user has to resort to proving manually that the
types are equal. This has the additional drawback of introducing proof-objects
for these equalities. In recent years there has therefore been a move from -
equality (computational equality) to the stronger (n-equality (computational
and extensional equality).

Recently, algorithms for testing fBn-equality have been formulated and ver-
ified by the authors both for an untyped notion of conversion [AAD07] and
for typed equality judgements [ACDOQT]. These algorithms use the technique
of normalization by evaluation (NbE). However, the algorithms used by proof
assistants such as Agda and Epigram [CAMQT7|, use Coquand’s (n-conversion
test for semantic ”values”, and do not employ the NbE-technique of the above-
mentioned papers. Moreover, there is a gap between algorithms on paper and
their actual implementation. Proofs on paper are often informal about the treat-
ment of variable names, and they tend to represent values as pieces of abstract
syntax. Besides Pollack’s [Pol94], Coquand’s algorithm [Coq96] is a notable ex-
ception: values are represented as closures, and the algorithm explicitly deals
with a-equivalence by replacing variables by numbers (de Bruijn levels).

We here continue the work of the second author and verify an implementation
of the n-conversion test close to the one used in practice. In particular:

— Equality is checked incrementally, and not by full normalization followed by
a test for syntactical identity.

— The representation of values is abstract. We only require that they form a
syntactical applicative structure. In this way, several possible implementa-
tions, such as normal forms, closures, and abstract machine code, are covered
by our verification.

— The verification approach is extensible: Although we only spell out the proofs
for a core of type theory with predicative universes, our development extends
to richer languages. We can for example include a unit type, X types, proof
irrelevance, and inductive types with large eliminations.

Overview. In Sec.[2]we present an abstract type and equality checking algorithm,
which only assumes that the domain of values forms a syntactical applicative
structure. In Sec. [3| inference rules for typing and type equality are given for a
version of Martin-Lof type theory with explicit substitutions. An outline of the
verification is given in Sec. |4 together with a definition of contextual reification,
our main tool for verification. Using contextual reification, an alternative equal-
ity test can be formulated, which is shown complete in Sec. |5} by construction
of a Kripke model, and proven sound in Sec. [f] via a Kripke logical relation.
Completeness of the original algorithm then follows easily in Sec. [7} For sound-
ness, we have to introduce a Kripke logical relation and the concept of strong
semantic equality in Sec. [8] In Sec. [9] we discuss the problem of termination of
the equality algorithm, which remains open.



2 Semantic Type and Equality Checking

We consider dependently typed programs p to be given as lists of the form

Zo :Vb = Vo

Tp—1 - anl = Up—1

where z; is a identifier, V; its type, and v; the definition of x; for i < n. (Typically
x; will be a function identifier and v; the function definition.) The identifiers
are not defined simultaneously (which would correspond to mutual recursion),
but one-after-another. Hence, V; and v; may only refer to previously defined
identifiers x; for j < ¢. A program is type correct if each V; is a well-formed type
and each v; is a term of type V;. To establish this, the type and definition of the
previously defined identifiers may be used. It is reasonable to assume and easy
to check that the global identifiers x; are all distinct; global declarations should
not be shadowed. However, local shadowing is allowed; the identifiers x; may be
reused in some of the v; or V;. Our type checking algorithm handles shadowing
correctly without any informal use of a-conversion.

Dependent types need to be evaluated during type checking. Thus it is com-
mon to store them in evaluated form. Without going into further details now,
let vp (Vp) denote the evaluation of term v (type V) in environment p. The
environment maps already checked identifiers to their values. A typing context
A maps already checked identifiers to their types (in evaluated form). Checking
a program starts in an empty environment py and an empty typing context Ay.
Fori=0,...,n— 1, we execute the following steps:

1. Check that V; is a well-formed type in the current context A;.

2. Evaluate V; in the current environment: X; = V;p;.

3. Check that v; is of type X; in the current context. This test is written
A; Fv; §ig t X, where djq is the identity map on names.

4. Evaluate v; and extend the current environment by binding z; to the result:
Pi+1 = (/)i,wi = Uipz')-

5. Extend the current context: A1 = A, x;: X;.

The details of type checking depend on the language. We here show how to
verify an algorithm for a core language with dependent function types and pred-
icative universes. This language is enriched with natural numbers and primitive
recursion. However, the algorithms and proofs in this work directly extend to
dependent tuples (X and unit type).

2.1 Syntax

Ezxpressions r, s, t are formed from variables  and constants ¢ by application r s
and function abstraction Azt. The types V; and terms v; of a program p = (x; :



V; = v;); must be in normal form.

Var >uz,y,2 U=, X1, X2, .. variables

Const 3 ¢ x=N|z|s|rec|Fun|Set; constants (i € N)

Exp or,s,t s=cla|dat|rs expressions

Nf  So,w,V,Wu=u|Xxv|N|z]|sv|FunV A xW | Set; Bi-normal expressions
Ne >Su s=x | uv|recVo,vsu neutral expressions

The set Var of variable identifiers contains, among others, the special variables
X1,X2, ... which are called de Bruijn levels. To aid the reader, we use the let-
ters A, B,C,V,W for expressions which are to be understood as types and
r,s,t,u,v,w for terms. Dependent function types, usually written IIx : A. B,
are written Fun A A\x B. When B does not depend on z we have a non-dependent
function type and write A — B.

An expression like Fun A Az B is parsed as (Fun A) (AzB); application is left-
associative. To save on parentheses, we introduce the notation Ax.t where the
dot opens a parenthesis which closes as far to the right as syntactically possible.
For instance Az.r s is short for Az (r s), whereas Azr s means (Azr) s.

We use the abbreviation Rec (C) for the type of the primitive recursion com-
binator rec (C) with the result type C'n depending on n : N.

Rec(C)=Cz— (FunN (An.Cn — C(sn))) — FunNC.

The hello world program of dependent types, the polymorphic identity, becomes
in our notation

id : Fun Setg AMA. A — A = A A)aa.

The predicative universes Set; are types of types. A well-formed type V : Set;
lives in universe ¢ and above. A universe Set; lives in higher universes Set;, j > 1.

2.2 Values

In implementations of dependently typed languages, different representations
of values have been chosen: Twelf [PS99] uses de Bruijn terms with explicit
substitutions; Agda 2 |[Nor(7] de Bruijn terms in normal form; and Epigram
2 [CAMOT] higher-order abstract syntax. Furthermore, the second author has
suggested to use closures [Coq96]. In this article, we abstract over several possible
representations, by considering a syntactical applicative structure with atoms.

Applicative structure with atoms. This is an applicative structure (D, --_) which
includes all variables and constants as atoms (Var U Const C D). Elements of D
are denoted by d,e, f, X,Y, Z E, F and called values or objects. Neutral values
are given inductively by e, F ::= x | e-d | rec- F - d, - ds - e. Neutral application is
injective: If e-d = ¢’ - d’, then ¢ = ¢’ and d = d’. Similarly, if rec- F'-d, -ds-e =
rec- F'-d.-d. e then F=F' d, =d,, ds = d,, and e = ¢'. Neutral values are
distinct, for instance, z-d # y-d' #rec- F -d, - d, - e. We will sometimes write
application as juxtaposition, especially in neutral and constructed values.



The constants Set;, N, and z are constructors of arity 0, s is a constructor
of arity 1 and Fun is a constructor of arity 2. Constructors are injective, thus,
Fun X F = Fun X’ F’ implies X = X’ and F = F’. Constructed values, i.e., of
the form cd, are distinguished from each other and from neutral values, e.g.,
z#sd# xd. The constant rec implements primitive recursion via the laws:

APP-REC-Z recFd,ds, z=d,
APP-REC-S recFd,ds-(sd)=ds-d-(recFd,ds-d)

It is decidable whether an object is neutral, constructed, or neither. If an object
is neutral, we can extract the head variable and the arguments, and similar for
constructed objects.

Syntactical applicative structure with atoms. We enrich the applicative structure
with an evaluation operation tp € D for expressions t € Exp in an environment
p : Var — D. Let pjq denote the identity environment. The following axioms must
hold for evaluation.

EVAL-C cp=c
EVAL-VAR xp = p(x)
EVAL-FUN-E (rs)p=rp-sp
APP-FUN  (Aat)p-d=t(p,x=d)

An applicative structure which satisfies these equations is called a syntactical
applicative structure (D, _- _, __). Barendregt [Bar84, 5.3.1.] adds a sanity con-
dition that the evaluation of an expression may only depend on the valuations
of its free variables, but we will not require it. All syntactical A-models [BL84]
[Bar84, 5.3.2.(ii)] are instances of syntactical applicative structures, yet they
must additionally fulfill weak extensionality ().

An instance: closures. There are applicative structures which are neither A-
models nor combinatory algebras, for example the representation of values by
closures. Values are given by the grammar

D>d::
e

[Aatlp | e
clzled

where [Azt]p is a closure such that p provides a value for each free variable in
Azxt. Evaluation does not proceed under binders; it is given by the above axioms
plus:

EVAL-FUN-1 (Axt)p = [Axt]p

APP-NE e-d=ed

Closures are a standard tool for building interpreters for A-calculi; the second au-
thor has used them to implement a type checker [Coq96]. While for the soundness
proof he requires weak extensionality in D, we will not; instead, extensionality
of functions in Type Theory is proven via a Kripke model (Section .



2.3 Type Checking

In this section, we present a bidirectional type-checking algorithm [PT98] which
checks a normal term against a type and infers the type of a normal expression.
In the dependently typed setting, where types may contain computations, the
principled approach is to keep types in evaluated form. During the course of
type-checking we will have to evaluate terms (see rule INF-FUN-E below). To
avoid non-termination, it is crucial to only evaluate terms which have already
been type checked.

We are ready to present the semantic type checking algorithm, where “se-
mantic” refers to the fact that types are values in D and not type expressions.
As usual we describe it using inference rules. These can be read as the clauses
of logic programs and we specify the modes (input and output). Note that the
modes are not part of the mathematical definition of the inductive judgements—
they only describe how the judgements should be executed. Since the rules are
deterministic, they also describe a functional implementation of type checking,
which can be obtained mechanically from the rules.

In the following definitions d ranges over special environments, renamings,
which are finite maps from variables to de Bruijn levels. As before, t§ denotes
the evaluation of ¢ in environment 6.

Semantic (typing) contexts are given by the grammar A 1= o | A,z : X,
where x ¢ dom(A). If (x: X) € A then A(z) = X. We write xa for the first de
Bruijn level which is not used in A, x4 for the next one, etc.

Type checking algorithm. We define bidirectional type checking of normal terms
and well-formedness checking of normal types by the following three judgements.
Herein, A € SemCxt, v € Ne, v,V € Nf, 6 € Var — Var, X € D and ¢ € N.

AFudl X the type of neutral w is inferred as X
ArFvof X normal v checks against type X
AFV 1 Set~i V' is a well-formed type of inferred level .

In all judgements we maintain the invariant that A assigns types to the free
variables in X and A o ¢ to the free variables in u, v, V.

Type inference A Fu § | X. (Inputs: A, u,d. Output: type X of u or fail.)

INF-VAR

Atz 0 A(zd)

ArFud | FunXF AFvdif X
AF(uv)d | F-vd

INF-FUN-E

The type of a variable  under renaming ¢ is just looked up in the context. When
computing the type of an application wv from the type Fun X F' of the function
part we need to apply F' to the evaluated argument part vd (dependent function
application). At this point, it is crucial that we have type-checked v already,
otherwise the application F' - vd could diverge.



Type checking A Fv § v X. (Inputs: A, v,d, X. Output: succeed or fail.)

Axpa:X Fo (6,x=xa) N F-xa

KON A (\0) 0 § Fun X F

AFVS{Set~i .

S A Vs 1 Set, ' =7

AFudl X AFX =X 1 Set~ i

CHK-INF AFud ﬂ X

When checking an abstraction Azv against a dependent function type value
Fun X F| we rename x to the next free de Bruijn level x5 and check the abstrac-
tion body v against F' - x4 in the extended context which binds the abstracted
variable to the domain X. To check a neutral term u against X', we infer the
type X of u and compare X and X’. The implementation and verification of this
comparison will occupy our attention for the remainder of this article.

Type well-formedness A + V 6 | Set ~ i. (Inputs: A, V,d. Output: universe
level i of V' or fail.)

CHK-INF-F Al_lelseti CHK-SET-F
T ARV 614 Set i T AR Set; 0 Set i+ 1

ARV 51 Set~1 A, xa: VS EW (§,y=xa) 1 Set ~ j
A F (FunV AyW) 6 1 Set ~» max(i, j)

CHK-FUN-F

This judgement checks that V is a well-formed type and additionally infers the
lowest universe level i this type lives in. The type Set; is well-formed and lives
in level 4 + 1. A neutral type is well-formed if its type is computed as Set; for
some i. A function type is well-formed if both domain and codomain are, and it
lives in any level both components live in.

Comparison to [Coq96]. The second author has presented a similar type checking
algorithm before [Coq96] for unstratified universes Set : Set. The main difference
is that in rule CHK-INF he uses an untyped (-conversion check X ~ X’ instead
of typed Bn-conversion A + X = X' f} Set ~ ¢ which we will describe in the
following section. A minor difference is that in A v é f} X he uses A to assign
types to the free variables of term v whereas we use A o §. Consequently, the
free variables of X would live in context A o §~! in his case, however, this is
problematic in principle since § may not be invertible, e. g., in case of shadowing.
Since he uses untyped conversion, this is irrelevant, because he never needs to
look at the types of free variables in X. In our case, it is crucial.

2.4 Checking Equality

Checking the type of a neutral expression against X’ while its type has been
inferred as X requires testing the types X and X’ for equality. Since types



depend on objects, we will also have to compare objects. The principal method
to check n-equality is a type-directed algorithm. In the following we present such
a type-directed algorithm for comparing values.

Analogously to type checking, we define three inductive judgements. Herein,
d,d' e, e/, X, X" €D, AecSemCxt, and i € N.

ArlFe=¢ || X neutral e and €’ are equal, inferring type X
ArFd=d X d and d’ are equal, checked at type X
AF X=X 1 Set~1 X and X' are equal types, inferring universe level ¢

Inference mode A e =¢€' | X (inputs: A,e.e’, output: X or fail). In inference
mode, neutral values e, e’ are checked for equality, and their type is inferred.

AQ-VAR

Abtz=zl A(z)

Are=¢ | FunXF ArFd=d X
Ared=cd | F-d

AQ-FUN

A,XA:N,XA+1:F~XA FdS-XA-XA+1 Zd;-XA-XA+1:F-(SXA)
Axa:NEFFoxqg=F -xa1f Set~1 Ard,=d, F -z Are=¢ N

AQ-N-E
@ AbFrecFd,dse=recF'd,d. e :F-e

A variable is only equal to itself; its type is read from the context. A neutral
application e d is only equal to another neutral application e’ d’ and the function
parts must be equal, as well as the argument parts. The type of e must be a
function type Fun X F', whose domain X is used to check d and d’ for equality.
The type of the application e d is computed as F'-d. We could equally well have
chosen to return F' - d’. That both choices amount to the same follows from the
correctness of the equality check; yet we cannot rely on it before we have estab-
lished correctness. This will be an issue in the correctness proof (Sec. ; Harper
and Pfenning [HP05] have avoided these complications by using simply-typed
skeletons to direct the equality algorithm. Their method relies on dependency
erasure which works for LF but not for type theories with large eliminations.

Checking mode A Fd =d' f X (inputs: A,d,d’, X, output: succeed or fail).

Al—e:e’l}El A+ Ey = FEs || Set;

AQ-NE-
Q-NE-E Afc—c B,

Axpa: X Ffxa=fxatF-xa

AQ-EXT AFf=f {FunXF

AFX =X 1{Set~i

_ <
MY Y X ser, Y
AONLY AONLLS Abd=dfN
@ AFz=z{N @ AFsd=sd N



Neutral values e, e’ can only be of neutral type F;, they are passed to inference
mode. The check A F Fy = E5 || Set; should actually not be necessary, because
we already now that e and ¢’ are well-typed, and types are only present to
guide the equality algorithm. However, currently we do not know how to show
soundness without it. Such redundant checks are present in other works as well
[HPO5| p. 77].

Two values f, f' of functional type are equal if applying them to a fresh
variable xo makes them equal. This is extensional equality, provided we can
substitute arbitrary values for the variable. Had we formulated the algorithm on
terms instead of values, this would be a standard substitution theorem. However,
in our case it is more difficult. We deal with this issue in Sec.

Values X, X’ of type Set; must be types, we check their equality in the type
mode. The inferred universe 7 must be at most j, otherwise X, X’ are not well-
typed.

Type mode A F X = X' 1 Set ~» ¢ (inputs: A, X, X', output: 4 or fail).

AFE:E'llSeti
AFE=E {Set~—i

AQ-TY-NE

AQ-TY-N AQ-TY-SET

AFN=N1{Set~ 0 A F Set; = Set; ) Set ~ i+ 1

AFX=X"1Set~1i Axp: X B F-xa=F -xa{Set~j
A F Fun XF = Fun X'F" 1} Set ~~ max(, j)

AQ-TY-FUN

A neutral type E can only be equal to another neutral type E’, we delegate
the test to the inference mode. A universe Set; is only equal to itself. Function
types Fun X F and Fun X’F’ are equal if their domains and codomains coincide.
For checking the codomains we introduce the fresh variable xa of type X into
the context. Again arbitrarily; we could have chosen X’ instead. This is another
source of asymmetry which complicates the correctness proof; for LF, it can be
avoided by considering simply-typed contexts [HP05].

This algorithm is called semantic since it compares values. It is part of the
core of Agda and Epigram 2. Since it is of practical relevance, it is a worth-while
effort to verify it. Correctness of type checking is then a consequence of the
correctness of algorithmic equality.

3 Specification: Typing with Explicit Substitutions

We want to prove that our algorithmic equality is correct, so we should say in
which sense and provide a specification. There are different ways to present type
theory. We choose a formulation with explicit substitutions [ML92] because the
typing and equality rules can then be validated directed in any (Kripke) PER
model over any syntactical applicative structure (see Thm. . Altenkirch and
Chapman [ACO08] exploit this fact for their closure-based definition of values. A



formulation with non-explicit (deep) substitution directly validates the inference
rules only for PER models over syntactical applicative structures with extra
properties, e. g., A-algebras [AC07], or combinatory algebras [ACDOT].

We extend the expression syntax by explicit substitutions and introduce syn-
tactical typing contexts:

Exp >rs,tu=--|to expressions
Subst 3 0,7 = (0,2=t) | 0i4a | 0 o7 substitutions
Cxt oI u=o|lx:A typing contexts

We identify expressions up to a-conversion and adopt the convention that in
contexts I all variables must be distinct. Hence, we can view I" as a map from
variables to types with finite domain dom(I") and let I'(x) = A iff (x: A) € I
In context extensions I',x : A we assume z ¢ dom(I"). As usual FV(t) is the
set of free variables of t. We let FV(¢1,...,t,) = FV(t1) U--- U FV(t,) and
FV(I') = Uzedom(F) FV(I'(x)).

We have extended the language by explicit substitutions so we need to ex-
tend the notion of syntactical applicative structure, to ensure substitutions are
evaluated reasonably:

EVAL-SUBST-ID op = p
EVAL-SUBST-COMP (00 0d’)p = a(d'p)
EVAL-SUBST-EXT (0,2=38)p = (op,x=5p)
EVAL-ESUBST (to)p = t(op)

Herein, op is defined by z(op) = (x0)p.

Judgements. Our type theory with explicit substitutions has the following forms
of judgement:

Ik I is a well-formed context

I'HA A is a well-formed type in I’

I'Ht: A t has type A in I"

I'kto: I o is a well-formed substitution in I’
I'A=A A and A’ are equal types in I"
rrt=t:4A t and ¢’ are equal terms of type A in I
I'o=0¢":1I" o and ¢ are equal substitutions in I’

For an arbitrary judgement, we write I" + J, where J is a collection of
syntactic entities (terms, contexts, substitutions) to the right of F in a judge-
ment. FV(J) is the union of the free variable sets of all entities in J. Ex-
ceptions are FV(o : A), which is defined as U, cqom(a) FV(A(2),0(2)), and
FV(e =0": A) = U,cdom(a) FV(A(2), 0(2), 0" (2)).

The judgements on types can be defined in terms of the judgement on terms.

I'FA <= I' A :Set, for some 1%
I'FA=A < I' - A= A’:Set; for some 17

10



The inference rules for the other judgements are given in figures 2, B @ and
Bl They are inspired by categorical presentations of type theory, in particular,
categories with families [Dyb96], which have been inspired by Martin-Lo6f’s sub-
stitution calculus [ML92].

Remark 1. Martin-Lof has the following more general version of EQ-SUBST-EXT-7
(see Figure |4)).
I'to:I'"xz:A
I'to=(o,z=20):I"z:A

However, this rule is derivable in our calculus by EQ-SUBST-EXT-(.

Rule CONST relies on an auxiliary judgement 3 F ¢: A meaning constant ¢ can
be assigned type A. It is defined in Figure

NF o SET-F e
FZ"N:Seto ETFE}_SetiZSetH_l

N N

YT IN Y FsNSN

N

T Frec: Fun (N — Set;) \C.C — (Fun N An. Cn — C'(sn)) — FunNC

Fig. 1. Signature X Fc: A.

Rule sUB implements a minimum of subtyping: The types at level ¢ are con-
tained in higher levels j < 4. Stronger subtyping, as results from the usual
contravariant rule for function spaces, would be also valid in the Kripke model
(Sec 5).

The judgements enjoy some standard properties, like weakening, inversion of
typing, and well-formedness of contexts, types and terms (syntactic validity).

The following lemmata have easy but tedious proofs (many cases to consider).

Lemma 1 (Basic properties).

1. (Scope:) If I' = J then FV(J) C dom(I).

2. (Context well-formedness:) If I'yx: A, I" & J, then I F A.

3. (Weakening:) If I''T'" & J and both I' v A and x ¢ dom(I,I"), then
Ix: AT+ J.

4. (Context conversion:) Let ' W B=A and I' v B. If I'x: A, I’ & J then
Ix:B, I+ J.

Lemma 2 (Inversion).

11



Well-formed contexts I F.

CXT-EMPTY —— CXT-EXT red
) ok ) Ta:Al
Well-typed terms I" ¢ : A.
CONSTI‘I— YEec: A HYPFI— (z:A)erl
I'kFc: A I'kz:A
CONVF}—t:A rrA=A4A SUBFI—A:SetiZ,
T Ft: A IFA:Set; —7

I' = A : Set; I'x:A F B: Set;

FUN-F I' - Fun AAxB : Set;
FUN-I Ixz:AFt:B FUNEFI—T:FunA)\mB I'kFs: A
I' Xzt : Fun A)\xB I' Frs: B(oid,z=5s)
I'kFo: I I+t A
ESUBST-F

I' Fto: Ao
Well-formed substitutions I" o : I".
I'to: I I'+A I'ts: Ao

SUBST-EXT
I'F(o,z=s): (I",z:A)
suBST-ID ——— supst-comp L2 ils  NibT:lh
I'Foa: I INtoor: I3

I'to:I'z:AT"
I'to: 171"

SUBST-WEAK

Fig. 2. Rules for contexts, types, and terms.
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Equality I' -t =t' : A. Equivalence, hypotheses, conversion.

sorpr, L FtiA oy LRt=tA
Q I'Ft=t:A CIYM A
. TRANSFH:t/:A 't =¢":A4
Q TFi=t:A
. CONSTFF YFc:A . HYPF}_ (z:A)er
Q I'Fec=c: A Q I'rFax=xz:A
. CONVFI—t:t’:A A=A . SUBFI—A:A’:SetiZ,
@ Tri=t:A B T A=A Ser; T

Dependent functions.

I'FA=A":Set I''z:A - B=DB:Set;

BQ-FUN-F I' F Fun AXzB = Fun A’ \xB’ : Set;

Iz:A+-t=t:B

EQ-FUN-I T F Aot = \zt’ - Fun A \zB

I'r=17":FunAXzB I'kFs=s:A4
I'trs=r's": B(od,x=35)

EQ-FUN-E

Ix:A+Ft:B I'kFs: A

EQ-FUN-3 I' - (A\zt) s = t(oid, x=3) : B(oid,z=35)

I'-t:FunAXzB
Az.tz) =t:Fun AXzB

EQ-FUN-1 & i x ¢ dom(I")

Natural numbers.

I' - C: N — Set; I'kz:Cz I's:FunNAn.Cn — C(sn)
I'-recCzsz=2:Cz

EQ-N-1-Z

I' - C: N — Set; I'tz:Cz I'Fs:FunNXn.Cn — C(sn) I'+-n:N

PQ-N-s I'FrecCzs (sn)=sn(recCzsn):C(sn)

Fig. 3. Equality rules.
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Equivalence rules and weakening.

I'to: I I'Fo=o:1"

EQ-SUBST-REFL, ———— EQ-SUBST-SYM —— ———
I'rFo=0:1" I'rFo =0:1"

NrFo=d:1% Iho =0":13

EQ-SUBST-TRANS
I'nvrto=0":13

I'Fo=0o0:1I",2:AT"
I'kto=o:17,1"

EQ-SUBST-WEAK

Rules of the category of contexts and substitutions.

I'to: I I'to:I"
EQ-SUBST-ID-L

EQ-SUBST-ID-R
I'Fogoo=0c:1" I'tFooog=o0c:1"

F3FO’:F4 FQFO'/:Fg F1FO'N2F2

EQ-SUBST-ASSOC
@ IN F(ooog’)oog” =co(o0’og”): Iy

Rules for the empty substitution and substitution extension.

I'to:o I'ko :o
I'Fo=0o":90

EQ-SUBST-EMPTY-7

Iy Fo: I3 I35 A I Fs: Ao InF7:1%
Ik (o,z=s)or=(coT,x=s7):I5,2:A

EQ-SUBST-EXT-03

Ix:AF
(o, z=z) =0iq : [,z: A

BQ-SUBST-EXT-1) - ——
X

I'to: I I'z:AF I'k+t: Ao

EQ-SUBST-EXT-WEAK
@ 't (o,z=t)=0:1"

Congruence rules.

F'ro=o:1 '+ A 'rFs=s":Ac
I'F(o,z=s)=(o',z=¢"): (I",x: A)

EQ-SUBST-EXT

IhFo=0:13 LEr=71":1%

EQ-SUBST-COMP
I[N Foor=0"o7":13

Fig. 4. Equality rules for substitutions I - o0 = ¢’ : A.
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I'Fo=0:A AkFt=t: A

EQ-ESUBST-F
Q I' Fto=to : Ao

I'Ht: A

EQ-ESUBST-ID —m——————
Q I'+tog=t: A

k11" I''+o: 1" I+t A

EQ-ESUBST-COMP I'Ft(cor)=(to)r: A(gor)

I'to: I YXFc:A

EQ-ESUBST-C
Q I'Fco=c: A

I't+o:1I" I' z:AF I'+t: Ao

EQ-ESUBST-VAR
@ I'tz(o,z=t)=t: Ao

IFrFo: I I+ A: Set; I'",x:A F B : Set;

PQESUBST-FUN-F =7 (Fun AXzB)o = Fun (Ao) (AxB)o : Set; @ & dom(I')
I'ko:I' I''z:A+t:B
_nQ N _ ) T
PQESUBSTRUNL 1o (Azt)o = Azx.t(o,x=x) : (Fun A zB)o @ & dom(I')

IF'to: I I'" Fr:FunAXxB I''Fs: A
'+ (rs)o=roso: B(o,z=s0)

EQ-ESUBST-FUN-E

Fig. 5. Equality rules for explicit substitutions.
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LIfI'Ec:Cthen ¥ Fc: C' for some C' with I' = C = (C".

LIf I'bax:Cthen FC=1(x).

L If T'FXxt:Cthen ' FC =FunAXaB and I'yz: A +t: B.

If ' mrs:Cthen I’ b r:FunAXxB with ' Fs: Aand I’ F C =
B(oig,x=35).

5 If I' FFun A aB : C then I' b C = Set; for some i and I' - A : Set; and
I''z: A+ B : Set;.

SN SN

It is tempting to treat Fun as ordinary constant of type FunSet; AA.(A —
Set;) — Set; for each i, and dispose of FUN-F. However, then inversion for func-
tion types (Lemma requires injectivity, with the consequence that the fol-
lowing lemma cannot be proven syntactically anymore.

Lemma 3 (Syntactic validity).

Typing: If I' bt : A then I' - A.

Typing of substitutions: If I' = o : I'" then I .

Equality: If ' Vt=t': Athen I’ - A and both I’ t: A and I' -t : A.
Equality of substitutions: If ' F o =0¢': "' then I'" + and both I" -0 : I’
and I' o' : T".

T Lo o =
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4 Verification Plan and Contextual Reification

A standard method to show completeness of the algorithmic equality would be
the following [HPO5].

1. Define a Kripke logical relation A + d = d’ : X on a semantic context A
and values d, d’ by induction on the type X. We will call this relation Kripke
model. For base types X, let the relation coincide with algorithmic equality
A+ d=d { X, for function types do the usual functional construction:
AF f=f :FunXFif A Fd=d : X implies A - f-d=f'-d :F-d
for all d,d’ and all extensions A’ of A.

2. Show that if two values are related in the model, then the algorithm relates
them as well. Following Schiirmann and Sarnat [SS08] we call this the escape
lemma, since it allows to “get out of the logical relation”.

3. Finally show validity of the inference rules w.r. t. the model, i.e., if two terms
t, t' are equal of type A, then for each well-formed environment p, we have
tp =1t'p: Ap in the model, which implies that the algorithm accepts t, t’ as
equal.

In particular, the relation A F _ = _: X needs to be a partial equivalence, in
order to validate symmetry and transitivity rules. But due to the asymmetric
nature of algorithmic equality (rules AQ-FUN and AQ-TY-FUN), this can only be
shown if we have soundness, which at this point we cannot obtain.

Normalization-by-evaluation (NbE) [ML75/BS91ICoq94/Dan99] to the res-
cue! There already are equality algorithms for dependent types with large elim-
inations which are based on semantics [AADOTJACD07]. Two semantic values
are considered equal if they reify to the same expression. Reification at a type
X converts a value to a term, n-expanding it on the fly according to type X. It
turns out that we can verify the algorithmic equality by relating it to NbE.

We will verify algorithmic equality according to this plan:

1. Define normalization-by-evaluation for our setting. This amounts to defining
contextual reification A F d \, vt X which converts value d of type X in
context A to normal form v.

2. Show completeness of NbE (Sec. , meaning that if one takes two judgmen-
tally equal terms ¢, t/, evaluates and reifies them, one arrives at the same
normal form v (Cor. . To this end, we construct a Kripke model based on
reification, meaning that two values are equal at base type if they reify to
the same normal form.

3. Show soundness of NbE (Sec. @, meaning that if we take a term ¢, evaluate
and reify it, we arrive at a normal form v judgmentally equal to ¢ (Cor. .
The main tool is a Kripke logical relation between well-typed terms ¢ and
semantic objects d, which for base types states that d reifies to a normal
form v which is judgmentally equal to ¢t.

4. Show completeness of the algorithmic equality (Sec. . This is a corollary
of completeness of NbE, since we will see that if two values reify to the same
normal form, then the algorithm will accept them as equal (Lemma .
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5. Show soundness of the algorithm (Sec. . The direct approach, showing
that two algorithmically equal values reify to the same normal form, fails
due to the asymmetry of the algorithm. We introduce the concept of strong
semantic typing and equality (a super Kripke model, so to say) and prove
that the algorithm is sound for strong semantic equality. By establishing
that the inference rules are valid in the super Kripke model (Cor. [4]), and
that equality in the super Kripke model entails equality in the Kripke model,
we finally show that well-typed terms whose values are algorithmically equal
reify to the same normal form, thus, are judgmentally equal (Thm. |3).

What remains open is termination of algorithmic equality.

4.1 Contextual Reification

Reification [BS91] converts a semantic value to a syntactic term, n-expanding it
on the fly. It is defined by recursion on the type of the value. In previous NbE
approaches [BSIIJACDO07] the semantics of base types has been defined as a set
of n-long neutral terms, thus, reification at base type is simply the identity. In
our approach, the semantics of base types is a set of neutral values, which are not
n-expanded and need to be reified recursively. This can only happen if reification
has access to the types of the free variables of a neutral value. For example, to
reify xdd’ at base type we need to retrieve the type Fun X F of z, recursively
reify d at type X, compute F'-d = Fun X’ I’ and recursively reify d’ at type X’.
For this task, we introduce a new form of reification which is parameterized by
a semantic typing context A, hence the name contextual reification.

We simultaneously define three inductive judgements by the rules to follow.
Herein, A € SemCxt, d,e, X € D, u € Ne, v,V € Nf and 7 € N.

AFeNul X neutral value e reifies to u, inferring its type X

AFdNvft X value d reifies to normal form v at type X
AF XNV 1fSet~ i type value X reifies to V, inferring its level 4.

Inference mode A F e\, ul X (inputs: A, e, outputs: u, X or fail).

REIFY-VAR

A\ zl Ax)

AtreNul| FunXF AFdNv X
AredNuv{ F-d

REIFY-FUN-E

AFeNu{N Abd, v, F -z AN FEF -2,V f Set ~ i

Ax:Ny:Fzbdg-z-y\vst F-(sz)
REIFY-N-E

AbrrecFd,dse\ rec(AaV)v, Axdy.vs)u | F-e

Variables reify to themselves and neutral applications to neutral applications.
The type information flows out of the context A and is used in REIFY-FUN-E to
reify d of type X in checking mode.
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Checking mode A Fd\ v X (inputs: A,d, X, output: v or fail).

ArFeNul Fy AFEy N v | Set; AF Es N\ u | Set;

REIFY-NE A l—e\uﬂ‘EQ
Az XEFf-xa v F -z
REIEY=BXT =37 o ff Fon XF
REIFY-N-I-Z ——————— REIFY-N-I-S ArfdNofN
AbFzNzfN AFsdN\,svfN

AEXNVASetwi . _

REIFY-TY AFEX \ v ﬂ Setj 1S )

Any value f of functional type is reified by applying it to a fresh variable z. Note
that this can trigger further evaluation, e.g., in the A-model where functional
values are just weak head normal forms or closures. The result of reifying a
functional value is always a A-abstraction, which means that reification returns
n-long forms.

At neutral type Es, objects e need to be neutral and are reified in inference
mode. The inferred type E7 needs to be equal to Es—this is checked by reifying
both types, expecting the same normal form.

Type mode A+ X N\, V 1 Set ~ ¢ (inputs: A, X, outputs: V| or fail).

AFeN ul Set;
AFeN ufSet~i

REIFY-TY-NE

HEIEY N A NS UN f Set = 0 Y S e N Sety 1 Set w i 1 1

AEFXN V1 Set~i A X FF-z\, W1 Set~ j
A FFun XF N, FunV AaW 4 Set ~» max(i, )

REIFY-TY-FUN

Function type values reify to function type expressions in long normal form,
universes to universes and neutral type values to neutral type expressions.

We write A Fee Nyull XforAbFeNul Xand AFe N ul X.
This gives a basic equality on neutral objects (which is used in rule REIFY-NE,
for instance).

We say A" extends A, written A” < A, if A'(z) = A(z) for all x € dom(A).
(The direction of < is as in subtyping.) Reification is closed under weakening of
contexts, i.e., reifying in an extended context produces an a-equivalent normal
form.

Lemma 4 (Weakening). Let A’ < A.
1. IfArFeNul X then A FeNul X.
2. IfAFdN\ v X then A Fd v X.
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3. IfAFEX NV {Set~ithen A F X N\, V 1 Set ~ i.
Proof. Simultaneously by induction on the derivation.

Reification provides us with a normalization function: given a closed term ¢ : A,
the normal form v is obtained by ¢ F tpiq \, v I} Apiq.

5 Kripke Model and Completeness of NbE

Dependent types complicate the definition of a logical relation, because one
cannot use structural induction on the type expression. Instead one needs to
simultaneously define the “good” type values X by induction and their denota-
tion, a relation on objects, by recursion [Dyb00]. We spell out this construction
for our Kripke model in sections In Section [5.4] we prove that it models

our inference rules.

5.1 An induction measure

We write X, for subsets of D. If X C D and F(d) C D for each d € X, then
the dependent function space

DXF={f|VdeX.f-de F(d)}

is another subset of D. For ¢ = 0,1,... we define the sets 7; C D x P(D)
inductively as follows:

(ED) €T Getnfher ="

(X,X)eT, VNdeX.(F-d,F(d)eT;
(FunXF, I X F) € T

Herein, |7;| = {X | 3X. (X, X) € 7;}. We define the relation : C D x D by

d:X < 3X,i.(X,X)eT,andd e X

Lemma 5.
X :Set; <— X € |7}

Proof.
X : Seti
<= Jj,X.(Set;, X) € 7; and X € X
<= (Set;,|7;|) € Ti41 and X € |7}
— X €|T}]

We will use the derivation of membership in 7; as induction measure, quoted as
“induction on X : Set;”.
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5.2 Construction of the Kripke model

It is tempting to define A + d = d’ : X for base types directly as “A F d \
vt X and A +d \, v X for some v”. However, then the proof of the escape
lemma will fail, because during reification of function types, their domains flow
into the context. Reifying two function types will soon take place in different
contexts. We need to be more general and relate semantic objects at a priori
different types in a priori different contexts. Thus, in the following we define a
relation A Fd: X ® A’ +d' : X’ for the purpose of proving the escape lemma,
and we obtain A - d=d’': X as a special case in Sec.
By lexicographic induction on 7 and X’ : Set; we define the relations:

ki ® . F X' Set;
E X

— Case E' : Set;.

AFX:Z®A FE:Set;
<= X = F neutral and Z = Set; and
AFENU | Setj and A" F E' \ U | Setjs for some U and j,j' <1

Abd:X@A +d : F
< X =Fneutraland A Fd\ ul Fand A" -d \,u | E and
AFEENU | Setj and A’ - E' B\, U | Setjs
for some E,E,E',u,U, and j,j <i

— Case Set; : Set; for j < i.

AFX:Z® A +Setj:Set; <= X = Set; and Z = Set;
AbFd:X®A d :Set; has already been defined

— Case Fun X’ F’ : Set; where X' : Set; and F’ - d : Set; for all d : X'.

AFY :Z@® A FFunX'F': Set;
<= Y = Fun XF for some X, F and Z = Set; and
A I—X:Seti@)A’ }—X’:Seti and
foral A< AA <A dd, Ard: XQ@A +d: X'
implies A - F-d:Set; @ A + F'-d' : Set;

AFf:Y®A F f:FunX'F'
<= Y = Fun X F for some X, F and
forall A< AA <A dd, Ard: XQ@A +d: X'
implies Avf-d:F-d®@A b f-d:F -d

Lemma 6. ) is symmetric and transitive.

Lemma 7 (Type conversion). Let X' : Set;. f A Fd: X @ A +Hd : X'
and A" X' :Set; ® A’ F X" :Set; then AFd: XQ A +Hd : X".
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Proof. By induction on X’ : Set;.

Lemma 8 (Into and out of the model / escape lemma). Let X' : Set;.
Then

1. (In:)IfAbFeNul X and A Fe Nul X' thenAbe: X@A Fe:
X',

2 (Out:) FAFd:X@A Fd X then A FdN\ vt X and A Fd
vt X for some v.

3. (Out-Type:) If A X :Set; ® A H X' :Set; A F X N\, V 1 Set ~ j and
A= XN,V 1{) Set ~ j' for some V and j,j <.

Proof. Simultaneously by induction on X’ : Set,.

— Case Fun X'F' : Set; where X’ : Set; and F’ - d : Set; for all d : X'.

1. (In:) Show A Fe:FunXF ® A’ ¢ : Fun X'F’. Assume A < A, A’ <
Aand A Fd: X ® A Fd: X' By second induction hypothesis,
ArFdN vf X and A +d N\, v X'. By weakening, A F e \, u |
Fun XF and A’ e’ N\, u | Fun X'F’, hence, A Fed \,uv | F-d and
A e d N\, uvl F'-d. By first induction hypothesis, A Fed: F-d®
A+ d : F' -d, and, since A, A, d, and d’ were arbitrary, the goal
follows.

2. (Out:) Show A F f N\, Azv t Fun XF and A" + f/ N\, Azv f Fun X'F’
for some x and v. It suffices to show A,z : X F f-z v ff F-x
and Az : X' F f -2 N\, vt F/-z for some z ¢ dom(A, A’). By
first induction hypothesis, A,z : X F 2 : X @ A,z: X'| bz : X/,
hence A,yz: X + f-x2: F-2Q A,z: X'+ f/ -z : F -z By the
second induction hypothesis we get A,x: X F f-x \, v ft F-x and
A X' Hfoa N v F -

3. (Out-type:) Show A F Fun XF N\, FunV AW 1 Set ~» j and A’ +
Fun X'F" N, Fun V Xz W 1 Set ~ 5’ for j, j < i. By induction hypothesis
AF XNV {Set~j;and A F X'\, V 1 Set ~ j; for j1,51 < i.
Since by the first induction hypothesis, A,z: X Fz: X ® A, z: X' +
z: X' wehave Ajz: X F F-x:Set; ® A,z: X' - F'-x : Set;
and, by induction hypothesis, A,z: X F F -z \, W { Set ~» jo and
Ax: X' B F -x N\, W 1 Set ~ j} for jo,j4 < i. This entails the goal
for j = max(js, j2) and j' := max(}}, j3).

5.3 The Kripke model

We now define

AFd=d X < AFd: XQAFd:X.
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We can view the relation A + d = d’ : X as inductively generated by the
following rules:

A F Set, = Set; : Set, | 7

AFENuySeti  AFENulSet
AFE=E :Set, =

AreNul E ArFe N ul Es A+ Ey, B, By \ v | Set;
Ate=¢:Ey

A I—X:X’:Seti
A+F.d=F -d:Set;foral A/ <Aand A +Fd=d : X
A FFun XF = Fun X'F’ : Set;

Abrf-d=f-d:F-dforal A/ <Aand A +d=d : X
AF f=f :FunXF

AkFeNudN Are N ulN
A FN=N:Set; AkFe=¢:N

AkFd=d:N
AkFz=2z:N Atrsd=sd :N
We let A = X = X' iff there exists an ¢ such that A F X = X’ : Set;. We write
ArFd: XforArd=d:X.

5.4 Validity of Syntactic Typing

Now we can show that all the rules for our typing and equality judgements are
valid in the model. As a byproduct, we get completeness of NbE.
Let

Abp=p:T < Voeedom(I'). A+ p(z) =p(x): ['(x)p

Lemma 9 (Environment extension). fAFp=p' :Tand A+d=4d: Ap
and x & dom(I) then A + (p,z=d) = (p/,z=d’) : [ x: A.

Define I' IF J, meaning that I' F J is valid in the Kripke model, as follows:

o lF <= true

Ix:AlF <= I'IFA

kA :<—> either A =Set; and I' Il or I' I A : Set; for some ¢
r'kt: A <= I'ltt=t: A

I'kFt=t:A = TINFAandVAFp=p :T Attp=tp :Ap

I'ko: 1 <= I'Fo=oc:1"

I'to=0¢:T" “= 't and I'"IF andVAFp=p' : T Atop=0dp : 1’
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Each inference rule can now be proven to be valid, for instance:

Lemma 10 (Validity of EQ-ESUBST-FUN-I).

I'ko: I I'" z:Al-t: B

I'lF (\xt)o = Ax.t(o,z=x) : (Fun A zB)o @ ¢ dom(I')

Proof.

r'FA by def.
I'' z2:AlFB by def.
AFp=p:T assumption
A< A assumption
A'Fd=d:(Ao)p assumption
Avrp=(p,z=d):T since x ¢ dom(I")
A rop=o(p,x=d):I" from I'l-o: I
A (op,x=d) = (o(p,z=d),z=d): ", x: A Lemma [

A Ft(op,x=d) =t(o(p,z=d),z=d') : B(op,x=d) from I, x:Al-t: B

A Ft(op,z=d) = (t(o,z=2))(p',x=d") : B(op,xr=d) equalities in D
A F (Mxt)op-d= Qa.t(o,x=x))p -d : Az.B)op-d by APP-FUN
A ((Azxt)o)p = (Aw.t(o,z=x))p" : Fun (Aop) (A\xB)op goal

Theorem 1 (Soundness of the inference rules). If I' - J then 'l J.
Proof. By induction on I"  J. (Tedious, but easy.)

Lemma 11. I'piq = piq = pia : I

Proof. For each = € dom(I”), we have I'piq F xpiq = xpid : I'(z)pia-

Corollary 1 (Completeness of NbE). If I' -t =1t : A then I'pg b tpia \,
vt Apig and T'pig =t pig L v I Apig for some v.

6 Kripke Logical Relation and Soundness of NbE

In the previous section we have defined a logical relation A Fd: X ® A’ +
d’' : X’ between two semantic objects in their typing environments. Now we will
define a logical relation between a well-typed expression I' F ¢ : A and a value
d in its typing environment A F X. The relation shall imply that d at type X
reifies in A to a normal form v which is judgmentally equal to t at type A in
context I' (Lemma [15). The construction is similar to [ACDOQ7] but has A as
additional parameter.
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We write IV < I' if I'" is a well-formed extension of I', meaning I'" = I', I
for some Iy and I F. By induction on X : Set; we define the relation

I'Ft:C®AFd: X
between well-typed terms I" ¢ : C' and semantic objects A Fd : X.

I'Fr:C®R®AF f:FunXF <
I' - C = Fun A)AxB : Set; for some A, B and
I'FA:Set; ® A F X : Set; and
I'Frs:Blog,z=s) ® A F fd: Fdforall " <T'"A' <A
and " Fs: AR® A Fd: X

I'Fr:C®AFFunXF: Set; <—
F}—C:Seti:SetiH
I' - r=FunAMXzB : Set; for some A, B and
' A:Set; ® A F X : Set; and
I'" b B(og,z=5) :Set; ® A" - Fd:Set; forall [" <T''A' <A
andI'Fs: A®AFd: X

I'Fr:C®AFd: X < ArdN\vftXandI' Fr=v:C
for X € {e,N} or X =Set; and d # FunY F

The logical relation is closed under weakening of contexts (both the syntactic,
I', and the semantic one, A) and under judgmental and Kripke model equality,
meaning one can always trade expressions and values for equals without violating
the relation.

Lemma 12 (Weakening). If ' Fr: C® AFd: X and " < T, A" < A,
then I" Fr:C® A Hd: X.

Lemma 13. Let ' FC =C":Set; and I’ Fr=7":C. If ' Fr:C® A F
d: X thenT'Fr':C"®AHFd: X.

Proof. By induction on A + X.

Lemma 14. Let A X =X':Set; and A+-d=d:X. IfT'Fr:C® A+
d: X then'Fr:C®AFd:X'.

Proof. By induction on A F X = X' : Set;.
— Case X = Es and X' = E} and
A+ EQ,Eé N\ v | Set;/ i<
AI—EngQ:Seti -

By definition of I' Fr: C ® A Fd: X we have d = e neutral, I' Fr =u:
C and

AFG\U»UEl AFEl,EQ\’LL”USGtiH
AFeNufEsy
Since reification is deterministic, ©” = v’ and " = 4’. By inversion on A +
d=d : Ey,d = ¢ forsomee’ andboth A ke \ ul Efand A - E{, Es \
u' | Sety. Hence A = Ej, By N\ v’ |} Setyy. Thus, ' Fr:C® A Fd : X'.
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Lemma 15 (Into and out of the logical relation / escape lemma). Let
I FC’Set1®A FX:SGt,L'.

1. (In:) fT'Fu:CandAbreNul Xthen'Fu:C® AFe:X.

2. (Out:) If ' Fr: C® A Fd: X then A Fd\ v X for some v with
I'kFr=v:C.

3. (Out-type:) A EX NV {tSet~ j for j <iand I' H C =V : Set;.

Proof. By induction on X : Set;.

FPundamental theorem. We relate substitutions IV F o : I' to environments
A+ p: I’ by the following definition:

I'tre®AFp:I < forall x € dom(I'),
I'btzo:Ix)o ® A Fp(z): I'(x)p

Theorem 2 (Fundamental theorem of logical relations). If I' ¢ : A
then I'" Fto: Ao ® A Ftp:Ap forallT" Fo® AbFp::T.

Proof. By induction on I' F¢: A.
Lemma 16. I Jid ® (F,Oid) = Pid I.

Proof. We have to show I' - : I'(x) ® I'piq & 2 : I'(z)pig for all z € dom(I").
This holds by Lemma [15] since I'pig 2 N\, z |} (I'pia)(2).

Corollary 2 (Soundness of NbE). If I" b ¢ : A then there is some v such
that I'pig Ftpia vt Apia and I Ft=wv: A.

7 Completeness of Algorithmic Equality

In this section, we conclude the completeness of the equality algorithm from the
completeness of NbE. In particular, if two values reify to the same normal form,
they are algorithmically equal. Some care has to be paid to the case of functional
values. It could be that f reifies to Azv since f - x reifies to v and f’ reifies to
Mx'v' =, Axv since f’ - 2’ reifies to v'. Now we want to conclude that f and f’
are algorithmically equal, which requires f-x equal to f’-x. But the induction
hypothesis is not applicable since x,z’,x4 might be different variables, hence,
f-x and f-xa are different objects. If our values are actually normal expressions,
we could use plain old a-conversion and rename the variables. However, we are
dealing with values in an arbitrary syntactical applicative structure D!

We restrict the class of possible models to those that admit renaming of free
variables. This is a sensible restriction since values should be parametric in the
names of their free variables—case distinction on the name of a identifier is not
a desirable program behavior.
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Renamings. Let m be a bijective map from variables to variables. We assume a
renaming operations dm on values d € D with the following properties:

REN-C  c¢7 =c
REN-VAR &7 = m(x)
REN-APP (f-d)m = fr-drn
REN-EVAL (tp)m = t(pm)

Renaming can be defined for many syntactical applicative structures D: term
models, explicit substitutions, closures, even Scott models which evaluate an
abstraction (Azt)p to an actual function h : D — D with h(d) = t(p,x = d).
Setting (hm)(d) = (h(dn~1))m we have (h(d))m = (hr)(dr) [Pit06].

We define renaming of contexts 7(A) by

REN-CXT-EMPTY 7(0) =0
REN-CXT-EXT w(A,z:X) =7(4),n(x): X7

Remark 2. This is not to be confused with the operation Anw which is com-
position defined by (An)(z) = A(x)r. We have 7(A)(xm) = A(x)w. Thus,
7(A) = 771 Ar is a conjugation.

Lemma 17 (Completeness of algorithmic equality w.r.t. reification).
Let A =x1:Xq,...2,:X, be a semantic context and ™ a permutation of names
assigning the ith de Bruijn level to variable x; (w(x;) =x; fori=1.n).

L IfAFeNull X and A Fe' \ ul X' then n(A) Fer =ée'm | Xm.

2 IfAFdNvAX and A Fd N vt X' then 7(A) F dr = d'm §f X.

3 IfAFXNVASetwiand A X'\, V4 Set ~ i then n(A) - Xr =
X'm fy Set ~» max(i,i).

Proof. Simultaneously by induction on the first derivation.

— Case

AreNule A ke \ u | Set; A Fey N\ o |} Set;
AFeN ufes

By inversion on the second derivation we get A’ ¢’ \, u || _. By induction
hypotheses, m(A) F er = e'w || exm and w(A) + eym = eaw | Set;. Thus,
m(A) b er =e'm 1 eam.

— Case
Ar: XEFf-aNvhF- -z

AF f~ Ao FunXF
Let 7’ be a permutation satisfying n'(x) = xa and 7'(y) = n(y) for y €
dom(A). By induction hypothesis, 7(A,z : X) + (f - x)r = (f/ - )7
(F - x)m, which means w(A),xa: X7 F fr-xa = f'm-xa ft F7-xa. Hence,
m(A) b fr = f'm { (Fun X F)7.

x & dom(A)
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A name permutation 7 can be viewed as an environment, taking a variable
x to w(z). This explains the notation t7, and 7(I") which satisfies 7 (I")(z7) =
I(z)m. Let Tz, apa,) (@) = x; for i = 1.n.

Corollary 3 (Completeness of algorithmic equality). If I' Ft=+¢ : A
then np(I') &+ tnp =t'np t Anr.

Proof. We have I'pig F tpig,t'pia \s - It Apig by Cor. |1}, thus, the corollary follows
from LemmalT_7| with pymr = 7p.

8 Strong Semantic Typing and Soundness of Algorithmic
Equality

In this section, we tackle the second problem: soundness of the equality algo-
rithm. We show that if two values are algorithmically equal, then they reify to
the same normal form. Rule AQ-FUN gives us a hard time:

AbFe=¢ JFunXF Abrd=d1X

AQ-FUN Afrcd=cd VF-d

Using the induction hypothesis, we can show A + ¢e'd \, uv | F -d' but we
need F - d! The fact that d and d’ reify to the same normal form does not help
us here, we need a stronger induction hypothesis.

Again, soundness of an algorithmic equality on syntax is usually trivial: one
simply shows that each algorithmic rule is an instance of an inference rule. When
trying to apply this intuition to our semantic typing and equality, the Kripke
model, one realizes that it lacks a substitution principle: Judgements remain
valid when substituting a term of the right type for a variable. In the following
we will equip our semantics with a substitution principle by brute force! We
define strong semantic judgements (a super Kripke model) to hold if the weak
semantic judgements (Kripke model) hold for all well-typed valuations of free
variables (cf. hypothetical judgements [CPT05]). As precondition, we need a
model in which we can reevaluate values in a new environment.

Reevaluation. For the following, impose more conditions on the model D. It
must be equipped with a reevaluation function df of value d in environment 6,
satisfying the following laws:

REEVAL-ID d pid =d
REEVAL-C ct =c
REEVAL-VAR 2 = 0(z)
REEVAL-FUN-E (f-d)0 = f6-df
REEVAL-ESUBST (tp)f = t(pb)

Reevaluation is easy to define on the syntactical applicative structure of closures;
simply add ([Azt]p)d = [Axt](pd) and (e d)f = ef - df to the above laws.
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For Scott models, it is a bit more problematic. If f € D — D, we can set
(f0)(d) = (f(x))((8,2=d) for a fresh variable x. Freshness can be defined if we
construct D as a nominal set [Shi05]. However, not all continuous functions f
will fulfill REEVAL-FUN-E: for (f(d))0 = (f(z))(0,z=df) to hold f must treat
variables parametrically. For example, the function f(d) = d if d not a variable
and f(x) = Setg for x a variable is not parametric and, thus, not compatible
with reevaluation. The formulation of suitable parametricity conditions and the
proof of parametricity for all values in the Kripke model remains open.

8.1 Super Kripke model

Let © range over semantic contexts and let
Abp=p:0 < Vredom(©). At zp=uzp :0(z)p
We write A Fp:Oif AFp=p:06.
Lemma 18. If A+ p: O and x & dom(O) then A F p = (p,z=d) : 6.
We define strong semantic equality by
Okd=d:X < VArp=p:0. Ardp=dp' : Xp
Let © F X = X' it © F X = X' : Set; for some i. We write © | X for

OEFEX=Xand O d: Xfor©®FEd=d: X, and say d is semantically
strongly typed of type X in context ©.

Lemma 19 (Weakening).

1L IfA <A AbFp=p:0,and @ <O then A Fp=p :6.
2.IfO<O@ and @ =d=d : X then®O=d=d: X.

Proof. For[2], Assume A - p=p :0.By[l] AFp=p :0 thus, A Fdp=
dp : Xp.

Lemma 20 (Valuation extension). Let © = X and x ¢ dom(O). If A - p =
PO and Abd=d :Xpthen A& (p,x=d) = (p,z=d):0,z:X.

Proof. The first goal A F (p,x=d) = (p',z=d’) : O follows since x & dom(O).
The second goal, A Fd =d' : X(p,z=d) follows from A F Xp = X(p,x=d)

which in turn is a consequence of @ = X.

Since A F pig = pid : 4, strong semantic equality A = d = d’ : X implies
weak semantic equality A -d=d' : X.

29



Lemma 21 (Admissible rules). The following implications, written as rules,
hold for strong semantic equality.

Y Er——T x € dom(O)

Ok f=f :FunXF Okd=d:X
OFf-d=f -d:F-d

O = FunXF OFf:FunXF O = f :FunXF
O, e:XEfaox=f x:F-x
O f=f:FunXF

O = Fun XF, Fun X'F’ : Set;
O X =X’ Set; O,c:XEF -x=F - x:Set;
O = Fun XF = Fun X'F’ : Set;

Okd=d:X OEX=X
OFd=d: X'

Proof. The soundness of the application rule relies on distributivity of valuation
over application, (f -d)p = fp-dp.

We verify the extensionality rule: Assume A F p = p’ : © and show A
fp=1f'p : Fun(Xp) (Fp). To this end assume A’ < Aand A" Fd=d : Xp
and show A" &+ fp-d = f'p'-d : Fp-d. By Lemma 20 we have A’ + (p,z =
d) = (p/,x=d"): ©,z:X. Now the main hypothesis gives us A" + (f - z)(p,x=
d) = (f -x)p,z=d) : (F-x)(p,z =d), which simplifies to A" + f(p,z =
d)-d=f'(p/yz=d)-d : F(p,x=d) - d. From hypothesis © |= Fun X F we infer
A"+ (Fun XF)p = (Fun X F)(p, x=d), which entails A’ + Fp-d = F(p,x=d)-d.
Similarly, we obtain A" + fp-d = f(p,z=d)-d: F-dand A" - f'p-d = f'(p,x=
d)-d: F-d. Thus, we conclude A" - fp-d= f'p' -d' : Fp-d.

Semantic context equality = © = @’ is given inductively by

L0=60" O} X=X:Se;

Fo=o CoaXx—oax  LFdm©)

We write = O for =0 = 6.

Lemma 22 (Soundness of algorithmic equality). Let = A.
1.IfAFe=€e X thenAEX and AlEe=¢:X.

22 IfAFd=d N X andAEX and AlEd,d : X then A=d=4d: X.

3 IfAFX=X"{Set~iand AE X, X' :Set; then A - X = X' : Set;.
Proof. Simultaneously by induction on the derivation of algorithmic equality

using the admissible rules.
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— Case
Are=¢ | Ey A+ Ey = FEy || Set;

Alre=eée 1 Ey

By induction hypotheses, A =e =¢' : Ey and A = E; = Es : Set;. Thus,
AEe=¢: Es.

8.2 Strong Validity of Syntactic Typing

In the following, we establish that our inference rules are also valid in the super

Kripke model. However, no new inductive proof is needed. We have already

shown that the rules are valid in the weak semantics (Kripke model) under all

weakly typed environments. This is actually equivalent to being valid in the

strong semantics (super Kripke model) under all strongly typed environments.
We define strongly typed environments by

AEp=p:T < Vozedom(I'). A p(z) =p'(z): I'(x)p.

Lemma 23 (Composing strongly and weakly typed environments). If
Okp=p:Tand AFO=60:0 then A +pf=p0:T.

Proof. Show for each z € dom(I") that A F xpf = zp'0' : I'(x)ph. By assump-
tion @ = xp = xp’ : I'(z)p, which implies the goal.

Define I' |&= J, meaning that I' F J is valid in the super Kripke model, as
follows:

= <= true

Ia:A|E= = I'|EFA

rEA <= either A =Set; and I' |= or I' |= A : Set; for some 4
I'=t:A = I'|Et=t:A

FEt=t:A <= I'EFAandVAEp=p . AEtp=tp :Ap
kEo: I = I'|Fo=0:1y

I'Eo=0¢:1I) <= I'|= and Iy | and

VAEp=p I AEop=0dyp : 1)

Lemma 24 (Validity: weak implies strong). If I' I+ J then I | J.

Proof. The hypothesis is VA Fp=p : " A Ftp=1tp : Ap. Assume O =
p=p :Tand A F60=06:60 and show A F tpd =t'p'0' : Apf. By Lemma |23
A Fpd=p'0: I hence our goal follows by assumption.

Corollary 4. If I' -+ J then I' |= J.

Lemma 25. I'piq = pia = pida : I
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Corollary 5. If I' Ft: A then I'py = tpid : Apid-
Putting things together:

Theorem 3 (Soundness of algorithmic equality). If I’ F ¢, ¢ : A and
Ipig Ftpg =tpia f Apid then I' Ft =1t A.

Proof. We have I' Ft: A® I'pig - tpig: Apig and I' Ht' - A® I'pig F t'pig :
Apig. Also = I'pa, T'pia E Apid, Tpid E toid : Apid, and Tpig = t'pig : Apig. By
semantic soundness of the algorithm, I'piq = tpig = t'pid : Apia which implies
Fpid F tpid = t/pid : Apid, hence I' Ht: A ® F,Oid F t/pid : Apid~ This entails
I'Ht=t:A.

9 On Termination

What remains to show is termination of the algorithmic equality: Given two
terms of the same type, the algorithm terminates on their values. We have al-
ready seen that the values of well-typed terms are reifiable, hence the NbE-
algorithm, which compares the results of reification, is terminating. We would
like to extend this result to algorithmic equality, which performs reification in-
crementally. One would expect a statement similar to Lemma

fTARdN, .t Xand A Fd \,_ft X then the query A Fd=d X
terminates.

Generalizing this statement to the mutually defined notions of reification and
algorithmic equality ({ and f} Set), we see that the proof fails since during
reification of d’, context and type diverge from A and X. (Similar considerations
lead us to the definition of ® in Section [5.2])

The skeleton of the algorithmic derivation is already determined by the
derivation of A Fd ™\, _ f# X. Yet we have to show that the application f’-xa
is terminating in AQ-EXT. Somehow we have to exploit that d’ originates from
a well-typed term, thus, A - d' : X and even A |= d : X both hold. But it is
unclear how to make use of these facts in a termination proof.

10 Conclusion and Related Work

We have presented a bidirectional incremental Gn-equality algorithm for a depen-
dent type theory with predicative universes and verified it using NbE-techniques.
The algorithm is formulated with respect to an abstract representation of values
which supports several implementations. In Sec. [§] we had to exclude the repre-
sentation via higher order abstract syntax, which was used in an early version
of Agdalight, a predecessor of Agda 2. In the future we want to explore how to
generalize our proof so that we also cover this implementation technique. Fur-
thermore, we want to close the gap and prove termination of the algorithm as
well as soundness and completeness of type checking.
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Some complications in the verification vanish if we restrict to a concrete,
term-like implementation of values, for instance, closures [Coq96J/ACOS8]. Clo-
sures are a special case of explicit substitutions, hence, soundness of algorithmic
equality is trivial: each algorithmic rule can be replaced by a sequence of declar-
ative rules. Termination also becomes apparent: algorithmic equality works only
on well-typed terms, which are normalizing.

Related work. The current proof uses similar techniques to those in our previous
work on NbE [ACDO7]. However, there are several differences, in order to deal
with contextual reification we here need a Kripke model instead of a plain PER
model.

Goguen [Gog94] proves decidability of UTT using typed operational seman-
tics. He treats 0, universes, and even inductive types and a impredicative universe
of propositions. Showing soundness and completeness of his syntactic Kripke
model he establishes subject reduction, confluence, and strong normalization,
which imply decidability. However, he is not concerned about particular algo-
rithms. Since his approach is based on n-reduction instead of n-expansion, it is
not clear whether it scales to a unit type with extensional equality.

Harper and Pfenning [HP05] present an incremental bidirectional Sn-equality
algorithm for LF using erasure of dependencies; this does not extend to large
eliminations. Chapman, Altenkirch, and McBride [CAMO7] share their algorithm
with us. They describe an implementation, but no verification.

Grégoire and Leroy [GLO02] have implemented an incremental (S-conversion
test for the Calculus of Inductive Constructions based on “normalization by ex-
ecution”. Values are computed by compiling (open!) expression to Caml byte
code. The result of executing the code is then read back to a -normal expres-
sion. The soundness of this efficient form of evaluation has been formally verified
in Coq. We expect that our and their work can be combined to obtain an ef-
ficient Bn-conversion test. To this end, one needs to instantiate the syntactical
applicative structure D to machine code and define contextual reification of code,
similar to Grégoire and Leroy’s read back function.

Acknowledgments. Thanks to the anonymous referees who gave insightful com-
ments and pointed to the problem of termination.

A Proofs of Syntactical Properties

Lemma 26 (Derivable rules).

r }_O—:F/ EQ-SUBST-EMPTY L
TF(Qoo=0:0 Q TF0=0:9

EQ-SUBST-EMPTY-(3

I'to: I I z:AF I'kt: Ao I'ty:C

EQ-ESUBST-WEAK
@ I' Fy(o,x=t) =yo: Co
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Proof. — EQ-ESUBST-WEAK

It (o,x=t)=0:1" EQ-SUBST-EXT-WEAK
I'to=(o,x=t): I" EQ-SUBST-SYM
I' Fyo =y(o,z=t) : Co ESUBST-F
I' Fy(o,z=t) =yo : Co EQ-SYM

Lemma 27 (Admissible rules).
1. (Function type formation:) If ' = A and I'yx: A + B then I' F Fun A Az B.

Lemma 28 (Scope). If I' = J then FV(J) Cdom(I"). If I'yz: A, I"" - J then
FV(A) C dom(I").

Proof. Simultaneously by induction on the derivation.

Lemma 29 (Context well-formedness).

1. If LI+ J then I' F.
2. If w:A, T = J, then I' + A.

Lemma 30 (Weakening). If I',T" F J and both I' = A and x ¢ dom(I',I"),
then I'x: A, T + J.

Proof. — Case

rI'+B
,y:B F (o-;d,y:y) =ogq:1,1",y:B

EQ-SUBST-EXT-1] = y & dom(I, T")

By ind.hyp., Iz : A, I" + B, hence, Iz: A, I",y:B + (0ig,y=y) = 0id :
I''x: A I, y: B by EQ-SUBST-EXT-7. With EQ-SUBST-WEAK we conclude
Nz:A I y:B b (o,y=y) =0 : [, ", y:B.

Corollary 6 (Iterative weakening). If I' - J and I T" + J then I, T + J.
Proof. By induction on I, using the two previous lemmata.

Lemma 31 (Context conversion). Let ' W B=A and I' - B. If D :: I, x:
AT FJ then I'x:B, T + J.

Proof. By induction on D. Does not require any of the previous lemmata.

Lemma 32 (Inversion of Typing).

If DT Fc:Cthen X +c: C for some C' with ' = C = C".
IfDuTI'tFa:Cthen ' FC=1I(x).

If DT FXat:Cthenl -C=FunAXxB and Iz: A Ft:B.
IfD:T'Frs:Cthenl Fr:FunA B withl' Fs:Aand I +C =
B(cig, z=5).

T oo~
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5. If D' - FunAXxB : C then I' b C = Set; for some i and I' + A : Set;
and I';x: A + B : Set;.

Proof. Each by induction on D, treating rules CONV and SUBST until one gets
to CONST, HYP, FUN-I, FUN-E, or FUN-F, resp. This lemma can be proven in
isolation.

Lemma 33 (Derived substitution rules). Let I' F s: A.

1. If I'Ne: A+ B then I' - B(oig,z=35).
2. If e:Att:Bthen I’ Ft(o,z=3): B(og,x=35).

Lemma 34 (Derived functionality rules). Let ' Fs=s": A.

1. If INz: A+ B then I b B(oig,x=5) = B(c,z=5").
2. If z:AbFt:Bthen I' b it(og,x=5) = t(oig,x=5") : B(oid,x=5).

Lemma 35 (Syntactic validity).

1. Typing: If D:: I Ft: A then I' F A.

2. Typing of substitutions: If D' b o : I then I'" .

3. Equality: If D = I' bt =1t : Athen I' = A and both I’ -t : A and
I'=t:A.

4. Equality of substitutions: If D :: I' & o = o' : I'" then I'" + and both
I'to:I"and ' -o': T,

Proof. Simultaneously by induction on D. Inversion for function types (Lemma
is needed.

In case HYP we conclude with context well-formedness (Lemma . In case
FUN-E, we have to show I' + B(oi4,x = s). By induction hypothesis, I" F
Fun AXzB, thus, Iz : A b B by inversion. By substitution (Lemma [33]),
I' + B(oig,z=35). In case EQ-FUN-F, we need context conversion (Lemma
In case EQ-FUN-E, the goal I' F s’ : B(oi4,z = s) is interesting. By in-
duction hypothesis, I" + v : FunAXxB and I' + s’ : A, which entail I" +
r’s’" . B(oi,x = §'). From the induction hypothesis I" - Fun AXzB we get
by inversion (Lemma Iz : A F B, hence, by functionality (Lemma ,
I' b B(oig,x=5) = B(0i4,x=¢"). Thus, by conversion, I - r' s’ : B(cg,z=5").

— Case

I'to: I I''z:A+t:B
I' - (A\xt)o = Mz .t(o,z=x) : (Fun AXzB)o

EQ-ESUBST-FUN-I x ¢ dom(I")
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I' A by context well-formedness

I'' 2:A+B by induction hypothesis
I - Fun A xB by Lemma 27][]
I' F (Fun A zB)o by ESUBST-F
I = Xzt : Fun A)zB by FUN-I
I' F (Azt)o : (Fun AXxB)o by ESUBST-F
I'+- Ao by ESUBST-F
INz:Aoc o : I by weakening (Lemma
Iz:Ao Fz: Ao by HYP
Iz:Ac & (o,o=x): ", x: A by SUBST-EXT
I'z:Ac Ft(o,x=z): B(o,z=x) by ESUBST-F
I' - \x.t(o,z=x) : Fun (Ao) (A\z.B(0,z=1)) by FUN-I
I' H (Fun AMaB)o = Fun (Ao)(A\x. B(o,z=x)) by EQ-ESUBST-FUN-F
I' - x.t(o,x=x) : (Fun A\zB)o by EQ-SYM, CONV
— Case

I'kFo: 1" I"+A I'+t: Ao

EQ-SUBST-EXT-WEAK dom(I”
@ I't(o,z=t)=0:1I" @ ¢ dom(I")
It (o,x=t): " z:A SUBST-EXT
It (o,x=t): 1" SUBST-WEAK
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