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—— Abstract

This paper investigates the reach of the proof technique of normalization by hereditary substitution due

to K. Watkins et al., by showing how it can be applied to three example type systems with advanced
features. The first two systems are extensions of Stratified System F (SSF), a type theory of predicative
polymorphism studied by D. Leivant. We extend SSF first with sum types and commuting conversions,
and then with types expressing equalities between terms. For the third system, we consider an extension
of the Simply Typed Lambda Calculus (STLC) with types expressing equalities between types. We show
how normalization by hereditary substitution can be applied to these different advanced typing features,
and identify several new properties resulting from defining the hereditary substitution function on open
terms.

1 Introduction

The Tait-Girard reducibility method is a well-known technique for proving normalization of sim-
ply typed and polymorphic lambda calculi; see [10] for an excellent discussion of the reducibil-
ity method. This technique is, however, very intricate, which makes it difficult to apply to new
theories. Therefore an easier technique is of interest to the research community. The hereditary-
substitutions method is qualitatively simpler than proof by reducibility. For example, the proof of
the type soundness theorem using reducibility requires a quantification over substitutions satisfying
the typing context, but no quantification over substitutions is required for normalization by heredi-
tary substitution. The hereditary-substitutions method is also (at least nominally) proof-theoretically
less complex than proof by reducibility. The central concept of reducibility is defined by recursion
on types, introducing new quantifiers in alternating polarity. To formalize the argument, one thus
needs a logic in which quantified formulas can be defined by recursion. In contrast, the central def-
initions for the hereditary-substitutions method can be expressed without such rich constructions,
and thus should be formalizable in much weaker theories. These advantages suggest that proof by
hereditary substitution may be easier to apply to new theories, and simpler to formalize, than proof
by reducibility. The drawback is that it is unclear if the method can scale to richer type theories.
This paper contributes to understanding which type theories can be shown to be normalizing using
this method.

Overview of the method. There are six essential steps that need to be taken in order to conclude
normalization by the hereditary substitution proof method. First, an ordering on the types of the
type theory under consideration must be defined. Following the ordering on types the hereditary
substitution function must be defined. Then it must be shown that the hereditary substitution function
satisfies several properties: i. totality and type preservation, ii. normality preservation, and iii.
soundness with respect to reduction. The first two properties of the hereditary substitution function
are well-known, but the third to our knowledge is novel. The third property is a safety check insuring
that the hereditary subtitution function is obeying the reduction strategy of the system it is defined
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for. This will become more clear when we actually state the results for each system below. In fact
we will formally define each of these results for the analyzed type theories below. The next major
part of proof by hereditary substitution is defining a semantics for the types of the type theory under
consideration. We call this semantics the interpretation of types. The interpretations of types are
essentially sets of terms with a common type in a context. In order to conclude type soundness using
our semantics for types we must prove a vital result called the main substitution lemma which shows
that the interpretations of types are closed under hereditary substitutions.

Related and previous work. The central idea of hereditary substitution is essentially to prove
normalization using a lexicographic combination of an ordering on the types and the strict subepxres-
sion ordering on proofs. This central idea has been used in normalization proofs dating all the way
back to Prawitz in 1965 where he shows normalizaion for natural deduction [18] (Chapter 4). It
arises again in Lévy’s work in [15]. A proof of normalization of the STLC using this idea can be
found in Chapter Four of [10]. A similar proof can be found in [4] (Chapter 2 Theorem 2.2.9). Yet
another proof can be found in [12] for STLC. In fact F. Joachimski and R. Matthes actually show
weak and strong normalization for STLC using a lexicographic combination of the strict subexpres-
sion ordering on types and proofs. They then extend this to show strong normalization for STLC
extended with sum types and commuting conversions. Furthermore, he extends his method again to
show strong normalization of Godel’s System T. For each system they also define a normalization
function on normal terms which amounts to a function similar to hereditary substitution. The con-
structive content of these proofs was first made explicit by K. Watkins et al. in [21] and R. Adams
in [3] for dependent types.

A. Abel in 2006 shows how to implement a normalizer using sized heterogeneous types which is
a function similar to the hereditary substitution function in [1]. He then uses hereditary substitution
to prove normalization of the type level of type theory with higher-order subtyping in [2]. This
results in a purely syntactic metathoery of his type theory. C. Keller and T. Altenkirch recently
implemented hereditary substitution as a normalization function for the simply typed A-calculus
in Agda [13]. Their results show that hereditary substitution can be used to decide [n-equality.
They found hereditary substitution to be convenient to use in a total Type Theory, because it can be
implemented without a termination proof. This is because the hereditary-substitution function can
be recognized as structurally recursive, and hence accepted directly by Agda’s termination checker.

In previous work, we showed how to apply the hereditary-substitutions method to prove nor-
malization of Stratified System F (SSF), a type theory of predicative polymorphism studied by
Leivant [9, 14]. However, the results here are considerably different. In our previous work we used
the central idea of the hereditary substitution function implicitly in the proof of the main substitution
lemma. In the current paper, we use the hereditary substitution explicitly in the statement of the main
substitution lemma and prove several necessary properties of the hereditary substitution function as
stated above. We consider this change to be the correct way of using the hereditary substitution
function in normalization proofs. We also consider more complicated type systems than the system
analyzed in the previous paper, with advanced features that are important in other lambda calculi. We
study three systems featuring, respectively, commuting conversions for sum types (Section 2), ex-
plicit equalities between terms (Section 3), and explicit equalities between types (Section 4). These
systems pose novel challenges for hereditary substitutions. For example, the third of these systems
is normalizing only for reduction strategies which do not reduce beneath lambda abstractions. We
devise non-trivial adaptations of the hereditary-substitutions method to prove normalization for each
of these systems.

Why Hereditary Substitution? To summarize, hereditary substitution is a proof technique for
showing normalization of typed lambda calculi. It promises to be easier to use than the reducibility
proof method, which is well known to be quite intricate and challenging to adapt to new theories,
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Syntax:
K = *0 | *1 | e
T = X|T—T|VX:KT|T+T
t = x| Ax:Tt|tt|AX : Kt |t[T]]inl(t) | inr(t) | case t of z.t,x.t

Reduction Rules:
(AX @ *p.1)[0]
Az : )t

$

[o/X]t case inl(t) of z.t1,xta  ~  [t/z]t1
[t'/z]t case inr(t) of z.t1,xta  ~  [t/z]t2

$

Commuting Conversions:
(case t of z.t1,3.t2) t' ~ casetof z.(t1 t'),x.(t2 ')
case (case t of z.t1,x.t2) of y.s1,y.s2 ~» casetof
z.(case t1 of y.s1,y.52),
z.(case t1 of y.s1,y.52)

Figure 1 Syntax, Reduction Rules, Commuting Conversions for SSF™

such as ones being developed for dependently typed programming languages like ATS [6], Epi-
gram [16], and others.

2 Stratified System F' (SSF*)

Stratified System F' is a predicative polymorphic type theory. Stratified polymorphism is used in
predicative type theories for universe hierarchies. SSF* also has sum types ¢; + ¢o, whose elim-
ination form case t of x1.t1, x3.t2 is used to case split on a whether or not term ¢ with a sum type
is truly z; of type ¢, or else x5 of type ¢2. We consider sum types with so-called commuting
conversions, which allow independent cases to be permuted past each other (see Fig 1 below). Com-
muting conversions are well-known to pose technical difficulties for normalization proofs based on
reducibility (see [20] and Chapter 10 of [10]). We will see that they can be handled straightforwardly
with hereditary substitution.

The syntax, reduction rules, and commuting conversions for SSF* can be found in Fig. 1. This
extension of SSF is based on the version of SSF used in [9]. The kind-assignment rules are defined
in Fig. 3 and the type-assignment rules in defined in Fig. 4. The kinding/typing relations depend on
well-formed contexts which are defined in Fig. 2. To ensure substitutions over contexts behave in an
expected manner, we rename variables as necessary to ensure contexts have at most one declaration
per variable. Lastly, throughout this paper we use various basic meta-theoretic results for each
system. Due to space constraints we do not show them here, but in the companion report [8]. The
reader will also find all omitted proofs in the companion report.

T Ok I'¢:%, T Ok
Ok T,X:%,0k T,z:¢ Ok

Figure 2 Well-formedness of Contexts for SSF*

2.1 Ordering on Types

In this section we define an ordering on types. This ordering is curcial for the hereditary substitution
method. We will see in Section 2.3 that we prove several properties of the hereditary substitution
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LX) =%
T'F 1% T'F 2% X g% I'F¢1:x%p I'kF¢2:%xq 'Ok p<gq

C'Fé1 — @2 *mazpg) [FVX %00 *mazmg+1 TF 1+ P2 *mawp,q) I'E X :x

Figure 3 SSF' Kinding Rules

F(x):qﬁ FFt1:¢1—>(]§2
T Ok Tix:d1Ft: g2 T'kta: T X:xFt:¢
'tz:¢ T'FXx:g1t: d1 — o2 Tk tita : P2 T'HFAX :x.t:VX : 5.0
F"t:(f)1+¢)2
Fl—t:VX:*l.qﬁl Fl—t:¢1 Fl—t:qﬁg F,:L':¢1|—t1:1/J
' o % I'E g% I'E @1 Tix:pabta:

Dk t[pe] : [@p2/X]p1r  ThHinl(t) :d1+d2  Trinr(t) : ¢1 + ¢2 T Fcasetof z.tr,x.to : 9

Figure 4 SSF' Type-Assignment Rules

function defined in Section 2.2. The ordering used in these proofs is the lexicographic ordering
consisting of the the ordering we are about to define and the strict subexpression ordering on terms.
In fact if no ordering on types exists then one cannot prove the necessary properties of the hereditary
substitution function needed to conclude normalization.

» Definition 1. The ordering > is defined as the least relation satisfying the universal closures of
the following formulas:

$p1—¢2 >r  ¢1 1+ P2 >r ¢
o1 — P2 >r 2 b1 + P2 >r o @2
VX :x.¢ >r  [¢//X]¢where I ¢ : x.

» Theorem 2 (Well-Founded Ordering). The ordering >t is well-founded on types ¢ such that
T'F ¢ : % for some l.

We need transitivity in a number of places in the proof of the main substitution lemma.

» Lemma 3 (Transitivity of >r). Let ¢, ¢, and ¢ be kindable types. If § > ¢ and ¢’ >1 ¢”
then ¢ >r ¢".

2.2 The Hereditary Substitution Function

We will work through the hereditary substitution method in more detail for this first example system
than for the other two. The difference between ordinary capture avoiding substitution and hereditary
substitution is if as a result of substitution a new redex is created, then that redex is recursively
reduced. The hereditary substitution function is denoted [t/x]?t' where ¢ is called the cut type, due
to the relation of the hereditary substitution function and cut elimination, and ¢’ is called the principle
term of substitution. The purpose of the cut type is that it is used to ensure that the definition of the
function is well founded. We will see this connection below. We now turn to defining this function
for SSF*.

The definition of the hereditary substitution function for SSF™ is in Fig. 5 and Fig. 6. First, one
should read this definition as a mutually recursive function in terms of the hereditary substitution
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function [t/x]?t', the application reduction function appy t; ta, and case construct reduction func-
tion rcasey to x t1 to. The definitions of all these functions depend on a partial function called
ctypegs(x,t) which returns the type of a term ¢ if that term is in weak-head normal form. This
function is equivalent to the treduce function used in [21]. A brief explanation of the definition of
the hereditary substitution function is the following. One should read the “where”-conditions below
some of the cases of the definitions of each function as preconditions. The definition of ctypeg is
straightforward. Now the definition of the hereditary substitution function has the form one would
expect for a substitution function. In fact the only difference between the definition of the hereditary
substitution function and capture avoiding substitution is really present in the cases for applications,
type instantiation, and case constructs. These are the locations where new redexes can be created by
substitution.

Consider application. Based on the definition of the reduction rules we have two forms of re-
dexes: either a §-redex or a commuting coversion where a case construct is applied to an argument.
In order to create a new (3-redex as a result of substitution we must be substituting into a term of the
form x ¢, - - - t,,. The hereditary substitution function detects this by using the ctype, function. We
will show that if this function is defined then the head of the input term must be a variable x thus
implying that the input term is of the form we expect. Next we apply the hereditary substitution to
the head of the application and if that results in a A-abstraction then we know that a new redex will
be created by substitution. Thus, we recursively reduce this redex using the hereditary substitution
function. We will see that the result of the ctypey function is in fact a subexpression of the cut type
¢. This tells us that the cut type in the case for creation of a new 3-redex has reduced in the recursive
call to the hereditary substitution function.

Now in the definition of the hereditary substitution function where a new redex in the form of the
commuting conversion is created — in this case a case construct is applied to an argument — we again
know by the ctype, function that the head of the application is in the form x ¢; - - - {. Furthermore,
we know applying the hereditary substitution function to the head of the application results in a case
construct. So we recursively reduce the created redex in the same way the reduction rules do, but
when we push the argument into the branches of the resulting case construct more redexes may be
created. So to handle recursively reducing all of the newly created redexes in the branches we call
the application reduction function appg. This function reduces redexes by recursively calling itself
and the hereditary substitution function. The remaining cases where new redexes are potentially
created are similar to these cases. The function rcasey handles reducing case constructs.

2.3 Properties of The Hereditary Substitution Function

We now turn to proving several properites of the hereditary substitution function. Since the various
functions involved in the definition of the hereditary substitution function including the hereditary
substitution function itself depends on the ctypey function we first establish its main properties.
The major property of this function is that its output is a subexpression of the cut type ¢. This is
stated in part one of the next lemma. Part two is a sanity check which shows that the type returned
by ctypey is the right type. In other words it is the type of the second argument of the function.
The remaining parts of the lemma are used in the proofs of the other properties of the hereditary
substitution function. Recall in certain parts of the definition of the hereditary substitution function
it must be the case that ctype is defined so the remaining parts of the properties lemma ensure this
is the case.

» Lemma 4 (Properties of ctypey).
i. Ifctypeg(z,t) = ¢ then head(t) = x and ¢' is a subexpression of ¢.
ii. IfT,z:¢,I"Ft:¢ andctypeys(z,t) = ¢ then ¢’ = ¢".
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ctypeq(z,x) = ¢

ctypes(x, t1 t2) = ¢
Where typeys(z,t1) = ¢' — ¢".

appe tl t2 = tl t2
Where ¢1 is not a A-abstraction or a case construct.

appe Az 1 ¢/ 1) ta = [t2/2]® t1
appg (case to of z.t1,x.t2) t = case to of z.(appy t1 t),z.(appe t2 t)

rcaseg to y t1 t2 = case to of y.t1,y.t2

Where t¢ is not an inject-left or an inject-right term or a case construct.
reaseg inl(t') yti ta = [t'/y]¢1 1
reaseq inr(t') yty ta = [t' [y]®? t2

rcaseg (case t( of T.t1,3.t5) y t1 ta = case t, of x.(rcasey ty y t1 t2),x.(rcases th y t1 t2)

Figure 5 Hereditary Substitution Function for Stratified System F*

iii. IfT,x: ¢, 1" Ftita: @, TFt:¢, [t/x]®t = Ay : ¢1.q, and t1 is not then there exists a type 1) such
that ctypey(x,t1) = 1.
v, Do, T Ftita: ¢, Tt [t/x]°t = case th of y.th,y.th, and ty is not then there exists a type
¥ such that ctypegs(z,t1) = 1.
v. IFT,x:¢, T & caseto ofyti,yta: ¢, Tt [t/x]Pto = case ty of z.th, z.th, and to is not then there
exists a type 1 such that ctypey(x, to) = 1.
vii. IfT,x: ¢, I b caseto of y.ti,yta : ¢, Tt : & [t/x]?to = inl(t)), and to is not then there exists a
type v such that ctypey(z,to) = .
vii. IfT,z: ¢, I' F caseto of y.t1,yta: ¢, T -1t : ¢, [t/x}¢to = inr(t'), and to is not then there exists a
type v such that ctypey(z,to) = .
We now move on to proving the main properties of the hereditary substitution function. First, we
show that for typeable terms it is a total function and the output maintains the same type as the
principle term of substitution.

» Lemma 5 (Total and Type Preserving). Suppose T' -t : pand T,z : ¢, T’ = t' : ¢'. Then
there exists a term t" such that [t/z)*t' = t" and T,T" " : ¢/.

The next result we show is that the hereditary substitution function cannot create new redexes. The
following example shows when a particular redex is destroyed by hereditary substitution.

» Example 6. Let ¢t = inl(a) for some variable ¢ and ¢’ = case (case x of y.y,y.y) of z.2,2.2
where T Ft: (¢1 + o) + &, T a: ¢+ ¢o,and Ty 2 (¢ + o) + ¢ ' 1 ¢'. Now lets trace
the definition of the hereditary substitution function on the input ¢, , and ¢’ and compute what the
image of [t/x](®1T¢2)+¢¢" will be. Well the first thing the hereditary substitution function does is
apply itself to all the parts of the case construct. So we must calculute the following results:

i. First we have to compute [t/ x](¢1+¢2)+¢(case x of y.y,y.y). This requires us to compute
[t/2](#1+92)+¢2 — t Now the hereditary substitution functions checks to see if ¢ is an inject-left
term or an inject-right term, if it is then we have created a new redex. It happens that ¢ is so we
know [t/x](#1+92)+¢ (case = of y.yy.y) = [a/y]?* 1?2y = a.

ii. Second we must compute [t/x](?1+¢2) 0y = 4,

Now putting these pieces together we obtain [t/xz](?1T92)+9¢ = case a of 2.2,2.z. Clearly, we no

longer have the right-hand side of the commuting conversion for case constructs.
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[t/z]%z =t
[t/=]?y =y
Where y is a variable distinct from x.
[t/2]?(Ny = ¢'.t") = Ny« & ([t/2]"t')
[t/z]?(AX :%.t") = AX @ %, ([t/]?t)
[t/x]?inr (') = inr([t/2]"t")
[t/2]?ind(t') = inl([t/=]*t')
[t/2]?(t1 t2) = ([t/2]"t1) ([t/2]t2)
Where ([t/z]®t1) is not a A-abstraction or a case construct, or both ([t/x]?#1)

and ¢; are A-abstractions or case constructs, or ctype,(z, t1) is undefined.

[t/2](t1 t2) = [([t/2]°t2)/y]*" 5}

Where ([t/z]%t1) = Ay : ¢.s] for some y, s7, and ¢ and ctypes(z,t1) = ¢ — ¢'.

[t/2]?(t1 t2) = case w of y.(appy 1 ([t/x]%t2)).y.(appy s ([t/2]t2))

Where [t/2]?t; = case w of y.r,y.s for some terms w, 7, s and variable y, and
ctypes(z, 1) = ¢" — ¢'.

[t/2]?(t'[¢]) = ([t/x]°)]¢']

Where [t/x]%t' is not a type abstraction or ¢’ and [t/x]®t’ are type abstractions.

/2] (¢16']) = [¢//X]s!

Where [t/2]?t' = AX : #;.5}, for some X, s} and T' I ¢’ : %, such that, ¢ < [ and
t’ is not a type abstraction.

[t/x]?(case to of y.t1,y.t2) = case ([t/z]%to) of y.([t/x]?t1),y.([t/x]%ts)
Where ([t/x]%to) is not an inject-left or an inject-right term or a case construct, or
([t/x]?to) and to are both inject-left or inject-right terms or case constructs, or
ctypey(x, to) is undefined.

[t/x]?(case to of y.t1,y.t2) = rcasey ([t/x]%t0) y ([t/z]%t1) ([t/x)%t2)

Where ([t/x]°to) is an inject-left or an inject-right term or a case construct and
ctypeq(w,to) = ¢1 + 2.

Figure 6 Hereditary Substitution Function for Stratified System F* Continued

Showing redex preservation for the hereditary substitution function depends on the following func-
tion which contructs the set of redexes in a term.

» Definition 7. The following function constructs the set of redexes within a term:

rset(x) =

rset(Az : ¢ ) = rset(t)

rset(AX : x;.t) = rset(t)
(

rset(ty ta)
= rset(ty,to) if t1 is not a A-abstraction.
= {t1t2} Urset(t),t2) ifty = Az: ¢.t].
rset(t[8")
= rset(t") if t” is not a type absraction.

{t"[¢"]} Urset(t") ift" = AX : %8,
rset(inl(t)) = rset(t)
rset(inr(t)) = rset(t)
rset(case to of z.t1,2.t2)
= rset(ty) Urset(ts,t2) if ¢ is not an inject-left term or an inject-right term.
= {case tg of z.t1,x.t5} Urset(ty) Urset(ty,tz) if ¢y is an inject-left term or an inject-right term.
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The extention of rset to multiple arguments is defined as follows:
rset(ty, ... tn) =% rset(ty) U--- Urset(ty,).

» Lemma 8 (Redex Preserving). IfT' -t : ¢ ',z : ¢, I =t : ¢, and t' then |rset(t’ t)| >
|rset([t/z]®t)).

It is easy to see that the previous lemma can be used to show that if the input to the hereditary
substitution function contains no redexes then the result will contain no redexes. That is, the function
is normality preserving. This is the key result when using the hereditary substitution function in
normalization proofs.

» Lemma 9 (Normality Preserving). If T' - n : ¢ and T',x : ¢' = n' : ¢’ then there exists a
normal term n'' such that [n/x]%n’ = n".

The final property of the hereditary substitution that needs to be proven is a safety property. Which
is that the hereditary substitution function does not deviate from the reduction rules. We call this
soundness with respect to reduction. We will see this property come into play in the proof of type
soundness.

» Lemma 10 (Soundness with Respect to Reduction). IfT' ~t¢: ¢ and T,z : ¢, T =t : ¢
then [t/z]t' ~* [t/z]*t.

At this point we are ready to move on to concluding normalization.

2.4 Concluding Normalization
We now define the interpretation [¢]r of types ¢ in typing context I
» Definition 11. The interpretation of types [¢] is defined by:
ne€lplr < I'kn:¢
We extend this definition to non-normal terms ¢ in the following way:
t€[¢)r <= Int~'ncd]r

We define t ~' ' to be t ~+* ' and ¢’ is normal.

In the introduction we defined semantic inversion and asserted that it must hold with respect to
any interpretation of types used in a proof by hereditary substitution. It is easy to see that syntac-
tic inversion holds for every form of the SSF' typing relation trivially. This fact yields semantic
inversion by definition of the interpretation of types. In this paper we will freely use syntactic and
semantic inversion lemmas without explicit reference.

Before moving on to proving soundness of typing and concluding normalization we need a basic
result about the interpretation of types: type substitution. It is used in the proof of the type soundness
theorem (Theorem 14).

» Lemma 12 (Type Substitution for the Interpretation of Types). If n € [¢']r x:«, v and
'+ ¢ B then [QS/X]TL € [HQS/X}QZ)/IIF,W)/X]F/

Substitution for the interpretation of types is as we have been calling it the main substitution
lemma. It is a crucial result, because it is needed in the proof of type soundness and it depends on
the hereditary substitution substitution function.
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= z|Az:pt|tt|AX : K.t]t[g]]|join
= X|Hz:9.¢9|VX:Kol|lt=t

ko | %1 | ...

¢
K

(AX :xpt)[¢]  ~ o/ X]t
Az : @)t ~ [t T)t

Figure 7 Syntax of Terms, Types, and Kinds and Reduction Rules for DSSF~

D(X) = #p DE s Thti:o
I' Ok p<gq Dz b o :xg DX kg %y T'Hta: LEo:xp
T'F X %, DIzt ¢1.92 : *mas(p,q) L F VX 1 %00 ¥maz(p,q)+1 F'Fti=ta:%p

Figure 8 DSSF~ Kinding Rules

» Lemma 13 (Hereditary Substitution for the Interpretation of Types). If n' € [¢'Ir z:6.1,
n € [¢]r, then [n/x]%n’ € [¢']r -

Proof. By Lemma 5 we know there exists a term 7 such that [n/x]*n’ = A and T,V - 7 : ¢’ and
by Lemma 9 7 is normal. Therefore, [n/z]?n’ =7 € [¢']r.r - <

We are now ready to present our main result.
» Theorem 14 (Type Soundness). If T & ¢ : ¢ thent € [P]r.

» Corollary 15 (Normalization). IfT' & ¢ : ¢ then t ~' n.

3 Dependent Stratified System F~ (DSSF™)

DSSF~ is SSF extended with dependent types and equations between terms. Equations between
terms are an important concept in Martin-Lof type theory [11, 17], and play a central role also in
dependently typed programming languages, such as the second author’s GURU language [19]. The
syntax and reduction rules are defined in Fig. 7. The kind-assignment rules are defined in Fig. 8.
One thing to note regarding the kind-assignment rules is that the level of an equation is the same
level as the type of the terms in the equation. The terms used in an equation must have the same
type. Finally, the type-assignment rules are defined in Fig. 9. Note that t; | to denotes there exists
aterm t such that ¢t; ~~* ¢ and t5 ~~™* t.

3.1 Syntactic Inversion

This section covers syntactic inversion of the typing relation. In Sect. 3.3 we define the interpretation
of types and semantic inversion must hold for this definition. Since the interpretation of types is
simply the restriction of the typing relation to normal forms syntactic inversion implies semantic
inversion. Hence, we only need to show syntactic inversion. Syntactic inversion depends on a
judgment called type syntactic equality. It is defined in Fig. 10. We show that syntactic conversion
holds for syntactic type equality in Lemma 16. We only state the syntactic inversion lemma for
the typing relation, because syntactic inversion for the kinding relation is trivial. Note that we
use syntactic inversion for kinding throughout the paper without indication. First we define some
convenient syntax used in the statement of the following lemma. We write 3(aq, as, ..., a,) for
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T Ok CkEte: ¢
I'(z)=¢ Dix:d1Ht: ¢ 'kt :1x: ¢p1.¢2
I'tx:¢ PEXz: gtz dr.pe Tty o [ta/x]d

F}—t:VX:*l.(bl tlltg F|—t1:¢
DX s FHt:o ' 2% I' Ok I'kHte: o

I'FAX %t : VX : *[.(;5 T+ t[¢2] : [¢2/X}¢1 I |‘jOZ"I’L 1t =1t

T'kFto:t1 =t2
LHt:[t/z]o
Tkt [ta/x]g

Figure 9 DSSF~ Type-Assignment Rules

Fl‘p:tlztz Fl‘[tl/.’r]d)%[t1/I}¢l Fl‘p:tlztz TE
Tk [ti/2lo ~ [t2/ald " T F [t1/2]¢ ~ [t2/a]¢’ e

Figure 10 DSSF~ Type Syntactic Equality

Ja;.das . .. Ja,,. Note that the proofs of the following lemmas depend on a number of other auxiliary
lemmas. They can also be found in the companion report.

The first lemma is type syntactic conversion which states that if a term ¢ inhabits a type ¢ then
it inhabits all types equivalent to ¢. Following this is injectivity of II-types which is needed in the
proof of syntactic inversion. Finally, we conclude syntactic inversion.

» Lemma 16 (Type Syntactic Conversion). If T Ft:¢andTF ¢ ~ ¢’ thenT -t : ¢'.

» Lemma 17 (Injectivity of II-Types for Type Equality). If Tt Iy : ¢1.¢ = Iy : ¢}.¢% then
kg1~ ¢iandl,y: ¢1F ¢o ~ ¢h.
» Lemma 18 (Syntactic Inversion).
i. fTFAXx:p1t:pthenIps. Uizt o ATz : ¢1.000 = ¢.
ii. IfTFtyty: ¢thenI(x,d1,d2).

Tht: Mz 1o AT Fta: d1 AT F ¢ = [ta/x]do.
iii. IFTFAX :5.t:¢then3d . T,X i t: 0 AT F VX : 5.0
iv. IfTFtlga]: ¢ then I(p1, d2).

THt:VX i 500 AT E iy AT ¢ = [p2/X] 1.
v. IfTF join: ¢ then 3(tq,ta, ).

t1 Jto ATt : ' ATt : ¢ AT H ¢ty =t AT Ok.

3.2 The Ordering on Types and The Hereditary Substitution Function
The ordering on types is defined as follows:

» Definition 19. The ordering >r is defined as the least relation satisfying the universal closure
of the following formulas:

Iz : ¢1.d)2 >r ¢1
Mz : ¢p1.¢2  >r  [t/x]p2, where T ¢ : 1.
VX :x.0  >r [¢'/X]|op, where Tk ¢’ @ %,.
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[t/z]%x =t

[t/z)%y =y
Where y is a variable distinct from x.

[t/x]?join = join

[t/2] Ny = &) = Ny = ¢ ([t/2]°t)

[t/2]?(AX : %) = AX = #.([t/2]%t)

[t/2]? (t1 t2) = ([t/=]°t) ([t/2]"t2)
Where ([t/2]®t1) is not a A-abstraction, ([t/]®t1) and t; are A-abstractions,
or ctypey(x,t1) is undefined.

[t/2)° (11 t2) = [([t/2]°t2) /4)*" 51
Where ([t/z]%t1) = Ay : ¢”.s] for some y and s} and ¢; is not a A-abstraction, and
ctypeg(z,t1) =y : ¢".¢'.

[t/2]?(t'[¢']) = ([t/x]°)]¢']
Where [t/x]?t’ is not a type abstraction or ¢’ and [t/x]?t are type abstractions.
[t/2]7(t'[¢]) = [¢'/X]s!
Where [t/x]?t = AX : %;.57, for some X, s; and I" - ¢’ : ,, such that, ¢ < [ and
t’ is not a type abstraction.

Figure 11 Hereditary Substitution Function for Stratified System F~

Just as we seen before this is the ordering used in the proofs of the properties of the hereditary
substitution function which will be defined next. As one might have expected this is a well-founded
ordering.

» Theorem 20 (Well-Founded Ordering). The ordering >1 is well-founded on types ¢ such that
T'F ¢ : % for some .

The type-syntactic-equality relation respects this ordering.
» Lemma 21. [fT'+ ¢' = ¢" and ¢ >r ¢’ then ¢ >r ¢
The following lemma is used in the proof of totality of the hereditary substitution function.

» Lemma 22. [fT + ¢ ~ Iy : ¢1.¢2 and 1) is a subexpression of ¢" then ¢" >r ¢1 and
¢N >F,y:¢1 ¢2-

We now define the hereditary substitution function for DSSF~. The function is fully defined in
Fig. 11. We do not repeat the definition of ctypey for DSSF~, because it is exactly the same as the
previous system. The definition is rather straight forward. Due to space constraints and the fact that
all of the properties of the hereditary substitution function are so similar to the previous type theory
they can be found in the companion report.

3.3 Concluding Normalization

We are now ready to conlcude normalization. We will accomplish this by first defining the interpre-
tation of types, then proving the interpretation of types are closed under hereditary substitutions, and
finally proving type soundness. The interpretation of types are defined exactly the same way as they
were for SSFT. We do not repeat that definition here. Just as in the previous type system semantic
inversion must hold for the previous definition. This is implied by syntactic inversion, which we
proved in the previous section. The next two lemmas are used in the proof of the type soundness
theorem.

11
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n= x| Azt|tt |join
v u= Azt|join|s
x|sv

¢ w= X[p—¢lo=9
r == |Iz:¢|, X

)
|

Figure 12 Syntax of Terms, Types, and Contexts for STLC™

El(Azt)v] ~ E[v/x]t] where: E = x|Et|vé&
Figure 13 Call-By-Value Reduction Rules for STLC™

» Corollary 23 (Type Substitution for the Interpretation of Types). If n € [¢']r x.x, 1 and
L'k ¢ then [¢/X]n € [[¢/X]dIr 1o/ xr-

» Lemma 24 (Semantic Equality). IfT' F p : t; = ta then [[t1/z]¢]r = [[t2/z]®]r.
We now conclude type soundness for SSF~, and hence, normalization.

» Lemma 25 (Hereditary Substitution for the Interpretation of Types). If n’ € [¢'[r 20,1,
n € [¢]r. then [n/x]*n’ € [[n/2]¢'Tr fn/ur-

» Theorem 26 (Type Soundness). IfT' -t : ¢ thent € [¢]r.

» Corollary 27 (Normalization). IfT' -t : ¢ thent ~' n.

4 Simply Typed \-Calculus= (STLC™)

In the previous section we proved normalization for a system with equations between terms. We
now turn to a similar system, but instead of equations between terms we consider equations between
types. This feature is important for systems like I, or the Calculus of Constructions (and its many
variants), where type-level computation and type-level redexes are allowed (see, e.g., [5]). While
type-level computation is often accommodated through an implicit conversion relation, if one wishes
to use explicit equational reasoning, then equalities between types are required.

The system we examine here is an extension of the Simply Typed A-Calculus. We omit type
quantification to focus solely on equality types, but include type variables to allow formation of
non-trivial such equalities. The syntax for terms, types, and contexts is defined in Fig. 12. The kind-
assignment and type-assignment rules are defined in Fig. 14 and Fig. 15 respectively. This system
has a call-by-value (CBV) reduction strategy defined by the rules in Fig. 13. One of the main reasons
we use CBYV instead of full S-reduction is that full 5-reduction mixed with an inconsistent context
allows diverging terms to type check. Consider the following example.

» Example 28. The following term is a typeable diverging term of STLC™ under full S-reduction:
Ap.(Az.x z) (Mz.x )

We can assign this term the type (X = X — X) — X in the context consisting just of X. The
intuition is that if we assume that X equals X — X, we can then assign the variable x a type X,
which we can then convert with Conv to X — X to type the self-application x .

We now move on to proving normalization using hereditary substitution.
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Xer I+ I+ rr I+
Kvag P TP prow L0 TR KEQ
IFx TF ¢ — oo TF 61— o

Figure 14 STLC™ Kinding Rules

I(z) = ¢ Thé1  D,x:grbt: o
———— VAR LAM —— JOIN
I'Fx:9¢ ' Axt:pr — ¢pa I'kjoin:T=T
F}_tli(ﬁl—>¢2 F"tQI(z)l F}—t[¢1/X}¢ Fl_t/Z(ﬁlz(ﬁg
APP CoNv
Thtits: o TFt:[e/X|T

Figure 15 STLC™ Type-Assignment Rules

4.1 The Hereditary Substitution Function and Its Propeties

The hereditary substitution function is defined in Fig. 16. It depends on the ctype, function, but we
do not redined it here. It is equivalent to the previous definitions when one removes the case for type
instantiation. We prove all the same properties of the hereditary substitution function as we did for
the two previouse systems. Due to their similiarity to the previous systems we do not show them
here. They can be found in the appendix of the companion report.

4.2 Concluding Normalization
Before concluding normalization we first define the interpretation of types.
» Definition 29. The interpretation of types [¢] is defined as follows:

z € [¢]r =  3¢p).Crp:dp=¢ Al(zx)=¢)
Azt € [¢]r — TFXed:90ANIb1,02,0).(CEp:odp=0cd1— P2 A
(Con(l,x: ¢1) = t € [¢2]ra:0:))
join€glr < Thrjoin:pAI¢, 0" p).(Chp:d=(¢ =¢")AVo:T.0¢' =0ag¢").
sv € [¢]r < Trsv:pATd.(s€[¢ — or Av e [¢]r)

We define Con(T") to be I is consistent. The definition of the interpretatin of types are for CBV
normal forms. We extend this definition to non-normal terms in the following way, ¢t € [¢]r if

[t/x]?z =t

[t/2]%y =y
Where y is a variable distinct from x.

[t/2] Ny = &' t) = Ny = ¢ ([t/2]"t)

[t/x]?join = join

[t/2]? (ts t2) = ([t/=]°t) ([t/2]"t2)
Where ([t/2]®t1) is not a A-abstraction or ([t/x]®t1) and ¢, are A-abstractions, or
ctypeq(z,t1) is undefined.

(
(

[t/x]°(tx tz% = [([t/x]%t2) /y]** 51
(

Where ([t/z]%t1) = Ay : ¢1.5) for some y and s} and ¢, is not a A-abstraction, and
ctypes(x,t1) = ¢p1 — ¢.

Figure 16 The Hereditary Substitution Function for STLC™
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and only if ¢t ~3 v € [¢]r. This definition is substantially different then the previous definitions.
First, this definition uses full S-reduction not CBV. We must use full #-reduction in the definition
of the interpretation of types, because we need them to be closed under hereditary substitution, but
hereditary substitution will reduce under A-abstractions. Second, since we have equations between
types we cannot say that ¢ itself carries over to the right hand side of the definitions for variables, A-
abstractions, and join, but rather there exist a proof p and a type ¢, such that p’s type is an equation
between ¢ and ¢'.

One crucial point to make regarding the definition of the interpretation of types is that we only
know the body of a A-abstraction is in an interpretation of some type if the context is consistent.
Since the reduction strategy is CBV the body of A-abstractions can be anything even potentially
diveraging terms. Now in this system the only time we can type check a diverging term is if the
context is inconsistent, just as we saw in Example 28. Hence, we only know the body of a A-
abstraction is in the interpretation of some type if the context is consistent. Without this requirement
on the bodies of A-abstractions this proof will not work. Also, the clause for equality types quantifies
over substitutions which satisfy a context — o : I" — defined as follows:

Ft: o:T H o X|I
—— SUBEMPTY ¢ SUBTERM ¢ [¢/X] SUBTYPE

{x—t}Uo): (x:¢,T) {X —o}Uo): (X,T)

We now move on to showing soundness of typing. Similarly to the proof for DSSF~ we need
semantic equality stated in the next lemma. Following the semantic equality lemma is the main
substitution lemma. One thing to note is that this lemma uses full S-reduction not CBV.

» Lemma 30 (Semantic Equality). If T F p : ¢1 = ¢ and v € [[¢p1/X]|P]r then v €
[[#2/X]¢]r

» Lemma 31 (Weakening for the Interpretation of Types). If v € [¢]r then v € [@]r v for
any context I'" which does not overlap with T.

» Lemma 32 (Hereditary Substitution for the Interpretation of Types). If v’ € [¢']r w01
and v € [¢]r then [v/x]?v" € [¢']r 1.

We now conclude soundness of typing and hence normalization for STLC™.
» Theorem 33 (Type Soundness). IfT' -t : ¢ thent € [¢]r.

» Corollary 34 (Normalization). IfT' - t : ¢ and Con(T) then there exists a value v such that
t~'

5 Conclusion

We have applied the proof technique of normalization by hereditary substitution, which uses the
notion of interpretation of types and the central idea of hereditary substitution, to analyze three
advanced typing features: sum types with commuting conversions, equality types between terms,
and equality types between types. Our long-term goal is to apply the hereditary-substitutions method
to proof-theoretically more complex type theories, in particular Godel’s System T. For this, we
conjecture that a proof-theoretically more complex ordering on types will be required, and hence are
exploring extensions of SSF to higher ordinals. A first step in this direction has already been taken
by Danner and Leivant, using the ordinal w® [7].
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A Proofs of Results Pertaining to SSF*

AA1

Basic Syntactic Lemma for SSF*

We now state several results about the kinding relation all of which are used throughout the remaining
proofs for SSF*.
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» Lemma35. [fT' - ¢ : *, then T Ok.

» Lemma 36 (Level Weakening for Kinding). If T'F ¢ : . andr < sthen Tt ¢ : *,.

» Lemma 37 (Substitution for Kinding, Context-Ok). Suppose T' = ¢ : *p. IfT', X : %, I
@ : *q with a derivation of depth d, then T',[¢/ /| X|I" & [¢/ /X|¢ : %4 with a derivation of depth
d. Also, ifT', X : %, I Ok with a derivation of depth d, then T', ¢/ / X|I" Ok with a derivation of
depth d.

» Lemma 38 (Regularity). IfT't-t: ¢ thenI' - ¢ : %, for some p.

A.2 Proof of Theroem 2

The depth function, defined in the following definition, is used in the following proof.

» Definition 39. The depth of a type ¢ is defined as follows:

depth(X) = 1

depth(¢ — ¢') = depth() + depth(¢’)
depth(¢ + ¢') = depth(¢) + depth(¢’)
depth(VX : #1.¢) = depth(¢) +1

We define the following metric (I, d) in lexicographic combination, where [ is the level of a type
¢ and d is the depth of ¢.

» Lemma 40 (Well-Founded Measure). If ¢ >r ¢’ then (I,d) > (I',d’), where T F ¢ : %,
depth(¢) =d, T+ ¢ : *y/, and depth(¢’) = d'.

Finally, the proof of well-foundedness of >r. If there exists an infinite decreasing sequence
using our ordering on types, then there is an infinite decreasing sequence using our measure by
Lemma 40, but that is impossible.

A.3 Proof of Lemma 3

Suppose ¢ >r ¢’ and ¢’ > ¢". If § = ¢1 — ¢ or ¢ = ¢1 + ¢ then, ¢’ must be a subexpression
of ¢. Now if ¢/ = ¢} — ¢4 or ¢/ = ¢} + ¢} then, ¢”" must be a subexpression of ¢’, which implies
that ¢ is a subexpression of ¢. Thus, ¢ >r ¢”. If ¢’ = VX : x,.¢) then, there exists a type ¢}
where, " I ¢} : *;, such that, ¢” = [¢},/ X|¢). The level of ¢’ is maz(l,l') + 1, where I’ is the level
of ¢}, the level of ¢” is max(l,1"), and the level of ¢ is max(max(l,1") + 1, p), where p is the level
of the type, which is, the second subexpression of ¢. Clearly, maz(max(l,1') + 1, p) > maz(l,l'),
thus, ¢ >r ¢”.

If $ = VX : %,.¢1, then ¢’ = [pa/X]|p1 for some type ¢o, where T' = oo @ *;. If [P/ X |1 =
@) — b or [pa/ X]p1 = @) + &, then the level of ¢’ is max(p, ), where p is the level of ¢} and g
is the level of ¢,. Now ¢’" must be a subexpression of ¢', hence the level of ¢” is either p or ¢. Now,
since the level of ¢ is greater than the level of ¢’ and we know, max(p, q) is greater than both p and
g then ¢ >p ¢". If [p2/X]p1 = VY : xp.@), then ¢ = [¢h/X]d). Now if p is the level of ¢q,
then the level of ¢ is max(l,p) + 1 and the level of ¢’ must be mazx(l, p) since we know the level
of ¢’ is greater than the level of ¢ then clearly, the level of ¢ is greater than the level of ¢”’. Thus,

¢ >r gb".
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A.4 Proof of Lemma 35

This is a proof by structural induction on the kinding derivation of I' = ¢ : *,,.
Case.

INX) =%, p<gq I Ok
I'EX:xg
By inversion of the kind-checking rule I" Ok.

Case.

D=y %y 'l ¢o %

' (bl - ¢2 * *maz(p,q)
By the induction hypothesis, I' = ¢1 : *, and I' F ¢5 : %, both imply I' Ok. Since the arrow-type
kind-checking rule does not modify I" in anyway I" will remain Ok.

Case.

Tk, Tkt

N ¢1 + ¢2 : *nLaw(p,q)
By the induction hypothesis, I' = ¢; : *, and I' F @9 : *4 both imply I' Ok. Since the sum-type
kind-checking rule does not modify I" in anyway I' will remain Ok.

Case.

DX kg F sy

'EVvX: *q.(Z) : *max(p,q)+1
By the induction hypothesis I', X : x, Ok, and by inversion of the type-variable well-formed
contexts rule I Ok.

A.5 Proof of Lemma 36

We show level weakening for kinding by structural induction on the kinding derivation of ¢ : *,..

Case.
I'(X) =%, p<gq I Ok
I'EX:xg
By assumption we know ¢ < s, hence by reapplying the rule and transitivity we obtain I" - X :
*g.
Case.

Thgris, Thoyixg

N (bl - ¢2 : >kma:r(p,q)
By the induction hypothesis I' - ¢ : %, and I' F ¢ : %, for some arbitrary s > maz(p, q).
Therefore, by reapplying the rule we obtain I' - 1 — @2 : *4.

Case.

Fl_gbll*p F"(ﬁg:*q

N ¢1 + ¢2 * *maz(p,q)
By the induction hypothesis ' - ¢ : *;, and T' b ¢ : * for some arbitrary s > max(p, q).
Therefore, by reapplying the rule we obtain I' - ¢1 + ¢2 @ *s.

17
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Case.

X tx, b ¢ %,
'-vx: *q.¢/ : *max(p,q)+1
We know by assumption that maz(p, ¢) + 1 < s which implies that maxz(p,q) < s — 1. Now

by the induction hypothesis I', X : %, = ¢’ : %,_;. Lastly, we reapply the rule and obtain
DEVX g0 ¢ k.

A.6 Proof of Substitution for Kinding, Context-Ok

This is a prove by induction on d. We prove the first implication first, and then the second, doing a
case analysis for each implication on the form of the derivation whose depth is being considered.

Case.
(T, X %, I)(Y) = %, r<s [ X %, I" Ok
DX ok, IV EY s
By assumption I" F ¢’ : %,. We must consider whether or not X = Y. If X = Y then
[¢'/X]Y = ¢',r = p, and g = s; this conclusion is equivalent to ', [¢/ /X |I" F ¢’ : %, and by
the induction hypothesis T, [¢//X]T” Ok. If X £ Y then [¢//X]Y = Y and by the induction
hypothesis T', [¢'/ X ]I Ok, hence, T, [¢/ /X|T" F Y : %,.
Case.
DX s, IV E ook DX sy, IV g ook
r,Xx: *pvrl F ¢1 - ¢2 > *max(r,s)
Here ¢ = max(r, s) and by the induction hypothesis T, [¢/ / X|T” F [¢/ / X]p1 : #, and T, [¢'/ X|TV
[¢'/ X]¢2 : *5. We can now reapply the rule to get T, [¢'/ X|I” F [¢'/ X](¢1 — d2) : *4.
Case.
DX oy Dby in, DX o, T b ot %,
r,x: *p7F/ F ¢1 + ¢2 Y *max(r,s)
Here ¢ = maz(r, s) and by the induction hypothesis T, [¢/ / X]T” - [¢/ / X]p1 : *,and T, [¢'/ X|TV |
[¢'/ X2 : *5. We can now reapply the rule to get I, [¢/ / XTIV = [¢' /X[ (1 + ¢p2) : 4.
Case.

D, X okg, TY s b ook
D, X o, I E VY 0 ()1
Here ¢ = max(r,s) + 1 and by the induction hypothesis ', [¢'/ X |TV,Y : %, b [¢//X]d : *,.
We can reapply this rule to get I', [¢/ /X TV I [¢/ /X VY : %,.¢ : *,.

We now show the second implication. The case were d = 0 cannot arise, since it requires the context
to be empty. Suppose d = n + 1. We do a case analysis on the last rule applied in the derivation of
[, X o, IV,

Case. Suppose I' =T"Y : x,.
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I X: *p,F" Ok
DX x4, T %, Ok
By the induction hypothesis, T, [¢// XTI Ok. Now, by reapplying the rule above T, [¢/ / X T Y :
xq Ok, hence I, [¢/ /XTI Ok, since X ZY.
Case. Suppose IV =T",y : ¢.

[ X 5y, T E @ik X :%,,I" Ok
D, X %, Ty ¢ Ok
By the induction hypothesis, I, [¢'/ XTI + [¢//X]¢ : %4 and IV, [¢' /XTI Ok. Thus, by
reapplying the rule above I, [¢/ /XTI, z : [¢'/ X]¢ Ok, therefore,
T, [¢'/X]I" Ok.

A.7 Proof of Type Ordering

This is a proof by case analysis on the kinding derivation of I' - ¢ : %, with a case analysis on the
derivation of ¢ > ¢'.

Case.

I'(X) =%, p<gq I Ok
F'EX %
This case cannot arise, because we do not have X >r ¢ for any type ¢.

Case.

Fl_(bll*p F"(ﬁg:*q
I'=¢1 — @2 *maxz(p,q)
By analysis of the derivation of the assumed ordering statement, we must have ¢’ = ¢; or
¢’ = ¢o. If ¢’ = ¢1 and p > g then we have the required kind derivation for ¢'. If p < ¢ then by
level weakening I' - ¢ : 4, and we have the required kinding derivation for ¢'. The case for
when ¢’ = ¢ is similar.

Case.

D¢y %y I'F g%
'k ¢1 + ¢2 : *maw(p,q)
By analysis of the derivation of the assumed ordering statement, we must have ¢’ = ¢; or
¢ = ¢o. If ¢’ = ¢1 and p > ¢ then we have the required kind derivation for ¢’. If p < ¢ then by
level weakening I" - ¢ : *,, and we have the required kinding derivation for ¢’. The case for
when ¢’ = ¢ is similar.

Case.

OX ok kg
T'FVX: *7-.(;5 : *maw(r’s)+1
By analysis of the derivation of the assumed ordering statement, we must have ¢’ = [¢"/ X,
for some type ¢” with ' - ¢” : x,.. Let t = max(r,s) + 1. Clearly, s < t, hence by level
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weakening I', X : %, - ¢ : %, and by substitution for kinding T F [¢"/X]¢ : ;, and we have
the required kinding derivation for ¢'.

A.8 Proof of Lemma 44

Assume ¢ >r ¢’ for some types ¢ and ¢’. We case split on the form of ¢. Clearly, ¢ is not a type
variable.

Case.

Case.

Suppose ¢ = Iz : ¢1.¢2. Then ¢’ must be of the form ¢ or [t/x]d2, for some term T - ¢ : ¢;.
In both cases we have two cases to consider; either ¢ and ¢’ have the same level or they do not.
Consider the first form and suppose they have the same level. Then it is clear that depth(¢$) >
depth(¢’). Now consider the latter form and suppose ¢ and ¢’ have the same level. Then clearly
depth(¢) > depth(¢’). In either form if the level of ¢ and ¢’ are different, then the level of ¢ is
larger than the level of ¢'. In all cases (I,d) > (I',d’).

Suppose ¢ = VX : x;.¢1. Then ¢’ must be of the form [¢p2/ X1 for some type T - g : *;. It
is obvious that the level of ¢ is always larger than the level of ¢'. Hence, (I,d) > (I’,d’).

A.9 Proof of Theorem 20

If there exists a infinite decreasing sequence using our ordering on types, then there is an infinite
decreasing sequence using our measure by Lemma 44, but that is impossible.

A.10 Proof of Regularity

This proof is by structural induction on the derivation of I' - ¢ : ¢.

Case.

Case.

Case.

Case.

Case.

I(z)=¢ ' Ok
'Fz:9¢
By the definition of well-formedness contexts I' = ¢ : *,, for some p.

F, xX (;51 it qbg
I'EXz:¢p1.t: 1 — ¢o
By the induction hypothesis I' = ¢1 : %, I', x : ¢1 = ¢ : ¥, and by Lemma 2?2, T" = ¢ : *,. By
applying the arrow-type kind-checking rule we getI' - ¢; — ¢ : *

maz(p,q)-

THt:¢1+ ¢o Fx:p1 bt 0 Txz:gobty: )
I'Fcasetof x.t1,x.ty : ¢
By the induction hypothesis, I', z : ¢1 |- 9 : %, for some p. By Lemma 2?2, I' =9 : .

Tht:gy Thoy:x,

TFinl(t): ¢1 + do
By the induction hypothesis, I' = ¢; : *4, and by inversion of the type-checking rule above,
I' F ¢ : *,. Finally, by applying the sum-type kind-checking rule, I' = ¢1 + @2 : *00(q,p)-
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Case.

Case.

Case.

T'Ht: ¢ I'F 1%
TFinr(t): é1+ ¢

Similar to the inject-left case above.

F"tligbl—)(bg Fl_tgi(bl
'k tl tg : ¢2
By the induction hypothesis I" = ¢1 — ¢2 : *r and I = ¢ : *,,. By inversion of the arrow-type
kind-checking rule » = maz(p, q), for some ¢, which implies I" - ¢g : *,.

X :x,Ft: g
PEAX %, t 1 VX x40
By the induction hypothesis I', X : #4 = ¢ : *,. By applying the forall-type kind-checking rule
L'=VYX.0: *man(p,q)+1-

I'Et:VX %01 ' g%y
[t tgs] : 92/ X]1
By assumption I' = ¢2 : #,.. By the induction hypothesis I" = VX : x,.¢; : *, and by

inversion of the forall-type kind-checking rule r = max(p, q) + 1, for some ¢, which implies
I', X :%p b @1 1 %4. Now, by Lemma 22, ' b [¢2/ X 01 : 4.

A.11 Proof of the Properties of ctype,

We prove part one first. This is a proof by induction on the structure of ¢.

Case.

Case.

Suppose ¢t = z. Then ctypey(z,x) = ¢. Clearly, head(x) = x and ¢ is a subexpression of
itself.

Suppose ¢ = t1 to. Then ctypey(x,t1 t2) = ¢ when ctypey(z,t1) = ¢ — ¢'. Now t > t;
so by the induciton hypothesis head(t1) = x and ¢’ — ¢ is a subexpression of ¢. Therefore,
head(t1 t2) = x and certainly ¢” is a subexpression of ¢.

We now prove part two. This is also a proof by induction on the structure of ¢.

Case.
Case.

Suppose t = x. Then ctypey(z, ) = ¢. Clearly, ¢ = ¢.

Suppose t = t; ta. Then ctypey(x,t1 t2) = @2 wWhen ctypey(x,t1) = $1 — ¢2. By inversion
on the assumed typing derivation we know there exists type ¢” such that ',z : ¢, IV F ¢ :
@" — ¢'. Now t > t; so by the induciton hypothesis ¢1 — ¢o = ¢"" — ¢'. Therefore, ¢p1 = ¢”
and ¢ = ¢'.

Next we prove part three. This is a proof by induction on the structure of ¢; 5.

The only possiblities for the form of ¢ is x or #; f5. All other forms would not result in [t/2]%t;
being a A-abstraction and ¢; not. If ¢; = x then there exist a type ¢” such that ¢ = ¢”" — ¢’ and
ctypes(x, x t2) = ¢ when ctypes(z,x) = ¢ = ¢ — ¢ in this case. We know ¢ to exist by
inversionon ',z : ¢, IV Ft1 to : ¢'.

Now suppose t; = (1 5). Now knowing #/ to not be a \-abstraction implies that £, is also not
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a A-abstraction or [t/x]%t; would be an application instead of a A-abstraction. So it must be the
case that [t/x]%%; is a A-abstraction and f; is not. Since t; t > t; we can apply the induction
hypothesis to obtain there exists a type ¢ such that ctypeg(z, t1) = 4. Now by inversion on ',z :
¢, IV 1 tg : ¢ we know there exists a type ¢” such that ',z : ¢, IV F ; : ¢ — ¢'. We know
t; = (f; t5) so by inversionon T, 2 : ¢, T I t; : ¢ — ¢’ we know there exists a type " such that
Dyz: ¢, 1" Fi 9" — (¢ — ¢). By part two of Lemma 4 we know ¢ = ¢" — (¢" — ¢') and
ctypey(w,t1) = ctypegy(z,t; t2) = ¢" — ¢’ when ctypey(z,t1) = " — (¢" — ¢'), because we
know ctypey(x,t1) = 1.

The proofs of the remaining parts are similar to the proof of part three.

A.12 Proof of Totality and Type Preservation

This is a proof by induction on the lexicorgraphic combination (¢,t") of > + and the strict subex-
pression ordering. We case split on ¢’.

Case. Suppose t’ is either x or a variable y distinct from . Trivial in both cases.

Case. Suppose t’ = Ay : ¢1.t. By inversion on the typing judgement we know ',z : ¢, T,y : ¢
th : 2. We also know ¢’ > #/, hence we can apply the induction hypothesis to obtain [t/z]t] =
t and T,T',y : ¢1 F £ : ¢o for some term #}. By the definition of the hereditary substitution
function [t/x]?t' = \y : ¢1.[t/z]?t) = Ay : ¢1.t). It suffices to show that I', T F Ay : ¢y.F] :
1 — ¢o. By simply applying the A\-abstraction typing rule using I, T,y : ¢1 F £ : ¢o we
obtain I, T" - Ay : ¢1.11 : d1 — ¢o.

Case. Suppose t’ = AX : #;.t}. Similar to the previous case.

Case. Suppose t’ =t} t,. By inversion we know ',z : ¢, IV F ¢} : ¢ — ¢ and T,z : ¢, TV ¢, : ¢
for some types ¢ and ¢”. Clearly, t' > ¢} fori € {1, 2}. Thus, by the induction hypothesis there
exists terms 1 and my such that [t/z]?t) = m;, T, T' Fmy : ¢ — ¢’ and T, T I my : ¢ for
i € {1,2}. We case split on whether or not m; is a A-abstraction, a case construct and ¢} is not,
or ctypey(z,t)) is undefined. We only consider the non-trivial cases when m; = Ay : ¢".m/
and ¢} is not a A-abstraction or my = case my, of y.m}.,y.mb, ctypey(x,ty) =" — ¢/, and ]
is not a case construct. Suppose the former. Now by Lemma 4 it is the case that there exists a ¢
such that ctypegs(x,t)) = ¥, ¢ = ¢ — ¢’, and 9 is a subexpression of ¢, hence ¢ >r v ¢”.
Then [t/x]?(t} th) = [ma/y]*" m/. Therefore, by the induction hypothesis there exists a term
m such that [msy/y]® m} = mand T, T+ m : ¢".

Suppose m; = case m{, of y.m{,y.m4 and ¢} is not a case construct. Now [t/x]?t' = case m{, of y.apps m; ma,y.appy
By inversion on I',TV + my : ¢’ — ¢’ we know there exists terms ¢; and ¢ such that
IV Emy: ¢r+¢oand T,y : ¢ B m) : ¢ — ¢ fori € {1,2}. Tt suffcies to
show that there exists terms ¢ and ¢’ such that appy m} mq = ¢ and appgy mhH mae = ¢'. To
obtain this result we prove the following proposition. Note that ctypey(z,t;) = ¢ — ¢/
which by Lemma 4 is equivalent to ¢ — ¢’ and is a subexpression of ¢, hence ¢ >p v ¢” and

¢ >rr @

Proposition. For allT' - mgy : ¢ and T - m} : ¢” — ¢ there exists a term ¢ such that
appy my mg =qgandT'q: ¢'.

We prove this by nested induction on the ordering (¢,t', m/) and case splitting on the structure
of mf.
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Case. Suppose m/ is neither a \-abstraction or a case construct. Then appg m) mao = m/ mo. Take

m} mg for ¢ and by applying the application typing rule we know I = m/ ms : ¢'.

Case. Suppose m) = Az : ¢.m/. Then appy, m) my = [ma/z]® m/. By inversion on the

assumption I' = m/ : ¢ — ¢ weknow I,z : ¢ - m{ : ¢'. Since ¢ >r ¢" we can apply
the outter induction hypothesis to obtain there there exists a ¢ such that [ms/z]%"m/ = ¢ and
'k q: ¢'. Therefore, appy, mi ma = q.

Case. Suppose m) = case m( of z.m/,z.m}. Then

Case.
Case.
Case.
Case.

appg my me = case m(, of z.appy my ma,z.apps, m4y mo. By inversion on the assumption
I' = mf : ¢ — ¢ we know there exists types ¢1 and ¢ such that I' = m§ : ¢1 + ¢o,
Doz:prbEmli : ¢ — ¢ and T,z : o b mf : ¢ — ¢'. Since m} > m{ and m}| > m}
we can apply the inner induction hypothesis to obtain there exists terms ¢’ and ¢’ such that
appe m{ me = ¢, T,z : 91 F ¢ = ¢, appy m{ ma = ¢” and T,z : ¢ F ¢” : ¢'. Hence,
appg my my = case m(; of z.appy my ma,z.appy my mo = case my of z.¢',z.q" . It suffices
to to show that T" - case m( of z.¢’,z.¢" : ¢’. This is a simple consequence of applying the
case-construct typing rule using ' = my) : ¢1+d2, T, z: 1 F ¢ : ¢ and T,z da b ¢ 2 .

By the previous proposition there exists terms ¢ and ¢’ such that
[t/x]?t" = case m{, of y.appy My ma,y.apps mh ma = case mf of y.q,y.q', where appy, m/y me =
¢ DTy o1 g @, appy mime =¢ and T, T,y : ¢2 F ¢ : ¢. It suffices to show
that I', TV F+ case m( of y.q,y.¢' : ¢'. From above we know that T, TV + m} : ¢1 + ¢a,
D,IVy:p1bq:¢ and T, TV, y : ¢o ¢’ : ¢'. Thus, by applying the case-construct typing rule
we obtain I', T F case m(, of y.q,y.¢' : ¢'.
Suppose t' = t}[¢"]. Similar to the previous case.
Suppose t' = inl(t). Trivial.
Suppose t' = inr(t). Trivial.
Suppose ' = case mg of y.m1,y.mo. By inversion on the assumption I', x : ¢, TV -t/ : ¢ we
know the following:
T,z:¢,T"Fmg: ¢1 + ¢pa, for some types ¢1 and ¢o,
Tx:0, 1V, y: 1 Fmq: ¢, and
Tx:o, TV, y: ¢t mo: o
It is easy to see that t' > m; for all ¢ € {0, 1,2}. Hence, by the induction hypothesis there exists
terms m{,, m}, and m/, such that [t/z]®m; = m/ for alli € {0, 1,2},
1) I,I'Fmg : ¢1 + o,
G) I,)TV,y:¢1Fmj:¢, and
Gii)) I, IV,y:¢abmbh:¢.
We have two cases to consider.

Case. Suppose mq and my, are inject-left terms, inject-right terms, or case constructs, or my is an

inject-left term, inject-right term, or a case-construct and my, is not, or mg and m, are neither
inject-left terms, inject-right terms, or case constructs, or ctype,(x,myg) is undefined. Then
[t/z]?(case mg of y.my,y.ma) = case mj, of y.m},y.m} and by applying the case-construct
typing rule to i - iii above we obtain I", I F case my(, of y.m/,y.m} : ¢'.

Case. Suppose my is an inject-left term, inject-right term, or case construct and ctypey(z, mg) =

11 + 3. Then
[t/x]? (case mg of y.m1,y.mz) = rcasey, mi y m} mb and by Lemma 4 we know 1)1 + 19 =
1 + ¢2 and is a subexpression of ¢. It suffices to show that there exists some term ¢ such
p
that rcasey mg y m} my = gand I',T" I ¢ : ¢'. We obtain this result by the following
proposition.

Proposition. ForallT' F gy : ¢, T,y : ¢1 F g1 : ¢, and T,y : ¢po - qo : ¢’ there exists a
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term ¢ such that rcaseg qo y ¢1 g2 = and T' = ¢ : ¢'. We prove this by induction on the the
ordering (¢, ', qo) and case split on the structure of g.

Case. Suppose qq is not an inject-left term, inject-right term, or a case construct. Then
rcaseg qo Y q1 g2 = case qo of y.q1,y.g2 and by applying the case-construct typing rule
using the assumptions ' qp : ¢, I,y : 1 F g1 : ¢, and T,y : ¢ F g2 : ¢’ we obtain
I, T I case qo of y.q1,.q2 : ¢'.

Case. Suppose qo = inl(qp). Then rcases qo Y ¢1 g2 = [qh/y]** ¢1 and by inversion on ' +
qo : ¢ we know I' F ¢ : ¢;1. It suffices to show that there exists a term § such that
[4h/y]?*q1 = Gand T = G : ¢'. Since ¢ >r ¢’ we can apply the the outer induction
hypothesis to obtain that there exists such a term g.

Case. Suppose gy = inl(q()). Similar to the previous case.

Case. Suppose gy = case g, of z.q},z.¢5. Then
reaseg qo Y 1 gz = case g of z.(rcasey ¢) Y ¢1 q2),2.(rcasey ¢4 y ¢1 q2). We know by
assumption that ' qo : ¢, T' Fqo : ¢, and T,y : ¢1 - g1 : ¢ so by inversion we know
the following:

(1) T kg @) + ¢h, for some types ¢} and @),

(15) T,z:¢)Fq): ¢, and

(tit) T,z:0hF ¢t .
Now qp > ¢} and gy > ¢} so we can apply the induction hypothesis twice to obtain terms
¢1 and G2 such that rcases ¢ ¥y 1 g2 = G1, reasey ¢4 yq1 g2 = G, Uz : ¢ F g1« ¢f
and T,z : ¢4 F G2 : ¢'. So case g of z.(rcasey ¢ y 1 q2),2.(rcasey g5 y 1 ¢2) =
case ¢, of z.41,z.G2. It suffices to show that case ¢ of z.G1,2.§o = Gand T F G : ¢
for some term §. Now ¢y > ¢( so we can apply the induction hypothesis to obtain our
result, but before we can we must show that I" - case ¢, of z.41,2.G2 : ¢'. This is a direct
consequence of applying the case-construct typing rule using i, I, z : ¢} F §; : ¢’ and
[,z : ¢4t o : ¢'. Therefore, by the induction hypothesis there exists a term ¢ such that
case ¢, of z.41,2.G2 = and ' G : ¢.

A.13 Proof of Redex Preservation

This is a proof by induction on the lexicorgraphic combination (¢, t’) of >+ and the strict subex-
pression ordering. We case split on the structure of ¢'.

Case.
Case.

Case.
Case.

Case.
Case.

Lett’ = z or t’ = y where y is distinct from z. Trivial.
Lett' = Ax : ¢1.t". Then [t/z]%t = Az : ¢1.[t/z]%t". Now
rset(Ax : 1.t t) = rset(Ax: ¢1.t") Urset(t)

= rset(t") Urset(t)

= rset(t’,t).
We know that ¢ > ¢/ by the strict subexpression ordering, hence by the induction hypothesis
|rset(t”,t)] > |rset([t/z]?t")| which implies |rset(t',t)| > |rset([t/z]*t')|.
Lett’ = AX : %;,.t"”. Similar to the previous case.
Let t' = inl(t"). We know rset(t',t) = rset(t”,t). Since t' > t" we can apply the induction
hypothesis to obtain |rset (", )| > |rset([t/z]?t")|. Thisimplies |rset(t',t)| > |rset([t/x]?t")|.
Let ¢/ = inr(¢"). Similar to the previous case.
Let ¢’ = ¢} t}. First consider when ¢t} is not a A-abstraction or a case construct. Then

rset(t] th,t) = rset(t], th,t)

Clearly, ' > ! fori € {1, 2}, hence, by the induction hypothesis |rset(t., )| > |rset([t/x]®t})].
We have three cases to consider. That is whether or not [t/x]?t] is a A-abstraction, a case con-
struct, or neither, or ctypey(x,t]) is undefined. Suppose it is a A-abstraction. Then by Lemma 4
ctypes(x.t)) = ¢ and by inversion on ',z : ¢, I F t] t5 : ¢’ there exists a type ¢” such that
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Iaz:o,I"Fty:¢" — ¢ Again, by Lemma4 ) = ¢ — ¢'. Thus, ctypeg(x,t)) = ¢" — ¢’
and ¢ — ¢’ is a subexpression of ¢. So by the definition of the hereditary substitution function
t/x|?t] ty = [([t/x|%t5) /)y ”t,weretx t, = A\y: .t7. Hence,
ot 1) /4]ty where [t/2]°t; = My : ¢"4{. H
[rset([t/2]°t) th)] = [rset([([t/x]*ty) /y]*" t])]-
Now ¢ >p v ¢” so by the induction hypothesis

rset([([t/2]°t) /4] t])| < |7“S€t([t/x]¢t t7)]
< rset(th, t],t)]
= [|rset(t) [t/ﬂ t1,1)]
< |rset(ty, t),t)]
= |rset(t],th,t)|.

Suppose [t/x]?t} = case t{j of y.t},y.t5. Then
[rset([t/=]?(t] th))| |rset(case tg of y.(appy ] [t/x]7th).y.(appy ty [t/2]7th))|
— [rset(t], (apps ¢ [t/2]°t)), (appo £ [t/2]°13))].
We know ¢’ > ¢} and ¢’ > ¢}, so by the induction hypothesis
rset([t/alPt)] = [rset(ty, ¢, 1)
< rset(t] ,t)|

and

[rset([t/z]?th)| < |rset(th,t)].
By inversion on I', - : ¢, I | 1 to : ¢ there exists a type ¢” such that T,z : ¢, IV F ¢} : ¢ —
¢'. So by Lemma 4, ctypeg(z,t)) = ¢, ¢ = ¢’ — ¢, and ¢ is a subexpression of ¢. Hence,
¢ >pr ¢ and ¢ >p s @', At this point we must show the following proposition.
Proposition. For allT' F ¢; : ¢/ — ¢ and T - to : ¢"” we have |rset(appy t1 t2)| <
|rset(t1,t2)]-

We prove this by nested induction on the ordering (¢, ¢’, t1) and case split on the structure of ¢;.

Case. Suppose ¢ is not a A\-abstraction or a case construct. Then app, t1 t2 = t1 t2 and |rset(tq t2)| =

|rset(t1,t2)|. Thus, |[rset(appy t1 ta)| < |rset(ty,ta)].

Case. Suppose t1 = Ay : ¢".t{. Then appy t1 to = [t2 /y]®" /. By inversion on the assumption
Dty :¢" — ¢ weknow Iy : ¢ F ¢] : ¢'. We know ¢ >p v ¢ so by the outter
induction hypothesis

rset((ta/yl? t) < [rset(t),ta)
= |rset(ty,t2).
Thus, |rset(appg t1 t2) < |rset(tq,t2)].
Case. Suppose t; = case t( of y.t7,y.t5. Then
appe t1 to = case t of y.appy t7 t2,y.appe ty to.
By inversion on the assumption " - ¢; : ¢" — ¢’ we know ',y : ¢} F ¢} : ¢ — ¢’ and
D,y: oy Ht]:¢" — ¢ Since t; > t{ and t; > t§ we can apply the induction hypothesis
to obtain
|rset(appy t] ta)| < |rset(ty,ta)]
and
|rset(appg t5 ta)| < |rset(ty, ta)].
Suppose t{ is not an inject-left or an inject-right term. Then
|rset(t1,t2)] = |rset(caset( of y.t{,y.th, t2)|
= |rset(ty,t],th,t2)|
and
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|rset(appg t1 t2)] = |rset(case t( of y.appy t] ta,y.appe th ta)]
= |rset(ty) Urset(appg t] t2) Urset(appy t5 t2)]

< rset(ty) Urset(t],t2) Urset(ty, ta)|

= |rset(ty) Urset(t],ty, ta)]

= |rset(ty,t],t5,t2)]|.

Therefore, |rset(appg t1 t2)| < |rset(ti,t2)].

Now suppose ¢/ = inl(fy). We only show the case when #{l is an inject-left term, because the
case when it is an inject-right term is similar. By definition we know
[rset(ti,t2)| = |rset(case ty of y.t],y.t4, t2)]
= |{case t§ of y.t].y.t5} Urset(ty,t],t5,t2)]
and

|rset(case ty of y.appg t1 t2.y.appy t5 ta)|

[{case t of y.appy t} to.y.appy ty to} U rset(ty) U rset(app¢ t] to) Urset(appy t5 to
|{case t§ of y.appy t7 ta.y.appy ty ta} Urset(ty) U rset(t!,ta) Urset(ty,ta)]

|{case tj of y.appy t] ta.y.appy th ta} U rset(t’o’) U Tset( Vot ta)]

|{case t§ of y.appy t7 to,y.appy th to} Urset(ty,ty, 5, )|

Therefore, |rset(appg t1 t2)| < |rset(t1,t2)].

|rset(appe t1 ta)]

1

Al

Suppose [t/x]?t} is not a A\-abstractions or a case construct, or ctype,(w, ) is undefined. Then
rset([t/a)P( 1) = rset([t/]ot, [t/2]*t))

rset([t/x]?t), [t/x]0th).

rset(t),th, t).

IN I

Next suppose t; = Ay : ¢1.t/. Then
rset((Ay : ¢1.t) th,t) = {(Ay: o1.t)) th} Urset(ty,th,t).
By the definition of the hereditary substitution function,

rset([t/z]?(Ny : p1.t]) th) = rset([t/z]?(Ny : ¢1.t]) [t/x]*1))
= rset((\y : ¢1.[t/x]?t]) [t/x]?th)
= {(\y: o1.[t/2]?t]) [t/x]?th} Urset([t/x]?t]) Urset([t/z]?th).
Since ¢ > t{ and ¢’ > ¢}, we can apply the induction hypothesis to obtain, |rset(t{,t)| >
|rset([t/x]?t})| and |rset(th,t)| > |rset([t/x]?t,)|. Therefore,
H\y : o1 t) thy Urset(ty, t) Urset(th, t)| > [{(\y : ¢1.[t/x]?t]) [t/z]th} Urset([t/z]?t]) U
rset([t/x]?th)|.

Finally, suppose ¢} = case t{; of y.t{,y.t5. Then
[rset([t/=](t] t5))] [rset((case [t/x]%t7 of y.[t/x)*t] y.[t/x]?t3) [t/x]"t})|
{[t/2]7(t) 1)} Urset([t/a]tg, [t/x]?t], [t/2]0t5, [t/2]7t5)].
Now ¢’ > t(j,t' > ¢/, t' > t},and ¢’ > t} so by the induction hypothesis
[rset([t/=]t5] < |rset(t;, b)),
|rset([t/x]%t]| < |rset(t],t)],
|rset([t/x]?ty] < |rset(ty,t)|, and
|rset([t/x]%th| < |rset(th,t)|.

Hence,
|rset([t/z]7tG, [t/2]°], [t/x]*t5, [t/2]7t5)] < |rset(ty, 1], 15, 15, 1)|.
Now
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Case.

|rset(t] th,t)| = |rset((case ¢y of y.t],y.th) th,t)|

= |{th L} Urset(t], 7 ¢4ty 1)l.

Therefore, |rset([t/x]?(t) th))| < |rset(t) th,t)].

Let t' = case t{ of y.t},y.th. Suppose ¢ is not an inject-left term, and inject-right term, or a
case-construct. First we know

|rset(t’,t)] = |rset(ty, t],th,t)].
Now we have several cases to consider, when [t/ x]¢t6 is an inject-left term, an inject-right term,
a case construct, something else entirely, or ctype,(x, t;) is undefined. Suppose it is something
else entirely or ctypeg(x, t) is undefined. Then
rset([t/alt)] = |rset(case [t/a]*th of y.([t/al*t)).y.([t/a]*t))

— Jrset(t/alth, ([t/2)°6), ([t/2]*))].
We can see that t’ > ¢, t’ > t|, t' > t} so by the induction hyothesis

rset([t/a]oth] < Irset(th, )],

|rset([t/x]?t)| < |rset(t],t)|, and

|rset([t/x]?th| < |rset(th,t)|.
This implies that |rset([t/z]?t}, ([t/x]®t)), ([t/x]?th))] <
|rset([t/x]?t).

Now suppose [t/z]%ty = inl(t]). We only show the case for when [t/x]?t) is an inject-left
term, because the case for when it is an inject-right term is similar. We can see that
|rset(t’,t)] = |rset(case t} of y.t},y.th,1)]
= |rset(ty, t],th,t)]

and |rset([t/z]%t)| = |rset([ty/y]®* ([t/x]®t;))|. By inversion on I,z : ¢, I" = ¢/ : ¢/ we
know there exists types ¢; and ¢ such that ',z : ¢, TV = tg : ¢1 + ¢2. So by Lemma 4 there
exists a type 1 such that ctypey(z, t() = 9, ¥ = ¢1 + ¢2, and ¢ is a subexpression of ¢. Thus,
¢ >rr ¢1, ¢ > ¢, t > t, and ¢ >t} so we can apply the induction hypothesis to obtain

[rset([tg/y]** ([t/2]°t1))] < |rset(tq, [t/x]°t))]
= Irset([t/ﬂ:]d’t’ [t/z]°t))]
< rset(to, th,1)]
< rset(to, th, 15, 1))

Next suppose [t/z]%t}, = case t{j of y.t},y.t4. Then
[rset([t/z]?t')| = |rset(rcasegs [t/x]Pth y [t/x]%t) [t/=]th)]
and
|rset(t’,t)] = |rset(case t] of y.t},y.th, )]
= |rset(ty, t1,th,t)].
Note that by inverision on ',z : ¢, I ¢’ : ¢’ we know there exists types ¢; and ¢, such that
Iz : ¢, IV Fty: ¢1 + ¢2. So by Lemma 4 there exists a type ¢ such that ctypey(z,t;) = ¥,
Y = ¢1 + ¢2, and ¥ is a subexpression of ¢. Thus, ¢ >r s ¢1 and ¢ >p/ ¢o. It suffices
to show that |rset(rcase, [t/z]%t) [t/x]?t) [t/z]?th)| < |rset([t/z]?t), [t/x]?t], [t/x]?th)]
which is a consequence of the following proposition.

Proposition. Forall T F ¢ : ¢ + ¢o, T,y : 1 H ) : ¢, and T,y : o - ¢}, : ¢’ we have
|rset(rcasegs ty ty th)| < |rset(t,t],th)].

We prove this proposition by nested induction on (¢, ¢, t) and we case split on ¢.

Case. Suppose t = inl(t'). Then

rset(reasey ty th th) = rset([t' /y|*1t}).
By inversionon ' F ¢ : ¢1 + ¢o we know I' ¢’ : ¢1. So by the outer induction hypothesis

|rset(t, ], th, t)|. Therefore, |rset(t',t)] >

27
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rset([#' /g 4] < lrset(t),t)]
= |rset(t,t})]
|rset(t,t],t5)]-
(reaseq ty t) th)| < |rset(t, t’l,t’ )|-
Case. Suppose ¢t = inr(t'). This case is similar to the previous case.
Case. Suppose t = case tg of z.t1,z.t2. Then
reaseg t y th th = case to of z.(rcaseqs t1 y t] t5),z.(rcasey to y t] t5).
Now ¢ > t; fori € {0,1,2}. Before we can apply the inductive hypothesis we must show
that ¢; and ¢, are typeable. By inversion on the assumption I' - ¢ : ¢1 + ¢ we know
Tyz:d) Ft1:¢1+¢daand T,z : @) F to: d1 + P2 So by the inner induction hypothesis
|rset(rcase, t; y t) t5)] < |rset(t;, t],t5)].

IA

Therefore,

We have two cases to consider either ¢ is not an inject-left term or an inject-right term, or it
is. If not then
rset(rcases t y t) t5) = rset(to,rcase, t1 y th th,rcasey to y th th)
otherwise
rset(rcasegs ¢yt t5)
= {rcase, t y t] th} Urset(to, rcasey t1 y t] th,rcase, to y t) th).
Suppose t is not an inject-left or an inject-right term. Then
|rset(t,t],th)] = |rset(to, t1,t2,t],t5)|.

Now we know
|rset(to, rcases t1 y th th, rcasey to y th th)|

|rset(to) U rset(rcase, t1 y th t5) U rset(rcasey to y th )|

|rset(to) Urset(ty,th,th) Urset(ty,th,th)]

|7’S€t(to, tl, tQ, t2, t2)|
reaseg t y th t5)| < |rset(t,t],t5)].

Al

Therefore,

—~

Now suppose to = inl(t(,). Then
|rset(t,t,th)| = [{t} Urset(to, t1,ta, t],15)]-
It suffices to show that
{rcasey t y t] th} Urset(to,rcasey t1 y th th,rcasey to y th th)|
S |{t} @] ?”SCt(tQ, tl, tQ, t/lﬂ té)|
Let A = rcases t1 y t) t5 and B = rcase, to y t) t5. Since |rset(rcasey t; y t) t5)] <
|rset(t;,t],t5)| we obtain the following:
[{rcaseys t y t} th} Urset(ty, A, B)|
= |{rcasey t y ¢ th}| + |rset(to)| + |rset(A)| + |rset(B)|
< |{rcasey t y th th}| + |rset(to)| + |rset(ts, th,th)| + |rset(tse, t], t5)]
= |{rcase, t y t] th}| + |rset(to, t1,t2, t], t5)]
= |{t} U ’I“Sfit(to, t1,ta, /1, t )l
The case when ¢ is an inject-right term is similar to the case when it is an inject-left term.
Now by the previous proposition we know
[rset(reasey [t/2]%t; [t/]4) [t/x]°ty)] < |rset([t/x]*th, [t/x]°4;, [t/x]915)],
becuase by Lemma 5 ¢, t;, and t}, have the same types as [t/z]?t), [t/x]|?t}, and [t/z]?t}. Now
t' >t t' >t,andt' > t,, so
[rset([t/x]%th)| < [rset(tp, ),
|rset([t/x]%t))| < |rset(t},t), and
|rset([t/x]%th)| < |rset(th,t).
Thus,
[rset([t/x]tg, [t/x]7t), [t/x]°t5)) |rset(to, t1, 15, 1))
|rset(t’,t)].

A



Harley Eades and Aaron Stump 29

Suppose t, = inl(ty). Again, we only show the case for when ¢, is an inject-left term. We know
|rset([t/x]?t)| = |rset(case [t/z]|?t) of y.[t/x]?t),y.[t/x]%th)]|

= |rset(case inl([t/z]?ty) of y.[t/z]|?t),y.[t/x]*th)]|

— {lt/alot} Urset([t/z)oty, [t/]ot, [t/a)t))]
and

[rset(t’,t)] = |rset(case t( of y.t},y.t5,t)]
|rset(case inl(ty) of y.t},y.th, t)|
= [t} Urset(ty, i1, t5)].

Now t' > t{j, t' > t{, and t’ > t}, so by the induction hypothesis

[rset([t/x]%t5)] < |rset(tg,t)]

rset([t/z*6)| < Irset(t], )]

|rset([t/x]?th)| < |rset(th,t)|.
Therefore, |rset([t/z]0t], [t/x]?t), [t/x]?th)| < |rset(ty,t},th,t)| whichimplies that |rset([t/z]?t')| <
|rset(t’,t)].

/
2
/

2

Finally, suppose t{, = case t{ of z.t{,z.t. Then

Irset([t/x]®t)| = |rset(case [t/z]|?th of y.[t/x]?t),y.[t/x]?th)]
|rset(case case [t/z]?ty of z.[t/x|Ptyt] z.[t /x| thty of y.[t/x]ot] y.[t/z]?th)]
= [lt/2]?t'y Urset([t/x]?th, [t/a]°t], [t/2]°th)|

and
|rset(t’,t)] = |rset(case t( of y.t},y.th,t)]
= |rset(case case t{) of z.t},z.t4 of y.t},y.th,t)|
[t} Urset(th, £, ).
Now ¢’ > t{j, t' > ¢}, and ¢ > t}, so by the induction hypothesis
Irset([t/x]®t))] < |rset(th,t)|,

( | <

lrset([t/x]®t))| < |rset(t),t)|, and
[rset([t/x]®th)] < |rset(th,t)|.

Therefore, |rset([t/z]0t], [t/x]?t), [t/x]?th)| < |rset(ty,t],th,t)| whichimplies that |rset([t/z]?t')| <

|rset(t’,t)].

A.14 Proof of Normality Preservation

By Lemma 5 we know there exists a term n’’ such that [n/z]%n’ = t and by Lemma 8 |rset(n’, n)| >
|rset([n/z]%n’)|. Hence, |rset(n’,n)| > |rset(t)|, but |rset(n’,n)| = 0. Therefore, |rset(t)| = 0
which implies n’" has no redexes. It suffices to show that n”” has no structural redexes. We prove this
by induction on the lexicographic ordering (¢, n'). We case split on the structure of n’.

Case.
Case.

Case.
Case.
Case.

Suppose n’ is a variable x or y distinct from . Trivial in both cases.

Suppose n’ = Ay : ¢.n’. Then [n/x]%n/ = Ay : ¢".[t/xj¢ﬁ’. By inversion on the assumption
Tz : ¢ Fn ¢ weknow 'z : ¢/, TV,y : ¢" = n' : ¢. Since n’ > A we can apply
the induction hypothesis to obtain there exists a term ¢’ such that [t/x]?H = ¢’ and ¢’ has no
structural redexes. Therefore, neither does Ay : ¢".[t/x]%n’.

Suppose n’ = AX : %;.7.. Similar to the previous case.

Suppose n’ = inl(ny). Similar to the \-abstraction case.

Suppose n’ = n} n}. By inversion we know I', z : ¢, IV Fn} : ¢/ — ¢ and T,z : ¢, TV F nf :
¢" for some types ¢’ and ¢”. Clearly, n’ > n) for i € {1,2}. Thus, by the induction hypothesis
there exists normal terms m; and my such that [n/x]?n/ = m; such that m; have no structural
redexes. We case split on whether or not m; is a A-abstraction or a case construct and n} is not,
or ctypegy(x,n}) is undefined. We only consider the non-trivial cases when my = Ay : ¢”.m/}
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or my = case my of y.m},y.mf and n} is not a A-abstraction or a case construct. Suppose the
former. Now by Lemma 4 there exists a type ¢ such that ctypey(z,n}) = 1, /1//} =¢" — ¢,
and 7 is a subexpression of ¢, hence ¢ >p - ¢”. So [n/x]‘i’(?}’l nb) = [ma/y]® m/ and by the
induction hypothesis there exists a term m such that [ms/y]® m/ = m and m has no structural
redexes..

Suppose m; = case my, of y.m},y.m4. By inversion on I',T" - m; : ¢’ — ¢’ we know there
exists terms ¢; and ¢o such that T,T" F m{ : ¢1 + ¢2 and T, TV y : & - m} : ¢ — ¢
for i € {1,2}. Note that by Lemma 4 there exists a type ¢ such that ctype,(z,n}) = 1,
Y = ¢ — ¢, and 9 is a subexpression of ¢, hence ¢ >pr ¢’ and ¢ >pp ¢”. Now
[t/z]%t = case m{, of y.appy, m) ma,y.apps mh mo. It suffcies to show that there exists terms
q and ¢’ such that appy m} ma = ¢, apps mby mg = ¢’ and ¢ and ¢’ have no structural redexes.
To obtain this result we prove the following proposition.

Proposition. For all normal terms my and m/ such thatT' - my : ¢” and T' F m) : ¢ — ¢’
there exists a term ¢ such that appgs m) mo = ¢ and ¢ has no structural redexes.

We prove this by nested induction on the ordering (¢, n’, m}) and case splitting on the structure
of mj.

Case. Suppose m/ is neither a A-abstraction or a case construct. Then app, m) mo = m) mo. Take

m} mg for ¢ and we know ¢ has no structural redexes, because m/) and mg are normal.

Case. Suppose m} = Az : ¢.m/. Then apps m} my = [ma/2]*"m/. By inversion on the

assumption ' = m] : ¢ — ¢ weknow ',z : ¢ F mY : ¢'. Since ¢ >r ¢" we can apply

the outter induction hypothesis to obtain there there exists a ¢ such that [mg/2]*" m/ = ¢ and
q has no structural redexes.

4

Case. Suppose m} = case my of z.m/,z.mf. Then

Case.

appg mj mo = case my(, of z.appy my ma,z.appy m4 mo. By inversion on the assumption
't m) : ¢” — & we know there exists types ¢; and ¢ such that T' = my : ¢1 + ¢a,
Tyz: g Fmf : ¢ — ¢ and T,z : ¢2 b ml : ¢" — ¢'. Since mj > m{ and
m} > mf we can apply the inner induction hypothesis to obtain there exists terms ¢’ and ¢”
such that appy, m{ ma = ¢/, ¢’ has no structural redexes, app, m{ ms = ¢” and ¢” has
no structural redexes. Hence, appy mj ma = case my of z.appy, my ma,z.appy, mi mo =
case my of z.¢',z.q" and case m{ of z.¢’,z.¢" has no structural redexes. Note that my is
normal, because m/ is normal.

By the previous proposition there exists terms ¢ and ¢’ such that
[n/z]n’ = case m{, of y.apps m} ma,y.apps mh mo = case m{, of y.q,y.q', where app, my mo
¢, appy My mo = ¢, and g and ¢’ have no structural redexes. Thus, case my, of y.¢,y.¢’ has no
structural redexes.
Suppose n’ = case mq of y.m1,y.mo. By inversion on the assumption I', z : ¢, IV = n’ : ¢/ we
know the following:

D,z : ¢, " Fmg: ¢1 + ¢a, for some types ¢; and oo,

Tz:o, T, y: 1 Fmq: ¢,and

D,z: o, TV, y: o ma: o
It is easy to see that n’ > m; for all i € {0,1,2}. Hence, by the induction hypothesis there
exists terms mj,, m}, and m/, such that [t/x]®m; = m/ and m/ have no structural redexes for all
1 € {0,1,2}. We have two cases to consider.
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Case.

Case.

Suppose my, is not an inject-left term, inject-right term, or case construct, or my is an inject-
left term, an inject-right term, or a case construct, or ctype¢(:v, my) is undefined. Then
[n/x]?(case mg of y.m1,y.mz) = case m), of y.m},y.m} which has no structural redexes.

Suppose my, is an inject-left term, inject-right term, or case construct and my is not an inject-
left term, an inject-right term, or a case construct. Then

[n/z]?(case mo of y.m1,y.ma) = rcases my y m} mbh, where by Lemma 4 there exists a
type ¢ such that ctypey(z,mo) = ¥, 1 = ¢1 + ¢, and ¢ is a subexpression of ¢, hence
¢ >rr ¢1 and ¢ >p v ¢o. Consider the case when my, = inl(my). Then we know by

the definition of rcase that rcasey, my y my mby = [m{/y|**m}. Clearly, ¢ >rr ¢
hence by the the induction hypothesis there exists a term r such that [m{ /y]®*m} = r

and r has no structural redexes. Similarly for when m( = inr(mg). So suppose my =
case mg of z.m{,z.m} then it suffices to show that there exists some term ¢ such that
reaseg my y my msy = g and ¢ has no structural redexes. We obtain this result by the
following proposition.

Proposition. For all normal terms g and ¢; suchthat ' - qo : ¢, I,y : ¢1 F 1 : ¢/, and
T,y : ¢2 F g2 : ¢ there exists a term § such that rcasey go ¥ ¢1 ¢2 = ¢ and ¢ has no
structural redexes. We prove this by induction on the the ordering (¢, n’, go) and case split on
the structure of qq.

Case. Suppose qq is not an inject-left term, inject-right term, or a case construct. Then

reaseg qo Y q1 g2 = case go of y.q1,y.q2 which has no structural redexes.

Case. Suppose qo = inl(gf). Then rcases qo y q1 g2 = [qh/y]®* q1 and by inversion on I' -

qo : ¢ we know I' - ¢ : ¢1. It suffices to show that there exists a term § such that
[4h/y]®*q1 = G and § has no structural redexes. Clearly, ¢ > ¢’ so by the outer induction
hypothesis there exists such a term g.

Case. Suppose go = inl(g}). Similar to the previous case.

Case. Suppose gy = case ¢, of z.¢},z.¢5. Then

rcasey qo Yy q1 g2 = case qq of z.(rcasey ¢y y q1 q2),z.(rcasey g5 Y g1 g2). We know by
assumption that ' - qo : ¢, ' qo : ¢, and T,y : ¢1 F g1 : ¢’ so by inversion we know
the following:

(i) T kgl @)+ ¢, for some types ¢} and ¢,

(1) T,z:¢) b ¢, : ¢, and

(iit) T,z:dhF ¢h: .
Now ¢qo > ¢} and go > ¢} so we can apply the inner induction hypothesis twice to obtain
terms ¢; and g such that rcasey ¢ y g1 g2 = G, Tcases ¢4 Yy ¢1 g2 = §1 where §; and §o
have no structural redexes. So case ¢, of z.(rcasey ¢} y 1 q2).2.(rcasey g5 y 1 g2) =
case ¢, of z.G1,z.G2. It suffices to show that case g} of 2.41,2.go = ¢ for some normal
term §. Now ¢p > q[) so we can apply the induction hypothesis to obtain our result,
but before we can we must show that I' F case ¢, of 2.G1,2.G2 : ¢'. This is a direct
consequence of applying the case-construct typing rule using i, I', z : ¢} F §1 : ¢’ and
T,z : ¢4+ Ga : ¢'. Therefore, by the inner induction hypothesis there exists a term § such
that case ¢, of z.41,2.4G2 = ¢ and § is has no structural redexes.

Case. Suppose n’ = n}[¢"]. Since n’ > n/; we can apply the induction hypothesis to obtain [n’/x]?n}
has no structural redexes. We case split on whether or not [n’/x]%n/ is a type abstraction and n/,

is not. The case where it is not is trivial so we only consider the case where [n//z]?n} = AX :

%;.s" for some normal term s’. Then [n’/x]%n’ = [¢'/X]s’ has no structural redexes, because s’

is normal.
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A.15 Proof of Soundness with Respect to Reduction

This is a proof by induction on the lexicorgraphic combination (¢, t') of >r and the strict subexpres-
sion ordering. We case split on the structure of ¢'. When applying the induction hypothesis we must
show that the input terms to the substitution and the hereditary substitution functions are typeable.
We do not explicitly state typing results that are simple consegences of inversion.

Case. Suppose t’ is a variable x or y distinct from z. Trivial in both cases.

Case. Suppose ' = \y : ¢'.t. Then [t/z]?(\y : ¢'.t) = Ny : ¢'.([t/x]?T). Now ¢’ > { so we can
apply the induction hypothesis to obtain [t/x]f ~+* [t/x]?f. At this point we can see that since
Ay @ ¢ [t/x]t = [t/x](\y : ¢'.f) and we may conclude that \y : ¢'.[t/x]f ~* Ay : ¢.[t/x]?L.

Case. Suppose t’ = AX : «;.{. Similar to the previous case.

Case. Suppose t' = inl(t}). Then [t/z]°t' = inl([t/x]®t,). We can see that t' > t{ so by the
induction hypothesis [t/x]|t) ~* [t/z]?t}. Hence, inl([t/z]th) ~* inl([t/x]?t}) which implies
that [t/z](inl(ty)) ~* [t/x]®(inl(t))).

Case. Suppose t' = inr(t;). Similar to the previous case.

Case. Suppose t' = case ¢, of y.t},y.th. Clearly, t' > ¢, t' > ¢}, and t' > ¢}, so we can apply
the induction hypothesis to conclude [t/z]ty ~* [t/z]%ty, [t/z]t} | [t/z]®t], and [t/z]th ~*
[t/x]?t,. We have several cases to consider, either when [t/z]®t} is an inject-left term or an
inject-right term and ¢/, is not, when [t/x]®¢ is a case construct and ¢} is not, or [t/x]?t) is
not an inject-left term, an inject-right term, or a case construct, or ctypey(x,t() is undefined.
The cases when [t/z]?t{ is not an inject-left term, an inject-right term, or a case construct, or
ctypegs(x,tp) is undefined are trivial.

Let’s consider the case when [t/x]?t) is an inject-left term or an inject-right term and ¢/, is not.
Since the case when [t/z]?t{ is an inject-left term is similar to the case when it is an inject-
right term we only consider the former. Suppose [t/z]%t; = inl(t{y) and t{ is not an inject-left
term. By Lemma 4 there exists a type ¢ such that ctypey(x,t)) = ¥, ¥ = ¢1 + P2, and ¢
is a subexpression of ¢, where by inversion on ',z : ¢, IV - ' : ¢’ there exists types ¢; and
¢2 such that T,z @ ¢, TV &t : ¢1 + ¢o. Thus, ¢ >r v ¢1 and ¢ >p v ¢2. So [t/z]%t =
[td /y]?* ([t/x]?t;) and we know from above that [t/z]t] ~~* [t/x]?t}. Now ¢ > ¢1, so by
the induction hypothesis, [t{ /y]([t/z]?t)) ~* [t /y]®* ([t/z]?t}). Thus, [t§/y]([t/z]t}) ~*
[tt /y]®* ([t/z]®t}). Tt suffices to show [t/x]t ~~* [ty /y]([t/x]t}). We can see that
[t/z]t’ = [t/z](case x of y.t},y.th)

= case [t/x]x of y.[t/x]t],y.[t/z]th

= caseinl(ty) of y.[t/x]t].y.[t/x]th

~ [to/y)([E/]th).-

Suppose [t/x]th = case t{ of z.t},z.t) and t} is not. It suffices to show that [t/z]t ~* [t/z]*¥,
which is equivalent to showing [t/z](case t}, of y.t},y.th) ~* [t/z]?(case t) of y.t},y.th). Now
[t/z]?(case t}) of y.th,y.th) = caset] of z.(rcasey t] y ) th),z.(rcase, t] y ) th)

and
[t/z](case t( of y.th,y.th) =  case [t/x]ty of y.[t/x]t],y.[t/x]th
~*  case (case t{] of z.t{,z.t]) of y.[t/z|t|,y.[t/x]th
~  case t] of z.(case t] of y.t],y.th),z.(case t§ of y.t1,y.th),
because we know from above that [t/z]tl ~* [t/x]®t}. So it suffices to show that (case t} of y.t ,y.th) ~*
(rcaseq ti y t) t5) and (case t§ of y.t],y.th) ~* (rcase, ty y t] t5), because we know from
above that [t/z]t; ~* [t/z]®t.. This is a consequence of the following proposition. First note
that again by Lemma 4 there exists a type ¢ such that ctypey(z,t)) = 1, ¥ = ¢1 + ¢2, and ¢
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is a subexpression of ¢, where by inversion on the assumption I', z : ¢, I” F ¢/ : ¢’ there exists
types ¢1 and ¢ such that I', z : ¢, I ¢, : ¢1 + ¢o. Hence, ¢ >p v ¢1 and ¢ >p v a.

Proposition. Forall ' -t : ¢1 + ¢o, T,y : p1 F 1 : ¢” and T,y @ ¢ - o : ¢” we have
(case tg of y.t1,y.t2) ~>* (rcasey to y t1 ta).

We prove this by nested induction on the ordering (¢, t', t9) and case splitting on the structure of
to.
Case. Suppose t is not an inject-left term, an inject-right term, or a case construct. Then
rcasey to y t1 to = case to of y.t1,y.ta.
Case. Suppose tg = inl(t(,). Then
rcasey to y t1 to = [th/y]*1
and
case tg of y.t1,y.ta = caseinl(ty) of y.t1,y.ta
~ o [to/ylts.

Now ¢ >1 ¢1 so by the outer-induction hypothesis [t} /y]t; ~* [th/y]?'t1. Therefore,

(case tg of y.t1,y.t2) ~* (rcasey to y t1 ta).
Case. Suppose to = inl(t(,). Similar to the previous case.
Case. Suppose tg = case t(, of z.t},z.t5. Then

rcase, to y t1 to = case t(, of z.(rcasey t y t1 t2),2.(rcaseq th y t1 t2)
and
case tg of y.t1,y.ta = case (case t(, of z.t},z.th) of y.t1,y.to
~ case t(, of z.(case t] of y.t1,y.t2),2.(case t} of y.t1,y.t2).

Trivially, tg > ¢} and to > t}, so by the inner-induction hypothesis (case t} of y.t1,y.ta) ~~*

(rcaseg t] y t1 t2) and (case th of y.t1,y.ta) ~»* (rcasey th y t1 to). Therefore,

(case tg of y.t1,y.t2) ~* (rcase, to y t1 ta).

Case. Suppose t' = t; t,. By Lemma 5 there exists terms #; and #} such that [t/x]?t| = | and
[t/x]*t), = th. Since t' > t} and #' > t}, we can apply the induction hypothesis to obtain
[t/x]t, ~* T} and [t/z]t, ~* t,. Now we case split on whether or not #} is a \-abstraction
and t} is not,  is a case construct and #] is not, ctypey(x,t;) is undefined, or # is neither a
A-abstraction or a case construct. If ctypey(z,t}) is undefined or #) is neither a \-abstraction
or a case construct then [t/z]?t' = ([t/z]%t}) ([t/x]?t,) = #, t,. Thus, [t/z]t’ ~* [t/z]°t,
because [t/z]t' = ([t/x]t}) ([t/z]ty). So suppose £, = \y : ¢'.f} and #] is not a A-abstraction.
By Lemma 4 there exists a type ¢ such that ctypey(z,t)) = ¢, v = ¢" — ¢, and ¢ is a
subexpression of ¢, where by inversion on I,z : ¢, IV F ¢ : ¢’ there exists a type ¢” such
that T,z : ¢, TV F t] : ¢ — ¢'. Then by the definiton of the hereditary substitution function
[t/2]? () th) = [Eh/y]®' Y. Now we know ¢ > v ¢’ so we can apply the induction hypothesis
to obtain [t} /y]f/ ~* [£,/y]? #/. Now by knowing that (Ay : ¢'.7%) t}, ~ [#,/y]#" and by the
previous fact we know (\y : ¢'.&%) ¢, ~* [f,/y]*'#}. We now make use of the well known
result of full B-reduction. The result is stated as

a ~*a
b ~s* b a' b ~* e
ab~*c

where a, a’, b, b, and c are all terms. We apply this result by instantiating a, a’, b, V', and ¢ with
[t/x]ty, £, [t/2]th, T}, and [f} /y]®' T/ respectively. Therefore, [¢/x](t) th) ~* [} /y]®'t}.

Finally, suppose £} = case ty of y.t1,y.to and t, is not a case construct. By Lemma 4 there
exists a type ¢ such that ctypey(z,t)) = ¢, ¥ = ¢ — ¢’ and ¢ is a subexpression of ¢,
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where by inversion on the assumption I,z : ¢, " F ¢/ : ¢ there exists a type ¢ such that
Tyx:o,T'Ht): 9" — ¢ Now
[t/2]°(t] t5) = case to of y.(appy tr ([t/2]7t5)).y.(apps t ([t/2]%15))
and
[t/x)(t1 ) = ([t/=]t1)([t/2]t2).
Clearly, ¢ >t} and t' > t}, so by the induction hypothesis [t/z]t] ~* [t/x]?t] and [t/z]t}), ~*
[t/x]?t,. Thus,
([t/z]th) ([t/x]ty) ~»*  (caseto of y.ty.y.ta) ([t/x]t5)
~  case to of y.(appy t1([t/x]t5)).y.(appe ta([t/x]th))
and
((case to of y.(apps t1 ([£/2]t4)).5-(appy tr ([t/2]t5)))) ~
(ot ot oo s (/19800 ot (8110,
th

It suffices to show that (t1 ([t/x]t5)) ~* (appge t1 ([t/x]ts)) and (t2 ([t/x]t5)) ~* (appe ta ([t/x]t5)).

This is a consequence of the following proposition:
Proposition. ForallT' - ¢; : ¢1 — ¢ and I' F to : ¢ we have (¢ to) ~* (appy t1 t2).

We prove this by nested induction on the ordering (¢, t’, t1) and case split on the structure of ¢;.

Case. Suppose ?; is not a A-abstraction or a case construct. Then appy t1 t2 = 1 to.
Case. Suppose t; = Ay : ¢1.t]. Then appy t1 t2 = [t2/y]?'t]. Clearly, ¢ >r ¢1 so by the

outer-induction hypothesis [to /y]t] ~* [ta/y]?'t]. Therefore, (t; t2) ~* (apps t1 ta).

Case. Suppose t; = case t(, of y.t},y.t5. Then

Case.

appg t1 to = case t(, of y.(appy t) t2),y.(appg th ta)
and
(t1t2) = (caset] of y.t},y.th) to
~  case t, of y.(t] t2),y.(th t2).
We can see that t; > ¢} and ¢; > t} so by the inner-induction hypothesis, (¢} t2) ~*
(appe t) t2) and (t5 ta) ~=* (appy th t2). Therefore,
(case tg of y.(t] t2).y.(t5 t2)) ~~ (case ty of y.(appy 1] t2).y.(appy t5 t2)),

which implies (¢1 t2) ~* (appe t1 t2).
Suppose t' = t}[¢"]. Since t’ > t] we can apply the induction hypothesis to obtain [¢/z]t] ~~*
[t'/z]t). We case split on whether or not [t'/x]?t} is a type abstraction and ¢} is not. The
case where it is not is trivial so we only consider the case where [t/ /z]?t) = AX : %;.s". Then
/)9t = [¢//X]5'. Now we have [t/alt] ~* [¢'/a]*#) and [t/a](#1]6]) = ([¢/a)t})[d] —*
(¢ /217,)[8] ~ 6/ X]s'. Thus, [t/]t’ ~* [¢//2]*¢'

A.16 Proof of Lemma 12

This proof is by structural induction on n.

Case.

Case.

Case.

n is a variable y. Clearly, [¢/X|n = [¢/ Xy =y € [¢']r, x4, 17, and

(T, [¢/XIT)(y) = [¢/X]¢’. Also, we have I, [¢/ X" + [¢p/X]¢' : %, for some p, by
Lemma 37. Hence, by the definition of the interpretation of types, y € [[¢/X]#']r 4/ x]r-
Letn = Ay : ¢.n/. By the definition of the interpretation of types ¢/ = 1) — 1)’. By the induc-
tion hypothesis [¢/ X |n’ € [[¢/X]|Y']r 1 416/ x]0- Again by the definition of the interpretation
of types Ay : [6/ X [6/ XIn' = [6/ Xy : ') € [0/ X1 T o/ xy0-

Let n = njny. By the definition of the interpretation of types ¢’ = 1), ny € [t — Y] xux,, 17>
and ny € [¢']r x:x,,r7. By the induction hypothesis [¢/X]n1 € [[¢/X](V" — ¥)]r 16/ x T
and [¢/X]na € [[¢/X]Y']r ¢/ xr- Now by the definition of the interpretation of types
([p/X]n1)([¢/ X]n2) € [[¢/X]¥]r, 14/ x> since [/ X]ny, cannot be a A-abstraction.
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Case.

Case.

Case.

Case.
Case.

Let n = AY : %,.n'. By the definition of the interpretation of types ¢/ = VY : %,.4) and

n' € [Y]r,x 17,y :«,- By the induction hypothesis

[0/ X]n" € [[¢/X]Y]r,4/x)17,v:%, and by the definition of the interpretation of types AY :
*q.[0/ X]n" € [VY 2 x.[¢/ X]¢Y]r 14/ x)r Whichis equivalent to [¢/ X](AY : x4.n") € [[¢/X](VY :
*¢- ) o/ x)07-

Let n = n’[¢)]. By the definition of the interpretation of types ¢’ = [¢)/Y]¢)’, for some Y, ¢,
and there exists a ¢ such that T', X : %, IV = ¢ : x4, and n’ € [VY : %,.9']p x4, 1. By the
induction hypothesis [¢/X|n’ € [[¢/X]|(VY : *4.0")]r,4/x)r- Therefore, by the definition of
the interpretation of types

(6/ X ][] € [/ Y )6/ X 10" o x> which s equivalent to

[0/ X1 [¥]) € [16/X )6/ Y1) oy 11

Let n = inl(n’). By the definition of the interpretation of types, ¢’ = ¢} + ¢5, for some types

¢} and ¢5, and n' € [¢']r x.«, /. By the induction hypothesis, [¢/ X|n" € [[¢/X]¢|]r 14/ xr -
Thus, by the definition of the interpretation of types, inl([¢/X|n') = [¢p/X]inl(n') € [[¢/X]¢']r 1¢/x]r
Let n = inr(n’). Similar to the inject-left case above.

Let n = case ng of y.ny,y.ne. By the definition of the interpretation of types, ng € [¢] +
¢/2]]1",X:¢,F’7 for some types ¢/1 and ¢l2’ ny € [[¢/]]F»X:¢1F/7yi¢'1’ and ng € [[¢,]]F7X:¢7p/,y:¢/2. By

the induction hypothesis, [¢/ X]no € [[¢/X|(1+02)]r 16/ x)r7- [¢/X]n1 € [0/ X] [r 16/ X107 y:16/ X161
and

[0/ X]n2 € [[¢/X]'Ir 14/ x)1" 4:(6/ x)4, - Finally, by the definition of the interpretation of types,
case [¢/X]no of y.[¢/X]n1,y.[¢p/X]|ng =

[¢/ X](case ng of y.n1,y.n2) € [[¢/X]¢'Ir 4/ x)r-

A.17 Proof of Type Soundness

This is a proof by induction on the structure of the typing derivation of ¢.

Case.

Case.

Case.

I(z)=1¢ ' Ok
Tha:¢
By regularity I' - ¢ : #; for some [, hence [¢]r is nonempty. Clearly, z € [¢]r by the definition
of the interpretation of types.

Dz:prH1t: g2
FF)\‘TI(Zsl.tZQﬁlHQﬁQ
By the induction hypothesis ¢ € [¢2]r q:¢, and by the definition of the interpretation of types
t ~'n € [¢a]rag, and T,z 1 ¢y = n : ¢o. Thus, by applying the A-abstraction type-
checking rule, I' - Az : ¢1.n : Ilx : ¢1.¢2 so by the definition of the interpretation of types
Ax : ¢1.n € [¢1 — ¢o]r. Thus, according to the definition of the interpretation of types

AL : ¢1.t Pz ¢1.n € Hﬁbl — ¢)2]]1‘.

't : 92— ¢ I'-to: g0
'k tl tg . ¢1
By the induction hypothesis t; ~+' n; € [¢p2 — é1]r, t2 w~lng € [o2lr. T F @2 — @1 : %y,
and I' = ¢ : *,. Inversion on the arrow-type kind-checking rule yields, I' = ¢ : *,, and by
Lemma ??, 1",z : ¢9, IV F @1 : *,..
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Case.

Case.

Case.

Case.

Case.

Now we know from above that ny € [¢2 — ¢1]r and ny € [d2]r, hence T' F ny : ¢po — &
and T' - ng : ¢o. It suffices to show that ny ny € [¢o]r. Clearly, ny na = [n1/2](z nz) for
some variable z € F'V(ny,ns). Lemma 5, Lemma 10, and Lemma 9 allow us to conclude that
[n1/2](2 ng) ~* [n1/2]%27% (2 na), T I [n1/2]%27%1 (2 na) : ¢, and [n1/2]%2 791 (2 ny) is
normal. Thus, 1 ta ~* n1 ng = [n1/2](2 na) ~' [n1/2]%27%1 (2 na) € [¢2]r.

DX :ixbtig
PEAX VX 5y
By the induction hypothesis and definition of the interpretation of types t € [¢]r x.x,. t !

n € [@]r,x:x, and AX : *,.n € [¢]r. Again, by definition of the interpretation of types
AX oyt~ AX %y € [9]r

I'Ht:VX %01 I'F¢o:x
It tgs] : 92/ X]d1
By the induction hypothesis t € [VX : x;.¢ | and by the definition of the interpretation of types
we know t ~' n € [VX : %,.¢1]r. We case split on whether or not 7 is a type abstraction. If not
then again, by the definition of the interpretation of types n[¢2] € [[#2/X]¢1]r, therefore ¢ €
[[#2/X]¢p1]r. Suppose n = AX : x,.n'. Then t[ps] ~* (AX : #;.n/)[d2] ~> [p2/X]|n'. By the
definition of the interpretation of types n’ € [¢1]r, x.+,. Therefore, by Lemma 12 [¢po/X|n’ €

[[¢2/X]b1]r.

Fktl(ﬁl FFQZSQZ*;D

DEanl(t) : g1 + ¢
By the induction hypothesis, ¢ € [¢1]r and by the definition of the interpretation of types,
t ~'n € [¢1]r, and inl(n) € [¢1 + p2]r. Again, by the definition of the interpretation of types
nl(t) ! inl(n) € [$1 + d2]r-

I'Ht: ¢ D¢ %y
F"Z’ﬂ?"(t)(bl—l—(bg

Similar the inject-left case above.

I'to: o1+ @2 | RN R AR Tiz:gpabta:ep
't casetgof x.ty,x.t0 : 9
By the induction hypothesis and the definition of the interpretation of types ty ~' ng € [¢1 +
Golr and T = ng : ¢y + o, t1 ~' ny € [¥]r,e¢, and T, 0 ¢1 F ny @ 1), and ¢y ~lng €
[¥]r,5:¢, and T,z : ¢ - ng = 9. Clearly,
case tg of x.t1,x.ts ~* case ng of z.ny,x.n9
= [no/z](case z of x.ny,z.n3),

for some variable z ¢ F'V(ng,n1,n2) U {z}. Lemma 5, Lemma 10, and Lemma 9 allow
us to conclude that [ng/z](case z of x.ny,w.n3) ~* [ng/2]?*+%2(case z of x.ny,x.n9), T'
[no/z]?17%2(case z of w.ny,w.n2) : ¥, and [ng/2]?*+92(case z of x.ny,2.n2) is normal. Thus,
[ng/2]%17%2(case z of x.n1,2.n2) € []r and we obtain case tq of z.t1,x.t2 € [¢]r.
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B Proofs of Results Pertaining to DSSF~

B.1 Miscellaneous Definitions and Results

This section contains definitions and lemmas that were omitted from the main part of the paper due
to space constraints. First are a few basic syntactic lemmas.

» Lemma 41 (Type Equality Context Conversion). If T,z : [¢p1/X]¢, TV Ft: ¢ and T+ p :
o1 = ¢ thenl,x : [¢2/X]¢, I+t ¢/.

Proof. This hold by straightforward induction on the assumed typing derivation. <

» Lemma 42 (Syntactic Inversion).

I Ifl"}—)\xqul.t:m—>¢2then1",x:¢1}—t:¢2.

it. IfT Ftqty: @o then there exists a type ¢1, suchthat, ' -1t : 1 — P2 and ' = to @ ¢1.

The depth function, defined in the following definition, is used in the proof of Lemma 44 and is used
to show that our ordering on types is well founded.

» Definition 43. The depth of a type ¢ is defined as follows:

depth(t) = 0, where ¢ is any term.
depth(X) = 1

depth(llz : ¢.¢') =  depth(¢) + depth(¢')
depth(VX : %1.¢) = depth(¢)+1

We use the metric (I, d) in lexicographic combination, where [ is the level of a type ¢, and d is the
depth of ¢ in the proof of the next lemma.

» Lemma 44 (Well-Founded Measure). If ¢ >t ¢’ then (I,d) > (I',d’), where T' - ¢ : *,
depth(p) = d, T' & ¢ : *p, and depth(¢') = d.

The next few lemmas are results about the kinding and typing relations as well as well-formed
contexts. The first lemma states that every kindable type is kindable within a well-formed environ-
ment.

» Lemma45. IfT'F ¢ : *, then T Ok.

The Type Substitution for the Interpretation of Types lemma is needed in the proof of the Type
Substitution for Kinding, Typing, Context-Ok lemma, which is needed in the proof of the main
substitution lemma.

» Lemma 46 (Type Substitution for Kinding, Typing, and Context-Ok). Suppose ' = ¢’ : x,,.
Then
i. ifT,X 1%, IV F ¢ : x4 with a derivation of depth d, then T, [¢/ | X]T" = [¢'/ X : *q with a
derivation of depth d,
ii. ifT, X, TV t: ¢ withaderivation of depth d, then T, [¢' /XTI - [¢' / X]t : [¢'/ X with
a derivation of depth d, and
iii. ifT,X :%,, I Ok with a derivation of depth d, then T', [¢' /| X|I"" Ok with a derivation of depth
d.

Next we show that the kinding and typing relations are closed under term substitutions.

» Lemma 47 (Term Substitution for Kinding, Typing, and Context-Ok). Suppose I -t : ¢'.
Then
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i. ifTx: ¢, T b ¢ : = with a derivation of depth d, then T', [t [x]I" & [t'/x]¢ : %, with a
derivation of depth d,
ii. ifT,z: ¢ T+ t: ¢witha derivation of depth d, then T, [t' /x]T" & [¢'/x]t : [t'/z|¢ with a
derivation of depth d, and
iii. ifT,x: ¢, T" Ok with a derivation of depth d, then T', [t' /| x|T"" Ok with a derivation of depth d.

Context weakening for the kinding and typing relations is defined by Lemma 48, and is used by the
proof of the main substitution lemma.

» Lemma 48 (Context Weakening for Kinding and Typing). Assume T',T" . T Ok, T',T' - ¢ :
xpand U, T" =t : ¢. Theni. T, 7" T" F ¢ : %y and ii. T, T T' -t : ¢.

Finally, we have regularity which is used by the proof of type soundness. These are all the results
about the kinding relation and well-formed contexts that we will need to conclude normalization,
but we need syntactic inversion for the typing relation, because it is not a trivial result like it is for
SSF+.

» Lemma 49 (Regularity). IfT'-t: ¢ thenI' - ¢ : %, for some p.
» Lemma 50 (Transitivity of Type Equality). IfT' - ¢1 = ¢o and ' F ¢ = ¢p3thenT F ¢ = ¢3.
» Lemma 51 (Symmetry of Type Equality). If T F ¢ ~ ¢’ then T + ¢ = ¢.

» Lemma 52 (Substitution for Type Equality). If T,z : ¢, IV F ¢’ ~ ¢" and T + t : ¢ then
L, [t/x]l" - [t/x]¢" =~ [t/x]¢".

» Lemma 53. IfT b ¢ = IIj : ¢1.¢9 then there exists a term h and types ¢ and ¢4 such that
6 =TIh : &0}

» Definition 54. The following function constructs the set of redexes within a term:

rset(z) =0
rset(join) = (
rset(Ax : ¢.t) = rset(t)
rset(AX : x,.t) = rset(t)
rset(ty to)
= rset(ty,ta) if ¢; is not a \-abstraction.
= {t1t2} Urset(t),t2) ifty = Az: o.t].
rset(t"[¢")
= rset(t") if t" is not a type absraction.
{t"[¢"]} Urset(t”) ift" = AX : #.t".

The extention of rset to multiple arguments is defined as follows:

rset(ty, ... tn) =% rset(ty) U- - Urset(ty,).

B.2 Properties of The Hereditary Substitution Function

We prove all the same proprites of the heredtiary substitution function as we did for the previous
language. They only differ in the statement of some of the lemmas due to syntactic inversion. We
simply list all the properties below. The defintion of rset can be found in Appendix B.1 of this
report. [8].

» Lemma 55 (Properties of ctypey).
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i. Ifctypey(x,t) = ¢' then head(t) = x and ¢' is a subexpression of ¢.
ii. IfT,z:¢,I"F1t:¢ andctypey(x,t) = ¢" thenT,x: ¢,I" F ¢ ~ ¢”.
iii. IfT,x: ¢, I Ftqty: ¢ and head(ty ta) = x then ctypey(x,t1) = I1j : ¢1.¢2 for some term
J and types ¢y and ¢s.
v, 0,z 0,1 Ftity: ¢/, Tt [t/z]°ts = Ny : ¢1.q, and t, is not then there exists a type
Y such that ctypeg(x,t1) = .

» Lemma 56 (Total, Type Preserving, and Sound with Respect to Reduction). Suppose

I'tt:gpandl,z: ¢, Tt : ¢ Then

i. there exists a term t" and a type ¢ such that [t/z]?t' = ", T, [t/z]T" =t : ¢", and T, T -
¢" ~ [t/x]¢', and

ii. [t/z]t’ ~* [t/x]%t.

» Corollary 57. Suppose Ut :¢pand U,z : ¢, T =t : ¢. Then T, [t/x]T" & [t/z]t : [t/z]¢'.

» Lemma 58 (Redex Preserving). If T' + ¢ : ¢, T,ax : ¢, TV bt : ¢ then |rset(t',t)] >
|rset([t/x]?t")].

» Lemma 59 (Normality Preserving). If T' - n : ¢ and T,x : ¢' = n' : ¢ then there exists a
normal term "' such that [n/x)%n’ = n'".

B.3 Proof of Lemma 45

This is a proof by structural induction on the kinding derivation of I' - ¢ : *,,.

Case.
IN(X) =% p<gq I' Ok
=X %,
By inversion of the kind-checking rule I" Ok.
Case.
D=y i%p Doz oo xg
I'EIlz : ¢1.02 & *maz(p,q)
By the induction hypothesis, I' = ¢; : *, implies I' Ok, thus, after applying the rule I' Ok.
Case.
DX txg g%,
CEVX %0 *man(p,q)+1
By the induction hypothesis I', X : %, Ok, and by inversion of the type-variable well-formed
contexts rule I' Ok.
Case.

I'E¢:x F'Fty:9¢ TFte: ¢
FEt =12 :%,
By the induction hypothesis, I' F ¢ : x, implies I' Ok. Now since the above rule does not alter
the context in anyway I' remains Ok after applying the above rule.
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B.4 Proof of Type Substitution for Kinding, Typing, and Context-Ok

This is a proof by induction on d. We prove the first part of the lemma, and then the second, and
finally the third, doing a case analysis for each implication on the form of the derivation whose depth
is being considered.

Case.
(T, X %, I (Y) = %, r<s [ X %, I" Ok
DX ik, IV EY s
By assumption I' F ¢’ : %,. We must consider whether or not X = Y. If X = Y then
[¢'/X]Y = ¢/, r = p, and ¢ = s; this conclusion is equivalent to I, [¢/ /X]I" - ¢’ : 4 and by
the third part of the induction hypothesis
T, [¢/X|TY Ok. If X £ Y then [¢'/X]|Y =Y and by the third part of the induction hypothesis
I, [¢'/X]T" Ok, hence, ', [¢/ /X|T" F Y : %,.
Case.
DX oy, IV E gy %, DX oy, IV s gy b ot kg
DX s, IV It y.ghy *maz(r,s)
Here ¢ = max(r, s) and by the first part of the induction hypothesis I', [¢'/ X|IV F [¢'/ X1 :
. and T, [¢/ /X", : [¢'/X]d1 b [¢'/X]d2 : *;. We can now reapply the rule to get
I, [¢/X]T F [¢ ) X)(I1 ¢ dy.6a) : %
Case.
DX g, T)Y t,p b ook
D, X o, T E VY 2500 am(r6)+1
Here ¢ = max(r, s) + 1 and by the first part of the induction hypothesis
T, [¢ /XY : %, b [¢'/X]¢ : xs. We can reapply this rule to get T, [¢'/ X|TV F [¢// X]VY :
k.1 kg
Case.

X Db, D X:iapDbtiig DX bta:d
[ X sy, IV E by =t 0%y
By the first part of the induction hypothesis, I', [¢'/ X ]I F [¢'/ X]¢ : *, and by the second part,
T, [¢/ /X [¢/ /Xty : [¢/X]pand T, [¢//X]T" - [¢/ /X ]ts : [¢ /X ). Finally, by reapply-
ing the equality type kind-checking rule we obtain, ', [¢// X|T” F [¢//Xt; = [¢' /X ]t : %y,
which is equivalent to, ', [¢/ / XTIV - [¢'/ X](t1 = t2) : *p.

We now show the second part of the lemma. The proof proceeds in the same way as the proof of
part one.

Case. Suppose t is a variable.

(T, X %, y)=¢ T,X:%,I" Ok
DX :%x,T'Fy:¢
Clearly, [¢'/ Xy ~ y and (T, [¢'/ X|T")(y) = [¢'/X]¢, because the assumed context is well-

formed. By the third part of the induction hypothesis,
T, [¢'/X ]I Ok. So by applying the variable type-checking rule, ', [¢'/ X|T" F y : [¢'/ X] .
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Case.

Case.

Case.

Case.

Case.

Case.

DX %, Tyt o
CX s, TV Ayt Ty 2 dy.gho
By the second part of the induction hypothesis, T', [¢' / XTI,y : [¢'/ X1 & [¢/ /) Xt : [¢') X]pa.
So by applying the lambda type-checking rule, T', [¢//X|TV F Ay : [¢'/X]¢1.[¢" /Xt : Iy :
[¢'/ X]¢1.[¢" / X] b2, which is equivalent to
Do /X [¢ /XAy p1.8) 2 [¢'/ X](ILy = ¢r1.¢ha).

DX %, 1" Y s, bt: 9
DX o, IV EAY syt : VY 2500
This case is similar to the previous case.

ty | to I, X :x,I" Ok

I, X, T join i t1 = t9
It is a property of full S-reduction that if ¢; | ¢5 then [¢'/X]t; | [¢'/X]ta. By the third part
of the induction hypothesis, T, [¢'/X|I" Ok. Now by applying the join type-checking rule,
L, [¢ /XTI = join - [¢) Xty = [¢'/ Xt

DX cx, Tty ty =t [, X o, It [t /ylo
[, X o, Tt [ta/ylo
By the second part of the induction hypothesis, T, [¢// X]T” - [¢'/ X]to : [¢'/ X]t1
= [¢//X]tzand T, [¢/ /XTI + [¢' /Xt : [¢'/X][t1/y]$. The latter is equivalent to T, [¢/ / XTIV -
o'/ Xt : [[¢' ) X]t1/y][¢' / X]¢. Now by applying the conversion type-checking rule, T', [¢' / X|T” F
¢'/ X1t = [[¢/ X]t2 /' / X] .

DX v, Tty Ty s dy.go DX 5, Tty g
U, X ok, Uty o [ta/y]oo
By the second part of the induction hypothesis, T', [¢'/ X|T” - [¢'/ Xty : Ty : [¢' )/ X]p1.[¢" / X] 2
and T, [¢'/X]TY + [¢'/X]ta : [¢'/X]¢1. By applying the application type-checking rule,
L, [¢ /XTI b [¢'/X]t1 [¢'/X]t2 : [[¢'/X]t2/y]de, Which is equivalent to T, [¢'/X|T" +
[0/ X](t1 t2) = [¢'/ X][t2/y] -

DX o, TV VY @k DX o, TV otk
F,X : *l,F’ = t[¢2] : [¢2/Y]¢1
By the second part of the induction hypothesis, T, [¢'/ X]T” t [¢/ /Xt : VY : %,,.[¢' /X ]¢1 and
by by the first part, T, [¢'/ X]I” = [¢'/X]¢2 : ,. Finally by applying the instantiation type-
checking rule, T, [¢/ / X|T" + [¢'/ X¢t[[¢' /) X 2] : [[¢'/ X ]2/ Y ][¢' /X1, which is equivalent
oL, [¢//X]T" = [¢' [ X](t[2]) - [¢"/ X][da/Y]o1.

We now show the third part of the lemma. The case were d = 0 cannot arise, since it requires the
context to be empty. Suppose d = n + 1. We do a case analysis on the last rule applied in the
derivation of ', X : s, I".
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Case. Suppose I" =T" )Y : x,.

X %, I Ok
[ X 5, 7Y 2%, Ok
By the third part of the induction hypothesis, T, [¢//X]T”" Ok. Now, by reapplying the rule
above I, [¢/ /X|T",Y : x4 Ok, hence I, [¢/ / X|I" Ok, since X # Y.
Case. Suppose IV =T" 3y : ¢.

F,X:*p,FNI—¢:*q F,X:*p,F”Ok;
[ X %, " y:¢OFk
By the first part of the induction hypothesis, I, [¢// X | F [¢// X]¢ : %, and IV, [¢/ /X |T" Ok.
Thus, by reapplying the rule above T', [¢/ / X T, x : [¢' / X ] OE, therefore, T', [¢' / X|T” Ok.

B.5 Proof of Term Substitution for Kinding, Typing, and Context-Ok

This is a proof by induction on d. We prove the i. first, and then the second and finally the third, doing
a case analysis for each implication on the form of the derivation whose depth is being considered.

Case.

(0, X %, I)(Y) = %, r<s ,z: ¢, T Ok
Doz: ¢/, IV FY : %,
Clearly, [t'/z]Y ~ Y, so (T, [t'/z]T")(Y) = *,.. By the second part of the induction hypothesis,
T, [t'/x]I” Ok. By applying the variable kind-checking rule, T, [t/ /2] - Y : *,.
Case.

Dz: ¢/, I" F ¢yt *, Dox: ¢, TV, y: o1 F o *
F,I : ¢,7F, = Hy : ¢1-¢2 Y *maz(r,s)
By the first part of the induction hypothesis, I', [t /]I F [t//z]¢1 : *, and T, [t'/z|T",y :
[t'/x]p1 B [t'/x]p2 : *s. By applying the Il-type type-checking rule, T', [t'/z]T” + Ily :
[t'/x]¢1.[t' /2]d2 : *maw(r,s)> Whichis equivalent to I', [t /2]I" F [t/ /2](Ily : ¢1.02) : *mam(r,s)-
Case.

Lox: ¢/, TV)Y t %, F ¢ x4
T,z ¢, T VY : %06 Fmaa(rs) o1
By the first part of the induction hypothesis, T, [t/ /z]T”",Y : %, b [t//x]¢ : *s and by applying
the forall-type type-checking rule, I, [t'/z|T” = VY : ,.[t'/2]¢ : *pq0(r,s)+1- The latter is
equivalent to
L[t /x| V[ /2](Y 2 %0.0) : *man(r,s)+1-
Case.

a:¢ \T"F¢:x, Dox: ¢/, T"Ft1:¢ Lox:¢ T'Fty: ¢
Dz: ¢\ T'Fty =ts: %
By third part of the induction hypothesis, T', [t'/z|]T" + [t//z|t; : [t'/x]¢ and T, [t' /]I
[t'/x]ts : [t'/x]¢. By the first part of the induction hypothesis,I', I - t; = ¢5 : *,. Finally, by
reapplying the type equality kind-checking rule,

We now prove the second part of the lemma. This part proceeds in the exact same way as the first.
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Case.

Suppose t is a variable.

(T,z: ¢, 1) (y) = ¢ Iz: ¢, IV Ok
Lz:¢' \T'Fy:¢

Case. Lety = x. Then [t/ /x]t ~» ¢'. Thus, T\ [t'/z]t : [t /x]o.
Case. Let y be distinct from x. By the third part of the induction hypothesis

Case.

Case.

Case.

Case.

Case.

Case.

T, [t'/«]T" O and since y is distinct from z, (T, [t'/z]T")(y) = [t'/x]¢. Now after applying
the variable type-checking rule we obtain I, [¢/ /z]I” F y : [¢'/x]¢.

F,LL’ : ¢/7F/7y : ¢1 Ht: (b?
Dox: ¢/, T"FAy:ort:Iy: 1.0
By the second part of the induction hypothesis, T, [t'/z]T",y : [t'/z]d1 & [t'/x]t : [t/ /x]pa.
Now by reapplying the lambda type-checking rules we obtain, ', [t'/z]T" F Ay : [t'/x]¢1.t :
MMy : [t'/x]é1.[t'/z]pa, which is equivalent to T, [t/ /2] + [t'/xz](\y : ¢1.t) : [¢/z](Ily :
$1.02)-

Po:¢ ", X:x,Ft:9
Doz ¢/, TV EAX okt : VX 15,00
This case is similar to the previous case.

t1 J,tg I‘,:c:qi)’,F’ Ok

Iiz: ¢, T'F join:tg =ty
It is a well known property of full S-reduction that if ¢; | to then [¢t/x]ty | [t'/z]t2. By
the third part of the induction hypothesis we know T, [t'2/]T" Ok. Now by applying the join
type-checking rule we obtain T', [t/ /z|T & join : [t'x/]t1 | [t/ /x]ta.

Dox: ¢/, IV Ftyg:t; =ty Dyz: ¢, T Ft:[t1/ylo
Loz ¢/, T Ft:[ta/ylo
By the second part of the induction hypothesis we know T, [t'/z]T" + [t/ /x|ty : [t /x|t =
[t'/x]ty and T, [t /]I = [t /x]t : [t/ /x][[t' /x]t1/y]o. Clearly,
L, [¢ /)T & [t /2]t : [t /x][[t' /x]t1/y]¢ is equivalent to T, [t /x| = [t /x|t : [[t'/x]t1/y][t' /] .
Now by applying the conv type-checking rule we obtain
D[]l b [ alt  [[¢ /alta y]IE [0,

F,x:d)’,F’l—tlzﬂy:ngl.@ F,x:QS/,F’I—tQ:ngl
F,.’L‘ : ¢/,F/ |— tl t2 : [tg/y](bg
By the second part of the induction hypothesis, T', [t/ /z]T” F [t'/z]t; : Ty : [t'/x]d1.[t'/x]d2
and T, [t /]I & [t/ /x]ts : [t'/xz]¢1. Now by applying the application type-checking rule we
obtain,

U, [0 = [ /2] (8 ta) = [t/ 2]ba /][t /2] da.
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Ioz: ¢/, I"Ft:VX :%.¢; Iz: ¢, I"F ¢y %
Doz ¢, T = tpo] : [h2/ X]1
By the second part of the induction hypothesis, T', [t/ /]I F [t//z]t : VX : *.[t'/z]¢1. By
first part of the induction hypothesis, I, [t' /]I F [t'/x]¢2 : %;. Now by applying the type
instantiation type-checking rule we obtain T', [t/ /x]|T" & [t/ /x](t[d2]) : [[t'/x]d2/ X][t' /] P1.

We now show the third implication. The case were d = 0 cannot arise, since it requires the context
to be empty. Suppose d = n + 1. We do a case analysis on the last rule applied in the derivation of
Iz:¢ T

Case. Suppose I" =T")Y : x,.

Iz:¢', T Ok
Lz: ¢!, T"Y : %, Ok
By the third part of the induction hypothesis, T', [t'/z]T"”" Ok. Now, by reapplying the rule above
L, [t'/z]T",Y : %4 Ok, hence I, [t' /z|T" Ok.
Case. Suppose IV =T",y : ¢.

Dox:¢/ T F iy, Lz:¢' T Ok
Lx: ¢, T",y: ¢ Ok
By the first part of the induction hypothesis, I", [t'/z|I"" & [t'/z]¢ : %4 and I”, [t /]I Ok.
Thus, by reapplying the rule above T', [t/ /x|,y : [t'/x]¢ Ok, therefore, T', [t' /x| Ok.

B.6 Proof of Context Weakening for Kinding and Typing

We first prove part i. This is a proof by structural induction on the kinding derivation of I', T + ¢ :
*

e
Case.
(L, I (X) =, p<gq I, IOk
DT F X %,
If (I,T")(X) = %, then (I',T”,T')(X) = %,, hence, by reapplying the type-variable kind-
checking rule, I', " TV = ¢ : x,,.
Case.
F,F’l—qﬁlz*p F,F/,aj:¢1|—q’)gz*q
DIV Iz : 1. : *maz(p,q)
By the induction hypothesis I', T, TV F ¢; : %, and I',T”,T", 2 : ¢1 F ¢ : %4, hence, by
reapplying the II-type kind-checking rule I', T, I"" = T1z : ¢1.02 : *pau(p,q)-
Case.

IV F¢iw, T.0VFtii¢ Dbty
DIV Ety =tg %
By the induction hypothesis we know, I', I/, T I ¢ : «,,. By assumption we know I', I T Ok,
D,I"Fty:¢,and I, TV - t5 : ¢, thus, by the second part of the induction hypothesis, I', T/, T -
t1 : pand I, TV + t5 : ¢. Now by applying the equality type kind-checking rule we obtain,
F, F”,F/ F t1 =to: *p.

Case.
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DI X txg b ¢ i,
T, T F VX <506 *man(pg)+1
By the induction hypothesis I', T, T, X : %, F ¢ : x,, hence, by reapplying the forall-type
kind-checking rule I', T, T = VX @ %,.0 1 %500(p,q)+1-

‘We now prove part two.
This is a proof by induction on the form of the typing derivation of I', T I ¢ : ¢.

Case.

Case.

Case.

Case.

Case.

Case.

Case.

(T, 1) (z) = ¢ I, T Ok
| I )
Clearly, if (I',T")(x) = ¢ then (I',T”,T")(x) = ¢. By assumption, I', '/, T” Ok. Finally, by
reapplying the variable type-checking rule, I, T T - x : ¢.

F,F/7£L' : ¢1 Ft: ¢2
DIVFAx: g1tz : ¢1.09
By the first induction hypothesis, I', T TV, x : ¢1 F t : ¢o and by reapplying the lambda
type-checking rule, I, T, TV F Az : ¢1.t : Tlz : ¢1.¢a.

F7F,|_t12H.’EI¢1.¢2 F,F/}_tQZgbl
F,F/ - tl t2 : [t2/$]¢2
By the first induction hypothesis, I', T, TV + t1 : IIx : ¢1.¢2 and I, T, TV - t5 : ¢1. Now by
reapplying the application type-checking rule, ', T TV b ¢; 5 : [t2/x]¢a.

DI, X tx, bt ¢
DT EAX 5,80 VX kg
By the first induction hypothesis, I, T/, I, X : %, - ¢ : ¢ and by reapplying the type abstraction
type-checking rule, I', T, TV = AX : %, : VX : %,.¢0.

D, Ft:VX tndr DT F got kg

T, tla] : [62/Xon
By the first induction hypothesis we know I',T”T” + ¢ : VX : %.¢; and by the second
I, T T F ¢2 : x. By applying the type instantiation type-checking rule, ', T, TV F ¢[¢o] :
[p2/ X1

t1 ]t | A R S DT kty: o I.,T' Ok
I, IV join : t = tg
By the induction hypothesis, T', T, TV + t1 : ¢ and I, T, TV + 5 : ¢. We know by assumption
that ', T, T Ok. By reapplying the join type type-checking rule, I', T, I = join : t; = ts.

DT Ftg ity =to O, -t [t/z]o
LTt [te/x]g
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By the induction hypothesis, I', T T" -t : t; = to and T', T, T - ¢ : [¢t; /x]$. By reapplying
the conv type-checking rules, T, T, TV \ ¢ : [to/x]o.

B.7 Proof of Regularity

This proof is by structural induction on the derivation of I" - ¢ : ¢.

Case.

Case.

Case.

Case.

Case.

Case.

Case.

Ix)=¢ I' Ok
'Fx:¢
By the definition of well-formedness contexts I' - ¢ : *,, for some p.

Fx:prHt: s
' Az ¢1t Mz ¢1'¢2
By the induction hypothesis I' = ¢1 : %, I,z : ¢1 F ¢2 : *, and by applying the II-type
kind-checking rule we get ' = I1x @ ¢1.02 : *pmaa

P:q)*

tlltg Fl_tl(b F}_tg(ﬁ I' Ok
FFjOZ‘nStlitQ
By the induction hypothesis we know I' = ¢ : %;. Thus, by applying the equality type kind-
checking rule, I' - ¢ = 15 : %;.

F"to:tlztg Fl—t[tl/xM
Tkt [ta/z]p
By the induction hypothesis, I' F ¢; = t5 : %, and I' I [t1/x]¢ : *, which implies ',z : ¢
¢’ : 4. By inversion of the equality type kind-checking rule, I' - ¢1 : ¢” and I" I ¢5 : ¢, Thus,
by Lemma 47, T' F [to/x]@ : *q.

L't ¢91— o2 F'Ety: ¢4

'k tl tQ : ¢2
By the induction hypothesis I' = ¢1 — ¢2 : *r and I' = ¢ : *,,. By inversion of the arrow-type
kind-checking rule » = maz(p, q), for some ¢, which implies I" - ¢g : *,.

X i, Ft: g
PEAX %t 1 VX 2 %0
By the induction hypothesis I', X : *, = ¢ : *,. By applying the forall-type kind-checking rule
F'EVX.0: *maz(p.g)+1-

I'Et:VX %01 I'E g%y
L'k t[go] : [¢2/X]1
By assumption I' = ¢2 : *,.. By the induction hypothesis I' = VX : %,.¢; : x, and by

inversion of the forall-type kind-checking rule r = max(p, ¢) + 1, for some ¢, which implies
I, X : %, F ¢1 : %4 Now, by Lemma 46, T" = [¢po/ X |1 : *4.
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B.8 Proof of Transitivity of Type Equality

This is a proof by induction on the form of first assumed type equality with an inner induction on
the form of the second.
Case.

'k p: tl = tg
LF[t/x]¢ = [t2/z]0

We case split on the form of the final rule applied in the derivation of I' F ¢o =~ ¢3.
Case.

EQ1

rp: t’l = t'2
Tk [t)/2]¢ =~ [ty/z]¢

Trivial, because we are using the same type in all equalities.

EQI

Case.

Ik [ta/x]¢ =~ [ta/x]03 PEp:ity=ts3

I'F [to/2]¢ =~ [t3/x]ds
By the induction hypothesis we know T - [t1 /z]¢ = [ta/x]ds and by applying TEQ, using
'+ p: to =tz we obtain I' + [tl/x]¢ ~ [t3/$]¢3

Q2

Case.
FF[tl/x]¢1%[t1/$]¢2 Fl—plt1:t2

Q

LF[t1/z]¢1 = [ta/z]¢2 ’
Case.

LEp ot =t
/ L - /2 TEq,
[F[t)/2]p2 = [ty/2]d2
Trivial.
Case.
[ F [ta/2]¢e = [t2/z]¢3 F'Ep:ity=t;3
Q2

'k [ta/z]¢o = [t3/2]¢3
By the induction hypothesis we know T" - [t; /x]¢1 ~ [t2/x]¢3 and by applying TEq, using
ITkp:ty=tsweobtainT'F [ty /)1 = [t3/x]ps.

B.9 Proof of Symmetry of Type Equality

This is a proof by induction on the assumed type equality.
Case.

'k p: tl = t2
I [t/2]p = [t2/2]¢

It suffices to show that there exists a p’ such that " - p’ : 5 = ¢1. We obtain this by the following
typing derivation:

TEq,

Php:ti =ty Tk join: [t1/y](y = t1)
Fl—joz’n:tgztl
Therefore, by applying TEq, using the previous proof we obtain I' - [t2/2]¢ = [t1/2]¢.

CONV
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Case.

Fl—[tl/x](ﬁ%[tl/l'}(b/ Fl—pitlztg

I [t/2]¢ ~ [t2/2]¢]
By the induction hypothesis I'  [t1/z]¢" = [t1/z]¢. Clearly, if I' & [t1/z]¢’ = [t1/z]¢ then
T,z:¢" F ¢ =~ ¢ for some type ¢" suchthat ' - ¢1 : ¢ and " F t5 : ¢. We know such a type
exists by inversion on I' - p : t; = to. Now by the substitution for type equality lemma using
Tox:¢" ¢ ~¢andT  ty : ¢ we know I' b [to/x]d’ =~ [ta/x]¢. We obtain our desired
result by the following derivation:

Ckp:ti =ty T+ join: [t1/y](y = t1)

[+ [te/z]d = [ta/z]0 [t join:ty =t
I [to/2]¢’ ~ [tr/2]¢

TEq,

CONV

TEq,

B.10 Proof of Substitution for Type Equality

This is a proof by induction on the form of the assumed type-equality judgement.

Case.

Case.

F,‘TI(ZS,F/FpStl:tQ
F,:E : (ZS,F/ = [t1/$]¢) ~ [tz/[L‘](ﬁ
By Lemma ?2, T, [n/x]I” F [n/z]p : [n/z](t1 = t2). Now by applying TEq,, I, [n/z|T" F
([n/alty/a)[n/z]¢ = [[n/xlts/x][n/x]¢.

TEQ,

Cox: o, F [t /ylo =~ [t1/y]d Doz:o, U Fpity =ty
Lox: ¢, I F [t/ylo = [t2/yl¢’
By the induction hypothesis, I, [n/z]T” & [[n/z]t1 /y][n/x]¢ = [[n/z]t1/y][n/x]¢’. By Lemma ??,
T, [n/z]I" F [n/z]p : [n/x]t1 = [n/z]t2. Therefore by applying TEq,, I, [n/x]I" F [n/z]t1/y][n/x]é
([n/z]tz2/y][n/z]¢".

TEQ,

B.11 Proof of Type Syntactic Conversion

IfFT Ft: ¢andD - ¢ ~ ¢ then we know several things: ¢ = [t/z]¢", ¢' = [t//2']¢",
IP'Fp:t=1t,andT + t: [t/Z]¢" for some type ¢”. Suppose each vector has i elements. Then
by applying the conversion type-checking rule ¢ times with the appropriate proof from our vector of
proofs we will obtain I" I- ¢ : [t/ /z]#". This last result is exactly, I' - ¢ : ¢'.

B.12 Proof of Lemma 53

This is a proof by induction on the form of the assume type-equality derivation.

Case.

Case.

Fl—pitlztg

I'F [ty /2] (0] : ¢.5) = [t2/2] (1] : ¢.¢5)
Trivial, because ¢ must also be a II-type.

TEq,

~
~
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I'F[ti/2]¢" ~ [t1/2](Ij : ¢1.¢5)  Thp:ti=t

I'F[t1/2]¢" ~ [ta/2](I1] : 6].¢5)
By the induction hypothesis ¢ = [t;/x]¢’ = IIh : 1);.1)5 for some term h and types ¢ and 5.

EQ2

B.13 Proof of Injectivity of II-Types for Type Equality

This is a proof by induction on the form of the assumed typing derivation.

Case.
'k p: tl = t2
/ ; TEq
[k [t1/z]¢" = [t2/z]o
Trivial, becasue ¢’ and ¢ only differ by terms, which do not affect the ordering of types.
Case.

U E [ty /z]¢" = [t1/x]¢” F'kEp:ti =t

I'H [ty /x]¢" = [ta/x]¢"
By the induction hypothesis ¢ >r [t1/z]¢”, which implies that ¢ >t [ta/z]¢".

Q2

B.14 Proof of Lemma 22

The possible form for ¢ is only a II-type. So it suffices to show that if ' - Iy : ¢}.¢% ~ Iy : ¢1.d2
and 1) is a subexpression of ¢’ then ¢" >p ¢1 and ¢ >1 4.4, Po.

It must be the case that ¢ > ¢/ and ¢ >p .4, @5, because ¢} and ¢ are both subexpressions of
¢". By injectivity of II-types for typed equality we obtain T - ¢} ~ ¢ and T,y : ¢1 b ¢l =~ ¢o.
Finally, by Lemma 21 we know ¢ > ¢1 and ¢” >r .4, ¢2.

B.15 Proof of Syntactic Inversion
We prove all cases by induction on the form of the typing relation.
Case. Parti.

Case.

Cix:prHt: oo
I‘I—)\x:¢1.tzﬂx:¢1.¢2

Trivial.
Case.

F"p:tl :tg F")\l’d)lt[tl/y](j)/
' Ax: ¢1~t : [tg/y](b/
Here ¢ = [t2/y]¢’. By the induction hypothesis, where ¢ is [t1/y]¢’, there exists a type
¢o, such that T,z : ¢y F t : ¢poand T F Tz : ¢1.¢2 =~ [t1/y]¢’, which implies that
T F [t /y](Tz : ¢f.¢5) = [t1/y]¢’ and T F p’ : ) = t; for some terms ¢} and p’. Hence,
by TEq, T' & [t1/y](Tlz : ¢].0%) = [t1/y]¢’ and by applying the same rule a second time,
except using the proof I' - p : ¢ = to we obtain T = [¢1 /y](Ilx : ¢).¢%) = [t2/y]¢’. Finally,
using TEq, a third time using I" - p : ¢} = t; we obtain " - [t} /y](T1z : ¢].¢5) =~ [t2/y]¢,
which is equivalent to I' F Tz : ¢1.¢2 = [t2/y]¢’.
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Case. Partii.

Case.

Fl—t1:H$2¢1.¢2 F"tg:gﬁl

Dbty tg: [ta/x]go
Trivial.
Case.

Phpiti=ts  Thtite:[ti/ylo

'k tl tz . [tg/y]d)
Similar to the previous case.
Case. Part iii.

Case.

DX :xkHt:o

F'FAX :x.t:VX :%.¢

Trivial.
Case.

Thpity =ty TFAX:x%.t:[ty/y]d”

THAX .t [ta/ylo”

Similar to the previous case.
Case. Partiv.

Case.

THt:VX :s.¢1  TFéo:xn

[ t[po] : [pa/ X]b1
Trivial.
Case.

FFpZtlitQ Fkt[gﬁg}[tl/y]gf)/

I Ft]go] : [t2/y]d'
Similar to the previous case.
Case. Partv.

Case.

tlth Fl—tligb F}—tglqﬁ

I' Ok

I‘I—jom:tl :tg
Trivial.
Case.

Tkp:th =t T+ join : [t} /y]¢")

T+ join : [th/y]¢'
Similar to the previous case.
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B.16 Proof of Properties of ctype,

We prove part one first. This is a proof by induction on the structure of ¢.

Case. Suppose ¢ = z. Then ctypes(x,x) = ¢. Clearly, head(z) = x and ¢ is a subexpression of
itself.

Case. Suppose t = t; to. Then ctypey(x,t1 to) = ¢ when ctypey(x,t1) = Iy : ¢'.¢". Now t > t;
so by the induciton hypothesis head(t1) = x and Iy : ¢'.¢" is a subexpression of ¢. Therefore,
head(t) t2) = x and certainly ¢” is a subexpression of ¢.

We now prove part two. This is also a proof by induction on the structure of ¢.

Case. Suppose ¢t = x. Then ctypey(z,z) = ¢. Clearly, I,z : ¢, I F ¢ = ¢.

Case. Suppose t = t; to. Then ctypey(z,t1 t2) = [t2/y]d2 wWhen ctypey(z,t1) = Iy : ¢1.¢2. By
inversion on the assumption I',x : ¢, " F ¢’ : ¢’ there exists a term z and types 11 and s
such that T,z : ¢, TV F ¢y : Uz : ¢p1.p and Ty 2 o, TV ¢ =~ [ta/z]1ha. Now ¢ > #1 so
by the induction hypothesis T,z : ¢, TV = I1z : 91.¢2 = Iy : ¢1.¢2. Injectivity of equalities
between II-types yeilds T,z : ¢, TV F o1 = ¢y, and Ty : ¢, 17,2 : ¢y b tho = [2/y]de
and by substitution for types equality T,z : ¢, T,y : ¢1 F [t2/y]([y/2]2) = [t2/y]P2. Now
Tyz: 9,17 F ¢ = [ta/z]ths is equivalent to T,z : ¢, TV F &' = [ta/y]([y/z]1)2). Therefore, by
transitivity of types equality I', z : ¢, I F ¢ & [t2/y]p2.

Next we prove part three. This is a proof by induction on the structure of ¢;.

Case. Suppose t; = . Then ctypes(x,z) = ¢ and by inversion on the assumed typed derivation
T,z : ¢, Fax:10j: ¢1.¢o for some term j and types ¢1 and ¢ which implies that ¢ = ITj :
$1-¢2.

Case. Suppose t; = t| t,. Again by inversion on the assumed typing derivation there exists a term
j and types ¢1 and ¢ such that ',z : ¢, IV F ¢} th : IIj : ¢1.¢2. Now ctypey(z,t1) =
ctypegy(x,t) th) = [th/j]lp2 when ctypey(z,t)) = ITh : ¢).¢5. Now head(t; t2) = x implies
that head(t}) = x so by the induction hypothesis there exists a term h and types ¢} and ¢} such
that ctypey(z, t)) = ITh : ¢} .¢5.

Finally, we prove part four. This is a proof by induction on the structure of ¢; ts.

The only possiblities for the form of ¢; is 2 or a £; 5. All other forms would not result in [t/x]%t;
being a A-abstraction and ¢; not. Suppose t; = x. Then by inversion on the assumption ", = : ¢, I -
t1 to : ¢’ there exists types ¢1 and ¢o suchthat T,z : ¢, TV ¢y : Iz : ¢1.¢0, Tyx : ), T, 20 o1
to i ¢o,and Ty : ¢, TV F ¢ = [ta/x]2. Now in this case it must be that ¢ = Iz : ¢;.¢2 and
ctypes(x, x ta) = [ta/x]d2 when ctypey(z, z) = ¢ = Iz : ¢1.¢2 in this case.

Now suppose t; = (#; £5). Now knowing ¢} to not be a M-abstraction implies that #; is also not a
A-abstraction or [t/x]?t; would be an application instead of a A-abstraction. So it must be the case
that [t/x]?%; is a \-abstraction and 7; is not. Since ¢; ¢, > t; we can apply the induction hypothesis
to obtain there exists a type ¢ such that ctypes(z, 1) = 1.

Now by inversion on I,z : ¢, IV F ¢1 to : ¢’ we know there exists a term z and types ¢; and
¢o such that T,z : ¢, TV b ¢ : Tz : ¢1.¢pp and T,z ¢ ¢, 17,2 1 1 F to : ¢o, and T, :
6, T F ¢ = [ta/z]pa. We know t; = (f; 1) so by inversion on T,z : ¢, TV - ¢ : Iz : ¢y.¢09
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we know there exists a term j and types ¢ and 15 such that T,z : ¢, IV & £, : IIj : 114y,
F,LL‘ : ¢,F/7j : ¢1 - to: wg, and F,SU : ¢71—‘/ FIlz: ¢1.¢2 ~ [tg/j}l/)g.

By part two of Lemma 55 we know I',z : ¢, I’ b 4 ~ IIj : 1)1.4)9 and by Lemma 53 ¢ = ITh :
Y.} for some term h and types v} and 4. At this point ctypes(z,t1) = ctypey(x,ty t2) =
[£2/ R when ctypes (w, ir) = TIA : )44,

B.17 Proof of Total, Type Preserving, and Sound with Respect to
Reduction

First, we prove part one. This is a proof by induction on the lexicorgraphic combination (¢,t') of
>p v and the strict subexpression ordering. We case split on ¢'.

Case. Suppose t’ is either x or a variable y distinct from . Trivial in both cases.
Case. Suppose t’ = join. Trivial.

Case. Suppose t' = Ay : ¢;.t]. First, since ¢’ is a A-abstraction we know ¢’ = Iy : ¢1.¢o for
some type ¢5. To make use of the induction hypothesis we first must show that ¢} is typeable.
Applying the inversion lemma to the assumption T,z : ¢, TV F Ay : ¢1.t] : Iy : ¢1.¢9
yeilds () T,z : ¢, T,y : ¢1 -t} : ¢, for some type ¢ such that (ii) T,z : ¢, TV F Iy :
¢1.05 = Iy : ¢1.¢2. Lastly, by applying the substitution for syntactic equality we obtain
D, [t/z]T" b [t/x](y : ¢1.0%5) =~ [t/x](Ty : ¢1.¢2). At this point we can apply the induction
hypothesis.

We know t' > t, so by the first part of the induction hypothesis there exists a term f’l and type
v such that [t/x]t) = ), T, [t/z]T,y : [t/z]p1 F &) : b, and T, [t/2]T",y : [t/z]pe F ¢ =
[t/x]¢h. Applying syntactic conversion on T', [t/x]T”,y : [t/z]¢1 F T} : b using T, [t/x]T",y :
[t/2]po b 9 = [t/x]¢h we obtain T, [t/x]T",y : [t/x]p1 F &) : [t/z]¢h and by applying the
A-abstraction typing rule we obtain T, [t/x|T” = Ay : [t/x]¢1 .8} : Ty : [t/x]é1.[t/x]d, By the
definition of the hereditary substitution function [t/x]?t" = Ay : ¢1.[t/x]?t) = Ny : ¢1.8;. Tt
suffices to show that T', [t /x| F ITy : [t/x]é1.[t/x]dh ~ Iy : [t/z]¢1.[t/z]¢p2. We obtain this
by simply applying the substitution for syntactic type equality to (iii) using ¢.
Case. Suppose t’ = AX : #;.t}. Similar to the previous case.
Case. Suppose t' = t] t}. Note that ¢’ = [t,/y]¢” for some variable y and type ¢”. We first must

show that there exists types ¢1 and ¢5 such that

Loz: o, TV E i) : My : ¢1.¢2,

L,z: ¢, TVt : ¢, and

Doz 6,1 b [th/3]6" ~ [th/y)n.
Applying the syntactic inversion lemma to the assumption I', z : ¢, I F ¢ t}, : ¢’ yeilds there
exists types ¢1 and ¢5, and a term y such that

LCyz: o, TV E i) : My : ¢1.02,

Tz: ¢, It} : ¢, and

Loa: g, IV E [ty /yle” = [ty/y] ¢
Now ¢’ > t} and t’ > t}. So by two applications of part one and two of the induction hypothesis
there exists terms m and mo, and types 1 and 15 such that
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[t/x]?t) = ma,
[t/z]t] ~* mq
[t/x]?th = ma,

[t/z]ty ~* ma
F, [t/l‘]rl = ma 1/11,
F, [t/I]F/ I mao 1/12,
T, [t/z]T b o1 =~ [t/z](Ty : ¢1.¢2), and
T, [t/z]T & o = [t/z]d1.
Now I, [t/x]T" F o1 = [t/x](Tly : ¢1.¢2) isequivalentto T, [t/x]T” b oy & Iy : [t/z]pq.[t/z]po.
By applying the syntactic conversion lemma to
T, [t/z]T" & mq : 4y and
T, [t/z]T" F ma : ahe
using the previous type equality we obtain
)T, [t/z]T" = ma : Iy : [t/x]p1.[t/z]¢2, and
@) T, [t/z]T & mo : [t/x]01.

We case split on whether or not m; is a A-abstraction and ¢ is not, or ctypey(z,t}) is unde-
fined. Suppose m; is not a A-abstraction or ctypey(z,t;) is undefined. Then [t/z]?(t] t5) =
([t/x]?t)) ([t/x]?th) = my mo. It suffices to show that
T, [t/z]T" F m1 mo : ¢"' and
L, [t/z]0" ¢ &~ [t/z]¢'
for some ¢”’. By applying the application typing rule to (i) and (ii) we obtain
T, [t/z]T = m1 ma : [m2/y]([t/z]¢2), which is equivalent to
L, [t/]T" Fomamo < [t/2]((me/y]é2)-
At this point it suffices to show that T, [¢t/z]T" F [t/z]([m2/y]P2) =~ [t/x]([th/y]d"). We
can see from above that T,z : ¢, IV b [th/y]¢” = [t /y]éd2 and by Lemma 52 T, [t/x]T”
[t/x)([t2/y]d") ~ [t/x]([t2/y]d2). By symmetry of I', [t/x|T" I [t/x]([t2/y]6") ~ [t/x]([t2/y]d2)
we have T, [t/z]T" F [t/x]([th/yld2) =~ [t/z]([th/y]¢”). Now we know from above that
[t/xz]|th ~~* mq so by applying the join typing rule we obtain ', [t/x]T”  join : [t/x]th, = ma.
Finally, by applying TEq, we obtain I, [t /2]T" = [t/x]([m2/y]d2) = [t/x]([t5/y]d").

Suppose m; = Ay : ¢1.m} and t} is not a A-abstraction. By Lemma 55, Lemma 22, and
Lemma 53 there exists a type ¢ such that ctypeg(z,t]) = ¢, T,z : ¢, I - ¢ = Iy : ¢1.¢0,
1 is a Il-type, v is a subexpression of ¢, ¢ >/ ¢1 and ¢ > 1/ 4.6, ¢2. According to the
definition of the hereditary substitution function [t/z]? (] t5) = [ma/y]?*m/. Recall from
above that we know mo and m; are typeable, but we have to show that m/ is typeable. First,
note that T, [t /2| & my : Ty : [t/z]¢1.[t/z]@s is equivalent to T, [¢/2]TY F my : Ly : ¢1.¢a,
2 and my have the same type. This implies that T', [¢t/2]T” I mas : ¢o. By applying the inverison
lemma to T', [t/2]T” F my : Ty : ¢1.¢2 we obtain the there exists a type ¢4 such that

L, [¢/z]T,y : ¢1 Fmf : ¢ and

L [t/z]T" F 1Ly« ¢1.¢2 ~ ¢h.
Now ¢ >r 1/ ¢1 so we can apply the induction hypothesis to obtain there exists a term m and a
type ¢ such that [msy/y]?*m} = m, T, [t/z]T" = m : ¥, and T, [t/z|T’ I ) ~ [ma/y]¢s. By
syntactic conversion using I', [t /]I - ¢ = ¢ we have T, [t/z]T" F m : [ma/y]¢s. It suffices
to show that T, [¢t/x]T" & [ma/y]de ~ [t/x]([th/y]¢"). We know from above that T, z : ¢, " F
[th/y]¢" = [th/y]¢2. By symetery and the substitution for syntactic type equality lemma using
the previous type equality T, [¢/x|T" & [t/x]([t5/y]d2) ~ [t/x]([th/y]¢"). We know z is not
free in ¢ so the previous type equality is equivalent to T, [t /]I & [t5 /y]pa =~ [t/ ] ([th/y]¢").
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Case.

Recall from above that [t/z]|th, ~>* mg so by applying the join typing rule T', [t/z]T” F join :
[t/x]ty = ma. Finally, by applying TEq, we obtain I', [t/x]I" = [mao/ylée ~ [t/x]([t5/y]¢").
Suppose t' = t}[¢"']. Similar to the previous case.

Next we show part two. This is a proof by induction on the lexicorgraphic combination (¢, t') of >
and the strict subexpression ordering. We case split on the structure of ¢'.

Case.
Case.
Case.

Case.
Case.

Case.

Suppose ¢’ is a variable z or y distinct from z. Trivial in both cases.
Suppose t' = join. Trivial.
Suppose t' = Ay : ¢1.t. Then we know ¢’ = Ily : ¢;.¢py for some type ¢o and [t/z]?(\y :
#1.8) = My : ¢1.([t/x]?t). Now t' > £, but before we can apply the induction hypothesis we first
must show that £ is typeable. By inversion on the typing assumption of ¢’ we know there exists a
type ¢4 suchthat ',z : ¢, T,y : ¢1 F & : ¢hand T,z : ¢, TV - Tly : ¢1.¢0% ~ Iy : ¢1.¢2. So we
can now apply part one of the induction hypothesis to obtain [t/x]?# has a result and by part two
we know [t/x]t ~* [t/x]®{. At this point we can see that since \y : ¢'.[t/x]t = [t/x](\y : ¢'.1)
and we may conclude that Ay : ¢'.[t/z]t ~* Ay : ¢'.[t/x]?L.
Suppose t' = AX : ;.£. Similar to the previous case.
Suppose t' = ] t5. Now t' > ¢} and t’ > t}, but before we can apply the induction hypothesis
we must first show that ] and ¢, are typeable. By inverison on the typing assumption of ¢’ we
know there exists a term y and types ¢} and ¢/ such that

O, z: ¢, T ) : Iy : ¢).0h,

T,z:¢, TV Ft,: ¢, and

va : ¢a I [té/y]d)/Q ~ [t/Q/y]d)Qv
where ¢ = [t}/y]d2. So now we can apply the induction hypothesis. By part one of the
induction hypothesis we know there exists terms #; and £}, such that [t/z]?t} = | and [t/x]%t}, =
#,, and by part two of the induction hypothesis we know [t /x]t} ~* | and [t/x]t} ~* L.

Now we case split on whether or not #} is a A-abstraction and #} is not, or ctypey(w,t;) is
undefined. Suppose #} is not a A-abstraction, or ctypey(w,t;) is undefined. Then [t/x]?t' =
([t/x]?t)) ([t/x]?ty) = ) . Thus, [t/x]t’ ~* [t/z]?t, because [t/x|t’ = ([t/x]t}) ([t/z]th).
So suppose #; = Ay : ¢}.fy and t is not a A-abstraction. By Lemma 55, Lemma 22, and
Lemma 53 there exists a type v such that ctypes(x,t)) = ¥, Tz : ¢, TV F ¢ = Iy : ¢f.¢5,
1 is a II-type, 9 is a subexpression of ¢, ¢ >rr ¢} and ¢ >prrv .4, @5. Then by the
definiton of the hereditary substitution function [t/z]® (¢} t,) = [f,/y]?' /. Again we must
show that 77 is typeable before using the induction hypothesis. This is a simple consequence
of applying inversion to (i) above. Thus, we can apply part one of the induction hypothe-
sis to obtain [f}/y]?1#" has a result and by part two of the induction hypothesis to obtain
(£ /y]E" ~~* [T /y]® 7. Now by knowing that (\y : ¢}.&%) ty ~» [f,/y]#" and by the pre-
vious fact we know (A\y : ¢.&%) th ~* [} /y]®1#/. We now make use of the well known result
of full B-reduction. The result is stated as

a~*ad
b~~* b a'b ~*¢
ab~*c

where a, a’, b, b, and c are all terms. We apply this result by instantiating a, a’, b, ', and ¢ with
[t/x]t], 1, [t/2]th, Th, and [F) /y] £/ respectively. Therefore, [t/2](t] th) ~* [} /y]*1#!.

Suppose t' = t|[¢”]. Then ¢/ = [¢"”/X]+p. Now by inversion on the assumed typing result
of ¢’ we know there exists a type ¢’ and a term X such that T,z : ¢, TV - ¢} : VX : %9/,
oo:g, 'y cx,and Tz : ¢, I F [¢" /XY = [¢"/ Xy, Since ¢’ > t] and t] is typeable
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we can apply the induction hypothesis to obtain [t/x]|t ~* [t'/x]®t;. We case split on whether
or not [t/ /z]?t} is a type abstraction and ¢} is not. The case where it is not is trivial so we only
consider the case where [t/ /z]?t) = AX : %;.s'. Then [t'/z]?t' = [¢'/X]s’. Now we have
[t/x]t ~* [t'/x]%t) and [t/2](t}[g]) = ([t/x]t)[g] ~* ([t'/2]))[¢] ~ [¢/X]s'. Thus,
[t/z]t’ ~* [t')x]®t.

B.18 Proof of Corollary 57

We know by Lemma 56 there exists a term ¢’ and a type ¢” such that [t/x]?t' =", T, T" " : ¢",
and I, TV - ¢" =~ [t/x]¢’. Soby Lemma 16 T, TV F ¢ : [t/x]¢'.

B.19 Proof of Redex Preservation

This is a proof by induction on the lexicorgraphic combination (¢, ') of >r and the strict subexpres-
sion ordering. We case split on the structure of ¢’ and we do not state explicit typing results when
applying the induction hypothesis. All such results are simple applications of the inversion lemma.

Case.
Case.
Case.

Case.
Case.

Lett’ = x or t’ = y where y is distinct from z. Trivial.
Suppose ¢’ = join. Trivial.
Lett' = \x : ¢1.t". Then [t/z]%t' = Az : ¢1.[t/x]?t". Now

rset(Ax : p1.t",t) = rset(Ax: ¢1.t") Urset(t)

= rset(t") Urset(t)
= rset(t’,t).
We know that ¢ > ¢ by the strict subexpression ordering, hence by the induction hypothesis
|rset(t”,t)| > |rset([t/z]?t")| which implies |rset(t’,t)| > |rset([t/z]?t")].
Lett’ = AX : %;.t”. Similar to the previous case.
Let t' = ¢} t}. First consider when t} is not a A-abstraction. Then
rset(t] th,t) = rset(t], th,t)
Clearly, t' > ¢t} fori € {1, 2}, hence, by the induction hypothesis |rset(t},t)| > |rset([t/z]?t})).
We have two cases to consider. That is whether or not [t/z]®#} is a A-abstraction or not. Suppose
so. Then by Lemma 4 ctypeg(x,t)) = 1 and by inversiononT', z : ¢, IV I ¢} ¢5 : ¢’ there exists
aterm j and types ¢ and ¢ suchthat ',z : ¢, TV Ftq : 115 : 1.2, D,z TV, 5 : 1 Fto @ o
and T,z : ¢, IV b ¢’ = [ta/j]p2. Again, by Lemma 4 there exists a type 1 such that
ctypegs(x,t)) = 1, ¢ is a subexpression of ¢, and I', z : ¢, I F ¢p = IIj : ¢1.¢2. By Lemma 53
y is a II-type and by Lemma 22 ¢ >pr s ¢1 and ¢ >t .4, ¢2. So by the definition of the
hereditary substitution function [t/z]?t] t, = [([t/x]?t})/y]?1t], where [t/z]%t] = \y : ¢1.t}.
Hence,
rset([t/a]9t; )] = Irset(([t/a]*t) [y]#*¢1)].

Now ¢ >r 1/ ¢1 so by the induction hypothesis

rset([([t/a1t) [P )] = Inset([t/a]th, t1)]
|rset(th,t],t)]

(
(
[rset(th, [t/x]7t), 1)
(
(

v 1

[rset(ts, t7,1)]
|rset(t],th,t)]-

Suppose [t/x]?t} is not a A-abstractions or ctype,(x,t}) is undefined. Then
rset(it/al?(th 1)) = rset([t/z]*t] [t/2]*t))
= rset([t/o]?), [t/2)°t)).

< rset(t), th, ).

Next suppose t] = Ay : ¢1.t]. Then
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Case.

rset((Ay : ¢1.t)) th,t) = {(Ny: o1.t)) th} Urset(t], th,t).
By the definition of the hereditary substitution function,

rset([t/z]?(\y : 1t]) t5) = rset([t/z]*(Ny : du.t]) [t/2]%th)
= rset((Ay : ¢1.[t/2]7t]) [t/2]th)
= {(\y: ¢1.[t/2]?t]) [t/x]?th} Urset([t/x]?t]) U rset([t/z]?th).
Since ¢’ > t{ and ¢’ > t, we can apply the induction hypothesis to obtain, |rset(t{,t)| >
|rset([t/x]?t])| and |rset(th,t)| > |rset([t/x}¢t’)| Therefore,

H(\y = d1.t7) thy Urset(ty, t) Urset(th, t)| > [{( Ny : ¢1.[t/x]?t]) [t/z]?th} Urset([t/z]?t]) U
rset([t/z]?th)|.
Suppose ¢’ = t[¢"]. It suffices to show that |rset(t,t')| = |rset([t/z]?t')|. Now

(t

[rset(t,t')| = |rset(t,t)[¢”])]

= |rset(t) Urset(ti[¢"])]
(t)
(

= |rset(t) Urset(t))]
= |rset(t,t))].

and
[rset[t/x]*t")| = |rset([t/=]?(t1[¢"]))]-
We have several cases to consider. Suppose #; and [t/z]?#) are not type abstractions. Then
[rset([t/z]?(t1[6"))] = |rset(([t/=]t)]¢"])]
|rset([t/x]%t))].
We can see that t' > ¢} so by the induction hypothesis
[rset([t/x]?t)| < |rset(t,t})]
= |rset(t,t')|.

Suppose ¢} = AX : *;.t/. Then
[rset(t,t)] = |rset(t, t1[¢"])]
{416} U rset (¢, £7)]

and
[rset([t/z]°))] [rset([t/x](t1[¢"])]
[rset((AX : . [t/2]t])[¢"])]
{AX . [t/2]?t])[07]} Urset([t/2]°t])].
Again, ¢’ > t; so by the induciton hypothesis |rset([t/z]?t])| < |rset(t,t]). Thus, |rset(t,t')| <
|rset([t/z]?t)].

Suppose t; = z[¢"] and t = AX : %;.t”. Then
pp 1
|rset(t,t")] |rset(t)]

|rset(t”)]

and

[rset([t/z]?t)] = [|rset([¢"/X]t")]
= |rset(t").
Therefore, |rset(t,t')| = |rset([t/z]?t")].

B.20 Proof of Normality Preservation

By Lemma 56 we know there exists a term n” such that [n/z]?n’ = n” and by Lemma 58
|rset(n’,n)| > |rset([n/x]®n’)|. Hence, |rset(n’,n)| > |rset(t)|, but |rset(n’,n)| = 0. There-
fore, |rset(t)] = 0 which implies n”” is normal.
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B.21 Proof of Type Substitution for the Interpretation of Types

By the definition of the interpretation of types, I', X : #;, IV - n : ¢/ and by Lemma 46, T, [¢/ X T -
[¢/X]n : [¢/X]¢'. Finally, by the definition of the interpretation of types, [¢/ X |n € [[¢/X]¢'|r 14/ xr-

B.22 Proof of Semantic Equality

We first prove the left to right containment. Suppose t ~* n € [[t1/x]¢]r. Then by the definition
of the interpretation of types, I' - n : [t1/z]¢. By assumption we know I' F p : ¢; = t9, hence,
by applying the conversion type-checking rule I' - n : [ta/x]¢. Finally, by the definition of the
interpretation of types, n € [[to/z]¢]r. Therefore, t € [[t2/z]¢]r. The opposite direction is
similar.

B.23 Proof of Lemma 44

Assume ¢ > ¢’ for some types ¢ and ¢’. We case split on the form of ¢. Clearly, ¢ is not a type
variable.

Case. Suppose ¢ = Iz : ¢1.¢2. Then ¢’ must be of the form ¢y or [t/x]po, for some term T' ¢ : 5.
In both cases we have two cases to consider; either ¢ and ¢’ have the same level or they do not.
Consider the first form and suppose they have the same level. Then it is clear that depth(¢) >
depth(¢’). Now consider the latter form and suppose ¢ and ¢’ have the same level. Then clearly
depth(¢) > depth(¢'). In either form if the level of ¢ and ¢’ are different, then the level of ¢ is
larger than the level of ¢'. In all cases (I,d) > (I', d’).

Case. Suppose ¢ = VX : x,.¢1. Then ¢’ must be of the form [¢/ X]p; for some type T' b o : ;. It
is obvious that the level of ¢ is always larger than the level of ¢'. Hence, (I,d) > (I',d’).

B.24 Proof of Substitution for the Interpretation of Types

It suffices to show that T, [n/x|I” = [n/x]%n’ : [n/x]¢’ and [n/z]%n’ is normal. By Corollary 57
we know T, [n/z|l” + [n/z]®n’ : [n/x]¢’ and by Lemma 59 [n/x]?n’ is normal. Therefore,
[n/z]n" € [[n/2]¢'Trpn/apr-

B.25 Proof of Type Soundness

This is a proof by induction on the structure of the typing derivation of ¢.
Case.

Ix)=¢ I Ok
'kFx:9¢
By regularity ' - ¢ : ; for some [, hence [¢]r is nonempty. Clearly, x € [¢]r by the definition
of the interpretation of types.

Case.

Fx:prHt: s
FEXx:¢pr.t: 1z : ¢r.¢2
By the induction hypothesis and the definition of the interpretation of types ¢t € [P2]r,z:4,
t ~' n € [¢a]rag, and T,z : ¢y = n : ¢o. Thus, by applying the A-abstraction type-
checking rule, I' = Az : ¢1.n : Iz : ¢1.¢2, hence by the definition of the interpretation of types
Az : ¢rn € [z @ ¢y.¢o]r. Since Az : ¢1.t ~' Az : ¢1.n € [z : ¢1.¢2]r we know by the
definition of the interpretation of types Az : ¢1.t € [I1z : ¢1.¢2]p.
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Case.

Case.

Case.

Case.

Case.

Fl—tlzﬂx:qﬁl.qbg F"tg:d)l
'k tl t2 : [tz/x}qbg
It suffices to show that there exists a normal term n such that t; to ~' n € [[ta/x]é2]r. By the
induction hypothesis and the definition of the interpretation of types ¢; ~ing e [z : ¢1.¢2]r,
I'tnq: Iz ¢1.¢2, to ! ng € [[qbﬂ]p, and ' ngy : b1. Cleaﬂy,
tita ~* ning
= [m/z](z n2),
for some fresh variable z & FV(ny,ng, ¢1,d2,z). By Lemma 56, Lemma 59, and Corol-
lary 57 [n1/z](2 na) ~* [n1/2]%' (2 n2), [n1/2]®* (2 n2) is normal, and T = [ny/z]%* (2 ny) :
[no/x]¢a. Thus, t; to ~' [n1/x]?1 (2 ny). It suffices to show that I' - [ng/x]? (2 ny) :
[t2/x] 2. This is justified by the following typing derivation:

'+ t2 . ¢1
I'Eng: ¢ ng | to
JoiN
L'k join : ng = to Ik [nl/aﬁ]¢1(z na) : [ne/x]ds

C
L F /] (2 na) : [t2/a]00
Therefore, [n1/2]%! (2 na) € [[t2/x]¢2]r which implies that ¢ t2 € [[ta/x]da]r.

t1 | to 'Ok
T'Fjoin:t; =ty

Clearly, join € [t; = t2]r by the definition of the interpretation of types.

FFtoitlitQ Fkt[tl/l‘}d)
Tkt [ta/z]p
By the induction hypothesis, ¢ € [[t; /2]¢]r. By the definition of the interpretation of types, ¢ ~'
n € [[t1/z]¢]r. By assumption we know, I' - tg : ¢; = to. Thus, by Lemma 24, [[t1/z]¢]r =
[[t2/x]@]r. Therefore, n € [[t2/x]¢]r, hence, by the definition of the interpretation of types,
t € [[t2/2)6]r-

DX :x,Ft:g
PEAX 8 : VX 5.0
By the induction hypothesis, ¢ € [¢]r x:«,, so by the definition of the interpretation of types,
t~'ne [#]r,x:«, and I', X : %, = n : ¢. We can apply the A-abstraction type-checking rule
to obtain I' = AX : #,.n : VX @ .0, thus AX : %,.n € [VX : %,.¢]pr. Since AX : x,.t ~'
AX : #,.n by definition of the interpretation of types AX : %,.t € [VX : %,.0]p.

FEt:VX :x.¢1 I'F¢s: %

[t tds] : [$2/ X]o1
By the induction hypothesis ¢ € [VX : x;.¢1]r, so by the definition of the interpretation of types
t~'ne [VX : #1.¢1]r and T F n : VX : #.¢1. We do a case split on whether or not n is
a A-abstraction. We can apply the type-instantiation type-checking rule to obtain I F n[¢o] :
[¢2/X]¢1 and by the definition of the interpretation of types n[¢s] € [[¢p2/X]P1]r. Therefore,

t e [[[¢2/X]¢1HF SllppOSC n=AX: *l.n'. Then t[(]ﬁg] ¥ (AX : *l.n’)[¢2] ~ [d)g/X]n’
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By semantic inversion n’ € [¢1]r, x.,. Therefore, by Lemma 23 [¢p2/ X |n' € [[¢p2/X]¢1]r and
to] € [[d2/X]o1]r, since t[ps] | [da/X]n'.

C Proofs of Results Pertaining to STLC™

C.1 Miscellaneous Definitions and Results

» Lemma 60 (Weakening for Typing). IfT'Ft: ¢ then T, T -t : ¢ for any context I that does
not overlap with I.

Proof. By straightforward induction on the assumed typing derivation. <

We define a well-founded ordering on types in the following definition. We do not explicitly
prove that this is well-founded, because it is simply the subexpression ordering for types, which is
well known to be well-founded.

» Definition 61. The ordering > is defined as the least relation satisfying the universal closures
of the following formulas:

$1—¢2 >r  P1 d1=¢2 >r ¢
o1 — P2 >r ¢ o1 = ¢2 >r @2

» Definition 62. The following function constructs the set of redexes within a term:

rset(x) =0

rset(Ax : ¢.t) = rset(t)

rset(ty t2)
= rset(ty,ta) if ¢1 is not a A-abstraction.
= {t1 to} Urset(t),ta) ifts =dx: ¢.t].

The extention of rset to multiple arguments is defined as follows:

rset(ty,...,tn) =% rset(ty) U--- Urset(t,).

C.2 Properties of the Hereditary Substitution Function

The following are the properties of the ctype function and the hereditary substitution function for
STLC™.

» Lemma 63 (Properties of ctypes).
i. Ifctypey(x,t) = ¢' then head(t) = x and ¢’ is a subexpression of ¢.
ii. IfT,x:¢,I"Ft: ¢ and ctypey(x,t) = ¢ then there exists a term p such that T,z : ¢, "
pid ="
iii. IfT,x:¢, T/ Ftity: ¢, TFt:q, [t/x]°t = Ay : ¢1.q, and t1 is not then there exists a type
1 such that ctypeg(x,t1) = .

» Lemma 64 (Total and Type Preserving). Suppose T' -t : ¢pand T x : ,T" Ht' : ¢'. Then
there exists a term t" such that [t/z)*t' = t" and T,T" " : ¢/

» Lemma 65 (Redex Preserving). If T+t : ¢pand T,z : ¢, T' bt : ¢ then |rset(t',t)] >
|rset([t/x]®t)].

» Lemma 66 (Normality Preserving). If T - v : ¢ and T,z : ¢' = o' : ¢ then there exists a
value v"' such that [v/z]?v' = v".

59
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» Lemma 67 (Soundness with Respect to Reduction). If T'Ft: ¢pand T,z : ¢, T/ 1 : ¢/
then [t/x]t' ~~7 [t/z]?t.

» Corollary 68. IfT' -t : ¢ and U,z : ¢, 1" = t1 ta : ¢o then ([t/x]%t1) ([t/2]t2) ~%
[t/2]?(t1 t2).
C.3 Proof of Syntactic Inversion

This is a proof by induction on the form of the assumed typing derivation.
Parti. We have two cases to consider.

Case.

Fl_(ﬁ]_ F7$:¢1l_t:¢2LAM
I'EXzt: ¢ — ¢o

Trivial.
Case.

T Xzt [¢)/X](p1 — ¢2) THt: ¢ = ¢y
I'F At [¢h/X](¢1 — 2)
By the induction hypothesis we know ',z : [¢]/X]d1 b ¢ : [¢]/X]d2 and by an application
of the above rule we obtain I',x : [¢}/X]é1 F t : [¢p5/X]pa. Tt suffices to show that
T,z : [¢h/X]p1 F t : [¢h/X]¢2. This is a simply consequence of applying Lemma ?? to
L.z [¢h/ X1 Ft:[¢h/X]pausing T =t = d1 = .
Partii. Again, we have two cases to consider.
Case.

CoNv

FEty:d1— @2 F'Ety: ¢
APP
F|—t1t22¢2

Trivial.
Case.

Ditifg/X]p  THt:dr=¢o
Lt:[g2/X]o
By the induction hypothesis there exists a type ¢}, such that, T' - ¢; : ¢} — [¢1/X]¢ and
Ik ¢y : ¢}. Atthis point all we have to do is apply the rule above to I' - ¢1 : ¢ — [¢1/X]¢
toobtain T' F ¢1 : @) — [d2/X]o.

CoNnv

C.4 Proof of Properties of ctype,

We prove part one first. This is a proof by induction on the structure of ¢.

Case. Suppose ¢ = x. Then ctypey(x,x) = ¢. Clearly, head(x) = x and ¢ is a subexpression of
itself.

Case. Suppose t = t1 to. Then ctypey(z,t1 t2) = ¢ when ctypeg(z,t1) = ¢ — ¢”. Now t > t;
so by the induciton hypothesis head(t1) = x and ¢’ — ¢ is a subexpression of ¢. Therefore,
head(t; t2) = z and certainly ¢’ is a subexpression of ¢.

We now prove part two. This is also a proof by induction on the structure of ¢.
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Case. Suppose ¢ = z. Then ctypey(z, z) = ¢. Clearly, ¢ = ¢.

Case. Suppose t = t; to. Then ctypey(z,t1 ta) = ¢ When ctypey(z,t1) = ¢1 — ¢o2. By inversion
on the assumed typing derivation we know there exists type ¢ such that T,z : ¢, TV F t1 :
¢" — ¢'. Now t > t1 so by the induciton hypothesis ¢1 — ¢o = ¢" — ¢'. Therefore, ¢ = ¢”
and ¢g = ¢'.

Next we prove part three. This is a proof by induction on the structure of ¢; ts.

The only possiblities for the form of ¢; is « or a ; 5. All other forms would not result in [t/x]%t;
being a A-abstraction and ¢; not. If ¢; = x then there exist a type ¢’ such that ¢ = ¢’ — ¢’ and
ctypes(x, x ta) = ¢ when ctypes(z,x) = ¢ = ¢ — ¢ in this case. We know ¢” to exist by
inversionon ',z : ¢, IV 1 to : ¢'.

Now suppose t; = (f; f2). Now knowing #} to not be a \-abstraction implies that #; is also not
a A-abstraction or [t/z]®t; would be an application instead of a A-abstraction. So it must be the
case that [t/ a:]¢fl is a A-abstraction and #; is not. Since ¢; to > t; we can apply the induction
hypothesis to obtain there exists a type ¢ such that ctype,(x, t1) = 1. Now by inversion on T, z: :
¢, T 1 to : ¢ we know there exists a type ¢” such that ',z : ¢, TV F ¢ : ¢ — ¢'. We know
t; = (t1 o) so by inversion on ',z : ¢, TV - t; : ¢" — ¢’ we know there exists a type 1"’ such that
Do, I7 i " — (¢ — ¢'). By part two of Lemma 63 we know ¢ = ¢ — (¢ — ¢')
and ctypegs(z,t1) = ctypegy(z,t; t2) = ¢" — ¢ when ctypey(x,t1) = " — (¢ — ¢'), which
holds because we know ctypes(z, 1) = 1.

C.5 Proof of Total and Type Preserving

This is a proof by induction on the lexicorgraphic combination (¢, ¢') of > 1 and the strict subex-
pression ordering. We case split on ¢’.

Case. Suppose t’ is either x or a variable y distinct from . Trivial in both cases.

Case. Suppose t' = Ay : ¢1.t]. By inversion on the typing judgement we know there exists a type ¢o
suchthat I,z : ¢, I,y : ¢1 b t] : ¢o. We also know ¢’ > ¢/, hence we can apply the induction
hypothesis to obtain [t/2]%t) = ¢} and T, T",y : ¢1 I £ : ¢ for some term ;. By the definition
of the hereditary substitution function [t/x]%t' = Ay : ¢1.[t/z]?t) = Ay : ¢1.1}. It suffices to
show that T, TV = \y : ¢1.8, : ¢y — ¢o. By simply applying the A-abstraction typing rule using
DT y: ¢ FL:¢oweobtain I, T = Ny : ¢1.8) = ¢y — oo

Case. Suppose t' =t} t,. By inversion we know ',z : ¢, TV bt} : ¢ — ¢ and T,z : ¢, TV F
th, ¢ for some type ¢”. Clearly, t' > t for i € {1,2}. Thus, by the induction hypothesis
there exists terms m; and mo such that [t/z]?t, = m;, T,T" + my : ¢ — ¢ and I,T’ F
me : ¢ for i € {1,2}. We case split on whether or not my is a A-abstraction, ¢} is not, or
ctypey(z,t)) is undefined. We only consider the non-trivial cases when m; = Ay : ¢”.m/
and ¢} is not a A-abstraction. Now by Lemma 63 it is the case that there exists a 9 such that
ctypeg(x,t)) = ¥, ¥ = ¢ — ¢, and 1 is a subexpression of ¢, hence ¢ >p v ¢”’. Then
[t/x]?(t) th) = [ma/y]®" m/. Therefore, by the induction hypothesis there exists a term m such
that [ms/y]® " m} = mand D, T" - m : ¢

C.6 Proof of Redex Preservervation

This is a proof by induction on the lexicorgraphic combination (¢, ¢") of >p s and the strict subex-
pression ordering. We case split on the structure of ¢’. We do not explicitly state typind results that
are simple conseqgences of inversion.
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Case.
Case.

Case.

Lett' = z or t’ = y where y is distinct from z. Trivial.
Lett' = v : ¢1.t". Then [t/z]%t' = Az : ¢1.[t/x]*t". Now

rset(Ax : ¢1.8",t) = rset(Ax: ¢1.t") Urset(t)

= rset(t”) Urset(t)
= rset(t’ ).
We know that ¢’ > t” by the strict subexpression ordering, hence by the induction hypothesis
|rset(t” t)| > |rset([t/z]®t")| which implies |rset(t',t)| > |rset([t/z]t")].
Let t' =t} t}. First consider when ¢} is not a A-abstraction. Then
rset(ty th,t) = rset(t), th,t)
Clearly, t' >t} fori € {1, 2}, hence, by the induction hypothe31s |rset(ti,t)| > |rset([t/x]*t))].
We have two cases to consider. That is whether or not [t/z]®#} is a A-abstraction or not. Suppose
so. Then by Lemma 63 ctype,(z.t]) = v and by inversion on ',z : ¢, I = ¢ t5, : ¢’ there
exists a type ¢” such that ',z : ¢, IV F ¢1 : ¢ — ¢'. Again, by Lemma 63 ¢ = ¢"" — ¢'.
Thus, ctypey(z,t)) = ¢ — ¢’ and ¢ — ¢’ is a subexpression of ¢. So by the definition of the
hereditary substitution function [¢/2]%t] t, = [([t/x]%th)/y]®" ¢!, where [t /x|t = Ay : ¢".t".
Hence,
[rset([t/19t, )] = lrset(([t/2]%,) /y]* €)).

Now ¢ >p 1/ ¢” so by the induction hypothesis

rset([([t/219t) /gl €] = [rset([t/a]*th, &)
|rset(th, t],t)]

(
(
[rset(th, [t/x]7t), 1)
(
(

v I

[rset(ts, 17, 1)]
= |7’S€t tllatIZa )|

Suppose [t/x]?t} is not a A-abstractions or ctype,(,t}) is undefined. Then
rset([t/a)P(, 1) = rset([t/x]ot, [t/2]*t))
= rset([t/a]*t], [t/a]*t)).

< rset(t), th, ).

Next suppose t; = Ay : ¢1.t}. Then
rset((Ay : ¢1.t) th,t) = {(Ay: o1.t)) th} Urset(ty,th,t).
By the definition of the hereditary substitution function,

rset([t/x]?( Ny : p1.t]) th) = rset([t/z]?( Ny : d1.t]) [t/x]?th)
= rset((\y : pu.[t/a]t]) [t/x]*th)
= {(\y: o1.[t/2]?t]) [t/x]?th} Urset([t/x]?t]) U rset([t/z]?th).
Since ¢’ > t{ and ¢ > t, we can apply the induction hypothesis to obtain, |rset(t{,t)| >
|rset([t/x]?t})| and |rset(th,t)| > |rset([t/:c}¢t’)| Therefore,
{(y = du.t7) 85} Urset(ty, t) Urset(th, )] > [{(Ay : gu.[t/2]%t]) [t/2]*th} Urset([t/x]*]) U
rset([t/z]?th)|.

C.7 Proof of Normality Preservation

By Lemma 64 we know there exists a term n' such that [n/2]n’ = t and by Lemma 65 |rset(n/,n)| >

|rset([n/x]®n’)|. Hence,

(n',n)| = [rset(t)],

(n/,n)| = 0. Therefore,

Ol =0

which implies n” has no redexes. Therefore, n”’ is normal.

C.8 Proof of Soundness with Respect to Reduction

This is a proof by induction on the lexicorgraphic combination (¢, t') of >r and the strict subexpres-
sion ordering. We case split on the structure of ¢'. When applying the induction hypothesis we must
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show that the input terms to the substitution and the hereditary substitution functions are typeable.
We do not explicitly state typing results that are simple conseqences of inversion.

Case. Suppose t' is a variable x or y distinct from z. Trivial in both cases.
Case. Suppose t’ = Ay : ¢'.t. Then [t/x]*(\y : ¢'.t) = \y : ¢'.([t/x]?). Now ' > # so we can
apply the induction hypothesis to obtain [t/xz]f ~5 [t/ x]?%. At this point we can see that since
Ay @.[t)x)t = [t/x](\y : ¢'.T) and we may conclude that \y : ¢'.[t/x]t T AY ¢'.[t)x)*t.
Case. Suppose ¢’ = ¢} t,. By Lemma 64 there exists terms £} and #, such that [t/x]?t) = #; and
[t/x]?t), = t,. Since t' > t} and #' > t}, we can apply the induction hypothesis to obtain
[t/ x|t ~% t1 and [t/x]t) ~% #,. Now we case split on whether or not #} is a A-abstraction and
th is not, ctypeg(z,t}) is undefined, or #; is not a A-abstraction. If ctypes(z,t;) is undefined
or 1} is not a A-abstraction then [t/z]%t' = ([t/x]°t)) ([t/x]*ty) = 1} &. Thus, [t/z]t’ ~7
[t/2]?t, because [t/z]t' = ([t/z]t}) ([t/x]th). So suppose &} = Ay : #'.1} and t} is not a
A-abstraction. By Lemma 63 there exists a type 1 such that ctypey(z,t)) = ¢, v = ¢ — ¢/,
and 1) is a subexpression of ¢, where by inversion on ',z : ¢, I = ¢’ : ¢’ there exists a type
¢" such that T,z : ¢, " F t| : ¢ — ¢'. Then by the definiton of the hereditary substitution
function [t/x]?(t) t,) = [fh/y]® /. Now we know ¢ >p s ¢’ so we can apply the induction
hypothesis to obtain [t} /] % [£4/y]®'#". Now by knowing that (\y : ¢'.£7) th ~ 5 [t5/y]t}
and by the previous fact we know (\y : ¢'.}) th ~7% [f5/y]*' }. We now make use of the well
known result of full 3-reduction. The result is stated as
a~ja
b~ b a' b ~jc

ab~jc
B
where a, a’, b, b, and c are all terms. We apply this result by instantiating a, a’, b, ', and ¢ with
[t/x]t), 1, [t/2]th, Th, and [£} /y]® £/ respectively. Therefore, [¢/2](t} t}) % [ /y]®' 1.

C.9 Proof of Corollary 68

We have two cases to consider.
Case. Suppose ([t/z]?t1) is nota A-abstraction or ([t/z]%t;) and ¢; are A-abstractions, or ctype,(z,t1)
is undefined. Then ([t/z]%t;) ([t/z]%t2) = [t/x]®(t; t2).
Case. Suppose ([t/x]?t1) = Ay : ¢1.8] for some y and s/, and ctypes(z,t1) = ¢1 — ¢2. Then
([t/2112) ([t/2]%t2) = (g = 61.4) ([t/2]442) ~ [([1/2]°t2) /y]s). By Lemma 67 [([t/2]%2)/y]s} ~
[([t/x]%ts) /y]?1 s}, butin this case [t/x]? (t1 to) = [([t/x]?t2) /y]?* s}. Therefore, ([t/z]%t1) ([t/x]%ts) G
[t/2]?(t1 t2).

C.10 Proof of Semantic Equality

We proceed by induction on the form of n.

Case. Suppose n = x. Then by the definition of the interpretation of types, there exists a type ¢’ and
a proof p’ such that T' - p’ : [¢1/X]d = ¢/, T F = : ¢ and I'(x) = ¢'. It suffices to show
Ckp :pe/X]|p=¢" WeknowI' b p' : [¢1/X]p = ¢ and T + p : ¢1 = ¢o. Thus, by
applying Conv, I' - p' : [¢2/X]¢ = ¢'. Therefore, n € [[p2/X]d]r.

Case. Letn = Ax.t. By the definition of the interpretation of types, I' F Az.t : [¢1/X]¢ and there
exists a types ¢} and ¢} and a proof p’ such that ' = p’' : [¢p1/X]¢p = ¢} — ¢, and if
[,z : ¢} is consistent then ¢ € [¢5]r 4.¢/. It suffices to show that I' = Az.t : [¢p2/X]¢p and
'k p o2/ X]p = &) — ¢4 Both of these can be obtained by applying Conv using the
assumed proof p. Therefore, n € [[¢2/X]¢]r.
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Case.

Case.

Let n = join. Then by the definition of the interpretation of types, I' - join : [¢1/X]¢ and
there exists a type ¢’ and ¢” and a proof p’, such that T' + p’ : [¢1/X]é = (¢ = ¢'') and for all
substitutions o : " we have 0 ¢’ = o ¢". By applying Conv to I' - join : [¢1/X]¢ we obtain
' b join : [¢2/X]é and by applying it again using I' - p : [¢1/X]d = (¢/ = ¢”) we obtain
DFyp :[pa/X]d = (¢/ = ¢"). It suffices to show that there exists a type ¢ and ¢’ and a proof
p,such that T F p : [po/X]¢ = (¢ = ¢') and for all substitutions o : I we have o ¢ = o ¢/
Choose ¢/, ¢, and p’ for ¢, @', p respectively.

Let n = ny ny. By the definition of the interpretation of types, I' b ny ns : [¢1/X]¢ and there
exists a type ¢’ such that ny € [¢' — [¢1/X]é]r and ny € [¢']r. By applying Conv we obtain
I'F ny ng @ [p2/X]. It suffices to show that ny € [¢' — [p2/X]¢]r. We can see that [¢' —
[61/X]¢]r = [[61/X)(¢' — ¢)]r. By the induction hypothesis, ny € [[¢2/X](¢/ — ¢)]r
[¢" — [#2/X]¢]r. Thus, n € [[¢2/X]d]r.

C.11 Proof of Weakening for the Interpretation of Types

Suppose I" is a context which does not overlap with I". We need to consider the cases when I", T
is consistent and when it is not consistent. Suppose it is. Then the result follows by straightforward
induction on the form of v and weakening for typing.

Suppose I", T is inconsistent. Then either I" is inconsistent or I is inconsistent. Suppose the former.
Then the result easily follows by induction on the form of v and weakening for typing. Finally,
suppose I is consistent and I is inconsistent. By assumption we know v € [¢]r. We prove this
case by induction on the form of v.

Case.
Case.

Case.

Case.

Suppose v is a variable. Trivial.

Suppose v = join. Then by the definition of the interpretation of types we know I' - join : ¢
and there exists types ¢’, ¢”, and aterm p such that ' - p : ¢ = (¢’ = ¢") and Vo : T.o¢’ =
o¢”. Tt suffices to show that I', TV I join : ¢ and there exists types ', 1", and a term p’ such
that O,TV F p' : ¢ = (¢ = ¢") and Vo' : T, T".0’¢)’ = o’¢p”. The first two results hold by
weakening for typing on the previous facts. The third result holds by first choosing ¢ and ¢”
for /" and 1" and then taking the substitution o above and then combining it with the identity
substitution ¢ : T”. That is choose o/ = o U ¢’. We choose the ideenity because we know
' and I do not overlap so ¢’ and ¢” cannot possibly depend on variables in . Therefore,
v € [@]rr.

Suppose v = Az.t. Now by assumption I' is consistent and I is inconsistent hence I', I is incon-
sistent. Thus, all we must conclude to obtain our resultis T, TV F Azt : ¢ AT(¢1, ¢2,p).(T, TV
p: @ = ¢ — ¢3). These follow from our assumption that v € [¢]r and weakening for typing.
Suppose v = s v’. The results holds by using the induction hypothesis, the assumption that
v € [¢]r, and weakening for typing.

C.12 Proof of Hereditary Substitution for the Interpretation of Types

This is a proof by induction on our usual ordering (¢, v).

Case.
Case.

Suppose v’ is a variable. Trivial.

Suppose v’ = s v". By assumption s v" € [¢']r 2.1 hence by the definition of the interpreta-
tion of types s € [¢" — ¢'|r 2.6, - and v € [¢"]r 2.1 for some type ¢”’. By the induction
hypothesis we know [v/z]?s € [¢" — ¢']r,r and [v/z]?v" € [¢"]r.r'. We have two cases to
consider.

Case. Suppose ([v/x]?s) is not a \-abstraction or ([v/z]?s) and s are A-abstractions, or ctypes(z, s)

is undefined. Then ([v/2]?s) ([v/x]?v") is a value and ([v/z]?s) ([v/z]%v") € [¢'Tr 1
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Case. Suppose ([v/z]?s) = Ay : ¢".s' for some y and s', and ctypey(x,s) = ¢” — ¢'. Then

Case.

([v/2]?s) ([v/x]?0") ~5 [([v/2]?0") /y)s'. By Lemma 67

[([v/x]%0") [yls’ ~7 [([v/x]%v") /y]?" s" and by Lemma 63 ¢ — ¢’ is a subexpression of

¢ hence ¢ >r v ¢ Thus, by the induction hypothesis [([v/z]?v")/y]*"s" € [¢']r.r .
Suppose v/ = Az.t’. By assumption Ay.t’ € [¢']r 4:¢,r/. From this we know several facts, first
that T,z : ¢, TV F Ay.t’ : ¢/, and second that there exists a term p and types ¢; and ¢o such
that 'z : ¢, IV F p: ¢/ = ¢1 — ¢o and if Con(T',z : ¢,I") holds then ¢’ € [¢1]r 4:0.7,y:61 -
Regardless of the consistency of I', x : ¢, I we must first show that I',I” F [t/z]?v’ : ¢’ and
there exists a proof and types p’, ¢} and ¢, such that T, T F p’ : ¢/ = ¢ — ¢). Both of
these results are obtainable from Lemma 63. To obtain the second we can choose the term p
and types ¢ and ¢ from above and apply the hereditary substitution function to p to obtain
D, I F [t/x]%p : ¢’ = ¢1 — ¢o. To conclude this case have two final cases to consider, whether
ornot ',z : ¢, I" is consistent.

Clearly, if ',z : ¢,I"” is inconsistent then we know [t/z]?(\y.t') = Ay.[t/z]?t" € [¢']rr,
becuase \y.[t/x]?t’ is a value, I, T & [t/x]?0v : ¢/, and T, TV = [t/2]%p : ¢’ = ¢1 — ¢o.

It suffices to show that [t/x]®t' € [¢a]rr 4., When ',z : ¢,V is consistent. Suppose
T,z : ¢,T" is consistent. Then by the definition of the interpretation of types we know t' €
[62]r,2:6,07y:6,- Since t’ is a strict subexpression of v’ we can apply the induction hypothesis
to obtain [t/$]¢t/ S [[¢2]]F,F’,y:¢1~

Finally, all cases lead to the conclusion that [t/x]?v" € [¢/]r 1.

C.13 Proof of Type Soundness

This is a proof by induction on the form of the assumed typing derivation. We implicitly use the fact
that for each case I" - ¢ : ¢ implies there exists a proof p such that I' - p : ¢ = ¢ throughout the
entire proof.

Case.

Case.

Case.

[(z) =¢

Pz:¢
By assumption we know ' - z : ¢ and T'(z) = ¢, thus by the definition of the interpretation of
types, x € [¢]r.

F|_¢1 F,.’L‘Z(ﬁl}_tl¢2
FFAI.tZQﬁlHQﬁQ
We have two cases to consider, when I', x : ¢ is consistent and when it is not. Consider the latter.
Then by the definition of the interpretation of types, Az.t € [¢1 — ¢2]r. Now assume I', z : ¢y
is consistent. Then by the definition of the interpretation of types and the induction hypothesis,
t € [¢2]r,2:4, - Finally, by the definition of the interpretation of types, Az.t € [¢1 — ¢2]r.

F"tligbl—)(bQ 1—‘l_t2:(bl
Fl—tltgi(ﬁg
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Case.

Case.

By the induction hypothesis, t1 [¢1 — ¢2]r and 1 [¢1]r. Thus, there exists values v; and vo such
that t; ~~j5 v1 € [¢1 — é2]r and to G Vg € [¢1]r. Choose a variable x fresh in both ¢; and
to. Then we know that by the definition of the interpretation of types (z v2) € [P2]r z:01—d,-
Now we know the following:

[t1/z](zta) ~5  [v1/z](z v2)

o /2] T2 (2 vg).

The previous fact holds by 3-reduction and Lemma 67. Finally, by Lemma 32 [v; /]?* = %2 (z vq) €
[¢2]r. Therefore, t1 ta € [d2]r.

I'kjoin:¢p=2¢
Trivial.

It:p/X]¢g THt:¢ =gy

THt:[pa/ X
By the induction hypothesis, ¢ € [[¢1/X]¢]r. We know by assumption that I = ' : ¢y = ¢a,
thus by Lemma 30, t € [[¢2/X]¢]r.
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