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Started January 11, 2012. Work in progress.

Notes from discarded attempts:

1. Jan. 21, 2012 Without distinguishing types and terms whose type is a universe (i.e.
without El constructor ) and without type cumulativity necessarily leads to a system where

a. one has to introduce explicit functions going both ways between the types represented
by a term of U, and its image in U, together with additional reduction rules for making
these functions strict isomorphisms,

b. one will have a proliferation of non-equal but strictly isomorphic types sometimes having
the same universe level as for example X — Y and X — jY for X : U, 1, Y : U,.

2. Jan. 27, 2012. In a system with T- and o-expressions one can not restrict oneself to forall
operators acting only between terms of the same universe level since it leads to the loss of
confluence for the reduction related to the interaction of forall and j and the reduction
related to the interaction of two j’s.

3. The introduction of resizing rules rr0 and rrl leads naturally to a situation where defi-
nitional equality is no more determined as combination of =4 with the equivalence relation
generated by reductions. While reductions and associated notion of non-reducible terms
(which exist conjecturally) remain, two non-reducible terms may be definitionally equal in a
"non-trivial” way.

4. An example of a derivable term E with a sub-term f such that replacing f be f’ which
is connected to f by an object of Idff’ makes the resulting term FE[f’/f] non-derivable.
One takes f : Bool — Yt : U,[El(T) (where U is a universe) given by f(true) = (1y,a),
f(false) = (Ty,b). Then E = IdTy, [pr2](ftrue), [pr2](f false). If f'is a function con-
nected by an object of Id to f and such that [prl1](f’true) is not definitionally equal to Tg
then E[f’/f] is not derivable. There should be even more elementary examples.

5. Aug. 17, 2012. Started to re-write the specification using the definition of a type system
based on four classes of sentences: "contexts”, T-terms equalities in a context, judgements
and o-terms equalities in a type in a context.
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1 Introduction

We will work on the semi-syntactic level with named variables. We have three classes of
variables - o-variables which can be substituted by o-expressions (see below), T-variables
which can be substituted by T-expressions (see below) and u-level variables. Semi-syntactic
means here that we are going to define expressions or pre-terms as planar trees with vertices
marked either by a name of a variable or by a u-level expression (see below) or by a sequence
of the form (S;xy,...,2,) where S is a special symbol (from the given set of allowed special
symbols), n > 0 and xy,...,2, are names of o-variables. The occurrences of variables
named in the node label in the nodes below are considered to be bound. All expressions are
considered up to a-equivalence i.e. the renaming of bound variables and since the problems
related to the possible conflict of variable names are the usual ones we ignore them in this
exposition.

This level of formalization is an intermediate one between the syntactic (linear) presentation
of expressions on the one hand and nameless presentation (using some version of de Brujin
indexes) on the other. The choice of a particular syntactic representation which is necessary
at the level of the user interface and of a particular nameless representation which is necessary
for the internal manipulation of expressions by the system can vary and are left for the next
stage of concretization.

We describe several systems here by starting with the simplest one and later adding more and
more features. Common to all the systems defined in this paper is that they are fully universe
polymorphic. In particular there is a class of expressions which are called u-level expressions
which are used to specify the level of universes and which can contain u-variables. They also
come with their own concept of equality =4 modulo a given set of universe constraints A.
Note that what we describe at each step is not an individual type system but a family of type
systems parametrized by "universe contexts” - the lists of permitted universe variables and
required constraints between these variables and by lists of T-variables. To each universe
context and a list of T-variables there corresponds a type system in the sense of 7?7 and in
particular a contextual category.

We will also discuss transformations between universe contexts and lists of type variables
which lead to functors between the corresponding contextual categories or, on the more
practical level, to automatic translations of definitions, theorems and proofs built in one
universe context and with one list of type variables into similar objects built in another



universe context and/or with another list of type variables.

In each of the systems we define first terms, T-terms and o-terms. These are expressions
which satisfy certain simple local conditions. For a given universe context and a sequence
of T-variables, the derivable terms of the corresponding type system which ”denote” types
will always be T-terms and the derivable terms which ”"denote” objects of types will always
be o-terms. The concepts of contexts as sequences of the form (zy : Ey,...,x, : E,) where
E; is a T-term with free o-variables from the set {x1,...,2;_1} and judgements as sequences
of the form (xy : Ey,...,x, : Ey;0:T) where (Eq, ..., E;) is a context, T is a T-expression
with free o-variables from {xy,...,z,} and o is an o-expression with free o-variables from
{z1,...,x,} are standard.

The terms are introduced in such a way that for any context I' = (21 : Ey,...,x, : E,) and
any o-term o with free variables from {z1, ..., x,} there is an easily computable T-term 7(0)
which in the case when both the I' and o are derivable gives a canonical form for the type
of 0. To have this typing function defined on all o-terms we had to introduce some unusual
features into the syntax. For example evaluation node in our system is a quantifier of the
form [ev; x](01, 02, T) where T is the target type of the function o; and x is the "dependent
variable” in T'. For derivable terms this extra arguments can be reconstructed from the other
data. Whether it makes sense to keep those arguments in the implementations or not is a
question which should be considered separately.

We further consider the equivalence relation ~ 4 on terms. It is based on another important
concept of essential and non-essential nodes and sub-terms of a term. Two terms E; and E5
are ~ 4 equivalent if the expressions Ess(E;) and Ess(Es) obtained from E; and Es by the
removal of all non-essential sub-expressions are =4 equivalent.

Both =4 and ~_4 are shown to be decidable and in practice are expected to be very easily
decidable i.e. to have low complexity of the decision procedure.

The next structure which we define for each type system is the set of reduction rules which are
also defined on all terms. The reduction rules depend on the universe context and especially
on the set of universe constraints of this context A and we denote the transitive version of
reducibility relative to A by = 4 and the transitive reflexive version by = 4. We only consider
reductions which occur at the essential nodes of a term. While our reduction rules can be
equally applied to non-essential nodes it is not clear whether that such an extended notion
has any practical uses.

Definitional equality of a given type system is the third member of a sequence of equivalence

relation =4, ~4 and finally < 4. As mentioned above, the relation =4 is the relation of
equality between u-level subexpressions which was mentioned above. The relation ~ 4 is
=4 between the essential sub-expressions of the corresponding terms. Finally, definitional
equality is defined as the equivalence relation generated by =4 and ~ 4.

To verify that our reduction rules are consistent we show local confluence (i.e. confluence of
two one step reductions) in each system modulo ~ 4 i.e. for E >4 F; and F >4 Fy where
both reductions are one-step ones we show the existence of £} and E) such that E; =4 Ef,
Ey =4 El and Ey ~4 E]. The confluence holds in most cases for general terms but in some
exceptional cases it is expected to hold only for derivable terms.



We then describe the derivation rules in the context/judgement form. A slight difference
between our form for derivation rules and the usual ones is that the rules for the formation of
new type expressions are written directly as rules for adding a new component to a context
i.e. we write I', x : T™> where one would usually write I' =T : T'ype.

For practical implementation of a type system in the style in which Coq is written one has
to be able to deal with a situation when a user-written proof tactic produces a term whose
correctness needs to be verified by an independent type-checker. Since the derivation steps
of such a term are not supplied by the tactic there must be an algorithm which, given a
context I' or a judgement I' - ¢ : T is able to determined whether or not the context or the
judgement is derivable.

(77?7) There is a more or less obvious algorithm of this sort for each of our type systems. The
correctness and termination properties of these algorithms depend on a number of properties
of each system which are usually summed up under the name of meta-theory. We prove some
of these theorems and formulate others as conjectures for the future work. This choice is a
consequences of three circumstances. Firstly, one can start to work on the implementation of
a proof assistant based on the systems introduced here having just the syntax and the type
checking algorithms. Secondly, the consistency of the proposed type systems can be verified
by model construction which does not require most of the meta-theory results. Thirdly, due
to the relative complexity of even the first of our type systems it appears to be unreasonable
to try to prove more complex meta-theorems "by hand” and one should probably start by
formalizing the definitions we give in one of the accepted proof assistants such as Coq and
then proceed to giving formal proof of the meta-theorems. (777)

The last system (called simply T'S) described here represents the first layer of the system
which I hope will eventually be implemented in the new proof assistant. The second layer
is formed by "quasi-constructive” features such as functional extensionality, ctf-terms and
univalence axiom. The difference here lies in the nature of the algorithms which are required
for computations in the fully constructive first layer and quasi-constructive second. We
expect that an appropriate version of strong normalization holds for T'S and that any object of
type N (natural numbers) which is in the normal form is a numeral. Therefore, computation
on terms of this layer can be done by a normalization algorithm.

The property that any object of type N normalizes to a numeral is known to become false
when one adds quasi-constructive features. However, it is expected that a weaker property
which is still sufficient for computation holds. Namely, it is expected that there is a termi-
nating algorithm which, given a derivable object o of type N (in any context) which uses
quasi-constructive features, produces a derivable object o' of the same type which is build
without the use of these features and an object of the identity type between o and o'. This
property should generalize to other "datatypes”.

On notations and conventions: If E' is a labelled tree, S is a branch of F and S’ is another
labelled tree we write E[S’/S] for the labelled tree obtained by the direct substitution of the
branch S’ instead of S. If E, S are expressions with free variables from a set F'v and x € Fv
we write E[S/xz] for the expression obtained by the substitution of all the occurrences of x
by S with a possible renaming of bound variables such as to avoid name conflicts.



We will write d@ for a sequence ay,...,a, and let dim(@) denote the number of items in the
sequence.

We assume three alphabets for variables one for u-level variables, one for T-variables and
one for o-variables. Unless otherwise indicated variables named z,y,z (with or without
diacritics) are o-variables, variables named X, Y, Z (with or without diacritics) and the ones
named p,q,r are u-level variables (see below). The letters i, j, k,I,m,n are reserved for
numerals (e.g. in indexes).

We write [L|(Bj,...,B,) for a labelled (planar i.e. with ordered branches) tree with the
root node labelled by L and branches By, ..., B,. We also abbreviate [L|([L'|(Bx, ..., By))
as [L][L')(B,.. ., Bn).

We will use the following lemma which holds for systems of expressions with any choice of
labels:

Lemma 1.0.1 /sublemma/ Let E, 01, 05 be expressions with free variables from a set F. Let
x,y € F where x # y. Assume that o, does not depend ony. Then one has (E[o2/y])[o1/z] =

(Elov/])[o2]o1/x]/y].

Proof: Easy induction by the depth of E with the cases when E = [z], F = [y] and
E =1[L|(By,...,B,) where L # z,y to be considered separately.

2 Universe contexts

Definition 2.0.2 /d21a/ A u-level expression is either a numeral or a u-level variable or
an expression of the form M +n where M is a u-level expression and n is a numeral or an
expression of the form max (M, My) where My, My are two u-level expressions.

Note that u-level expressions are exactly "linear” function of u-level variables in the tropical
(max-plus) semi-ring.

Definition 2.0.3 /d21b/ Let Fu be a finite set. A subset A of NT* is called admissible if it
is defined by a system of equations of the form M; = N; where M;, N; are u-level expressions
in variables from Fu.

Lemma 2.0.4 [uld/ Let A be an admissible subset of F'u and M, N are u-level expressions
with variables from Fu. Then the condition “for all i € A one has M(ii) = N(@)” is
decidable.

Proof: The condition considered in the lemma can be expressed in Presburger arithmetic
which is decidable. For a further discussion see [7].

Since M (i) > N(@) is equivalent to M (i7) = max(M (1), N(7i)), Lemma R.0.4 implies that
conditions of the form "for all 77 € A one has M (77) > N(17)” is also decidable.
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Remark 2.0.5 Note also that any u-level expression can be re-written in the form M =
maz(ng, u + nq, ..., u +n;) where u; are u-level variables and n; € N. By choosing a linear
ordering on Fu and replacing max(u + n,u + n') by u + max(n,n’) we can further assume
that in our representation u; < u;y1 according to our ordering. This effectively provides us
with a normal form of a u-level expression.

However as will be seen below we will be mostly interested in equality of u-level expressions
not on the whole of N but on a given admissible subset of N

Definition 2.0.6 [uc/ A universe context UC is a pair (Fu, A) where Fu is a finite sequence
of u-level variables and A an admissible domain in NI,

3 System TSO

We first describe the system 7'S0 which has only elements related to universes and dependent
products and later add the elements related to other constructions.

3.1 TSO-terms and the typing function

Definition 3.1.1 /d01/ The following labels are permitted in the expressions of T'SO : names
of o-variables, names of T-variables, u-level expressions, U, El, ([[;x), u, j, (ev;z), (A\;x),
(forall; x).

Definition 3.1.2 [d02/ We distinguish three classes of expressions:

1. u-level expressions,

2. T-expressions are the ones with the root node [X] where X is the name of a T-variable,

], [E1] or [[T; ],
3. o-expressions are the ones with the root [x] where x is the name of an o-variable, [u],

7], [ev; x|, [\;z] or [forall; x].

Definition 3.1.3 /d03/ A T'S0-term is a T-expression or an o-expression (with labels from
the set described in Definition ) which satisfies the following conditions:

1. any node of the form [M] where M is a u-level expression has valency 0 (i.e. is a leaf),

2. any node of the form [X] where X is the name of a T-variable has valency 0 (i.e. is a

leaf),

3. any node of the form [U] has valency 1 and its only branch is a node labelled by a
u-level expression,



4. any node of the form [El] has valency 1 with its only branch being an o-expression,

5. any node of the form [[[; x] has valency 2, both of its branches are T-expressions and
the first branch does not contain |x],

6. any node of the form [x] where x the name of an o-variable has valency 0 (i.e. is a

leaf),

7. any node of the form [u] has valency 1 and its only branch is a node labelled by a u-level
ETPTESSLOn,

8. any node of the form [j| has valency 2 and both of its branches are nodes labelled by
u-level expressions,

9. any node of the form [ev; x| has valency 3 its first two branches are o-expressions which
do not contain [x] and the third branch is a T-expression,

10. any node of the form [X\;x] has valency 2, its first branch is a T-expression which does
not contain [x] and its second branch is an o-expression,

11. any node of the form [forall; x| has valency 4, its first two branches are nodes labelled
by u-level expressions and last two branches are o-expressions and the third branch does
not contain [x].

We define o-terms as terms which are o-expression and T-terms as terms which are T-
expressions. Intuitively, T-terms correspond to types and o-terms correspond to objects of

types.

For x € Fuv (resp. X € FV) we will often write = instead of [z] (resp. X instead
of [X]). We will abbreviate [U]|[M] as Unr, [u][M] as un, [F]([Ma], [M2]) as jan an and
[forall; x])([My], [Ma], 01, 09) as [forallys ar; x] (01, 02).

Definition 3.1.4 /d04/ Let E be a TSO-term. A node is called non-essential if it belongs
to the subexpression T of a subexpression of the form lex;x|(01,02,T). Otherwise a node is
called essential. A subexpression is called non-essential (resp. essential) if its root node is
non-essential (resp. essential).

For a term E we let Ess(E) denote the subexpression of E (which is not a term anymore)
which is obtained by removing all non-essential subexpressions from E

Note that the root node of any term is essential, therefore Ess(F) is always non-empty and
therefore an expression.

Remark 3.1.5 There is a similarity in our description of TS0 to the description of the
Calculus of Constructions which is given in [2]. In [2], T-terms are the ones which start with
[I; x], [Prop] (analog of our Uy) or [Proof] (analog of our [El]) and o-terms are the ones
which start with [z], [A; 2], [App] (the analog of our [ev; x] - see remark below) or [V; z]|. The



later is an analog of our [forallyo; x| and [forally o; x] which in the case of CC coincide due
to the impredicativity of Prop. For the same reason the first node of [V; z] is a T-term which
is analogous to [El](01) in [forallyol(o1,02) with M =0, 1.

It should be easy to describe a subset of TSO-terms which can be directly mapped to CC-
terms while preserving all the main constructions.

Remark 3.1.6 In our description the evaluation node [ev; x] is a quantifier i.e. it bounds
a variable. This is due to the fact that we want to include the target type of function being
evaluated as the third branch of the evaluation expression and this type may include, in
dependent cases, an additional variable. This allows us to define the typing function on all
terms before we proceed to the notions of definitional equality and derivable.

It might also be convenient to have our third argument of evaluation present on the level
of implementations as an implicit argument. While, due to the expected properties of nor-
malization in the system, it can always be inferred up do definitional equality from other
arguments, this inference may require computation which can be avoided by providing an
explicit value of this argument.

We let T'SO denote the set of TSO-terms and 770 and 070 denote the subsets of T-terms
and o-terms.

According to the general rule stated above, variable x appearing under the nodes [[], z],
lev; z], [\, z] and [forall; z] is called bound. Variables which are not bound are called free. We
will write T'SO(Fu, F'V, Fv), TTO(Fu, FV, Fv) and oT0(Fu, F'V, Fv) for the sets of terms,
T-terms and o-terms respectively with u-level variables from the set F'u, free T-variables
from the set F'V and free o-variables from the set Fv.

Lemma 3.1.7 102/ One has:

1. Any branch of a TSO-term is a TSO-term or a u-level expression,

2. For E € TSO(Fu,FV,Fv) (resp. TTO(Fu,FV,Fv), oT0(Fu,FV,Fv)), X € FV
and o € oTO(Fu, FV,Fv) one has Elo/z] € TSO(Fu,FV,Fv) ( resp. E[o/z] €
TTO(Fu, FV, Fv), Elo/z| € oTO(Fu, FV, Fv)),

3. For E € TSO(Fu,FV,Fv) (resp. TTO(Fu,FV,Fv), oT0(Fu,FV,Fv)), © € Fv
and o € oTO(Fu, FV,Fv) one has Elo/z] € TSO(Fu,FV,Fv) ( resp. Elo/z] €
TTO(Fu, FV, Fv), Elo/z| € oTO(Fu, FV, Fv)).

Proof: Straightforward.

The correctness of the following definition follows from Lemma (3)

Definition 3.1.8 /dtau0/ For any finite set F'v and any function : Fv — TTO(Fu, F'V, Fv)
we define the typing function T = 1 : oTO0(Fu, FV, Fv) — TTO(Fu, FV, Fv) relative to T
inductively (by induction on the number of nodes in the term) as follows:

10



1. Forz € Fu, 7([z]) =T'(z),

7([u

(X

M) = Unria,

(
T([]Ml Mz]) [HQIKZ/{MUUMQ),
T([e?} x]<017 02, T)) - T[02/$]7
(

z|(T,0)) = [[[; ](T, 7a(0)) where A is the function on on FvIl{x} which equals

I' on Fov andT on x.

6. T([foralln, v x](01,02)) = Umaw(na M)

Proposition 3.1.9 ftausub0/ Let I' : Fv — TTO(Fu, FV,Fv) be a function, o,s €
oT0(Fu, FV,Fv) and x € Fv. Assume that the following conditions hold:

1. s does not depend on x,

2. T'(z) does not depend on x,

3. m(s) =T (z).

Then one has

(1r(0))[s/x] = Trjs/a) (ols/2])

where T[s/x] is the function x’' — T'(2')[s/x].

Proof: Let us proceed by induction on the depth of 0. We have to consider the various

options for the structure of o listed in Definition B.1.8.

1. o= [2'] for 2’ € Fv. We have two sub-cases

(a)

if 2’ # x we have

(re(0))[s/#] = (ro([&))[s/x) = Trps/a ([2]) = Trisyay (0ls/2))
where the middle equality holds by definition of T'[s/z],

if 2’ = x we have
(0(0))[s/z] = (mr([])[s/a] = (T'(z))[s/z] = I'(z)
where the last equality holds by condition (2) of the proposition and
Tris/a] (0[8/]) = Trie/a)(s) = To(s)

where the last equality holds by condition (1) of the proposition. Together with
condition (3) these equalities imply the assertion of the proposition for o = [z].

2. 0= [up]. Then 1r(0)[s/x] = Unr41 = Tris/a)(0]s/x]).

11



3. 0= [jan.an]- Then 7r(0)[s/x] = [IT; y](Unr,, Uns,) = Trps/a)(0ls/2])-
4. o = [ev;y](01,092,T). Then
r(0)[s/z] = (Toz/y))[s/7]

and
Tris/a (0[s/]) = (T'[s/x])[(02[s/2]) /y]

Since s does not depend on y these two expressions are equal by Lemma .
5. 0= [\ y|(T, o). We have

(re(o)[s/x] = ([ [; wl(T, 7a (")) [s/2] = [] [; y)(T[s/], 7a(0')[s/])
and
To(/a) (0[5/2]) = Tria/a) (N 0)(Ts /2], o [s/2])) = [ [ )(Tls /], 7ar(0'[s/]))

where A’ equals I'[s/z] on F'v and T'[s/x] on'y. Therefore, A’ = A[s/x]. The conditions
(1)-(3) still hold for A and the depth of ¢ is strictly less than the depth of 0. Therefore
by the inductive assumption 7a(0')[s/x] = Ta[s/(0'[s/]).

6. o= [forally, a;y)(01,02). We have m1(0)[s/x] = Unmaz(rr, 1) and

Tr(s/z) (0[8/2]) = Tris/a)([foralla an; yl(01[s/x], 02[s/x])) = Umaz(ry 1)

3.2 Equivalence relations =4 and ~4 on TSO-terms
[simO0] Let UC = (F'u,.A) be a universe context and F'V a sequence of T-variables. In this
section we define two simple equivalence relations on TSO-terms with u-variables from Fu

and T-variables from F'V which depend on A. Recall that we always consider expressions
up to the a-equivalence (renaming of bound variables).

For E € TSO(Fu, FV, Fv) and an element 77 € N we write E[7i] for the TSO-term obtained
by evaluating all of the u-level expressions in E on 7.

Definition 3.2.1 /dequivAO/ Define an equivalence relation =4 on TSO(Fu, FV, Fv) for
all Fv by the condition that Ey =4 Esy iff for all i € A one has E\[ii] = Es[1].

Lemma 3.2.2 [lequivAO0/ The equivalence relation =4 is decidable.

Proof: It follows immediately from Lemma .

Note that F; =y Es iff F, and F5 differ only in their u-level subexpressions.
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Lemma 3.2.3 Jequivsub01/ In the notations used above let E, E' € TSO(Fu, FV, Fv) and
E =4 E' then one has:

1. for x € Fv and s € oTO(Fu, FV, Fv) one has E[s/x] =4 F'[s/z],

2. for X € FV and T € TTO(Fu, FV, Fv) one has E[T/X| =4 E'[T/X].
Proof: Straightforward by induction on the number of nodes in £ and E.

Lemma 3.2.4 Jequivsub02/ Let E be an term of the form E = [L|(By,...,B,). Suppose
further that for each i =1,...,n one has B; =4 B}. Then E =4 [L|(B},...,B)).

Proof: Straightforward.

Lemma 3.2.5 [redsub03/ In the notations used above let E € TSO(Fu, FV, Fv) then one
has:

1. Let s,8 € oTO(Fu, FV, Fv) such that s =4 s' and x € Fv, then E[s/z]| =4 E[s'/x].

2. Let T,T' € TTO(Fu, FV,Fv) such that T =4 T" and X € FV, then E[T/X]| =4
E[T'/x].

Proof: Straightforward.

Definition 3.2.6 /dsimAO/ Define an equivalence relation ~ 4 on TSO(Fu, FV, Fv) for all
Fv by the condition that E ~4 E'" iff Ess(E) =4 (')

Lemma 3.2.7 [BeqdecO/ The equivalence relation ~ 4 is decidable.
Proof: Follows easily from Lemma .

Lemma 3.2.8 [simsub01/ In the notations used above let E,E' € TSO(Fu, FV, Fv) and
E ~4 E' then one has:

1. forx € Fv and s € oTO(Fu, FV, Fv) one has E[s/x] ~4 E'[s/x],

2. for X € FV and T € TTO(Fu, FV, Fv) one has E[T/X]| ~4 E'[T/X].
Proof: Straightforward.

Lemma 3.2.9 [simsub02/ Let E be an term of the form E = [L|(By,...,B,). Suppose
further that for each i =1,...,n one has B; ~4 Bj. Then E ~4 [L|(B},...,B)).

n
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Proof: Straightforward.

Lemma 3.2.10 /simsub03/ In the notations used above let E € T'SO(Fu, F'V, Fv) then one
has:

1. Let s,s" € oT0(Fu, FV, Fv) such that s ~4 s' and x € Fv, then E[s/x] ~4 E|[s'/x].

2. Let T,T' € TTO(Fu, FV,Fv) such that T ~4 T" and X € FV, then E[T/X]| ~4
E[T'/x].

Proof: Straightforward.

3.3 Derivation trees

Notes:

Definition 3.3.1 [cuttingsrface/ For a rooted tree E a “cutting surface” S is a set of
vertices such that the path from each leave of the tree to the root passes through exactly one
vertex in S.

For example the sets of all leaves or the set consisting only of the root are cutting surfaces.

Definition 3.3.2 [csdepth/ A depth of a rooted tree E relative to a cutting surface S is the
mazximal distance (number of edges one has to cross) from elements of S to the root of the
tree.

For example the depth of a tree relative to S = {root} is 0 and the depth relative to the set
of all leaves is the depth of the tree.

Lemma 3.3.3 [surface/ Let S be any subset of vertices of a rooted tree E such that the
path from any leaf to the root passes through at least one element of S. Let further Sy be the
subset of S which is defined by the condition that v € Sy if an only if v € S and the path
from v to the root does not contain any other elements of S. Then Sy is a cutting surface.

Proof: For any leaf [ of E let S(I) be the set of elements of S which lie on the path from
[ to the root. Then S(I) N Sy consists of exactly one element, namely the element in S({)
which is closest to the root.

Given two cutting surfaces Sy, S, we say that S; > Sy if the path from any element of
S1 to the root contains an element of S;. We will write inf (S, 53) for the cutting surface
constructed according to Lemma 33% from the set of vertices S;USs. Note that inf (S, S2)

is indeed the greatest lower bound of the set {57, 52}.
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1. Each derivation tree is rooted and each branch of a derivation tree is a derivation tree.

2. Each derivation tree defines a derivable sentence. In particular there are five kinds
of derivation trees - the ones which define four kinds of sentences and the ones which
define u-level expressions.

3. Each vertex of a derivation tree is labelled by the (number or name of) the corre-
sponding derivation rule. The kind of the branch corresponding to a given vertex is
completely determined by the label of the vertex.

4. Each derivation rule defines the following data structure:

(a) the number of premises (each premise being a sentence),
(b) the kind of each of the premises,

(c) a "pattern matching” condition which the premises should satisfy.

5. The correctness of a derivation tree is determined by the condition that at every vertex
the number and kinds of branches are the ones which are prescribed by the label and
that the corresponding pattern matching condition holds.

3.4 Derivation rules of TS0

As was mentioned in the introduction the systems which we described are not type systems
but families of type systems parametrized by universe contexts and sequences of T-variables.

We are going to describe now the derivation rules for sentences of the type system 7'SO0y¢ ry
associated with a given universe context UC = (F'u,.A) and a sequence of T-variables F'V.
The description is given in the usual type-theoretic notation. It is assumed that new names
of variables which appear in the derivation rules do not conflict with the previously existing
ones. Everywhere below we use the letter M with or without diacritics to denote a u-level
expression in variables from Fu. The letter I' with or without diacritics is used to denote a
derivable context. By [(I") we denote the "length” of I" i.e. I(x1 : T4, ..., 2, : T},) = n.

According to [B] a type system over a system of expressions is given by sets of derivable
sentences of four kinds. In the sequent notation the sentences of each of the four kinds have
the form

I'>

I'to:T
r=T7=1"
'Fo=0:T

Derivable sentences are those which can be obtained by the derivation rules given below.
Since precise derivation trees for sentences are going to be important to us it is convenient
to have relatively small number of different derivation rules. Normally, one would include

I'>
[ x Uy >
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as a family of derivation rules one for each well-formed u-level expression M. This is however
inconvenient in particular because different u-level expressions can be equivalent and we do
not want to deal with equivalence relations on the set of the derivation rules. Because of that
we include in our consideration a fifth class of sentences which we write simply as M with the
meaning of such a sentence being that M is a well-formed u-level expression in variables from
Fu. From the abstract point of view it means that our four classes of derivable sentences
are actually defined by an inductive procedure which also involves a fifth class but later the
fifth class is not considered as a part of the resulting type system.

Note that even with this addition we actually have infinitely many derivation rules due to

the issue with the "rule”
Dy :T, 1>

e T 1"Fx:T
which is actually a family of infinitely many derivation rules parametrized by natural numbers
i with i = [(I") being a condition of the rule.

1. for each v € Fu

u
2.
M
M+1
3.
M, M,
max(My, M)
4.
>
5. for each X € FV,
I'>
I'z: Xp>

6. for each i € N
Ly :T,">  where (') =1

e T, 1I"Fax:T

b Dz:Tr> To:T't> TraT
r-7<7

8.
- LT,
r-n27

0.

ren 27, L LT
T-T, 2T,
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

I'Fo:T THRO:T o0~y
TFoloy:T

Fl_OliOQ:T
FI—OQiolzT

Fl—oliOQ:T F'_OQiOi;:T
Fl_OliOng

TFo:T TFTLT
I'o:T

TFolo:T THTET
TFoLo: T

's M
[ x: Uy >

's M
Fl_/u/M:Z/{MJr]_

I'Fo: UM
T,z [El(0)>

I's M
T+ [Bl(un) < Uy

TFoZ o - Uy
I+ [El(0) £ [El(0)

Tho:Uy TrO:Uy TF[E0)Z[E]0)

Fl—oio’:L{M

Dox:Ty,y: Th>
Ly [T 2)(Th, To)e
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22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

IFT 2T Do TibT 2T
Tk ([T:2)(T, o) < ([T (T, T)

e:TikFo:T;
['E [N z)(Th,0) : ([ 2)(Th, Ty)

TFTLLT To:TikoZo: T
T [\ 2)(Th,0) £ [\ 2)(T7, ) « [[T; 2)(Th, To)

Lk f:([L=[(Th,Ts) Trko:Ty
U'F [ev; z|(f,0,T3) : Tolo/z]

7,277 TEFL (2T T)
To:TFTL, 2T, Trold:T
T F [ev: 7] (f, 0, Ts) < [ev; 2](f!, o, T2) : To[o/x]

'Foy:Ty T,x:TiFoy:T,
Tk [ev; y)(IX; 2](T3, 02), 01, To) £ 0501 /] : Taloy /]

CEfo (L e)(Th, T2)

I [sa)(T, ev g)(f 2, Toly /) < (T 2)(Ty, T)

' My My, M <sM,
'+ jM1,M2 : [H;m](uMmuMz)

F}_OIUMI M2 M1§AM2
T b [El[ev; 2] (jan vy 0, Ungy) = [E)(0)

C'Foy Uy, T,x:[Ell(o))tF o9 : Uy

I' = [forally, a; x)(01, 02) + Unaa(ay, M)

ko Uy, T,x:[Ell(o))tF os: Uy

[+ [El[forallyy a; ) 01, 05) = [T 2] ([El(01), [El)(02))
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3.5 TSO(UC,FV) are type systems

[tsOaretypesystems| Given a system of expressions such as the one given by TS0 terms
relative to a given universe context UC' = (Fu,.A) and a sequence of T-variables F'V one
defines a type system over this system of expressions as four classes of sentences of the forms
I'>, TFo:T,T'EFT =T and I' 0= 0 : T which satisfy a number of technical conditions
listed in [3]. In this section we will show that these conditions hold for the classes of derivable
sentences of T'SO.

In what follows we fix a universe context UC' and a sequence of T-variables F'V and consider
all the notions relative to this context and this sequence.

Lemma 3.5.1 [dertree/ Any derivation tree for sequent of one of the following forms:

rI'>
I,I'Fo:T
IO+ T=T

IVkFo=0:T

has (a unique) smallest cutting surface whose elements represent contexts of the form T't>
and u-level expressions. There is at least one element representing I'™> in this cutting surface.

Proof: It is easy to see from the shape of the derivation rules that there can be no cutting
surface for any of the four main kinds of sentences which contains only u-level expressions.
Therefore the second assertion of the lemma is automatically satisfied.

Since the the greatest lower bound of any two cutting surfaces is defined and is contained (as
a subset) in the union of these surfaces, it is sufficient to show that that in each of the four
cases for any derivation tree there exists at least one cutting surface satisfying the conditions
of the lemma.

We proceed by induction on the depth of the derivation tree.

Looking at the derivation rules we see that each of the premises for any derivation rule for
a context of the form I', I'> where [ is non-empty has either the same form or of the form
[,IVFo: T or equals I't>.

Each of the premises for any derivation rule for a judgement of the form I''T" F o : T is
either of the same form or of the form I''/TV = T = T’, or of the form I',I'> where I" is
non-empty or equals I'>>.

Each of the premises for any derivation rule for a judgement of the form I'\I" =T = T" is
either of the same form or of the form I', TV F o : T, or of the form ', T+ o0 = 0o : T, or of
the form I', I"t> where I is non-empty or equals I't>.

Each of the premises for any derivation rule for a judgement of the form I'\I" F o : T is
either of the same form or of the form I', TV =T =T’ or of the form I',TVFo=10": T, or of
the form I', "> where I is non-empty or equals I'>>.
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Combining these properties of our derivation rules with the induction on the depth of the
derivation tree we obtain the assertion of the lemma.

Remark 3.5.2 Note that the assertion of Lemma is not tautological and really depends
on the form of the derivation rules which one chooses in the definition of a type system. For

example, if we included the rule
I'>

MNe: XkFx: X
for X € FV into our list of the generating derivation rules then Lemma would become
false. Indeed then one would have a derivation tree for x : X F = : X which has only one
edge terminating in the empty context > and in particular no vertices corresponding to the
context x : X>.

Definition 3.5.3 /derdepthgamma/ For a sentence of one of the forms listed in Lemma
5.5. 1 we define its derivation depth relative to I' as the minimum over all its derivation trees
of the depth of this tree relative to the cutting surface defined in Lemma .

Note that the derivation depth relative to I' is 0 only for I'>. Note also that for any sentence
of the form considered in Lemma B.5.1 whose derivation depth relative to I' is greater than
0 there exists a derivation rule which generates this sentence such that all its premises are
again of the same form and their derivation depth relative to I' is strictly less than of the
original sentence.

As an immediate corollary of Lemma we get the following result.

Lemma 3.5.4 [dertreeQ/ For any derivable sequent of one of the following forms

rI'>
D,'Fo:T
LI'FT=T

IN[VFo=0d:T
the sequent I'> is derivable.
Lemma 3.5.5 [dertreel/ One has the following derivation rules:
1.

F,l’l 1> F,F/|>
F, Xy - T17 >

Doy Ty INIVEo: T
Iz : T, I"Fo: T
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Ta T T, IVFT=T
F,l’llTl,F,'_T:T/

ey : Ty TIVFo=0:T
Doy T, I"Fo=0:T

Proof: We prove that for any derivable sentence St of one of the four main kinds which
starts with I" the sentence obtained from St by replacing I' with I',x : T is derivable if
I',x : T itself is derivable. We proceed by induction on the derivation depth of S relative
to I'. We now have to consider case by case each of the generating derivation rule families
which produce a sentence of a main kind. Since I', x : T'> is derivable we may assume that
[ is nonempty or that S of the three later kinds. The verification is straightforward.

Remark 3.5.6 The key to the validity of the proof of Lemma is that for any of the
derivation rules one of the following possibilities holds:

1. the product sentence of the derivation rule is of the three later kinds and changing its
context part I' with I, x : T both in the product and in the premises again produces a
derivation rule,

2. the product sentence is of the first kind i.e. of the form I'™> where I' = I'{, 'y with
[(I'y) < 1 and replacing I'y with Iy, 2 : T both in the product and in the premises
again produces a derivation rule.

These conditions would not hold if we had a generating derivation rule with the product of
the form I'y, I'yt> where [(I'y) > 1 and I's does not directly appear in the premise e.g. a rule

such as
's M

U,z : Uy, o [Ell(x)>

or if we had a generating derivation rule with the product of one of the three later kinds of
the form 'y, 'y = J where I'y is nonempty and does not directly appear in the premises e.g.

a rule such as
LEfo L 2)(Th, Ty)
Loy T [evsz](f,y, T2) : Taly /7]

Lemma 3.5.7 [dertree2/ One has the following derivation rules:

1.
e I,

11>

L"es II"kFa:T
T T"Fa:T
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"> LLIVFT=T
T TT/ T =T

OL,Ie> TI''I'Fo=o:T
LI I"kFo=0:T

Proof: By induction on the length of I'” using Lemma .

Lemma 3.5.8 [dertree3/ One has the following derivation rules:

'ca:S T,x:ST'>
L T[a/x]>

'ta:S T,x:ST"kFo:T
[, Ta/z] F ola/x] : T[a/x]
'Fa:S T,x:S,I"ET =T
[, Va/z| F Tla/z] = T'a/z]
'Fa:S T,x:ST"Fo=0d:T
[T [a/z] F ola/x] = o']a/z] : T|a/x]

Proof: 777

Lemma 3.5.9 [dertreed/ One has the following derivation rules:
'Fo:T
Ie:T>
'ET=T
x:Tr>
F'Fo=0:T
'o:T

Proof: 777
Lemma 3.5.10 /dertree5/ One has the following derivation rules:
1.

I'-T=7 T,2:T,I'">
T,z:T T'>

r-7=7 T,2:T,"Fo:S
LT T"Fo:S
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I'+-7T=7 T,0:T,T'FS=¢
To:T'T'FS=9

reT7=7 T,z2:T.I'"'to=0:85
DT I"Fo=0:5

Proof: 77?7 By the induction on the derivation depth of ',z : T, I"> and ',z : T, 1" Fa : T”
relative to I',x : Tr>. If the derivation depth is 0 then we are in the first case and the
assertion is obvious. For the inductive step consider the derivation rules one by one. There
are three cases to be considered for the first reduction rule. The other reduction rules are
straightforward.

Lemma 3.5.11 /dertree6/ One has the following derivation rule:

'-7T=T7T" TFko=0:T
I'Fo=0o:T"

Proof: 777

Lemma 3.5.12 [dertree7/ One has the following derivation rules:

1.
'Fa=d:S T,z:S1"y:T>
I Ma/z| F Tla/z] = T[d'/z]
2.
'ta=d:S Tx:ST"kFo:T
' IV[a/z] F ola/x] = old’/z] : T[a/x]
Proof: 777

Recall from [3] that subsets in the sets of all contexts and judgements in a given system of
expressions form a type system i.e. define a contextual subcategory in the contextual category
defined by the underlying system of expressions iff they satisfy the following conditions:

1 By, x, s B> . x1:Ey,.o o x, By FET
(i <n) (n>0)

I’liEl,...,xn,i:En,iD $1ZE1,...,$n:En,.Z'ZT[>
r1: By, e, Byt T x By x By F> _0 "

aZ_
1By e By Foagyy By, x, c EpEt T
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v By, e, BT xy By x s By R By
x1: By 1 By xiyo s Epolr/xial, o o s Eplr /o) bt /xia] s Tlr/xia)

1=0,....,n—1

1 Ev, oo, B>
xv1: By, . x, By Fx,  E,

Combining the lemmas proved above we get the following result.

Theorem 3.5.13 /mainthl/ For any given universe context UC and a sequence of T-
variables F'V the derivable sentences form a type system.

Lemma 3.5.14 lm1] Let I', z : [El](0)> be a derivable context. Then there exists a u-level
expression M such that I' o : Uy is derivable.

Proof: There is a unique derivation rule which produces contexts of the form I', z : [El](0)>>
and the premise of this rule is of the form I' F o : Uy,.

Theorem 3.5.15 fthl] Let I';x : Tr> be a derivable context. Then there is a derivable
context of the form I',x : [El|(0)> such that [El](0) =4 T and all the reductions involved
are from the following list: Elforall, Eltotal, Elcoprod, Elpaths.

Proof: By induction on the derivation depth of I',x : T'> relative to I'. Since T is a
T-term it has one of the following forms [El](o), [[[; z|(T1,Ts), [>_; z](T1, Te), [T|(T},Ts),
[Id|(T,01,09). If T = [El](0) we take T =T.

If T =[[[;2)(T1,T3) then I,z : T\, y : Tor> is derivable as the premise of the only derivation
rule which generates [[]; z]-terms. By Lemma (1), [,z : Ty> is also derivable. By
induction there are derivable contexts I',z : 11,y : [El](02)> and I', z : [El](01)> such that
[El](01) =4 Ty and [El](02) =4 Ty through reductions from the list in the conditions of the
theorem. We then take o = [forally, as;x)(01,02) and apply Lemma ?7.

The cases of [>;z] and [H](77, T2| are similar to the case of [I I z]. Finally the case of [Id]
i-2.6. )

is similar with the use of Lemma [12.6.3(2) instead of Lemma (1).

4 Abbreviations, conventions and definitions

[abb0] In order to make our definitions more readable we introduce the following conventions.
We write them here in the context of TSSO terms but they will be applied in the same way
to the terms of the other systems considered in this paper.
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1. Let £ € TSO(Fu, FV,Fv) where Fu(uy,...,ux), FV = (X1,...,X;n). Let Fu' =

(ul,...,upy), FV' = (X1{,...,X],) and Fv' = (2},...,2}). Let M,..., M} be u-level

rrn

expressions in variables from Fu' and T1,...,T,, € TT(Fu', FV’', Fv). We will then
write

EM,...M,Ty... T,

for
El = E[Ml/ul,...,Mk/uk,Tl/Xl,...,Tm/Xm]

considered as an element of T'SO(Fv', FV', Fv).

. We will write [[z : T1, T for [[[; z](T1,T2) and Az : Ty,0; for [A;z](T1,01). When
Y does not depend on z we will write X — Y for [[z : X, Y. We will also write
[[(z1:TY)... (2, :T}), T for

Hml : Tl,ng : TQ,...,HJ,’” 21, T
and X7 — ... = X, for Xj - (Xo — ... (X1 — X5) .. 0).
. We will write *t for [El|(t)

. Let I" be a context. We will write fa for [ev; z](f,a,T5) if 7o(f) = [[« : T1,T5. Note
that = here means the equality of expressions (up to the a-equivalence). In particular
T is well defined (again up to the a-equivalence) by this condition as the second branch

Of T[‘(f).

. We will write:
Def. D(uy,...,ug; A) (X1, .., X : Type)(xy 2 Th) ... (2 : Ty) =T

where D is a name (identifier) and T € TTO(Fu, { X1, ..., X\n}, {z1,...,x,}) to signify
the assertion that the context

Ty, ..o x, Ty, T>

is derivable in TS0 relative to the universe context (uq, ..., u;.A) and the sequence of
T-variables (X1,..., X,,) and that we will use D as a notation for the term 7.

777Proofs of such assertions should be provided where necessary wince they will form
the basis for our annotation language.

. We will write:
Def. D(uy,...,ug; A) (X1, .., X Type)(xy - Th) ... (xp :Ty) :i=0:T
where D is a name (identifier) and
T eTTO({uy, ... ,up}, { X1, .., X} {1, ..., 20 })

0 c TTO({Ul, ce ,U,k}, {Xl, ce ,Xm}, {,Il, e ,Z’n})
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to signify the assertion that the judgement
r1:Th,...,x, T, Fo: T

is derivable in TS0 relative to the universe context (uq, ..., ux;.A) and the sequence of
T-variables (X, ..., X,,) and that we will use D as the notation for the term \(x; :
Ty)...(x, : Ty)o.

777 Note on proofs of such assertions in the annotation language.

Similarly we will write
Def. D(uy,...,ug; A)(X1,..., X Type)(xy :Th) ... (xn : Ty) =0
for
Def. D(uy,...,ug; A) (X1, ..., X Type)(xy :Th) ... (2 : Ty) := 0 : 70(0)
where I' = (1 : 11, ...,z 0 T).
. We will write
Th. D(uy,...,u; A)(Xq,. .., X Type)(z1: 1) .. (22 T5) : T
where D is a name (identifier) and
TeTTO(Fu,{X1,...,Xm} {x1,...,2.})
0 € TTO(Fu, {X1,..., X} {z1,...,2,})
To signify that there is a derivable judgement of the form
xy:Ty,...,x, Ty Fo: T

in T'SO relative to to the universe context (ug, ..., ux;.A) and the sequence of T-variables
(Xi,...,X,,) and that we will use D as the notation for o.

77?77 Unlike Def. which is verified mechanically Th. requires a proof i.e. an actual
construction of 0. We will nevertheless use this notation below without providing an
explicit form of o in some cases when we know that such an o can be constructed from
existing Coq proofs but writing it explicitly would take to much space.

. We will use {...} instead of (...) for arguments of definitions which can be uniquely
reconstructed under the assumption that the definition produces a derivable context
or judgement. Such arguments need not be specified in definition "applications”. We
will also use obvious abbreviations of the notations introduced above in cases when
k,m or n equals 0 or when A is an empty set of conditions.
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4.1 Reducibility relation on TS0 terms

Definition 4.1.1 /drd0/ Let UC = (Fu,.A) be universe context and FV a sequence of T-
variables. Define a relation >4 on TSO0(Fu, FV, Fv) for each Fv as the transitive closure
of the union of the following reduction relations:

1. Elu-reduction. An essential subterm of the form [El|[uys] reduces to Uy .

2. Elj-reduction. An essential subterm of the form [Elllev;y|([ja ), 0,T) reduces to
[El](0),

3. Elforall-reduction. An essential subterm of the form [El][forallys ay; x)(01,09) Teduces

to [[T; «]([El](01), [El](02)),

4. jMM-reduction. An essential subterm of the form [jar, ar,] such that My =4 My, reduces
to [N x](Ung,, [z]) where © is a new, relative to the whole term, name of a variable,

5. beta-reduction. An essential subterm of the form [ev; z]([\; ] (T, 01), 02, T2) reduces to
o1]0/x],

6. jj-reduction. An essential subterm of the form [ev; 2]([jnrg as], [ev; Y] ([Fan as], 01, Th), T2)
such that M} =4 My reduces to [ev; z]([Ja i), 01, T2),

7. eta-reduction. An essential subterm of the form [\; x](X, [ev; y](f, [z],Y)) where f does
not depend on x reduces to f.

8. forallj-reductions:

(a) forallja-reduction. An essential subterm of the form

[forallMl,Mz; $]([€U; Z]([jMo,M{]v 01, T)? 02)

such that M| =4 My, reduces to
[GU; Z] ([jmax(Mo,Mz),maw(Ml,Mz)]7 [fO?"G,llMO,MQ; 33] (Ola 02)a z/[ma:p(Ml,Mz))
(b) foralljb-reduction. An essential subterm of the form

[forallyr, ar; @) (01, [ev; 2]([Jam ar), 02, T)

such that M} =4 My reduces to

[GU; Z] ([jmax(M1,M2),max(M1,Mg)]) [fOTCl”Ml,M2; l’] (01, 02), umaz(Ml,Mg))

Remark 4.1.2 One verifies easily that a reduction of a TS0-term is again a TSO-term and
that reductions preserve the subsets of T-terms and o-terms.

Let > 4 be the transitive and reflexive closure of > 4.
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Lemma 4.1.3 [redsub01/ In the notations used above let E, E' € TSO(Fu, FV, Fv) and
E =4 E' then one has:

1. for x € Fv and s € oTO(Fu, FV, Fv) one has E[s/x] =4 F'[s/z],
2. for X € FV and T € TTO(Fu, FV, Fv) one has E[T/X| =4 E'[T/X].

Proof: It is sufficient to consider one step reductions. Of all reductions of Definition
the only non-trivial case is that of the beta-reduction. It follows from Lemma [l :

Lemma 4.1.4 [redsub02] Let E be an term of the form E = [L|(By,..., By,) and suppose
that B; are essential if and only if i € I. Suppose further that for each © € I one has
B; =4 Bl and let B, = B; fori ¢ I. Then E =4 [L|(By,...,B.).

Proof: Straightforward.

In the following lemma we let E[s'/x]ess[s/x]ness denote the expression obtained by the
substitution of s’ for all essential occurrences of x and s for all non-essential occurrences of
z and use the notation for the substitutions of T-variables.

Lemma 4.1.5 [redsub03]/ In the notations used above let E € TSO(Fu, FV, Fv) then one
has:

1. Let s,s" € oTO(Fu, FV, Fv) such that s =4 s' and x € Fv, then
Els/x] =4 E[5'/%]ess[5/T]ness
2. Let T,T' € TTO(Fu, FV, Fv) such that T =, T" and X € FV, then
E[T/X] za E[T"/ess[T/ %]ness

Proof: Straightforward by induction on the number of nodes in F using Lemma .

Lemma 4.1.6 [lequivsimredO/ In the notations used above let E =4 E' and F =4 E
(resp. F ~y4 E). Then there is an term F' such that F' =4 F' and F' =4 E' (resp.
Fl ey E).

Proof: It follows easily from the fact that all our reducibility conditions are invariant under
both =4 and ~ 4.

Remark 4.1.7 Note that the analog of Lemma with F' =4 E’ does not hold. Indeed,
in the case of f-reduction the substitution may produce a term with many copies of the
same u-level expression and replacing some but not all of these copies by an equivalent
u-level expression may produce F’ which can not be obtained by reduction of any F.

28



4.2 Local confluence for general terms of TS0

The following theorem asserts "local” confluence for one step reductions except for one special
case. The confluence in this special case is expected to hold for derivable terms (see below).

Theorem 4.2.1 Ic0/ Let UC = (Fu, A) be a universe context and FV a sequence of
T-variables. Let E € TSO(Fu, FV,Fv). Let further E =4 Ey and E =4 Ey be two one-
step reductions. Then there exists a TSO0-terms Ey, Eb from TSO0(Fu, FV, Fv) such that
Ey =4 B}, Ey =4 Ey and E] ~4 EY, unless Ey is obtained by eta-reduction of a subterm
of the form [\ x|(T1, [ev; y]([\; 2] (T, 0), [x], T3)) to [A; z](Ts,0) and Es is obtained by beta-
reduction of this subterm at the node [ev;y] to [\;z|(Ty,0[x/z]). In this cases confluence is
expected for derivable terms (see below).

Proof: It is sufficient to consider the case when the first reduction is relative to subterm
S = F i.e. occurs at the root.

1. Elu-reduction at the root. E = [El|[ups]. Then no other reductions may occur in £
and therefore there are no confluence issues.

2. Elj-reduction at the root. E = [El]lev;y|([jrm, ), 0,T) and
E, = [El](o).

If the second reduction occurs inside o or 7" then the statement is obvious. It remains
to consider possible second reductions occurring at the ”exposed” nodes [El], [ev;y]
and [jar, as,). This leads to the following actual cases:

(a) jMM-reduction at [jas as]. Then My =4 Mo,
By = [El](0) = B
Ey = [El]lev; y|([\; 2] Uns,, [2]), 0, T) > [El)(0) = Ey
(b) jj-reduction at [ev;y]. Then o = [ev; z)([jar,ar], o', T") where M =4 M, and
Ey = [El]lev; 2|([jao,an], o, T') = [El](0)) = E;
B, = [El] [6?}; y]([jMoJ\/b]? d, T) ~ [El](ol) = Eé
3. Elforall-reduction at the root. E = [El|[forallys ar,; x](01,02) and

Ey = [[ [ #(EU(0r). [ED(02)).

Exposed nodes where second reduction may occur are [El] and [forally, an;x] with
the following actual cases:
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(a) forallja-reduction at [forallns, a;@]. Then oy = [ev; z|([jar.ar], 01, T") where
M{ =A M1 and

By =[] [ a)([Ellev: 2([aso pry]s 01, T') [E (02)) -

[ [; =1([EN(h), [El(02)) = E
Ey = [El] [61); Z]([jmax(Mo,Mz),mm(Ml,Mﬂ]> [fOTallMo,Mz; x](olh O2)>Uma$(M1,M2)) -
(Bl [forally, an; x)(0), 02) = [ [; 2] ([E1)(0}), [El)(02)) = E}

(b) foralljb-reduction at [forally, a,; x]. Then oy = [ev; 2](jas gy, 05, T') where My =4
MQ and

Ey = ([ T: 2)([El(01), [E[ev; 2] (Gar azg, 0, T')) >
T 21(E0(00), [EU(0h)) = Ef
Ey = [El]lev; 2] ([fmaz (3 Ms) mas (s, 02) ], [fOrallag, agy; 2](01, 05), Unaa(a 1)) >
(Bl forally, ar; 2](01,05) = [[ [ 2]([El(01), [El](0})) = E
4. jMM-reduction at the root. E = [jas ] such that My =4 M, and
Ey = [Xa](Un,, [#])
There are exposed nodes where second reduction may occur.
5. beta-reduction at the root. E = [ev; z]([\; z](T}, 01), 02, T5) and
Ey = o1][0a/x].

Exposed nodes where second reduction may occur are [ev; z] and [A; z] with the only
actual case of the eta-reduction at [\;z](X,Y). Then Y = [ev;y](o,[z],T) where o
does not depend on x and

E1 = [ev;y](0, 09, T[02/2]) = F}
Ey = [ev; 2](0, 09, Ty) = F,

6. jj-reduction at the root. E = [ev; z|([jnzg,as); [€v; y]([Jan )5 0, T), T") such that My =4
M2 and

El = [61}; Z]([le;MSL 0, T/)

Exposed nodes where second reduction may occur are [ev;z], [jugas], [ev;y] and
(7o m,) With the following actual cases:

(a) jMM-reduction at [jag ar,]. Then Mj =4 M3z and
Ey = [621; z]([thMs]v 0, T/) = Ei
Ey = [61); Z]([/\7 J]] (UMQ’ [SL’]), [61); y]([jM1,M2L 0, T), T/) ~
[ev;y]([thMz]’ 0, T) = Eé
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(b) jj-reduction at [ev;y]. Then o = [ev;t]([jasyar], 0", T) where Mj =4 M, and
By = [ev; 2]([jan ass)s [evs ] ([an arg ], 0, T), T7) =
[ev; 2]([jago,05], 0", T") = By
Ey = [ev; 2)([aggans]s [evi 9l (s ], ', T), T7) -
[ev; 2)([asp.0as], ', T') = E
(¢) jMM-reduction at [jar, as,]- Then My =4 M,y and
Ey = [ev; 2)([jan pn], 0, T') = B
Ey = lev; 2]([imgan), [ev; gl (% 2] Uy, [2]), 0, T7), T) -
lev; 2)([Ja015], 0, T) = E
. eta-reduction at the root. E = [\;z|(T1, [ev; y](o, [x], T2)) such that o does not depend

on z and
E1:0

Exposed nodes where second reduction may occur are [A; x] and [ev;y] with the only
actual case being beta-reduction at [ev;y]. This is the exceptional case from the con-
dition of the theorem.

. forallj-reductions at the root:

(a) forallja-reduction at the root. £ = [forally, ar; @]([ev; 2]([Fas,ar], 01, T), 02) such
that M{ =4 M; and
By = [ev; 2] ([Fmax(Mo, M) maz (v )]s [forallg vy @] (01, 02) Unnaw (i 1) )

Exposed nodes where second reduction may occur are [forally, an;x, [ev; z] and
[jago, ;] with the following actual cases:

i. foralljb-reduction at [forallns, ar,;x]. Then oy = [ev; 2'[([jas, a15), 05, T") where
M} =4 M; and
Ey = [ev; 2] ([Jimaz(Mo,My) maz (M, M) ]
[foralln, a; x] (01, [ev; z']([jM&Mé], 05, T")), Unaw(an 1)) >
[ev; 2)([Fmaw(Mo,Ma)maz(0y M)
[ev; ZI]([jmam(Mo,Mg),ma;v(Mo,Mé)]? [fomllMo,Mg; ZE] (01, 0/2),Umax(M0,M§))7
Unnaz (M M»)) =
[ev; 2] ([maz(2o,05)maz(at 1) |s [forallag ey ] (01, 05), Unaw(an 1)) = B4
Ey = [ev; 2'[([Fmaz(nmy, Ms) maz(My M)
[forally, ay; x)([evs 2] ([ 0], 01, T), 05), Unmaa(aty i) =
[ev; 2']([Fmaa (M, M) maz (M1, M)
lev; 2] ([jmax(Mo,Mg),max(Ml,Mg)]a [forallygy ary; ) (o1, 05), umax(Ml,Mg))7
Unnaz(My My)) >

[GU; Zl]([jmam(MO,Mg),max(M1,M2)]a [.forallMo,M;;; $]<017 Oé)aumaz(MhMg)) - Eé
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ii. jj-reduction at [ev;z]. Then o1 = [ev; 2'|([jas ), 01, T") where My =4 My
and
E = [BU; Z]([jmam(Mo,Mg),max(Ml,Mz)]7

[forallas, ;2] ([ev; 2']([as 015], 04, T7), 02) Unnaw(ay 1)) >
[ev; 2] ([Jimaz (Mo, My) maz (M M) ]
[ev; ZI]([jmaz(Mg,Mg),max(Mo,Mz)]a [forally, ay; 2] (01, 02)7umax(M0,M2))7
Unnaz(My M) >
[ev; 2]([Jmaz(ats M) maz (3 M) ) [Forallag, vy 2] (01, 02), Unmas(ar, i2)) = B4
By = [forally, a; x)([ev; 2]([jas,aa], 01, T), 02) =
[ev; 2] ([Jmaz (a5 Ma)maz (3 M), [ orallag, vy )01, 02), Uaw (v 2)) = £
iii. jMM-reduction at [jag,ar]- Then My =4 M and
By = [ev; 2]([Jmax(ao Mo) maz (0 )]s [forallag an; ©](01,02), Unaz(ay 1)) =

lev; 2] ([N 2] (Unaw(nio, M), [2]), [forallag, as 2] (01, 02), Unaz(a Mz)) >
[forally ar,; x] (01, 02) = E}
Ey = [forally, an; x]([ev; z] ([N 2] (Ung, , [2]), 01, T), 02) >
[forally, a,; x](01,02) = Ey
(b) foralljb-reduction at the root. E = [forally, as; x|(01, [ev; 2]([jam,a), 02, T)) such
that Mj =4 M5 and
By, = [ev; Z]([jmax(M1,M2),max(M1,M3)]7 [mellMl,Mg; ] (o1, 02)aumax(M1,M3))>

Exposed nodes where second reduction may occur are [forally, as;x), [ev; z] and
[Jas,aay] With the following actual cases:

i. forallja-reduction at [forally, asy;]. Then oy = [ev; 2']([jag ], 07, T") where
M| =4 M, and
By = [ev; Z]([jmam(Ml,Mg),max(M1,Mg)]a
[forally, am; x)([ev; 2] ([Taso,01], 01, T'), 02), Unaw(ay 0s)) =
[ev; 2] ([Jimaz(any Ma) maz (M M) ]
[ev; Z/]([jmam(Mo,Mg),max(M1,Mg)]a [fOTa”MO,MQ; ] (0,1, 02)7umam(M0,Mg))7
Unnaz(vy,M5)) >
[ev; Z]([jmax(Mo,Mg),max(Ml,Mg)]7 [fOTallMO,MQ; 517](0/1, 02)aumax(M1,M3)) = E{
Ey = [ev; z/]([jmaz(Mo,Mg),mam(Ml,Mg)]7
[forallyg ar; x)(0, [ev; 2)([Fam,aa], 02, T) Unnaw (ary 015)) >
[ev; Z’] ([jmaz(Mo,Mg),max(Ml,Mg)]a
[ev; 2] ([Jmaz (Mo, Ms) maz(Mo,05) ], [forallng, ar,; ] (0l 02), Unnaw(Mo,M3))
Unnaz(an,M3)) >

[ev; Zl]([jmam(Mo,Mg),max(Ml,Mg)]a [fOTa”MO,Mz; ZE](Olp 02)7umam(M1,M3)) = E§
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ii. jj-reduction at [ev;z]. Then oy = [ev; 2'|([jan,ars], 05, T") where My =4 M,
and
E = [BU; Z]([jmam(Ml,Mg),max(Ml,Mg)]7

[forallu, a; x] (o1, [ev; 2] ([jMo,Mé]a 0, T")), Unaw(hy M) =
[ev; 2)([Fmaw(dy Ma)maz(0ry M3) ]
[ev; Z/]([jmax(Ml,Mo),max(Ml,Mg)]7 [fOTa”MI,MO; x] (01, Oé)aumax(M17M2)>7
Unnaz(My M) =
[60; Z]([jmax(M1,M0),max(M1,M3)]7 [mellMl,Mo; 517](01, O/Q)aumax(Ml,Mg)) = Ei
Ey = [forally, a; x](01, [ev; z]([jMO,Mé],o’l,T)) -
[ev; 2] ([Jmaz(aty Mo)maz(aa 1)), [forallag, g @] (01, 05), Uas(any az)) =

iii. jMM-reduction at [jaz,,ar). Then My =4 Mj and
El - [GU; Z]([jmax(Ml,Mg),ma:c(MhMg)]7 [forallMl,MQ; x] (017 02)7 umax(Ml,Mg)) —

[61}; Z]([)" x] (umaw(M17M2)7 [I]), [fOTallM17M2; x](oh 02)7umal’(M17M3)) -
[forallns, an; x](01,09) = E}
Ey = [forally, a; @) (01, [ev; 2] ([X; 7] (Unsy, [7]), 02, T)) =

[foralln, sy w) (01, 00) = B
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5 Adding the unit pt - system TS2

5.1 TS2 terms and typing function

Definition 5.1.1 /d21] The following labels are permitted in the expressions of TS2 - the
labels permitted in TS1, Pt, pt and tt.

The notions of u-level expressions, T- and o- terms in TS2 are defined as follows:
Definition 5.1.2 [d22/

1. expressions with the root node caring a TSI1-label is an_u-level expression, o-expression
or a T-expression according to the rules of Definition ,

2. expressions with the root of the form [Pt] are T-expressions,

3. expressions with the root of the form [pt] or [tt] are o-expressions.

Definition 5.1.3 /d23] A TS2-term is a TS2-expression such that:

1. any node caring one of the TS1-labels satisfies the conditions of Definition ,
2. any node of the form [Pt] has valency 0,
3. any node of the form [pt| has valency 0,

4. any node of the form [tt] has valency 0.

Definition 5.1.4 /d24/ A node in TS2 term is called non-essential if it satisfies the condi-
tions of Definition . The same applies to the definition of essential nodes, essential and
non-essential subexpressions and of Ess(E) is extended to TS2-terms in the obvious way.

We let T'S2 denote the set of TS2-terms and 772 and 072 denote the subsets of T-terms
and o-terms. The obvious analog of Lemma 3.1.% holds for TS1-expressions. We extend to
TS2 the abbreviations introduced for T'S1-expressions.

Definition 5.1.5 [dtau2/ Under the assumptions of Definition we extend the typing
function m to o-terms of TS2 as follows:

1. the value of 0 on an o-term_whose root node carries a TS1-label is computed according
to the rules of Definition |6.1.4.

2. mr([pt]) = Uy,
3. m([tt]) = Pt.

We have the obvious analog of Proposition for T'S2.
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5.2 Equivalence relations =4 and ~4 on TS2-terms

The relations =4 and ~_4 are extended to TS2-terms in the obvious way. We also have
obvious analogs of all the statements of Section .

5.3 Derivation rules of TS2

The derivation rules for contexts and judgements of TS2 are the derivation rules for TS1
together with the following additional ones:

I'>
I'z: Pt>

I'>
I'=tt: Pt
I'-o: Pt

I'Fo=tt: Pt

I'>
TFpt:U

I'>

I'F [El(pt) = Pt

5.4 Construction of the eliminator for Pt

Fox:Ptiy:T> TI'tFo:T[tt/z
O oty 2)(0,7) : [T 2] (PLT)

Remark 5.4.1 [unitpos| The obvious idea to introduce pt not through the eliminators
[pt, a] but by the condition that Pt has one distinguished term ¢ and any other term a # tt
reduces to tt leads to a system without confluence since

[pair; x|([pr1; y|(Pt, T, ¢), [pr2; y| (Pt e, T), Tz /y])

reduces both to ¢ and to [pair; x|(tt, [pr2;y]|(Pt,c,T),T[z/y]) and these two terms can not

be reduced to a common term (cf. [L][Exercise p.88]). Of the other reductions which are
supported by the univalent model namely:

[HQI](PIZT) =aT [H;x](T, Pt) =4 Pt

D al(PLT) =4 T [ ;al(T,Pt) =a T

the first two lead to derivable terms whose types are changed by [-reduction:

1. o = [ev; z]([\;y](Pt,01),02,Ts) = 01[02/y] = o' where oy : [[[;z|(T1,T3), 02 : Ty and
r(0) = Taloz/x], Tr(0) = [[[; |(13, T»).
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2. 0 = [ev; z]([N;y](T1,01), 02, Pt) = 01]02/y] = o' where 0y : T, 09 : [[[; y](T1,T2) and
mr(0) = Pt, (0") = Tr[o2/y].

and the other two seem to lead to similar problems with sum-related reductions.

5.5 Reducibility relation on TS2 terms

Definition 5.5.1 /drd2/ Let UC = (Fu,.A) be universe context and FV a sequence of T-
variables. Define a relation =4 on TS2(Fu, FV, Fv) for any Fv as the transitive closure of
the union of the following reduction relations:

1. Reductions of Definition .

2. iotapt-reduction. An essential subterm of the form [ev;z|([pt,;y](o,T),tt, T") where
T|x/y] ~aT" reduces to o.

The obvious analogs of Lemmas — hold for TS2.

5.6 Local confluence for general terms of TS2

The local confluence theorem for TS2 has exactly the same form as Theorem and the
same proof since there are no non-trivial confluence dependencies between the new reduction
rule of Definition and the reduction rules of Definition .

6 Adding dependent sums - system TS1

6.1 TS1 terms and typing function

Definition 6.1.1 [d11] The following labels are permitted in the expressions of TS1 - the
labels permitted in TS0, (> ;x), (pair;x), (prl;x), (pr2;z), (total; x).

The notions of u-level expressions, T- and o- terms in TS1 are defined as follows:
Definition 6.1.2 /d12]

1. expressions with the root node caring a TSO0-label is an_u-level expression, o-expression
or a T-expression according to the rules of Definition ,

2. expressions with the root of the form [ ;x| are T-expressions,

3. expressions with the root node of the form [pair; x|, [prl;x], [pr2;z] and [total; x] are
0-expressions.
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Definition 6.1.3 /d13] A TS1-term is a TS1-expression such that:

~

. any node caring one of the TS0-labels satisfies the conditions of Definition ,

2. any node of the form [> ;x| has valency 2, both its branches are T-expressions and the
first one does not contain |x],

3. any node of the form [pair;x] has valency 3, its first two branches are o-expressions
which do not contain [x] and the third branch a T-expression,

4. any node of the form [prl;x] has valency 3, its first branch is a T-expression which
does not contain on [z|, its second branch a T-expression and the third branch an
0-expression,

5. any node of the form [pr2; x| has valency 3, its first branch is a T-expression which
does not contain on [z], its second branch a T-expression and the third branch an
0-€exTPression,

6. any node of the form [total;x] has valency 4 and its first two branches are u-level
expressions and the last two are o-expressions of which the first one does not contain

[].

Definition 6.1.4 /d14]/ A node in TS1 term is called non-essential if it satisfies the con-
ditions of Definition @ or if it belongs to the subexpression T1 of a subexpression of the
form [pr1;z]|(T1, Tz, 0) or if it belongs to subexpression Ty of a subexpression of the form
[pr2; x|(T1, Tz, 0). The definition of essential nodes, essential and non-essential subexpres-
sions and of Ess(E) is extended to TS1-terms in the obvious way.

We let T'S1 denote the set of TS1-terms and 771 and 07’1 denote the subsets of T-terms and
o-terms. The obvious analog of Lemma B.1.7 holds for T'S1-expressions. We extend to TS1
the abbreviations introduced for TS0-expressions and abbreviate [total; z] (M, Ma, 01, 09) to
[total; x| ar i, (01, 02) and [> s 2] (T, Ts) to Y Th,Ts. We also write 17 x Th for Y : 11, T
when T3 does not depend on z and use the notation » (z1 : T1)...(x, : T,,),T for > x; :
Ty, wo: Ty, ..., > x T, T. We will write [pair; z|(Ts, 01, 02) for [pair; z|(mr(o1), Ts, 01, 02).

Definition 6.1.5 /dtaul] Under the assumptions of Definition we extend the typing
function m to o-terms of TS1 as follows:

1. the value of T on an o-term whose root node carries a TS0-label is computed according
to the rules of Definition |3.1.4.

2. 7r([pair; z](o1,02,T)) = [> s 2|(1r(01), T),
3. m([prl; z)(Th, Tz, 0)) = 17,

4. mo([pr2; 2|(T1, Ty, 0)) = Ta[[pr1; x|(T1, Tz, 0) /x],

37



5. TF<[tOtCLl; x]M1,M2 (017 02)) = umax(Ml,Mg)'

Remark 6.1.6 As is seen from Definition it is not necessary to include 75 into the
prl expressions and, therefore, not necessary to make prl into a quantifier in order to define
7r.The reason for the inclusion of T into prl lies in the proof of Theorem [6.5.1] below.
Without this information it is impossible to define reductions on TS1-terms in a way which
preserves (local) confluence. A particular case of the problem can be seen in the case of

iotatotal2-reduction at the root combined with etatotal-reduction at pair. See proof of
Theorem 5.5.1.

We have the obvious analog of Proposition M for TS1.

6.2 Equivalence relations =4 and ~4 on TS1-terms

[sim1] The relations =4 and ~4 are extended to TSl-terms in the obvious way. We also
have obvious analogs of all the statements of Section .

6.3 Derivation rules of TS1

The derivation rules for contexts and judgements of TS1 are the derivation rules for TS0
together with the following additional ones:

Dix:Ty,y: Th>
Loy Do 2)(Th, Tz)

F,.T:Tl,yITQD Fl_OliTl Fl_OQZTQ[Ol/.T]
[ [pair; x](o1, 09, Ty) : [>; x](Th, T2)

Cha: D x|(Th,T3)
T'F [prl;z|(T1, Ty, a) : Ty

Cka: D x|(Th, T3)
['F [pr2;z|(T1, Ty, a) = Tollprl; |(T1, Ty, a)/z]

F,.TiTl,yITQD Fl_OliTl Fl_OQZTQ[Ol/x]
U'E [pri;2/|(Th, To[2! /2], [pair; z](o1, 02, T2)) = o1 : T}

F,ZL’ZTl,yZTQD F}_OllTl F"OQZTQ[Ol/ZE]
U+ [pr2; 2/)(T, To[z' /2], [pair; z] (o1, 02, T2)) = 02 : Tz[o1/x]

Cka: D x|(Th, T3)
'k [pair; x]([prl; $/]<T1, T2[x,/x]7 a)? [pr?; xl] (T17 TQ['T//QZ]’ CL), TQ) =a: [Zu x]<TI> T2)
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C'Foy Uy, T,x:[Ell(o))F os: Uy,
I = [totalyr, ay; @](01,02) @ Unnaw(hay My)

C'Foy Uy, T,x:[Ell(o))tF og: Uy
I [Ell[totala, s 2](01, 02) = 32 2]([El(01), [ET](02))

Iax: Pty :Tr>
C'E D2 x|(Pt,T) = TItt/x]

[x: PtEo:Uy
I'F [totaly ar; ] (pt, 0) = o[tt/z] : Un

Lxe:T>
CED2|(T, Py =T

I'ko:Uy
I' F [totalpro; x) (0, pt) = 0 : Uy

I'x: Pty :T>
I'F([[x](Pt,T) = T[tt/x]

iz Ptko:Uy
I' = [forally ar; x)(pt, 0) = ott/x] : Un

Iz :Tr>
CH([]; (T, Pt) = Pt

I'o: Uy
I' = [prodo; x](o, pt) = pt : Uy

Remark 6.3.1 [sumelim] Note that our derivation and reduction rules for the dependent
sum allow one to define "eliminators” which one would have if one introduced dependent
sums as particular cases of inductive definitions as it is done in Coq. For I',x : 11,y : To>
the eliminator for the corresponding dependent sum is a family of terms I, of type (we use
the standard abbreviation — for non-dependent product)

[H§ P](([Z§x](T1,T2) — Un),

T sOM T 51T [T s2)(Tes evs al(P, [pairs a)(s1, 52, Ta), Usr))),
[H; C]([Z, l‘] (Th T2)7 [ev; a](P7 G, UM))))

which one defines as

[A; P](([Z: z)(Th, Tz) — Unr),
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[)‘3 50]([1—[3 51](T17 [Ha 52] (T27 [6?}; CLKP: [pair; x](SL 2, T2)>UM)))7

X e([D 5 2l(Tn, To), fevs s2](levs sU(P, [pri](e, Th).y  [pr2s 2] (T, e T2)), )

which is well-typed since [pair; z|([pr1](T1, c), [pr2; x](T1, ¢, Tz)) =4 c.

6.4

Reducibility relation on TS1 terms

[red1]

Definition 6.4.1 /drdl/ Let UC = (Fu,A) be universe context and FV a sequence of
T-variables. Define a relation =4 on TS1(Fu, FV, Fv) for each Fv as the union of the
transitive closures of the following reduction relations:

1.
2.

Reductions of Definition .

Eltotal-reduction. An essential subterm of the form [El|[totalns, ar,;x](01,02) reduces

to 32 «]([El](01), [El](02))-

iotatotall-reduction. An essential subterm of the form [prl; z|(Ty, Ty, [pair; y|(o1, 02, T3))
such that Ty[y/x] ~4 Ty reduces to o;.

iotatotal2-reduction. An essential subterm of the form [pr2; z|(T}, Ty, [pair; y|(o1, 02, T3))
such that Ta[y/x] ~4 Ty reduces to oq.

etatotal-reduction. An essential subterm of the form
[pair; z)([pr1; y|(T7, Ty, a'), [pr2; y)|(T), Ty, a”), )
such that a' ~4 a" and Tylx/y] ~a Ty ~a T3 [x/y] reduces to a'.
totalj-reductions:
(a) totalja-reduction. An essential subterm of the form
[total s, ary; ) ([ev; 2)([Fago,012]5 01, T), 02)
such that M| =4 My, reduces to
[ev; 2] ([Fmaz (Mo, My) maz(My M) )5 [EOtalag, ary; @] (01, 02), Unae (v M) )
(b) totaljb-reduction. An essential subterm of the form
[totalnr, ;@) (01, [ev; 2] ([Jam,am], 02, T))
such that M} =4 Ms reduces to
lev; 2] ([Jmaz(My, Mz) maz (v, M5) ), [Eotalar, ars @] (01, 02), Unnaw(y M)
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Remark 6.4.2 [etatotall] The condition that Th[z/y] =4 T3 is does not follow automati-
cally for derivable terms. Indeed, if a term is derivable then one would expect that T3]0y /y]
is convertible to T5[o1 /| which does not imply that Tj[z/y] is convertible to T5.

Let >4 be the transitive and reflexive closure of >4. The obvious analogs of Lemmas
114051 hold for TSI,

6.5 Local confluence for general terms of TS1

Theorem 6.5.1 [Icl] Let UC = (Fu, A) be a universe context and FV a sequence of
T-variables. Let E € TS1(Fu, FV,Fv). Let further E =4 Ey and E >4 Ey be two one-
step reductions. Then there exists a TS1-terms Ey, E} from TS1(Fu, FV _Fv) such that
Ey = A EY, Ey =4 E} and E{ ~ 4 E} unless the exceptional case of Theorem @ occurs.

Proof: It is sufficient to consider the case when the first reduction is relative to subterm
S = F i.e. occurs at the root. It is further sufficient to consider cases when one of the two
reductions belongs to the list of new items in Definition 5.4.1].

1. Elj-reduction at the root. E = [El][ev; y|([ja .m,),0,T) and
E, = [El](o).
No new exposed nodes where second reduction may occur compared to TSO.

2. Elforall-reduction at the root. E = [El|[forallys ar,: x](01,02) and

Ey = [[ [ 21([El(01), [El)(02)).

No new exposed nodes where second reduction may occur compared to TSO.

3. jMM-reduction at the root. E = [jas as] such that My =4 M, and
Ey = [Xs 2] U, [2])

No new exposed nodes where second reduction may occur compared to TSO.

4. beta-reduction at the root. E = [ev; z]([\; z|(T1, 01), 02, T3) and
Ey = o1][0a/x].
No new exposed nodes where second reduction may occur compared to TSO.

5. jj-reduction at the root. E = [ev; 2|([jng,s); [ev; y]([jan ), 0, T), T") such that My =4
M2 and
Ey = [61); Z]([jM17M3]7 07MM3)

No new exposed nodes where second reduction may occur compared to TSO.
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6. eta-reduction at the root. E = [X\; z](T1, [ev; y](o, [x], T2)) such that o does not depend
on z and
E1 =0

No new exposed nodes where second reduction may occur compared to TSO.

7. forallj-reductions at the root:

(a) forallja-reduction at the root. E = [forallu, ar;z]([ev; 2]([ian,a]; 01, T), 02) such
that M{ =4 M; and

E, = [BU; Z]([jmax(Mo,Mg),max(Ml,Mg)]a [fOTallMO,Mz; ﬂ(ol, 02)aumax(M1,M2))

No new exposed nodes where second reduction may occur compared to TSO.

(b) foralljb-reduction at the root. E = [forally, ar; x|(01, [ev; 2]([jan,a), 02, T)) such
that Mé =A M3 and

By = [ev; Z](Umax(M1,M2),ma:p(M1,M3)]7 [fOTallMl,MQ; ] (o1, 02)aumax(M1,M3))>
No new exposed nodes where second reduction may occur compared to TSO.

8. Eltotal-reduction at the root. E = [El|[totalys, ur,; x](01,02) and

By = [ s a)([EN (o)), [El)(02)).

The node where second reduction may occur is [totaly, ar,; @] with the following actual
cases:

(a) totalja-reduction at [totalns, ar,; z]. Then oy = [ev; 2]([jasy,011], 01, T') where M =4
M, and
By = [y s al([Bllevs 2] (ljasoa], 01, T, [Bl] (02)) =

D _s2l([E1(0}). [Ell(02)) = E;
Ey = [El] [ev; Z]([jmam(Mo,MQLmal(Ml,M2)]7 [tOtalMo,Mz; x](Olla 02>>umaI(M1,M2)) ~
[E1] [tOtalM(),Mz;x](Ollv 02) > [Z: $]([El](0,1), [E1](02)) = Eé

(b) foralljb-reduction at [totalns, ar,; ). Then oo = [ev; 2](jas;, 0y, 0, T') Where My =4
M2 and
Ey =) sal([El)(or), [EOlev; 2)(asg pag 05, T)) >

D :al([El(01), [El](0h)) = E}
EQ - [El] [G'U; z]([jmax(Ml,Mg),max(Ml,Mg)]a [tOta’lMl,Mg; x] <017 O,Q)J/{max(Ml,Mg)) >_

(B[ forallyy g «](01,05) = [Y_s2)([El](01), [El(0h)) = E
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9. iotatotall-reduction at the root. E = [prl;z|(T1, Tz, [pair; y|(o1, 02, T3")) where To[y/x] ~ 4
T3 and
E1 = 01.

The exposed node where second reduction may occur is [pair;y| with the only actual
case being

(a) etatotal-reduction at [pair;y|. Then
E = [pri; a)(Th, Ty, [pair; y)([pr1; 2')(13, T, &), [pr2; 2" (17, T3, a)), T57))
where o' ~ 4 a” and Th[y/2']| ~a T3 ~4 T3 y/z"]. Then
Ey = [pr1; (17, T3, a)
Ey = [prl; z|(T1, Ty, )

10. iotatotal2-reduction at the root. E = [pr2; z|(Ty, Ty, [pair; y](o1, 02, T3")) where Th[y/x] ~4
T and
El = 09.

The exposed node where second reduction may occur is [pair;y| with the only actual
case being

(a) etatotal-reduction at [pair;y|. Then
E = [pr2; o[(Ty, Ty, [pair; y)([pr1; 2)(T1, T3, o), [pr2; 2")(T7, T3, a)))
where a =4 o' and Tyly/2'] ~a T35 ~4 T4 [y/2"]. Then
Ey = [pr2; 2"|(T], T4 ,a")
By = [pr2; 2)(T1, T3, a')

11. etatotal-reduction at the root. E = [pair;z|([prl;y|(T],Ty,d"), [pr2; y|(T7, T4, a"), Ts)
where a ~4 a', Ty[z/y] ~a Ty ~a T3 [x/y] and

Elza.

The exposed nodes where second reduction may occur are [prl;y| and [pr2;y] the
actual cases being

(a) iotatotall-reduction at [prl;y|. Then
E = [pair; =]([pr1; y|(T7, T3, [pair; 2] (0}, 05, T5")), [pr2; y) (11, T3, [pair; 2"](07, 05, Ty")), T2)
where 0} ~4 0, 0y ~ 4 0, T3 [2" 2] ~ 4 TS, T5[Z [y] ~4 Ty and
E1 = [pair; 2'|(0}, 05, Ty") = E}
Ey = [pair; 2] (o}, [pr2; y|(11, T3, [pair; 2" (01, 05, T5")), T2) =4

A [pair; x] (o}, 05, Tz) = Ej
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(b) iotatotal2-reduction at [pr2;y]. Then
E = [pair; z|([pr1; y|(T1, Ty, [pair; 2'](0}, 05, T3")), [pr2; y|(TV, T3, [pair; 2")(oY, 05, T5")), T3)
where o) ~ 4 0f, o ~ 4 O, Ty [2" /2] ~a T3, Ty [2" Jy] ~4 Ty and
Ey = [pair; 2'](0}, 05, Ty") = E}
Ey = [pair; x]([pr1; y| (T}, Ty, [pair; 2'](0}, 05, Ty")), 09, 1) =4
= [pair; z] (o}, 04, Ts) = F,
12. totalj-reductions at the root:

(a) totalja-reduction at the root. E = [totaly ar,; x]([ev; 2]([Fao,a1], 01, T), 02) such
that M| =4 M; and

El - [61); Z] ([jmax(Mo,Mg),mam(Ml,Mz)]7 [tOtalMo,Mz; Jf] (017 02>7 umaa:(Ml,Mg))

Exposed nodes where second reduction may occur are [totalys, a,; ], [ev; z] and
[Jaso, 7] With the following actual cases:

i. totaljb-reduction at [totalns, ar;x]. Then oy = [ev; 2'[([jas,ar), 05, T') where
M} =4 M, and
El = [ev;Z]([jmax(Mo,Mg),ma;v(Ml,Mg)]7

[totalae,as; 2](on, [evs 21 ([am ], 0, 1)), Unnaw(any as2)) >
[ev; 2] ([Fmaz(Mo,M») maz(iy M2))
lev; 2] ([Jmaz(Mo, M), maz(Mo,05))s [EOtalng, s 7] (01, 0y), Unnax(Mo,M3))
Unnaz(My M) =
[ev; 2] ([Jmaz (Mo, M3) maz(My M) ) [EOLarg 0155 2] (01, 05), Unmaw(ray asz)) = B
By = [ev; Zl]([jmaz(Ml,Mg),max(Ml,Mg)]7
[totalMl,Mg;x]([ev;z]([jMO,M{],01,T),0'2),Umax(MhM2)) —
[ev; 2"l ([maw(dy, M) maz(My, M) ]
[ev; 2] ([Fmaz (Mo, Ms) maz(vy,M3)) s [E0tal gy vy 2] (01, 05), Unnaw(any 113))
Unnaz(MyMy)) >
[ev; 2'([Jmaz (0o, M) maz (2 M) ] [EOt gy Az @] (01, 05) Urnnaw vy 1)) = By

ii. jj-reduction at [ev;z]. Then o1 = [ev; 2'|([jas ), 01, T") where My =4 My
and
E]. = [B/U; Z]([jmax(Mo,Mg),max(Ml,Mg)]a

[tOta/lMo,MQ; [E] ([GU; Z/] ([.jM3,M6]7 0/17 T/)7 02)7 umar(M1,M2)) ~
[G'U; Z] ([jmaa:(MO,Mg),maz(Ml,Mz)]7

lev; 2') ([Jmaw(Ms, Mz) maz (Mo, M) )» [E0talny a5 2] (07, 02) s Unaw(ao, 1))
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Unnaz(My M) >
lev; 2] ([Fmaw(Ms, Ma);maz(My M) ] [EOtalag gy ) (01, 02), Unaw(aay 1)) = B
By = [totaly, a; o) ([ev; 2] ([Gar,aa], 01, T), 02) =
[ev; 2] ([Fmaw(Ms, M) maz(vy M) |, [EOtal gy arys ©)(0), 02), Unmaw(ay wn)) = By

iii. jMM-reduction at [jag,ar]. Then My =4 M and
El = [6U; Z]([jmam(Mo,Mz),max(Ml,MQ)]7 [tOtalMo,MQ; m] (017 02)7umam(M1,M2)) ~

[ev; 2J([A; @] Unmaz(vio,05), [2]), [totalagg v (01, 02), Uaa(any asz)) >
[totalns, asy; @] (01, 00) = EY
Ey = [totaln, an; w)([ev; ] ([N ] (Ungy, [x]), 01, T'), 02) >
[totalyr, ary; @] (01, 02) = Ey
(b) totaljb-reduction at the root. E = [totaln, ay; ¥](01, [ev; 2] ([jam,a), 02, T)) such
that M4 =4 Mj and

El - [61); z]([jma$(M1,M2),mam(M1,M3)]; [tOta’lMl,Mz; x] (017 02)7Z/{ma$(M1,M3))7

Exposed nodes where second reduction may occur are [totalys, a,; 2], [ev; 2] and
[jas,am;] With the following actual cases:

i. totalja-reduction at [totalys, ;@] Then oy = [ev; 2'[([Jag,ar], 01, T') where
M| =4 M, and

By = [ev; 2]([Jmaz(dn Ma) maz (M, M)
[totalns, ams 2)([ev; 2] ([Taso,01], 01, T7), 02), Unaw(aay 05)) >
[ev; 2] ([Jimaz(0ty Ma) maz(dy M) ]
[ev; 2| ([Jmaw(Mo, M) amaz(vy 02 ], [EOtalngg vy 2] (01, 02), Unnaw (Mo M) )
Unnaz(MyM3)) >
[ev; 2)([Fmaz(Mo,Ms)maz (M1, M) [t0talagy asys ©] (01, 02), Unnaa(ay 1)) = B
Es = [ev; 21 ([Jimaz (Mo, Ms)maz(Mi M)
[total g, ar; )01, [ev; 2] ([Fam,aa], 02, T'), Unnaw (any 015)) >
[ev; 2'1([Fmaw (Mo, M) maz(y M) ]
[ev; 2] ([Fmaz (Mo, Ms) maz(Mo,Ms))» [t0talngy aty; 2] (07, 02), Unnaw (0o, 015))
Unnaw(vy M5)) >

[67); Z/]([jmax(Mo,Mg),max(Ml,Mg)]7 [tOtalMo,MQ; 90](0/1, OQ)»“max(Ml,Mg)) = EQ
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ii. jj-reduction at [ev;z]. Then oy = [ev; 2'|([jan,ars], 05, T") where My =4 M,
and
E = [BU; Z]([jmam(Ml,Mg),max(Ml,Mg)]7

[totalyr, ary; @] (01, [€v; Z/]([jMO,Mé]a 09, ")), Upnaw(aay 1)) >
[ev; 2] ([Jmaz(aty Ma) maz (M M) ]
[ev; 2| ([Jmaz(My,Mo);maw (0 )]s [EOtalag, aays 2] (01, 0), Unaw(aiy M) )
Unnaz(My M) =
[ev; 2] ([Fmaa (M1, M) maz (v, M5) s [EOtal g, vy 2] (01, 05), Unaa(an ) = B
By = [totalyr, ary; ) (01, [ev; 2] ([fam,ar), 01, T')) =
[ev; 2] ([Fmaw(My M) maz(0i )], [EOtal gy s ©](01, 05), Unmaw(ay 03)) = By
iii. jMM-reduction at [jaz,,ar). Then My =4 Mj and
By = [ev; 2] ([Jimaz(y My) maz (v M) ] [E0talng, any; ] (01, 02), Unaa (v 1)) =
[ev; 2] ([ 2] (Unaw(vry a2y - [2]), [Eotalan, vy 2] (01, 02), Unaa(ay ) >
[totalns, ;x| (01,00) = EY
Ey = [totalns, ;) (o1, [ev; 2] ([N @] Ung, [2]), 02, T")) =

[totalnr, ai; x) (01, 02) = Ej

7 Adding pairwise disjoint unions - system TS3

7.1 TS3 terms and typing function

Definition 7.1.1 [d31] The following labels are permitted in the expressions of TS3 - the
labels permitted in TS2, 11, coprod, iil, ii2 and [sum; x|, [IT;z1, xs].

The notions of u-level expressions, T- and o- terms in TS3 are defined as follows:

Definition 7.1.2 [d32/

1. expressions with the root node caring a TS2-label is an_u-level expression, o-expression
or a T-expression according to the rules of Definition ,

2. expressions with the root of the form 11 and [I1; 1, xs] are T-expressions,

3. expressions with the root of the form coprod, iil, 112 and sum. are o-expressions.

Definition 7.1.3 /d33] A T'S3-term is a TS3-expression such that:
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1. any node caring one of the TS2-labels satisfies the conditions of Definition ,
2. any node of the form [II] has valency 2 and its two branches are T-expressions,

3. any node of the form [IL; x1, x5] has valency 5, its first four branches are T-expressions
and the fifth branch is an o-expression, its first, second and fifths branches do not
depend on x1,xs, its third branch does not depend on xo and its fourth branch does not
depend on x1,

4. any node of the form [coprod] has valency 4, its first two branches are u-level expressions
and the last two branches are o-expressions,

5. any node of the form [iil] has valency 8 and its first two branches are T-expressions
and the third one is an o-expression,

6. any node of the form [ii2] has valency 3 and its first two branches are T-expressions
and the third one is an o-expression.

7. any node of the form [sum;z| has valency 6, its first two branches are T-expressions
next three are o-expressions all of which do not contain x and the last branch is a
T-expression.

Definition 7.1.4 /d34/ A node in TS3 term is called non-essential if it satisfies the condi-
tions of Definition . The same applies to the definition of essential nodes, essential and
non-essential subexpressions and of Ess(E) is extended to TS3-terms in the obvious way.

We let T'S3 denote the set of TS3-terms and 773 and oT'3 denote the subsets of T-terms
and o-terms. The obvious analog of Lemma B.1.7 holds for TS3-expressions. We extend to
TS3 the abbreviations introduced for TS2-expressions, abbreviate [coprod|(My, My, 01, 02) as

[coprods, (01, 02) and write Ty I T for [I}(T7, T5).

Definition 7.1.5 /dtau3/ Under the assumptions of Definition we extend the typing
function m to o-terms of TS3 as follows:

1. the value of T+ on an o-term whose root node carries a TS2-label is computed according
to the rules of Definition |5.1.].

2. r([coprodar, w01, 02)) = Unaw(hy Ms) s
m([1i2](T1, T, 0)) = [H|(T3, T3),
.

r

mo([61](Th, T3, 0)) = [U[(T1, T2),
7o (
(

1 ([sum; x| (T1, Tz, $1, $2,0,5)) = Slo/x].

We have the obvious analog of Proposition for TS3.
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7.2 Equivalence relations =4 and ~4 on TS3-terms

The relations =4 and ~_4 are extended to TSl-terms in the obvious way. We also have
obvious analogs of all the statements of Section .

7.3 Reducibility relation on TS3 terms

Definition 7.3.1 /drd3/ Let UC = (Fu,.A) be universe context and FV a sequence of T-
variables. Define a relation =4 on TS3(Fu, F'V, Fv) for any Fuv as the transitive closure of
the union of the following reduction relations:

1. Reductions of Definition .

2. Elcoprod-reduction. An essential subterm of the form [El][coprod, a,)(01,02) Teduces

to [L]([El)(01), [El](02))-
3. amalg-reductions.
(a) amalgl-reduction. An essential sub term of the form
[IT; q, o] (T, T, S1, So, [1i1](T7, Ty, 0))

such that Ty ~4 T] and Ty ~ 4 T} reduces to Si[o/x].

(b) amalgl-reduction. An essential sub term of the form
[IT; 21, 2] (Th, T3, St, Sa, [112] (171, Ty, 0))
such that Ty ~4 T} and Ty ~4 Ty reduces to Sylo/xs].
4. sum-reductions.
(a) suml-reduction. An essential subterm of the form
[sum; z](Tv, Ty, 1, 82, [111](17, T3, 0))
such that Ty ~ 4 T] and Ty ~ 4 T reduces to [ev; x](s1, 0, [U](T1,T3)).

(b) sum2-reduction. An essential subterm of the form
[sum; 2)(Th, Ty, 81, 89, [182)(T1, T3, 0))
such that Ty ~4 T] and Ty ~ 4 T} reduces to [ev; x](s2, 0, [LI](T}, T3)).
5. coprodj-reductions:
(a) coprodjl-reduction. An essential subterm of the form
[coprodag, i) ([ev; 2] [jas asg), 01, T), 02)
where My =4 M reduces to

[GU; Z] ([jmax(Mo,Mg),max(Ml,Mg)]7 [COPTOdMO,MQ](Ola 02)7 umax(M1,M2))
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(b) coprodj2-reduction. An essential subterm of the form

[COpTOdM17M3](017 [61); Z]([jMz,Mé]? 02, T))

where My =4 M} reduces to

[GU; Z] ([jmax(Ml,Mg),max(Ml,Mg)]7 [COpTOdMl,MQ](Ol, 02), Mmax(Ml,Mg))

The obvious analogs of Lemmas — hold for TS3.

7.4 Local confluence for general terms of TS3
There are eight new confluence situations associated with disjoint union. They are:

1. Elcoprod-reduction at the root with:

(a) coprodjl-reduction at [coprod].
(b) coprod2-reduction at [coprod).

2. coprodjl-reduction at the root with:
(a) coprodj2-reduction at [coprod).
(b) jj-reduction at [ev; z].
(¢) jMM-reduction at [j].

3. coprodj2-reduction at the root with:
(a) coprodjl-reduction at [coprod].
(b) jj-reduction at [ev; z].
(¢) jMM-reduction at [j].

which are handled in exactly the same way as similar confluence situations for [forall] and
[total].

7.5 Derivation rules of TS3

The derivation rules for contexts and judgements of TS3 are the derivation rules for TS2
together with the following additional ones:

F|—01:Z/1M1 F|_013UM2

I' = [coprods, m,) : Umaz(hy My)

Iz T Tay: Th>
F,x : [H](Tl,TQ)D
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F,.fl?l . Tl,Sl . 51>
F,SCQ . TQ,SQ . SQ[>
L, s [ 2, 20 (Th, Ts, S1, S2, a)>

F }_ a . [H](Tl,TQ)

Fl_OliTl F,.CL'QZTQD
I'= [iil](Tl,Tg,Ol) . [H](Tl,TQ)

F,$1:T1|> Fl_OQZTQ
[+ [”2] (T1>T2,02) : [H] (Tl,T2)

UF sy Iz (T, S[[ial](Th, Ta, 1) /o))
'k So © [H,LEQ] (T27 S[[m2](T1, TQ,JIQ)/O])
['F [sum;z](T, Ty, $1, 52,0, 5) : Slo/x]

U,z [O(Ty,Ts),y: S>> I'Fo: [Ty, Ts)

8 Adding the empty type - system TS4

8.1 TS4 terms and typing function

Definition 8.1.1 [d41] The following labels are permitted in the expressions of TSj - the
labels permitted in TS3, empty, empty,..

The notions of u-level expressions, T- and o- terms in TS4 are defined as follows:
Definition 8.1.2 /d42/

1. expressions with the root node caring a TS3-label is an_u-level expression, o-expression
or a T-expression according to the rules of Definition ,

2. expressions with the root of the form [empty] and [empty,] are o-expressions,

Definition 8.1.3 [d43/ A TS4-term is a TS4-expression such that:

1. any node caring one of the TS3-labels satisfies the conditions of Definition ,
2. any node of the form [empty] has valency 0,

3. any node of the form [empty,| has valency 2, its first branch is a T-expression and its
second branch an o-expression.

Definition 8.1.4 /d44/ A node in T'S4 term is called non-essential if it satisfies the condi-
tions of Definition . The same applies to the definition of essential nodes, essential and
non-essential subexpressions and of Ess(E) is extended to TSj-terms in the obvious way.
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We let T'S4 denote the set of TS4-terms and 774 and 074 denote the subsets of T-terms
and o-terms. The obvious analog of Lemma 3.1.% holds for TS4-expressions. We extend to
TS4 the abbreviations introduced for TS3-expressions and also abbreviate [El][empty] as 0.

Definition 8.1.5 /dtaud/ Under the assumptions of Definition we extend the typing
function m to o-terms of T'S4 as follows:

1. the value of T on an o-term whose root node carries a TS3-label is computed according

to the rules of Definition .
2. mr([empty]) = Uy,
3. mr([empty,)(T,0) =T

We have the obvious analog of Proposition for T'S3.

8.2 Equivalence relations =4 and ~4 on TS4-terms

The relations =4 and ~_4 are extended to TSl-terms in the obvious way. We also have
obvious analogs of all the statements of Section @

8.3 Reducibility relation on TS4 terms

There are no new reductions for TS4 compared to TS3. The obvious analogs of Lemmas

h.1.3k.1.4 hold for TS4.

8.4 Local confluence for general terms of TS4

There are no new confluence situations for TS4 compared with TS3.

8.5 Derivation rules of TS4

The derivation rules for contexts and judgements of TS4 are the derivation rules for TS3
together with the following additional ones:

I'>
I'Fempty : Uy

Fz:Tr> Tho:0
L'k empty,(T,0) : T

This derivations rules show in particular correctness of the following definition

Def.  fromempty(T : Type) := Xz : (), [empty,|(T, z) : Hx 0, T
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9 Adding generalized W-types - system TS5

9.1

TS5 terms and typing function

Definition 9.1.1 /d51] The following labels are permitted in the expressions of TS5 - the
labels permitted in TS4, [IC;x,y, 2|, [¢;x,y, 2], [IC;x,y, 2,2, v], [ic;x,y, z].

The notions of u-level expressions, T- and o- terms in TS5 are defined as follows:

Definition 9.1.2 [d52/

1.

expressions with the root node caring a TS4-label is an_u-level expression, o-expression
or a T-expression according to the rules of Definition ,

expressions with the root of the form [IC;x,y, z] are T-expressions,

expressions with the root of the form [c;x,y, 2], [IC,;x,y,z,2',v] and [ic;x,y, z] are
0-exTPTessions.

Definition 9.1.3 /d53/ A T'S5-term is a TS5-expression such that:

1.

2.

any node caring one of the T'S4-labels satisfies the conditions of Definition ,

any node of the form [IC;x,y,z] has valency 5, its first branch, third and fourth
branches are T-expressions and second and fifths branches are o-expressions, the first
and second branch do not depend on x,y, z, the third branch does not depend on vy, z
and the fourth branch does not depend on z,

any node of the form [c;x,y, z] has valency 7 with the same conditions on the first five
branches as for [IC; x,y, z], the sizth and seventh branches are o-expressions which do
not depend on x,y and z,

any node of the form [IC,;z,y, z,2',v] has valency 8 with the same conditions on the
first five branches as for [IC; z,y, z] and additional condition that they do not depend
on x',v, its sixth and eighths branches are o-expressions, its seventh branch is a T-
expression, the sixth and eighths branches do not depend on x,y,z,x',v, the seventh
branch does not depend on x,vy, z,

any node of the form lic;x,y, z] has valency 8, its first three branches are u-level
expressions and the last five branches are o-expressions, the fourth and fifth branches
do not depend on x,y,z, the sixth branch does not depend on y,z and the seventh
branch does not depend on z.

Definition 9.1.4 /d54/ A node in TS5 term is called non-essential if it satisfies the condi-
tions of Definition . The same applies to the definition of essential nodes, essential and
non-essential subexpressions and of Ess(E) is extended to TS5-terms in the obvious way.
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We let T'S5 denote the set of TS5-terms and T'5 and oT'5 denote the subsets of T-terms
and o-terms. The obvious analog of Lemma B.1.7 holds for TS5-expressions. We extend to
TS5 the abbreviations introduced for TS4-expressions.

Definition 9.1.5 /dtaub/ Under the assumptions of Definition we extend the typing
function m to o-terms of TSH as follows:

1. the value of T on an o-term_whose root node carries a TS4-label is computed according
to the rules of Definition |8.1.4.

2. mo([e;2,y, 2)(A a, B, D, q,b, f)) = [IC;,y,2)(A,a, B, D, q),
3. m([ICy;z,y, z, 2", v](A,a, B, D, q,i,5,t)) = Sla/x,i/v],

4. mo(lic;x,y, 2|(My, Ma, M3, 04,a,08,0D,4)) = Umazs(My Mz, Ms)-

We have the obvious analog of Proposition M for TS5.

9.2 Equivalence relations =4 and ~4 on TS5-terms

The relations =4 and ~_4 are extended to TShH-terms in the obvious way. We also have
obvious analogs of all the statements of Section @

9.3 Reducibility relation on TS5 terms

Definition 9.3.1 /drd5/ Let UC = (Fu,.A) be universe context and FV a sequence of T-
variables. Define a relation =4 on T'S5(Fu, FV, Fv) for all Fv as the transitive closure of
the union of the following reduction relations:

1. Reductions of Definition .

2. Elic-reduction. An essential sub term of the form [El|[ic; x,y, z)(My, My, M3, 04, a,05,0p,q)
reduces to [IC;x,y, z|([El](0a), a, [El](0B), [El]l(0op), q)-

3. ICiota-reduction. An essential subterm of the form
I:ICT; x? y7 Z7 xl’ U] (A7 a7 B7 D? [C; x? y’ Z] (AI7 CLI? BI? Dl’ Q7 b7 f)’ S’ t)
where A~ A, a~qd, By B and D ~4 D' reduces to

tab f[Nd(Dla/x,b/y],[ICr; 2.y, 22" v](A gla/x,b]y,d/z], B, D,q, (f d)))

The obvious analogs of Lemmas — hold for TS5.
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9.4 Recursive equality in TS5

In the following two rules we use the notation qd = gla/x,b/y, z/d).

Me:Ay:B,z:DkFq: A

[ya: A [IC;x,y,2|(A,a,B,D,q),t, : Ti>

Tya:Aji:[IC;x,y,2|(A,a,B,D,q),ty : Tor>

(I'ya: Ayb: Bla/x],d: Dla/z,b/yl,i: [IC;x,y,2](A,qd, B,D,q) - Tilqd/a] =4 T5[qd/a]) =
(Dya:Ayi:[IC;z,y,2](A,a,B,D,q) =Ty =4 T5)

Tya:Ai:[IC;x,y,2|(Aa,B,D,q) - Ty =4 T

Me:Ay:B,z:DkFq: A
Lya:Aji:[IC;x,y,2|(Aja,B,D,q) - f: T
Tya:Ai:[IC;x,y,2|(Aya,B,D,q)Fg: T
(Tya: A,b: Bla/z|,d : Dla/z,b/y],i: [IC;x,y,z](A,qd, B,D,q) & flgd/a] =4 g[qd/a]) =
(Tya: Ayi:[IC;z,y,2](A,a,B,D,q) & f =4 9)
Tya:Ai: [IC;x,y,2|(Aya,B,D,q) - f=a9

9.5 Local confluence for general terms of TS5

There are no new confluence situations for TS5 compared with TS5.

9.6 Derivation rules of TS5

The derivation rules for contexts and judgements of TS5 are the derivation rules for TS4
together with the following additional ones:
'Fa:A T,x:Ay:B,z:DFqg: A
Cow: [IC;z,y,2](A,a, B, D, q)>

F,.CE . [El](OA) F (03] IZ/{]M2
Ckoa:Uy, Thra:[El(oa) T,z:[El(oa),y:[El(op)tF op: Uy
U,z : [Ell(oa),y : [El](op),z: [El](op) F q : [El](04a)

't [an x,Y, Z]<0A7 a,0B,0p, Q> . umaz(Ml,Mg,Mg)

'ta:A T,z:Ay:B,z:DFq:A T'kFb:Bla/x] TFf:[][;7](Dla/z,b/y], [Cqa)
I'E oy 2(Aa, B, D,g,b, f): [IC;z,y,2|(A a, B, D, q)

where

ICqa = [IC; x,y, 2](A, qla/x,bly, 2" /2], B, D, q)
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and

'Fa:A

Ie:Ay:B,z:DkFq: A

Lki:[IC;z,y,2|(A a,B,D,q)

o' :Awv:IC2,s: 5S>

it 116 Ay« Bl fa))(w [T 2Dl 2, of ), 1CG),

L d(D' /.y [y], Slala’ /.y [y, d/=] /2", (wd) [v]) = S[(ca'y'w)/v]
C'E[IC;x,y, 2,2, v](A,a,B,D,q,i,S,t) : Sla/x',i/v]

where

ICZ = [IC;x,y,2|(A, 2/, B, D,q)
10q = [IC;2,y,2|(A, gl /2,y [y, 2 /2], B, D, q)
cr'y'w = [e;z,y,2)(A, 2", B, D, ¢,y , w)

Remark 9.6.1 Our inductive type [[C;x,y, z](A,a, B, D, q) corresponds to the following
inductive definition in Coq:

Inductive IC(A:Type)(a:A)(B:A->Type)(D:forall x:A, ( B x -> Type ))(q:forall x:A, forall
y:B x, forall z: D xy, A):= c: forall b:B a, forall f: (foralld: Dab, IC A (qabd) BD q),
ICAaBDq.

with [/C,;...] being a direct analog of the eliminator IC,. and the reduction rule the direct
analog of the iota-reduction for this inductive type.

10 Datatypes

The basic constructions of TS5 allow one to define various "datatypes” i.e. types with
associated eliminators and computation rules which in Coq are introduced by strictly positive
inductive definitions without pseudo-parameters. In this section we consider only natural
numbers and binary trees but it should be possible to write down a simple algorithm which
would translate a general strictly positive inductive definition without pseudo-parameters
into the language of TS5.

10.1 Natural numbers
The object of type Uy corresponding to natural numbers is defined as follows:

Def. nat:=[ic;z,y,z]|(0a,tt,0p,0p,tt) : Uy

where
0p:=pt op:= [COPTOdO,o] (pt7pt)
op := [sum;y'|(Pt, Pt,(\z": Pt,empty), (A2 : Pt,pt),y,Us)
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We will write N for [El|(nat). The two standard constructors for N are defined as:
Def. O :=|cx,y,z](A,tt, B, D,tt,[iil](Pt, Pt tt), (fromempty N)) : N

Def. S:=An:N,cx,y,z|(Att, B, D,tt, [ii2]|(Pt, Pt,tt),(At: Pt,n)): N - N

where

A:=[El(o) = Pt B:=[El|(op)=PtIIPt D =][El(op)

The eliminator associated with natural numbers is defined as:

[nat,;v](v: N, v : Tr>) (oo : T[O/v])(0s : H(v :N)(y:T),T[(Sv)/v])(n:N):=

= [ICy;x,y, z, 2" v|(A, tt, B, D, tt,n,T,t) : T[n/v]

where

t- @ PO s PEITPE(w: DIy fy] = N)(s : [[d+ DIy /9], Tl(wd) /),

T([c;z,y, 2|(A, 2", B, D, tt,y',w)/v)

using eliminators for Pt and Pt I1 Pt we see that it is sufficient to describe ¢ tt [#i1](¢t) and
ttt [132](tt) whose types are

ttt [ual](tt) H(w 0 — N)( Hd 0, T[(wd)/v]), T([c; z,y, z](A, tt, B, D, tt, [1#i1](tt), w) /v)
and

ttt[ii2)(tt) - [[(w: Pt — N)(s: [[d: Pt,T[(wd)/v]), T([e;z,y, 2](A, tt, B, D, tt, [ii2](tt), w) /v)

= Mz : Pt)(y : PHIP)(w: [[ 2 : D,N)(s: [ [ d: D, Thwd/v]), [sum; y/|(Pt, Pt, fi, fo,y, (] [(d: DI /9])

11 Adding the identity types - system TS6

11.1 TS6 terms and typing function

Definition 11.1.1 /d61] The following labels are permitted in the expressions of TS6 - the
labels permitted in TS5, Id, paths, refl, [J;z, €].

The notions of u-level expressions, T- and o- terms in TS6 are defined as follows:

Definition 11.1.2 /d62/

1. expressions with the root node caring a TS5-label is an_u-level expression, o-expression
or a T-expression according to the rules of Definition ,
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2. expressions with the root of the form [Id] are T-expressions,

3. expressions with the root of the form [paths], [relf] and [J;x, €] are o-expressions,

Definition 11.1.3 /d63/ A T'S6-term is a TS6-expression such that:

. any node caring one of the TS5-labels satisfies the conditions of Definition ,

~

2. any node of the form [Id] has valency 3, its first branch is a T-expression and the last
two branches are o-expressions,

3. any node of the form [paths] has valency 4, its first branch is a u-level expression and
the following three branches are o-expressions,

4. any node of the form [refl] has valency 2, its first branch is a T-expression and its
second branch is an o-expression,

5. any node of the form [J;x,e| has valency 6, its first branch is a T-expression, the
following 4 branches are o-expressions all of them do mot contain x,e and the last
branch is a T-expression.

Definition 11.1.4 /d64/ A node in TS6 term is called non-essential if it satisfies the condi-
tions of Definition . The same applies to the definition of essential nodes, essential and
non-essential subexpressions and of Ess(E) is extended to TS6-terms in the obvious way.

We let T'S6 denote the set of TS6-terms and 776 and 076 denote the subsets of T-terms
and o-terms. The obvious analog of Lemma B.1.7 holds for TS6-expressions. We extend
to TS6 the abbreviations introduced for TS5-expressions, abbreviate [paths|(M,t, 01,09) as
[paths](t, 01,09), [Id](T,01,09) as IdT 01 03 and write Idxy for Idm(z) zy and reflo for

[refl](mr(0),0).

Definition 11.1.5 /dtau6/ Under the assumptions of Definition we extend the typing
function m to o-terms of TS6 as follows:

1. the value of T+ on an o-term whose root node carries a TS5-label is computed according

to the rules of Definition [15.1.4.
9. m([pathsu)(t, 01, 05)) = U,
3. m([refl)(T, 0)) = [1d](T’, 0,0),
b (72, €l(T,0,b,4,4, 8)) = Slor/,0a/, 03]

We have the obvious analog of Proposition M for T'S6.
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11.2 Equivalence relations =4 and ~ 4 on TS6-terms

The relations =4 and ~_4 are extended to TSl-terms in the obvious way. We also have
obvious analogs of all the statements of Section .

11.3 Reducibility relation on TS6 terms

Definition 11.3.1 /drd6/ Let UC = (Fu, A) be universe context and FV a sequence of
T-variables. Define a relation =4 on TS6(Fu, FV, Fv) for all Fv as the transitive closure
of the union of the following reduction relations:

1. Reductions of Definition .

2. FElpaths-reduction An essential subterm of the form [El|[pathsy|(t,01,092) Teduces to
[Ld)([ET](1), 01, 02),

3. pathsj-reduction An essential subterm of the form [pathsg,]([ev; z]([jan ar), T, ), 01, 02)
such that My =4 Mj reduces to [ev; x]([jar, ), [Pathsag](t, 01,02), My),

4. Jiota-reduction. An essential subterm of the form [J;x,e|(T,a,d’, q,[refl](T",d"),S)
such that a ~4 a' ~4 a" and T ~4 T" reduces to q,

The obvious analogs of Lemmas — hold for TS6.

11.4 Local confluence for general terms of TS6

There are the following new confluence situations in T'S6 compared with T'S5:

1. Elpaths-reduction at the root and pathsj-reduction at [paths],
2. pathsj-reduction at the root and

(a) jj-reduction at [ev;z],

(b) jMM-reduction at [j].

These cases are dealt with in the same way as similar cases for [forall], [total] etc.

11.5 Derivation rules of TS6

The derivation rules for contexts and judgements of TS6 are the derivation rules for TS5
together with the following additional ones:

F'kEt:Uy Tro:[Elt] T'Fog:[El]
I'F [pathsy](t, 01,09) : Upy
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I'Foy:T T'kFoy:T
F,’y . [[d](T, 01,02)|>

I'o:T
T'E [refl](T, o) : [Id|(T,o,0)

Uyz:Tye: [Id(T,a,z),z:S> 'eb:T

I'ka:T UC'kq:Sla/z,[refl|(T,a)/e] T vi:[Id|(T,a,b)

I't[Ji2,e](T,a,b,q,i,5) : S[b/,i/e]
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12 Adding resizing rules RRO and RR1 - system TS7

In order to introduce the resizing rules we will need the folioing definitions:

1. Def. Iscontr(X :Type):=> z: X, []y: X, Idyzx

2. Def. Hfiber{X,Y :Type}(f: X = Y)(y:Y):=> z: X, Id(fz)y

3. Def. Isweq{XY Type}(f: X —=Y):=]]y:Y,Iscontr(H fiber fy)

4. Def. Weq(XY :Type):=> f: X =Y, Isweq f

5. Def. Isaprop(X : Type) =[]z : X,[[2": X, Iscontr(Idx ')

6. Def. Isaset(X :Type):=]]z: X,[[2": X, Isaprop(Idzx’)

7. Def. idfun(X : Type) = x: X, x

8. Th. idisweq(X : Type): Isweq X

9. Def. idweq(X : Type) = [pair; f](Isweq f,idfun X, idisweq X) : Weq X X

12.1 TS7 terms and typing function

Definition 12.1.1 /d71] The following labels are permitted in the expressions of TS7 - the
labels permitted in TS6, rr0, rrl.

The notions of u-level expressions, T- and o- terms in TS7 are defined as follows:
Definition 12.1.2 /d72/

1. expressions with the root node caring a TS5-label is an_u-level expression, o-expression
or a T-expression according to the rules of Definition ,

2. expressions with the root of the form rrQ and rrl are o-expressions,

Definition 12.1.3 /d73/ A TS7-term is a TS7-expression such that:

1. any node caring one of the TS6-labels satisfies the conditions of Definition ,

2. any node of the form [rr0] has valency 5, its first two branches are u-level expressions
and the last three are o-expressions,

3. any node of the form [rrl] has valency 3, its first branch is an u-level expression and
the last two branches are o-expressions,
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Definition 12.1.4 [d74] A node in TS7 term is called non-essential if it satisfies the con-
ditions of Definition or if it belongs to the subexpressiont or e of a subexpression of the
form [rrO](My, Ms, s,t,e) or if it belongs to subexpression p of a subexpression of the form
[rr1](M,a,p).

The definition of essential nodes, essential and non-essential subexpressions and of Ess(E)
is extended to TS6-terms in the obvious way.

We let T'S7 denote the set of TS7-terms and 777 and 017 denote the subsets of T-terms and
o-terms. The obvious analog of Lemma @ holds for TS7-expressions. We extend to TS7
the abbreviations introduced for TS6-expressions and also abbreviate [rr0](Ma, M, s,t,e) as
(7700500, ] (5, t, €) and [rrl](M, a,p) as [rrly](a,p).

Definition 12.1.5 [dtau7/ Under the assumptions of Definition we extend the typing
function m to o-terms of TS7 as follows:

1. the value of T+ on an o-term _whose root node carries a TS6-label is computed according
to the rules of Definition .

2. TF([TTOMQ,Ml](Sa t, 6)) = uM17

3. m([rriyl(a,p)) = U,

We have the obvious analog of Proposition for TST7.

12.2 Equivalence relations =4 and ~4 on TS7-terms

The relations =4 and ~4 are extended to TS7-terms in the obvious way. We also have
obvious analogs of all the statements of Section B.2.

12.3 Reducibility relation on TS7 terms

Definition 12.3.1 /[drd7/ Let UC = (Fu, A) be universe context and FV a sequence of
T-variables. Define a relation =4 on TST(Fu, F'V, Fv) for all Fv as the transitive closure
of the union of the following reduction relations:

1. Reductions of Definition .

2. ElrrO-reduction. An essential subterm of the form [El][rrOn, (s, t,e) reduces to

[El)(s).

3. forallrrOa-reduction. An essential subterm S = [forallys, ar; @]([r70nz,0](5, 1, €), 02)
such that My =4 M| and M| <4 M3 reduces to

[Tromaz(Mg,Mg),maz(M1,Mg)]([fora”M;g,Mz; ,I’] (87 02)7 57 zdweq S)
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10.

11.

12.

15.

14.

15.

16.

. forallrrOb-reduction. An essential subterm S = [forally, ar; x](01, [170ns a1) (5, 2, €))

such that My =4 M} and M} <4 M3 reduces to
[Tromax(Ml,Mg),maz(M1,M2)]([forallMl,M;g; $] (017 3)7 57 ’ld'erq S)

totalrrOa-reduction. An essential subterm S = [totaly a,; @]([r70ns 00](8, 1, €), 02)
such that My =4 M| and M| <4 M3 reduces to

(170 maw(Ms, Mo);maz (M, M) ([Eotal g, ay; (5, 02), S, idweg S)

totalrrOb-reduction. An essential subterm S = [totaln, a,; @](01, [r0n ] (5,1, €))
such that My =4 M) and M} <4 Ms reduces to

[rTOmaI(Ml,Mg),ma:C(Ml7M2)] ([tOtalMl,Mgg; x] (017 3)7 Su Zdweq S)

coprodrrla-reduction. An essential subterm S = [coprodus, ap,)([170ns017](8, 1, €), 02)
such that My =4 M| and M{ <4 M3 reduces to

[rromax(Mg,M2),max(M1 ,MQ)] ([COPTOdMg,MQ} (87 02)7 57 /deeq X)

coprodrrOb-reduction. An essential subterm S = [coprodus, ap)(01, [0 a15](5, L, €))
such that My =4 M, and M} <4 M3 reduces to

[Tromax(M1,Mg),max(Ml,Mg)] ([COPTOdMl,Mg] (017 8)7 S7 @dweq S)

pathsrrO-reduction. An essential subterm S = [pathsyy,|([rrOns, 1] (8,1, €), 01,02) such
that My =4 M| and M| <4 My reduces to

[TTOM2,M1]([pathSM2](Su 01, 02)7 S, idweq S)
rrirr0-reduction. An essential subterm of the form [rrly](a,p) reduces to
[rrOaro)(a, [rriad(a, p), idweq [rrln](a, p)).

jrrOj-reduction. An essential subterm of the form jam ar [r70n, 00 ](8,t,€) such that
M{ =4 My and My <x My <4 Ms reduces to jus, w S-

jrrOrr0-reduction. An essential subterm of the form jar ap, [r7On (s, t, €) such that
M{ =4 My and My <x My <4 M; reduces to [rr0ng as,] (S, Jan as t, €).

rrOjj-reduction. An essential subterm of the form [rrOyp ar]((Jas,ary 8), t, €) such that
My =4 My and My <a My <4 My reduces to jag, -

rrQjrr0-reduction. An essential subterm of the form [rrOnsy ar, ] ((Jas,azg 8), 1, €) such that
Mz =4 M} and My <4 My <a My reduces to [rrOp, a (S, ¢, €).

rrOrr0-reduction. An essential subterm of the form [rrOnz, an ] ([r70n; a15] (8, t2, €2), 1, €1)
such that My =4 M} and My <4 My <4 M; reduces to [rrOp an (s, t1,€1).

rrOMM-reduction. An essential subterm of the form [rrOnar](s,t,e) such that M =4
M’ reduces to s.

The obvious analogs of Lemmas — hold for TS7.
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12.4 Local confluence for general terms of TS7

There are, if I have not missed anything, 91 new confluence cases related to the addition of
resizing rules RRO and RR1. We consider them below by naming the corresponding root
reduction and the reduction at an exposed essential sub-term. The proofs in all cases seem
to be straightforward.

1. Elj-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.

2. Elforall-reduction at the root.

(a) forallrrOa.
(b) forallrrOb.

3. jj-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.

4. forallja-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.

5. foralljb-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.

6. Eltotal-reduction at the root.

(a) totalrrOa.
(b) totalrrOb.

7. totalja-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.

8. totaljb-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.
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10.

11.

12.

13.

14.

15.
16.

17.

Elcoprod-reduction at the root.

(a) coprodrr0a.
(b) coprodrrOb.

coprodja-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.

coprodjb-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.

Elpaths-reduction at the root.
(a) pathsrr0.
pathsj-reduction at the root.

(a) jrr0j.
(b) jrrOrr0.

ElrrO-reduction at the root.

forallrrOa/forallrrOb-reductions at the root.

forallrrOa-reduction at the root.
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18.
19.

20.

21.

22.

23.

24.

25.

totalrrOa/totalrrOb-reductions at the root.

totalrrQa-reduction at the root.

coprodrr0a/coprodrrOb-reductions at the root.

coprodrrOa-reduction at the root.

coprodrrOb-reduction at the root.

(a) rr0jj.

(b) rr0jrr0.
(c) rr0rr0.
(d) rrOMM.

pathsrrO-reduction at the root.
(a) rr0jj.

(b) rr0jrr0.
(¢) rrOrr0.
(d) rrOMM.

jrrOj-reduction at the root.

(a) rr0jj.
(b) rr0jrr0.
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26.

27.

28.

29.

30.

(¢) rrOrr0.
(d) rrOMM.

jrrOrrO-reduction at the root.

rrOMM-reduction at the root.

(a) rr0jj.
(b) rr0jrr0.
(¢) rrOrr0.
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12.5 Derivation rules of TS7

1.
'Es:Uy, TEt:Uy, M <agMy, T'Fe:Weqx*xs xt

I'F [rrOas.an (s, T, €) - Unp,

I'a:Uy TFEp:Ilsaprop xa
' [rrl](a,p) : Uy

12.6 Main meta-theorems and conjectural meta-theorems for TS6

In what follows we fix a universe context UC' and a sequence of T-variables F'V and consider
all the notions relative to this context and this sequence.

Lemma 12.6.1 /lm000/ In TS6 one has:

1. Any derivation tree for a context of the form I, 1> has a rooted sub-tree whose leaves
are contexts of the form I't>.

2. Any derivation tree for a judgement of the form I',T" &+ o : T has a rooted sub-tree
whose leaves are contexts of the form T'.

Proof: Induction on the length of the derivation tree. In the first case if I is empty then
there is nothing to prove. Looking at the derivation rules we see that the premises for any
derivation rule for a context of the form I', 1> where I" is non-empty has either the same
form or of the form I';T” F o : T or equals I'>>. The premises for any derivation rule for a
judgement of the form I', IV F o : T is either of the same form or of the form I", I'> where I
is non-empty or equals I'>.

Definition 12.6.2 /d000/ For a contezt of the form U',I'>> or a judgement of the form
[TV F o : T the derivation depth relative to I' is the minimum over all derivation trees of
the depth of the smallest sub-tree with all leaves equal I't>.

Note that the derivation depth relative to I" is 0 only for I't>. Note also that for any context
or judgement of the form considered in Definition there exists a derivation rule which
produce this context or judgement such that all the premises are again of the same form and
their derivation depth relative to I' is strictly less than for the original context or judgement.

Lemma 12.6.3 /1m00/ One has:

1. Letxy :Ty,...,x, : T,,> be a derivable context in TS6. Then for any i < n the context
xy: T, ..., x; ' T;> is derivable.
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2. Letxy :11,...,z, : T, Fo:T be a derivable judgement in TS6. Then for any i < n
the context x1 : T4, ... ,x; : T;>> is derivable.

Proof: The statements:

1. Let xy : Ty, ..., x, : T,,>> be a derivable context in TS6 of derivation depth < N. Then
for any ¢ < n the context x1 : T1,...,x; : T;> is derivable.

2. Let x : Th,...,xn : T, F o : T be a derivable judgement in TS6 of derivation depth
< N. Then for any ¢ < n the context xy : 11, ..., x; : T;>> is derivable.

are immediately provable by induction on N from the form of the derivation rules.

12.7 Main conjectural meta-theorems for TS0

Let us fix a universe context UC = (Fu,.A) and a sequence of T-variables F'V.

Definition 12.7.1 /bnd/ A term E is said to be bounded relative to A if there exists d € N
such that for any sequence of the form E =4 Fy =4 Ey =4 ... =4 E, one hasn < d. The
smallest d satisfying this property is called the reduction depth of E.

Definition 12.7.2 nf] A term E’ is said to be a normal form of a term E relative to A if
there is a sequence of the form E =4 Ey =4 ... =4 Eq = E' and the reduction depth of E’
is 0. A term is said to be in the normal form if it is a normal form of itself.

In our system there is no chance for the actual uniqueness of the normal form. Instead the
normal form of derivable terms (see below) is expected to be unique up to =4.

Definition 12.7.3 [derivable/ A T-term T is called derivable (relative to UC') if there is a
derivable context of the form I',x : Tt>. An o-term o is called derivable if there is a derivable
judgement of the form I' o :T.

Conjecture 1 [c1] If E is a derivable term then any subterm of E is derivable.
Conjecture 2 [c5] If ' 0 : T is derivable then I' - o : 1r(0) is derivable.
Conjecture 3 [c2] If E is a derivable term and E =4 E' then E' is derivable.

Conjecture 4 [c3] If E is a derivable term, E =4 Fy, E =4 Ey then there exist E', FE)
such that By =4 Eb and Ey =4 B}, Ey =4 EY,.

Conjecture 5 [c4] If A# () and E is a derivable term then E is bounded.
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The following pre-theorems are theorems modulo the conjectures stated above.

Pretheorem 12.7.4 [ptl] Let A# (), E be a derivable term and E = 4 Ey, E =4 E, then
there exist EY, Eb such that E\ =4 EY and Ey =4 E, Ey =4 Ej.

Proof: 777

Pretheorem 12.7.5 [pt2] Let A # 0 and E be a derivable term. Then E has a normal
form N(E) and for any two normal fors N1(E), No(E) of E one has N1(E) =4 No(E).

Proof: 777

Definition 12.7.6 /deq/ Let A # () and E, E' be derivable terms. We say that E =4 E' if
for normal forms N(E), N(E') of E and E' respectively one has N(E) =4 N(E').

Note that our pre-theorems imply that if A # () then =4 is a decidable equivalence relation
on derivable terms.
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13

10.

11.

12.

13.

Appendix A. Complete list of derivation rules

>

r
z: X> for XeFV

Do :T, 1>
e T,1I"Fax:T

I'to:T Tyx:T'> T =41
'Fo:1T

'to:T Tyx:T'> T =4T
I'o0:1"

'Fo:T T~yT
I'kFo:T

Dox:T, 2" :T'>
Coa” ([ 2)(T, T >

I'Fo: Z/{M
T,z El(0)>

I'>
I'+= Upng - Z/[M—f—l

xe:TiFo:T;
['E [N z)(Th,0) - ([ 2)(Th, Ts)

Fl_Ol . [H,LIZ’](Tl,T2> Fl_OQITl
['F [ev; z](01, 02, T3) : To[0g/x]

I'> M, <y M,
I [jM17M2] : [H;x](uM17uM2)

IC'Foy Uy, T,x:[Ell(o))F o9 : Uy

I' = [forally, a; w)(01, 02) : Unaa(ay, M)
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Dix:Ty,y: T
Ly Do 2(Th, To)>

Coe:Ty,y:Tor> Tho:Ty TFos:Tho/x]

I+ [pair; z] (o1, 02, T3) : [32; 2)(Th, T2)

Cka: D z|(Th, T3)
Uk [prl;z|(Ty, Ty, a) : Tq

I'a: [Z,JT](Tl,TQ)

'~

[pr2; x|(T1, Ty, a) : Tol[prl; z|(T1, Ty, a)/z]

ko Uy, T,x:[Ell(o1)tF os: Uy

I' = [totalps, .y @] (01, 02) * Upnaw(aay M)

I'>
I'Fpt: Uy

I'>
'ttt Pt

Lox:Ptiy:T> T'tFo:T[tt/z
I+ [pty; (0, T) - [I[; 2](PE, T)

FI—01:MM1 F|—01:Z/{M2

F,ZC : [H](TLTZ)?y .S >

L' F [coprods, w01, 02) : Unnaz (M, M2)

F,ZL'l ZT1[> F,xQ:TQD
F>$ : [H](TlaTQ)D

I'Foy 17 T,xg:Th>
'k [iil](Tl,TQ,Ol) . [H](T17T2)

ey :Th> T'kog:Th
'k [Z’LQ] (Tl,TQ,OQ) . [H] (Tl,TQ)

'~ S1 - [H, I1]<T1, SHZZl](Tl,TQ,ZEI)/O])
'+ S9 . [H, I’Q](TQ, SHZ’LQ](Tl,TQ,ZEg)/O])

F |_ (02N [H](Tl,TQ)

'+ [Sum;x](T17T2751782707 S) : S[O/x]
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

e :N,y:Tr> r

I'>
I'Fempty : Uy

Le:T> TrRo:0
' empty,(T,0): T

I'>
I' - nat : Uy

I'>
'-0:N

I'>
LS 2](N,N)

I'to,:T[O/x]
= oz : [T 2](N, [TT; wl(T, Tlev; 2](S, 2, N) /a]))

'En:N

'k [nat,; z)(o1,02,n,T) : Tn/x]

F'kEt:Uy Tro:[Elt] TFoy:[El]

I'ta:T

I' F [pathsa(t, 01,02) : Uns

I'Foy:T T'koy: T
Fay : [Id](Ta 01a02)l>

'Fo:T
I'E [refl](T, o) : [Id|(T,o,0)

Lya:Tye: [Id(T,a,z),2:S> 'Eb:T

U'kq:Slaj/z,[refl|(T,a)/e] T Fi:[Id|(T,a,b)

' s U,

' [J;z,el(T)a,b,q,i,5) : S[b/x,i/e]

PEt:Uy, M <qaMy, T'Fe:Weqxs xt

I'F [rrOas.an (s, t,€) - Ung,

I'a:Uy T FEp:Ilsaprop xa
L'F [rrly](a,p) : Up
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10.

Appendix B. Complete list of reductions

. Elforall-reduction.

[El)[foralla, am; 2)(01,02) =a [[ [; z)([El](01), [El](02))
Eltotal-reduction.

[Bl][totalar, ary; @](01,02) =a [ 2] ([El(01), [El)(02))

Elcoprod-reduction.

[El][coproda, a,)(Th, Ta) =4 [U]([El](01), [El](02))

Elpaths-reduction.

[El][pathsa](t, 01,02) =4 [Id]([El](t), 01, 02)

Elj-reduction
[El]lev; y)(lian an], 0, T) = [El](0)

. jMM-reduction.

[le,Mz} ~A [)‘a .7}] <UM17 [ZE]) fo M, =A M,

. beta-reduction.

lev; 2| ([\; 2] (T1, 01), 02, T2) =4 01]02/ ]

. jj-reduction.

[61); Z]([jMé,M?,L [61}; y]([.le,Mz]v OlvT)7T/) ~A [ev; Z]([.le,Ms]v OlvT/)

iff My=a M

. eta-reduction.

(X x] (T, [ev; y](o, [x],T2)) =4 0 iff fandT donot depend on x

forallja-reduction.
[forallMl,M2; 1’] ([6?]; z]([jMo,M{]> 01, T)a 02) A

[61); Z} ([jmax(Mo,Mz),maz(Ml,Mg)]7 [fomllMo,Mz; fE] (017 02)7 umam(Ml,Mg))
iff M{ =4 M,
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11.

12.

13.

14.

15.

16.

17.

18.

19.

foralljb-reduction.
[forallys, ar; @) (01, [ev; 2)([Jam,am], 02, T)) =4

[61); Z} ([jma:r:(Ml,Mg),max(Ml,Mg)]7 [mellMl,MQ; 1‘] (01, 02), uma:c(Ml,Mg))

iff  My=aMs
iotatotall-reduction.
[or L y|(Th, Ty, [pair; x](o1, 05, T3)) =a 01 iff  Toly/a] ~a T
iotatotal2-reduction.
[pr2; «](T1, Ty, [pair; yl(o1,02,T3)) =a 02 iff Taly/a] ~a T
etatotal-reduction.
[pair; z]([pri; y)(T1, T3, o), [pr2; y)(TV, T3, 0"), Ta) =4 0

iff o=a0 and Tyx/yl ~aTo ~a Ty[z/y]

totalja-reduction.
[tOtalMlJ\/b]([eU; Z]([jMo,M{]ﬂ 01, T)? 02) A

lev; 2] ([Fmaz(Mo,Ma),maz(My, Mp) |, [totalngy ary; ] (01, 02) s Unaa(viy M5) )
iff Mi=aM

totaljb-reduction.
[totalnr, ) (01, [ev; 2] ([T arz]5 02, T)) =4

[61}; Z] ([jmax(Ml,Mg),maw(Ml,Mg)]7 [tOtalMLMg ; .Z'] (01, 02)5 Z/{maa:(Ml,Mg))
iff My =aMs

iotapt-reduction.
levs a]([pt y](0; T), ¢, 1) =a0 iff T ~aTlx/y]
suml-reduction.

[sum; z|(T1, Ty, s1, 2, [141] (17, Ty, 0)) =4 [ev; x](s1, 0, [U|(T1, T3))

sum?2-reduction.

[Sum; ‘T] (Tla T3, 51, 52, [”2] (Tlla T2,’ 0)) A [61}; l’} (‘927 o, [H] (Tb TQ))
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20.

21.

22.

23.

24.

25.

26.

27.

28.

coprodja-reduction.
[coprodu, a](lev; 2)([ian, ] 01, T), 02) =4

[€U§ Z]([jmax(MO,Mg),max(M1,M2)]7 [COPTOdMO,MQ](Oh 02), umax(Ml,Mg))

iff My=4 M
coprodjb-reduction.
[coproda, v, (01, [evs 2] ([ias,my), 02, 1)) = a

[67]; Z] ([jmam(Ml,Mg),mam(Ml,M:g)]; [COprOdMl,Mg] (017 02)7 umam(Ml,Mg))
iff Msz=4 Mé

natO-reduction.
[natT; ‘CE] (017 02, 07 T) >_.A 01

natS-reduction.
[nat,; x](o1, 09, [ev; y|(S,n,N), T) =4 [ev; x]([ev; y](02, n, N), [nat,; x| (01, 09,n,T),T)
pathsj-reduction.
[pathsg,]([ev; 2]([Jar am), t, T), 01, 02) =a [ev; 2]([Jar, amg), [pathsag](t, 01,02), T)
iff Ms=4 M,
Jiota-reduction.

[z, e)(T,a,d, q, [refl(T',a"),S) =aq iff a=4d =4d" and T~y T

ElrrO-reduction.
[E[rrOns,,an (s, L, e) =4 [EI)(s)

forallrrOa-reduction.

S = [forallyn ;@) ([rr0ns 001] (5,1, €), 02)

such that M; =4 M| and M{ <4 Mj reduces to
[Tromax(Mg,Mg),maz(M1,Mg)]([forallM;g,MQ; 'I] (87 02)7 57 ’ld'erq S)
forallrrOb-reduction.

S = [forallyy ;) (01, [0 a15](5, T, €))

such that My =4 M} and M4 <4 Mj reduces to
[Tromam(Ml,Mg),maz(M1,M2)]([fora”Ml,M;;; ,I’] (Ola 3)7 57 Zdweq S)
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29.

30.

31.

32.

33.

34.

35.

totalrrOa-reduction.

S = [totalyr ;@) ([r70ns 007](8, 1, €), 02)

such that My, =4 M| and M{ <4 M; reduces to
[T Omaa (Mg, Ma) maz (v ) ([EOtalagg vy )(8, 02), S, idweq S)
totalrrOb-reduction.

S = [totalys, ;@] (01, [0 015] (5, T, €))

such that My =4 M} and M4 <4 Mj reduces to
[TTOmax(M1,M3),maJ:(M1,Mz)] ([tOtathMs? ](01, 5), S, idweq S)
coprodrrQa-reduction.

S = [COpTOdMl’MQ]([T’TOM&M{](S, t,e),00)

such that M; =4 M| and M{ <4 Mj reduces to
[rromax(Mg,Mz),max(Ml,Mz)] ([COPTOdMg,MQ} (87 02)7 Sa Zdweq X)
coprodrrOb-reduction.

S = [coprodg, (01, [rT0n,015] (5, T, €))

such that My =4 M, and M4 <4 Mj reduces to

(17O mmaz(My, Ms)maz(My,My) | ([cOPTOdar 1] (01, ), S, idweq S)
pathsrrO-reduction.

S = [pathsay ] ([rr0as,ar](8,, €), 01, 02)
such that My, =4 M| and M{ <4 M; reduces to
(17001500, | ([Paths g, (s, 01, 09), S, idweq S)

rrlrrO-reduction.

[rr1a](a, p) =4 [r70r0](a, [rrla](a, p), idweq [rrlpd(a, p))

jrrOj-reduction.
Jaag v (1700, 00, )(5, 8, €) =4 Jarp ity 8

iff Mi=aM; and M <q My <y M
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36.

37.

38.

39.

40.

15

jrrOrrO-reduction.
It [T700s5, 00,1 (8,1, €) = [17005 08, ] (8, Jay 0z 5 €)
lff M{ EAMl cmd M1 SA M2 SA M3

rrQjj-reduction.
[TTOMZ,MJ((jMo,Mé 5)? t 6) = A JMo,M; S

iff My=aM; and My <M <4 M

rrOjrrO-reduction.
[r70ns5, 01, ) ((Gatony 8)5 5 €) =4 [17001, 01,] (5,25 €)
iff Mz=aM; and My <M <4 M,
rrOrrO-reduction.
[17002,00 | ([17005,015 ] (5, T2, €2), t1, €1) =4 [1700s5,01,] (5, 21, €1)
iff My=aM; and M <My, <4 M;

rrOMMe-reduction.
[rrOn ] (s,t e) =a8 iff M=4M

Adding the natural numbers - system TS5

15.1 TS5 terms and typing function

Definition 15.1.1 [d51] The following labels are permitted in the expressions of TS5 - the
labels permitted in TS4, nat, O, S, nat,.

The notions of u-level expressions, T- and o- terms in TS5 are defined as follows:

Definition 15.1.2 [d52]

1.

expressions with the root node caring a TS4-label is an_u-level expression, o-expression
or a T-expression according to the rules of Definition ,

2. expressions with the root of the form [nat|, O, S and |nat,;z| are o-expressions,

Definition 15.1.3 /d53]/ A T'S5-term is a TS5-expression such that:

1.

any node caring one of the TS/-labels satisfies the conditions of Definition ,
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any node of the form [nat] has valency 0,
any node of the form [O] has valency 0,

any node of the form [S] has valency 0,

any node of the form [nat,| has valency 4, its first three branches are o-expressions
which do not contain x and the fourth branch a T-expression.

Definition 15.1.4 /d54/ A node in TS5 term is called non-essential if it satisfies the condi-
tions of Definition . The same applies to the definition of essential nodes, essential and
non-essential subexpressions and of Ess(E) is extended to TS5-terms in the obvious way.

We let T'S5 denote the set of TS5-terms and 775 and 07’5 denote the subsets of T-terms
and o-terms. The obvious analog of Lemma B.1.7 holds for TS5-expressions. We extend to
TS5 the abbreviations introduced for T'S4-expressions and also abbreviate [El][nat] as N.

Definition 15.1.5 [dtaub/ Under the assumptions of Definition we extend the typing
function m to o-terms of TS5 as follows:

1. the value of T on an o-term whose root node carries a TS4-label is computed according
to the rules of Definition .

2. 1r([nat]) = U,

5. m([0]) =N,

4. m([8]) = IT: 2](N,N),

5. r([nat: 2](01, 09,05, T)) = T

We have the obvious analog of Proposition m for T'S5.

15.2 Equivalence relations =4 and ~4 on TS5-terms

The relations =4 and ~_4 are extended to TSl-terms in the obvious way. We also have
obvious analogs of all the statements of Section B.2.

15.3 Reducibility relation on TS5 terms
Definition 15.3.1 /drd5/ Let UC = (Fu, A) be universe context and FV a sequence of

T-variables. Define a relation =4 on T'S5(Fu, FV, Fv) for all Fv as the transitive closure
of the union of the following reduction relations:

1. Reductions of Definition .
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2. natO-reduction. An essential subterm of the form [nat,;x](o1, 02,0, T) reduces to o,

3. natS-reduction. An essential subterm of the form [nat,;z](o1, 09, [ev;y](S,n,N),T)
reduces to [ev; z]([ev; y](o2,n, N), [nat,; x](01,09,n,T),T).

The obvious analogs of Lemmas — hold for TS5.

15.4 Local confluence for general terms of TS5

There are no new confluence situations for TS5 compared with TS5.

15.5 Derivation rules of TS5

The derivation rules for contexts and judgements of TS5 are the derivation rules for TS4
together with the following additional ones:

I'>
' nat : Uy

I'>
I'-O:N
I'>
C'ES:[[;z](N,N)

. [k oy : T[O/x] .
PNy T ([N ([T (T, Tllev; (8,0, N) ]y DN
I'F [nat,; z)(o1,02,m,T) : Tn/x]
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