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Martin-Lof type theory
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Abstract

This paper addresses the long-standing question of the predicativity of the Mahlo universe. A solution, called the extended
predicative Mahlo universe, has been proposed by Kahle and Setzer in the context of explicit mathematics. It makes use of the
collection of untyped terms (denoting partial functions) which are directly available in explicit mathematics but not in Martin-
Lof type theory. In this paper, we overcome the obstacle of not having direct access to untyped terms in Martin-Lof type theory
by formalizing explicit mathematics with an extended predicative Mahlo universe in Martin-Lof type theory with certain
indexed inductive-recursive definitions. In this way, we can relate the predicativity question to the fundamental semantics of
Martin-L6f type theory in terms of computation to canonical form. As a result, we get the first extended predicative definition
of a Mahlo universe in Martin-Lof type theory. To this end, we first define an external variant of Kahle and Setzer’s internal
extended predicative universe in explicit mathematics. This is then formalized in Martin-Lof type theory, where it becomes
an internal extended predicative Mahlo universe. Although we make use of indexed inductive-recursive definitions that go
beyond the type theory IIRD of indexed inductive-recursive definitions defined in previous work by the authors, we argue
that they are constructive and predicative in Martin-L6f”s sense. The model construction has been type-checked in the proof
assistant Agda.

Keywords: Martin-Lof type theory, Mahlo, universes, meaning explanations, extended predicativity, predicativity, explicit
mathematics, inductive-recursive definitions, indexed induction-recursion, constructive mathematics, Agda, partial functions

1 What is predicativity?

Theories with proof-theoretic strength up to I are said to be predicative in Feferman and
Schiitte’s sense. For example, the original version of Martin-Lof type theory with an infinite
tower of universes [21] has strength I and is thus predicative in this sense. However, when
Martin-Lof [22] added W-types, its proof-theoretic strength [28] increased and the theory became
impredicative in Feferman and Schiitte’s sense. Nevertheless, Martin-Lof still called his new theory
‘predicative’. A reason for this is that he [22] provided constructive semantic foundations in terms
of computations to canonical form of the expressions of his theory and a resulting account of the
sense in which the objects of the theory are ‘built up from below’. As we shall see in the next
section, Martin-Lo6f’s theory was later extended with progressively stronger constructions, such
as superuniverses [25], Mahlo universes [29, 30] and general inductive-recursive definitions [8—
11]. The claim is that Martin-L6f’s constructive semantic foundations can be extended so that
these constructions are covered too and thus can be seen to be predicative. Nevertheless, the
predicativity of the Mahlo universe is a non-trivial issue and this paper is aimed at throwing some
light on it.
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2 Extended predicative Mahlo universe in Martin-Lof type theory

In what sense are the objects of Martin-L6f”s theories built up from below? Consider first natural
numbers. These are built up from below, since a natural number is either 0 or (s n)! where n is already
a natural number built up from below. In Martin-L6f’s constructive semantics a : N provided it has
canonical form 0 or (s b), where b : N. Similarly, we have a : Wx : B.C provided a has canonical
form (sup b f) where b : Band f x : Wx : B.C for all x : C[b/x]. Just as for natural numbers, we
can see elements of W-types as being built up from below, because if we already have built 5 and
we have built (f* x) for all x : C[b/x], then we can build the compound element (sup & f). This
is to be understood in terms of computation to canonical form and can be visualized as building a
well-founded tree for (sup b f) with subtrees b and (f x) for all x : C[b/x]. In the next section, we
will present universe constructions. They are predicative in a similar sense as the W-types.

To avoid confusion with Feferman—Schiitte’s predicativity, one sometimes refers to Martin-L6f’s
notion as ‘extended predicativity’. This is what Kahle and Setzer [20] have in mind when they
call their new version of a Mahlo universe in explicit mathematics ‘extended predicative’. Their
axioms are abstracted from a model construction that describes how their Mahlo universe is built
up from below. However, the connection with Martin-Lof type theory and its extended predicativity
was left implicit. By implementing explicit mathematics with Kahle and Setzer’s Mahlo universe
in an extension of Martin-Lof type theory, we make this connection explicit. We here make use of
certain strong indexed inductive-recursive definitions going beyond our theory IIRD [12] of indexed
inductive-recursive definitions. (It is another source of confusion that the term ‘inductive-recursive
definition’ is ambiguous. Sometimes it refers to the type theories of inductive-recursive definitions
formally defined in our papers, such as IR and ITRD. At other times, it refers to definitions which
are outside those theories and are still inductive-recursive in that they simultaneously inductively
define one or more types and one or more functions by recursion on the way the elements of those
types are generated.)

This paper investigates the higher infinite in type theory, where we need to extend the already
proof-theoretically strong theories IR and IIRD.? A key point is to be constructive and predicative
in Martin-L6f’s sense. This amounts to explaining the meaning of the judgments of the theory in
terms of computation of canonical forms following the ideas described by Martin-Lof [22, 23] for
the basic type theories. However, similar meaning explanations can be given for inductive definitions
in type theory more generally. They can also be given for many universe constructions and their
generalization to inductive-recursive definitions, although Mahlo universes and similar constructions
pose special problems related to the discussion above. The present paper is an attempt to throw light
on these problems.

Plan of the paper. In Section 2, we recall how universes, including the Mahlo universe, are defined
in type theory. In Section 3, we present Feferman’s system of explicit mathematics. In Section 4,
we present Jager, Strahm and Studer’s [18, 19] axiomatic external Mahlo universe and Tupailo’s
[34] internal version of it. In Section 5, we present Kahle and Setzer’s extended predicative internal

I'We use in this article functional notation writing (s n) for the application of s to n. The brackets around s » in running
text are used to improve readability. Martin-Lof uses mathematical notation s(#).

2Setzer has shown in [11] that a lower bound for the proof theoretic strength of IR is that of KPM. An upper bound has not
been worked out yet. However, adapting the set theoretic models of IR and IIRD to a model in Kripke Platek set theory should
determine as an upper bounds for both theories that of KP plus one recursively Mahlo ordinal and finitely many admissibles
above it, details still need to be worked out. This leaves open the possibility that IR and IIRD reaches the strength of type
theory with one Mahlo universe. However, one can easily extend the strength of the type theory with one Mahlo universe by
adding universes on top of the Mahlo universe and therefore reach a strength which, if the conjectured upper bound is correct,
would go beyond the strengths of IR and IIRD. This means that the principle of a Mahlo universe goes proof-theoretically
beyond induction-recursion.

€20z 8unp zo uo Jasn ABojouyoa | Jo AlIsieAlun siawieyd Aq £2S8G 1 2 /2zopexe/woobol/c60L 0L /10p/8oIe-aoueape/woobol/woo dnooiwapese//:sdjy wol) papeojumod



Extended predicative Mahlo universe in Martin-Léf type theory 3

Mahlo universe in explicit mathematics. In Section 6, we present our new external version of Kahle
and Setzer’s Mahlo universe. In Section 7, we show how to formalize the external version in Martin-
Lof type theory with indexed inductive-recursive definitions in a general sense. However, these
definitions go beyond our theory IIRD of indexed inductive-recursive definitions. The formalization
is carried out in the proof assistant Agda [2]. In Sections 8 and 9, we introduce a slightly refined
version of the external extended predicative Mahlo first in explicit mathematics and then in type
theory. In Section 10, we show that the external extended predicative Mahlo universe in type theory
is closed under the rules for axiomatic Mahlo. In Section 11, we argue that this indexed inductive-
recursive definition is constructively valid and sketch meaning explanations for it in the sense of
Martin-Lo6f [22, 23]. We end the main part with a conclusion in Section 12. In Appendix A, we give
more details about the formalisation of terms in type theory. In Appendix B, we give the complete
set of rules for the resulting type theory.

Git repository. A git repository of the Agda code used in this paper can be found at [13].

2 Universes in type theory

We shall now present the development of universes and inductive-recursive definitions in type theory.

Universes a la Russell. In Martin-Lof type theory, a universe a la Russell [24] is a type of small
types much like a Grothendieck universe in set theory. In the logical framework formulation of
Martin-Lo6f type theory, one has a special type Set of sets, where a set should be understood as a
small type.

Just as a Grothendieck universe is closed under the basic operations for forming small sets, a
type-theoretic universe is closed under the basic constructs for forming sets, such as I7, X, +, etc.
Type-theoretic universes are also closely related to large cardinals in ZF set theory and admissibles
in Kripke—Platek set theory. Universes increase the proof-theoretic strength of type theory.

Universes a la Tarski. Martin-Lof [23] introduced universes a la Tarski as an alternative to the
original version a la Russell. A universe a la Tarski is a family of sets (U, T), where U is a set
of codes (or names), and T is a decoding function that maps codes to the sets they denote (their
extension). For instance, N : U is a code for the set of natural numbers, and T N = N.

Palmgren [25] introduced a next universe operator for universes a la Tarski. It maps any family
of sets to a universe containing it. In particular, it maps a universe (U;, T;) to the next universe
(Uit+1, Tix1). Given a first universe a la Tarski (U, Ty), we can construct an internal countable
hierarchy of universes (Uy, Ty), (Uy, T1), (Uz, T2),... by repeated application of the next universe
operator. It is more general than externally indexed towers of universes by giving rise to universes
that contain any family of universes indexed over a given set. For instance, one can form a universe
containing all (U;, T;) for i € N as elements.

A further step was taken by Palmgren who introduced the super universe (Vy,Sp), which is a
universe closed under the next universe operator.

One can then go on and define a next super universe operator that maps any type family to a
super universe containing it. In this way, we can form an increasing sequence of super universes
Vo, S0), (V1,S1),(V2,S2), . ... Furthermore, we can introduce a super-super-universe, that is, a
universe closed under the next super universe operator. This process can then be iterated so that
we get super”-universes.

External Mahlo universe. The next step beyond super universes is to build universes (Uy, Tr) closed
under an arbitrary family operator f, and not only when £ is the next universe operator, the next super
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4  Extended predicative Mahlo universe in Martin-Lof type theory

universe operator, etc. The rules for the universes (Uy, Tr) can be formalized in Martin-L6f’s logical
framework, a basic type theory with dependent function types (x : A) — B, dependent product types
(x : A) x B and the type Set of sets. If we define Fam(Set) = (4 : Set) x (4 — Set), we can form
a universe (Uy, Tr) : Fam(Set) for any f/* : Fam(Set) — Fam(Set). This formalisation is analogous
to the formation of Mahlo cardinals in set theory, and one can call Set therefore a Mahlo universe.
It is a large universe, because Set is no longer a set but a type, and therefore, we call it the external
Mabhlo universe.

Internal Mahlo universe. An even more radical step is to build a universe which is a set, which
contains all the universes (Uy, T) as subuniverses. We call it the internal Mahlo universe. More
precisely, one defines a Mahlo universe (M, Ty) : Fam(Set), where M : Set and Ty : M — Set is
the decoding. This Mahlo universe has subuniverses (U, Tr) : Fam(M) for arbitrary f/ : Fam(M) —
Fam(M), where Fam(M) = (4 : M) x (4 — M). This construction was introduced by Setzer [29, 30]
and was proof theoretically analysed based on Rathjen’s proof theoretic analysis of Kripke—Platek
set theory with a recursively Mahlo ordinal [26, 27].

Induction-recursion. The general notion of an inductive-recursive definition [8] plays a crucial role
in this paper. The authors defined general theories of inductive-recursive definitions IR [9, 11] and
of indexed inductive-recursive definitions IIRD [12]. The consistency of IR and IIRD was proved
by constructing a model in ZF set theory with a Mahlo cardinal and an inaccessible above it [9, 11].

The theory of inductive-recursive definitions is formulated in the setting of Martin-Lof’s logical
framework. An inductive-recursive definition consists of an inductively defined set U : Set together
with a recursively defined map T : U — D, where D is a type. It can be shown that ordinary
universes a la Tarski and super”-universes can be defined in the theory IR. It can also be shown
that the universes (Ur, Ty) can be defined as an inductive-recursive definition in IR. As already
mentioned, Set becomes an external Mahlo universe in this way. However, the internal Mahlo
universe (M, Ty1) takes us outside the theory IR of inductive-recursive definitions and further
increases the proof-theoretic strength of the type theory. It is worth noting that (M, Ty) still has an
inductive-recursive character. As already mentioned above, we must distinguish between induction-
recursion in the sense of the theory IR, and the more general concept of the simultaneous inductive
definition of some sets U; and decodings 7; defined recursively on the way the elements of the U;
are generated.

Is the Mahlo universe predicative? The subuniverses U of the Mahlo universe M can be defined
using IR. However the introduction rule, which adds a representative ﬁf to M, is problematic,
because it depends on the fotal functions f : Fam(M) — Fam(M), and this can be considered
impredicative. The second author has defined a model for the Mahlo universe [30] in an extension
KPM™ of Kripke Platek set theory, but this model does not provide a predicative justification of its
consistency.

An idea for constructing a predicative model came up in a discussion between the second author
and Ulrich Berger. The idea is to first build a preliminary version of the universe (U, Ts) for
arbitrary terms f including those that do not refer to total functions on families of types. Kahle and
Setzer [20] formalized this idea in the setting of Feferman’s explicit mathematics [14], a framework
where you have access to the collection of all (untyped) terms. They called their construction
the extended predicative Mahlo universe and we will present it in Section 5. It is an internal
predicative Mahlo universe analogous to the internal Mahlo universe in type theory presented above.
In Section 6, we will present an external version of the extended predicative Mahlo universe. It is
this external version we will formalize in Martin-Lo6f type theory in Section 7. So we will go full
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Extended predicative Mahlo universe in Martin-Léf type theory 5

circle: from a Mahlo universe in type theory to a Mahlo universe in explicit mathematics and then
ending up with another Mahlo universe in type theory.

Inductive vs recursive subuniverses. Subuniverses (discussed above in connection with the Mahlo
universe) can be formed in two ways: as inductive and as recursive subuniverses.

If (U, Ty)isa recursive subuniverse of (Uj, T;), we define inductive- recursively the elements of
U, and an embeddrng T1 U — U2 Then T is defined as Tia=T, (T1 a). For instance, we
have Nz U,, Ty Nz =N, N1 U],T] N1 = Nz, and have T N] =T, Nz =N.

In an inductive subuniverse, we define a universe (U1, T) directly, and then a constructor T :
U; — U, with recursive equatron T2(T1 a) = T1 a. The example of the natural numbers would
result in the same rules for Nz, but we define N1 U, Ty N1 = N. Note that T2(T1 Nl) =N,
therefore T) N1 is a second code for the set of natural numbers which is not equal to Nz

3 Explicit mathematics

Explicit mathematics is a theory introduced by Solomon Feferman for formalizing constructive
mathematics. He considered both intuitionistic and classical logic. In its intuitionistic form explicit
mathematics is an untyped alternative to Martin-Lof type theory. Explicit mathematics is presented
as a second-order language, where first-order objects (individuals) can be considered as programs
or terms. Second-order quantifiers range over sets which are collections of individuals given by a
name. Here names are specific individuals r, for which we have a relation s € r for s is an element of
r. In explicit mathematics, one usually uses ‘type’ for what we call a ‘set’—we prefer to use ‘set’ in
order to avoid confusion with the type-theoretic usage of the word type. Note that the word set has a
different meaning in type theory, and we sometimes say ‘type-theoretic sets’ in order to distinguish
them from the sets in explicit mathematics. The use of second-order quantifiers is a technical trick,
and it might be possible to avoid it. Actually Tupailo [33] uses a two sorted language instead of a
second-order language in his presentation of explicit mathematics.

We will give a brief introduction to explicit mathematics. A detailed presentation can for instance
be found in Jager and Strahm’s article [19], from which a substantial part of the material in this
section is taken. However we replace the classical axioms for comprehension by the intuitionistic
elementary comprehension axioms in Tupailo’s article [33].

Explicit mathematics is formulated in a second-order language. Welet U, V, W, X, Y, Z, .. . denote
second-order variables and a,b,c,...,f,x,y,z denote first-order variables. In order to improve
readability, we will omit the outermost quantifiers in axioms. So all axioms are implicitly quantified
over all free first and second-order variables (we will see later that first-order quantifier range
over defined elements). Individuals in explicit mathematics are constructed by application from a
collection of primitive combinators. We let 7, s, ¢ denote terms, and we write » s for » applied to
s (in running text we usually add brackets for readability writing (» s)). As usual, parentheses are
associated to the left for terms, so (r s ¢) denotes ((r s) £). We have the standard combinators s and
k, pairing = (with (r,s) := 7 r s), projections mg, 71, zero 0, successor sy (with @' := sy a),
predecessor py for natural numbers and case distinction dy on equality. In addition we have
combinators for names for various sets: natural numbers nat, identity relation id, inverse image inv,
empty set (}), binary union, intersection, and implication U, N, => written infix, intersection and union
over sets of pairs (), |, join j (which corresponds to X in type theory) and inductive generation
i (accessible part of a relation). Furthermore, we shall later introduce specific combinators for the
constructions associated with the Mahlo universe: for preuniverses pu and pu,e, universes u and the
Mabhlo universe M. Axioms explicitly refer only to a subset of these combinators.
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6 Extended predicative Mahlo universe in Martin-Ldf type theory

The atomic formulas are L (falsity), s | for s is defined, N(s) for s is a natural number, s = ¢,
U=V,s e U,N(,U) for s is a name for the second order variable U and PU(x, a,f) for x is an
element of the preuniverse depending on a, f. PU(x, a,f) occurs only explicitly in the axioms of the
external extended predicative universe.

One defines

e s>ti=s5]Vt]—>s=t

e We use class notation similar to set theory as an abbreviation. Let # = 7,...,7,, § =
STyeensSme
— Apredicate P(7) is a formula with free object variables 7 = 7y, . . ., 7, and no free second-

order variables.

For predicates (i.e. relations) P(rg, 7), we define rg € P(¥) := P(r¢,7), and call P(¥) a
class. We write A(7), B(s) for classes. In case n = 0, we write P instead of P(), and A
instead of A().

{x | @(# x)} is the class A(¥) withx € AF) = ¢, x).

X, = |lx=x1 V- VX =x,).

A U B(7) is the class with x € (AF) U B#) = x € AF) V x € B(¥), similarly for
A N BG).

Vx € A(#).0(x) := Vxx € AF) — ¢(x), similarly for 3.

(f : AF) — BE)) :=Vxx € AF) — f x € B@).

A@F) € BG) :=Vx € AF).x € BF)

AF) = BG) = (AF) € BG) ABG) € AF).

The underlying logic is the logic of partial terms LPT; ¢ (see [7], p. 97ff). It is based on
intuitionistic logic extended to second-order logic. So LPTj,; is defined as follows (the following
is taken from [7]):

e Standard intuitionistic propositional logic.

e Quantifier axioms:

From B — A one infers B — Vx.4 (provided x not free in B)
From A — B one infers (Ix4) — B (provided x not free in B)
(VxA) At | — A[x :=1]

Alx :=t]At | — IxA

From B — A one infers B — VX .4 (provided X not free in B)
From A — B one infers (3X.4) — B (provided X not free in B)
(VX .A) — A[X := U]

AIX =U] - 3Xx A4

e Equality axioms

X=xAx=y—>y=x)
(t=sA@@) = ¢(s).
t=s—>t|As
X=XA"X=Y—->TY=X)
X =Y noX)) — ¢(Y).

e Definedness axioms

R(t1,...,ty) = t1 4 A -+ Aty | (R atomic) as a consequence we have strictness
Stu-tad—=>fL Al A At

¢ | for any constant ¢

x | for any variable x.
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Extended predicative Mahlo universe in Martin-Lof type theory 7

The theory COMB;¢ of combinatory algebra consists of LPTjn; and the applicative axioms

e kxy=x
e SXY|ASXyz=xy (x2).
o 1o (x,y) =xAmq (x,y) = .

The theory ECOMB;+ of combinatory logic with explicit representation consist of COMB;n; of
combinatory logic together with the axioms for explicit representation:

o VX IxM(x,X).
o Vi, X, YR, X) ARKX,Y) > X =7,
o xxeX<wxelt)—>X=Y.

The theory APPjy consists of ECOMB;,; and the axioms for the natural numbers N:

0eNA(sy:N—N).

Vx e Nsyx #0Apy (Sy X) =x

Vxe Nx#0—>pyxeNAsy (pyx)=x
x,yeENAx=y—>dyuvxy=u
x,yENAx#y—>dyuvxy=v

In explicit mathematics, some terms are names that denote classes of terms. As mentioned
before, we have a relation 9 (x, U) meaning ‘x is a name of the set U’. The formulation of explicit
mathematics using names and the i relation goes back to [15]. We follow the presentation in Kahle
and Setzer [20] and define:

sEN =R = XN X),
sEt = AXNRNELX)AseX,
NRor (5) = SERAVXEsxeN,
(f 15— ) = Vxx€s—>fxé€Es,

e We identify elements r of ) with the class {a | a € r}, and therefore we can use r in places
where a class is required. This would allow us to write a € r, but in order to be in line with
current practice in explicit mathematics, we continue using a € r.

e When defining formulas depending on » € R, we lift them to formulas depending on a class A
in an obvious way by replacing occurrences of a € r by a € A.

The reader might observe the similarity between N and a type-theoretic universe a la Tarski.
is a class of codes, and 9i(x, U) means that U is the set denoted by x. Below we introduce axioms
expressing closure of i under the basic operations for forming sets (which are classes denoted by
names) in explicit mathematics.

The following axioms for names come from Tupailo [34] and imply arithmetic comprehension,
see [34] for details.

The theory EETjn¢ consists of APPj,; and the following axioms for elementary comprehension:

B e R AVr—(x €.

ideNAid={y|Ixy = (x,x)}.

nat € N A nat = N, with the class N of natural numbers axiomatized by the axioms above.
aeR—>invfaeRAinv fa={x|fx€Ea}
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8 Extended predicative Mahlo universe in Martin-Lof type theory

eacRAbeR—>albeRA@Nb)eRAn(@>b)eh
A(@Ub)y={x|x€éaVvxéEb)
AlanNb)y={x|x€anxeb}
ANa=>b)={x|x€a—>xEb}
sach—NaehaJaeh
/\(ﬂ a) = {x | Vy.(x,y) € a}
ANUa = x| Iy €al

The theory EETJjn¢ extends EETin: by the the axiom for the join which is the indexed disjoint
union of sets. (We take the liberty to use functional notation (j @ b) as opposed to writing it as j(a, b)
using pairing operation (a, b) as in the papers by Jager, Studer and Strahm—the same applies to i
below.)

e aeRA(f:a>N) >jafeRnjaf={xy) |xE€anyéEfx}

The join corresponds to the X'-type in Martin-L6f type theory, (j a f) could be written as Xx €
a.f x in Martin-L6f notation.

There are two forms of induction for N, set induction and formula induction.® In explicit
mathematics, one considers both theories with set induction only and with formula induction only,
resulting in different proof theoretic strength.

e Set induction is formalised as a single second-order quantified axiom (T-ly). Since second-
order variables range over sets which are classes denoted by names, set induction is induction
over sets:

VX0eXA(MMxeNxeX >syxeX)—>NCX.

e Formula induction (IL-ly) is induction over classes. We could as well call it class induction, but
formula induction is well-established terminology in proof theory. So formula induction has for
any class 4 an axiom:

0e AA(MVxeNxeAd—syxed —->NC A

The principle of inductive generation |G defines the accessible part (i a b) of a relation b with
domain a and plays a similar role as the W-type in Martin-Lof type theory. We follow here the
formulation in [19]. We define

Closed(a,b,A) :=Vx€a.(Vy€a(y,x) €b—>yec A) —>xe A
The axioms of inductive generation are defined by

e a,bef —>iabeNAClosed(a,b,ia b))
e a,b € R AClosed(a,b, A) - iabC A

We define Tg‘t := EETJjnt + (IG) + (LL-ly), which forms the base theory for the various theories
of Mahlo universes discussed in the following.

3Set induction is in explicit mathematics usually called type-induction, but we avoid the use of type because of its usage
in type theory. Instead we call types sets.
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Extended predicative Mahlo universe in Martin-Lof type theory 9

For proof theoretic studies, where one wants to determine the strength of various variations, one
can consider

e omitting (IG) which results in meta-predicative theories;
e omitting (IG) and replacing (IL-ly) by (T-ly).

Here, meta-predicativity is a notion introduced by Jager for theories which are impredicative in
the sense of having strength bigger than the Schiitte—Feferman ordinal I, but which can be analysed
proof theoretically using predicative proof theoretic methods. See the papers by Jager, Strahm,
Studer, Tupailo and others regarding proof theoretic investigations of variations of the above theories.

Our formalisation in type theory corresponds to explicit mathematics containing Tg‘t.

4 Axiomatic Mahlo in explicit mathematics

In this section, we present the axiomatic Mahlo universe as introduced and studied by Jager, Strahm,
Studer [16, 18, 19, 32] and Tupailo’s external Mahlo universe [34]. We first introduce the notion of a
universe in explicit mathematics, see [17] for a systematic study of universes in explicit mathematics
by Jager, Kahle and Studer.

Universes are names, the elements of which are names. Since sets are classes given by a name, we
can say that universes are sets of sets. They are closed under the standard constructs for forming sets
in explicit mathematics:

Iiniv(w) = {nat,id} o
Uirnr,rorv,r=v,NrUrlrr Eu)
U{inv af |a € u}
Uf{jrs|réuVxérsx € ul

U(u) = ueRAuUCRA Iunivw) € u.

External axiomatic Mahlo in explicit mathematics. In Section 1, we introduced Setzer’s Mahlo
universe in type theory, and we discussed both external and internal versions of this notion. A similar
construction of an external Mahlo universe was introduced by Jager, Strahm and Studer [18, 19] in
the framework of explicit mathematics. We refer to this as the axiomatic Mahlo universe.

We make use of the combinator u where (u a f) is a universe containing a and closed under
f (where a,f are terms). The axiom (Ax-M®) for the external axiomatic Mahlo universe is as
follows:

AeERAN R>N)>UuafHAacuafA({f:uaf — uaf).

Here 9 plays the role of an external Mahlo universe with subuniverses (u a f). This is analogous
to the fact that in Martin-Lo6f type theory, Set plays the role of an external type-theoretic Mahlo
universe, see the discussion in Section 1. We remark that we use the name u (rather than m used
by [18, 19]) to emphasize the analogy between (u a f) and the type-theoretic subuniverse Uy. (An
inessential difference is that the former but not the latter contains an element a).

Inconsistency of elimination rules. Palmgren [25] showed in Theorem 6.1. that adding elimination
rules for the type-theoretic Mahlo universe results in an inconsistency. We transfer this result to the
axiomatic Mahlo universe in explicit mathematics. All what is required to obtain an inconsistency is
the existence of a function which extracts the function f from (u a f):
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10 Extended predicative Mahlo universe in Martin-Lof type theory

LEMMA 4.1
Assume EETJint + (Ax-M®Y). Then there exists no eliminator elim : R — R — N such that

Va,x e RYf: % — Relimuaf) x =/ x.

Proof: Assume the existence of elim as stated in the lemma. We choose dum := nat as a dummy
element of M. Define emb : (N — R) — N, emb f = u dum f. Then we get elim(emb /) x =
f x

We remind ourselves about the recursion operator in the context of the untyped lambda calculus:
Assuming f, define ¢ := Ax.f (xx),s:=tt,andwe gets = Ax.f (xx)) t=f (t1) =fs.
Translating this to our situation, we can define

t = AMxf((elmx)x) : N —>N) > RN—->N
rec DMt (embit) i (R —0) - R
and we get

recf = (Axf ((elimx)x)) (emb t) =f ((elim (emb #7)) (emb #))
= f (tr (emb #)) =1 (rec f)

Define
f = Axx &> F: %> %
a =recfeN

and we obtain
a =fa=a > Y

Soifx €athenx €a = ¥, x € ¢, and we get L.
Therefore Yx.—(x € a), therefore dum € ¢ > @ = a, dum € ¢ and therefore 1. [J

Internal axiomatic Mahlo in explicit mathematics. Tupailo [34] introduced an internal axiomatic
Mahlo universe M in explicit mathematics. The axioms (Ax-M"") express that M is a universe
containing the subuniverses (u a f) for any a € M and f : M — M. They are defined as follows:

umy) UM)
(Cly-Ax-M™) (@ &M A (f: M — M))
—Uuaf)ANaéuafAn (f:uaf —>uayf)
AuafCMA uaféM

(We remark that Tupailo only had closure under f but not a. We add it here to be consistent with
the formalisation by Jager, Strahm and Studer).

Remark on /' : M — M. In type theory, the premise for the Mahlo universe construction is
f : Fam(M) — Fam(M). In explicit mathematics using coding and join, we can replace f by
/oM —> M.

More precisely, for u € RNy define

Famgy(u) :==ju Qyy — u)

to be the set of families of sets in u in explicit mathematics. Here, for a,b € R we definea — b :=
{f | Vz € a.f z € b} by comprehension.
Define the relation = of extensional equality on Famgy(«) by

@anN=@,fy:eca=d AVxéafx=f x
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Extended predicative Mahlo universe in Martin-Lof type theory 11

LEMMA 4.2
Ifu e U, f : Famgy(u) — Fampgy (u), then we can define /' : u — u so that closure under f”
implies closure of f up to =, i.e.v e U, v Cuand /' : v — v implies

Vx € Famgy (v).3y,z € Fam(v) y ExAfy =z

Proof: Let a x b :=j a (Ay.b) for some fresh variable y, and {r} be defined by comprehension. Let
paf:=({0} xa)U{l} xjay).

Ifueld,aéuandf :a—> u,thenpaf €u Letq: Famgy(u) - u,qx =p (7o x) (71 x).

Letpg x :={z | (0,z) € x},and p; x y := {z | (1,(1,2)) € x}. If x € u, then py x € u and
P x € pp x — u. Define r : u — Fampgy(u) asrx = (py x, p; X).

Furthermore, if (a,g) € Famgy(u), then py (p a g) = aand fory € awe havep; (pag) y =
gy.So0,Va € Famgy (u).r (qa) = a.

If f : Famgy (1) — Famgy (1), then define /' : u — uasf’ = qofor. Assumeveld,v C u
is closed under /. Then it contains for x € Famgy(v) the element f” (q x) and therefore we have
r (f (q x)) € Famgy (). r (f (9 x)) =r (q (f (r (g x)))). Therefore, Vx € Famgy,(u).3y,z €
Famw)y=xAfy =z (]

We do not expect that closure only up to = makes any difference in a proof theoretic analysis:
in well-ordering proofs, one works with families of sets of ordinal notations, so closure under a
function which is equivalent up to = only replaces a set of ordinal notations by an extensionally
equal one. Upper bounds formed by models are even easier, when working with /' : M — M instead
of f : Famgy (M) — Famgy,(M). When looking at the literature, it seems unlikely that switching
from f : M — Mtof : Famgy (M) — Famgy, (M) would make any difference regarding the proof
theoretic strength.

We note that the replacement of Fam(M) by M cannot be carried out directly in Martin-L&f type
theory, since py, p; cannot be defined in a total setting. One might try to use elimination rules for
the Mahlo universe, but as discussed before, we know general elimination rules for the standard
Mabhlo universe are inconsistent (Palmgren [25], Theorem 6.1). One could think of adding specific
elimination rules which allow to define a function M — Fam(M), which map a code (f a b) for
a X-type to a family of sets (p a b) and all other elements to a default family of sets in M. But
that would go against the spirit of Martin-Lof type theory where one aims for general principles and
avoids ad hoc rules.

5 Internal extended predicative Mahlo

In order to form the subuniverses (u « f) of the internal axiomatic Mahlo universe, we do not really
need that f is total on M, only on (u « f). A first idea for defining a predicative version of the Mahlo
universe is to require that only (u a f) is closed under /. The problem is that we do not know yet
what (u a f) is. The solution is to first define the least preuniverse pu a f : M for arbitrary terms a
and f. This is a universe containing @ and closed under £, provided the elements created are in M.*
If (pu a f) is closed under a and f, then it is independent of M, in the sense that we could drop the
requirement that any element added to (pu a f) needs to be in M, since it is always fulfilled. We can
also say that if (pu « f) is independent of M, then (pu a f) is complete and would not change if we
add more elements to M.

4More generally, Kahle and Setzer form pu with an extra argument v for any universe v, which we call (puge a f v),
where pu a f = puge| @ f M. This is not needed until we discuss the elimination rule for M.

€20z 8unp zo uo Jasn ABojouyoa | Jo AlIsieAlun siawieyd Aq £2S8G 1 2 /2zopexe/woobol/c60L 0L /10p/8oIe-aoueape/woobol/woo dnooiwapese//:sdjy wol) papeojumod



12 Extended predicative Mahlo universe in Martin-Lof type theory

The introduction axiom for (u a f) as elements of M for the internal extended predicative Mahlo
universe states that if (pu a f) is independent, then we form (u a f) as a subuniverse of M closed
under ¢ and /" and add it to M. _

We will now introduce the axioms (Pred-M'™) for the extended predicative Mahlo universe M
with subuniverses (u a f) by the following 3 groups of axioms:

e the axiom (U/(M)), stating that M is a universe;

e axioms (pu) stating that (pu « f) is the least preuniverse closed under a and f;

e an axiom (intro-u) stating that we can form (u a f) = (pu u f) as an element of M provided
the independence assumption is satisfied.

In the following, we formulate these groups of axioms which will require some auxiliary
definitions:

Axiom (U/(M)). This axiom is so short that its name is the same as the axiom itself, namely

UM).

Preuniverses. In order to define (pu a f), we define a map u — Ipu(a,f,u) that takes one step
in the iteration creating (pu a f). In the next definition, the first line defines the class of potential
elements of the preuniverse, and the second line expresses that only elements in M are added

It @fow = Tuniv@ U@} Uy |y €u)
Toula,fou) = I'a,f,u) N M.
The closure property for u being a preuniverse closed under a and f is
Cloula,fou) = Vxelpylaf,u)xéu
or
Cloula,f,u)y = Tpula,f,u) Cu.

The introduction rule of (pu a f) states that it satisfies the closure property and the elimination
rule states that it is the least one satisfying the closure property. The axioms (pu) are defined as
follows:

(pu) Clpu(a,f,puaf) )
P Clou(a,f,A) - puaf A (forany class A).

In order to obtain a metapredicative version, we introduce a restricted version of these axioms

(PU,es) Clpu(a,f, puaf)Apuaf M.

Independence of M. If all potential elements in 1"ppuc>t (a,f,u) are already in M, then we say that u is
independent of M, where independence is defined as follows:

Indep(aafa Ll) = FppL?t(ans Ll) g M

Once we have Indep(a,f, pu a f), we know that (pu a f) does not depend on future elements of
M. One can easily derive that (pu) implies the following:

Indep(a,f,pu af) — I (a.f,puaf) Cpuayf.
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Extended predicative Mahlo universe in Martin-Lof type theory 13

The axiom (intro-u), stating that we can form (u a f) = (pu u f) provided the independence
assumption is satisfied, is defined as follows:

(intro-u) Va,f.Indep(a,f,puaf) > uaf EMA uaf=puaf .

The extended predicative Mahlo universe. The axioms (Pred—Mi”t) of the extended predicative
Mabhlo universe are now given as

(Pred-M™) = /(M) + (pu) + (intro-u).

This states that M is a universe, and that if (pu a f) is independent of M, then (u a f) is an element
of M which has the same elements as pu a f.
We define as well a restricted form which omits induction over (pu a f).

(Pred-MIT) = (U/(M)) + (pU,,) + (intro-u)

LEMMA 5.1
(@) (U(M)) + (pu) implies (pu,.,) and therefore (Pred-M") implies (Pred-Mnt).
(b) (Pred-M2%) proves the axioms of the internal axiomatic Mahlo universe

Proof: (a) pu a f C M follows by induction over pu using A := M. (b) We need to prove
(Cl,-Ax-M"™). Assume ¢ € Mand f : M — M. By U(M) and pu a f € M, we get
Indep(a,f,puaf),uaf Eé Muaf=puaf,Upuaf),aépuaf,f:puaf— puaf,
which imply the conclusion.

int

Remark. The restricted extended predicative Mahlo universe (Pred-Mg,

predicative, see the discusion in Section 3.

Whether induction over (pu a f) lifts the strength beyond meta-predicativity needs to be seen. If
we add closure under inductive generation, even if induction over (pu a f) is omitted, we can embed
the axiomatic Mahlo universe closed under inductive generation into it. Therefore, subject to the
‘plausible result’ in [35] that |[CZFM ™| = |[KPM™|, we get, by the results of that article a theory of
same strength as Martin-Lof type theory with W-type and one Mahlo universe, which goes beyond
metapredicativity.

) is likely to be meta-

The least Mahlo universe. In order to state the elimination rule for M, we need to first define a
name (pu, a f v), the elements of which are given in the same way as those of (pu a f) but
referring to an arbitrary set of sets v instead of M. We need to relativize the notions involved in the
definition of (pu a f) to using v instead of M as well. Assume v € Jigy. We define

Leafuy) = Ly @fou) Ny
CZE)eUI (a’f’ u, V) = Fggl(a:fa u, V) g u
Indep™® (a,f,u,v) = Fppft(a,f, u) Cv

rel

and state the axioms (we lift C/[j,

way)

to having a class as argument instead of a term in a straightforward

veNR — Cl:)el(a’fa PUrg a f v, V)

u

veNACIE(a,f, Av) = pug af v A
The induction axiom (IndM) expressing that M is the least Mahlo universe is as follows:

UW) A (Vf,aIndep™ (a,f,pUe af v,v) > uaf év) > My .
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14 Extended predicative Mahlo universe in Martin-Lof type theory

Note that we obtain an induction axiom for the Mahlo universe, which is in contrast with the
axiomatic Mahlo universe, where we have seen in Lemma 4.1 that induction over the Mahlo universe
is inconsistent.

6 External extended predicative Mahlo

We shall now consider an external version of the extended predicative Mahlo universe. This version
is slightly simpler to model in Martin-Lof type theory than the internal version, and we also find it
more illuminating. The reason is that when modelling explicit mathematics in type theory, the class
of names 9 becomes a type-theoretic universe in a general sense. An external Mahlo universe in
explicit mathematics thus becomes an internal Mahlo universe in type theory, while an internal
Mabhlo universe in explicit mathematics becomes a Mahlo universe in type theory that is both
contained in and an element of another universe.

In the external version, the class of names 91 is a Mahlo universe. A preuniverse can no longer
be defined as a name, since it is not an element of the Mahlo universe unless it is independent of it.
Instead it is defined as a class PU(a, ) depending on terms a, .

Let A be a class. We can then define Fppum(a, 1, A) in the same way as we defined Fppum(a, f,u)in
the previous section, except that we replace y € u by y € A. We then define

rya.f,A) = Fppft(a,f,A)‘n R
Chi(a.f, A = Ii@af.A) <A

The axioms for PU are as follows:
PU(a,f) € %

(PU) {CI%,(a,/, PU(a,/))
CB\(a.f, A) — PU(a,f) € A.

If a is aname and f maps elements of PU(a, /) to names, then we say that (a, /) is independent of
Indepy;(a,f) :=a e RA(f : PU(a,f) — N).

The following axiom expresses the closure condition for the external extended predicative Mahlo
universe:

(Clpy) Indepy(a,f) = uafeRAuaf =PU(af).

By (PU) we have that f : PU(a,f) — PU(a,f) is equivalent to f : PU(a,f) — N, therefore (Clpy)
is, assuming (PU), equivalent to

a€PU@,f)A({ :PU@,f) - PU(a,f) > uafeRAuaf =PU(a,f).
The axioms for the external extended predicative Mahlo universe are defined as

(Pred-M®*t) = (PU) + (Clpy).

7 External extended predicative Mahlo in type theory

We shall now formalize explicit mathematics with the external predicative Mahlo universe in type
theory with inductive-recursive definitions. The formalization is implemented in the proof assistant
Agda [2]. There are many short introductions to Agda, e.g. in the papers coauthored by the second
author. A recommended introduction is Section 2 in [1].
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Extended predicative Mahlo universe in Martin-Lof type theory 15

Inductive-recursive definitions can be seen as an integral part of Martin-Lof type theory. The
authors have formalized several extensions of Martin-Lof type theory with inductive-recursive
definitions [9, 11, 12]. The second author has also proposed inductive-recursive definitions that
go beyond these extensions, e.g. of an autonomous Mahlo universe [31]. Similarly, to model
the extended predicative Mahlo universe, we will also need to go beyond the authors’ theories
IR, IIRD, etc.

First, we formalize the basic ingredients of explicit mathematics. Full details can be found in
Appendix A. We define the (type-theoretic) set of combinators (containing nat, , ,id,...)
and the set of terms with application written 7 - s.

Here, when we say that 4 is a set in type theory, we mean that the judgement 4 : Set holds. When
we say that P is a predicate in type theory, we mean that the judgement P : 4 — Set holds. Moreover,
we just say ‘predicate’ if it is clear from the context that it is a type-theoretic predicate. Classes in
explicit mathematics will correspond to type-theoretic predicates.

We define » = s meaning that r reduces to the normal form s and (NFr) meaning that r is in
normal form. That r is defined, i.e. r |, is formalized as (Normalize ) which means that » reduces
to a term in normal form. » ~ s means that » | if and only if s | and if | and s | then their their
normal forms are the same.

Moreover, we define type-theoretic predicates on terms for all the basic constructions in explicit
mathematics: the natural numbers, the identity proofs, union, intersection, etc. We define their sets
of normal forms and define the whole set as those whose normal forms are in the specified sets.
When quantifying over elements of a set we quantify over the set of normal forms. This implies that
the quantifier holds as well for the normal forms of any normalizing term.

We do not present the Agda code for these basic notions here but refer the reader to Appendix A.

The type-theoretic definition of the external Mahlo universe follows the definition in explicit
mathematics in Section 6 closely. The universe % of names and the preuniverses PU(a,f) are
implemented as indexed inductive-recursive definitions mutually dependent on each other. In order
to get unique representations, we define only elements in normal form. We only present the definition
of the names in normal form; the collection of all terms in N can then be defined as those with a
normal form in 9N.

The Agda implementation of the universe of names. The indexed inductive-recursive definition
of N is given by a type-theoretic predicate €)inf on terms together with decoding enf-. (In Agda,
we cannot write €, therefore we put the dot after the symbol.) Here s eélinf means that s is a
name in normal form (of a set), and » enf- s means that » is a term in normal form that is an
element of the extension of s. Note that this definition is mutually dependent on the implementation
of the subuniverses PU(a,f), given as type-theoretic predicates sePUnf[a, f] to be defined
below.

The Agda code begins with the key word data [3], which specifies that elinf is inductively
defined. The rest of the line specifies that elinf is a postfix operation and that it is a type-
theoretic predicate. The subsequent lines specify four of the name constructors with their types
expressing closure under the corresponding set operations in explicit mathematics. (We omit five
more constructors: id, ¥ which have definitions similar to nat; U, — which have definitions similar
to that of N; and () which has a definition similar to | J.)

Note that in Agda _ denote positions of arguments of mixfix operations [5]. So we can write
r elnf for (Cefnf r)and (rp sp) for ( rp sp). Furthermore, arguments of the form {x : 4}
are implicit or hidden arguments in Agda [4]. They are needed in the type signature of a function
definition but omitted when applying the function to its arguments if they can be automatically
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16  Extended predicative Mahlo universe in Martin-Lof type theory

inferred by the type checker. In case an implicit argument r is needed, it can be stated explicitly
using the notation {r}.

data _eRnf : Term — Set where
natit : nat eRnf
inviR : (f: Term){r: Term} — NF f — r €Rnf — inv f r eRnf
_NR_: {rr’: Term} — r eRnf — 7’ €Rnf — (rN- r’) eRnf
AR {r: Term} — r eRnf — (- r eRnf

We also have a constructor for join with six arguments. The first four express that » is a name and
s is a term, both in normal form. The remaining two express that there is a function sn that maps an
element x in » to a normal form p of (s - x) and a function sxeR that expresses that p is a normal
name. (Since normal forms are unique it would be sufficient to say that for the normal form given by
sn, we have that it is eé)inf. However, that would require some equality reasoning in the rules, and we
want to avoid them so that in the meaning explanations the reasoning steps are kept to a minimum.)

R A{r: Term}(rp : 7 €Rnf)(s: Term)(nfs : NF s)
(sn: (z: Term)(arp : z enf- rp) — Normalize (s - z))
(sz€R : (z: Term)(arp : z €nf- rp)(p : Normalize (s - z))
— nf p €Rnf)
— jcr s eRnf

The constructor is for inductive generation:

igh: {rs: Term} (rp: r eRnf)(sp : s ERnf) — igc r s ERnf

It makes the system impredicative in the proof-theoretic sense. If we remove it, the system is meta-
predicative in the sense of Jager.

The final constructor specifies closure under subuniverses (U a f). It has six arguments. The first
four express that a is a name and f is a term, both in normal form. The last two express that / maps
a term x in the preuniverse ePUnf[a, f] to a normal name p of /- x. (As before by uniqueness the
normal form is unique but we wanted to keep the reasoning required to a minimum.) These and
the third arguments express the independence condition in the axiom for introduction of the name
uaf € N in explicit mathematics.

ulR : (a f: Term)(aR : a eRnf)(fnf: NF f)
(fnor: (z: Term)(zpu : (z €PUnf[ a, f]))
— Normalize (f - z))
(fzR: (x: Term) (apu: (z €PUnfl a, f]))
(p : Normalize (f - x)) — nf p €Rnf)
— ua feRnf

We now give the decoding equations for names, the recursive part of the indexed inductive-
recursive definition. Note that the type of the constructor for join refers to edinf, hence the
simultaneous inductive-recursive nature of the definition.
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Extended predicative Mahlo universe in Martin-Lof type theory 17

We first give the six equations expressing closure under the basic set constructions of explicit
mathematics (we omit five more equations for id, @, U, —, ():

_éenf-_: (r: Term){s: Term} — s €Rnf — Set

r €nf- natiR = r eNat
renf- (sR NN sR) = (renf- sR) A (renf- sR)
renf- RN p =(y: Term) - < r,y> éenf- p

zenf- R rp snfs n szeR
=zeJ|(Nt—tenf-rp),
(Nttrp s’ — s’ enf- sz€R t trp (n t trp)) |
renf- inviR f fnseRnf= (f - r) enf- seRnf
renf-ighmpsp=IlghAt—tenf- ) (Nt— tenf- sp)r

Finally, we give the equation for the final constructor, the one for the name of the subuniverse
uaf ef:

renf- uR a f aR fnf frnor ftR = r €PUnf[ a, f ]

Note that this equation refers to the preuniverse ePUnf[a, /], which will be defined next.

Preuniverses. The preuniverses PU(a,f) in explicit mathematics are implemented as an indexed
inductive-recursive definition of predicates ePUnf[a, /] on terms (where a,f are terms in normal
form) together with decodings PUnf2Mnf. Here s ePUnf[a, /] means that s is an element in normal
form of the preuniverse for a,f. The decoding PUnf2%nf maps a proof that s ePUnf[a, f] to a
proof that s €finf, i.e. it represents the injection PU(a,f) € 9N in explicit mathematics. So in the
terminology of Section 2 PU(q,f) is a recursive subuniverses of it (with the generalization that both
9 and PU(a,f) are type-theoretic predicates on terms rather than simple type-theoretic sets, so they
are universes indexed over the set of terms).

The first line of the Agda implementation specifies that ePUnf[a, /] is a postfix inductive
predicate on terms. The second specifies that it contains the normal term a, provided it is in 0. The
third line specifies that it contains the normal form s of /-x for any term x in the preuniverse, provided
sisin N

data _ePUnf[_,_]: (ra f: Term) — Set where
aproof : {a f: Term}(anf: a €Rnf) — a €PUnf[ a, f]
fproof : {a f z: Term}(apu: x €PUnf[ a, f])
(s: Term)(fzred : (f - x) -»NF s)(sRnf: s €Rnf)
— s€PUnf[a, f]

Note that the types of these two constructors refer to e)finf, the inductive part of the previous
indexed inductive-recursive definition.
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18  Extended predicative Mahlo universe in Martin-Lof type theory

The type-theoretic predicate ePUnf[a, /] has six more constructors (we omit the additional five
forid, @, N, —, (), one for each closure condition of a universe in explicit mathematics

natpu : {a f: Term} — nat €PUnf[ a, f]
invpu : {a f: Term} (g : Term){r: Term}(nfg: NF g)
(rpu: r€PUnfla, f])
—invgrePUnf[a, f]
_Npu_:{a frr’: Term}(rpu: r €PUnfl[ a, f])
(r'pu: r’€PUnfla, f])
— (rn-r) ePUnfla, f]
pu : {a fr: Term}(rpu: r €PUnfl[ a, f])
— () rePUnf[a, f]
jpu : {a fr: Term}(rp: r€PUnfl a, f])(s: Term)(nfs: NF s)
(sn: (z: Term)(arp : z €nf- PUnf2Rnf rp)
— Normalize (s - z))
(szPU : (z: Term) (zrp : x €nf- PUnf2Rnf rp)
(p : Normalize (s - x))
— nf p ePUnf[a, f])
— jcrsePUnfla, f]
igpu : {a frs: Term}(rp: r€PUnfla, f])
(sp: s€PUnfl[a, f])
—igcrs€PUnfl[a, f]

Finally, we present the decoding function PUnf2%nf. This represents a proof that PU(a,f) C .
The first equation relies on the fact that a can be in the preuniverse only if @ € R. The second
equation uses that the normal form of / - x can only be in PU provided it is in N

PUnf2Rnf: {a f r: Term} — r€PUnf[ a, f] — r €Rnf
PUnf2%Rnf (aproof pa) = pa
PUnf2Rnf (fproof zp s fsred sR) = sR

The remaining equations use that both PU(a,f) and 9 are universes closed under the 10 basic set
forming constructions of explicit mathematics:

PUnf2Rnf natpu = natR

PUnf2Rnf (invpu g gnf rp) = invik g gnf (PUnf2Rnf rp)
PUnf2%Rnf (rp Upu sp) = PUnf2Rnf rp UR PUnf2Rnf sp
PUnf2Rnf ((pu rp) =R (PUnf2Rnf rp)

PUnf2Rnf (igpu p sp) = igt (PUnf2Rnf rp) (PUnf2Rnf sp)
PUnf2Rnf (jpu rp s nfs sn szPU)

= jR (PUnf2Rnf rp) s nfs sn
(N z zpu nf — PUnf2Rnf (szPU z zpu nf) )

We again emphasize that the two indexed inductive-recursive definitions depend on each other.
The introductory clauses for a and f for ePUnf[a, f] refer to edinf. Both the introductory clause for
(u a f) for efnf and its decoding refer to ePUnf[a, f]. Without these clauses, the two definitions
are definable in the type theory of inductive-recursive definitions specified by the authors [10, 12].
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Extended predicative Mahlo universe in Martin-Lof type theory 19

In Section 11, we will discuss why the remaining clauses maintain the constructive, predicative
validity of the definition. The crux of the matter is the constructor u a f € N and its decoding, and
the constructors for ¢ and /" in the preuniverse ePUnf[a, f1].

8 External extended predicative Mahlo in explicit mathematics, version 2.0

When we provide meaning explanations for the extended predicative Mahlo universe in type theory,
we need a more complex argument for the case when we have Indepy, (a,/) and add (u a f) to 9. This
is, because the elements of (u a f) are those belonging to PU(a, /). This requires some additional
argument why we can use PU(a,f), and it does not refer to i anymore.

In this revised version, we make this argument explicit. Instead of defining the extension of (u a f)
as PU(a,f) we define, once we have established independence, a new (type-theoretic) set U(a,f),
which is defined like PU(a,f’), but does not refer to tests that the elements added are already in ).
Instead we show that it follows from independence that it is a subset of PU(a,f) and therefore of ).

The new axioms (Cl,z,u), which replace (Clpy), are as follows:

We add a new predicate U(a,f) for terms a, f and have the rules

Indepy (a,/) = U(a,f) € PU(a,f) A T (a.f, U(a, /) < Ula,f)
Indepy; (a,f) A Ty (@, f, A) € A — Ua,f) € A
Indepy(a,f) > uaf eRAuaf="U(,f).

The axioms (Pred-M®%?) for the external extended predicative Mahlo universe Vers 2.0 consist
of (PU) and (C13)).

9 External extended predicative Mahlo in type theory, version 2.0

Since independence occurs very often in this version, we give a separate definition

data Indep (a f : Term) : Set where
indep : (aR : a €Rnf)(fnf: NF f)
(fnor: (z: Term)(zpu : (z €PUnfl a, f]))
— Normalize (f - z))
(fzR: (z: Term) (zpu: (xz €PUnf[ a, f]))
(p : Normalize (f - z)) — nf p €Rnf)
— Indep a f

Then we define, depending on independence, the universes € Unf[a, f,indpt]: First we have
closure under @ and /', which now does not need to check whether it is in efinf:

data _eUnf[_,_,_]: (ra f: Term)(indep : Indep a f)
— Set where

aproofu : {a f: Term}{indep : Indep a f}
— a€Unfl[a, f, indep ]

fproofu : {a f: Term}{indep : Indep a f}
(r: Term)
(rpu: reUnfl[a, f, indep])
(s: Term)(fzred : (f - r) -»NF s)(sRnf: s €fnf)
— s€Unfl[a, f, indep ]
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20 Extended predicative Mahlo universe in Martin-Lof type theory

The remaining rules are closure under set operators which are as before, see the Appendix B for
the complete set of rules.

The embedding of € Unf[a, f, indpt] into ePUnf[a, f] is given as follows. First we define it for
closure under a and f, which makes use of independence

Unf2PUnf : {a f r: Term}{indp : Indep a f}

—reUnfla, f,indp] — r€PUnf[a, f]
Unf2PUnf {a} {f} {.a} {indep aR fnf fnor fxR} aproofu

= aproof aR
Unf2PUnf {a} {f} {s} {indep aR fnf fnor fxR}

(fproofu r rpu s frared sR)
= fproof (Unf2PUnf rpu) s frared (frR r (Unf2PUnf rpu)
(normalize s frared))

The remaining set constructions can be found in Appendix B.
The introduction and equality rule for (u a f) in version 2.0 are as follows

uR : (a f: Term)(indp : Indep a f) — u a f €Rnf

renf- uR a findp = r€Unfl a, f, indp ]

10 Closure of the extended predicative Mahlo universe under the axiomatic
Mabhlo rules

We show that the external extended predicative Mahlo universe (Vers. 2.0) is closed under the rules
for the axiomatic Mahlo universe. (The same should apply to Vers. 1.)

The rules for the axiomatic Mahlo universe express thatifa € tandf : R — R, then (ua f) € N.
In type theory, the closure condition is as follows:

data Clos (a f : Term) : Set where
clos : (aR : a €finf)
fnf : NF )
fnor: (z: Term) — z €Rnf
— Normalize (f - z))
(fzR : (x: Term) — x €Rnf
— (p : Normalize (f - z)) — nf p €Rnf)
— Clos a f

—~

We prove that closure implies independence

clos2Indep : (a f: Term)(cl: Clos a f)
— Indep a f
clos2Indep a f (clos aR fnf fnor fzR)
= indep aR fnf ( A z zpunf — fnor z (PUnf2Rnf zpuny))
N z zpunf p — fxR x (PUnf2Rnf zpunf) p
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Extended predicative Mahlo universe in Martin-Lof type theory 21

It follows that N is closed under u:

uAx : (a f: Term) (¢l : Clos a f)
—ua feERnf
uAx a f el = uR a f (clos2Indep a f cl)

We show that u a f is a subset of N

uAxafCR : (a f: Term) (cl: Clos a f)
(y: Term)(yp : y €nf- (uUAx a f cl))
— y €ERnf

uAxafCR a f ¢l y yp = PUnf2Rnf (Unf2PUnf yp )

Moreover, U a f contains a

aproofAx : (a f : Term)(cl: Clos a f)
— a enf- (UAx a f ¢l)
aproofAx a f ¢l = aproofu

and is closed under /'

fproofAx : (a f: Term)(cl: Clos a f)
(r: Term)
(rpu: renf- (uUAx a f cl))
(s: Term)(frred: (f - r) -»NF s)
— senf- (uUAx a f cl)
fproofAx a f (clos aR fnf fnor fxR) x xp s fr->s
= fproofu z ap s fr->s (frR x (PUnf2Rnf (Unf2PUnf 2p)) (normalize s fr->s))

(u a f) is closed under the universe operators. We show here only a few examples. Closure under
nat is as follows:
natAx : (a f : Term)(cl: Clos a f)
— nat enf- (uAx a f cl)
natAx a f ¢l = natu

Closure under N

NAx : (a f: Term)(cl: Clos a f)(r r’: Term)
(rpu: renf- uAx a f cl)
(r’pu: r’enf- uAx a f cl)
— (rn- 1)) enf- uAx a f cl

NAxa felrr’ = _Nu_

Closure under
Nax : (a f: Term)(cl: Clos a f)(r: Term)
(rpu: renf- uAxa f cl)
= () r) enf- uAx a f ¢l
Nax a f cl rpu = (u
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22 Extended predicative Mahlo universe in Martin-Lof type theory

Closure under j

r: Term)(rp: renf- uAx a f cl)
s: Term)(nfs : NF s)
sn : (z: Term) — z enf- uAxafCR a f clrrp
— Normalize (s - z))
(szU: (z: Term) — (arp : z €nf- uAxafCR a f cl r rp)
(p : Normalize (s - x))
— nf p enf- uAx a f ¢l)
— (jers) enf- uAx a f ¢l
jaxa fcr=ju

jax: (a f: Term)(cl: Clos a f)
(
(
(

11 Meaning explanations for the type theoretic extended predicative Mahlo
Universe

We simultaneously explain the meaning of €)finf and ePUnf[a, f] for any a, f. Simultaneously, we
explain the meaning of

e 7 enf. s for any term  and any element s we have determined as an element of einf,
e proofs PUnf2Nnf r as an element of elnf for any element s we have determined by proof  as
an element of ePUnf[a, f7.

For the standard set formers of explicit mathematics, we have that once we have constructed the
elements of elnf from which it is formed, we introduce the new constructed element of elinf
and give its meaning as determined by the meaning explanation for the set formers of explicit
mathematics. Once we have introduced the elements of ePUnf[a, /] from which it is constructed, it
is an element of ePUnf[a, /], and the meaning of PUnf2%nf applied to it is the proof that it is an
element of efinf as defined before.

Furthermore, if a is an element of elnf, then a is an element of ePUnf[a, ] and PUnf2NRnf
returns the proof that a €dinf. If x is an element of ePUnf[a, /1], and f/ x has a normal form b and b
is an element of elinf, then & is an element of ePUnf[a, f], and the proof object is mapped to the
proof object that b is in eélinf.

Assume that a is an element of elinf, f is in normal form, and for any element x in ePUnf[a, 17,
we have that (f x) has a normal form b which is in €)inf. We call this definition indp

We define a set € Unf[a, f, indpt] and for any proof p that an element is in € Unf[a, f, indpt] a
proof (UnfPUnf p) that it is an element of ePUnf[a, f1: For every standard set construction from
explicit mathematics, we construct new elements of € Unf[a, f, indpt] and map the proof that it is
e Unfla, f, indpt] to the proof that it is in ePUnf[a, f]. By indp we have a proof that @ is in efiinf
and therefore a proof p that a ePUnf[a, f]. Therefore we state a proof that a € Unf[a, f, indpt]
and map it to p. If x is an element of € Unf[q, f, indpt], then it is an element of ePUnf[a, /], and
therefore by indp there exists an element b in normal form which is the reduct of /* x and is efinf
and therefore ePUnf[a, f]. Let p be that proof. Then we state that b is € Unf[a, f, indpt] and we
map its proof to p. That completes the explanation of € Unf[a, f, indpt]. Now we state that (u a f)
is an element of N and r enf- u a f if re Unf[a, f, indpt].
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12 Conclusion

In this paper, we reviewed Kahle and Setzer’s extended predicative Mahlo universe [20] which
aims to provide a more predicative justification of Jiger, Strahm and Studer’s original Mahlo
universe in explicit mathematics. First we introduced an external variant of Kahle and Setzer’s
internal extended predicative Mahlo universe. When formalized in Martin-L6f type theory, this
external version corresponds to an internal Mahlo universe in type theory. Then we formalized the
external extended predicative Mahlo universe in an extension of Martin-Lo6f type theory with certain
indexed inductive-recursive definitions which go beyond the indexed inductive-recursive definitions
definable in our theory IIRD [12]. We have also given a second version of the external extended
predicative Mahlo universe in Martin-Lof type theory. In this version, it is more transparent that
the subuniverses (u a f) are fully closed under a and f* without depending on the fact that each
generated element is already a name. We also showed that this version is closed under the rules for
the axiomatic Mahlo universe in explicit mathematics. Finally, we have given meaning explanations
for the external extended predicative Mahlo universe, justifying that it is indeed constructive and
predicative in Martin-L6f”s extended sense.

Appendix A: More details regarding the formalization of explicit mathematics
in type theory

We will formalize a (type-theoretic) set Term of terms corresponding to the set of terms in explicit
mathematics. Moreover, we formalize reduction rules and normal forms.

Note that in explicit mathematics quantifiers are over defined terms. Here these correspond to
terms which reduce to normal form. Technically, we define the set of names in normal form, and for
each name its elements in normal form. A name is then a name which reduces to a term in normal
form. Elements of a name are those which reduce to a term in normal form.

We start with a set of constructors and combinators, where combinators include the constructors.
We add one or more suffixes c to the constructors, so that we can use the name without the suffixes
for a function which operates like the combinator but can be applied to the arguments (and for the s
and k-combinators, we keep the suffix to avoid clashes with variables).

data Constructor : Set where
Tice zerocc succe natcc idec invee (fec Nece Ucee -neec (ece @ Constructor
(Jcce uce pucc mahloce jece igeee @ Constructor

data Combinator : Set where
scc kee mpe e prime plusc : Combinator
cons : Constructor — Combinator

We now define a term as a combinator applied to a list of terms

data Term : Set where
_: (c: Combinator)(tl : TermlList) — Term

data TermList : Set where
[] - TermList
(t: Term)(tl: TermList) — TermList
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24 Extended predicative Mahlo universe in Martin-Lof type theory

Using Agda patterns/syntax construct, one can now redefine them so that they look like simple

applications (we give only some examples)

Since terms are combinators applied to lists of terms, application is a defined operation

The result type of one step reductions will be either terms in normal form or terms which can be

pattern nat = natc - - []
pattern ke 7 sl =kec - (r: s l)
patternsc rstl=scc -+ (r= st
syntax mr s =<r, s>

syntax Nc r s =rMn-s

_ : Term — Term — Term
_-L_: Term — TermList — Term

reduced further. The resulting type NF&Red is

data NFwRed : Set where
nft : (¢t: Term) — NFwRed
red : (¢: Term) — NFWRed

Now we define the one step reduction of a term

reduce : Term — NFwRed

(
(
reduce (
(
(
(

reduce (kc s ¢ tl) =red (s -L t])
reduce (sc 7 s ¢ tl) =red (((r-t)-(s-1t)- Lt
prim f gzero tl) = red (f -L &)
reduce (prim f g (suc n) t)) =red ( ((g - n) - (prim f gn]|])) -L &)
reduce (1o (Tt 7 s :: 1)) =red (r L)
reduce (ty (1 7 s :: 1)) =red (s -L 1)

In all other cases, a term is reduced by reducing the terms it is applied to (where the definition
is in such way that the term is in normal form if all of the terms the combinator is applied to are

already in normal form)

reduce (¢ - - tl) = ¢ -nfl (reducel ¢

reducel : TermList — NFwWRedList
reducel || = nfl ]
reducel (¢ :: tl) = reducenfl (reduce t) tl

reducenfl : NFwWRed — TermList — NFwRedList
reducenfl (nft ¢) t/ = reducenfnfl ¢ (reducel )
reducenfl (red t) tl = redl (¢ :: tl)

reducenfnfl : Term — NFwRedList — NFWRedList
reducenfnfl ¢ (nfl tl) = nfl (¢:: ¢l)
reducenfnfl ¢ (redl ¢l) = redl (¢ :: )

€20z 8unp zo uo Jasn ABojouyoa | Jo AlIsieAlun siawieyd Aq £2S8G 1 2 /2zopexe/woobol/c60L 0L /10p/8oIe-aoueape/woobol/woo dnooiwapese//:sdjy wol) papeojumod



Extended predicative Mahlo universe in Martin-Lof type theory 25

A term reduces to a term in normal form, if it is in normal form or its one step reduct reduces to
a term in normal form

_-»NF_: Term — Term — Set
t -»NF ¢’ = nfred2NF (reduce ¢) t’

data nfred2NF : NFwWRed — Term — Set where
isnf : {¢t: Term} — nfred2NF (nft ¢) ¢
step: {st: Term} — s -»NF t — nfred2NF (red s) ¢

A term is in normal form, if the application of reduce returns (nft #)

NF : (t: Term) — Set
NF ¢ = (reduce t) = (nft ¢)

A term is defined (or normalises) if it reduces to a term in normal form

data Normalize (¢ : Term) : Set where
normalize : (r: Term) — ¢t -»NF r — Normalize ¢

nf: {t: Term} — Normalize t — Term
nf (normalize r p) = r

We define the relation » =~ s as a record type [6],
(so,ifp: r >~ s, thenp : Normalize r — Normalize s).

record _~_ (r s: Term) : Set where
constructor simeq
field
norDirl : Normalize » — Normalize s
norDir2 : Normalize s — Normalize r
eqnor @ (p: Normalize ) — (¢ : Normalize s) — nf p = nf ¢

Because reduction is deterministic, we can easily show uniqueness of normal forms

unique2NF : {rst: Term} — r-»NF s - r-»NF t = s = ¢
unique2NF rs rt = unique2NFWRed rs rt

unique2NFWRed : {r: NFWRed}{s ¢t : Term} — nfred2NF r s — nfred2NF rt — s =t
unique2NFwRed isnf isnf = refl
unique2NFwRed (step z) (step x1) = unique2NFWRed z 1,

Appendix B: Complete rules for the external extended predicative Mahlo
Universe in type theory, version 2.0

data _€Natnf : Term — Set where
zerop : zero €Natnf
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26 Extended predicative Mahlo universe in Martin-Lof type theory

sucp : {t: Term} — t €Natnf — suc ¢t €Natnf

data _€Nat (s: Term) : Set where
red : {t: Term} — s-»NF ¢ — ¢ eNatnf — s €Nat

data _€ldnf : (s: Term) — Set where
idp: {t: Term} — NF ¢t - < ¢, t > €ldnf

data _€ld (s: Term) : Set where
red : {t: Term}(¢f: s-»NF t)(snat : ¢ €ldnf) — s €ld

data ElJnf (X : Term — Set) (Y: (¢: Term) — X t — Term — Set) : Term — Set where
jeons: {tt’: Term} (tp: X tO)(t'p: Yitpt) - EUnf X Y (< t, ¢ >)

data ElJ (X : Term — Set) (Y: (¢: Term) — X t — Term — Set) : Term — Set where
red : {st: Term}(tf: s-»NF )(¢J: EUnf X Y ¢) - EIJ X Vs

data lg (X : Term — Set) (Y : Term — Set) : Term — Set where
cig: {s: Term}— Xs— ((y: Term) - Y(<y,s>) = Ilg X Yy
—lg X Ys

_&dnf[__]: (¢: Term)(X : Term — Set) (Y: (¢: Term) — X t — Term — Set) — Set
tednf[ X, Y] =EUnf X Yt

_eJl__]: (t: Term)(X : Term — Set) (Y : (¢: Term) — X t — Term — Set) — Set
te)[ X, Y]=EU XYt

data _eRnf : Term — Set where
natit : nat efinf
idR o id eRnf
0RO eRnf
inviR  : (f: Term){r: Term} — NF f — r €Rnf — inv f r eRnf
_NR_ :{rr’: Term} — reRnf — 7’ €Rnf — (rN- ') eRnf
_UR_ : {rr’: Term} — r €Rnf — r” €Rnf — (rU- 1) €Rnf
_R_: {rr’: Term} — r €Rnf — v’ €eRnf — (r-» r’) eRnf
AR {r: Term} — reRnf — (- r eRnf
UR  : {r: Term} — reRnf — J- r eRnf
iR c{r: Term}(rp : r €Rnf)(s: Term)(nfs : NF s)
(sn: (z: Term)(zrp: z enf-  1p)
— Normalize (s - z))
(sz€R : (z: Term)(arp : z €nf- rp)(p : Normalize (s - z))
— nf p €Rnf)
— jcrs eRnf
igh  : {rs: Term} (rp: r eRnf)(sp : s €Rnf) — igc r s eRnf
ulR :(a f: Term)(indp : Indep a f) — u a f eRnf
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_enf-_: (r: Term){s: Term} — s €fRnf — Set

r enf-
r enf-
r enf-
r enf-
r enf-
r enf-
r enf-
r enf-
z enf-

r enf-
r enf-
r enf-

nat)t = r €Nat
idR =reld
DR =1

(RNR s®) = (renf- sR)A(renf- sR)
(SRUR s®) = (renf- sR)V (renf- sR)
(sR-»R sM) = (renf- sR) — (renf- sR)
R p =(y: Term) - <r,y>éenf- p
URp=3FyeTerm] (< r, y> enf- p)

JR 1 s nfs n szeR =

zeJ](Nt— tenf-1mp),

(Nttrp s’ — s’ enf- szeR ttrp (n t trp)) |
inviR f fn seRnf= (f - r) enf- seRnf
ighmpsp=Ilg(At—tenf-rp)(Nt— tenf- sp)r
uR a findp = r€Unfla, [, indp]

data _€PUnf[_,_]: (ra f: Term) — Set where
aproof : {a f: Term}(anf: a €Rnf) = a €PUnf[ a, f]
fproof : {a f x: Term}(zpu: z €PUnfl a, f])

(s: Term)(fzred : (f - z) -»NF s)(sRnf: s eRnf)
— s€PUnf[ a, f]

natpu : {a f: Term} — nat €PUnf[ a, f]

idpu
Opu

:{a f: Term} — id ePUnf[ a, f]
:{a f: Term} — () €PUnf[ a, f]

invpu : {a f: Term} (g: Term){r: Term}(nfg: NF g)

(rpu: r€PUnf[ a, f])
—inv gr ePUnf[ a, f]

_Npu_ :{a frr’: Term}(rpu: r €PUnfla, f])(r’pu: v €PUnfla, f])
= (rn- 7)) ePUnf[a, f]
_Upu_ :{a fror’: Term}(rpu: r €PUnfl a, f])(r’pu: r €PUnfla, f])

— (ru- 1)) ePUnf[ a, f]

_opu_:{a frr’: Term}(rpu: r€PUnfl a, f])(r’pu: v’ €PUnfla, f])

Mpu
Upu

jpu

igpu

= (r-» 1)) €PUnf[ a, f]
{a fr:Term}(rpu: r€PUnfla, f]) = () r€PUnfl[a, f]
{a fr: Term}(rpu: r€PUnfla, f]) = - r€PUnfla, f]
{a fr: Term}(rp: rePUnfla, f])(s: Term)(nfs: NF s)
(sn: (z: Term)(arp : z €nf- PUnf2Rnf rp)

— Normalize (s - ))
(szPU: (z: Term) (zrp . x €nf- PUnf2Rnf rp)

(p : Normalize (s - z))

— nfp €PUnf[a, f])
— jcrsePUnfla, f]
{a frs: Term}(rp: r€PUnfla, f])(sp: s €PUnfl[a, f])
—igcrsePUnfla, f]
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PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf
PUnf2Rnf

:{a fr: Term} — rePUnf[a, f] — reRnf
(aproof pa) = pa
(fproof zp s fsred sR) = sR
natpu = natR

idpu = idR

Dpu = (R

(invpu g gnf rp) = invik g gnf (PUnf2Rnf rp)

rp Npu sp) = PUnf2Rnf rp NR PUnf2Rnf sp

rp Upu sp) = PUnf2Rnf rp UR PUnf2Rnf sp
rp -»pu Sp) PUnf2Rnf rp -» R PUnf2Rnf sp

(
§
gﬂpu D) R (PUnf2Rnf rp)
(
(

Upu rp) = [JR (PUnf2Rnf rp)
igpu Tp sp) = igit (PUnf2Rnf rp) (PUnf2Rnf sp)
jpu rp s nfs sn szPU)
= jR (PUnf2Rnf rp) s nfs sn
Nz zpu p — PUnf2Rnf (szPU z zpu p )

data Indep (a f : Term) : Set where
indep : (aR : a eRnf)(fnf: NF f)

(fnor: (z: Term)(zpu : (z €PUnf[ a, f]))

— Normalize (f - z))

(fzR : (z: Term) (zpu: (z €PUnf[ a, f]))

(p : Normalize (f - x))
— nf p €Rnf)

— Indep a f

data _eUnf[_,_,_]: (ra f: Term)(indep : Indep a f)

aproofu

fproofu

natu
idu

— Set where
c{a f: Term}{indep : Indep a f}
— a€Unfl[a, [, indep]
:{a f: Term}{indep : Indep a f}
(r: Term)(rpu: r €Unfl a, f, indep])
(s: Term)(fzred : (f - ) -»NF s)(sRnf: s eXRnf)
— seUnf[a, [, indep]

: {a f: Term}{indep : Indep a f} — nat €Unf[ a, [, indep ]
: {a f: Term}{indep : Indep a f}

—id €Unf[ a, f, indep ]

:{a f: Term}{indep : Indep a f} — 0 €Unf[ a, f, indep]
:{a f: Term}{indep : Indep a f} (¢ : Term){r: Term}

(nfg: NF g)(rpu: r €Unf[ a, [, indep])
— (invgr) €Unfla, f, indep]

: {a f: Term}{indep : Indep a f}{r r’: Term}

(rpu: reUnfl[a, [, indep])
(r’pu: r’€Unfl[a, [, indep])
— (rn- 1) eUnfla, f, indep]

_{a f: Term}{indep : Indep a f}{rr’: Term}
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(rpu: reUnfl[a, f, indep])
(rpu: r’€Unfla, f, indep])
— (rU- ) €eUnfla, [, indep]
_»u_:{a f: Term}{indep : Indep a f}{r r’: Term}
(rpu: reUnfl[a, [, indep])
(r’pu: r’€Unfl a, [, indep])
— (r-» ) €Unfl a, f, indep ]
u: {a f: Term}{indep : Indep a f}{r: Term}
(rpu: reUnfl[ a, f, indep])
— (N r) €Unfl a, [, indep ]
Uu: {a f: Term}{indep : Indep a f}{r: Term}
(rpu: reUnfl[a, f, indep])
— (U- r) €Unf[ a, [, indep ]
ju {a f: Term}{indep : Indep a f}
{r: Term}(rp: r€Unf[ a, f, indep])
(s: Term)(nfs : NF s)
(sn: (z: Term) — z enf- PUnf2Rnf (Unf2PUnf rp)
— Normalize (s - z))
(szU: (z: Term) — (zrp : z €nf- PUnf2Rnf (Unf2PUnf rp))
(p : Normalize (s - x))
—nfpeUnfla, f,indep])
— (jers) €Unfl[ a, [, indep ]
igu : {a f: Term}{indep : Indep a f}{rs: Term}
(rp: r€Unfla, f,indep])(sp: s €Unfl[a, f, indep])
— (igc rs) €Unfl a, f, indep]

Unf2PUnf : {a f r: Term}{indp : Indep a f}
—reUnfla, f,indp] — re€PUnfl[a, f]
Unf2PUnf {a} {f} {.a} {indep aR fnf fnor fxR} aproofu
= aproof aR
Unf2PUnf {a} { f} {s} {indep aR fnf fnor fxR}
(fproofu r rpu s frared sR)
= fproof (Unf2PUnf rpu) s frezred (fxR v (Unf2PUnf rpu)
(normalize s frared))
Unf2PUnf idu = idpu
Unf2PUnf (invu g gnf rp) = invpu g gnf (Unf2PUnf rp)
Unf2PUnf natu = natpu
Unf2PUnf Qu = Qpu
Unf2PUnf (ju rp s nfs sn szPU)
= jpu (Unf2PUnf 1p) s nfs sn
(N z zpu nf — Unf2PUnf (saPU z xpu nf ) )
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Unf2PUnf (rp Nu sp) = Unf2PUnf rp Npu Unf2PUnf sp

Unf2PUnf (rp Uu sp) = Unf2PUnf rp Upu Unf2PUnf sp

Unf2PUnf (rp -»u sp) = Unf2PUnf rp -npu Unf2PUnf sp

Unf2PUnf ((Nu rp) = (pu (Unf2PUnf rp)

Unf2PUnf ([ Ju rp) = Upu (Unf2PUnf rp)

Unf2PUnf (igu rp sp) = igpu (Unf2PUnf rp) (Unf2PUnf sp)
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