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Abstract

In Spescha and Strahm [15], a system PET of explicit mathematics in the style
of Feferman [7, 8] is introduced, and in Spescha and Strahm [16] the addition
of the join principle to PET is studied. Changing to intuitionistic logic, it could
be shown that the provably terminating operations of PETJ! are the polytime
functions on binary words. However, although strongly conjectured, it remained
open whether the same holds true for the corresponding theory PETJ with
classical logic. This note supplements a proof of this conjecture.
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1. Introduction

In Spescha and Strahm [15], a system PET of explicit mathematics in the
style of Feferman [7, 8] is presented. PET, a natural extension of the first order
applicative theory PT introduced and analyzed by Strahm [17, 18], formalizes
a weak explicit type system with restricted elementary comprehension so that
its provably terminating operations coincide with the functions on binary words
that are computable in polynomial time. In Spescha [14] and Spescha and
Strahm [16] the addition of the join principle to PET is studied. Changing
to intuitionistic logic, it could be shown that the provably terminating opera-
tions of PETJ' are the polytime functions on binary words. However, although
strongly conjectured, it remained open whether the same holds true for the cor-
responding theory PETJ with classical logic. This note supplements a proof of
this conjecture. More precisely, we show that for each term ¢,

PTHte (W' - W) < PETJFte (W' = W),

where t € (W" — W) is short for (Vz1,...,2, € W)(tzy- -z, € W). By
[17], we then know that PETJ F ¢t € (W™ — W) iff there exists a polytime
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function F : W — W on the standard words so that for all wq,...,w, € W,
PTI—]—'(wl,...,wn) =twy - Wy,

PT is an applicative theory that formalizes a combinatory algebra featuring
the combinators k and s, and additionally describes the structure of binary words
(W, €,0,1, S0, S1,+, X, C) equipped with the two successor functions S;(w) = wi
(¢ € {0,1}), word concatenation, word multiplication and an initial subword
relation. This is implemented by adding a unary relation symbol W to recognize
words, and terms to perform the indicated operation and to decide the subword
relation. Further, s <t:=0x sCE 0xtand s <y t:=W(s) As <t.

Further, the theory PT is equipped with the following induction principle:
If g € (W — W), B is positive and W-free and X := {x : (y <w gz)B(g,z,9)},
then

(Z4,-1) Prog—(X) - W C X,

where Prog—(X) == ¢ € X A (Vo € W)(z € X — soz € X Asiz € X).
This partly technically motivated induction principle allows to prove that each
polytime function can be represented by a term tp € (W™ — W). We consider
it more convenient to work with the induction principle (&-1) instead, which
states induction for so-called simple formulas: If A is a positive formula that
does not contain the variable v, then AY is simple, where A" is obtained from
A by replacing each occurrence of W(s) by s <w v. Accordingly, for each word
b, the class X := {x : A%(z)} is called simple. The word b is also referred to as
a bound for X. The theory PTg is obtained from PT by replacing its induction
principle by induction on notation for simple classes. We will see that PTg
proves each instance of the induction principle of PT and still has the same
provably terminating operations.

However, more importantly to the determination of the provably total op-
erations of PETJ is the observation that the provably terminating operations
of PTs are not affected by a further strengthening with the bounding principle
(BP) which asserts that each simple class X C W is bounded by some word w:
For each simple formula AY(u) of L,

(BP) (Vb € W)(3c € W) V(AP (x) = 2 € W) — Va(A(z) — = < ¢)).

To formulate the theory PET, the language of PT is enriched by second order
variables intended to range over types, which are tied to the first order part
by a naming relation R(U, s), stating that s is a name of the type U. Further,
there are additional constants to generate names of types. The type existence
principles of PET are such that each simple class is a type. Therefore, it is
straightforward to extend a model of PTg to a model of PET where each type
is simple. However, if a is a name and (Vz € a)3XR(X, gz), then the additional
join principle of PETJ claims that X := {(z,y) : z €a Ay Egx} is a type. Now
each sequence (w; : z € a) of bounds for the types (gz : x € a) may be unbounded
in W and X may not be simple. Yet, as we shall show, for each model E’ of



PT+ (BP) there is an elementary equivalent model E that extends to a model of
PETJ where each type is simple. This validates the aforementioned conjecture.

The provably terminating operations of PT+ (BP) are determined consid-
ering the auxiliary theory PTé+I, which proves each instance of (BP) and
whose provably total functions coincide with those of PT. Thereby, PT(]L5 ex-
tends PTs by asserting that exponentiation is not a total operation on words,
ie. exp ¢ (W — W), where exp is a fixed term so that expe = 0 and exp(wi) =
exp w+ exp w for each word w and ¢ € {0,1}. And the induction principle (I) ap-
plies also to classes that are defined by searching for a word in the downset X of
some simple class X C W, where X| :={z: (Jy € X)(z <w y)}. PT(];—I—I then
entails (BP): The strengthening of PTg by the assertion exp ¢ (W — W) ensures
that W is not simple, for otherwise, also Y := {z : (y € W)(expz = y)} would
be simple, and exp € (W — W) would follow by (&-1). And exp ¢ (W — W)
in conjunction with (l) ensures that no simple class X C W is unbounded, for
otherwise, X| = W and the progressivity of Y together with (I) would imply
W CY.

We would like to point out that a similar strengthening for applicative theo-
ries is used in Probst [13] to prove the existence of pseudo-hierarchies in subsys-
tems of explicit mathematics. There, the subsystem EMA of explicit mathemat-
ics which formalizes a Mahlo universe is strengthened to EMAT by the assertion
=Tl4(|T|), stating that transfinite induction up to the proof-theoretic ordinal of
EMA fails (which by the way is w00 as shown in Jager and Strahm [12]). That
the provably total operations of PT and PTT coincide, can be seen as an ana-
logue to the observation that EMA and EMAT have still the same proof-theoretic
ordinal (cf. Jager and Probst [11]).

The paper is organized as follows: Section 2 recalls the theory PT, section
3 takes a first glance at the theory PETJ, and in section 4 we present the
boundedness principle (BP) and the auxiliary theory PTé—F | which proves each
instance of (BP). The interlude in section 5 elaborates on the observation that
PTo and PT prove the same positive 3-sequents (sequents without V-quantifiers),
where PT is PT with induction restricted to formulas without V-quantifiers. In
section 6, we show that PTé—i— I and PT + (UP) prove the same positive sequents,
where (UP) denotes Cantini’s uniformity principle (cf. [5]) that claims for each
positive formula A(u,v),

(UP) Va(Jy € W)A(z,y) = (FJy € W)VzA(z, y).
Further, we prove that PTéJrI and PTg derive the same positive 3-sequents; in
particular they still have the same provably termination operations. In section

7 we then conclude with a transformation of a model of PT into a model of
PETJ which preserves the validity of first order formulas.

2. The theory PT

The theory PT is introduced and analyzed in Strahm [17]. Among other
things, it is shown there that each polytime function can be represented by



a term of PT, and further, by providing a realization interpretation of PT in
the open term model M(An), that the provably total operations of PT are
the operation on words computable in polynomial time. As introduced in [17],
the underlying logic of PT is the logic of partial terms due to Beeson [1, 2].
From a conceptual point of view, it is natural to regard terms as possibly non-
terminating operations, yet from a technical viewpoint it is simpler to deal with
the extension PT + (tot) which claims that application is total (i.e. V&, y(z-y)l)
so that each term has a value. This allows to formulate a corresponding theory
that we also denoted by PT, but whose underlying logic is classical predicate
logic. The presentation of this theory is the purpose of this section.

The theory PT is an applicative theory that formalizes a combinatory alge-
bra featuring the combinators k and s, and in addition, specifies the structure
(W,e,0,1, Sp, S1,+, X, E), where W = {0,1}* is the set of finite binary words,
€ is the empty word, Sp(w) = w0 and S;(w) = wl are the two successor func-
tions, v+w = vw is word concatenation and vxw is word multiplication which
concatenates v the length |w| of w times with itself. Further, v C w states that
v is an initial subword of w, that is, w is of the form vv’ for some word v’. PT is
formulated in the first order language L that contains the constants k, s (com-
binators), p, po, p1 (pairing and projections) dy (definition by cases on binary
words), € (empty word), sg, s1 (binary successors), pw (binary predecessor), +,
x (word concatenation and multiplication), and cc (initial subword relation).
Further, L is equipped with a unary relation symbol W (binary words), a bi-
nary relation symbol = (equality) and a binary function symbol - (application).
The lower case letters a, b, ¢, x,y, z, u,v,w, g, h, . .. (possibly with subscripts) are
used to denote variables. The terms of L, usually denoted by r, s, ¢, ... are induc-
tively generated from the variables and the constants by means of application
.. We keep writing st or s(t) for -(s,t), and similarly s+t and sxt for +st and
xst. The formulas A, B,C,... are build form the atoms s = ¢, W(s) and the
negated atoms ~(s =t), ~W(s) by closing under conjunction, disjunction and
quantification. Positive formulas are build from (positive) atoms only. ~(s =t)
is usually written as s # t and negation is defined using de Morgan’s law and the
law of double negation. The connectives — and <+ are defined in the usual way.
Formulas that do not contain the relation symbol W are called W-free. As usual,
we write t[5/u] and A[3/d] for the term and formula obtained from ¢ and A by
substituting all occurrences of the terms § for the variables 4. If a formula was
introduced as A(#@), then A(S) is short for A[5/4]. Further, 0 := spe, 1 := sqe,
(5,t) == pst, (51,.-,5n, Snt1) = (51, (82, Sn+1)), (8)o == Pos, (s)1 := pis,
sCt:=ccst=0,s <t:=0xsCO0xt and W(ty,...,t,) and t1,...,t, € W
are shorthand notations for W(t1),...,W(¢,). Finally, s <w ¢t := W(s) As < t.

The underlying logic of PT is classical logic. Following Strahm [17], we
formulate PT in Gentzen’s classical sequent calculus LK. We assume that the
reader is familiar with LK as it is presented, for example, in Girard [10]. Sequents
are formal expressions of the form I' = A, where I', A, ... range over finite
sequences of formulas of L. As usual, the intended interpretation of a sequent
Ai,... A, = By,...,By isthat A\, _, ., A; entails \/, _, ., B;. Further, if I' =



Ay, ..., Ay, then SET(T') = {A4,...,An}. Instead of @ = T and T = 0, we just
write ' and T' =, respectively. Also, we just mention the main formulas of the
axioms, that is, if I' = A is a displayed sequent in a subsequent list of axioms,
then also IV = A’ is an axiom if SET(I") C SET(I"”) and SET(A) C SET(A’).
Similarly for rules: The inference

m
'=A o

indicates that
= Al (iel)
"= A’
is a rule provided

(i) u ¢ FV(I', A7),

(ii) SET(I;) € SET(I}) and SET(A;) C SET(A}) (i € I),
(iii) SET(I') U U,, (SET() — SET(I;)) € SET(I”),

(iv) SET(A) U, (SET(A}) — SET(A,)) C SET(A).

The logical rules of LK are listed below. t ranges over terms, A over atoms and
B, C range over formulas of L.

= =B B = =B B=
A= 5= M =g OB
= B,C B,C = =B =C B= (C=
= BvVvC BANC = = BAC Bv(C=
= B(t) = B(u) ! B(u) = ! B(t) =
= 3z B(x) =VzB(z)  JaB(z)= VzB(x) =
= B,C B,C = = B,B B,B=
=C,B C,B=> = B B =

Next, we present the non-logical axioms and rules of PT ™, i.e. PT without
induction. Sequents are separated by “;” and r,s,t range over terms of L. The
theory PT™ comprises the axioms the rules listed below.

(i) s=s;s=t=t=s;s=t,t=r=s=r; s=t,W(s) = W(t).
(ii) kst = s; srst = (rt)(st); po(s,t) = s; p1(s,t) =t.

(ii) W(r), W(s),r = s = dwtitars = t1; W(r), W(s) = r = s,dwtitars = to.
(iv) W(e); pwe = € W(s) = W(s;s) (i € {0,1}); W(s) = W(pw(s)).
W(s) = pw(sis) = s (i € {0,1}); W(s) = € = s,50(pws) = s,s1(pws) = s.
W(s),s0s =518 =; W(s),s08 = € =; W(s),s18 =€ =
(v) W(r),W(s) = ccrs =0,ccrs = 1; W(s),ccse =0 = s = € and ccee =0
W(r),W(s),ccrs =0 = ccr(pws) = 0,7 = s.
W(r),W(s),ccr(pws) = 0= ccrs = 0.



(vi) W(r),W(s) = W(r+s),
W(s) = st+e=s; W(r),W(s) = r+(s;s) =s;i(r+s) (z € {0,1}).
(vil) W(r),W(s) = W(rxs),

W(s) = sxe = e and W(r),W(s) = rx(s;s) = (rxs)+s (i € {0,1}).

We point out that the main formulas of all non-logical axioms and rules (includ-
ing equality) are positive, so that a standard partial cut-elimination argument
allows to restrict to derivation where all cut formulas are positive. If we are
only interested in positive sequents, then also both —-rules are admissible. We
write — I' = A to indicate that I' = A is the end-sequent of a derivation where
all cut-formulas are positive and no —-rule is used.

Lemma 1 (Partial cut-elimination). If I' = A is a positive sequent of L for-
mulas, then PTET = A iff PTI-T = A.

The following two lemmas are folklore, too.

Lemma 2 (M-Abstraction). For each L term t and all variables u there is
an L term Ax.t[z/u] with FV(Az.t[z/u]) = FV(t)—{u}, so that PT~ proves
(Az.t[z/u])u =t.

Lemma 3 (Recursion). There exists a closed term rec of L so that PT™ proves

recfx = f(recf)x.

One of the design goals of PT has been that the provably total functions on
words are exactly the polytime functions on words as characterized by Cobham
[6]. Depending on constants ¢ = ¢y, ..., ¢n, meant to denote words, we induc-
tively define a set P7z of function symbols. In a second step, we assign to each
function symbol F™ € PTz (where the superscript ™ indicates that F' is an nary
function symbol) a function F : W" — W on the standard words and an L term
f € (W™ — W) that represents F, i.e. for all W € W,

PTzF F(Wh) = f(wy,..., W),

where Tz denotes the theory T + W(@), € := ¢, and wi := s;w (i € {0,1}).
The set PTz contains the Oary function symbols ¢; (1 < i < m), function
symbols P/* (n > i) for projections, and binary function symbols for +, x
and the characteristic function CHRZ of C restricted to words. Further, if
G™ Fp,...,F" € PTz then CMP(G, Fy, ..., F,,) is an nary function symbol
which is in P7z, and if F™2, FPt2 Gm, B*t! € PTz, then BRC(F, G, B) is an
n+lary function symbol which is in P7z. If € = €,0, 1, then we just write PT
for P7z, and if ¢ = ¢,0,1, «, then we write P7, instead. In the sequel, a will
denote a non-standard word so that expa ¢ W.

With each symbol F™ € PT we associate a function fun(F) : W» — W
in the expected way. If F,G,H are function symbols, then we simply write
F,G,H instead of fun(F),fun(G),fun(H) for the corresponding functions. To
the constants €,0,1 we assign €,0,1 € W, P;(w1,...,w,) := w;, CHRc (v,w) €



{0,1} and CHRc(v,w) = 0 iff v C w, and + and x are word concatena-
tion and word multiplication. If F™ = CMP(G™, F}*,...,F"), then F :=
CMP(G, Fi,...,Fm) and if H"' = BRC(FJ2, F'*2 G™, B"t1), then H :=
BRC(Fo, F1,G, B). Thereby,

F(@) = G(Fu(D),...,Fn(T)),
H(Z,e) = G(&), and
H(@,yi) = Fi(@y, H(Z,y))|B(T,y) for i € {0,1},

where x|z denotes the truncation of z to the length |z| of z. The set of polytime
functions on W is given by {F : F € PT}.

To represent the polytime functions in PTz, we assign to each function sym-
bol F™* € PTza closed term f := Term(F) of L(¢). Again, we write f, g, h instead
of Term(F), Term(G), Term(H ). For a constant ¢;, Term(¢;) := ¢;, Term(S;) :=s;
(¢ €{0,1}) and chrc := Az.cc(z)o(x)1. Further,

Term(CMP(G, Fy, ..., F,)) = cmp(g, f1,---, fn),
Term(BRC(F07F17G7B)) = brc(f07f17g7b)7

where cmp, brc and Term(P;) satisfy the expected equations. PT™ proves that
such terms exist. Strahm [17] gives an explicit construction of these terms.
Induction on notations is required to show that for Fg”rz,F1”+2,G",B”+1 S
PTz,

fo€ (W2 S WIA f1€ W2 5 W)Age (WP = W)ADLe (WP — W)
— bl’C(fQ,fl,g7b) € (Wn+1 — W)

In particular, one has to prove that

(Vy € W)(3z <w b(Z, y))(bre(fo, f1,9,b)(Z,y) = 2).

Therefore, PT is equipped with the induction rule (3%,-1), which claims for each
formula A(u) := (3y <w tu)B(t,u,y), y ¢ FV(t), B positive and W-free,

(2b-1) W(u) = W(tu) = A(e) W(u), A(u) = A(s;u)
" W(s) = A(s)

lu!

It is detailed in [17] how this induction principle entails that f € (W™ — W)
for each F™ € PT. Analogously, PTz proves f € (W™ — W) for each F™ €
PTz. Hence, we can assign to each such function symbol F™ and each model
E=WV,W,...)of PTz a function F := fun(F,E) : W" = W, F(wy,...,w,) :=
fE(w1,...,w,). Whether F is a function on the standard words W or the
words W of some non-standard model will be clear from the context or of no
importance.



3. The theories PETJ

As in Spescha and Strahm [15], and Spescha [14], the first order part of
PETJ is the applicative theory PT. Note, that the present version of PET also
contains a constant all that serves as dual to the type-forming operation dom.

The theory PETJ is formulated in the language L? that extends L by second
order variables U, V,W ... XY, Z, a binary relation s € U (elementhood), a
binary relation R(U,s) (s is a name of the type U), and fresh constants id,
iw, dom all, inv, un, int and j to generated names of types. The additional
atoms of L2 are the expressions of the form s € U and R(U,s), where s is a
term of L. The formulas of L? are then build from the atoms as before, but
additionally we close under second order quantification. The formula U =V is
an abbreviation for Vz[z € U < x € V. Further, we write R(s) for 3XR(X s),
s = Z for IX[R(X,s) AN X = Z], s =t for IX[R(X,s) AR(X,?)], and s€t for
IX[R(X,t)As € X]. The logical axioms and rules of PETJ are those for classical
second oder logic, and the non-logical axioms and rules of PETJ are those of PT
without induction, plus the following three groups of axioms concerning types.
PET is PETJ without the axioms for the constant j, and PET~ and PETJ™ are
PET and PETJ without type induction, respectively.

The ontological axioms of PETJ:
J2R(U, z) and R(U,u) AU =V — R(V,u) and R(U,u) A R(V,u) - U =V.

The type forming axioms of PETJ:
(i) id ={(z,2z) : z = z}.
(ii) ueW—>iWui{m:x§Wu}:
iii) R(u) — allu = {x Vy[(z,y) € ul}.
iv) R(u) — domu = {x : Ely[(z y) €ul}. _
v) R(u) AR(w) = int(u,v) = {z: xEU/\a:EU}
(v1) R(u) AR(v) = un(u,v) = {z:x€uV v}
£

—_

(vil) R(u) = inv(u,g)) = {x : gz €u}.
Ru)Ag € (u = R) = j(u,9) = {(z,y) :  Euny € gz}, where g € (u — R)
is short for (V€ u)R(gz).

The induction axiom of PETJ:
(T-1) Prog-(U) - W C U,

where Prog—(U) :=e € UA (Vo € W)(z € U = spz € U Asiz € U) expresses
that U is progressive.

A structure M = (E,R,...) for L? consists of a structure E = (Vg, Wg,...)
for L an interpretation R C POW(VE) x Vg of the naming relation R and interpre—

(viii

Note that R also spemﬁes the domam T={X": EIxR(X :17)} of the type vari-
ables. Then, € is interpreted as the standard elementhood relation restricted
to Vg X T. Occasionally, we identify R with its range, that is, z € R is then
read as IXR(X, x). M is a model of PETJ if it satisfies all axioms and rules of
PETJ.



4. Extensions of PT and the bounding principle (BP)

The theory PTg is obtained from PT by replacing the induction rule (2{,-1)
by an induction rule (&-l) that claims induction on notation for so-called simple
formulas. If A is a positive formula of L and u does not occur in A, then
A" is obtained from A by replacing each occurrence of an expression W(s) by
s <w u. The formula B(u) := A" is then called simple w.r.t. wu, and we
write B(u) € &(u). The class &(u) of simple formulas w.r.t. u is closed under
conjunction, disjunction and quantification of variables different from u2. An
alternative definition of the class &(u) is given below.

Lemma 4. For each variable u, the class of simple formulas w.r.t. u, denoted
by &(u), is inductively defined as follows:
(i) Ifu ¢ FV(s=1t) and u ¢ FV(r), then s =t and r <w u are in &S(u).
(ii) If A and B are in &(u), then AN B and AV B are in &(u).
(ili) If A is in &(u), then Ve Alz/v] and JxA[z/v] are in S(u).

The induction rule of PTg states that for each L formula A(u,w) € &(w),

= A(e,w) A(u,w) = A(sju,w) (i € {0,1}) !

(&) W(w), W(s) = A(s,w)

Further, we say that a class X is simple, if there is a formula A(u,v) € &(v)
and a word a so that X = {z : A(z,a)}.
Lemma 5. PTg proves each instance of ($4,-1).

Proof. As shown in Spescha [14], there is a closed term sup of L so that PTg
proves

te(W— W)= (Va,y € W)z Cy — te <w suptx <w supty|.

Let X :={z: (Jy <w tz)B(y,t,x)} and assume that y ¢ FV(¢), B positive and
W-free, and Prog(X). If s is a word, then

Yi={z:ccas=1V (2 C sA (Jy <w supts)(y < tz)B(y,t,x))}
is also progressive and simple, thus s € Y. But this implies s € X. O

Without affecting the provably total operations of PTg, we can extend PTg
by the bounding principle (BP) which asserts that each simple class X C W is
bounded by some word w: For each formula A(u,v) € &(v), referred to below
as AY(u),

(BP) (Vb € W)(3e € W) [Va(Ab(z) — 2 € W) — Va(Ab(z) — = < ¢)].

2Simple formulas are essentially $% formulas (cf. Spescha and Strahm [15]) with V-
quantifiers.



We shall see in section 7 that for each model E of PT+ (BP), there is an ele-
mentary equivalent model E’ = EE so that the simple classes of E’ are the types
of a model (E',R) of PETJ.

To handle the theory PT+ (BP) we have a look at the extension PTé—Q—I of
PTs which proves that each simple subclass of W is bounded in W, but cannot
prove more operations to be total than PTg. To introduce PTé—i— I, we fix an L
term exp so that, provably in PT™, expe = 0 and exp(wi) = exp w+ exp w for
each word w and i € {0,1}. Further, if T is an L theory, then T' is formulated
in the language L(«), comprises the axioms of T adjusted to the new language
L(a), and in addition,

—(exp) = W(a) and W(exp o) = .
PTé+I extends PTJ5 by the induction rule

Au,w) = W(u) = C(e,w) Clu,w)= C(siu,w)

0 W(w), W(s) = C(s,w) tut

where a A(u, w) € &(w) and C(u, w) := Jy[A(y, w) AIz(z <w yAB(u,w,y, 2))]
with B positive and W-free.

Lemma 6. PTQ];+| proves that each instance of (BP).

Proof. Suppose that X C W is simple but unbounded. Then
Yi={z: e XAz(z<wyAz=expx))}

is progressive. Applying (1) yields exp € (W — W). A contradiction! O

5. Interlude: Positive theories and V-quantifiers

This section elaborates on the following observation made in Strahm [17].
For the theory PT, universal quantifiers do not play a role in the sense that the
only non-logical rule that may contain universal quantifiers, the induction rule
(E(}V—I), can be restricted to formulas that do not contain universal quantifiers,
and the resulting theory still has the same provably total operations as PT. The
question suggests itself, whether a tailored fragment without universal quanti-
fiers of a theory whose non-logical axioms can be presented by positive sequents
still proves the same positive sequents without universal quantifiers as the full
theory.

Let L; be a first order language, that besides other function and relation
symbols, contains constants (e; : ¢ € N). The idea is that in all theories under
consideration below, the constants e; are free: That is, if I' = A is an axiom,
then so is I'[s/e;] = Als/e;], for each term s, and accordingly for rules. In other
words, when considering models, we are free to assign any value to a constant
e;. Positive formulas are build from (positive) atoms only, by closing under A,
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V and quantifications. A sequent I' = A is positive if it contains only positive
formulas. Further, a 3-sequent does not contain universal quantifiers, and a
sequent I' = A is good if it is positive and in addition, I' does not contain
universal quantifiers. A theory T is good, if all its axioms and rules can be
presented by good sequents. Note that a good theory can comprise Cantini’s
uniformity principle (cf. [5]) if it is presented as a rule: for each positive formula
A(u,v),

I'= Va(Jy € W)A(z,y), A

I'= (Jy € W)VzA(zx,y), A’

A restriction [ is a substitution that replaces each universally bound variable in
a formula by a constant e; so that variables bound by the same V-quantifier are
replaced by the same constant. LK® is LK without both —-rules, and with all
logical axioms and rules restricted to positive 3-sequents. As a substitute for
the left V-rule, we take all its restrictions,

ILA(s) = A

(el'—left) m y

for each constant e;.

The right V-rule is dropped as all its restrictions are admissible. LK is LK®
without the e;-rules.

To a positive theory T we assign a theory T¢ that derives positive 3-sequents
as follows: The underlying logic of T¢ is LK®, and its non-logical axioms and
rules are all the restrictions of the non-logical axioms and rules of T. Further, T3
is T¢ with the underlying logic LK>. In this section, we will prove the following
theorem:

Theorem 7. Let T be a good Ly theory. If T = A is a positive 3-sequent, then
TFT=A = T?FT= A

We start with the following observation.

Lemma 8. Let T be a positive theory and I' = A a positive sequent of Ly
formulas. If TET = A, then T¢ = T'[ = AJ for all restrictions |.

Proof. By induction on the depth of the proof. In case of a left V-rule, the I.H.
and an application of a left e-rule yields the claim. In case of a right V-rule,
we have T =~ T' = A(u),A. Then, also TF- T' = A(e;), A for each i. By LH.
Te |~ T = A(e;,)], Al for an ig so that VzA(z)] = A(e;,)[. In case of the
other rules, the I.H. applies directly. O

If T is a good theory, then the system T¢ derives so-called annotated se-
quents. An annotated sequent ¥ = A is a sequent, where a natural number
is assigned to each occurrence of a constant e; in X. For instance, we write
A(el') = to indicate that the number n is assigned to the displayed occurrence
of e;. Further, we just write e; instead of €. A sequent ¥ = A is an axiom of
T¢ iff deleting all annotations yields an axiom of T¢ and each constant e; in ¥
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is annotated by 0. Further, a rule is a rule of T¢ iff the corresponding rule with
the annotations deleted is a rule of T¢ and the annotations remain unchanged
except for the following cases: The annotation of the constant e; introduced by
an e;-rule has to be bigger than all annotations in the term ¢ that is substituted
by e;, i.e.

where n > n; for 1 <i <k.

Ael) =
In case of contraction and a context sharing rule, the bigger annotation is kept,
A(e?;v'~we?:)vA(e;le“aeg:k):> and A(en),Bé A(em),C’é
n
Al el = A(e), BVC = 7

where for 1 < i < k, l; = max(n;,m;) and | = max(n,m). The weight of an
annotated formula is the sum of all its annotations. T }% I' = A states that the
depth of the derivation is n and that the cut-rule is only applied if the weight
of the cut-formula is less than k or if no constant e; occurs in the cut-formula.

Lemma 9 (e-substitution). If T' = A is a positive I-sequent and t an e-free
term, then

TehT=A = TS T[t/e)] = Alt/e).
Proof. By induction on n. If for instance ¥, A(e?) = A is obtained from
¥, A(s) = A by a left e;-rule, then the L.H. yields X[t/e?], A(s[t/e?])[t/e}] =
Alt/e;], and now the left e;-rule yields S[t/el], A(e?)[t/e?] = Alt/ei]. If ¥ =
B A C,A is obtained from ¥; = B, A and X, = C, A, where X; and X, differ
only w.r.t. the annotation, then the I.H. yields

Si[t/e%] = Blt/ei], Alt/e;] and  ,[t/e] = Clt/ei], Alt/ei].

Observe that a formula A(eY) may be in ¥; and A(e}) may be the corresponding
formula in ¥,.. In this case, after applying the A-rule, A(t)[t/e)], A(e})[t/e!] are
side formulas in the conclusion of this rule. An application of the e;-rule and
contraction help to obtain the claim. O

Lemma 10. Suppose that T¢ }% Y, A(el)) = A. Then there are e-free terms
t1,....t; and n’ <n so that TS |- X, A(ty), ..., Aty), A(er) = A.

Proof. A simple induction on the depth the derivation. O

Lemma 11 (e-cut elimination). Suppose that X = A is an I-sequent which is
e-free.
T S=A = T = A

Proof. Main induction on the weight k, side induction on the depth n. The only
case where the I.LH. does not apply directly is if

Teh S, A(™) = A TeH- S = A(e),A
Te no A
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where we have picked an annotated constant €™ in A with m > 0. Then,
Lemma 10 yields TS b= ¥, A(t1),. .. 7A(?fl),A(emI) = A and the I.H. and the
e-substitution lemma imply that T |5 ¥ = A(s), A for each e-free term s. A
couple of cuts yield T¢ }W 3 = A. Since m < k, the claims follows by the
LLH. O

The theorem follows: If T is good and I' = A is a positive 3-sequent so that
THI = A, then T¢ % I'= A. AsT = A is e-free, no use of a left e-rule was
made. Therefore, T7 T = A.

Let us apply the theorem. PTy is the theory PT with induction restricted
to formulas without universal quantifiers. Then, PT? is contained in PTy.

Corollary 12. IfT' = A is a positive 3-sequent so that PT +T = A, then also
PToHFT = A.

6. The provably terminating operations of PTé—I—I

In this section, we show that the provably terminating operations of PT(;—I— |
are still the polytime functions. Actually, we prove a bit more, namely that
PTy and PTé—i—I prove the same positive F-sequents, and that PT + (UP) and
PT(L+| + (UP) prove the same positive sequents, where (UP) is Cantini’s uni-
formity principle (cf. [5]) that claims for each positive formula A(u,v),

(UP) Ve(Jy € W)A(z,y) = (Fy € W)VzA(z,y).

To obtain this result, we translate a sequent I' = A which is provable in PTé+ |
into a sequent which is provable in PT. This translation is inspired by a re-
alization interpretation in the style of Cantini [4] and Strahm [17]. However,
in contrast to the realization interpretation applied in [4],[17] our translation
does not depend on an open term model M(An) of PT, and allows to han-
dle extensions of PT that are consistent but no longer true in M(An), such as
PTL+I.

To define the realizability interpretation we fix closed L terms pair, wl, wr so
that (provably in PT) pair € (W? — W), and for s,¢ € W, wl(pairst)) = s and
wr(pairst) = t. To be specific, we let pair be such that for all words wp, ws,
pairwgw; = wi00w], where ¢* := € and wi* := w*1i for i € {0, 1}.

Definition 13. To each positive L(a) formula A, we assign a positive and
W-free formula uw r A with an additional fresh free variable u. To increase read-
ability, we write (s,t) for pairst, u = (wo, w1) A A(wo,w1) for u = (wlu, wru) A
A(wlu, wru), and similarly, uw = (i,w) A A(i,w) is to abbreviate u = (wlu, wru) A
wlu =i A A(wlu, wru).

(i) ur W(t) :=u=t,
(i) urs=t:=u=€eNAs=t,
(iii) ur ANB :=u= (wp,w1) ANwgr ANw;y r B,
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(iv) ur AVB:=u= (G, w)AN[(i=0Awyr A)V(i=1Aw; r B)],
(v) urVeA(x) :=Ve(ur Alx)),
(vi) wr JzA(z) ;= Jz(u r A(z)).

To a positive sequent T' = A with T' = Ag,..., A1 and A = By,...,B,_1,
we then assign the sequent

Ug I Ao, ey Uy —1 T Am—l = \/ [U = <base2(i),w1> ANwy r BZ],
0<i<n

where bases (1) is W for w the binary representation of the number i. Moreover,
the variables u,uq, . .., um_1 are pairwise different and do not occur free in I', A.
The left hand part of the sequent displayed above is often abbreviated as u r T,
and the formula on the right as u r A.

By a simple induction on the build-up of positive formulas, the following
observation is made.

Lemma 14. If A is a positive L formula, then PT™ F (3x € W)(z r A) — A.

The converse direction fails: When trying to prove the claim by induc-
tion on the build-up of A, in case that A = VyB(y), the IL.H. yields that
Vy(3x € W)(z r B(y)), yet we cannot infer (3z € W)Vy(z r B(y)), that is
(Jz € W)(x r VyB(y)), unless we employ (UP).

Lemma 15. PT™ + (UP) F A+ (3x € W)(x r A), for each positive L formula
A.

Recall that T, extends a theory T by the assertion W(«). For instance, if
T is PTg, then T, is PTé without the axiom W(exp«a) =. Because T, only
states that « is a word, T, H I' = A implies T + T'[0/a] = A[0/a]. An
induction on the depth of the derivation also yields that TT - T' = A implies
ToFT = A, W(exp o).

Theorem 16. Suppose that Ag ..., Am_1 = By,...,Bn_1 is a positive sequent
of L. If PTL+14 (UP) = Ag..., Ayt = Bo,..., By and @ =ug, ..., U1,
then there is an F™ € P7T, so that

PTM - W(ug),. .., W(tm_1),@r Ag,..., Apm_1 = f(@) r By,...,Byp_1.

In the above theorem, we can replace PT(; and PT! by PTs, and PT,, since
the axiom W(exp ) = is only need to derive the sequent W(u), u r W(exp o) =

Corollary 17. Let T' = A be a positive and T" = A’ a positive 3-sequent of L.
Then

(i) PTL+1+ (UP)F T = A implies PT + (UP) F T = A,
(ii) PTL+14 (UP) T = A implies PTo F TV = A/,
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Proof. If PT(];—H + (UP) F T = A, then by the above Theorem there is an
F € PT, so that PT, + (UP) F W(@),drT = f(&)r A. AsT = Aisan L
sequent, there is also an F' € PT so that PT + (UP) - W(%@),d r T = f(@) r A.
Since PT proves that f(u) is a word, the claim follows by Lemma 15. For
the second claim, use the result form the interlude that PTy F IV = A’ iff
PTHI' = A O

Corollary 18. Ift is a closed term of L (so it does not contain the constant
a) and PTé—l—I F W(0) = W(t(?)), then there is a polytime function symbol
F € PT so that for all w e W,

PT b Flwr, - wn) = @1, ..., Wn) = f(@1,...,W).

Proof. Assume that t is a closed L term and PTé—i— | - W(¥) = W(t(?)). Then,
PTs,a+ 1 F W(¥) = W(#(?)),W(expa). By Theorem 16, there are F,G,H €
PTa so that F(w) = (G(wW), H(w)), and

PTo FW(@) = g(@) = 0At(@) = h(d), g(@) = 1 A h(T) = exp a.

Suppose that for @ € W, G(@) = 1. Then, PT, - W(exp «) which is impossible.
Hence, G(W) = 0 for all @ € W, and thus for all & € W, PT, + C(¢, ),
where C(t,w) := h(wy,...,w,) = t(Wy,...,W,). Since t is an L term, PT
C(t,w)[0/a], and there is a function symbol H' € PT, so that h[0/a] = h'. O

Definition 19. We assign to each formula A of L(a) a rank rk(A) € 0 x W.
The rank of a literal is 0, the rank of Aj B is 00 x (rk(A)+rk(B)+0) and the
rank of QrA is rk(A).

Lemma 20. Let A(v) € &(v) and B positive and W-free.

(i) PTTFweW,ur A(w) = u < rk(A) x max(0, w).
(ii) PT" Fur B=u<rk(B).

Proof. Both claims are shown by induction on the build up of the formula. [

Theorem16. The proof is by induction on the depth of the derivation. Note that
the handling of the V-right rule and the 3-left rule are directly by the definition
of the translation and do not require a substitution lemma: For if v is different
from @ and does not occur free in Ay, ..., Ay—1,VeBo(z),...,By_1, then

PTI - W(@),d@r Ao, ..., Ap—1 = f(tg-tUm—1) * Bo(v), ..., Bn_1,
entails
PTM - W(@), @ r Ao, ..., Apm_1 = f(ug- - tUm_1) v YeBo(x),..., Bp_1.

Clearly, PTT proves the translation of the sequents = W(a) and W(exp a) =.
And the translation of (UP) trivially holds as u r Vz(3y € W)A(x, y) is logically
equivalent to u r (Jy € W)VzA(z,y). The logical rules and (&-1) are essentially
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handled as in the proof of the realization theorem in [17]. Therefore, we just
consider the case when the last rule applied is an instance of ().

We work informally in PT' and tacitly use that f € (W" — W) for each
F™ € P7, and that induction for W-free and positive formulas is available. In
addition, we commit a slight abuse of notation in that we write (f(5))o and

(f(8))1 for wi(f(3)) and wr(f(8)) if F € PT,.

Assume that last rule applied is an instance of (I). Then, the I.H. provides
polytime function symbols F,, F., Fy, F} so that PT' proves the sequents

W(a,b),a,br T, A(u,w) = f(a, W(u), A,

W(@),irT = f(d)

b) r
a)r Cle), A
W(a,b),a,br I, C(u,w) = fi(du)r

(szu w), A i€ {0,1}
It is assumed that C'(u,w) is of the form Jy[A(y, w) A 3z(z <w y A B(u,y, 2))]
with A(u,w) € &(w) and B positive and W-free. Further, we suppose that the

atom w € W is an element of the sequence I'. Our task is to find a function
symbol F' so that

(%) PTM - W(@,b),ar T = f(@b) r C(b),A.

Recall that f(@,b) is of the form (i,w), where i tells us which formula in
the sequence on the right is realized. If ¢ = 0, then w r C(b), hence w =
(wo, ((w1, €),ws)), and there is a y so that wy r A(y), and further w; <w y and
wy r B(b,y,w1). By Lemma 20 we know that wo < rk(A) x max(0,d). Fur-
ther, as shown e.g. in Cantini [3], if FF € PT, then there is a function symbol
F* € PT with the same ariety, and so that for all words @, v, F () < F*(7)
provided that v; < w;. It is completely straightforward to generalize this
result to function symbols F' € PT,. Now, let H € P7T, be such that for
t(@) := rk(A) x max(0, @), PT proves

h(@,b) = fe(@) + £,"(@,4(@)) + (0, £;7 (@, (t(@), (£, (@ £(@)), €), rk(B)))))-
Next, let F' € PT,, be such that PTT proves F(@,¢) = F.(a@) and

f(a@,b)|n(a,b) 2 (f(@,0))o # 0,
f(@,bi) = § f.(@, (£(@,b))1.0)|h(@,b) : (f(@b))o = 0,(fa@ (f(@b))1,0))o #0,
fi@, (f(@0))1)|h(@v) = (f(@0b))o =0, (f.(@ (f(@b))10))o =0

Assume that W(a@) and @ r I'. We show that for all words b, f(a,b) r C(b), A
and f(a@,b) < h(@,b) by induction on b. For b = € there is nothing to show.
That the claim for bi (i € {0,1}) follows provided the claim holds for b is shown
below, distinguishing the following two cases:

(i) (f(a@,b))o # 0. Then f(a,b) is of the form (i,c), i > 0 and ¢ r B for some
Bin A. As f(a,bi) = f(a,b), also f(a,bi) r C(bi), A and f(a,bi) < h(a,b)
by L.H.
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(i) (f(@,b))o =0. By LH. (f(a@,b))1 r C(b). So (f(d,b)): is of the form w =
(wp, {{w1, €),ws)), and there is a y so that wo r A(y) and w; <w y and
wa T B(b,y,w1). As wy < rk(A) x max(0,a) = ¢(a), L( (f(@,b))1o) <
£ (@4(@) < h(@b). In case (£,(d, (F(@b)ro)o # 0, £(@bi) < h(@.b),

and (f(@,bi)); r B for some B in A
If (f.(@, (f(@,0))1,0))0 = 0, then wy <y = f(d,wo). fi(@,(f(d@ b)) =
fil@, (wo, ((wi, €),wa))) < f¥(@ (¢(@), (£ (@, t(a)), €), rk(B)))) < h(@,b).

Thus, f(d,bi) < h(d,b), and (f(a,bi)); r C(bi).
O

7. From a model of PT 4+ (BP) to a model of PETJ

In this section, we show that each model E' = (Vg/, Wy, ...) of PT+ (BP)
has an elementary extension E > E’ that expands to a model M = (E, R, ...) of
PETJ where each type is simple. Hence, PETJ does not prove more L formulas
than PT+ (BP), and the provably terminating operations of PETJ are still the
polytime functions. Recall that E = E’ if Vgy C Vi, Wgr C W and RE|E' = R
for each relation and function symbol R of L. In addition, each sentence A of
the language L(c, : v € Vg/) which extends L by constants for each element of
Vg holds in E’ iff it holds in E.

There is a standard method introduced by Feferman in [9] to construct an
interpretation for the naming relation and the types over an applicative structure
such as PT+ (BP). Using this method, each model E' = (Wg/, Vg/) of PT+ (BP)
is easily expanded to a model M = (E/,R,...) of PETJ": As interpretations
for the additional constants id, iy, all, dom, inv, int, un and j, the values of
the following closed terms in the model E’ are chosen: id := €, iy = Az.(¢, z),
all := A\z.(0,z), dom := Az.(1,x), inv := Azy.(00, (z,y)), int := Azxy.(01, (z,y)),
un = Azy.(10, (z,y)) and j := Azy.(11, (z,y)). Then, the naming relation R C
Pow(Vg/) x Vg is build by a non-monotone inductive definition over the structure
E', specified by the L(P) formula R(P,u,v,w) := Ro(P,u,v,w) V Ry (P,u,v,w)
displayed below. The language L(P) extends L by a set constant P that serves
a placeholder and the elementhood relation s € P. For an ordinal o« € ON, the
ath stage IE+4 of the inductive definition over E specified by the L(P) formula
A(P,uq,...,uy) is defined as follows:

IEI’A = IE/O’LA U{(ug, ... up): A(IE/O’LA,ul, ..y Up)}, where IE,C;A = U IEI’A,
B<a

and the formula A is evaluated in the structure E’. More precisely, IEI’A is the
union of IE/O;A and {w € V]Ef ]E E 3w = (z1,...,2p) /\A(I</D’é J X1, X))}
Further, I EA . UanN ELA A simple cardmahty argument yields that there
is a v € ON so that ILYE A = IEWA. It follows that %4 = IEWA. Also,
if (z1,...,2,) € I®A, then there is a 8 so that (x1,...,z,) ¢ IEI[J’,A and
A(IE 7).
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The two disjuncts of R have the forms Ry(P,u,v,w) := v =w = 0 A R{(P, u)
and Ry (P,u,v,w) := w =1 A R{(P,u,v). To keep the definitions readable,
we regard s = (x,y) A A(z,y) as a shorthand notation for s = ((s)o, (s)1) A
A(()0, (8)1). The idea is that a is a name iff (a,0,0) € IE B and that a € a iff
(a,0,0),(a,z,1) € JE R R{(P,u) is the disjunction of the clauses

(i) u=e¢,
(il) u = (e,2) A W(x),
(iii) v = (0,a) A (a,0,0) € P,
(iv) u=(1,a) A (a,0,0) € P,
(v) u=(00,(a,g)) A (a,0,0) € P,
(vi) w= (01, (a,b)) A (a,0,0) € P A (,0,0) € P,
(vii) w = (10, (a,b)) A (a,0,0) € P A (a,0,0) € P,
(viii) u = (11, (a,g)) A (a,0,0) € P AVz[(a,z,1) € P — (g92,0,0) € P],

(i) u=€eAv=(z,2),
(i) v = (e,x) Nv <w z,
(it) u = (0,0) A Vyl(a, (1,5),1) € P,
(iv) u= (1,0,) A Hy[(a7 (v,y),1) € P],
(v) u=(00,(a,q)) A (a,gv,1) € P,
(vi) w=(01,(a,b)) A (a,v,1) € PA (b,v,1) € P,
(vii) u = (10, (a,b)) A[(a,v,1) € PV (b,v,1) € P],
(viil) u= (11, (a,9)) Av = (z,y) A (a,z,1) € PA (gz,y,1) € P.

The next lemma is immediate by induction on « and is used tacitly in the sequel.
Lemma 21. For all ordinals o, we have (a,x,1) € IE B iff (a,x,1) € IE-F1,

Next, let RE := {(X,a) : (a,0,0) € I®"’R A X = {z: (a,2,1) € IF'R}}
and R/ := RE. Again, we write R'(a) for 3XR'(X,a) which is equivalent to
(a,0,0) € I*-2 and thus let R (a) := (a,0,0) € IZ % and R_ ,(a) := (a,0,0) €
IE.B. Further, ext’(a) refers to the collection {z : (a,z,1) € I¥-R}; ext! (a) and
ext”,(a) are defined accordingly. Finally, z €’a is short for a € R' Az € ext'(a),
and a €’ X stands for a € R’ Aext'(a) C X.

Lemma 22. Ifa € R, then z € ext'(a) implies x € ext],(a).

Proof. By induction on «. Assume that the claim holds for all ordinals below

a and let a € R.,. If x € ext'(a), then Rl(IEIﬂ’Rl,a,x, 1) for some S, e.g. there
are b, g € Wy, so that B(3,a,b, g, z) holds, where B(f,a,b,g,x)) is

a=(11,(b,9)) Az = ((@)o. (x)1) A (b, (2)0, 1) € IE5" A (g(@)o. (2)1,1) € 1557,

a € R, implies b € R, and (Vz € ext_,(b))(gz € R_,). By LH. (z) €
ext’5(b) entails (z)o € ext’,(b), which then implies that g(z)o € R.,. Now
(7)1 € ext_g(g(z)o) and the LH. yield (z); € ext’,(g9(z)o). Therefore B(a).
Thus z € ext],(a). O
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Lemma 23. If E' is a model of PTs, then (E',R',id,iw,...) is a model of
PETJ™.

Proof. We just check the axiom for join. If b € R’ and (Vz € ext’(b))(gz € R'),
then R(IEl7R,(J;(b, 9),0,0)), ie. j(b,g) € Ry, for some a. Further, if (z,y) €
ext’(j(b, g)), then by Lemma 22, (z,y) € ext,,(j(b,g)). By the definition of Ry

and Lemma 22, this holds iff z € ext/(b) and y € ext'(gx). O

Lemma 24. Fach model B’ of PTs has an elementary extension E = E’ so that
125 = I1E.

Proof. Let E’ be a model of PTg. Below, we give a set T of formulas that are
finitely realizable, i.e. for each finite subset G C T', there is a model Ej of PTg
and w € Wg,, F C Vg, so that for each formula C(P,p) € G, Eg = C(F,w).
For each n € N, (4;(u1,...,un) : @ € N) is an enumeration of the L(P,p)
formulas with free variables uy, ..., u,. Further, s € (P); abbreviates (s,t) € P
and s € (P)<yt := (3z <w t)(s € (P)z). The set T comprises (i) and (ii), for
each ¢ € N the formula (iii) and the formula (iv).

(i) {w<swp:weW} U{W(p)},

(ii) {A: Ve E A, AanL(c, :v € Vy) sentence.},

(iff) Vz[(3z <w p)Ai(z,2) = (32 <w p)(Ai(z, 2) A (Vy <w 2)=Ai(z,y))],

(iV) (VZ <w p)[(P)OXZ = {(a7 b, C) : (CL, b, C) € (P)<W0><Z\/R((P)<WO><Z7 a,b, C)}]’
Since T is finitely realizable, compactness provides a model E = (Vg, Wg) of
PTs and w € Wg, F C Vg so that E = C(F,w) for each C(P,p) € T. By (i) we
have that w is non-standard, (ii) forces that E is an elementary extension of E/,
(iii) tells us that each non-empty subclass of {w : w < w} which is L-definable
with parameters from Vg U {F} has a <-minimal element, and (iv) entails that
for each word b € Wy, of length n € N, IEF# = (F)gyp, and so IEE C (F)gx, for
each non-standard word ¢ <y w.

It remains to show that 1= = 1% First, assume that Ry (155, a,z,1).
Since R;(P,u,v,w) contains P only positively, Ri((F)<yoxb;@,x,1) holds in
particular for each non-standard word b. There is no shortest non-standard
word. By (ii), there is a shortest word by so that Ri((F)<ywoxbesa,Z,1). So
b € W and Ry ((F)<yoxby, @, 2, 1), thus (a,z,1) € (Foxp, C 121

Secondly, if RO(IE’f, a,0,0), then we do a case distinction on the clauses of
R{. We just consider the case where a = j(a', g),0,0) for some a’,g € Wg. Then
X with

0#X:={beWg: (Vrea)(g9z,0,0) € (F)eyoxp} S{b<w:b¢ W}
has a <-minimal element which is in W. So (a,0,0) € 1=, O

For the rest of this section, E denotes a model of PT+ (BP) with T2 = IRE,
We let R :=R® and T := {X : I2R(X,z)}. It remains to show that each type
in T is simple.
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Since {(a,z,1) : (a,z,1) € IBR} = [BR = 158 (4 2 1) € IBR can
be expressed by a positive formula E,(a, ), where Ey(u,v) := R} (0, u,v) and
Epi1(u,v) = Ri({(b,y) : En(b,y)},u,v). As the extension of each type X € T
is now of the form X = {z : E,(a,x)}, it suffices to show that for each name
a, there is a word w so that X = {z : E,(a,z)} = {z : E¥(a,x)}, which
entails that X is simple. Since F, is positive, we then also have X = {z :
E.(a,z)} = {x: EX(a,z)} for each word v > w. To flatten the notation, we set
E,(u,v,w) := E¥(u,v).

If a name a is obtained using at most n-times join, then a € 7,,. More pre-
cisely, the sets J,, (n € N) are inductively defined below. Note that (J,, .y Jn =
R.

(i) id € Jo and iwa € Jy for each a € Wg.
(ii) If a,b € J,, and x € Vg, then all a, dom a, inv(a, z), int(a,b), un(a,b) € J,.
(iii) If @ € Jp, then @ € Jpy1. And if b € J,, and j(b,g) € R, then j(b,g) €
jn+1-

There is an element bdo € Vg, so that for each a € Jy, bdoa is a bound for the
type named a. Thereto, we choose bdo such that the following equations hold
in E.

(i) bdoid = € and bdo (iwa) =0 x a

(ii) bdo (alla) = bdo (doma) = @(lnv(a z)) = bdoa.

(iii) bdo (int(a,b)) = bdo (un(a,b)) = max(bdoa,bdob), where max € Vg is
such that for all z,y € 0 x Wg, max(x,y) returns y if 2 < y, and «
otherwise

Lemma 25. Ifa € JoNR,, thena = {z: E,(a,z)} = {x: E,(a,z,bdoa)}. In
particular, the extension of each type in Jy is simple, which implies that (B, R)
1s a model of PET.

Proof. By induction on n. If e.g. un(a,b) € R,,11 and ¢ := bdo (un(a,b))), then
by definition of E, 41, Ent1(un(a,bd),z,c) iff E,(a,z,¢) A E,(b,z,c). The I.H.
yields that E,,(a,z) iff E,(a,x,bdoa) iff E, (a,x,c). The same holds for b. The
claim follows as E,, 1 is positive. O

If a € R, is simple and g € (a — Jy), then {bdo(gx) : z€a} C Wg is
simple, and, due to Lemma 6, bounded by a word b. Hence, j(a,g) = {(z,y) :
z€aAE,(gx,y,b)} is simple as well. However, as the bound of the type j(a, g)
cannot be computed, the above trick only works if g € (a — Jp). Therefore,
we assign to each name a a name bda € 7, of a set of names of bounds. That
is, bda C Jy, and for each bé bda, either b = iww or b names a set of names
of bounds. The support of a name i,w is given by supp(iww) := {w}, and if z
is a name of Z and Z is a set of names of bounds, then supp(z) := supp(Z) :=
U{supp(x) : z € Z}. The name bda will be such that supp(bda) C Wg and
in addition, supp(a) < v € W implies a = {z : E,(a,z,v)}. This procedure is
detailed below. Thereby, we let bd € W be such that the following equations
hold.
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id, Az.(z,iw€)), i.e. a name of the type {ive}.

mv(g, Az.(x,iwa)), i.e. a name of the type {iwa}.
a) = bd (dom a) = bd (inv(a, x)) = bd a.

|7( b)) = bd (un(a,b)) = un(bd a, bd b)

We say that Iv(X) :=0if X CR A (Vx € X)((z)o =€) (i.e. X contains only
names of the form iww). Iv(a) = n is short for IX[R(X,a) A Iv(X) = n], and
WV(X)=n+1if X CR A (Vz € X)(Iv(z) <n) A (3z € X)(lv(z) = n). Note
that if Iv(X) = n+1 and z € X, then x names an initial segment of words, or
Iv(z) < n.

Lemma 26. Ifa € R, then bda € Jy and bda C Jo and Iv(a) < n.

Proof. By induction on n. We just consider the case where a = j(b, 9) € Ry41.
Then, for each z€b, gr € R,. Therefore {bd(gz) : = € b} C Jy and
lv(bd (92)) < n by L.LH. Now the claim follows by the definition of bda and
lv(a). O

Definition 27. Fora € J,,, let X0 =bda. For 0 <i<m,

(1) Ya,i = {!E S Xa,i : (.%‘)0 = 6}.
(i) Ifi <m, Xoit1 :={y€x:a € Xy A (x)o > €}.
(111) Ya = Uogzgm{(x)l T E Ya,i}'

As the next lemma entails, X, ; contains only names, and thus, (z)q > € iff
(x)o # € for each x € X, ;, so that X, ;11 ={y€z:2v € (Xa,—Yai)}-

Lemma 28. Ifa € Jn, N Ry, then for 0 <i<m, Iv(X,,;) <m—1i, Xo, CTo
and {(y)l HNTIS Ya,i} - W]E; Ya - W]E

Proof. By main induction on m and side induction on n. O

Lemma 29. For all names a,b € J,, "Ry, and w € Wg and g € Vg, the
following holds:

(i) Yia = {iwe} and Yi,» = {inw}.

(ll) alla — Y;]oma = Yinv(a,g) = Ya
(iil) ¥ lnt(a b) Yun(a b) = Y, UY,.
(IV) Y U Umea

Proof. By main induction on m and side induction on n. (i) — (iii) are immedi-
ate. For (iv), note that by definition of Xj(4,g),0, Xj(a,g),0 = Xa,0 U Uy ¢ @ Xgz.0-
Further, if Xj(a,g).i = Xa.i U U, ¢ o Xgair then Yi(ag)i = Yai UU, ¢ o Yaui and
Xi(a’g)’iﬂ = Xa,it1 U, ¢ o Xga.i, since

{y€z:z¢€ U Xgai N (2)0 > €} = U{yéz:zeng,,-/\(z)o>e}.

wéa wéa
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If follows that for 0 < i < m+1, Yi(a,g),i =YaiUU, ¢4 Yyo,i- Therefore,

Yieg = U {Wiivevaidu U {wh:ve | Yol

0<i<m+1 0<i<m+1 z€a
= U {whiyevadul U {WhiiyeYed
0<i<m+1 2 € a0<i<mi1
The claim follows. O

Lemma 30. Ifa € R, and Y, < w € W, then a = {x: E,(a,z,w)}.

Proof. By induction on n. If a € Ry, then either a = id, in which case there
is nothing to show, or a = iyw. In this case, ¥, = {w}, and since (a); = w,
iww = {x: Ey(a,z)} = {z : Eg(a,z,w)}. If eg. a =j(b,g) € Ryt1, then a =
{(y,2) : En(b,y)NEn(gy,2)},s0by LH. a = {(y,2) : En(b,y,w)AE,(gy, 2z, wy)},
for a word w > Y}, and words w, > Yy, (y€b). Since E, is positive, we also
have a = {(y,2) : En(b,y,v) A Ey(gy, z,v)}, provided v > Y, U, ¢4, Yy The
claim follows by the definition of E, 4. O

Lemma 31. For each a € R,, a names a simple type.

Proof. If remains to show that Y, is simple. Since Y, C Wg and E is a model
of PT+ (BP), Y, is bounded, and the claim follows by Lemma 30. We show
by induction on 0 < i < n, that there are L formulas B;(u) and words w; so
that Xo,; = {z: Bi(2)} = {z : B ()}. Thus, X,; and Y, ; are simple, which
implies that Y, is simple. Since X, € Jo, Bo(u) := E,(bda,z) and wy :=
bdo (bd a) is a valid choice by Lemma 25, the definition of bd and Definition 27.
So assume that X,, = {z : B]"(z)}. As X,,; C Jo, {bdoz :z € X,,;} CWg
is simple and thus bounded by some w;+; € Wg. We may assume that w; <w
Wi41- Then, Xa,i+1 is

{x: 2[B"™ (2) ANe < (2)0 A Bn(z, 2, wi41)]} =
{z:32[B;(2) Ne < (2)0 A En(z,2)]}.
Hence, B;y1(u) := 3z[B(z) Ae < (2)o A Epn(z,x)] and w;41 do the job. O

Theorem 32. Let E' be a model of PT+ (BP). Then, there is an elementary
extension E >~ E' so that there is an expansion (E, R) which is a model of PETJ
whose types are exactly the simple classes of E.

Since PTy and PT+ (BP) have the same provably terminating operations,
we also have the following.

Corollary 33. The theories PTy, PTé—i—l, PT+ (BP) and PETJ all have the
same provably terminating operations on words.
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8. Concluding remarks

First, we have presented the theory PTg which is PT with the somewhat
technical induction schema (Z{’N—I) replaced by induction on notation for simple
formulas. Then, we have introduced the boundedness principle (BP) which
asserts that for each simple class X, X CW — (Jw € W)(X < w). We argued
the each instance of (BP) is provable in the auxiliary theory PTé+ | that extends
PT by the assertion that exp ¢ (W — W) and an induction principle claiming
that if X C W is simple and ¥ = {y : (3x € X])A(x,y)} for some positive
and W-free formula A(u,v), then Prog—(Y) — W C Y. A translation in the
style of a realization interpretation enabled us to verify that the provably total
operation of PTé+I and PT coincide.

In a second step we employed a non-monotone inductive definition over a
structure for PT+ (BP) to define a naming relation which enabled us to expand
a model of PT+ (BP) to a model of PETJ™. Then, we proved that each model
of PT+ (BP) has an elementary extension above which the inductive definition
closes off already at stage w. The corresponding model M was readily seen to
be a model of PET, as the extension of each type constructed without the use
of join is simple. In fact, given a name b of such a type X, we could compute a
word w so that X = {x: A¥(z)} for some A(u,v) € &(v). A further argument
was required to see that M also satisfies the join principle. Although we could
not compute for each name b a word w so that b = {x : A¥(x)} for some
A(u,v) € 6(v), we were able to prove the existence of such words: For a name
b of a type built using join, we have computed a name of a set bd b of names of
bounds so that all names z in the transitive closure of the type bd b are in Jy. As
the bounding principle (BP) provides a simple definition of a type j(a, f) under
the premise that fz is a name in Jy for each = € a, an iterative application of
(BP) allowed us to find a simple definition of the type j(a, f).

In Spescha and Strahm [15], a realization interpretation is performed to show
that the provably terminating operations of PETJ! are the polytime functions on
words. In their proof, a word w realizing the formula R(b) corresponds in essence
to a word w so that b = {z : A¥(z)} for some A(u,v) € &(v). However, in order
to compute such a word, they had to change to intuitionistic logic. Whether a
realization interpretation is also possible for PETJ with classical logic is still an
open question.
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