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Herbrand’s Theorem as Higher Order

Recursion
Bahareh Afshari Stefan Hetzl Graham E. Leigh
University of Gothenburg TU Wien University of Gothenburg

We provide a means to compute Herbrand disjunctions directly from se-
quent calculus proofs with cuts. Our approach associates to a first-order
classical proof m = JvF', where F' is quantifier free, an acyclic higher order
recursion scheme 7# whose language is finite and yields a Herbrand disjunc-
tion for duF. More generally, we show that the language of ¢ contains the
Herbrand disjunction implicit in any cut-free proof obtained from 7 via a
sequence of Gentzen-style cut reductions that always reduce the weak side of
a cut before the strong side.

This research was supported through the programme “Research in Pairs” by the Math-
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1 Introduction

The property of being a valid first-order formula is intimately tied to the consideration
of the ground, i.e., variable-free, instances of that formula. This connection is apparent
in most, if not all, proofs of the completeness theorem which, in one way or another, rely
on the construction of a term model. It is plainly visible in Herbrand’s theorem which
states that a formula is valid if, and only if, there is a finite expansion (of existential
quantifiers to disjunctions and universal quantifiers to conjunctions of instances). This
feature of classical first-order logic is in contrast to both classical second-order logic,
whose standard semantics goes beyond the ground instances of a countable language,
and intuitionistic first-order logic, which exhibits a more complicated interaction between
quantifiers and propositional connectives.

Proof-theoretically, the use of instances of a formula naturally leads to analytic,
cut-free, proofs. Gentzen’s mid-sequent theorem makes the close connection between
Herbrand expansions and cut-free proofs apparent. Taking this perspective on the cut-
elimination theorem, and thereby keeping the well-known complexity bounds in mind,
shows that, in essence, cut-elimination consists of the computation of a Herbrand expan-
sion. One may ask, however, whether given a proof with cut it is possible to compute
a Herbrand expansion in a more direct way, circumventing the cumbersome process of
cut-elimination. There is a number of formalisms that do just that, the historically first
being Hilbert’s e-calculus [31] (see [35] for a contemporary exposition of the e-theorems
in English). In [20], Gerhardy and Kohlenbach adapt Shoenfield’s variant [41] of Godel’s
Dialectica interpretation [21}, 5] to a system of pure predicate logic. Recent work, related
to proof nets, is that of Heijltjes [22] and McKinley [33], and a similar approach, in the
formalism of expansion trees [34], can be found in [30]. A different method with similar
aims is cut-elimination by resolution [§].

The present work is motivated by the follow-up question: what is a minimal amount
of information required for computing a Herbrand expansion from a proof with cuts?
An approach which has been partially successful in answering the question is the rep-
resentation of proofs as tree grammars, introduced in [24] for proofs with II;-cuts and
extended to Ila-cuts in |1} 2]. This emphasis on minimality plays a crucial role for sev-
eral applications, such as cut-introduction [26, 25, 32], inductive theorem proving [15]
and the confluence behaviour of cut-elimination [28| 29} 2]. For instance, in the case of
cut-introduction, which is an attempt to automatically compress proofs via introduction
of cuts (i.e. lemmas), the algorithm proceeds in two steps: 1. a smallest grammar which
represents a given Herbrand expansion is computed and 2. this grammar is translated to
a proof with cuts. The minimality of the grammar formalism makes the first step feas-
ible and the second step total. Algorithms for cut-introduction and inductive theorem
proving are currently being implemented in the GAPT-system [16], see e.g. |27, [17].
A further theoretical application of proof grammars is in the area of proof complexity,
where lower bounds on the length of proofs with cuts (which are notoriously difficult
to control) are obtained by transferring lower bounds on the size of the corresponding
grammar |14} 13]. Proving these lower bounds on the size of grammars is considerably
simplified by them containing only a minimal amount of information.

Continuing this research effort, we demonstrate how Herbrand expansions can be
represented as languages of higher order recursion schemes derived directly from first-



order proofs with cut. Higher order recursion schemes (see e.g. [37]) are a generalisation
of regular tree grammars (which correspond to order-0 recursion schemes) to finite types.
The representation we outline involves interpreting inference rules of proofs as non-
terminals whose production rules follow the local instantiation structure of quantifiers.
The type of a non-terminal is determined entirely by the quantifier complexity of the
formulze occurring in the corresponding inference, with an inference deriving ¥, U IL,
formulae being represented by a non-terminal of order n. Cut corresponds to composition
of non-terminals, and instances of contraction give rise to non-deterministic production
rules. The language of the recursion scheme induces a Herbrand expansion for the end-
sequent of the proof. At the level of Ils-cuts, the schemes closely resemble the grammars
introduced in [4]. The generic case of the representation, which permits capturing cuts
of arbitrary quantifier complexity, turns out to be at the level of II3 where both sides of
a cut feature IV quantifier alternations.

As far as the authors are aware, the present work marks the first method of Herbrand
extraction that operates directly on sequent calculus proofs. The main result can be
summarised as follows and was announced in [3].

Theorem 1.1. Let F be a quantifier-free formula and w a first-order proof of ITF in
which cut-formule are prenex II, or X,. There exists an acyclic order n recursion
scheme J with language L(A) such that: i) \zep F(t) is valid; i) |L(€)| < 2i|jrr|23
where || is the number of inference rules in 7; iii) L(I) contains the Herbrand set
extracted from any cut-free proof that can be obtained from m via a sequence of Gentzen-
style cut reductions that always reduces to the weak (quantifier) side of a cut before the
strong side.

2 Sequent Calculus for Classical First-order Logic

Terms and formulae of first-order logic are defined as usual using the connectives A, V
and quantifiers V, 3, as well as a selection of predicate and function symbols. We assume
two sets of variable symbols, free variables, denoted «, 3, etc., and bound variables, v, w,
etc. Upper-case Roman letters, A, B, etc. denote formulse and upper-case Greek letters
I', A, etc. range over sequents, namely finite sequences of formule. We abbreviate by
I, A the concatenation of I' and A; and T, A is shorthand for ', {A}. The length of a

Axioms: A A for A quantifier-free
A, B A A,B

V— A
I'AvB I''A,AANB

Inference rules:

. I, A(a/7) _ I, A(7/7) A AA
g 7 ut ———

T,VoA " T,374 A
r T, A A I, B, A A
“T.A ‘T4 "I A B, A

Y

Figure 1: Axioms and rules of sequent calculus



sequent I' is denoted |I'|. As the order of the formulae in a sequent is often (though not
always) unimportant, we will frequently identify sequents with (finite) multisets. We
write A to denote the dual of the formula A obtained by de Morgan laws. Given a
sequence of variable symbols ¥ = (vg,...,vx_1) of length k, we write VUA and F0A as
shorthand for Yvg - - - Vog_1 A (resp. Jug - - - Jvg_1 A). If t= (to,...,tk—1) is a sequence of
terms of the same length, A(Z/%) is the formula obtained from A by replacing each v;
by the corresponding term t;, where bound variables in A are renamed as necessary to
avoid variable capture.

The following abbreviations will be used in later sections. For a formula A, we write
Ags to indicate that A is quantifier-free, and u(A) (resp. e(A4)) for the number of consec-
utive universal (existential) quantifiers in A before encountering an existential (universal)
quantifier:

u(VvA) = u(A) +1 e(FvA) =e(A)+1
w(FvA) = u(Agp) =0 e(VwA) = e(Aqr) =0

For notational simplicity, we work in one-sided sequent calculus with explicit struc-
tural rules for weakening (w), contraction (c) and permutation (p), though the results
presented apply equally to two-sided (so-called Gentzen-style) sequent calculi and either
form of calculus without explicit structural rules. The axioms and rules of the calcu-
lus are laid out in The quantifier introduction rules V5 and 3z introduce a
sequence of quantifiers in one application. Applications of V5 are subject to an eigen-
variable condition that if & = (ayp,...,ar_1) then «; does not occur in the sequent I', A
for any ¢ < k. In each inference rule, the formulae which are explicitly mentioned in the
premise(s) (usually the right-most formula in the sequent) are said to be active in the
rules applied. For example, A and B are active in A rule, both copies of A are active in
contraction, and there are no active formulee in the weakening rule. Active formulae of
cut are refereed to as cut formule. We often leave the applications of the permutation
rule implicit, writing, for instance,

y I, A(d/v), A VAT AA N

cut

VA, A I,T, A A

to abbreviate derivations
I',A(a/v), A _
P* fA(T/(E/_T) F,A, F/ A, A, A/
) ) a v * * 1
vg S Y T A P AN A
F,A,VUA cut
pr———— LT A A
I'ViA, A

where in each case p* denotes a sequence of permutation inferences p, a notation we also
extend to the other structural rules.

A proof is a finite tree labelled by sequents obtained from the axioms and rules of the
calculus with the restriction that cuts apply to prenex formulse only. Without loss of
generality, we assume all proofs are reqular, by which we mean that:

1. each eigenvariable in the proof appears in exactly one V5 inference in the proof
and does not occur in any sequent outside the sub-proof of this inference,



2. if A appears as the active formula of a quantifier inference V (3) then u(A) = 0
(resp. e(A) = 0).

We write m = I" to express that 7 is a regular proof with I' being the sequent appearing
at the root of 7. EV(7) denotes the set of eigenvariables in a proof 7, and for sequences
a = (ag,...,ap_1) and £ = (to,...,tx_1) of variable symbols and terms, 7#3) is the
result of replacing throughout the proof m each occurrence of the variable symbol «a; by
the term ¢;.

2.1 Cut Reduction and Normal Forms

The standard cut reduction and cut permutation steps are given in Figures [2] and [3]
For the sake of a concise presentation, the axioms and rules are stated with implicit
permutation in place. We assume all the proofs drawn in Figures [2 and [3] are regular.
Hence, in the case of contraction reduction where the sub-proof m; is duplicated it
is assumed that the eigenvariables are renamed in the copy, which is emphasised by
annotating the sub-proof with an asterisk i.e. 7]. In the two reductions of Figure
r represents an arbitrary unary or binary inference rule. An example of the binary
inference permutation rule for r = cut is

0 oaBa NS ABA A4
cut cut

LA A A A I, B A, B, A
cut cut

T,A A T, A A

For proofs 7 and 7’ we write m ~ 7’ to express that 7’ is obtained from 7 by application
of a reduction or permutation rule to a sub-proof of 7, and let ~~* denote the reflexive
transitive closure of ~». If m ~ 7’ then the reduced cut either no longer exists, is replaced
by cuts on formulee with either lower logical complexity or fewer applied contractions,
or permuted to a subproof. In any given proof there may, however, be many cuts and
eliminating one can (through duplicating a sub-proof) result in introducing several copies
of other cuts. To obtain a cut-free proof, it is necessary to provide a (terminating) cut
elimination strategy i.e. a procedure that given any proof 7 F I' induces a sequence of
cut reduction and permutation steps m ~* 7’ such that 7’ - I" and the rule cut is not
used in 7.

Theorem 2.1 (Gentzen’s Hauptsatz). There is a cut elimination strategy that trans-
forms any proof in first-order logic to a cut-free proof.

There are many cut elimination strategies such as top-most reduction strategy or
the elimination of the cut with highest logical complexity. Different strategies provide
different cut-free proofs, commonly also referred to as normal forms. In fact, there exist
proofs with infinitely many normal forms (see e.g. [43, Example 2.1.3]). We now turn to
the relationship between cut-elimination and Herbrand disjunctions in first-order logic.
In the remainder of this article a quasi cut-free proof refers to a proof in which the only
cuts are on quantifier-free formulae.



Axiom:

cut I'A
T, A
Boolean:
I, A A, B II,A, B - A, B I,A B
\ — — cut —
"TTAANB M AvB T, A AL A
cut cut
A I A
Quantifier:
I, A( a/v A, A(7/7) — .ﬂ _:
V& EFs 7T r
T, viA A, 354 e AT < A, A/9)
cut
r,A T
Weakening:
V7 L Y
w _ r
r,A A A w
cut F,A
r,A
Contraction:
o/ A
I, A A SO e e g
c _ A A AA
T, A A A ut
cut FyAvA
A c*
r,A
Figure 2: One-step cut reduction rules
Unary inf.:
I, A W - I’ A A A
‘T.A A A A
cut r
T, A T, A
Binary inf.:

' F,A,A
IAA

WW

T,A A

V

Figure 3: One-step cut permutation rules.




2.2 Herbrand’s Theorem and Cut Elimination

Herbrand’s theorem is considered a classic result in proof theory. It can be thought of as
reducing validity in first-order logic to validity in propositional logic. From the modern
perspective it can also be seen as extracting computational content to first-order proofs.
A simple case of the theorem is the following,.

Theorem 2.2 (Herbrand’s theorem). A formula 3vAy; is valid if and only if there exists
a finite set of sequences of terms {to, t1,. ...t} such that Vf:o A(t; /D) is valid.

If a formula 30A,¢ is valid then any set of terms {to, t1,...,tx} that validate the
disjunction \/¥_, A(#;/7) is called a Herbrand set, and the disjunction itself a Herbrand
disjunction for the formula.

Herbrand’s theorem pre-dates Gentzen’s Hauptsatz but the latter readily provides an
instructive proof of the theorem: Suppose 37A,; is valid and fix a quasi cut-free proof
m F dUA. It is possible to permute the rules applied in 7 so that no quantifier inference
occurs above a purely propositional rule (Gentzen’s mid-sequent theorem [18]). Once
the proof is partitioned into a propositional part and a quantifier part, the terms that
validate the formula can be directly read off from the mid-sequent, the sequent separating
the two parts.

Herbrand’s original statement is much more general than that stated above and ap-
plies to any formula of first-order logic thanks to Herbrandisation, the dual notion of
Skolemization. Given an arbitrary formula A, by introducing suitable constant and
function symbols it is possible to remove universal quantifiers in A and obtain a X;
prenex-formula which is equi-valid to A. Herbrandisation can also be applied to a proof
of a sequent I' transforming it to a proof of the Herbandisation of I'.

If a Herbrand set (disjunction) is obtained via cut elimination it is customary to refer to
it as a Herbrand set (disjunction) of the proof. Note that these are not unique: different
reduction strategies can lead to non-elementary many pairwise distinct Herbrand dis-
junctions [6]. For both computing and representing Herbrand disjunctions it is therefore
desirable to bypass cut elimination. There has been a number of successful approaches
such as via Herbrand nets [33], proof forests [22], expansion trees with cut [30] and func-
tional interpretation [20]. In the next section we introduce a fresh approach using higher
order recursion schemes which allows the extraction of Herbrand disjunctions directly
from proofs in sequent calculus and represents them in a standard formalism from formal
language theory.

3 Recursion Schemes for First-order Proofs

In this section we associate to each sequent calculus proof m with ¥; end-sequent a
non-deterministic higher order recursion scheme J#.. We begin with definition of the
type system and terms that will be used throughout the paper. In sections and
higher order recursion schemes over the type system are introduced and upper bounds
on the size of languages of acyclic schemes are established. The definition of 7%, is given
in section 3.4l



3.1 Types and Terms

The type system we utilise extends the hierarchy of simple types (over a type of individu-
als ¢) by pair types and two additional type constants. These are the unit type, denoted
e, and a type ¢ of (stacks of) substitutions, elements of which are finite sequences of
pairs (a,r) where @ and 7 are elements of some (and the same) type. We are interested
specifically in the case that « is a constant symbol (of simple type) from a particular
ranked alphabet 3, and refer to the type ¢ as the type of substitution stacks (over %),
or simply Y-substitutions.

The informal reading behind the type ¢ is that of an accumulator for a sequence of
substitutions that are generated by reading a particular thread through a formal proof:
when a witness to an existential quantifier is encountered along such a thread, the witness
is outputted accompanied by the current stack of substitutions. The substitutions are
not evaluated at the formal level but recorded as an element of <.

We begin with a formal definition of the types and conventions for their representation,
followed by ranked alphabets and the recursive definition of (typed) terms including the
precise form of inhabitants of the type of substitution stacks.

Definition 3.1. The types are defined in the following way.
e . is a type, called the type of individuals.
e ¢ is a type, called the unit type.
e ¢ is a type, called the type of substitution stacks.
o Function types: if p, o are types then p — o is a type.
e Pair types: if p, o are types then p X ¢ is a type.

A type formed without reference to < is called basic, and one formed only out of ¢+ and
— is simple. The types ¢ and € are referred to collectively as ground types and any type
that is not a function type is called prime. The sequence types are the types of the form
" for any n, where ¥ = € and "1 = x ™. The set of all types is denoted Type.

We follow the convention that the two type forming operations x and — associate to
the right, and that — binds more strongly than x, so for pg, ..., px types we have

PO X p1 X+ X p = po X (p1 X+ X pg)
po = pL—> = pr = po = (p1 = - — p)
PO X X P = Pig1 X X pp = (po X X i) = (pig1 X o0 X pg)

Every type p has a unique decomposition p = p; — pa — -+ = pr — co(p) where co(p)
is a prime type. Given such a decomposition of p we refer to co(p) as the co-domain of
p, to k as the arity of p, and to p; (1 <i < k) as the i-th domain of p.

We now define the order of a type which extends the usual definition of order for the
simple types. Motivated by later technicalities, it is convenient to assign order —1 to
the type of substitutions, and order 0 to any function type with co-domain e.



Definition 3.2 (Order). The order of a type p, ord(p), is defined as follows.

ord(t) = ord(e) =0 ord(¢) = —1 ord(p x o) = max{ord(p),ord(T)}

d(p— o) 0, if co(o) =,
or o) =
P max{ord(p) + 1,ord(o)}, otherwise.

Definition 3.3 (Ranked alphabet). A (ranked) alphabet is a pair A = (S, \) where S
is a set, called the carrier of A, and A: S — Type is a type assignment for elements of
S. If A(S) is a simple (basic) type for every S € S we call A simple (resp. basic). Two
ranked alphabets are disjoint just in case their carriers are disjoint sets.

Given an alphabet A = (S, ), we write a” € A if @ € S and A(a) = p, and hence
frequently identify A with the set {a)‘(a) | @ € S} of symbols with type annotations.
For alphabets A = (S, \) and B = (5", '), we write AC Bif SC S and A=) [ S. In
case A and B are disjoint, AU B denotes the alphabet formed by the union of A and B,
namely (SUS’, AU N). The empty alphabet is denoted 0.

Definition 3.4 (Terms and substitutions). Fix alphabets ¥ C A where ¥ is simple. The
A-terms over ¥ (henceforth A-terms) and the types they inhabit are defined inductively
as follows, where r : p expresses that r is an A-term of type p.

1. () is an A-term of type e.

2. If a” € A then « is an A-term of type p.

3. If r: pand s: o then (r,s) is a A-term of type p X o.

4. If r: 0 — 7 and s : o then rs is a A-term of type 7.

5. L is an A-term of type .

6. If a: g and r: p, and a” € ¥ then [« <= r|a is an A-term of type s.
7. If r: pand a: ¢ and p # ¢ then r - a is an A-term of type p.

Note that A-abstraction is not present in the term calculus, so the existence of terms
of function type p depends on the presence of A-symbols with type p1 — -+ — pp — p.

In addition to the abbreviation r : p used above, we occasionally write r” to express
that r is an A-term of type p. We often drop mention of 3 and A if they can be inferred
from the context or are not important to the given setting, in which case A-terms are
referred to simply as terms. Terms arising from and [5| are called constants; terms
arising from cases [3| and [4) are called pairs and applications respectively; terms of type ¢
are called substitution stacks; and terms of the form in [7] are called explicit substitutions
(or simply substitutions if there is no cause for confusion). A basic term is any term
constructed via the rules [1| to [4] only, i.e. a B-term over () for some basic alphabet B.
A term of sequence type is called a sequence. Application is assumed to associate to
the left, and pairing and the formation rule for substitution stacks both associate to the
right.

The sub-term relation is defined as usual over the basic terms, and is extended to
terms containing substitutions by defining the sub-terms of L to be { L}, the sub-terms
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of a = [a <= 7]b to be a and any sub-term of r or b, and the sub-terms of r = s - a to
be r and any sub-term of s or a. Thus the basic terms are precisely those terms that do
not have a substitution stack as a sub-term.

Given a finite sequence of terms (7; : p;)i<k, let (ro,71,...,7%) be the term g if k =0
and, otherwise, the pair (ro, (r1,...(rg—1,7%) - +)) of type po X p1 X -+ X pg. The order
of a term is the order of its type.

Proposition 3.5. If ¥ C ¥/ are simple alphabets and A is an alphabet extending X',
then every A-term over ¥ is an A-term over Y.

In addition to the term-level explicit substitutions, there is of course the usual opera-
tion of substituting given symbols by terms of corresponding type which we refer to as
implicit substitution. Explicit substitutions can be interpreted as implicit substitutions
by reading terms r - a as the image of r under the (implicit) substitution described by
a, a process we call evaluation. The following definitions explicate these two operations.
Fix an alphabet A.

Definition 3.6 (Implicit substitution). For A-terms r : p, to : 70, ..., tx : 7% and
distinct symbols o, ..., a* € A, the term r(#/@) is the A-term given by simultaneously
replacing every occurrence of «; (for ¢ < k) in r by t;, defined recursively by:

s(Em) — {5, i€ Aand 3¢ (o |§ < k),
ti, 1f5:az-,
_'/ r(t
1(t/a) = L (r,s)(t/d) = (r(t/d),s

t
([8 + sla)(t/d@) = [B + s(f/d)](a(t/d)) (r-a)(t/a@) = r(t/@) - (a(t/d))
If the choice of @ can be inferred from context, we write r(t) in place of r (/).

Definition 3.7 (Evaluating substitutions). Given an A-term r and a substitution stack
a = [ag < s1] - [ag <= sk]L : ¢ over some simple alphabet ¥ C A, the evaluation of r
relative to a is the A-term over X given by

r®i=r(s1/a1) - (sk/o).

The evaluation of r is the term r° given by recursively evaluating relative to each substi-
tution in r, namely evaluation leaves basic terms unchanged, commutes with application
and pairing, is defined by L° = 1 and ([a <= r]a)® = [ <= 7°]a® on substitution stacks,
and by (r-a)° = (r°)* for explicit substitutions.

Note that the evaluation of a substitution stack on a term is well-defined due to the
typing constraints on their formation.

An alphabet generally specifies a set of symbols which are associated certain re-write
rules in a recursion scheme. In this context, an explicit substitution acts as a delayed
substitution which is not evaluated until no further re-writes to sub-terms are possible.
For instance, over the alphabet {F*7* G‘ e' o*7* 7" o'} with associated re-write rules

11



Fr — (Gox) - [a <+ e]L (for any instantiation of z) and G — «, a derivation starting
from the term ¢ = Fa is

t— (Goa)- ([aw<e]l)
— (aoa) - ([a<e]l).

The final term evaluates to eoe. Attempting to read the explicit substitution implicitly
leads also to the derivation

t— (Goa)- (Ja+ie]l)
=Goe

— (X O €.

Lemma 3.8. Ifr: p is a X-term for some simple alphabet 3 and p is a basic type then

r°® is a basic X-term of type p.

Proof. All substitution stacks that may occur in a term of basic type built from an
alphabet of simply-typed symbols must be within the context of an explicit substitution.
As evaluation replaces every explicit substitution by an implicit one, the result is a basic
term of the same type. O

Lemma 3.9. If r and a = [a <= s]b : ¢ are A-terms such that « does not occur in r,
then r® = rb.

Definition 3.10 (X-length). Given alphabets ¥ C A and an A-term s, the X-length
of s, written |s|y, is the number of occurrences of symbols in s that are not X-terms,
formally: |aly =0if a €e ZU{)}; |alzs =1if a € Aand a € X; and |r|y = |s|y + |t|s
if r € {(s,t),st,s-t,[a = s]t}.

In particular, the X-length of a X-term is 0 and if 3 is the empty alphabet then Y-
length of any term is the number of leaves in the tree representation of the term not

labelled by ().

Remark 3.11 (Notational conventions). Symbols p, o and 7 (also with indices) range
over types. We commonly notate alphabets by upper-case Roman symbols in calligraphic
typeface: A, B, etc, though Greek symbols ¥ and ¥’ will be used for simple alphabets.
Sans-serif typeface (f, F, s, S, etc.) and lowercase Greek symbols «, 3, etc. range over
elements of ranked alphabets, with the latter particularly used for constants of simple
type. Italicised letters r, s, t, R, S, etc. range over terms and a, b over substitution
stacks, i.e. terms of type <.

3.2 Higher Order Recursion Schemes

Higher order recursion schemes provide a handy framework for extending the correspond-
ence between formal grammars and Herbrand sets established in [1,[24]. Their advantage
over formal grammars can be appreciated by the fact that they allow us to dispense with
the rigidity conditions (equality constraints) that were necessary in previous approaches.
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Definition 3.12 (Higher order recursion scheme). A (non-deterministic) higher order
recursion scheme, or simply recursion scheme, is a tuple Z = (X, N, S, P) where ¥ is a
simple alphabet, N\ is a alphabet of non-terminals disjoint from X, S C N is a designated
finite set of starting symbols of sequence type, P is a set of pairs (F?,t), called production
rules, such that FP € N and ¢ : co(p) is a (X UN U {zf",..., 20" })-term over ¥ where
x; is a fresh symbol not in A and p; is the i-th domain of p. A production rule (F?,t)
where the arity of p is k is written as

Fri---xp =5 t,

or FZ — 4 t. Notice that by definition the term Fxj - - -z is of type co(p).

A non-terminal F € N of % is determined if there is a unique production rule (F?,t)
in P. By an Z-term we mean a (X UN)-term over ¥. The order of Z is the supremum
over orders of the types of non-terminals of Z.

Notice that we do not require that &% contains only finitely many non-terminals,
nor that the set of start symbols is non-empty. This is for technical convenience as it
allows us to consider the recursion schemes of the next section as finitely generated ‘sub-
schemes’ of a single infinite recursion scheme. Moreover, higher order recursion schemes
are traditionally presented in the context of simple types, wherein start symbols are
all of type ¢ (and indeed a single start symbol suffices) and production rules have the
form FZ — ¢ with ¢ : .. We consider the above definition to be the natural extension of
recursion schemes to accommodate non-trivial prime types.

A given non-terminal may be assigned multiple production rules, leading to non-
determinism. To simplify presentation of production rules in this case we adopt the
convention of writing

FZ —gpto| |tk

to express that & contains exactly the production rule FZ — ¢; for each ¢ < k, i.e.
F¥ —4 t; for each i < k and if F¥ —4 t then ¢t = ¢; for some 7 < k.

Definition 3.13 (Derivations and language). Let Z = (X,N,S,P) be a higher order
recursion scheme. We extend the relation —4 to a relation on %Z-terms defined by
setting r — 4 s if either

e r = Fry.-..r, for some FP € N with arity k and there exists a production rule
FZ¥ — 4 t such that s = ¢(7/Z);

o r=1(ro/xz), s =t(so/xz) and ro =% So.

A derivation of s from r is a sequence r =19 —4 -+ —g Tr = S, the length of which
is k. We say s is derivable from r in Z, in symbols r —%, s (or r —* s if Z is clear
from the context), if there exists a derivation of s from r, and s is derivable in % if s is
derivable from some S € S. The language of %, written L(Z%), is the set of pairs (S,t)
such that S € S, ¢ is a basic X-term and S =, .

Definition 3.14. Let #Z = (3, N, S, P) be a higher order recursion scheme. & is finite
if V' and P are both finite sets, and is acyclic if there exists a transitive, irreflexive
relation < on A such that for every production rule FZ — 4 t and every non-terminal G
occurring in ¢, G < F.
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Lemma 3.15. A finite acyclic recursion scheme induces a finite language.

An upper bound on the size of the language of acyclic recursion schemes can be
obtained by reducing the problem to the length of reduction sequences for the simply-
typed A-calculus. Bounds on normalisation in the simply-typed A-calculus have been
given by Schwichtenberg [39] and improved to exact bounds by Beckmann [10]. In
the following we use Beckmann’s result to obtain concrete bounds for acyclic recursion
schemes. Let 2§ = n and 2}, = 2% and extend the length function of the previous
section to include A-abstractions by setting |[Azs|y = |s|x + 1.

Theorem 3.16 (Beckmann [10]). Let ¢ be a term in the simply-typed A-calculus over a
simple alphabet 3. The length of any [-reduction sequence starting from t is bounded by
2g(|f) where d(t) denotes the maximum among orders of sub-terms of t.

Beckmann’s bound still applies if ¢ is an arbitrary A-term over the calculus of 3-terms
given in subject to the restriction that () is the only sub-term of ¢ of type €
(a necessary restriction due to our non-standard definition of order). Non-deterministic
reductions can also be incorporated via a fresh operator | and permitting S-reductions
of the form (Az.tg|---|ty)s =3 ti(s/x) for each i < k. In this case the length and the
function d is given by |s|t|s = max{|s|s, |t|s} and d(s|t) = max{d(s),d(t)}. Finally, we
wish to allow for so-called n-long reductions, i.e., reductions (Azg---xy.s)to---tp —3
s(t, /¥) where s is not an abstraction. Provided that only n-long reductions are permitted
and each counts as one step in a [-reduction sequence, Beckmann’s bound holds with
the analogous change to the length function: |A\Zs|s; = |s|x + 1 if s not an abstraction.

From these observations we may deduce the following result. We restrict ourselves to
recursion schemes built without the substitution stacks as this will suffice for our later
use.

Theorem 3.17. Let Z = (X, N, S, P) be a finite acyclic order n recursion scheme such
that every non-terminal has basic type, and for every production rule F¥ — t in %,
|t|s < k. The length of every derivation in % is bounded by 21ﬁ|1(k+1)_
Proof. Let Z = (X, N,S,P) be an order n recursion scheme fulfilling the requirements
in the statement. Without loss of generality we may assume that S is a singleton, that
every non-terminal is associated at least one production rule, and that X is the alphabet
of variable symbols disjoint from both ¥ and A such that every term occurring in a
production rule in Z is an (¥ UN U X)-term.

Fix an enumeration FAY < --- < F§?> < F{* of the non-terminals of # according to
a total ordering (<) witnessing acyclicity of Z. We may assume & = {F;}, so pp is
prime. Let Y = {y/", 95>, ..., y""¥} be a set of fresh (and pairwise distinct) variable
symbols of marked type. We define by recursion a sequence si, ..., sy of well-typed
A-terms all of type p; such that s; contains only the variables y;y1,...,yn free and the
length of every derivation from F; which only re-writes non-terminals F; for j < 7 is
bounded by the length of the longest g-reduction sequence starting from s;. Suppose
{Fi& — T; : j < m} is the set of production rules associated to F; in #Z. For each
Jj < m,let t; = T;(Yit1, ..., yn/Fit1,...,Fn) be the (¥ U X U Y)-term resulting from
T} by substituting the non-terminals F;;1,...,Fxy by variables y;11,...,yn respectively.
It follows that |tj|x, < |Tj|x < k. Finally, define s; = AZ.tg| |ty if ¢ = 1, and
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si = (Ayi.si—1)(AZ.to| - - - |[tm) otherwise, and notice that |sy|y < N(k + 1) and the
maximal order among sub-terms of sy is no greater than n + 1. Every Z#-derivation
from F; can be replicated as a sequence of one-step n-long [-reductions starting from

sn, the length of which, by Beckmann’s bound, is no greater than 22[&“). O

As a corollary we obtain we obtain bounds on the size of languages.

Corollary 3.18. Let Z and k be as in the previous theorem and suppose every non-

terminal in X is associated at most two production rules. Then the size of L(Z) is

bounded by 214\4{\2(k+1) .

Proof. Given a recursion scheme Z all terms in L(Z#) can be derived via the leftmost

reduction strategy. By the previous theorem, the length of these derivations is bounded

by 2%‘1@“), leading to a bound of 2%'2(“1) on the size of L(Z). O

The bound given in is optimal in the parameter n as the next lemma
demonstrates.

Lemma 3.19. Let 3 be the ranked alphabet {a*,b*, d* 777}, There exists a sequence
of acyclic higher order recursion schemes %y, = (3, Ny, Sn, Pn) such that

1. the order of %, isn,

2. |Nul,|Po| = O(n),

3. max{|t|y : F¥ —4, t} = O(n),
4o \L(%n)| = 2519

Proof. It suffices to translate Beckmann’s lower bounds from [10] to the context of
recursion schemes. Define 79 = ¢ and 7,41 = 7; — 7; for each ¢ < w. So 7; has order and
arity ¢ for each i. Fix n > 0. The recursion scheme %,, comprises a single start symbol
S, : ¢t and a non-terminal F; : 7; for each ¢ < n. The production rules are

Fo — a | b Sn — Fn(Fnanl)an2 e F1F0

Fll'o — dFoSEo:L’o F¢+21’0.’L‘1 Ll 7 l’o(l‘oiﬂl)l‘g RN AR}

Requirements 1-3 are clearly satisfied. To deduce 4, observe that applying deterministic
production rules only, S,, —* FgZ’IZ)FO, where X(*) denotes the k-fold iteration of X. Thus
we see that L(%),) is the set of complete binary trees of height 2! + 1 with each leaf and
inner node labelled by either a or b, i.e. |[L(%,)] > 2} 5. O

3.3 Recursion Schemes with Pattern-Matching

To control the space of derivations we will utilise recursion schemes equipped with
pattern-matching, introduced in [36]. In their full generality pattern-matching recur-
sion schemes form a Turing complete model of computation, though we will only employ
a subclass in which pattern-matching is restricted to decomposing sequences. The fol-
lowing definition presents the particular schemes we utilise.
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Definition 3.20 (Pattern-matching recursion schemes). A pattern-matching recursion
scheme is a tuple Z = (X, N, S, P) where ¥, N and S are as in [Definition 3.12| and P
may include type-preserving production rules of the form

Fao---2p—1(h, ., Thgr) =2

where ¢ is a X UN U {z; | i <k + [}-term over X of prime type.
The associated reduction relation r —4 s is defined by the two conditions in
[tion 3.13] and an additional clause:

o r=Fro--r4_1(rg,...,mk4+1) for some F € N of arity k and terms ¥ = (7;);<j+, and
there exists a production rule Fzq - - - x_1(zk, . . ., Tkt1) —> 2 t such that s = t(7/Z).

The definition of a derivation and language for pattern-matching recursion schemes are
analogous.

Remark 3.21. Pattern-matching recursion schemes can be simulated by higher order
recursion schemes using constants representing projection functions for pairs in place of
pattern-matching. In particular, the upper-bounds given by [I'heorem 3.17] and [Corol-|
apply to pattern-matching recursion schemes without change. There is, how-
ever, a subtle difference between the two in the presence of non-determinism and this
will be exploited heavily in the next section. In the remainder of this paper recursion
scheme refers to pattern-matching recursion schemes unless otherwise stated.

3.4 Herbrand Schemes

The recursion scheme associated to a proof 7, which we call the Herbrand scheme for
and denote as %, contains a non-terminal Nﬁ'r, for each sub-proof 7’ = By, ..., B of w
and each 7 < k. The interpretation of such a non-terminal is a function which returns a
witness (possibly containing explicit substitutions) for each weak quantifier in B; given
input for each strong quantifier in the sequent. The arity of Nfr, is k + 2, namely one
greater than the length of the sequent: the first argument is a substitution stack and
the (j + 1)-th argument is the ‘input’ for the formula B;. The type of Nfr, depends only
on the quantifier structure of the formulee in the sequent. In particular, the types of
er, and N/, differ only in their co-domain. Furthermore, the reduction rules governing
N?, are determined by the final inference in 7' and choice of i, and re-write N%, to a
term containing non-terminals for the immediate sub-proofs of 7/, so are independent of
the particular starting proof. This property implies that the typing and re-write rules
for a non-terminal Nﬁ'r, are invariant across all Herbrand schemes 5% for which 7’ is a
sub-proof of 7, whence we may consider two Herbrand schemes as comprising identical
sets of non-terminals and production rules and differing only in the selection of start
symbols.

We begin by introducing the types that occur most prominently in Herbrand schemes.
To each prenex formula F' we assign two types, the output type, 7, and the input
type, Tj, representing the ‘existential’ and ‘universal’ structure of F' respectively. These
types are determined by the quantifier structure of F' and are defined as follows. If F' is
quantifier-free, 77 = 75 = €; otherwise,

L X TR, ifu(F)=0, i if e(F) =
LX(TF%TF)v if u(F) >0 TR — T, if e(F) >

0,
TvwF = TF, T3wF = { 0

)
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Lemma 3.22. Let F be a prenex formula and U = (v;);<. Then
1. 7 is a non-simple basic prime type.
2. TF = Tp(r/a) and Tp = T;(F/&).

3. If e(F) > 0 then 7p = 77, — Tp.

F
k k

4. Tagp = L X - X UXTE and Tygp = L X -+ X L XTp.
—_——— —_———

Proof. By definition and (for 4) induction. O

Example 3.23. We compute the input and output types for prenex Iy and X9 formulee.
Let B = JWA,; and C' = Vi'B where « and ¢ have non-zero length m and n respectively.

B =0" T =€ Tp=1" =€ T =1"
o =" Ta=1LX - X1x(™ =€) TG =Ta TH =T — TC
———

Definition 3.24 (Herbrand scheme). Fix a proof w - Ay, ..., Ax with ¥ end-sequent
and let X, be the simple alphabet consisting of a constant symbol ¢ of type ¢ and the
function symbols and eigenvariables occurring in 7 (typed accordingly). The Herbrand
scheme for m is the higher order recursion scheme 7 = (X, Ny, Sy, Pr) with the
following non-terminals and production rules.

1. A non-terminal c, : p for each basic type p & {¢, €} that occurs as a sub-type of a
type 7p or 75 for a formula B occurring in 7, with production rules

CP_><CT07C7'1> if p =19 x 11,

Cprh’ -t — Ceo(p) if p=po— - = pr— colp),

with ¢, and c, defined to be the constants ¢ and () respectively.

2. A non-terminal Nfr/ for each sub-proof 7’ = By, ..., B; of m and for each i < [, with
type

Ny i — T, — = T, — TB,

and production rule(s) as given in [Table 1| determined in each case by the final

inference of 7'.
3. A start symbol Sy ; : T4, for each ¢ < k with associated production rules

)
SW’Z' — NWJ-CT;;O s CTZk

The language of 7 is the set L(mw) = {(i,7°) | i < k and (Sy;,r) € L(7%)}.
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Inference deriving 7 Corresponding production rule(s)

ax: T A A Niazoat — ()
moFT,A, B — Ni afzz, ifi<m,
Vo T o B NLazz — 0 .
mhI,AVE )s otherwise.
Ni - if g
mhHFT,A mFAB S ?TOGZEZ_,» if 4 <'m,
"TIFT,AANB N7azyz — § NT ™ajz, m <i<m+n,
- 05 otherwise.

L ™I A@/D)

m T, ViA NraZ(z0, .. ., zpr1) = N ([ap = 2p] - [an 1 20]a)Tzppa

7+ ax (N aZ), if i =m and u(A) >

)

_m F D AG/D)

0
71,304 0

Latz — {7 ax* ), ifi=m and u(A) =

U(z(N"azz)) if i # m,
NZ aZ((NZ aif) oa (NZ aZ)), if i <m,
NI "a Nm vax) o5 (N7, ay)), if m <i.

cut

T, A

mo T
W
THI,A

Cr ifi=m
Latz — A ’
N’ a:p otherwise.

N’ ,aTzz, if i < m,

moHT,A A
‘ nHT,A

CLCL‘Z —

kT, A mEFAA {
_)

Jafzz | NEHlazzz, if i = m.

1 e
NitlaZz zof, if i =m,

Wo}—F,B,A,A Nl o N Nl 1 f 1
p————— arz0z1y — axXz1zoy, ifi=m-+1,
TFT,A B A m 0Ly N 120§ b
o 120y, otherwise.
a = (ap, -
B ET )) r, if e(A) >0,
(TO’ h. 1a) roas=<srs, ifu(A)>0,
= \70 ) D .
, otherwise.
(UJ)J<q = (uo, - .-, ug, t) Y v

Table 1: Production rules of J#;. ¥ and y are sequences of distinct variable symbols of
length m := |I'| and n := |A| respectively.

It remains to check that the production rules of Herbrand schemes are well-typed.
This task will be taken up later in For now we take for granted the
fact that Herbrand schemes are well-defined and continue with some basic properties of
them (Lemmas to followed by the intended interpretation of the schemes as
generating Herbrand disjunctions (Definition 3.30)) and the observation that this inter-

pretation coincides with the Herbrand set for quasi cut-free proofs (Lemma 3.31)). We
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start, however, with a brief explanation of some of the production rules from
Remark 3.25. We comment on some of the rules from [Table 1l

e Axiom. We are restricting axioms to quantifier-free formulae only, which motivates
the simple production rule given in the table. One may wish to permit axioms
7 b Ay, Ay where A, = Ay has arbitrary (prenex) complexity. These can be
accommodated by the production rules

N azozy — {xl_i’ %f u(4i) =0,

T1—iTq, if U(AZ) > 0,
which the interested reader can check are well-typed. This definition mimics the
behaviour of the Herbrand scheme for the natural proof of Ag, A; that uses only
quantifier-free instances of axioms and alternate applications of 3 and V infer-
ences. Our reason for favouring quantifier-free axioms is that, as a consequence,
production rules never return their arguments as output, a fact that simplifies

some technical aspects of the later analysis (specifically [Lemma 5.9)).

e A and V. As proofs involve prenex formulae only, conjunctions and disjunctions
are necessarily quantifier-free with associated type €, and therefore possess no com-
putational content relevant to the construction of a Herbrand disjunction. When
focusing on such formulse, the production rule in each case returns the empty
sequence.

e d-. The production rule in this case depends on both i and the quantifier form of
the active formula. Consider the instance of 3 given in As 7 is assumed
regular, the active formula (A in the table) is either quantifier-free or universally
quantified. If ¢ marks the active formula (i.e. ¢ = m) then the production rule
for Ni directly outputs the witness terms provided by the proof and the current
substitution (the sequence (rg - a,...,7p - a)) as the first p + 1 components of a
nested pair. The final component is either trivial (in case A is quantifier-free)
or, if A is universally quantified, the continuation of the trace to the immediate
sub-proof in the form of a function. If ¢ # m, the production rule instead passes
the above term to the corresponding argument.

e V5. This is the only case that involves pattern matching in Herbrand schemes.
Although it can be simulated by a recursion scheme without pattern-matching
using projection functions for pair types, doing so introduces a duplication of
arguments that is avoided in the chosen formulation. For instance, the production
rule for Vg where @ consists of the single eigenvariable @ and the sequent I' is
empty yields the production rule

Nga<zo, z1) — N?ro([oz i zpla)z
which may be simulated by the rule

N?raz — N?ro([oz i pozla)(p1z) (1)
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where pg and p; are constants representing the two projection functions for pair
types. If s is a term such that s =%, (ro,s0) | (r1,s1) and the four sub-terms
are pairwise distinct then the reduction in permits the derivation N s —*
N2 (e <= po(ro, s0)]-L)(p1(r1, s1)), essentially the term N ([a 4= ro]L)s1, which is
forbidden in the Herbrand scheme due to pattern-matching. In this sense pattern
matching plays a role analogous to the rigidity conditions utilised in |24} |1, |2] for
representing first-order proofs with II; /Iy cut complexity.

e cut. For each choice of 7, the rule provides exactly one reduction for the non-
terminal N%: for 7 < m this is

‘ N;Oa:f(Nﬁlagj’(NTTOaf)), if u(A) >0,
N7aZy — ¢ N% aZ(NZ, ay), if e(A4) > 0,
N aZ(), if Ais q.f.

Note that, in the case e(A) = 0 the type 7} (which marks the final argument
to Nfro) is prime, and is otherwise the function type 7';% — T74. Moreover, the
case distinction above is independent of i. For instance, if A = YuB exactly the

following production rules arise from the cut.

Nz {%@(T%Zﬂ(ﬁ%a@), if j < m,
N7 ag/ (N o), ifm<j<m+n.
In the following let 7 = (X, N, S,P) be the Herbrand scheme for a regular proof 7
with prenex >; end-sequent.

Lemma 3.26. 7 is an acyclic recursion scheme. Hence, L(7) is finite.

Proof. Let < be the transitive relation on non-terminals in .7# generated by the equa-
tions: ¢, < ¢, if p is a proper sub-type of o; ¢, < Niro for every p, sub-proof my of 7
and 4; N7 < NI if either 7y is a proper sub-proof of m; or mp = m; and j < 4; and
N2 < Sy, for any ¢. Clearly < is acyclic and irreflexive. Moreover, for every production
rule FZ — 5 t and any non-terminal G occurring in ¢t we have G < F. O

Lemma 3.27. Every J¢-term of simple type is a X-term, and every J€-term of sub-
stitution stack type has the form either L or [ <= s]b for some o € X, X-term s and
b:s.

Proof. The non-terminals of 7 all have type one of three forms: e, pair type, or function
type with non-simple co-domain. It therefore follows that the only JZ-terms of simple
type are the X-terms. Likewise, L and [« <= s]b are the only kind of .7-terms of type
¢. Given a substitution stack [a <~ s]b however, as a € ¥ the first part of the lemma
implies that s is a 2-term. O

Lemma 3.28. Ifr: o — 7 is a 7C-term then T is a basic type and o is either basic or
the type of substitution stacks. In the latter case, r = N% or N for some m and i.

Proof. By inspection of the types of non-terminals and terms. O
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Lemma 3.29. Suppose r is an J€-term of type € containing no explicit substitutions
(i.e. having no sub-term of the form t-a). If r =%, s for some basic term s then s = ().

Proof. By induction on the proof generating 5%, on the composition of r and the length
of the derivation r —* s. O

We now describe how Herbrand schemes can be interpreted as ascribing existential
content to first-order proofs.

Definition 3.30 (Herbrand expansion). Let 7 - T" be a proof with I' = 3t Ay, . . ., I, Ay
where A; is quantifier-free for each i < k. Let k; be the length of ;. The Herbrand
expansion of m is the quantifier free sequent I'™ given by

"= {Al(ﬁ/ﬁl) | T = (rj)j<ki and (i7 <T07 ey Thi—1, <>>) € L(ﬂ-)}

Lemma 3.31. If 7 =T is a quasi cut-free proof of a 1 end-sequent then the Herbrand
expansion of ® is a wvalid sequent and \/T'™ is a Herbrand disjunction in the sense of
[ Theorem 2.2

Proof. Observe that in every production rule associated to a quantifier-free cut, the
term r o4 s becomes (). Derivations in 7 are therefore in 1-1 correspondence with traces
following the breakdown of formule in the end-sequent. As a result we observe that L(7)
simply outputs all literal witnesses to the existential quantifiers in the end-sequent. [J

The idea behind Herbrand schemes is to provide a generalisation of the above lemma
to proofs containing quantified cuts. The analysis necessary for the result is carried out
in Section |5l In the remainder of this section we prove the production rules of Herbrand
schemes are well-typed and derive upper bounds on the size of Herbrand expansions.

Lemma 3.32. The production rules of Herbrand schemes are type preserving.

Proof. Fix a proof m with prenex end-sequent Ay,..., A, and i < m. We establish
type-preservation of the production rules for the non-terminals N2, ... N™ via a case
distinction on the final inference rule in 7.

Suppose 7 F Ay, ..., Ay—1, FTA is obtained from proof 7y by 3. Thus g - T', A(7/7)
for some sequence 7 = () j<, of simple ¥-terms of type ¢. By regularity, e(A) = 0, i.e.
either A is quantifier-free or u(A) > 0. Let I' = Ay, ..., Ap—1 and fix a term 2z : 7554
and a sequence of terms Z of length m such that N7z is well-typed. By definition Nim
has type

T4, ifi=m,

Ny i = Tay = = Ta,_, — Ta— ]
T4;, oOtherwise.

To check type preservation there are two cases to consider:

1.i =m. If u(A) = 0 then A is quantifier-free and 75 = e. If u(4) > 0 then

Th = Ta — Ta by [Lemma 3.22 3), so the type of eroaf is 7. Since also T4 =
L X - X1 X775 by [Lemma 3.22(4), we are done.
—_——

k
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A [ | S\ | I, \ &,
ord(ta) | 0 n-=2 n-=3
ord(t}) | O n-=1 n-=2

Table 2: Order of types 74 and 7j.

2. i # m. In this case it is necessary to check that 73, = 7354 — 7). But this
follows directly from the definition and the fact that 7,;; = 77 = 74 as e(A) = 0.

Suppose 7 is derived from 7y via the inference Vs and A,, = VJA with u(A) = 0 and
a = (aj)j<k- Let i < m and fix terms &, 2 = (2o, ..., 2) such that Nja@(z, ..., 2) is

well-typed. [Lemma 3.22|implies that z; : ¢ for each j < k, and z;, : 7). Thus Nﬁrobfzk is
well-typed and has type 74 = 74,,.

Suppose 7 is derived via cut from sub-proofs my F I', A and m F A, A. Let m = |T|
and n = |A| and fix & and ¢ suitably typed. Without loss of generality we may assume
i < m, in which case we require to show (NJ!,ay) oa (N7 aZ) : 7 which reduces (via

Remark 3.25) to proving
e(A) > 0 implies 7y = 73 — 73,
u(A) > 0 implies 7 = 74 and 7} = 7} — Ta,

both of which follow directly from

The remaining cases are straightforward and omitted. O

Lemma 3.33. Fiz a prenex formula A. The order of T4, T) are as presented in
where — denotes subtraction truncated at 0, i.e. n —m = max{n —m,0}.

Proof. By induction on complexity of A. If A is quantifier free then 74 = € = 7}

so ord(ta) = ord(t}) = 0. Moreover, by [Example 3.23] the lemma holds for A €
(21 \II1) U (I3 \ X1). Suppose n > 1. For A = 3UB where B € II,,_1 \ ¥,,_1,

ord(ta) = ord(rp) (Cemma 3.22(4)

)

=n-2 (induction hypothesis)

ord(t)) = max{ord(ta) + 1,ord(13)} (definition)
=n-—1 (induction hypothesis)

For A =VUB where B € ¥,,_1 \ II,,_1,

ord(ty) = ord(Tp) (definition)
=n-=3 (induction hypothesis)
ord(th) = ord(ty) (definition)
=n—-2 O

Corollary 3.34. For a proof m b Ag,...,Ar and i < k, the order of the non-terminal
N: is equal to the gmallest n such that {A; : j <k} C Il41, unless A; is Iy, in which
case the order of N is zero.
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Proof. If A; is TIj then 74, = € and the order of N% is 0 by definition. Otherwise, the
order of N is one greater than the maximum among the orders of TZ], for j < k. O

It is now possible to strengthen to a concrete bound on the number
of terms derivable from a Herbrand scheme. The idea is to eliminate occurrences of
pattern-matching in a Herbrand scheme 57 in a way that does not decrease the length
of derivations so that [Theorem 3.17] and [Corollary 3.18| can be applied.

Theorem 3.35. If m = I' is a proof of a single prenex %1 formula in which all cut
formule are contained in 11, U X, then the size of the Herbrand expansion I'™ is no
greater than Qililj where || is the number of inference rules in .

Proof. The case n = 0 is covered by so suppose n > 0. Let JZ be the
Herbrand scheme of 7. Since the cut rank of 7 is bounded by n, implies
that the order of JZ is no greater than n. To obtain the desired bounds we apply
However, this requires first eliminating the explicit substitutions introduced
by the V inferences. Let .7’ denote the higher order recursion scheme with non-terminals
of basic type obtained from 7 by removing all substitutions terms and types from non-
terminals and production rules. In particular, the productions originating from V5 and
35 inferences are replaced by following in 7#”:

Va: NLE(z0,. .. 2p01) — Nirg)fzp
| N Z(2(NZ'T)), i #m,
5 NZZz = < (c,...,¢,N' %), i =m and u(A) >0,
(cy...y0 (), i =m and u(A4) = 0.

The second part of implies that derivations in .’ from the start symbol are
in 1-1 correspondence with derivations in . Repeating the argument of
the size of L(7) is therefore bounded by 2% where K is the length of the longest derivation
in 2 from the single start symbol. The order of 7#” is no greater than n, the number
of non-terminals is bounded by |7|?, and for each production rule FZ — t in 7, |ty <
3 x |m| where ¥ is the ranked alphabet of function symbols and constants occurring in

m. [Theorem 3.17| then implies K < 2i|_7;|13. O

4 Example: a Herbrand Disjunction for the Pigeonhole
Principle

We consider a formal proof of the pigeonhole principle for two boxes via the infinite pi-
geonhole principle. The question of the computational content of this proof is attributed
to G. Stolzenberg in [12]. A variety of analytic methods have since been applied to this
proof [23}, 9] 43, |7, |1] and its generalisations [40, |38]. The version we present here is a
formal proof with a single I3 cut based on the proof with two Ily cuts given in [1} |43].

Let f: N — {0,1} be a total Boolean function, let I; (for i = 0,1) express that there
are infinitely many m € N for which f(m) = i and T express that there exists m < n
such that f(m) = f(n). A consequence of the law of excluded middle is JwI,,. Moreover,
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I; implies T for each i € {0, 1}: assuming I; there exists m > 0 and n > m+ 1 for which
f(m) = f(n) =1i. Combining these observations we conclude 7.

The following formalises the above argument into a proof with a single II3 cut. The
formal language, ¥, comprises two unary function symbols f, s, one binary function sym-
bol m, a constant symbol 0 and a binary relation <. We make the following definitions
and abbreviations:

o I'=Fudv(u < vAfu=fv),
e [ = Jwl, where I, =Vudv(u < v Afv=r),

o I' = {Vuvv(u < muv Av < muv),Vu(fu =0V fu =s0)},

A= {VuVoVw(u=vAw=v— u=w),VuVv(su <v—u<v)},

e % and I$' denote, respectively, Jv(s < v Afv=r) and (s <t Aft =7),

T denotes (s <t Afs = ft).

The intended interpretation of the symbols is: f represents the (arbitrary) function f, s
the successor function on N, < the standard ordering and m the binary max function.

. a,mad ré,mad 7;A|—]_075’[_5573’T o
heTE ,{1 ] b BN
qg: TH Igt»maa7lfé 6:AF 1375,[;/375711
3 _ Vs S
fiDkHIg IY "5 AR AT
Vo ————+ 3 -~ !
e:TF Io, If 4:AFI9° L, T
Vg —————— = v L
d:TF I, I, 23 A+ 9L, T
J -— —
c:THI L 2:AvIL,L,T
d-— [ —
b:THI,I 1:AFI,T
cC———— V - =
a:THI "0:ARLT
cut
ILART

Figure 4: Proof 7wy, of pigeonhole principle.

A formal proof of the pigeonhole principle (namely I')A F T) is given in Figure
which we name m,,. The proof is displayed in two-sided sequent calculus as this sim-
plifies the presentation and following discussion. The intended interpretation of the
two-sided sequent Ajp,..., A, - Bi,..., B is the sequent Ai,..., Ay, Bi,...,B;. For
brevity, only eigenvariables and witnesses of the quantifiers and instances of the ex-
istential formula T are displayed in m.. The proof fully fleshed out uses about 50
application of the axioms and rules of the calculus but the only cut in 7. is the one
displayed in the figure. Two normal forms of the proof of size ~200 have been computed
in a case study [43] from which one can read off the Herbrand sets for the formula T'
(also for formulee in I' U A but these are less interesting). Up to interpretation of the
logical symbols by their intended semantics, the two Herbrand sets combined provide
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the witnesses {(0,1), (1,2),(2,3),(0,2),(1,3)} to the existential quantifiers in TE| The
Herbrand scheme .77;_ associated to the proof m, computes the same Herbrand set, a
fact we demonstrate in the following.

Types and terms The Herbrand scheme for m., comprises a non-terminal for each sub-
proof of my, and each formula in the end-sequent of that sub-proof. Recall, for each
sub-proof p : II - A of 7o and each ¢ < |II| 4 |A| there is a non-terminal Nf, in J7;
representing the existential content of the i-th formula in the sequent at position p. In
the following, in place of Nfg we will write Ng‘ where A is the i-th formula in the sequent
assuming this is unique. In case A occurs more than once in the sequent IT = A (such as

at positions b and 2) the non-terminal Nf refers to the first occurrence of A and we use

the notation N;;‘Jr for the second occurrence. Concerning the type of N;‘, we recall the

types 77 and 75 for each formula F in 7. Let i =1 x (1} — €) and é =2 — .
e For F € TUA we have 75 € {1!,:2,/3}, and TR=Tp €

o T: mp =12 75 =¢

s. _ 4k * _ 1 -
o I7:Ts =1 =Tl T =0 —eand 77, = €
. _,1 % 7 x _ o~ 1
o [,.: T[T—L,TIT—TIT—LandeT—L—)L.
o I: T]:LX(f—)bl):T}k,Tj:ZaHdT}k:T[%Tj.

e The remaining formulae that occur in 7, are quantifier-free and are assigned type
€ in all cases.

According to the definition, the type of NZM IS¢ = Th =75 = TH = TH = Tp = T
where ¢ is the type of substitution stacks, F' and G are the two formulee in I" and
C and D are the formule in A. As the formulee in I' U A are ¥p, their input type
carries no computational content (cf. , and we can ignore these formulese
and identify the type above with ¢ — 777 — 77, and the term waacﬁgc%c%c% with

mea. Likewise, the type of NIl is assumed to be ¢ — 77 — 77, — 71, and the type of
. R . A

Ny is¢c— (i— )= (@—t) —e—i
Other abbreviations and simplifications we utilise are:

e (r) for either the sequence (r,()) or (r,c,i_,.), depending on type, and (r,s) as a
term of type ¢? represents (r, s, ()).

e 0=m00, 1 =50, 1 =mo01, 2 =s(m10) and 2 = m02.

e For each non-terminal N;‘ where A is the i-th formula at position p, an additional
non-terminal N;‘ with the same arity as N;:,'1 and associated production rule

A

N;laazo Cee X — Nﬁawo X TRT T

is included in the Herbrand scheme 7% . These non-terminals ease the computa-
tion in derivation steps involving permutation.

n |43] 7o is formalised as a proof with two Il-cuts but as far as computing Herbrand sets, the two
proofs are essentially identical.
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e The Herbrand scheme also includes explicit non-terminals for non-determinism at

each type, which are represented via set notation: for terms sgp,..., st : p of the
same type, the set S = {s; | i < k} is a term of type p with reduction S — s; for
each i < k.

e An equivalence relation = on terms of identical type defined as inducing the same
language within all contexts. Formally, we set r < s iff r < s < r where r < s
holds just if ,s : p and for every s U {z}-term ¢ of basic type (where z is a
fresh symbol of type p), whenever t(r/z) —* u for a 3-term u, then t(s/z) —=* v
for some ¥-term v such that u° = v°.

For instance, if r — s via an application of a deterministic production rule then r <
s, and if S = S’ are two representations of the same set of terms then S < S’. In
general, r(S/x) % {r(s/z) | s € S} as shown by considering r = Fz with reduction
Fr —* mxmﬂ However, suppose r = Fty - - - tgx, S is a set of pairs, F is deterministic and
Fti---ti{x, 2’y — t. Then r(S/x) < {r(s/z)|s e S} =< {t((u,v)/(x,2")) | (u,v) € S}.

Finally, we remark that, generalising for every type p with co-domain e
and every term 7 : p, we have r < c,.

Language of 7, We now compute the language of J#,_ focussing on the formula T
i.e. set of terms (after evaluation) derivable from the term NI _Lc. The first, and only,
production rule applicable to this term is given by the cut rule at the root of the proof:

NT Lc — NJL(NZL(N] Leo))ee. (2)

Analysing derivations directly from this term is complicated. As the right sub-proof at
0 culminates in a V., inference, the external non-terminal N} cannot be reduced until
its second argument (the term NI (N} Lc,)) is reduced to an explicit pair. But the
inference at a in the left sub-proof is a contraction, so this immediately introduces non-
determinism and duplication of arguments. After resolving the non-determinism and
reducing the two continuations of NI to pairs (say in terms of Nflo / Nél)7 the external
non-terminal can be reduced. The argument NéJ_Cg comes into play at this point: the
productions for Nf and NI increase the nesting of non-terminals which must also be
evaluated as pairs in order to proceed beyond Nflo / Nél.

In the following, we compute the language via a top-down approach, analysing deriv-
ations starting from relatively simple terms, and building these together to compute the
language of more complex interactions between non-terminals. We begin with the most
simple derivations available. Recall that 77 = 77, = t'. Concerning non-terminals from

the left sub-proof we have the following derivation starting from NCI{’ / Nél.

N a(r)(s) = N2 ([a « sla)(r)()
— NZ ([ 7] [ = s]a) ()

2Formally, we require an %% analogue of F but this is not difficult to find.
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(Note, as |I'| = 2 the (2+i)-th formula at positions e and f is the ancestor of I; from d.)
If r happens to be such that r - [& <+ s]a < 7 - a, then since the derivation above follows
deterministic reductions only, we deduce

foa(r}(s) = (mrs-a). (3)
Examining the non-terminals from lower in the left sub-proof affords us
Nlars — (0, Nfloas) Nltars —* NCIlla(T(O7 Néoas»s
N£+ars — (1,Nhar) Niars — Niar(s(Nngars))
—* (0,N2a(s(1,Nlrar)))

The derivation from Nllars can be continued provided that the two arguments of NCIll,
ES

namely (0, Néoas) and s, are reducible to pairs. Thus if (0, Nfloa(s)) —* (ro,r() and

ro - [@ < sla < 1¢ - a then
NZtar(s) —* Nita(ro)(s)
= (mros - a).

Because the reductions governing N1 are all deterministic, when phrased in terms of
equivalences, this becomes

0 NIO = i ) < ]{
rONGals)) = {ri) [T kY 1y s Nar(s) = {(mrss-a) i <k} (4)
ri-[@ < slaxri-aeachi<k

Property will be useful later.
Returning briefly to the derivations from non-terminals Ni and N£+ started earlier,
each of these derivations is also deterministic, so therefore

Nlar < {Nlarr, Nfarr}
= {{0, N a(r(1,Ngar))), (1, N'ar)} (5)

which provides the first step in the continuation of the derivation from NZOO. Before
extending however we consider some simple derivations arising from the right sub-
proof. On this side, the alternation of universal and existential inference rules means
that few non-terminals can be adequately analysed in isolation as we did above. Most

straightforward are non-terminals Nfﬁ and Né”, for which we have
Ni”arst = (sf - a) Ngvarst = (0-a) < (0)
This gives rise to, for example,
N3 a{ro)st = Ny ([8 < rola) ()st = (sro - a)
and hence if 7 : (1 x (11 — €)) — ¢! is a term such that r(0) =< {(r;) | i < k} then also
- _ _
N;Y arst < N;’a(r(Ngwarst))st

= NDaf(r) | i < k}st
= {(sr;-a)|i<k}
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7 +
The equivalences for Ng” and Né7 combine to yield, given the same r,
I I, I .
Ny art < {Ny arrt, Ny arrt} < {(0)} U {(sr; - a) | i < k}. (6)
In particular, choosing r = NéOJ_(5>, this implies

NT a(ND L (s))t = {(0), (s(m0s) - )} (7)

which will be needed later. In addition to , it is necessary to analyse the complex
term N{”a(NglJ_(NéJ_Cg))Cg. However, here we can use (6]) again. If § : ¢ is a fresh symbol

then, applying (7)) and (using 7 = N} Lc;), we get
NGL(0, N2 L(8))ce = NP ([ -+ O] L) (NI L(8))ce
] = {(0), (s(m0d)) } (8)
N2 L(NGLee)(8) < {(m03d), (m(s(m06))3) } (9)
whence @ implies
NTa(NEL(NE Le))ee = {(0), (1), ()} (10)

We have still not examined derivations starting from the non-terminals NOT, NT, and
N7 for i > 2, which will arise in the computation of L(7s,). The first three non-terminals
behave according to

NTa(r, s)t =< N¥([y <= 7]a)st
= N2 ([y <= r]a)sst
< N ([y < 7]a) (s(0))st

The remaining behave similarly to the Nf non-terminals analysed earlier, except that it
is Ng that provides the only ‘outputs’ in the derivation. In particular,

NZars =< (8,5) - a NZar(so)t < (B, s0) - a
N3 a(ro)st =< N ([ ¢ rola)()(s(sro - a))t

Let § : ¢ be a fresh symbol. Combining the two sets of equations above, if s : i — ¢! is
such that s(6) < {(s;) | 7 < k} and s; contains neither 3 or v for each i, it follows that

NG L{r, s)t < {(s; - [6 <2 0] L, 85 [6 = 58;][0 = 0] L) | i,5 < k}. (11)
We can now proceed with calculating the language of Nfoo lce. Let w = NgJ_Cg.
Following on from and we have

Nz;oo_LCé = N& L(NL Lw)c,
< {N§ 140, NP L (w1, N L) ))ee, N§ L(1, N Luw)ee | (12)
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Thus, we need only compute
NEP L (8) (w1, NJ! Lw)) NZ* L (NG Lee) (3)

and apply (assuming that the terms obtained will be free of § and «). The latter
was already established in @:

NI L(NG Lee) (8) = {(m03), (m(s(m03))5) }
For the former, we have w(1, N/t Lw) = N{”(['y 4 1) L) (NI Lw)ce, whence implies

N2 L(8) (w1, N2 L)) = NI L(8) (N (y ¢ 1] L) (N Lw)ce)

= {Ngu<5><s> | s € {0, 1,2}}
= {(md0), (md1), (ms2)}

Hence, by and , we deduce
NzooJ_Cg = {(r,s[5HST]> | r € {0,1,2},s € {m&0, mé1, m52}}
U {(r, s} | v € {0,m10}, s € {m05, m(s(m03))3} }

Under the standard interpretation of the symbols 0, s and m (as zero, successor and
binary ‘max’) L(m) ascribes to T" the set

{(0,1),(0,2),(1,2),(2,3),(1,3)} .

5 Language Preservation

Recall the relation 7 ~~ 7’ which expresses that 7’ is obtained from 7 by the application
of a reduction rule in Figures [2| and [3| to a sub-proof of w. In the present section we
determine in which cases ~» supports: (i) language inclusion: © ~» 7" implies L(7’) C
L(7); and (ii) language equality: m ~~ «' implies L(n’) = L(w). Establishing language
inclusion for cut reduction steps will suffice to derive the main theorem; language equality
allows a more fine-grained study of the Herbrand content of proofs as if 7y and 71 are two
proofs that can be connected by a sequence of forward and backward language preserving
reductions then L(my) = L(m).

The first task is to define a single unified Herbrand scheme in which we can reason
about derivations concerning arbitrary regular proofs. At the same time, we expand
the grammar by certain non-terminals that will facilitate the analysis. These additional
non-terminals were introduced informally in the example of the previous section.

Definition 5.1 (Universal Herbrand Scheme). Let ¥ be the signature of first-order logic.
We let 77 denote the infinite recursion scheme comprising:

1. a non-deterministic non-terminal D, : p — p — p for each basic type p with
production rules D,rs — r and D,rs — s,

2. all non-terminals Nir, Sy and ¢, from |Deﬁnition 3.24| with their associated pro-
duction rules formulated deterministically in terms of the D, non-terminals above,
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3. for each non-terminal NZ : ¢ — 79 — ---7,,, — 7 from the above with 7 prime, a
non-terminal N% with type and associated production rule

N :¢—=Tg— = Tis1 = Tigl = T — T — T

0 i
Niaxo---xm = Noazg: - i 1Tmx;i - Tm—1

We refer to 7 as the universal Herbrand scheme.

Henceforth, a term is an JZ-term and we write — in place of — . Finite sets of .7#-
terms will represent applications of the non-deterministic non-terminals D,. Specifically,
the set {sf,..., sg} represents any term formed by combining all the terms sq, ..., Sk
(possibly with repetitions) via the non-terminal D,. If S is a finite set of terms of the
same type, it follows that S —* s for each s € S.

Notice that there are no start symbols in J#. In this regard we may consider the
individual Herbrand scheme J%; as obtained from 5# by specifying an appropriate set
of start symbols. The new ‘hat’ non-terminals do not play a role in viewing JZ as a
universal Herbrand scheme. Rather, they become useful in ‘transferring’ non-terminals
lacking their final argument through applications of permutation. For example, the
following partial proof (where we assume u(A) > 0) gives rise to the production rules on
the right:

m F A(r/v), B Nﬁroaxz — N,lrl_iazx
Hp mo F B, A(r/v) Nrazz — (r-a,NL z)
7+ B, A Nazz — NY az(2(NLazz))

yielding the derivation Nlazz —* NL a(z(r-a,N} az))z. The derivation cannot be
extended as it stands because N71r0 lacks an argument, meaning that it is not formally
possible to express the term NYaxz by reference to the proof 7, only without instantiating
z and z by concrete terms. However, N,lmax is extensionally equal to the term N?rla:u,
allowing us to equate N2azz with the term N,lrla(z<’r' - a, N?rl az))z for any choice of a, =
and z. Equations such as these are useful in the close examination of the cut elimination
process carried out in the sections below.

In the previous section a natural subsumption and equivalence relation on terms was
introduced given by equating terms that induce the same language in all contexts. In
the context of the universal Herbrand scheme 5#°, this subsumption is given by r < s
which holds just if r,s : p for some p and, for every ## U {x”}-term ¢ of basic type,
whenever t(r/x) —* ro for a 3-term rg, then t(s/x) —* s¢ for some ¥-term sg such that
rg = sg. The corresponding equivalence relation < is defined by » < s iff r < s < r. The
following properties of the relations < and =< were remarked in the last section.

Lemma 5.2. Let r,s : p be F€-terms of the same type and S a finite set of terms of
pair type o = og X - -+ X 07.

1. If r — s then s < r. If, in addition, the reduction follows from a production rule
for a deterministic non-terminal then r < s .

2. If r and s are representations of the same finite set of F€-terms then r < s.
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3. Ifr=Fsg---sp_1x° for a non-terminal F with production rule
F.To s :L‘k_1<$k, Ce 7-73k+l> —t
then

r(S/z) < {r(s/x)|se€ S}t <{t((so---,8k+1)/(T0s - Tk11)) | (Sky---,Skr1) € S}

4. If the co-domain of p is € then r < c,.

Proof. Properties 1-3 are straight-forward, though for 3 we note that only determin-
istic non-terminals have production rules that invoke pattern-matching. 4 generalises
Lemma 3.29) and is proved by induction on p and 7, noting that () - a =< () for any

substitution a. O

Both relations can be extended to proofs by setting 7’ < 7 if 7 and 7’ have the same
end-sequent and N’, < N% for each i. For many cases of m ~» 7’ indeed 7’ < 7 (or even
7’ =< m), from which we may immediately deduce L(n’) C L(m) (resp. L(n") = L(x)).
However, there exist reductions m ~» «’ for which L(n") C L(w) but ©’ A m. These
scenarios all concern reductions that interact with quantifiers and alter the contexts in
which explicit substitutions appear in derivations. To establish language preservation
also in these cases we introduce a coarser relation <, denoted C, based on quantifying
over contexts of a particular syntactic shape that is preserved by J#-derivations. Such
terms, which we call normal ¢ -terms, are defined below.

5.1 Normal Terms and Subsumption

In order to focus on the impact of substitutions in JZ-terms it is necessary to introduce
a notion of free and bound occurrences of »-symbols in these terms where, recall, X
is the signature of first-order logic. The free symbols of a basic ¥-term are simply the
Y-symbols that occur in the term; ¥-terms have no bound symbols. For a basic .7-term
t, the free symbols of ¢ are the 3-symbols occurring in ¢ combined with the ¥-symbols
occurring in any proof 7 for which a non-terminal N% or N; appears in t; the bound
symbols of ¢ are the eigenvariables of the proofs which occur leftmost in ¢. For non-basic
terms, substitutions and substitution stacks are interpreted as contributing to the set of
bound symbols, and limiting the set of free symbols in the natural way. Explicitly, for a
substitution stack a : ¢ and JZ-term r : p we define

0, if 7 is a X-term or r = c,,

EV (), if # = N or r = N for some i,
Bd(s)U Bd(t), ifr=(s,t),

Bd(s) U Bd(t), if r = D,st,

Bd(s)U Bd(a), ifr=saorr=s-afora:cg,
Bd(s), if r = st and ¢t : 7 where 7 # g,

0, ifa=1,
{a} UBd(b), if a=[a <+« s]b,
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0, ifr=c,orr=Dy,
{r}, ifre,

Fr(r) = Fr(n), if = NZ. or r = N. for some i,
Fr(s)U Fr(t), if r = (s,t),
(Fr(s)\ Bd(a))U Fr(a), ifr=saorr=s-afora:sg,
Fr(s)UFr(t), if r = st and ¢t : 7 where 7 # g,

0, ifa=1,
(Fr(s)\ Bd(b)) U Fr(b), if a=[a <« sb,

EV(m) denotes the set of eigenvariables in the proof 7, and Fr(w) the set of all non-
eigenvariable Y-symbols occurring in the 7. Notice that Bd(N%) and Fr(NJ) are disjoint
sets by definition.

Definition 5.3 (Normal terms). A normal term is an J#-term r satisfying:
1. if a is substitution stack which is a sub-term of r then Bd(a) N Fr(a) = 0,
2. if st is an application which is a sub-term of r then Bd(s) N Fr(t) = 0,
3. if s - a is a substitution occurring as a sub-term of r then s is of simple type.

As mentioned at the beginning of this section, the aim of the above definition is to
provide a class of terms for which we can examine a more refined subsumption relation
on J¢-terms that captures both language inclusion and equality for a wide range of cut
reduction rules. The subsumption relation that achieves this is essentially the restriction
of < that only quantifies over normal contexts.

Definition 5.4 (Subsumption). Given normal J#-terms r,s : p of the same type, s
subsumes r, in symbols r C s, just if, for every s U {zf}-term t of basic type such
that ¢(r/z) and t(s/z) are both normal, whenever ¢(r/z) —* wu for a ¥-term w then
t(s/x) —* v for some Y-term v satisfying u® = v°. Define r ~ s if r C s and s C 7.

Clearly, for normal terms r and s, r < s implies r C s, and r < s implies r ~ s.
Hence, if 7, 7" are two regular proofs of a 3 sequent I' and S,/ ; C Sy ; for every ¢ < |T|
then L(x') C L(mw). However, what we require is the more general property that if for
every ¢ -derivation Sp; —* u of a ¥-term there exists JZ-terms r, s and t such that
Sy i =" t(r/x) =" u, Sz; —=* t(s/x) and r C s, then we may conclude L(n') C L(m).
This result holds trivially for < in place of C. For it to work for subsumption, the terms
r, s and t must all be normal, i.e., we require

Lemma 5.5. If S;; —* s then s is a normal term.

The proof of is not difficult but requires some technical observations con-
cerning the preservation of free and bound symbols through J#-derivations, so will be
postponed to the next section . Another key lemma concerning derivations
is the following which, when combined with Lemma 5.5] implies that all derivations from
start symbols lead to X-terms.
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Lemma 5.6. Ifr is a normal term of prime type and not a -term then r — s for some
term s.

There are two scenarios in which a term 7 that is not a Y-term cannot be reduced.
First, the reduction of » may require pattern-matching on an argument that cannot be
reduced to a pair, such as (s,t) - a. Second, r may contain a sub-term Fry---ry - a for
which the arity of F is greater than k. Normality prevents either scenario from occurring

(Lemma 5.11)). As a consequence, terms of pair type always reduce to pairs (Lemma 5.12))

and pattern-matching will not block derivations. Thus,

Lemma 5.7 (Finite basis lemma). For every normal 5 -term r of pair type there exists
terms (so,to), ..., (Sk,tx) such that r ~ {(s;,t;) | i <l1}.

We now turn to proving these three lemmas, and establishing some further properties
of subsumption. The reader may wish to proceed directly to Section [5.3] at this point
and refer back to Section as needed.

5.2 Technical Lemmas

In order to establish we require two observations on free and bound symbols
in normal terms. The effect is to reduce the work to checking that production rules
locally preserve normality (in contrast to within arbitrary contexts).

Lemma 5.8. If r(s/xz) is a normal term, t is a normal term of the same type as s,
Fr(t) C Fr(s) and Bd(t) C Bd(s) then r(t/x) is normal.

Proof. By definition. O
Lemma 5.9. If Fxg- - xg_1{(xk,...,Tr11) — t is a production rule of 7, and ro, ...,
Tgay are such that s = Fro---rp_1(rg, ..., rk11) @s normal, then Fr(t(r/Z)) C Fr(s) and

Bd(t(7/Z)) C Bd(s).

Proof. We examine two particular cases, namely the quantifier rules, and leave the re-
maining for the reader to check. Consider an instance of the production rule for V, for
a single eigenvariable:

Niraro coerp—1(s,rE) — me([a i sla)rg -

where rg, ..., rp and s are terms of suitable type and number, and «a : ¢ is a substitution
stack. Let m and n abbreviate the left- and righthand term in the above rule respectively.
Assume m is a normal term.

Bd(m) = Bd(N%a)
= EV () U Bd(a)
= EV (m) U{a} U Bd(a)
= Bd(n)
Concerning free symbols, we have
Fr(m) = (Fr(r)\ Bd(a)) U Fr(a) U Fr(ro,...,Tk,s)
Fr(n) = (Fr(m) \ Bd(Jo <= s]a)) U Fr([a <= sla) U Fr(ro,...,rg)
= (Fr(m) \ {a}UBd(a))) U (Fr(s)\ Bd(a)) U Fr(a)J Fr(ro, ..., )
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where Fr(ug, ..., w) = U;<; F'r(u;). By normality of m, Fr(s)\ Bd(a) = Fr(s) and as
Fr(m) = Fr(mo) \ {a}, so Fr(n) C Fr(m).
For production rules resulting from the inference rule 45, suppose

Niarg - -1 — NfTOaro oot (re(s - a, Nfrom“o CTR_1)) (13)

for suitable terms rg, ..., rr and a. Recall that s is the X-term instantiating the
existential quantifier in the active formula of my. By our regularity condition on proofs,
Fr(s) C Fr(m), so, letting m and n denote the left and right side of the reduction in

, we have
Fr(n) = FT(Niroa) UFr(ro,...,mx) UFr(s-a)U FT(Nﬁ.OCL)
C Fr(Nia)U Fr(rg, ..., %)
= Fr(m). O

The following lemma implies
Lemma 5.10. Ifr — s and r is normal then s is normal.

Proof. By the previous two lemmas, it suffices to show that every production rule of 7
locally preserves normality. As in the previous proof, we offer the argument for some
particular cases of the two quantifier rules. Let the derivation

N ary -1 (s, Tpgy) — Niro([oz i sla)ry - TR

arise from an inference V,,, with m and n denoting the left and righthand term. Assume
m is normal. In particular,

(EV(m)U Bd(a)) N (Fr(a) UFr(s)) =0 (14)

We first show that for every application s't’ occurring in n, Bd(s") N Fr(t') = (). This
is evident if s't’ is a sub-term of a, 1, ..., r, s or t. Moreover, it holds for the case

s’ =N. and ¢’ = [a <= s]a because

Bd(s YN Fr(t') = EV (7o) N ((Fr(s) \ Bd(a)) U Fr(a))
CEV(m)N(Fr(s)UFr(a))
=0
and for s’ = N& ([a <= sla)ri---7j, t' = 1541 (§ < k) because Bd(N% ([ <= sla)) C
Bd(Nia). The other requirement to check for normality is that the sets Bd([a < s]a)
and Fr([a <+ s]a) are disjoint, but this follows from (14)), given that Fr([a « sla) C

Fr(s)U Fr(a) and Bd([a <= sla) C EV (7)) U Bd(a). Hence n is normal. -
The second case we consider is the one-step derivation

Niarg---rj, — Niroaro oot (re(s - a, Nfroaro C 1))

due to the inference 35. Suppose Niarg - - - 7 is a normal term so, in particular, Bd(N%a)
is disjoint from F'r(r;) for each ¢ < k. In this case it only needs establishing that

Bd(NL aro -+ ri—1) N Fr(rg(s - a, N,’ﬁoaro o)) =0
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i.e., that

Bd(NﬁrOa) N (U Fr(r;)UFr(s-a)U Fr(NfrOa)> =0,
i<k

as all other cases follow immediately from normality of Niarg---7. But by regularity
of m, Fr(s) C Fr(m), so we have

Bd(N a) = EV(r) U Bd(a)
Fr(s-a) C (Fr(r)\ Bd(a)) U Fr(a)
FT(NfTOa) = (Fr(n) \ Bd(a)) U Fr(a)

and, as Bd(a) is disjoint from F'r(a) and EV(r) is disjoint from Fr(w) U Fr(a), we are
done. 0

We now turn to the task of proving which, as explained earlier, follows
from the next two lemmas. The first lemma characterises the form normal Z-terms may
take, and will be useful in the subsequent analysis of derivations in Herbrand schemes.

Lemma 5.11. Ifr: p is a normal 5€-term and p is a basic type whose co-domain is a
pair o X T in which o is simple and T is not simple, then either r = (s,t) for a X-term
s and JC-term t, or r = Fry---r, for some non-terminal F and terms ry, ..., rg.

Proof. By induction on r. Let r : p = p; — -+ = p; — ¢ X T be a normal J7-term
satisfying the hypothesis of the lemma. Since p is not a simple type, r is not a 3-symbol
nor of the form s - a for a substitution stack a (by definition of normal terms). This
leaves three cases: i) l =0 and r = (s,t) for s: o and t : 7; ii) r = st for s : 7/ — p and
t:7'; oriii) r is a non-terminal of 7. If (i), as o is simple, s is a X-term by
and we are done. In case (ii), suppose r = st is an application and s : ¢/ = 7/ — p and
t: 7/. If ¢/ is not basic then implies s = F for some 7 and 4, whence r = Ft.
On the other hand, if ¢’ is basic the induction hypothesis applies and s = Fry - - -7}, for
terms 71, ..., rg, and so similarly for . So we are done. O

Lemma 5.12. If r : v X p is a normal F€-term of pair type but not a pair then r — s
for some F-term s.

Proof. Assume to the contrary that r : ¢ X p is an JZ-term which is not a pair and that
there is no s such that r — s. Without loss of generality assume 7 is minimal in length.
By [Cemma 5.11] » = Fry, ..., 7 for some non-terminal F and terms r1, ..., 7. It follows
that F # ¢, for any o as otherwise r — (c,c,). Also F # D,x, (as then r — r1) and
F # N for any m and i. So F = N for some 7 and i. The fact that r is not reducible
means that the production rule for NZ requires pattern-matching on the final argument.
But then 7y, : ¢ X o for some o, is not a pair and is not reducible, contradicting minimality
of r. O

In the remainder of this section we present some basic properties of the subsumption
relation which will be needed in the next section, starting with a proof of the Finite
Basis Lemma.
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Proof of[Lemma 5.7 Let r : p be a #-term where p = o x 7. Without loss of generality,
we may assume 1 # D,rory for any 79 and ri. If r has the form (s,¢) then trivially

r ~ {(s,t)} and if r = ¢, then r ~ {(c,,c,)}. Otherwise, [Lemma 5.11| implies that r ~

Ntarg - - -7y for some 7, i, a, o, ..., 7k. An induction on 7 determines terms sy, ..., s
and to, ..., t; such that r ~ {(s;,t;) | j < l}. Note that there is no issue with pattern-
matching stopping derivations from fully writing out, as demonstrates. [

Lemma 5.13. Ift(r/x) and t(s/x) are normal terms and r T s then t(r/x) C t(s/x).
Proof. Direct consequence of the definition. O

Lemma 5.14. If ru C su for every term u then r C s.

Proof. For every derivation t(r/xz) —* rg of a Y-term, there are terms t', wug, ..., ug
such that t(r/x) —=* t'((ru;)i<x/Z) —=* ro and t(s/x) —=* t'((su;)i<k/Z). Since normality
is preserved through derivations, we are done. ]

Lemma 5.15. Let r be a basic 5€-term and a be a substitution stack over X. Then,
i) Prir(s/a) -a) C Fr(r- (o ¢ sla)),
it) Bd(r(s/a)-a) C Bd(r - ([a <= sla)) provided s is basic,
iii) if Fr(r) N Bd(a) =0 then r* =r,
) if a« & Bd(a) U Fr(a) then r(s/a)® = r%(s*/a) provided s is basic.
Proof. By induction on r and a. O

Lemma 5.16. Let r : p and a : ¢ be X-terms, s : 0 a basic X-term, o € ¥ and 7 a
regular proof. Under the assumption that N ([ <= r]a) is normal the following hold.

1. s+ ([a < 7]a) ~ s(r/a) - a,

2.1 ~7°,

3. Ja+rja~[a+ir-ada,

4. If EV(m) N Fr(r) =0 then N([a <= rla) ~ N 0,0 a,
5. If a & Fr(r) then Nia ~ Ni([a i rla).

Proof. 1 is proved via induction on the basic term s. That r and a are X-terms is
necessary for showing s(r/a)-a T s - (Ja <= rla). 2 follows from 1 by induction on
r. Regarding 3, [Lemma 5.15(i,ii) imply Fr(a®) C Fr(a) and Bd(a®°) C Bd(a), so

a ¢ Fr(a®) by normality. Hence, if ¢ is a basic term then

t- o rla ~tr°/a)® ~ t
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The first and last equivalence are applications of 2; the second and fourth equivalence
are consequences of [Lemma 5.15|(iv); and the third equivalence uses|[Lemma 5.15(iii) and
the fact that Fr(a®) N Bd(a®) = (. Via 2 the above holds for ¢ an arbitrary 3-term, and
from there generalises to deduce [« <+ 7]a ~ [a <~ 7 - a]a.

4 is derived by induction on 7. By 2 we may assume r is a basic term, i.e., r = r°.
In the base case, where 7 is an axiom, the equivalence is trivial as N ([a <+ 7]a)rirg ~
N;(T/a)arlrg for any choice of r; and 7y of appropriate type. The induction step is
straightforward except in the case of quantifier rules. If m ends in the inference

Lm0 T, A(5/9)

7 FT,37A
where § = (s;);j<x then we have, if i = |[['|, b = [ <= r]a and 71, ..., 7| and t are
suitable normal terms,
NL.F‘le ce T’|F|t ~ <80 : b, ceey Skt b, NL.I;'le o -T|F|>
r
~ (so(r/a) - a,...,sk(r/a) - a, N, ary - oryp)
0

IT’|
~ NW(T/a)arl cee T‘p‘t

where the second equivalence due to the induction hypothesis for NL};‘([O[ < rla). The
case i < |I'| is similar. For applications of the V inferences, we consider the inference

v ™0 l_ FaA(g/ﬁ)
N WA

for f = (8%)j<k- By normality of N ([e <= r]a) and the assumption that Fr(r)NEV (7) =

0, it follows that §; ¢ Fr(a) U Fr(r) for each j. Let 1, ..., 7p|, S0, ..., ¢ and t be
such that the term n := N ([ <+ 7]a)ry - - “7|r({80, - - -, Sk, t) is well-typed and normal.
In particular, o, fo,...,0k &€ Fr((so,...,Sk,t)). Moreover, as s; has simple type for

each j < k, implies that § is a sequence of Y-terms. Then assuming
a & {p;|j <k}, and writing [3 <= 5]b in place of [By <= so] - - - [Bk < SkJb, we have

n ~ Niro([gH sla <= rla)ry -t

i
~ N /a1 Tt
0
)
~N oy et
0

~ erév-/w([ﬁ i 8la)ry oyt
~ N;(T/a)arl “ (80, - - Sk, B)-

The third equivalence holds since a & Fr((so,...,s,t)) and B; ¢ Fr(r) for any j. If
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a = (; then 7(r/®) = 7 and, using again that o ¢ Fr({sg,...,sk)), we have

n ~ N;O([E i Sl[a=rfa)ry -yt

~ N )arl---rmt

)
/B

i
~ N gpari-mt
0

~ N5 ([B = Sa)r - rypyt
~ Nﬁrarl cee 7“|F|<80, ey Sk,t>
~ N (jayars - rp (80, - -« s Sk t).

5 is a special case of 4. O

Let 7 be a proof with end-sequent Ay, ..., Ay, B,C1,...,Cy and suppose a : ¢, 15 1 Tj
s: 7 and t; : 75 are terms for each 1 <4 < m and 1 < j < n such that Nwmafsfis
normal. Let p = 75.

Lemma 5.17. If B is prenex X1 then
N7 aist ~ N arc,t.

Proof. Since B is X1, 7, = 75 — €. completes the proof. O]
Lemma 5.18. If ¢(B) > 0 and there are no applications of contraction to B in 7 then
N ai'st ~ N™arc L.

Lemma 5.19. If the final inference in 7 is an application of p with sub-proof @' +

Ay, ... A, C1, B, Cy,. .., Cy then for each j € [0,m) U [m + 2, m + n],

NLZary - rpysty -ty ~ Nﬁr,arl ceerptisty oty

The proofs of the final two lemmas proceed by induction on 7.

5.3 Language Preservation for Gentzen-style Cut Elimination

Let m and 7’ be regular proofs of some sequent I'. We say that m subsumes 7', in symbols
' T, if N2, © N% for every ¢ < |T'|. If 7 and 7’ each subsumes the other then 7 and
7’ are equivalent, in symbols m ~ 7/. As an immediate consequence of the definition we
have

Lemma 5.20. Suppose m and 7' are proofs of the same X1 sequent. If ©' T w then
L(r") C L(n).

Herbrand schemes have the property that their languages are invariant under many
basic proof transformations. The first example we give concerns the operation of sub-
stitution in proofs:

Lemma 5.21. Suppose m and 7' are proofs with the same end-sequent such that 7' is
the result of replacing a sub-proof my of © by w(y. If mo T m, then = T 7',
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Proof. Let m, m, 7’ and 7, be as in the statement. We assume 7 and 7’ have the same
end-sequent, say I'. Given a subproof # of © which is not a proper subproof of mg, let 7/
denote the corresponding subproof of 7. Observe that if 7 is a subproof of m but not a
proper subproof of 7y then the non-terminals N. and N, are of the same type for each
j. Fix ¢ < |I'| and a normal term ¢ty = ¢(N%/x). Suppose tg — t; — -+ =ty =ris a
derivation in # of a X-term r. By t; is normal for every i < k and, without
loss of generality, we may assume t does not feature any non-terminals labelled by proofs
with g as a sub-proof. Throughout this derivation, recursively replace each occurrence
of a non-terminal N for which # is not a proper subproof of 7y by the non-terminal Nz},.
Arguing by induction on k, using my T m, we deduce ¢(N, /z) —* s for some X-term s
with s° = r°. O

We now turn our attention to the analysis of the subsumption relation with respect to
the cut reduction and permutation steps of Figures 2] and [3] Only the most interesting
cases will be covered in detail: the cut and quantifier permutation, and contraction and
quantifier reduction. As before, we leave instances of the permutation inference implicit
and make use of without reference. Recall the characterisation of the cut
inference from [Remark 3.25}

erA s [N >0

cut ~ t aZ(N2 ay), i > 0,
FT.A 7GTY @a:ﬁ( ™ aY) if e(A)

Ny, az (), if Ais q.f.,

where i < |T'| and #, ¥/ and a are terms of suitable type.

5.3.1 Cut Permutation

Suppose 7 ~ 7’ are the two proofs

RANVECIN AVE

#FT,B,A A, B #FT,A, A A, A
cut cut

I, AA o =T,AA

Due to the asymmetry in the production rules for cut, it is necessary to split the analysis
of this reduction into two cases, depending on whether or not A and B are both univer-
sally quantified. Provided at least one of the two formulee is existentially quantified or
quantifier free, the two proofs above are equivalent and their languages are equal. This
is proved in If both A and B are universally quantified we do not expect
equivalence to hold in general. However, if there are no contractions to the formula A
in 7; or the formula B in 7, the proofs m and 7’ are equivalent. This is relevant to the

cut reduction strategies employed in and is treated in

Lemma 5.22. Forw ~ 7' as above, if at least one of u(A) and u(B) is zero then m ~ 7'.

Proof. If one of A or B is quantifier-free the argument is straightforward following the

production rules for cut. This leaves the following three cases to consider: u(A),u(B) >
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0, u(A),u(B) > 0 and u(A),u(B) > 0. We consider only the first case as the second is
symmetric and the third follows a simpler argument. Thus assume e(A), u(B) > 0.

Let 7, 5, t be sequences of terms of length m = |I'|, n = |A| and o = |A| respectively,
and let a : ¢ be an arbitrary substitution stack. By the production rules for cut we have,
for each ¢ < m, j < n and k < o, and each term w, w’ of suitable type,

Ni aF(NZ ad)w,  if i <m,

+1+7 = = ] —, —
Nm'HCLF(Nn ag)w ifi=m Nﬁ'm arws ~ NZFICLS(NZ;(IT(N%CLE’)M)
™ T 9 )

Niarws ~ {

NL, aiw't ~ Nfroafw’(Nfrzaf(NZgHaFw’)) N$+1+kaf’w'f~ Nfr2at_'(NZ(‘)HaFw’)

In particular,

A

NZ'ai's ~ NI ai(N2 as) (15)

and so, for ¢ < m,

A

N% aF(NZ a3)t ~ N% aF(NZ a3) (N2, at(NZ'aFs)). (16)

We prove NfraFE’F ~ Nj'r,afé’f for every i < m 4+ n + o, from which [Lemma 5.14| implies
N2 ~ N?,. For i« < m we have
NZaist ~ Niar(N2, at(NZ'a75))§ ~ Ni_ai(NZ a3)(NS
~ N%L ar(N2 ad)t

~ N;./QT’_E%

at(NT'a75))

2

by applying . For 57 < n,
P +14j DM oy 2 P o > = Qm =
N7 a5t ~ N2 arf(NS, at(NF'ai's))§ ~ NI aS(NI" ar(NZ, a5) (NS, at(NZ a7s)))
~ N2, a5(NZaF(NZ, a3)7)
Py
~ NI arst
again applying . For k < o, using :
NPHntR S Neraf(Nﬁman ~ Neraf(N?O“aF(NZlaé’))
~ Nﬁm,JeraF(NZlaé’)f
~ N7 R g gE. O
As noted above, in the case u(A) and u(B) are both positive, language equality holds

only in particular circumstances. A sufficient condition for this is given by the next
lemma.

Lemma 5.23. Let 7~ 7' be as above and assume u(A),u(B) > 0. Let p=1T%, 0 = 75,
R = N?af’f and S = N?af’g. If

NP2 NPy NG P NI
R ~ N ar(N;, atS) and S ~ N a7(N2 aSR)

then m ~ 7.
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Proof. Recall that R and S have type p and o respectively. Then for ¢ < m,
N.aist ~ Niar(N2, atS)s
~ N7, ar (N7 as(NT: ar(N7_atS))) (N7, atS)
o . ] .
~ N7 ar (N7 asR)(N7, at (N7 at(N};, asR)))
~ N% ar(N7 asR)t

~ N;_/ ath

o
s

The other cases, namely m < i < n + o follow similar reasoning. O
Lemma 5.24. If A,B € II; UX; then m ~ 7.

Proof. Assume A and B are both ¥; formulae (if not, apply [Lemma 5.22)). Let R and S
be as in[Comma 5.2% We have, by [Cemma 5.17}

Rw ~ N%a?w(NﬁgﬂN%“aFw)) Sw' ~ NZ‘J%F(N%@KN%@F’LU’))M
~ N2 aiw(NZ, atS) ~ N2 ai(N2 asR)w'
and hence
R ~ N™ aF(N2, L) S ~ N2 (N2 a5R).
The previous lemma then implies m ~ 7. O

Lemma 5.25. For the same m and 7r’,_ if there are no contractions to either the formula
A in the sub-proof w1 or the formula B in the sub-proof mo then m ~ w'.

Proof. Suppose there are no contractions to B in m and let R and S be as above. By
Lemma 5.18 Nerafu ~ NeraL?v for any two terms u, v : TE. Hence, in particular,

R ~ N2 (N, atS) N, afS ~ N +Ha(N?, a5R)
which suffice, by the proof of [Lemma 5.23| to show 7 ~ 7’. O

5.3.2 Contraction Reduction

Consider the two proofs

c——— _ ~ #FT,A A A A
T, A AA cut
cut F7A7A
7T|_F7A ¢ ———
T, A

where 7] denotes a copy of m; with fresh eigenvariables. Observe that m ~ 7.
Although the reduction above does not in general induce language inclusion, for the

two scenarios required in [Theorem 1.1} namely either u(A) = 0 or there are no applica-
tions of contraction are applied to the formula A in the sub-proof 7, we have 7’ C .
The following two lemmas deal with these two cases.
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Lemma 5.26. If u(A) =0 then n’ C .

Proof. If A is quantifier-free then 7 ~ 7’ is easily established by following the reduction
rules for cut. So assume u(A) = 0 < u(A). Let m = |I'| and n = |A[, and fix i < m and
J <n. Let r = N} ay and 7, = Nﬁf ay. Unravelling the production rules for the two
proofs yield

N? aZif ~ Nfroafrr N™+ a2 2 {Nmay(N?OHa:E’TT), NZrlagj'(NWmoa:Err)}

N aZy ~ Ny air.r NZPL aZyj ~ {NL aj(N"Hladr,r), N%aﬂ’(N%afr*r}}

Since 1 ~ 7}, [Lemma 5.13|implies ' C 7. O]

Lemma 5.27. If u(A) > 0 and there are no contractions on the formula A in my, then
7~ .

Proof. Suppose u(A) > 0. Let 7 = 7%. [Lemma 5.18 implies NZ ags ~ NI agc, for every
s : 7. Concerning derivations from 7, this yields the following equivalences for i < |T|
and j < |A].
NiaZy ~ NiaZ(N2 af(NTai)) Nz ~ N2 ag(NT o)
~ N;a#(N7, age;) ~ N7, agjc-
~ N ,az (N agc ) (N7 agjc)
Starting from 7’ we obtain
N, aZyf ~ N%af(N%aﬂ'(Nﬂaf"))gj’ N ity ~ (N2 az(ND -agjc. )y, N *aycT}
~ N%,az(N wrayjcs )y ~ {Nmayc.r, NﬁaycT}
~ Nj’roax( *ayc’r)( ZlagcT)

So 7' ~ 7. O

5.3.3 Quantifier Permutation

Concerning permuting quantifier rules with cut, consider the following two proofs.

o N/
" I', A(a/v), B W —- r,A@/v),B A,B (17)

a cut
#FT,V6A, B A,B vﬁ' FT,A(@/7), A
cut
7+ T,V5A, A 7+ T,V5A, A

Let & = (oj)j<p and U = (vj)<p. Regularity ensures that u(A) = 0. In the following, if
@ = (uj);<p is a sequence of terms of type ¢ and up41 : 7}, we write @*up4q to abbreviate
the sequence term (uo, ..., Upt1) : Tugg-

Like with the case of permuting cuts, an application of the quantifier permutation
reduction does not preserve equivalence of proofs in all cases. For the main theorem it
suffice to prove only «/ = 7. This is taken up in below. First, however, we
show that if B is not universally quantified then indeed 7 ~ 7’.
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Lemma 5.28. For 7w and 7’ above, if u(B) =0 then 7’ ~ .

Proof. Suppose u(B) = 0 and B is not quantifier-free. The other cases involve much
similar arguments. Fix 7 and § sequences of normal terms of length m = |I'| and
n = |A| respectively, and normal terms ¢ and @ % u’ of type 7z ,. By regularity of = and

N7 ([@ < i@a)5 ~ NI a§

for each j < n. Concerning 7 the following equivalences therefore appear for ¢ < m,
j<nand k<m+41,

NLaits ~ Niart(NZ as) NEai (i@ x u) ~ NE ([@ < d@a)iu/

N2+ 7ts ~ N2 as(NIH art(N2, as))
So, if ¢ is a normal term and t ~ {dp * ug, ..., U * u;} is given by then for
i <mand j < n,
NLarts ~ {NL ([@ « dx]a)Fuy (N2 ad) | k < 1}
NP a7ts ~ {NL aS(NZT([@ o d@]a)iug (N2 as)) | k < 1}
Examining 7/, we observe
NL aits ~ {NL ([@ < dga)iu)s | k <1}
~ N5, ([@ = dr]a)Fu (N7, a8) | k <1}
N arts ~ NI aS(NHL([@ < iy )a)7ul, (N2 a8)) | k <1}

Hence N!, ~ NZ for every i < m +n and so ©’ ~ 7. O

Lemma 5.29. For 7 and 7’ as in ({17), n’ C .

Proof. Fix 7 and § sequences of terms of length m = |I'| and n = |A| respectively. Let
uxu' : 7z,. Suppose u(B) > 0 and i < m. The other cases have been considered earlier
or involve similar but simpler arguments. As was observed earlier,

N7 ([@ < i@a)5 ~ NI a§

for each 7 < n. With respect to 7’ the following equivalences therefore appear.

=/

N%, ai(d * u')5 ~ NL ([@ <= d)a)7u'5

~ N ([@ = da)iu' (N2 as(NZH ([@ = d)a)iu’))

whereas the rules for 7 yield, for arbitrary ¢ : 774,
NLaits ~ Niart(N2 as(NTart)) NLar (i@ xu') ~ N% ([@ < d@a)i

If ¢ is a normal term and ¢t ~ {uy * uy, ..., 4 * u;} is given by then for each
1 < m,

Niait ~ {N% ([@ = d@]a)iuy, | k <1}
NZarts ~ {Ni, ([0 = i) a)Ful, (NF aS(NZHY ([ < djla)iuf)) [ kG <1} (18)
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whereas, due to pattern-matching in the production rule for =/,
NLarts ~ {NL ([ + k) a)Ful (N2, as(NPHY([E < dg]a)Tuy)) | k< 1} (19)
Hence N, = N4 and n’ C 7. O

The contrast between equations and demonstrates why 7 C 7’ need not hold
in general.
5.3.4 Quantifier Reduction

Consider the reduction

T T NE cut /
cut
TFT.A T, A

Lemma 5.30. If m ~ 7 is the reduction above then ™ ~ 7’.

Proof. Let m = |I'|, n = |Al, & = (a;)i<p and § = (8;)i<p. Recall that §-a = (s; - a)i<p.
Note that regularity of m implies u(A) = 0. This leaves two cases to consider: A is
quantifier-free or e(A) > 0. Suppose the latter, so the cut in 7’ remains a quantified
cut (the case A is q.f. follows an analogous argument). The following equivalences arise,
where ¢ < m and j < n.

Ni a7t ~ N%OaF(Nglat_'(N}?OaF)) N™H g ~ N%lat(NfTan)
~ N af(5- a* N2 at) ~ NZ at(NZ a(5- a* N2 at))
~ N ([@ + 5 a]a)F(NZ, at) ~ NZ at(N7! ([@ += 5 a]a)F(NZ, at))
~ N ar(Nz, at) ~ Nary at(N ey a(N7, at))
o i
~ NL art ~ NI art.
The penultimate equivalence in each column is given by ]

5.3.5 Remaining Reductions

The remaining rules are all straightforward to analyse and all induce language equality
with the exception of weakening reduction for which only language inclusion holds in
general.

5.4 Proof of Main Theorem
We can now prove [Theorem 1.1 Let 7 F 3UF;; be a regular proof and m = mg ~» m1 ~

- ~» 7, be a reduction of 7 to a quasi cut-free proof 7, such that for each i < n, the
reduction m; ~» m;+1 applies a cut reduction or permutation rule from Figures [2] or
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to a sub-proof of 7; with the restriction that a rule reducing the strong quantifier side
of a cut is applied only if no other reduction of this cut is possible. By
and the analysis in the previous section, L(m;41) C L(m;) for each i < n. This together
with establishes part (iii) of the theorem. The existence of a reduction of
the form above is well-known: see, e.g. [42], hence (i). Acyclicity of JZ; is shown in
the bound on the order of % is given by and the language
bound in (ii) follows from

6 Discussion

This work contributes to the structural analysis of first-order proofs with respect to their
Herbrand content. To a first-order classical proof @ = F of a ¥ formula we associate a
recursion scheme 57 with a finite language that constitutes a Herbrand set for F'. More
generally, the language of % covers the Herbrand set implicit in any quasi cut-free proof
obtained from 7w by a sequence of reductions fulfilling the following two restrictions.

1. A contraction on a universally quantified formula is reduced only when no other
reduction rule is applicable to this cut;

2. If two cuts are permuted in the following form then either there are no contractions
on the formula B in the relevant subproof, or one of A and B is not universally

quantified.
I'A,B AA I''A,B A,B
ut —— _ ut —— _
“TTAB AB o~ T TAA AA
ut ut
‘ I A A ‘ I.AA

The size of the Herbrand set is bounded by Qi@; where || is the number of inferences
in 7w and n is the maximal quantifier rank of a cut in 7. Comparing with related work,
the bound on the cardinality of the Herbrand expansion obtained by Gerhardy and
Kohlenbach |20, Corollary 15] is 23!’2'(;) 1 Where ¢ is a proof in Shoenfield’s calculus [41],
t is the realiser extracted from ¢, and ||t|| is the number of symbols in ¢. The degree
dg(¢) is the maximal —-depth of a cut formula in ¢. The —-depth of a formula is
defined precisely in the discussion on pp. 17-25 of |19 as the maximal number of nested
negations over quantifier-free sub-formulse (that may contain an arbitrary number of
negations). This is sufficient for describing the height of the tower of exponentials
since, in Shoenfield’s system, Jz is considered an abbreviation of —Vz—. Thus (the
translation of) a II,, U 3, formula has —-depth at most n. Presumably it is possible to
give a polynomial translation from the sequent calculus into Shoenfield’s system which
preserves the maximal —-depth of cut formulee (but, to the knowledge of the authors,
this has not been done in the literature) and, moreover, to bound ||¢|| polynomially in
terms of the number of inferences of ¢. Under these assumptions, the bound of Gerhardy
and Kohlenbach would yield the upper bound 2%@) on the cardinality of a Herbrand
expansion for some polynomial p and any sequent calculus proof m with II,, U ¥,,-cuts.

This would be one exponent less than our own.
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Closely related is a bound obtained by Buss in [11]. The proof of Theorem 9 of [11]
shows that, given a proof m where all cut formulse are contained in II,, U X,,, there is

a cut-free proof whose number of inferences is no greater than 21: _J_Q. As an immediate

corollary this also yields the upper bound of 2; J|r2 on the cardinality of the Herbrand ex-
pansion. If one is interested in the cardinality of the Herbrand expansion, Buss’s bound
and our give the same number of iterations of the exponential function,
but Gerhardy and Kohlenbach’s would give one less. If one is interested in the number
of inferences in the cut-free proof, Buss’s bound is one exponential better than ours but
has the same number of exponentials as the one that could be obtained from Gerhardy
and Kohlenbach’s since the number of inferences is at most exponential in the cardinal-
ity of the Herbrand expansion (considering the symbolic complexity of the end-sequent
is constant). That being said, the bounds we obtain apply to any cut-free proof (and
Herbrand disjunction) that can be reached by the class of reductions pertaining to 1
and 2 above. In particular, it places no restriction on which cut is to be reduced at
any given step, and therefore accommodates a variety of strategies, including top-most
and maximal cut-complexity. Whether this freedom of strategies necessitates the larger
bound is not entirely clear, and requires further investigation.

Our approach provides a framework that appears well-suited for extensions. Below we
highlight finer features of our representation of Herbrand’s theorem and some potential
applications.

Sequent-based versus trace-based grammars In this paper, the grammar associated
to a proof is ‘sequent’-based in the following sense. Consider an inference of the form

Go,...,Gn
Fo, ... Fm

r

The production rules corresponding to r can be seen as transforming a sequence of inputs
(zo,...,xm) for the formulee Fy, ..., F,, to a sequence of terms (o, ..., t,) which are used
as inputs for Gy, ..., G, in the inference rule immediately above r. The production rules
effect the whole sequence of inputs regardless of which formula is active. This is in
contrast with the ‘trace’-based grammars of, e.g., |24} |1, |2] where an inference of the
form

.G
'T.F

is associated a production rule that updates an input for F' to an input for G, entirely
ignoring presence of formulae in I'. In the latter type of grammars the derivations can be
viewed as traces that climb up and also down the proof tree essentially mimicking the
traces revealed through Gentzen-style cut-elimination. These grammars are generally
cyclic and it is necessary to place equality constraints (the ‘rigidity’ conditions of |24 |1])
on derivations to ensure finite languages. For proofs that contain cuts with complexity
greater than Iy /Yy the trace-based analysis quickly becomes infeasible. In contrast,
the sequent-based approach generates an acyclic term grammar that not only ensures
a finite language but allows one to obtain upper bounds on language size by standard
language-theoretic arguments.
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Providing a minimal grammar As mentioned in the introduction, part of the motiva-
tion behind this study is to ultimately invert the cut-elimination procedure and find an
algorithmic method for introducing cuts into cut-free proofs. The idea has been success-
fully carried out for IT; /¥;-cut introduction and more recently for the introduction of a
single Iy /¥9-cut (see |26} 25, 27, 32]). The general method proceeds as follows. Given
a cut-free proof 7, one first computes a concise representation of 7 as a term grammar
(such as a regular tree grammar whose language contains the Herbrand set induced by
7). This grammar is then viewed as a proof with cut, in which the cut-formulze are yet to
be determined. Finding the cut-formulae involves solving a unification problem induced
by the grammar. Key to successfully carrying out this procedure is identifying natural
classes of formal grammars that describe the instantiation structure of a proof with
cut. Higher order recursion schemes provide a promising candidate to lift the method of
cut-introduction above the IIy level.

First-order logic in finite types A natural extension to consider is first-order logic in
finite (simple) types, namely many-sorted predicate logic with a sort of individuals for
each simple type and well-typed application as a term forming operation. On the sequent
calculus side, we add new quantifier inferences for each type:

y I, A(a” /v7) . L, A(r? /v7)
IV’ A ", T A

Here one can use the type hierarchy underpinning higher order recursion schemes. The
formula types 74 and 7} are extended to incorporate higher-type quantification (for
example 13,0 = 0 X 7p if u(F') = 0). The corresponding production rules for the new
quantifier inferences will be identical to the rules for the ground type, though the move
to higher-type means that substitution stacks can contain substitutions of higher-type
symbols. We expect the analogous language preservation lemmas to hold. Moreover,
Herbrand schemes for higher-type logic may provide a direct way to study the relation
between the present work and the approach via functional interpretation in [20].

Lifting the prenex restriction Our representation of first-order proofs as recursion
schemes forces an asymmetric interpretation of formulee to types that does not easily
generalise to non-prenex cuts. Specifically, the type of an existentially quantified formula
is (except in the case of ¥1) an order higher than the dual universally quantified formula.
This disparity is due to the production rules for cut which treat the cut formula from one
premise as a function which receives as its input ‘witnesses’ for the dual (cut) formula in
the other premise. If the same representation is applied to non-prenex cuts then we must
have that the type associated to a disjunction is an order higher than that assigned to the
dual conjunction. Writing sound production rules for the disjunction and conjunction
introduction inferences then becomes non-trivial.

One possible remedy is to switch to a two-sided sequent calculus. The order distinction
forced by the production rules for cut becomes a distinction between the two sides of
the sequent arrow thus permitting a more uniform association of formulee to types that
may permit a generalisation to cuts of any form. The hurdle here, however, will be in a
satisfactory interpretation of negation which requires further investigation.
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