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Abstract

The practice of first-order logic is replete with meta-level concepts.
Most notably there are the meta-variables themsel ves (ranging over
predicates, variables, and terms), assumptions about freshness of
variables with respect to these meta-variables, alpha-equivaence
and capture-avoiding substitution. We present one-and-a-halfth-
order logic, in which these concepts are made explicit. We exhibit
both algebraic and sequent specifications of one-and-a-halfth-order
logic derivahility, show them equivalent, show that the derivations
satisfy cut-elimination, and prove correctness of an interpretation
of first-order logic withinit.

We discuss the technicalities in a wider context as a case-study
for nominal algebra, asalogicinitsown right, as an algebraisation
of logic, as an example of how other systems might be treated, and
also as atheoretical foundation for future implementation.

Categories and Subject Descriptors F.4.1 [Mathematical Logic
and Formal Languages]: Mathematical Logic—Proof theory

General Terms  Theory

Keywords First-order logic, a-conversion, meta-variables, nomi-
nal terms, Fraenkel-Mostowski techniques, higher-order logic.

1. Introduction

Consider the following valid assertions about first-order predicate
logic with equality (FOL) [2, 4], written in standard notation & so
explained later in this document:

* 4D (¥ D9),

e ifad fn(¢)thend O (¢a — t]),

if a & fn(¢) then ¢ D Va.¢,

if a,b ¢ fn(6) then (Va.¢) S Vb.6,

if a & fn(¢) thenVa.(¢ D ) D (¢ D Va.h),
if a & fn(¢) theny D (¢ D Va.¢),

® Vb.¥a.¢ D Va.¢[b— a], are derivable.
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These assertions cannot be proved in FOL, since FOL derivations
involve FOL syntax, while the syntax of the assertions just given
contains meta-variables ¢, ¥, a, b and ¢t. These are not FOL syntax,
they vary over FOL syntax. Also we refer to properties of syntax
when we write ‘a & fn(¢)" and ‘¢[a — t]’, but FOL syntax can-
not represent these explicitly.

Of course to us humans this is all obvious. One reason is that
the derivations fal into a limited number of schema. For example
the ‘derivation’ below on the | ft:

(Ax) — (Ax)
v, 0 F o 1, L+1
—— (DR) — (DR)
oY DP 1l+-1L>1L
—— (DR) —— (OR)
FoD (Do) FLD>(LDD)

isnot a derivation, but it obviously represents a schema of deriva-
tions of which the (real) derivation on theright isan instance setting
¢ and ¢ to L. But isthere alogic in which the beast on the leftisa
derivation too?

Note that it has been pointed out before that meta-variables
varying over syntax are not themselves syntax, and that schematic
derivations are not real derivations[20, page 7] (Hodges callsthem
‘argument schema’). Many authors do leave meta-variables at the
meta-level. Some suggest that this is where they belong!

We feel that as mathematical computer scientists it is reason-
able, nay our duty, to pursue formalisation whenever possible.
Logic teaches us that reasoning can and should be formalised, not
only its conclusions. So if we use meta-variables in reasoning, we
can and should ask ‘what is the mathematics of this reasoning’ ?

This paper presents one-and-a-halfth-order logic, a generali-
sation of first-order logic in which meta-variables and properties of
syntax are made explicit.

We briefly mention the main technical barriers involved:

® Ya.¢ and Vb.¢ need not be a-convertible if ¢ mentions e and b
free, so any syntactic representation which represents the meta-
variable ¢ must sacrifice a-equivalence or some part of it. What
is a suitable representation of meta-variables and how does it
interact with binding?

In the presence of meta-variables substitution becomes nontriv-
ial, since the V-left intro rule (see Subsection 8.2) demands we
reason about ¢Ja — t] where [a — ¢] means ‘replace a by
t’. What is a suitable and correct representation of substitution,
and what are its properties?

e Once these problems are solved, what derivation rules manage
the extracomplexity involved so that derivations remain faithful
to ‘first-order logic style', and cut-elimination is (fairly) easily
provable?



Without further ado we give derivation rules of one-and-a-
halfth-order logic in Figure 1. Also, Figure 2 includes one-and-
a-halfth-order logic derivations of the assertions above (in the last
three examples, we left out the use of (DR.) on the top-level impli-
cations).

Explanations and technical machinery follow in the rest of this
paper. In Sections 2 to 4 we introduce the syntax and an equational
axiomatisation of one-and-a-halfth-order logic in terms of nominal
algebra. In Sections 5 to 7 we develop the sequent calculus of
Figure 1 and establish properties including cut-elimination and
equivalence with the axiomatisation. In Section 8 we show that a
subset of one-and-a-halfth-order logic is equivalent to first-order
logic. We discuss related and future work in the Conclusions.

2. Nominal algebra

We need asyntax inwhich Va.¢, a € fn(¢), and ¢Ja — t] may be
explicitly represented. For this we use Nominal Terms[29], which
offer built-in support for meta-variables, abstraction, and freshness.
In this section, we describe nomina terms and the framework of
Nominal Algebra[15], which isatheory of equational equality for
nominal terms.

2.1 Sortsandterms

Fix two base sorts P of predicates and T of terms;, we may
indicate these with 4. Fix asort of atoms A. Define sorts 7:

Tu=48|A|[Alr

Theintuition of [A]r is‘elements of 7 with an atom abstracted'.
This has no intuitive functional denotation, e.g. [v']r isnot avalid
sort. (JA]r behaves more like the set of a-equivalence classes of
elements of + with a distinguished bound atom.)

Fix countably infinite digoint collections of atoms a, b, ¢, and
unknowns XY, Z.

Atomsrepresent object-level variable symbols, for examples see
a, b inthe Introduction. They will have sort A. Unknowns represent
meta-level variables, for examples see ¢, v, ¢ in the Introduction.
Unknowns may have any sort and we assume that they are inher-
ently sorted (and that there are infinitely many of each sort). We
may write X : 7 as shorthand for ‘ X, which has sort 7. We tend
to give unknowns of sort P names P, Q, R and unknowns of sort T
namesT,U.

A term-former is a syntactic token f with an associated arity

p=(71,...,7n)7, Wheren > 0. We may writef : p as shorthand
for ‘f, which has arity p’. Fix the following term-formers:
L:(0P O: (P,P)P v ([A]P)P ~: (T,T)P
var: (A)T  sub: ([A]l7,T)r (7 € {T,[A]T, P, [A]P})

We discuss the intuitive meanings of these term-formers after we
have defined terms.

We call term-formers with arities (T,...,T)T object-level
term-formers; one example could be + : (T, T)T. We call term-
formers with arities (T, ..., T)P atomic predicate-formers; one
example is =, others are socrates : (T)P and greek : (T)P. These
too can be added and cause no difficulties for the results which
follow.

We generaly let f vary over all term-formers and (later in the
paper) we let of vary over object-level term-formers, and op vary
over atomic predicate-formers (‘o’ for ‘object-level’).

Termst, u, v areinductively defined by:

t v=an| (7 X7)r | (aalte)agr | Frypomnyr by t0))r

Here subscripts indicate sorting rules. We repeat the definition
without them, just for clarity:

t s=a|7m-X|[alt|f(ts,... tn)
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Incasen = 0, wewritef instead of f().

7 IS a permutation on atoms, we discuss 7 in the next subsec-
tion. We call = - X amoderated unknown; syntactically this is
just a pair of a permutation and an unknown, but intuitively this
represents the permutation 7 acting on an ‘unknown term’. This
intuition is made concrete in the definition of substitution on mod-
erated unknowns, below.

We may write ¢ : 7 as shorthand for ‘¢ of sort 7’. We may call
terms ¢ : P predicates (not to be confused with atomic predicates
like greek(var(a))).

We sugar the term-formers fixed earlier, and give their intuitive
meaning. For any atoms a, b, terms¢, v : T and predicates ¢, :

e | representsfalsity.
® ¢ D isD(¢,v). Intuitively, thisisan implication.

o V[a]¢ is V([a]¢). Intuitively, this is universal quantification
(which takes an abstraction of aformulaand yields aformula).
Accordingly we call the syntax-fragment [a]- an abstractor. It
has no functiona semantics; [a]t is intuitively merely ¢ with a
bound. The fact that V takes an abstraction of aterm and gives
atermisimposed by its sort ([A]P)P.

ot ~u is ~(t,u). Intuitively, this is equdity in the object-
language.
® g isvar(a). Intuitively, this term-former connects an atom a,

which has sort A, and an object-level variable symbol var(a),
which has sort T.

e v[a — t] issub([a]v,t) for any term v of sort T, [A]T, P or
[A]P. Intuitively, thisis substitution.

We use standard classical logic sugar:

—¢gisg D L Tis—L
PpAYis=(p D)  PViis—g DY
peYis(pDY)A (Y D¢)  Ilalpis—V[a]-¢

To save on (unnecessary) parentheses, take [a]-, _[- +— ], =,
{—,¥,3}, {A, V}, D, & as the descending order of precedence.
Alsolet A, Vv, D and < associate to the right.

Wewritea € t (or X € t) for ‘a (or X) occursin (the syntax
of) ¢’. Occurrenceisliteral, eg.a € [alaanda € ©-X if 7(a) # a.
We omit inductive definitions. Similarly we may writea ¢ t and
X ¢& t for *does not occur in the syntax of ¢’.

Call ¢ closed when t mentions no unknowns — ¢ may still
mention atoms, e.g. the term a is closed.

Write syntactic identity of terms¢, u ast = . Thisemphasises
the difference from provable equality ¢ = u, which is a logica
assertion, and object-level equality ¢ =~ u, which isaterm.

2.2 Permutationsand substitutions

A permutation 7 of atomsisatotal bijection A — A with finite
support, meaning that for some finite set of atoms (which may be
empty) 7(a) # a, but for al atoms not in that set, 7(a) = a. This
isamathematical notion of ‘most’: w(a) = a for most a.

Asusual, we write Id for the identity permutation, ! for the
inverse of 7, and 7 o 7’ for the composition of = and 7', i.e.
(mor')(a) = n(n'(a)). Id isaso theidentity of composition, i.e.
Ido7m =mand 7o lId = n. Wemay abbreviate Id - X to X.

Wewriter - ¢ for the action of apermutation on aterm, defined
inductively on syntax by:

m-(r' - X)=(non') - X
W'f(tl,...,tn)Ef(ﬂ"h,...

m-a=m7(a)
7 [a]t = [7(a)](7 - t) , T tn)

LEMMA 2.1. (mron)-t=x-(x'-t)andId -t = ¢.



O, V, ¢ Y, P, U ¢, P, VU, Y

————(A%)  ————(IL) oy 222 g
¢, P, T, @ L, ek, ¥ pDOY, O, U (5L) CD}—A\I/,¢31/;( )
plar—t], P, ¥ D, U, plar—t], . T
——— = (VL) ——————(YR) (AFa#d,¥) - [ L 2rs )
V[a]g, D, ¥ N (2 t~t dla—t], LT A r
¢, PF, T ) OF, U, ,
—— (StructL) (Aklgy ¢ =¢) ———— (StructR) (Aklg ¢ =)
¢, P, U Ok, U,
Db, x wx, ¥ O, U, ¢ ¢, PFH, T
—EEL PR (Fr) (a9, 0,A) - ~— (Cut) (Abgp ¢=¢)
O, U O, U
Figure 1. Sequent calculus for one-and-a-halfth-order logic
(Ax) (Ax)
QP P Pt P
—(OR) —— (StructR) (a#P gy P = Pla—T))
PH,QDP Phtoyp Plam—T]
——— (OR) (OR)
F, PD(QDP) Fogp PO (Pla—T])
(Ax) (Ax)
Pr,,p P ValP -y pyyp VIalP
——— (VR) (a#PF a#P) (StructR) (a#P,b#P b V]a]P = V[b] P)
Pr,,pVaP ValP by ypyp VIBIP
——  (OR) (OR)
Foup P D V0P Fospoup (ValP) D V[P
— (Ax) —— (Ax)
Pro.p QP QPF, . Q
(OL)

PPOQF, ,.pQ
P, (P> Q)lar a] Foup @
PV[a](P D Q) '_u,#P Q

PV[a](P 2 Q)F, up V[a]Q

(StructL) (a#PhFys PD Q= (PDQ)ar a])

(VL)

(VR) (a#PF a#P, V[a](P D Q))

— (A%
P.QF.ypisrq P
(StructR) (a#P,b#P,Q gz P = (ab)-P)
PQF, ypouro (ab)-P
(VR) (a#P,b#P,QF b#P,Q)
P,QF, upyupo VbI(ad)- P
(StructR) (a#P,b#P,Q Fq g V[bl(ab) - P =V[a]P)
P,QF upiuro V[a] P

(Fr) (b¢ P, Q, V[a]P, a#P)
P,QF,,p VP

(Ax)

Plb— c]la— c] F Plb+— c]la— ]

cH#HP

(VL)
V([a](P[b+— ¢]) Fesp Plb— c]la+ (]

(StructL) (c#P bqy, Vial(Plb — cl) = (V[a]P)[b — c])

(V[a]P)[b+— (] Fesp P[b— alla — ]

(VL)

V[b]V[a] P Fesp Plb— c]la+ (]

Y[c](P[b+ c][a+ c])

(VR) (c#P F c#V[b]V[a] P)
V[b]V[a] P -

cH#P

V[bIV[a]P -, p V[a](P[b+— a])

(StructR) (c#P Fgyp V[c|(P[b— c][a — c]) = V[a](P[b+— a]))

(Fr) (c & V[b]v[a]P, V[a](P[b — a]))
V[bV]a] P -, V[a](P[b+— a])

Figure 2. Example derivationsin one-and-a-halfth-order logic
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In this section we omit proofs of lemmas; they are al quite
routine. Full proofs are available elsewhere [7, 29].

A substitution o isafinitely supported sort-respecting function
from unknowns to terms. Here, finitely supported means that for
some finite set of unknowns o(X) # Id - X, but for al other
unknowns o(X) = Id - X. Sort-respecting means that for each
X theterm o (X) should have the same sort as X .

Write [t1/X1,...,tn/Xn] for the substitution o such that
o(X;)=t;ando(Y)=1d-Y,foradl Y £ X;, 1 < ¢ < n.Write
[] for the empty substitution, which maps each X toId - X.

Write a € o if there exists an X such that a € 0(X), and
similarly writea ¢ X if thereisno such X.

A substitution ¢ has a natura action on terms ¢, inductively
defined by:

(- X)o=7-0(X)
f(ti,...,tn)o =f(tio,...,tno)

([a]t)o = [a](to)

Give substitution and permutation actions higher precedence
than abstraction and any of the sugared term-formers, and put
substitution before permutation.

Note how substitution interacts with permutation in the case of
an unknown, for example ((a b) - X)[b/X] = (ab)-b=a.SO07
in X is‘waiting for asubstitution to arrive’, as also made formal in
the following property:

LEMMA 2.2. 7t - to = (7 - t)o.

Another permutation action will be useful. Write ¢™ for the
meta-level action of 7 on ¢, which is defined by:

(@ X)"=") X
'f(tl,...,lfn)Tr = f(t17r,...

a™ = nw(a)

([a]t)” = [(a)](t") itn")

where '™ = m o’ o 7t (thisis the conjugation action [9]).

LEMMA 2.3. Fixtand w,andlet o map X € ttor - X, and o’
map X ctton! - X.Thenw -t =t"c andt™ = (7 - t)o’.

So the two permutation actions are interdefinable in the pres-
ence of substitution o; however, sometimes oneismore natural than
the other, we shall point out how, |ater.

2.3 Assertions, axioms and derivations
Nominal algebra has two forms of assertions:

1. A freshness (assertion) isapair a#t of an atom and aterm. If
t = X we call the assertion primitive.

2. Anequality (assertion) isapair t = v wheret and u areterms
of the same sort, we discuss them below.

Write A for a(possibly infinite) set of primitive freshnesses and call
it a freshness context. We may drop set brackets in freshnesses,
e.g. writing a#t, b#u for {a#tt, b#u}. Also, wemay write a#:t, u
for a#t, a#u.

Extend the notions of occurrence, closedness, permutation ac-
tions and substitution action pointwise to assertions and freshness
contexts. Note that for a freshness context A, Ao need not be a
freshness context since each unknown X in A isreplaced by o (X),
which is aterm and need not be an unknown.

Call apar A — t = u of afinite freshness context A and an
equality assertion ¢ = w an axiom. If A = (), we may write the
axiom just t = u.

Nominal algebra (NA) [15] is the logic of equality between
nominal terms. We define the derivation rules of NA by the rules
in Figure 3.
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Inthisfigure f ranges over term-formers, ¢, u, v and ty, ..., t,
range over terms, X ranges over unknowns, 7 over permutations,
o over substitutions, A over freshness contexts, and a and b per-
mutatively range over atoms, i.e. a and b represent any two distinct
atoms. We use similar conventions henceforth. C'[_] is a context, it
isintroduced later.

Write A F a#t when a derivation of afreshness assertion a#t
exists using the elements of A as assumptions, according to the
rules above. Say that A entails a#t or a#t isderivablefrom A.

Call a (possibly infinite) set of axioms T atheory. We write
A+, t = u when aderivation of ¢ = w exists using the rules
above, such that every assumption used is a freshnesses from A,
and for every use of (axa) A isanaxiom of T. Say that A entails
t =wort=uisderivablefrom A.

For example, taking A = a = band B = [a]|X = [b]Y as
axioms, the derivations

(axa) ——— (axs)

b=c [b]b = [a]a
are valid taking 7 = (a b ¢) and any o, and 7 = (a b) and
o =1[b/X, a/Y], respectively. Notethat it is not possible to derive
a = ausing (axa).
Taking C = a#X — [a]X = [b]X, of the derivations

— (#ab) a#a

a#tb

— (aXx —
= lala = [la

the left one is valid, but the right one is not, because a#a is not

derivable.

So now we appear to have two derivation systems; the sequent
calculus for one-and-a-halfth-order logic from Figure 1 and nomi-
nal algebrafrom Figure 3, both using nominal terms! We shall soon
show that a particular nominal agebratheory givesriseto one-and-
ahalfth-order logic.

For the rest of this subsection we discuss the derivation rules of
Figure 3.

(axc)

Contexts C'[-] istheusual notion of context asbeing a‘term with
a hole’. Note that this notion may be represented directly in our
syntax taking aterm C' with a distinguished unknown X — call it
‘the hole’ — which occurs in C only as Id - X (so not under a
moderation, e.g. not as (a b) - X or somesuch). We can then define
C[t] = C[t/X]. Therestriction on the moderation is to ensure that
t really does occur in C/[¢] and not some renamed version of it.
Note that C' may contain abstractors, e.g. C' = [a][b] X, and
that the substitution [¢/ X can capture under these abstractors, e.g.
Cla] = [a][b]a. See[7] for afuller treatment of this observation.
For example, (a b)-X and g(X, X) (X isashorthand for Id- X)
are not contexts. X and h(X) are contexts. Here g and h are term-
formers with arities of theform (7, 7)7’ and (7)7’, respectively.

The rule (fr) In (fr) sguare brackets denote discharge in the
sense of natural deduction (asin implication introduction [20]); A
denotes the other assumptions of the derivation of ¢t = .

The rule generates ‘fresh atoms'. Clearly a ¢ ¢, u, A manifests
this intuition, but also we must account for unknowns which (intu-
itively) represent unknown terms. Thus to generate an atom that is
really fresh, also for the unknown terms we use, we insist on this
explicitly with freshness conditions.

The axiom rule (axa) Where the axiom A is understood or
irrelevant we may writejust (ax) (and (ax’), see below).

In (ax) atoms are permuted and unknowns are instantiated.
Thus atoms stand for any atoms but in away which preserves their
distinctness, whereas unknowns stand for any term at all.

1More precisely, f is ameta-variable ranging over term-formers.



— (#ab)
a#b a#tm- X ( ) a#[alt
t=u t=u u=v
(refl) (symm)
t=t u=t t=wv
Ao

aftt a#tty - aFtn
(#[a) (#[b) ——————— (#f)
aF bt a#f(ti, ..., tn)
t=u aFt b#t
(tran) m (cong) m (perm)
[a#Xl,...,c.L#Xn] A
t : U
t:u(fr) (a & tyu,A)

Figure 3. Derivation rules of nominal algebra

Recall the discussion of 7 - ¢ versus t™ above. Ancther axiom

ruleis possible:
m- Ao

—(axk) AEA—>t=u
m-lo =7 uo
however in this case, atoms in the substitution o are renamed
according to permutation 7, which turns out to be rather mind-
bending. For example, from the axiom [a]X = [b]X it is im-
mediate that - [b]a = [a]a is derivable using (ax) where we
choosen = (ba)and o = [a/X]. If we use (ax’) we must choose
7= (ba)ando = [b/X].

3. Theories

Recall that a theory is a (possibly infinite) set of axioms. Write
CORE for the theory which is the empty set. Other theories of
interest are listed in Figures 4 and 5.

We use a shorthand in each of those figures that the theory
includes the axioms listed in the figure and the axioms of previous
theories:

CORE C SUB C FOL.

In the figures, f ranges over al term-formers of appropri-
ate sort, a, b are particular, but arbitrary, distinct atoms, P, Q, R
are unknowns of sort P, and 7', U are unknowns of sort T, and
X, X4,..., X, areunknowns of appropriate sorts.

The theories have the following intuitive meaning:

1. CORE isatheory of a-equivalence.
2. SUB isatheory of capture-avoiding substitution.
3. FOL isfirst-order logic — with unknowns!

We will show how and why in the rest of this paper.

Theory SUB is discussed in detail in [14]. The rest of this
section discusses theory FOL.

In Figure 5 we should think of a term of the form ‘¢ = T’
as meaning intuitively ‘¢ is true’. Thus, it expresses a Hilbert-
style axiom. The first block of rules are then standard axioms
[21] of classical propositiona logic, we call them propositional
axioms. The second block adds quantifiers, we call them quantifier
axioms; they exploit NA freshness conditions. Thethird block adds
object-level equality, we call them equational axioms. Together,
we call them the logical axioms.

Note that the quantifier axioms are not new! They appesar in the
literature [10, page 5 (2)], just like the propositional ones. What
is new is that our axioms are not axiom-schemes but individual
axioms; this, because we have meta-variables. Using nominal terms
we can also represent such axiom schemes faithful to their ‘usual’
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syntactic form. The next step is to show that they also admit a
proof-theory.

There are interesting theories besides FOL (see the Conclu-
sions).

4. Sequent-likeadmissiblerules

For our first technical results we show that the rules like those of
Figure 1, are valid in theory FOL.

LEMMA 4.1. For all freshness contexts A and predicates ¢, v:
LAF, ¢y =T ifandonlyif A, ¢ =1,

2 Al ¢ Dy =T ifandonlyif Ak, ¢ =@ AP
PROOF. We only prove thefirst part; the second is similar. For the
right-to-left implication, we reduce the consequentto ¢ < ¢ = T
by congruence using ¢ = 1; then the result follows easily.

For the | eft-to-right implication, suppose ¢ < ¢ = T isderiv-
ableusing A. Then

¢ =9oANT = dN(d&Y) = oA
Similarly we can derive ¢ = ¢ A 1 whence ¢ = 1 asrequired. O

LEMMA 4.2. -, V[a]L = L isderivable.

PROOF. It suffices to derive V[a]|L < L = T, by part 1 of
Lemma4.1. Or without sugar for <
Ma]lL D L)A(LDV][a]l) = T.

By standard calculations using the propositional axioms, this fol-
lows from V[at]L D1 =Tandl DV[a]L = T.Thelatterfol-
lows directly from the last propositional axiom. The former is de-
rived as follows:

—(ax)
Lla—T]=1
———— (symm)
1=1[a—T]

(cong)
V[a] LD L1=V[a] LD L[a—T]

(ax)
Y[a] LDL[a—T|=T

(tran)
V[a] LDL=T

O

Note that by this result our intuition of FOL isthat the denota-
tion of T is a non-empty set; if T has (intuitively) an empty set as
denotation then Vija] L = T would be possible for some models
andV[a]L = _L should not be derivable. Thisis dueto an interac-



(var —) ala—T] = T

(# ) a#X—>X[a»—>T]

(f—) f(X1,...,Xn)a—T] :f(Xl[aHT],...,Xn[aHT])
(abs =) b7 = (B)la - 7] = B(X[a - 7)
(ren —) b#X — X[ja— b = (ba) - X

Figure4. Axiomsof SUB

PO>QDOP =T -—PDP =T (PODQ)D(@Q@D>R)D(PDR) = 1o>P =T (Props)
V[a]P D Pla—T] = V[a](PAQ) < V][a]P AV[a]Q = T a#P — V[a](PD Q)< PDOV[a@ = T (Quants)
T~T=T U~TAPla—T]D Pla— U]= (Eq)

Figure5. Axiomsof FOL

tion of the first quantifier axiom with the rest of the theory, and is
also present in most treatments of first-order logic [20].2

LEMMA43 For all predicates ¢, ¢’, 1,4, 0, ¢, atoms a, terms
: T, and unknowns X7, ..., X,:

l.A}—FOngS/\H SDeve =T
2. Aty LAODe=T

BifAF, 0 Deve =TandAbF, YN0 De =T
then Ak (¢ DY)AO De =T

4. Al 6ANO D eV =
then Abro 6 D eV (¢ D o)

5. ifAb o dla— A0 D e
then A oy, Va]p A O D e

6. if Al 0D eV =
then A b, 0 O E\/V[a]

T.ifAb dla—tIAN0 De =T
then Ak, (' mt)Adla—t]A0d De =T

8 A, 0 DeVitrt) =T

9.ifAb g ¢ AODe=TadAF, ¢ =¢
thenA bk @A D e =T

ifAF, 0 Devey = TandAbg, o' =
thenA bk, 0 Devy =T

T

T
T
d A - a#0, e
T

I % I

10.

1L ifAa# Xy, .. ,a#Xn b 0 D e = Tanda € 0,¢, A
thenA b 0 De =T
12.ifAb 0 DeVe =T, Al ¢ AODe =T

andAb o=@ thenAk,, 0 De =T

PROOF. The proofs of the first four items are standard and estab-
lish the equivalence of Hilbert- and sequent-style presentations of
propositional logic.

For item 5 we use item 2 of Lemma4.1. Then we need to show
that A ko, Va]p A0 = V[a]é A 6 A e follows from the assump-
tion A b, dla— ] A0 = ¢la— t] AO Ae. Also, by this item
and the first quantifier axiom, A k., V([a]¢ = V[a]o A ¢[a — t]
holds.

We reason algebraically, implicitly using associativity of A:

2Initem (4) on page 48, Hodges states that “Most authors require it to have
at least one member.”, where ‘it’ denotes the domain in terms of a pure set.
Also see Remark 6 on page 110 for a discussion on the implications for
Hilbert-style proof calculi.

194

V[alp A0
{ A b V[a]¢ = V[a]¢ A pla — 1] }
V[a]p A pla — t] A O
{Abr dla—t]NO=pla—t]NONE}
V[alp Apla—t]ANOAe
{ A b V[a]g = V[a]¢p A pla — 1] }
V[alp NOAe

The calculations for items 6 to 12 are in the same spirit, except for
item 11 which istrivialy deduced using (fr). O

5. Sequent presentation

We are now ready to directly confront Figure 1.

Let (predicate) contexts &, W be finite (possibly empty) sets of
predicates. A sequent isatriple ® -, ¥ where A is afreshness
context and & and W are predicate contexts; when acontext appears
to the right of - we may call it a co-context.

We may write ¢ for {¢}, ¢, ® for {¢}U®P, and &, &’ for DUD’,
and we may omit empty predicate contexts, e.g. writing -, for
0F, 0.

Extend the notions of occurrence, closedness, permutation ac-
tions and substitution action elementwise to predicate contexts.

Define the sequent calculus for one-and-a-halfth-order logic to
be the set of sequents inductively specified by the derivation rules
in Figure 1. We may also call this set an entailment relation (that
of one-and-a-halfth-order logic, to be precise).

Call (StructL) and (StructR) structural rules. (Cut) can
emulate them, but we would lose cut-elimination. To see why (Fr)
isuseful, consider the last two examplesin Figure 2.

Our rules resemble those of Gentzen's sequent calculus for
classical first-order logic with equality [6, 17, 26], but with the
following distinctive features:

e Thereisan explicit notion of unknown predicates given by the
unknowns of sort I, which models meta-variables in the sense
that, for example, V[a] P with [(a =~ a)/P] isV[a](a =~ a) (and
not V[a'](a ~ a)).

e Freshness, a-equivalence and capture-avoiding substitution are
now explicit; they are represented by derivability of freshnesses
and equality in SUB as side-conditions.

As we used standard classical logic sugar like —=P for P O L,
so we also ‘use’ the standard sequent rules for them (as sugar for
‘macros’ of sequent rules) without comment.



The sequent calculus is able to mimick the logical axioms from
Figure5:

LEMMA 5.1. Thefollowing are derivable:
LEA¢DYDo. 2.k, ¢ D 9.
B, (@DY)DWDp) D(pDp). 4 FyLDo.
5. kL Vialg D ¢la— t].
6. F, V[a](¢ A ) & V]a]d A V[a]p.
7.1f AFa#¢ then +, V[a|(¢ D ¢) < ¢ D V[a].
8 Fyt~t. 9. F, urtA¢la—t] D ¢lar ul.

PROOF. We consider just item 7. By (<R) and (DR) it suffices
to derive

@ ¢,V[a](¢D¢) 4 V[a]y. (b) $DV[a]y) -4 V]al(pD).

We consider (a); showing (b) derivable follows similar lines:
(Ax)
(3L)
(StructL)
(VL)

R)

7(AX) R
AN RN

R RN
¢, (@D YP)la—alk,
¢,V[al(¢ D) 5 ¥

¢, V[al(¢ D ¢) k4 Via]y

The uses of (StructL) and (VR) are valid because the following
hold:

Abge (9D Y)laral = (¢ DY)
At a#e,Va](¢ O )

The corresponding calculations are interesting but have to do with
NA and SUB, not FOL. See elsewhere for details [14]. O

We conclude this section with two theorems describing how
derivations and their structure (for example the ones in Figure 2)
interact with atoms and unknowns. In brief: atoms can be permuted,
unknowns can be instantiated.

Extending notation for permutation action, we write II™ for the
result of applying = to the terms in the syntax of II.

THEOREM 5.2. If Il isavalid derivation of ® -, W thenII™ isa
valid derivation of ™ |-, ¥™.

Call this property meta-level equivariance.
PROOF. The statement
‘ITisavalid derivation of & -, ¥’

has four free variables and so by FM equivariance [16] is invariant
under permuting atoms. The result follows. O

Write IT(o, A’) for the substitution action on derivations. Itis
inductively defined on the structure of I1I:

e If II concludes with arule (R) different from (Fr), it is of the
form
I, Iy
(R) (cond)
D, W
where k € {0,1,2} and cond iISA ¢, ¢ =1, A+ a#P or
empty.

ThenIi(o, A') is

H1(07 Al) Hk(Uv A/)

(R) (cond’)

bo t+,, Vo
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where cond’ is A’ by ¢po = Yo, A" - a#P'c or empty,
respectively.
e Otherwise, the derivation concludes in
H/

(Fr) (a g, ¥,A)

dr, U
where IT" isaderivation of &
ThenTl(o,A’) is
H/(a’ a) (0_7 A//)
So k-, Yo

where o’ is chosen fresh (i.e. ' € a, ®, ¥, A, A, o) and
A=A d#Y1,...,a'#Yn, in which Y3,...,Y,, are al
unknowns mentioned in o(X;), for 1 <14 < n.

v,

ALa# X1, a# Xn

(Fr) (a’ & ®0,¥o, A")

So o is consistently applied throughout the predicate contexts
occurring in T, A’ replaces A, and (Fr) may generate dightly
different freshness assumptions.

LEMMA 5.3. For any A’, A, o, if A’ - Ao then:
1. if A a#ttthen A’ F aftto,
2.ifAF t=uthenA’' -, to = uo.

THEOREM 5.4. If A’ - Ao andITisavalid derivationof @ -, ¥
then I1(o, A’) isavalid derivation of ®o -, Uo.

Call this property meta-level substitution.

PROOF. By induction on II. We only treat the cases (VR) and
(Fr). The other cases are similar to the (VR) case or simpler.

1. The case of (VR): Suppose ® -, ¥,V[a]y is derived us-
ing (VR). Then A + a#®, ¥ holds and II' is a derivation of
&, U, 9. ByLemma5.3 A’ - a#®o, Uo, and by inductive
hypothesis IT' (o, A’) isa derivation of ®o +,, Vo, 0. Then
we conclude that ®o -, Yo, V[a]o isderivable, by extend-
ing IT' (o, A”) with (VR), as required.

2. The case of (Fr): Suppose ® -, U is derived using (Fr).
ThenIl" isaderivationof -, ., ... Wwhereweas
sumea ¢ @, ¥, A. By meta-level equivariance (Theorem 5.2)
dso 11" @ isaderivationof @+, .. .. W, where
a’ ischosenfresh(i.e.a’ € a,®, ¥, A, A, o).

By FM equivariance validity of the property

‘I’ has the inductive hypothesis
isitself invariant under permuting atoms. So

‘I1(" ) has the inductive hypothesis
isalso valid.
Take A" = A" a'#Y1,...,d'#Y,,, where Yi,...,Y,, ae
al the unknowns mentioned in o(X;), 1 <: < n. Itis easy
to deduce A" + (A, a'#X4,...,a'#X,)o. By inductive hy-
pothesis IT'" ) (g, A") is aderivation of ®o -, Wo. Since
a' & ®o, Vo, A" we may deduce ®o +,, Uo using (Fr), as
required.

O

Thisuseof FM equivarianceisapowerful and general technique
which we do not expand on here. To our knowledge its first use to
obtain theorems in an actual paper (as opposed to being the object
of investigation itself [16, 11]) isin a paper on ‘Fresh Logic' [12].
Here we shall use it repeatedly to rename atoms in the presence of
unknowns.



6. Cut-dimination

This technical section establishes a cut-elimination result (Theo-
rem 6.8) and a consistency corollary (Corollary 6.9).

We need some notation and technical lemmas. Call the depth
of aderivation the greatest number of derivation steps not counting
rules (Fr), (StructL) and (StructR) between its conclusion
and its leaves, over al paths. We do not count NA derivations
of freshnesses and equalities that occur as side-conditions. For
example, the last two derivations of Figure 2 have depth 2 and 4,
respectively.

LEMMA 6.1. If A F a#®, ¥ and A - b#P, ¥ then
O, 0+, U, U ifandonlyif @, (ab)- & +, ¥, (ab)- V.

Thederivation has the same depth as the original one, and no more
instances of cut.®

Call this property object-level equivariance.
PROOF. By repeated use of (StructL) and (StructR). O

The following results are not normally problematic but we have
internalised both «-equivalence and being fresh — so renaming
and freshening must be represented in the derivation. Firgt, atech-
nical lemma:

LEMMA 6.2. If A C A’ then:
1. if A - aftt then A’ F ad#t,
2.ifAF t=uthen A’ t=u.

LEMMA 6.3. If -, Wand A C A’ then ® -, W. The deriva-
tion has the same depth as the original one, and no more instances
of cut.

Call this property meta-level weakening.

PrRoOF. We work by induction on the structure of the derivation.
The conditions on preserving depth and number of cuts can easily
be verified from the structure of the reasoning which follows, and
we do not mention them further.

We only treat the cases (VR) and (Fr). The other cases are
trivial or similar to the (VR)) case.

1. Thecaseof (VR): Suppose ® Fa W, V[a]y is derived using
(VR). Then A+ a#®, ¥ and & -, ¥, are derivable. Then
A’ a#®, ¥ by Lenma 6.2, and ® -, ¥, is derivable
by inductive hypothesis. Extending derivations of the latter
with (VR)) we conclude that & -, ¥, V[a]+ is derivable, as
required.

2. The case of (Fr): Suppose ®F, ..y ..x, ¥ where
a g ®, ¥, A. Choose a’ fresh (i.e.a’ ¢ ®, ¥, A’ — note the
prime onthe A’), then ® - v is derivable by
meta-level equivariance . '

By FM equivariance we retain the inductive hypothesis, so it
follows that ® + V. Then we may deduce

Al 0! X, 0l # X

® +,, U using (Fr), asrequired.

Aa' #X1,..., al #X

a
WriteU (Stuff) for the unknowns mentioned in the Stuff .
LEMMA 6.4. If a € uwand a#U(u) C A then A F a#u.

LEMMA 6.5. If &+, Pand® C & and ¥ C ¥’ thend’ -, U’
The new derivation has the same depth as the original one, and no
more instances of cut.

31t may mention more structural rules but by an astounding coincidence we
have excluded them from our notion of depth.
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Call this property object-level weakening.

PrROOF. We work by strong induction on the pair of the depth
of the derivation and its structure, lexicographically ordered. We
consider only nontrivial cases.

1. Thecaseof (VR): Suppose ® -, W, V[a]y isderived using
(VR) and suppose the inductive hypothesis of al strictly lesser
derivations.

By assumption ® -, ¥, ¢ has a derivation of strictly lesser
depth, and also A - a#®, ¥ holds.

Choose some a” fresh (i.e. a” € a,v,®’, ', A), and take
A" = A, d"#UD V' A, 1p).

By NA weakening (Lemma 6.2) A” I a#®, ¥ and by meta-
level weakening (Lemma 6.3)* @ I-,,, ¥, v. Then by object-
level equivariance (Lemma 6.1) dso @+, U, (a” a) - 1),
and by inductive hypothesis (the derivation still has strictly
lesser depth) there exists a derivation IT of

'k, ¥, (a"a) .
By Lemma 6.4 adso A" - a”#®’,¥’, and by simple calcu-

lations we observe A"+, V[a"](a” a) - ¢ = V[a]y (we use
(perm), and the freshness information we have assumed of

a’).
Now we can conclude &’ +, ¥, V[a]y asfollows:
II
@l '_ \Il/ v 1" " (VR)
INZ ) [a ](a a)-
(StructR)
o’ F V' Yia|y
————(Fr
o'+, U, V]a]y
2. The case of (Fr): Suppose @ b, ... ..y, ¥ where

a g ®, ¥ A Incasea ¢ ®, ¥ then things are easy and we
use (Fr). If however a € ®', ¥’ then we use FM equivariance
to rename a to some o’ ¢ &', ¥’ A in the whole derivation
to obtain one of ® I—A‘a/#x1 ..... wx, ¥ We can now apply
the inductive hypothesis (which, as discussed above, is aso
preserved by the permutative renaming) to weaken to &’ and
', and finish off with (Fr).

d

Write ®[b — u] for the elementwise application of the explicit
substitution to the elements of predicate context ®.

LEMMA 6.6. If ® -, W then ®[b — u] -, ¥[b — w]. The depth
of the derivation does not increase, and neither does the number of
cutsit contains.

Call this property object-level substitution.

PROOF. By induction on the depth and structure of the derivation
of &+, W, lexicographically ordered. Most cases are easy, we
consider only the case of (VR).

Suppose @ +, ¥, V[a]y is derived using (VR), and suppose
the inductive hypothesis of all strictly lesser derivations.

By assumption & -, W, ¢ is derivable and A + a#P, ¥
holds.

Choose some o’ fresh (i.e. o’ & a,b,u,,®, ¥, A) and let
A = Ajd#U(u,p, @, T, A). We use meta-level weakening,
object-level equivariance and the inductive hypothesis to conclude
that there exists a derivation IT of

Ob — ul -, T — ul, ((a' a) )b ul,

41t appears convenient to prove meta-level weakening first separately; we
do not want to weaken ® and ¥ to &’ and ¥’ until we have renamed a to
a’, inamoment.



which has the same depth and number of cuts.
By Lemma 6.4 aso A'F a'#((a’ a)-)[b+ u]. Further-
more, by simple calculations we observe
A"y Yla')(@ @) - )b u] = (Yal)[b > ul.
We finish the derivation:
11

(VR)

Qb —ul b, U[b— u], V[a]((a" a)- )b u] (StructR)

Qb — u b, Y[b— u], (V[a]y)[b— u]
b ul -\ U[b— ul, (V[a]y)[br— u]

O

LEMMA 6.7. (Fr) may be commuted down through all other rules.
The transformations involved do not increase the depth of a deriva-
tion or its number of cuts.

PROOF. We consider only one case. Suppose (Fr) is followed by
(=~L). It is not immediate that we may swap the derivation rules
round, since perhaps ¢ in (~L) mentions ¢ and ¢’ does not (we
use notation from the rulesin Figure 1). However, we may rename
atoms in the derivation up to the use of (Fr) changing a to somea’
which does not occur alsoin ¢, and then proceed. That the inductive
hypothesisis preserved follows by FM equivariance. OJ

THEOREM 6.8 (Cut-elimination). If & -, ¥ has a derivation in
the system above, then it has one which does not use (Cut).

PrROOF. The commutation cases and essential cases for the propo-
sitional part are standard [17, 26], we use Lemma 6.5 for the essen-
tial case for O. The essential case for V is handled by Lemma 6.6.
Commutation cases are standard (except for the extra case of (Fr),
which is handled by Lemma6.7). O

COROLLARY 6.9. The sequent calculus of one-and-a-halfth-order
logic is consistent, i.e. -, can never be derived.

PROOF. By contradiction. Suppose -, is derivable, then by Theo-
rem 6.8 a cut-free derivation exists. Let IT be the shortest derivation
of -, for al possible A. We check through all possible deriva-
tion rules and see by their syntax-directed nature that the derivation
must conclude in (Fr). But then we have a shorter derivation of
somet-,,, which isacontradiction. OJ

A

7. Equivalenceof -, and .,

This section shows how derivability in the sequent caculus of
one-and-a-halfth-order logic relates to derivability in theory FOL
(Theorem 7.5).

We need some notation.

For a context ® = {¢1, ..., ¢, }, define its conjunctive form
®" tobe T whenn =0, and ¢1 A - - - A ¢, Whenn > 0. Analo-
gously, define the disjunctive form &V to be L when n = 0, and
¢1V -V ¢, When n > 0. The order of the ¢, isirrelevant; we
(promise) never (to) do anything where it matters.

Sequent derivability translatesto FOL derivability in thefollow-
ing way:

LEMMA7.1. If &+, UthenAt, " D UV = T.
PROOF. By induction on derivations of ¢ -, W. For every rule

(R), the derivation has the following format:

Iy 11
(R) (cond)
P+

v

A
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Herek € {0,1,2}, II; are derivations of ®; -, Wy, 1 <14 <k,
and cond isa(possibly empty) side-condition.

So @; -, W;are derivable, then by inductive hypothesis
A; o, @ D WY =T holds. We use this together with cond
to prove A b, ®" D ¥Y = T. For each inference rule (R),
thisis an instance of an item of Lemma 4.3.

For example, in case (R) is (Cut) Ak, & D ¥V =T
should follow from the assumptions A ., " > ¥V v =T,
Al @ AN®Y DUV =T and Ak, ¢ =¢". Thisisanin-
stance of item 12 of Lemma4.3, using§ = ®" ande = ¥V,

Incase (R) is (VR) A by, @ D ¥V Vv V[alyp = T should
follow from Ak, @ D ¥/ Ve =T and A+ a#td”, UV,
Thisis an instance of item 6, againusingd = ®" ande = ¥¥. O

For the reverse of the above, we need a number of technica
lemmas.

LEMMA 7.2. Bi-implication < is an equivalence relation.® Also,
F. Te¢ifandonlyift-, ¢ifandonlyift-, ¢ < T.

LEMMA 7.3. For all sorts 7, terms ¢, u : 7, freshness contexts A
and contexts C'[_] : IP:

if Abg t=u then +, Cft] & Cly]

PROOF. By induction on the structure of FOL derivations of ¢t =
from A.

(refl): -, C[t] & C[t] followsby reflexivity of <.

(symm): -, Clu] < CJt] follows from -, C[t] < C[u] by
symmetry of <. By inductive hypothesis this follows from the
assumption. The case of (tran) issimilar.

(cong): F, C[D[t]] & C[D]v]] follows by inductive hypothesis
from the assumption taking C[_] := C[D[]].

(perm): weshow -, C[(ad) - t] & C]t] asfollows:

(Ax)
F. Cllab)-t] & Cl(ab) -]
(StructR)
Fa Cllab)-t] & Ct]

where A Fp Cl(ab) - t] © C[(ab)-t] = Cl(abd) - t] & C[t]
isthe side-condition of (StructR). By (cong), thisfollowsfrom
the assumption A =, (ab) -t = 1.

(fr): By (Fr) derivability of -, CJt] < C[u] follows from that
Of Fp iy asexn Clt] & Clu] and a ¢ C[t] & Clu], A. The
former follows by inductive hypothesis, and the latter from the
assumption a ¢ C|[t], Clu], A.

(axa): If Aisanaxiom of SUB (one from Figure 4), the proof is
analogous to the (perm) case. If A isalogical axiom (one from
Figure 5) then, looking at the structure of the axioms, the derivation
isof theform

11
—— (axa)
"o =T
where AisA’ — ¢ = T and IT isaderivation of A’ o. We need
toshow -, C[¢™ o] < C[T]. By congruence and right identity of
<, thisfollowsfromt-, ¢"o. For each logical axiom A, thisisan
instance of anitem of Lemma5.1, using theassumption A - A" .
O

LEMMA 7.4. If -, @ D UV then® I, .

PROOF. By (Cut) @+, ¥ follows from & -, ¥, " > ¥V
and " > ¥Y, ® I, . Theformer follows from the assumption
using Lemma 6.5. The latter follows from & +, ¥, " and
Y @ +, W using (DL). We prove the former, the latter is
analogous. We know ® = {¢1,...,¢n}, wheren > 0. If n =0

5 & isareflexive symmetric transitive congruence.



then ®" =T and we derive -, ¥, T using (ODR) and (Ax).
If n > 0 then ®" = ¢1 A... A ¢n, and it suffices to derive
®F, U,¢; fordli < nusing (AR) (n — 1 times). For each
i, thisfollows by (Ax), since ¢; € ®. O

Sequent derivability is equivalent to FOL derivability:
THEOREM 7.5. @ -, Wifand onlyif A -, ®" D> ¥V
PROOF. The left-to-right part ishandled by Lemma7.1.

For the right-to-left part, we assume A ., " > ¢Y = T.
Then by Lemma 7.3 +, ®" D ¥Y « T is derivable. By the

right identity of <, also-, ®" > ¥".By Lemma7.4 weobtain
the consequent ® -, w. O

=T.

This theorem has some nice corollaries.
COROLLARY 7.6. For any A, ¢, :
Al ¢=vyifandonlyif¢o b, Yandy -, ¢.

PrROOF. By Theorem 7.5 ¢ -, ¢ and ¢ -, ¢ are equivalent to
Al ¢ D¢y =TadA b, v D¢ =T. Thesecan easily be
shown equivalent to A -, ¢ = ¢ using item 2 of Lemma4.1. O

COROLLARY 7.7. FOL isconsistent, i.e. A ., T = L does not
hold for any A.
ProOOF. By contradiction. Suppose A b, T = L. Using the

propositional axioms and some simple equational reasoning, also
Atp, TDL=T.Notethat T = 0" and L = ", so by Theo-
rem 7.5+, isderivable, which contradicts Corollary 6.9. [

8. First-order logic

Call aterm ground if it does not mention unknowns (it is closed)
and it does not mention explicit substitutions.

In this section we show formally how a syntax for a first-
order logic ‘livesinside’ one-and-a-halfth-order logic, given by the
ground terms of sort P (the predicates) taken up to a-equivalence
of V-abstracted atoms, and the ground terms of sort T (the term-
language). The preci se term-language depends on the set of object-
level term-formers and atomic predicate-formers with which we
built our one-and-a-halfth-order logic in Section 2. As mentioned
before, we let of and op vary over object-level term-formers and
atomic predicate-formers.

8.1 Propertiesof ground terms

We may write the term V[a]¢ where ¢ is ground just as Va.¢
(consistent with standard notation). Recall that a in V[a] P may not
be renamed in general, e.g. to V[b]P. Intuitively P represents an
unknown formula which might mention a (if we know b#P we
can at least rename to V[b](b a).P). To emphasise this we retained
the notation [a]- until now. In Va.¢ where ¢ is ground, we know all
atomsin ¢ and thisissue does not arise.

Write fn(t) and fn(¢) for the free names of ground terms¢ : T
and ¢ : IP respectively, inductively defined by:

fr(a) ={a}  fa(of(tr,....tx)) = |J fn(ts)
1<i<k
fa(L)=0  fn(¢ D)= f(é)U fn(v)

fn(Va.¢) = fn(¢) \ {a} )= |J fn(t)

1<i<k
LEMMA 8.1. F a#¢ifandonlyifa & fn(¢), for al ground pred-
icates ¢.

PROOF. By simple induction on derivations of a#¢ on the one
hand, and by induction on the definition of fn on the other. O

fn(op(t1,...
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Define a-equivalence =, as syntactic identity plus
b frn(¢) (ab)¢=a
Va.p =o Vbap
The reager mi %Ln have expected the clause for V to read something
like

Va.pq =a V.
every ad)replaced %bhbroughout by a freshly chosen ¢, and similarly
for 1.. The two notions of a-equivalence are identical [11]. The
definition we adopt gives a closer match to how equality is defined
in NA (specificaly to (perm)).

where here ¢. isinformal notation for ¢ with

LEMMA 8.2. Fore = ¢ if and only if ¢ =4 9, for all ground
predicates ¢, 1.

PROOF. By known arguments of nominal results [15, 16]. O

For each finite set of atoms make an arbitrary but canonical
choice of afresh (that is, not in the set) atom. In a given context of
some finite collection of terms and predicates, which being finite
mentions finitely many atoms, write ‘a fresh’ for the canonical but
arbitrarily chosen a which is fresh for the atoms in that collection.

In the following definition we elide the context, which is the
terms and formulae mentioned to the left of =.

For ground terms t,» : T and ¢ : P, write ufa — t] and
¢fla — t] for u and ¢ with a replaced by ¢, inductively defined
by:

ala—t] =t bla—t] = b
of(t1,...,te)a—t] = of(ti]a—t],..., te[a— t])
amd=1 @591t =¢lar 5 pla—1

(Va.¢)[a—t] = Va.¢
(Vb.¢)[a t] = VO .¢[b+ b'][ar t] (b fresh)
op(ti,...,tk)[a— t] op(tifa —t], ..., txfa — t])
LEMMA 8.3. For all groundtermst, u,v : T and ¢, ¢ : P:
and kg dla — t] = gla—t]

Fous ula — t] = ufa — t]
ProOOF. By induction on the depths of » and ¢. For the case
u = f(t1,...,tn), wemust prove

Fows Ft1, .. tn)fa— t] = f(ti]a — €], ..., tnfa — t]),
for which we use axiom (f +—) of SUB and the inductive hypothe-
sis.

The only difficult caseis ¢ = Vb.¢’ because there isno directly
corresponding axiom of SUB. By calculation of (Vb.¢')[a — t],

we obtain Vb'.¢'[b — b'][a — t], where v’ isfresh. By the induc-
tive hypothesis we have

Fsve @b — 8] = ¢'[b— V]
o 916 = V]a— 1] = ¢'[b— V'][a — t].
We need to prove
Fsue (V0.9))[a = 1] = Wb'.¢[b +— '] [a — 1],
which follows by easy cal culations using the above assumptions. [J

LEMMA 8.4. For all ground terms ¢, u, v : T and ¢, : P:
1 Foue ula — t] = vifandonly if ufa — ] = v;8
2. s Ola— t] =y ifandonlyif ¢fa — t] =a .

61f we had binders in terms of sort T then the = would become an a-
equivalence.



PROOF. By lemmas 8.2 and 8.3, using the fact that SUB is conser-
vative over CORE (see[14]). O

8.2 Derivability in First-Order Logic

A first-order context isafinite and possibly empty set of ground
predicates ® or V. A first-order sequent isa pair & - . The
valid judgements of Gentzen's sequent calculus for first-order
logic are inductively derived by:

— (Ax) — (LL)
6, PFT, ¢ Loerv
DLV, ¢ o, DFV ¢, EV, Y
—— (OR)
DY, OHT P, 9D
._>t7¢|—\11 Q)}—\IJ7
dla—t], oF ¥ —¢(VR) (a & fn(®,¥))
Va.g, ® - ¥ ®F U, Ya.g
dla—t], DF T (~L) — (*R)
Pt dlad or T PV, tat

Here we take predicates up to a-equivalence, eg. if p : (T)P is
an atomic predicate term-former then Va.p(a) - Vb.p(b) follows
directly by (Ax) since Va.p(a) =a Vb.p(b).

THEOREM 8.5. & + W is derivable in the system above, if and
onlyif ® -, W isderivable in the sequent calculus for one-and-a-
halfth-order logic.

PROOF. By induction on the structure of derivations, using cut-
elimination (Theorem 6.8) and the results from Subsection 8.1
(Lemmas 8.1 and 8.4). O

COROLLARY 8.6. ., ¢ = ifandonlyif o -y and+ - ¢ are
derivable in system above.

ProoF. By Corollary 7.6 and Theorem 8.5. [J

9. Conclusions

Explicitly representing meta-variables has along pedigree.
Monadic second-order logic [5] enriches first-order logic ex-
plicitly with n-ary relation variables, representing ‘unknown -
ary predicates . The stronger second-order and higher-order logics
[30, 27] represent unknowns as function variables.
These approaches share two characteristic features inherited
from their intended functional semantics. First, you have to choose

the arity of your unknowninadvance,eg. f : T — .- =T — P
can be interpreted as an unknown n-ary predicate — but which n?
— thus these logics distribute ‘unknown predicates across many
types. Second, and perhaps more importantly, instantiation of these
variables avoids capture. Instantation of our unknowns does not,
which accurately reflects our intention when we write Va.¢, where
¢ may beinstantiated in acapturing manner. Thislends adistinctive
style to our nominal algebra theory FOL (see Figure 5), and to
the sequent rules of one-and-a-halfth-order logic (see Figure 1),
which accurately reflects informal practice (see [10, 20] and the
examples of the Introduction) and as we have seen has allowed us
to import elements of first-order proof theory quite directly into an
augmented setting.

Note that second-order logic is far more expressive. One-and-
a-halfth-order logic by design expresses universal quantification at
top level only. For example, the following second-order theorem
cannot be expressed: VP.(VP.P) D P.Ontheother hand one-and-
ahalfth-order logic can express some things which second-order
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logic cannot, eg. V[a]P +_,, P isderivable. It is not presently
clear what the intersection of these two logicsis.

Our ambient nominal algebra framework can express certain
strong ‘ second-order’ principles, for instance an inductive principle
on natural numbers may be expressed as a single axiom (assuming
suitable term-formers 0 and succ)

Pla +— 0] AV[a](P D Pla > succ(a)]) DV[a]P = T
rendered in second-order logic as
VP.(P(0) AVa.(P(a) D P(succ(a))) D Va.P).

Our work isone (more) element in avery long line of investiga-
tions into algebraic logic [1]; for example cylindric [19], polyadic
[18], and quantifier [25] algebra. There too, unknowns are syn-
tax representing unknown elements quantified universally at top
level, and abstraction [a]- (our notation) is clearly visible, e.g. as
the ¢; of cylindric algebra. Our treatment of substitution is perhaps
cleaner; cylindric and quantifier algebras axiomatise logic whose
termsarein asuitable sense restricted to being atoms (our terminol-
ogy), whereas we could easily extend our logic to talk about, say,
A-calculus terms just by postulating term-formers A : ([A]T)T and
app : (T, T)T plus afew nomina equalities[15, 7] (here, interest-
ing work by Beeson isalso relevant [3]). Arguably our treatment of
substitution is aso more systematic than polyadic algebras, at least
in the sense that we define it in terms of more primitive constructs
and can so study substitution in its own right [14].

Probably more important is our use of freshness contexts and
permutations, by means of which we can express properties such
asb#P by Va]P = V[b](ba) - P, and of course the examples
of the Introduction, directly. These assertions are valid in, say,
cylindric algebra, but only by recourse to quantification over closed
terms, thus, they cannot be stated within that framework. The extra
expressivity we enjoy thanks to adightly richer term-language and
judgement-form is significant, because we can exploit it to extract
a sequent presentation of derivability, namely the sequent system
of Figure 1. In other words, our nominal management of binding
permits us to construct an account of first-order logic which in a
suitable sense is simultaneously algebraic and sequent-style.

It is possible to represent the syntax of a logic in a ‘frame-
work’ logica system, at ‘object-level’, i.e. asan inductive datatype.
Then meta-variables are easily representable as meta-variables of
the framework. This path is taken by Higher-Order Abstract Syn-
tax [24], Fraenkel-Mostowski syntax [16], and other systems ([23]
isjust one of very many). That isaseparate enterprise from that un-
dertaken in this paper; one-and-a-halfth-order logic isabout extend-
ing the syntax of thelogic itself so it contains something which be-
haves very much like ameta-variable ranging over unknown formu-
lae, without losing logical properties such as cut-elimination. Per-
haps one day one-and-a-halfth-order logic too will be formalised in
aframework!

The technical tools used in this paper were developed based
on work on Nomina Unification by the first author with Urban
and Pitts [29], which introduced the theory of nominal terms up to
CORE (our terminology). Thiswas extended with Fernandez [ 7] to
Nomina Rewriting, a theory of rewriting on nominal terms, again
up to CORE, and recently investigated with the second author, asa
general framework of nominal algebra[15, 14].

For future work we are particularly interested in the following
topics:

We can return to theory and be inspired by higher-order logic
to ask whether we could permit abstraction over meta-variables,
introducing an infinite hierarchy of stronger meta-variables such
that at each level a meta-variable of higher level behaves to the
lower level as X behaves to a (see the NEW calculus of contexts
[13]). This might recover some or al of the power which one-and-



ahalfth-order logic lacks compared to higher-order logic, but in
a different way. In short, we envisage two- three- four- and w-
and-a-halfth-order logic. Thiswould involve interesting extensions
to the ‘nominal theme'. Another direction is to alow unknowns
ranging over derivations of sequents, which may have interesting
interactions with (VR'), which would abstract in such an unknown.

The semantics of one-and-a-halfth-order logic are interesting
and raise the questions ‘what is an appropriate semantics for X',
and ‘what is an appropriate semantics for a’? Note that it is not
possible to directly evaluate X to an element of a set underlying
domain, because intuitively X ‘can mention «’. Thus we can use
domains in which atoms can appear (ala Fraenkel-Mostowski sets
[15, 16] or other approaches [3, 8]). The simplest solution, and
perhaps the best one, is to evaluate X to terms (a ‘substitutional
semantics [22, Section 2] faithful to its intuition as an ‘unknown
term’) and then o to elements of a set underlying domain.
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