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Preface

Logic naturally concentrates on modeling logical consequence, often mak-
ing its structural properties a central point of study. But it is not logical
consequence alone that is an isolated phenomenon to study, it is an under-
lying inferential structure which becomes more important, a logic itself
often identified with an underlying consequence relation or an inference
structure behind, meaning or even a vocabulary derived from the in-
ference structure rather then vice versa. This volume, the seventh of
the series Miscellanea Logica titled ’Consequence, Inference, Structure’,
brings together papers dealing with such phenomena from different per-
spectives.

First two papers concern nonclassical logics called substructural. Con-
sequence relations underlying such logics lack some of the properties
which, however problematic, are classically considered constitutional for
the very concept of logical consequence (for example monotonicity or
the contraction law). Substructural logics vary the structure of conse-
quence relation, in particular the way of combining assumptions, classi-
cally modeled simply as a set. This makes substructural logics sensitive to
such phenomena as relevance or resource interpretation of assumptions.

Although it is not their original motivation, substructural logics can
naturally be used (and have been used) to formalize mathematics. First
contribution of the present volume explores models for substructural
arithmetics based on frame semantics of underlying logics.

Frame semantics is not only a nice and transparent tool of model
theory of a particular class of logics, it can have many unexpected uses.
Second paper develops semantics of sub-intuitionistic logics (some of it
substructural in nature) to approach an important proof complexity issue
— deriving lower bounds of the length of proofs in nonclassical logics. Such
semantics is however interesting itself — it reflects how assumptions on
the epistemic and cognitive abilities of the creative subject influence the
underlying logic.



viii Preface

Third paper concerns a rather technical issue of structural proof
theory of modal logic — a strong version of interpolation theorem, also
related to a reformulation of modal logic in a different language with
a coalgebraic cover modality taken as primitive. The structure of modal
proofs is considered using recently developed deep inference sequent cal-
culi, naturally connecting concepts of normal forms, distributive laws,
and uniform interpolants.

Fourth contribution develops a theory of various entailments and
consequence relations in erotetic logic, a logic of questions. In present
approach questions are modeled as sets of direct answers, i.e. sets of for-
mulas. The text offers a survey of consequence relations and their basic
properties, varying from more traditional entailments to pure erotetic
ones, e.g. those of erotetic implication combining questions and declara-
tive formulas, or evocation between two questions.

The last text contained in the volume is a quick quide to indepen-
dence and consistency results central to modern set theory. Axiomatic set
theory can be naturally seen as ’open-ended’, consistency results giving
space to improve our understanding of sets. The text presents an intro-
duction to methods of proving consistency results and as such it is at
the same time a very nice introduction to modern set theory in general.

The aim of the volume is not to present a representative choice of papers
covering the topic, but rather to bring together different pieces of work,
varying from research papers presenting new results and ideas to larger
surveys and introductory texts. I hope you enjoy the choice.

Prague, November 2008

Marta Bilkova



I One |

Models for Substructural Arithmetics

Greg Restall

This paper explores models for arithmetics in substructural logics.
In the existing literature on substructural arithmetic, frame semantics
for substructural logics are absent. We will start to fill in the picture
in this paper by examining frame semantics for the substructural logics
C (linear logic plus distribution), R (relevant logic) and CK (C plus
weakening). The eventual goal is to find negation complete models for

arithmetic in R.

1 Substructural arithmetics

Consider the Peano axioms for arithmetic.

Identity

Successor

Addition
Multiplication

Induction

0=0

VaVy(z =y — y = x)

VmVsz(y =z (r=y—zx= z))
VaVy(z' =y — x =y)

VaVy(z =y — 2’ =)

V(0 # z')

Ve(r+0 = z)

Vavy(z +y' = (z +y))

V(20 = 0)

VaVy(zy = xy + x)

A(0), Vo (A(z) — A(2")) + VzA(z)

This paper is dedicated to Professor Robert K. Meyer.



2 Substructural arithmetics

Under the standard interpretation of the language (in which quantifiers
range over natural numbers) these axioms ring true. In fact, they ring
true independently of the theory of the conditional ‘—’ is read. If it is a
merely material conditional we have traditional Peano arithmetic. If it
is an intuitionistic conditional, we have intuitionistic Peano arithmetic.
If it is the conditional of the relevant logic R, then we have relevant
arithmetic, studied by Meyer [1976, 1979, 1998]. If it is the conditional of
a contraction free logic, then we have contraction free arithmetics Restall
[1992, January 1994]. Each of these different arithmetical theories have
their virtues. For any predicate logic X possessing the vocabulary V, —
,~, we will call the theory given by adding these axioms and rules to
those of X, “X#.”

Godel has shown us that K is not complete (where K is classical
predicate logic). As a result, neither is X! for any logic X weaker than
K. One way to complete K is to add the infinitary w rule.

A(0), A(0'), A(0"), ... F VzA()

We will call the arithmetic given by replacing the induction rule from X*
by the w rule, “X# 1) K is complete. Here is why: One can prove by
induction on the complexity of A that A is provable or ~A is provable.
The crucial steps are the base case—that s = ¢ is provable iff the terms
s and t denote the same number, and s # t is provable iff the terms
denote a different number. The cases for conjunction, disjunction and
negation are trivial. The w rule means that we can show that if A(n)
is provable for every n, then VzA is provable. And similarly, if A(n) is
not provable for every n, then ~A(n) is provable for some n, and hence
~VzrA is provable. Hence we have completeness for all formulae.

So, if you think that K is a good account of the logic of quanti-
fiers and connectives, then you have reason to believe that K# is true
arithmetic. It is a complete theory, giving you a definite answer for every
arithmetic question.

The same cannot be said for X# for other logics X. The most you can
show is that (given that X satisfies a few conditions?)) X* is extensionally
complete. That is, if A is a formula in the extensional (implication free)
vocabulary, either A or ~A is provable. The proof is the same induction
as before.?)

D It is simple to show that given the w rule the induction rule follows.

2) In particular, that X includes distributive lattice logic and a negation satisfying
the de Morgan laws.

3) This proof obtains even in the absence of the law of the excluded middle.
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Now, if you endorse a logic other than K—say X—then you must
answer this question: If X is the preferred logic, is X* a good theory
of arithmetic? Take the case of R#. In this theory there is no proof of
0=2—0=1,% and no proof of ~(0 = 2 — 0 = 1) either.?) However, it
is a theorem of R¥ that (0 =2 — 0=1)V~(0 =2 — 0= 1). One could
rightly ask which disjunct is the case. In relevant arithmetic, is it true
that if 0 = 2 then 0 = 1?7 R gives you no guidance on the issue.

One way to proceed is to attempt to extend arithmetic further. We
ought try to find theories extending X# which “fill in the blanks” in one
way or other. One simple way to do this is to move to K, but this is
giving up the game of formalising a truly substructural arithmetic. To be
sure, we can complete X by adding theses such as 0 = 2 — 0 = 1,
0 =3 — 0 = 2 and so on, but to do so seems to erase all of the
distinctions we wish to draw. If the conditional is to indicate some kind
of relevance, then it is surely more appropriate for our theory to say that
0=2— 0=1Iis false. We ought have ~(0 =2 — 0 = 1) as a claim in
our arithmetic theory.

One way to construct such a complete and genuinely substructural
arithmetic involves the use of metavaluations. Meyer and I have shown
that the theory E* can be extended to a natural complete theory, which
we call TE#, for “true E arithmetic” Meyer and Restall [1999]. This
construction uses the technique of metavaluations to define the Truths of
TE as follows:

o s=tis Trueiff s =t.

e AN B is True iff both A and B are True.
e AV B is True iff either A or B is True.

o ~A is True iff A is not True.

e A — Bis True iff A — B € E* and furthermore, if A is True, so is
B.

The set of Truths so defined is a theory extending TE#. It is genuinely
substructural, since it contains theses such as ~(0 = 2 — 0 = 1), due

4) There is no way to reason from 0 = 2 to 0 = 1 using arithmetic operations alone.
Reasoning classically, you can import the theorem 0 # 2 to deduce 0 =2 A 0 # 2
from 0 = 2 alone, and from that contradiction you can deduce 0 = 1. But in a logic
respecting relevance, this reasoning breaks down.

5) If there were, then K# would be inconsistent, as R is a subtheory of K and
we can prove 0 = 2 — 0 =1 in K#.



4 Frame semantics

to the defining clause for negations. This technique produces a complete
arithmetic, but it has one major shortcoming. It works for the logic E of
entailment, but not for the logic R of relevant implication. In R, ~A is
equivalent to A — f for a particular proposition f. This means that we
cannot both give negation the extensional clause above (~A is true iff A
is not) while at the same time giving implication the intensional clause
(A — B is when not only if A is true so is B, but when also A — B is
in the theory X#). So, if we wish to complete R* or theories like it, we
will need to use a different technique.

In this paper I will present a different technique for constructing
models for substructural arithmetics. This technique will help us shed
new light on the issue of the truths of substructural arithmetics, and it
be able to provide a number of complete extensions of R¥. It seems, how-
ever, that these complete extensions of R¥ are not completely satisfac-
tory (we will be able to construct a consistent, complete arithmetic theory
in which ~(0 = 2 — 0 = 3), and another in which ~(0 =3 — 0 = 2).
However, the techniques discussed in this paper does not allow us to
satisfy both of them in the one model. So, I will end this paper with
suggestions for future work.

2 Frame semantics

The extant literature about models for substructural arithmetic has fo-
cussed on the use of algebraic models for modelling arithmetics Meyer
and Mortensen [1984]; Mortensen [1995]. The idea is simple. We take a
domain of objects, and a domain of truth values. The arithmetic function
symbols are interpreted by functions on the domain of objects, and the
predicate of identity is interpreted by a function mapping pairs of ob-
jects in the domain to truth values in the propositional structures. The
richer structure of the algebraic models of the non-classical logics choice
enables us to model arithmetics with unusual properties.

The approach of this paper is different. We will not use algebraic models
of our logics. We will not use three valued matrices or ever more complex
algebras in order to prove interesting results about arithmetics. Instead,
we will use two different kinds of frame semantics for substructural log-
ics Restall [2000].
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Frame semantics for logics like R are rather simple®. A reduced frame
for a substructural logic is a quintuple § = (P, g, R, C, %) satisfying the
following conditions.

e P is a nonempty set of points, including a distinguished point g.
e R is a ternary relation on P.
e [ is a partial order on P.

e x is a one place operator on P.

R satisfies the tonicity requirements: If Rabc o’ C a, b E b and
¢ C ¢ then Ra'b'c.

e ¢ is an identity point of R: Rgab if and only if a C b.
e x is order inverting: If @ C b then b* C a*.

The propositional connectives are modelled on a frame by way of an
evaluation IF relating points and propositions satisfying the following con-
straints:

o IfalF A and a C b then b I+ A too.
e alF AABif and only if a - A and a I+ B.
e alF Av Bif and only ifa l- A or a IF B.

e alF A — B if and only if for each b, ¢ where Rabe, if b IF A then
cl+ B.

e alF ~A if and only if a* I A.

Entailment on frames is truth preservation at all points. That is, A -z B
if and only if for each a € §, if a IF A then a IF B. The identity point
g is a witness for these entailments since we have the following semantic
entailment result.

Arz Bifandonlyif gl A — B in §.

6) This frame semantics for R and its neighbours was introduced by Routley and
Meyer [1972, 1973] in the 1970s. For a general discussion closest to the presentation
here, see An Introduction to Substructural Logics, Chapter 11, Restall [2000].



6 Frame semantics

The logic of these frames is quite weak. To extend the logic to model
more familiar substructural logics, conditions are imposed on R, * and
C. Here are some conditions and their corresponding entailments:

R(ab)ed = Ra(bc)d A— BF (C — A) — (C — B)

Rabc = Rbac AF(A—-B)— B
aC a** AR ~~A
a**Ca ~~AR A

Rabc = Rac*b* A— BF~B—~A
Raaa AN(A—B)F B
gCa AFB— A

In the first condition we use ‘R(ab)cd’ as a shorthand for ‘(3z)(Rxcd A
Rabz)’ and ‘Ra(bc)d’ for ‘(3x)(Raxd A Rbcx).’

The result of adding all the conditions above the line is the substruc-
tural logic C, which is R without the contraction axiom AA(A — B) F B.
Adding this gives us R, and adding instead the ‘irrelevance’ condition
At B — A we get the logic CK which is one of the strongest logics
without the contraction axiom. For more details on these substructural
logics, see Restall [2000].

If we wish to model logics without negation, then we simply rid our
frame of * and its conditions. Models for positive C, R and CK are given
by the corresponding classes of frames.

We can extend these models to interpret quantifiers, by means of
a constant domain interpretation. In the case of models of arithmetic
with the w rule our job is even easier. We may use a substitutional
interpretation, as we have numerals as names for each object in the
domain. We have the simple rules:

e alFVzA(x) if and only if a IF A(n) for each n.
e alF 3z A(x) if and only if a IF A(n) for some n.

Predicates then are modelled by their extension at each point in the
model, and function symbols are modelled by functions on the domain,
as before. The models which result are models of the quantified logics C,
R and CK. All of the theses of these logics are true at the base point g
of the models appropriate for those logics. We will use these frames to
construct models for the arithmetics C#, R# and CK".
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3 The behaviour of identity

A close inspection of the axioms reveals axioms of two different kinds.
First, there are those which are identities. Second, there are axioms which
are at heart, implications. The only rule left is the omega rule, which is
dealt with by our taking the domain of each of our frames to be the
natural numbers. Let us consider the identity axioms. These are as follows
(free variables are implicitly universally quantified)

0=0 240=z z+4+y =(@+y)

z0=20 zy =zy+2 0#2a

These axioms are settled in our models by the behaviour of the identity
relation at the base point g, and by the interpretation of the functions.
Since it is our aim to make these models look as much like standard
arithmetic as possible except for the interpretation of the conditional,
we take the interpretation the constant 0 to be the number zero, and
the interpretation of the functions symbols for successor, addition and
multiplication to be the functions addition, successor and multiplication
on the domain of natural numbers. Finally, the extension of the identity
relation at the base point is the standard identity relation on the natural
numbers. This ensures that each of these axioms are dealt with. Except
one. We have not ensured that 0 # 2/, as this depends not on what
happens at the base point, but at the point ¢g*. This will have to wait
for a few sections for when we discuss negation.

The interest in these models of substructural arithmetic is not what
happens at the base point g, but what happens elsewhere. This is what
you would expect. The aim of substructural arithmetic is not to collect
together a deviant set of arithmetic facts but rather to explain different
connections between the classical arithmetic facts. The conditional pro-
vides the novelty, and this is reflected by the fact that the non-standard
evaluation occurs on different points of the frame. These points can be
considered to be different information states, which give us the tools to
extract the connections between different arithmetic facts—what would
happen in a hypothetical (but of course still impossible) situation in
which 0 = 2 helps us see what follows from identifying 0 and 2.

Let us see what models must satisfy in order to be models of sub-
structural Peano arithmetic. The implication axioms are simple.
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Let’s take these one at a time to see how we can make them hold in our
models. The first states, in the language of frames, that the extension of
the identity predicate at each point is symmetric. For if a IF n = m then
alFm = n too.

The second axiom connects the extension of identity at different
points related by R. In particular, we have the following condition:

Whenever Rabe, if alFn=m and blFm =1then clF-n=1.

We will call this the R-transitivity of identity. We do not so much require
that identity be transitive at individual points, but we do require R-
transitivity.

In the presence of the contraction condition for the logic R, R-
transitivity entails standard transitivity, since Raaa for each a. If a I
n =m and a IF m = [ then we must have a I n = [ too. So, in R, identity
is transitive at each point in the frame. In the presence of the irrelevance
condition for CK, we do not necessarily have transitivity, but since g C a
for each a, identity must be reflexive at each point, as identity is reflexive
at g.

The last two axioms connect identity at each point with the be-
haviour of the successor function. If a IF n = m then we must have
a lFn' = m/, and conversely, if a IF n’ = m’ then a IF n = m too.
This means that the extension of identity at the point a¢ must act like
a congruence relation under successor. So at each point, the extension of
identity must be symmetric, and it must be what we call a weak con-
gruence with respect to successor. It is to the study of these symmetric
weak congruences that we will now turn.

4 Symmetric weak congruences and frames

A two place relation p on the set of natural numbers is a symmetric weak
congruence if and only if it is symmetric, and if npm if and only if n’pm/
for each number n and m. Symmetric weak congruences are rather simple
structures, as can be seen by the following equivalence.

Fact 4.1 The trace Trace, of a symmetric weak congruence p is the set
of all numbers n such that Opn. The congruence p is determined uniquely
by its trace Trace,. And conversely, any set X of numbers is the trace of
some symmetric weak congruence px.

The fact is quite simple to prove. If npm then |n —m|, the absolute value
of the difference n — m is in the trace Trace,. Conversely if n € Trace,
then mp(n +m) and (n + m)pm for each number m.
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Fact 4.2 The weak congruence p is reflexive if and only if 0 € Trace,. It
is transitive if and only if whenever m,n € Trace, then m+n,|m —n| €
Trace,,.

The first part of this fact is immediate. The second is almost as imme-
diate. We have mpn and npl if and only if |m — n|,|n — 1| € Trace,.
Similarly, mpl if and only if |m — I € Trace,. However |m — | is either
equal to |m—n|+|n—I| if n is between n and [, and it is ||m —n|+|n—1||
otherwise.

So, points in models for substructural arithmetics have corresponding
symmetric weak congruences, the extension of identity at these points.

We can take the correspondence in reverse too. We can construct a frame
out of symmetric weak congruences. The identity relation on natural
numbers, with trace {0} can be the base point in this frame. The con-
gruences are related by the following ternary relation R

RpAy if and only if whenever npm and mAl, then nxl.

A corresponding condition on traces is simple: if n € X and m € Y then
n+m and |n —m| € Z. This ternary relation is modelled explicitly after
the connection between R and the extension of identity in any model for
substructural logics.

Congruences are also ordered by an inclusion relation C
p E X if and only if whenever npm then nAm.

This corresponds to the subset relation on traces.

Then congruence relations, together with R and C provide all the ma-
chinery for frames of the logic C without negation.

Fact 4.3 The class of symmetric weak congruence relations, ordered by C
and related by R, is a positive C frame. The class of transitive symmetric
weak congruence relations is a positive R frame, and the class of reflexive
symmetric weak congruence relations is a positive CK frame.

There are many requirements to check. The tonicity condition falls out of
the definitions. The symmetry condition Rabc = Rbac follows from the
symmetry of the congruence relations. The associativity condition is the
most tedious to check, but it is a restatement of a known fact of relation
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algebra: the associativity of relational composition. Note that Rpyy if
and only if (py) C x, where (pv) is the relation defined by setting

n(py)l iff there is some m where npm and m~yl

Then, the associativity condition R(ab)ed = Ra(bc)d is equivalent to
checking the associativity fact

(p(vx)) E ((p7)x)

for relational composition, and this is an immediate consequence of the
definition of composition.

The identity point g in a frame is the identity relation: (gp) = p
for any relation p.For R, we have Rppp, as the congruence relations are
transitive: (pp) C p. For CK, we have g C p as congruence relations are
reflexive.

So, frames constructed out of weak congruence relations give us models
for our logics (without negation). It is only a short step to make these
models of the entire language of arithmetic (except for the axiom involv-
ing negation). We take the domain to be the set of natural numbers, and
we evaluate the identity predicate in the obvious way:

e plFn=m if and only if npm.

We interpret the function symbols in their standard way on the domain
of natural numbers. This gives us a model.

Fact 4.4 This evaluation gives us a model of all of the positive axioms of
Peano arithmetic.

The demonstration of this fact involves running our argument thus far
in reverse. The symmetry of the relations gives us the symmetry axiom
x =y — y = x. The definition of the relation R gives us x =y — (y =
z — x = z). The fact that these are congruence relations ensures that
z =y < z’ = 3, and the behaviour of the functions ensures that each
identity axiom (for addition and multiplication) are satisfied at the base
point g, as identity is interpreted there in the normal fashion.

These models, for the positive parts of C# R and CK, are gen-
uinely substructural. In each model g I 0 = 2 — 0 = 1. Take the congru-
ence relation p with trace {0,2,4,...}. We have plF0=2but p | 0 = 1.
This relation is symmetric, reflexive and transitive, so it appears in mod-
els for each of C*, R# and CK. In fact, we have gl[f 0 =m — 0=n
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whenever m does not divide n, as the trace {0,m,2m,3m,...} gives us
a congruence relation in which 0 = m holds but 0 = n does not.

These models are also, to some degree, natural. The base point g
models the arithmetic facts, and the other points are hypothetical arith-
metic situations, in which the arithmetic truths are varied. The range
of possible variations are constrained by the arithmetic laws such as the
symmetry of identity. The degree of permissible variations establishes
the connections between arithmetic claims. We have 0 =2 — 0 = 4 in
R arithmetic, since identifying 0 and 2 brings with it the identification
of 0 and 4 by the transitivity of identity. We have 0 = 2 « 2 = 4, and

=2—-(2=4—-0=4),500=2— (0=2— 0=4) and by contrac-
tion, 0 = 2 — 0 = 4. This is reflected in our models by the behaviour of
the appropriate congruences. Once 0p2 we must have 0p4 by transitivity.
In logics without contraction, in which the number of times antecedents
are used is important, we do not have 0 = 2 — 0 = 4. The most we have
is0=2— (0 =2 — 0 =4). Our model provides a counterexample to
0 =2 — 0 =4, as the congruence with trace {2} (or {0, 2}, for CK) does
not contain 4, and so, we have a point at which 0 = 2 holds but 0 = 4
fails.

So, these models exhibit quite a degree of genuinely substructural be-
haviour. Unfortunately, as they stand, these models do not support nega-
tion. Remedying this is the focus of the last section of this paper.

5 Adding negation

The structure of weak congruence relations is quite rich, but is not rich
enough to model negation. Let’s focus on the logic R to see why. Consider
the traces of symmetric and transitive weak congruences. The identity
trace is {0}. There is also the empty trace (). Every other transitive trace
must contain 0, since if n € Trace,, we have Opn and np0, so by tran-
sitivity, 0p0. So, 0 € Trace,. If {0} is the identity trace, and if we wish
the theory at {0} (the set of claims which are taken to be true at {0})
to be complete, then almost every point in our model will be complete,
as every for every point a, other than the empty set, we have {0} C a.
This is a problem when it comes to modelling negation.

To see why, we need to understand a little more about how the x
operator works. The operator * takes points in frames to their informa-
tional “dual”. The negation, ~A is true at a just when A does not hold
at a*. When a # a*, the way is open for A A ~A to be true at A, or
for AV ~A to fail at a. This makes the semantics of substructural logics
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quite flexible.”) The operator * interacts with inclusion in the obvious,
order inverting way. If a C b, then we must have b* C a*. A point a is
consistent and complete just when a = a* (then, negation at a behaves
classically). It is said to be consistent if a C a*, for then a If AN ~A. Tt
is said to be complete if a* C a, for then, a IF AV ~A for each A. If %
is of period two (that is, if a** = a for each a) then a is complete, a* is
consistent, and vice versa.

The following result is a straightforward consequence of our definitions:

Fact 5.1 If a C b and a is consistent and complete, then b is consistent
only when a = b (for b* C a* = a C b, so b C b* ensures that b = a).
Similarly, if b C a and a is consistent and complete, then b is complete
only when a = b.

In our model of symmetric transitive weak congruences, we would like the
base point g to be consistent and complete. It follows that ) is consistent,
but not complete, and every other point is complete, but not consistent.
As there are many symmetric transitive weak congruences extending the
identity, it follows that no * operation of period two can be defined on
this class. If it could, then {0,2,4,...}* and {0, 3,6, ...}* would both be
(). Which do you choose for #*?

There is no doubt that this class of congruences has too few incomplete
points to be a frame for R. Let’s explore one way to attempt to remedy
this deficit. (It will turn out to fail, but the manner in which it fails will
be instructive, and will point to another model construction.)

Consider theories: sets of formulas closed under logical consequence.
The set of formulas true at a point in a reduced R model is a theory. If
T is an R-theory, then sois T* = {A: ~A ¢ T'}. We will call this theory
the double of T'.

Consider now the theory T given by adding 0 = 2 to the set of R#
truths and closing under consequence. This theory contains 0 = 2, 0 = 4,
and 1 = 3 and so on, together with 0 = 0, 0 # 1, 0 # 2 and other
arithmetic truths. We have 0 # 0 since transitivity gives 0 = 2 — (0 =
0 — 0 = 2), so by contraposition, 0 =2 — (0 # 2 — 0 # 0) and modus
ponens gives 0 # 0 as well.

7) But of course, it makes the interpretation of the operator * rather difficult. I will not
engage in this discussion here. For more on the interpretation of negation in relevant
logics and the operator *, I refer the reader to papers by Meyer and Martin [1986],
Dunn [1994] and Restall [1999].
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Consider the double T*. It doesn’t contain 0 = 0 (as our original
theory has 0 # 0) or 0 = 1 (T contains 0 # 0) or 0 = 2 (T contains
0 # 2). It does contain 0 # 1 and 0 # 3 etc. (as T does not contain
0 =1, 0 = 3). The result is as follows

{0=0,0£0,0£1,0=20#£20%£3,..}CT
{0£1,043,04£5,..}CT*

Similarly, if we consider the theory S given by adding 0 = 3, it and its
double look like this:

{0=0,0£0,0£1,0#42,0=30%£30+#4,..}CS
{0£1,0£2,0£4,045,...} CS*

The theories S* and T* are genuine R* theories (they are closed under
all of the R* implications). They both contain no identities. However,
they are different. They are different not in which identities they assert,
but in which identities they rule out. Our models so far do not provide
any way of reflecting this situation. These different theories are mirrored
only in the empty point (). To remedy this, we would hope to extend the
R* model of symmetric transitive weak congruences by replacing () by
a collection of new points: doubles of the existing points in our frame.
However, to do this, we would need to define the inclusion relation and
R on both the original points and their doubles, in such a way as to
continue to validate the conditions for an R-frame.

Some of these conditions are straightforward to meet, and the others
are not. Our target frame is made up of the collection of congruence re-
lations on the class of natural numbers (non-empty symmetric transitive
weak congruences are equivalence relations, and hence, congruences), to-
gether with a point a’ for each congruence a—except for g, which needs
no double, since the aim of the exercise is to set g* = ¢ so that what is
true at g is consistent and complete. So, we define the operator * to take
congruences to their doubles and back.

The inclusion relation places each of the doubles under each of the con-
gruences. The doubles are ordered inversely.

a’ C b always a C b never dCVifbCa

This ensures that a C b iff b* C a*. Now, for ease of presentation, we shall
suppose that for every relation a—including g—we have its double a’. In
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the special case of g, we simply set ¢’ = g. The sole difference between
"and * is that * is a function on the entire set of relations and doubles,
whereas ' picks out the set of doubles (the extra objects together with
g), and the original congruence relations (except for g) are not identical
to a’ for any a.

Now, to make this structure an R frame, we need to define the
ternary relation R, and this is where the difficulties emerge. Some con-
straints are, again, relatively straightforward: the commutativity condi-
tion (if Rabe then Rbac) and contraposition (if Rabe then Rac*b*) impose
some constraints on any definition of R.

Rab'c¢’ < RV ac < Rach

Similarly, the fact that each shadow a’ is below g, means that Rabc’
holds only when Rabg (by tonicity). Now, for reflexive, transitive weak
congruences a and b, Rabg only when a = b = ¢g. But in any reduced
R-frame, if Rggxr we must have x C g. So, we must have.

Rabd a=b=c =g

The next choice which is settled is Ra’b'c. in this case, if the result is
to be a reduced R frame, we need Ra'b'c to hold whenever Rgb'c (by
tonicity, since @’ C g), and then, Rgb’c holds if and only if ¥’ C ¢. But
this holds always, since the doubles are under the congruences. So, we
have

Ra'b'c always.

These are the simple cases. The remaining cases are for Rab'c, Ra'bc
and Ra'b’'c’. These should be interdefinable, since Rab'c iff Rbac (by
commutativity) iff Rb'¢’a’ (by contraposition). The most straightforward
constraint on the definition of Ra’bc (and hence on the other clauses) is
that

Ra'be if either b cor b a

since if b C ¢ then Rgbc and hence Ra’bc by tonicity. Similarly, if b C a
then Rc'ba, and hence Rbc'a, and Rba’c, giving Ra’be. However, this
provides a necessary condition for Ra'bc (and the other clauses), but not
a sufficient one.

Unfortunately, no way of defining R satisfying these conditions also
satisfies the associativity condition, that R(ab)ed = Ra(bc)d. The crucial
case is verifying that if R(zy’)zu then Rz (y'z)u. To see why this is the
case, we need to examine the structure of R a little more.
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Fact 5.2 FEvery reflexive symmetric transitive weak congruence relation
is determined uniquely by the smallest nonzero number (if any) related
to zero. The trace p is equivalent to the equivalence of natural numbers
modulo |p| for some number p (or oo when p is identity).

This is a straightforward piece of elementary number theory, and a con-
sequence of Fact 2. Consider Trace,, and set |p| to be its smallest nonzero
member (and oo if there is none). By transitivity, p identifies all of the
numbers modulo |p|. To see that it cannot identify any more, notice that
we cannot have mpn where the distance between m and n is less than
|pl, since if mpn, then 0p|m — n|, but |p| was chosen as the smallest num-
ber identified with zero. There can be no pairs of numbers in the series
related any closer than |p| apart.

Now we can expose some more of the underlying nature of the accessi-
bility relation in the original positive frame.

Fact 5.3 Among the reflexive, symmetric weak congruence relations, Rpyx
if and only if both |p| and 7| divide |x|. Also, among inclusion relations,
p C v if and only if || divides |p|.

In the statement of this fact, we have used the obvious convention that
n divides oo, which corresponds to the fact that the identity relation is
included in every trace. In what follows, we will use the notation ‘p,,’ to
denote the relation of equivalence modulo n. Identity is poo.

Now we can expose the failure of associativity in any frame consisting of
these congruence relations and their doubles. As I mentioned, the crucial
case is the step from R(zy’)zu to Rz(y'z)u. If R(xy')zu then it follows
that the intermediate point is either an original relation, or a shadow: we
have either Rzy'w and Rwzu (it is a congruence) or Rxy'w’ and Rw’zu
(it is a shadow). What is supposed to follow from this is Rx(y'z)u. Again,
the intervening point is either a congruence, or a shadow. If it is s a
congruence, we have Ry'zv and Rzvu. If it is a shadow, we have Ry’ zv’
and Rzv'u. In other words, what we require is the following condition:

If either (a) Rzy'w and Rwzu or (b) Rzy'w’ and Rw'zu then
there is some congruence v such that either (i) Ry’ zv and Rzvu
or (ii) Ry'zv" and Rxv'u.

Now, we do not know exactly when Rxy'w or Rw’zu holds, but we do
know that if x C y then Rzy'w, and that if 2 © u then Rw’zu. In
particular, if the required condition holds, then at the very least, we
have
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If either (a)  C y and Rwzu or (b) Rxy'w’ and z C wu then
there is a congruence v such that either (i) Rxvu or (ii) Ry’ zv’.

We have also discarded a clause from each of (i) and (ii) as they will
play no part in what follows. Now we will rewrite the conditions in such
that the shadows disappear. The remaining conditions can be expressed
in terms of the congruences alone

If either (a) z C y and Rwzu or (b) Rrwy and z C u then there
is a congruence v such that either (i) Rzxvu or (i) Rzvy.

Now, let me abuse notation just a little, and stop considering the con-
gruences x, ¥, z etc., and consider now their periods. Instead of the con-
gruence x, we have its period, which we shall also call ‘z’. Rewriting the
condition, we have

If either (a) y |z, u | zand w |wor (b) y |z, y | wand u | z
then there is a some v such that either (i) v | x and w | v (ii)
y|zandy|wv.

This condition fails when z =y = 2, u = z = 3 and w = 6. In this case
we have both (a) 22,33 and 3|6 (b)2|2,2]|6 and 3|3, but neither
(i) since w = 312 =z nor (ii) since y =243 = 2.

Fact 5.4 There is no embedding of the R-frame of symmetric transitive
weak congruences into an R-frame consisting of the congruence relations
and a double for each relation, satisfying g* = g.

So, this quest for a negation complete and consistent R arithmetic has
failed. The failure can point our way, however, to a different kind of
success. Our accessibility relation R, at least on the original points of the
frame (before adding the shadows) collapses into the inclusion relation,
with the equivalence

Rabc s aCcand bC ¢

This is the characteristic frame condition corresponding to the mingle
axiom.

A— (A— A

Our frame for R without negation was in fact for a stronger logic—it
validated Rt together with mingle. This motivates attempting to define
negation in another way: through the simple three-valued frames for RM
due to Dunn [1976a,b].
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6 Consistent, complete RM arithmetics

Dunn’s frames for RM are simple structures. Each RM frame is a totally
ordered set of points (P, E>.8) The complexity required to interpret a
substructural logic is found in the definition of satisfaction. The evalua-
tion relation bifurcates into two relations IF* and IF~. The two relations
I+ and I~ are an evaluation on an RM frame when they satisfy the
following conditions for completeness and heredity, relating points and
atomic sentences:

e EitheralFT poral-— p.

e Ifa Cbthenifal-™ p, bl ptoo. Similarly, if a -~ p then bIF~ p
too.

The relations encode positive and negative information. Positive and neg-
ative information are exhaustive (by the lights of RM, at least). And
information that we grasp is preserved as we shift from one point to an-
other, up the ordering. Completeness and heredity jointly entail either
that every point is exactly the same as far as information goes, or that
as information is added, it becomes inconsistent.

An evaluation can be used to interpret the other connectives in a

straightforward manner:%)

e al-t ~A if and only if a IF~ A.
e ol ~A if and only if a IFT A.
e alFt AA B if and only if a IFT A and a IFT B.

alF~ AANBifand only ifal-= Aoral-~ B.
alFT AV B if and only if a IFT A or a IF+ B.

e alFm AvBifandonlyifal-— Aand alF~ B.

alFt A — B if and only if for each b J a, (a) if b1 A then
bIFT B, and (b) if bIF~ B then b I~ A.

e al-= A — B if and only if either (¢) al-T A and a IF~ B or (d)
alft A— B.

8) Compare the simplicity of the definition of a frame, compared to the relative com-
plexity of the definition of a reduced ternary frame with negation.

9) These clauses are taken directly from Dunn’s original paper Dunn [1976a], with
only a change in notation.
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There are three distinctive features of these clauses. First, the conjunc-
tion, disjunction and negation clauses are what one would expect once
we pull positive and negative information apart.'?) Second, the compo-
nents (a) and (b) in the positive clause for the conditional are required
for the conditional A — B to support modus ponens and contraposition
(we wish A — B to give us ~B — ~A). Third, the components (c¢) and
(d) in the negative clause for the conditional are required in order to
validate the RM inference from A A ~B to ~(A — B), and in order to
ensure that completeness holds for conditional formulas.

Dunn [1976a] proves that completeness and heredity hold for all
sentences, and not just atomic ones, and that at each point all theorems of
R and the mingle axiom, are true (that is, if A is a theorem of R+ mingle
then a IFt A in each RM model). The fact that C is a total order is
required in the proof to ensure heredity. Without a total order, heredity
may break down.

These models for RM allow us to model negation without requiring
incomplete points. Even though A — BV ~B is invalid in RM, we do
not need an incomplete point to invalidate it. In our model we need
merely to have a point b such that b I~ BV ~B (by setting b |-~ B and
b IFT B—we are inconsistent about B at the point b) without b I-— A.
This is straightforward, provided we can be inconsistent about B without
making A false.

We need only to interpret quantifiers, and then we can construct
our models for arithmetic. For quantifiers, we do the usual thing, with a
fixed domain of quantification, the standard numbers:

e a -t VzA(x) if and only if a IFT A(n) for each n.
e alF~ VzA(z) if and only if a IF~ A(n) for some n.
(

e a -t 3z A(z) if and only if a IFT A(n) for some n.

)
)
)
e alF~ JzA(x) if and only if a -~ A(n) for each n.
Now, we have all the raw materials to define a class of models for RMF.

Fact 6.1 Any subset of numbers of {1,2,...,00} totally ordered by the
relation of divisibility determines a model for RM*  in which the points
are the congruence relations p, for the chosen values of n, for which we
set pp C pm if and only if m divides n, and

o pn IFT 1 =m if and only if | = m (mod n).

10) They are shared with Priest’s logic LP, Nelson’s constructive negation, and so on.



Models for Substructural Arithmetics 19

o p, = I # m if and only if | = m, or n # oco.

We require the total ordering of congruences in order for this to be an
RM frame. Heredity on atomic relations is given by the definition of
ordering: if I = m (mod n) and p, C p,, then n’ divides n, so we have
I =m (mod n') too. Negative information changes less. At the consistent
point ps, only actually distinct numbers are taken to be distinct. At all
other points, even identical numbers are taken to be distinct. So heredity
holds here. Completeness is immediate, since at the point p., I = m is
true if and only if it is not false. At all other points, more obtains, not
less, so completeness is not violated anywhere. The result is a model for
RM? by the usual reasoning.

Now, consider a model in which we include the point ps. At po we
have 0 = 2, but we do not have 0 = 3. So, at any ps and earlier point in the
model, we do not have 0 = 2 — 0 = 3. We have ps IF™ ~(0 =2 — 0 = 3),
since pg IFT 0 =2 — 0 = 3 because ps IFT 0 =2 and py V™ 0= 3.

Similarly, if our model contains p3, we have ~(0 = 3 — 0 = 2)
holding at ps and at every earlier point in the model. However, no RM
model contains both py and p3, since 2 doesn’t divide 3 and 3 doesn’t
divide 2. Nonetheless, we can go fairly far.

Fact 6.2 The model corresponding to a subset of numbers {1,2,... 00}
containing co determines a consistent complete model of RM# . Whenever
Pn i a point in the model and 0 #Z m (mod n), then at ps in this model
we have ~(0=n — 0 =m).

The point ps is consistent and complete. It is consistent for atomic
formulas by construction. The fact that is is consistent for all formulas is
a straightforward induction on the complexity of formulas. Since in our
model p, IFT 0 = n but p, Ift 0 = m whenever 0  m (mod n), we
have poo IfY 0 =n — 0 = m, and hence poo IFT ~(0 =n — 0 =m) as
desired.

So, we have at last found consistent and complete models of arith-
metic in R—actually, models in RM—in which irrelevant implications
between identities are denied. We can model ~(0 = 2 — 0 = 3) (pro-
vided we include ps). And ~(0 =3 — 0 = 2) (provided we include p3).
Unfortunately, we cannot model both.

7 Conclusion

These constructions open up more questions than they answer. Is there a
consistent and complete model of R¥ in which all irrelevant conditionals
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between identities are denied? In each of the models we have examined,
is there a simple axiomatisation of the claims true at g(= poo)? What
else can we say about models in the logics C and CK? The symmetry
of weak congruences is tied up with the symmetry axiom z =y — y =
x. Why not reject symmetry? (In the absence of contraction we have
rejected transitivity of identity at each point, after all.) Is there any
way we can keep symmetry of identity at the base point without having
symmetry everywhere else? Does rejecting symmetry give us models of
weaker substructural logics? What about other mathematical theories?
Do these models tell us anything useful about the behaviour of identity
in substructural logics?
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Semantics for Sub-intuitionistic Logics

Joost J. Joosten

1 Introduction

This paper is an exposition and exploration of various semantics for
different logics. The semantics transparently reflect how assumptions on
the epistemic and cognitive abilities of the creative subject influences
the underlying logic. One of these semantics is used to obtain a lower
bound on the length of proofs of certain intuitionistic tautologies. Most
logics considered here are subsystems of intuitionistic logic. The idea is
that a semantics is developed such that all but one or two of the axioms
schemes or rules of intuitionistic logic hold on it.

The motivation for such a project originally came from proof com-
plexity. In particular, the semantics that are found and exposed can be
used to pursue lower bounds on the length of proofs in propositional
intuitionistic logic. And, as a matter of fact, we employ one particular
semantics to prove a linear lower bound for intuitionistic logic. Surely,
a linear lower bound is not impressive at all, but it nicely demonstrates
how semantics for sub-intuitionistic logics can be used to obtain lower
bounds. This method was first applied in a recent paper (Hrubes [2007b)])
where an exponential lower bound for a large family of modal logics is
obtained.

This paper is partly written while employed at the Mathematical Institute of the
Academy of Sciences of the Czech Republic in Prague. The stay in Prague was also
financed by the Netherlands Organization for Scientific Research (NWO).
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This paper is rather self contained. Whatever is not explicitly men-
tioned here and concerns intuitionistic logic, can be found in Troelstra
and van Dalen [1988] or in van Dalen [2004]. We do not only have tech-
nical applications in mind in this paper.

2 A semantic approach to lower bounds

The motivation for proof complexity comes largely from computational
complexity and telling computational complexity classes apart. Some of
these separations are reduced to showing super-polynomial lower bounds
for general proof systems. A first step in getting such lower bounds are
lower bounds for specific systems.

A general approach to the latter problem that turned out very
promising is the following. A so-called Frege proof system consists of
a finite set of axiom schemes, and a finite set of rules. Now, if some tau-
tology (as a sequence) has super-polynomial proofs at least one of the
axiom schemes, say S is likely to be included super-polynomially many
times in the proofs (possibly in a subsequence, which is not problematic).

Designing a semantics that only fails this axiom scheme S gives a
way to single out those formulas that are not provable without it. With
good semantics even counting the minimal number of applications of S
in a proof is possible. This approach has first been applied successfully
in Hrubes [2007b].

With this approach one can obtain lower bounds if every proof of
some tautology requires a large number of applications of S. However,
the situation might be more subtle in the following sense. If 7, is a
series of tautologies which does not have polynomial size proofs, it may
still be the case that certain proofs m, of 7,, require super-polynomially
many applications of & whereas other proofs 7/, of 7,, can do with only
polynomially many. In the worst case every hard tautology exhibits this
behaviour with respect to every axiom scheme.

We can summarize the above reasoning in the following easy theo-
rem.

Theorem 2.1 Let L be a Frege system of some logic. Let I' be a subset of
azioms of L. Let |= be a semantical consequence relation such that = is
closed under all rules of L and sound for all axioms of L except for the
ones in I

Let ¢ be a tautology of L. If for every set A of instances of T' with
|A| < n we can find a structure M such that
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1M g,
2. M A,

then o is not provable in L using less than (n + 1) instances from T.

Proof of Theorem 2.1. Suppose for a contradiction that there is some
proof

p: PosP1y--+sPiyeyPm = @

in £ with < n instances of I" in p. Let M be a structure validating (in
the |= sense) all these n instances. By induction on ¢ we get that each p;
holds (in the |= sense) on M which contradicts M Jf=¢ (= p,). qed

MoODAL LOGICS

As to illustrate the potential of the above mentioned method, let us
briefly summarize the content of Hrubes [2007b]. For a number of modal
logical systems a semantics can be obtained where the distributivity ax-
iom is replaced by the distributivity rule or even a weaker version of it;
the so called transparency rule:

A< B
0OA — OB

This semantics allows one to really count the minimal number of
applications of the different distributivity axioms needed. For classical
tautologies of the form «(p,7) — B(p,5), where a is monotone in p,
it turns out that there is a very close connection between the minimal
number of applications of distributivity in a proof of a(0p, ) — OF(p, §)
and the number of gates in a monotone circuit interpolating «(p,7) and
B(5.5).

Having this close connection, it is possible to invoke a result of
Razborov’s that Clique® (5, 7) — — Color® (5, 5) has no polynomial size
monotone interpolating circuits to obtain an exponential lower bound.

INTUITIONISTIC LOGIC

We know that there exist faithful interpretations of propositional intu-
itionistic logic into modal logics, most prominently S4. The translations
that are best known are the following two.



24 A semantic approach to lower bounds

(p)” =0p (p)°=p

(L) =1 (L)° =1

(AANB)P = A" A BY (AANB)° = A° A B°
(Av B)? = A" v B" (AV B)° = 0O(A° Vv B°)
(A— B)® = 0(A% — B°) (A— B)° =0(4°) — B°

However, it seems unlikely that these translations can be used to get
lower bound results for intuitionistic logic as a corollary of the lower
bounds for modal logics. However, an exponential lower bound for in-
tuitionistic propositional logic has recently been obtained by Hrubes
[2007a]. He uses a different kind of translation and a version of monotone
interpolation for intuitionistic logic.

A more direct approach seems also fruitful. That is, again designing
a semantics that makes almost all of the axioms true but fails just one or
two. For example, we can consider the following set of complete axioms
for intuitionistic logic, where = A is defined as A — .

1. A—-(B—A)
[A—(B—-C)]—[(A—B)—(4-C0C)
.A—AVB,B—AVDB

2.
3
4. (A—C) = [(B—C)— (AVB — ()]
5. ANB— A, ANB— B
6. A— (B— AAB)

7

.1L—=A

The only rule involved in this system is MP, Modus Ponens. It does
not really matter which Frege system we use as we know from Kojevnikov
and Mints [2006] that all Frege systems for intuitionistic logic polynomi-
ally simulate each other. We shall now discuss some semantics and their
behaviour with respect to the axioms.

A NATURAL CANDIDATE

The most natural candidate to focus on when proving a lower bound,
seems to be the axiom

A= (B—=0)]—=[A—=B)—A=0C)
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For, if a proof is long, then many parts of the proof have to be combined.
If MP is the only rule, the only axiom to combine parts of the proof
is indeed this axiom. Moreover, it is known (Statman [1979]) that the
implicational fragment of intuitionistic logic is already P-SPACE complete
and the above axiom seems to be the only informative axiom in this
fragment.

Note the similarity of this axiom with the distributivity axiom in
modal logics. In particular, by taking for A := T and viewing T — ¢ as
Oy, we syntactically recognize the distribution axiom. However, this is
just a heuristic.

3 Kripke semantics for subintuitionistic logics

A semantics that is sound and complete with respect to all the axioms
and rules of intuitionistic propositional logic is the well known Kripke
semantics where a model is a triple (W, <, V). Here W is non-empty set
of possible worlds, < is a transitive reflexive relation on W, and V is a
mapping that tells us which propositional variables hold at which world.
In addition V' has to be upwards persistent, that is, if p € V(a) and
a < b, then p € V(b).

The notion of a formula A being forced in a world a is as usual
inductively defined:

alkp & peVa)
connectives L, V and A : As usual (commuting)
alFA— B & W(a<blA=blFB)

The notion of truth is upwards persistent, that is, preserved upwards. The
heuristic of this semantics is that a < b represents that b is a possible
future world of @ where possibly more knowledge may have been obtained
by the creative subject. We shall refer to this semantics here as “classical”
or “usual” Kripke semantics.

From now on we will consider only structures in which the number
of possible worlds is finite. For classical intuitionistic logic we know that
this is no restriction as we have completeness with respect to finite Kripke
models.

GENERAL SEMANTICAL NOTIONS

We shall now discuss some variations of Kripke semantics so as to validate
almost all axioms but one or two. Again we shall define notions as the
forcing relation I and the like.
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With [A] we shall denote the set of worlds where a formula A is
forced under some given definition of forcing. With [A] we shall denote
the smallest set of worlds containing [A] which is closed upwards. Note
that in ”classical” Kripke semantics we have that [A] = [4] for all A.

We say that a forcing relation I is upwards persistent or just persis-

tentifalF A& a<b — bIF A holds for all A.

MINIMAL LOGIC

Minimal logic is as intuitionistic logic, only now omitting the axiom
schema | — A. It is well known that General Kripke semantics where
1 is considered as a propositional variable is sound and complete for
minimal logic.

So, this semantics is an easy example of a semantics that validates
all axioms of intuitionistic logic but one. An application of an axiom
1 — Aissound on a model if [A]N[L] = [.L]. Looking for a (constructive)
tautology for which any proof needs a lot of applications of the axiom
1 — A is now tantamount to looking for a tautology which has models
in minimal logic where it fails to hold, but where for many instances of
A, we have that [A] N[L] = [1].

LONG SUSPENSE SEMANTICS

The long suspense semantics is almost as usual finite Kripke semantics.
The only difference is in the truth definition of the implication —. In
this semantics we set:

alFA—-B <V (a<blFA—3Jcb<cl-B).

The heuristic is as follows. Once the creative subject knows that A — B,
in a future world, where he gets to know A he shall obtain B but possibly
at some later time as he might need to perform some calculations.

Under this definition of I, it is easy to check by induction on the
complexity if a formula that we still have persistency of truth. Note, that
—A, which is short for A — 1, has the same semantical condition as in
classical Kripke semantics.

All axioms remain valid. However, instead of Modus Ponens, we get
some weaker versions of it, like:

|\/|P7:A A— B T—A A—)B.

Ml;r,:
*)B ’

. T.
=g M T—>B
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Here, T is a logical constant satisfying the following defining axiom and

rule.
T

FT—B = F--B

It seems unlikely that this semantics is enough fine-grained to really
count the number of applications of Modus Ponens that is needed in a
proof of an intuitionistic tautology. In particular, we have that

|:long suspense A—B & = A— ——B.

SHORT SUSPENSE SEMANTICS

This semantics is as the long suspense semantics, with the only difference
that the creative subject is to calculate immediately all consequences of
new facts. Let <! be defined as

a<tb.e (a<bAVe(a<c<b—c=aVe=D)).
The definition of IF now becomes as follows.
alFA—B &V (a<blkFA=3c(b<FclFB))

Note that the logic corresponding to the short suspense semantics would
be different if we allowed infinite structures too.

Again, it is not hard to see that we have persistency of IF. And,
again, instead of MP we only have MP™. The only axiom scheme that
fails is

[A—=(B—=C)]—=[(A—B)—(A-0C)

In order to see that this scheme is not valid, we take A = p, B = ¢ and
C' = r. Next, we consider the structure

a<b<c<d

with
d = {p.qr}k
o) = {p.ak

b) = {ph

Vi) = @.

Clearly, a If p — r, as b IF p but for no x with b <* & we have z IF r.
However, a I p — ¢, s0 a I (p — ¢q) — (p — r). On the other hand,
alF ¢ — r whence also a l- p — (¢ — r). Consequently

alf p—(g—r)—= (-9 —{@—r)).
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It is very much unclear if this semantics allows one to control the
number of applications of [A — (B — C)] - [(A — B) - (A — ()] in
an intuitionistic proof.

WEAK PERSISTENT SEMANTICS

The semantics is as classical Kripke semantics, with the only difference
that now we do not demand that V is persistent. Rather, we require V'
to be weakly persistent, that is,

a<b—3Ic>b V(a) CV(c).

Note, that if a branch in a model has a top element, this element is
maximal along this branch with respect to V. The heuristic is that the
creative subject may temporarily forget something, provided that he or
she later reconstructs the knowledge at some point.

We now define I as usual, that is

abA—B & Wh(a<blFA=bl B).

We loose upwards persistency of I-. Rather, we have that I is weakly
persistent in the sense that alF o A a <b— Jc b < cl- p. However, I+
is strongly persistent for formulas of the form A — B. The two axioms
that fail are

A— (B— A)

and
A— (B— (AAB)).

However, the weak persistent semantics is sound with respect to the

following two rules.
FA = FB-—-A

and
FA = +(B—(AAB)).

Moreover, we do have restricted versions of the axioms. That is, if A is of
the form F — F, then both axioms are valid indeed. On this semantics
MP holds. Note that, e.g., = (T — A) < A. Semantically, axioms of the
form A — (B — (A A B)) and of the form A — (B — A) are equivalent
and seem to be interderivable.

However, it seems that all axioms of the form A — (B — A A B)
are as independent as possible. For example

Ellpve) — (= ((pvaAr)—=Ip—(r—(pAr)))



Semantics for Sub-intuitionistic Logics 29

As we only consider finite frames, we do have that A — (B —
——(AAB)) holds. If we allowed also infinite models this could be refuted.

A weak persistent model M being sound with respect to an axiom
of the omitted form has a moderately nice characterization.

MEA—(B—4) & MANBICUA
Thus clearly, we also have the following sufficient condition.

[A] is upwards closed on M = M} A— (B — A) for any B

A linear lower bound

We will use the weak persistent semantics to prove the following lower
bound for intuitionistic propositional logic.

Theorem 3.1 The intuitionistic tautology

P0—>(---—>(pn—>(pn+1 —>poA---pn+1))

18 not provable in intuitionistic propositional logic using less than n
schemes of the form

A; — (B— A; AB)  for fized A;,

or

A; — (B — A;)  for fized A;.

From now on, we will consider rooted (weak persistent) models only
and denote them (M, r) where r is the root.

Definition 3.2 If (M,r) and (M',r") be rooted Kripke structures, e.g.,
weak persistent models. Let rq be a new variable. We define the structure
[(M,r) N\ ro / (M’ 7] by putting ro < r, ro <1’ and then taking the
transitive and reflexive closure.

Note that if A and B are weak persistent rooted models we can
always find V(rg) such that [A \ 19 " B] becomes a weak persistent
rooted model too. This does not hold for classical intuitionistic struc-
tures.

Whenever V (r) is defined and [A N\ r /" B] is a well defined model,
we shall also use the notation [A \_r / B] to refer to that model.
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Lemma 3.3 Let (M, r) be a weak persistent rooted model such that M, Iff
A. Let (M',r") be an arbitrary other such model, and choose V (rg) such
that V(rg) C V(r). If [(M,r) N\ 1o /" (M',r")] is a weak persistent
model, then it holds that

[<M,’I“> \ To / <M/,7”/>L’I"0J/|4 A.

Proof of Lemma 3.3. By an easy induction on the complexity of A. For
A = 1 it clearly holds. If A is a propositional variable it holds as V' (rg) C
V(r). The connectives A and V are easy. If A= B — C and M,r ¥ B —
C, we can find r < 7IF B and M,7 ¥ C. But also rg < 7 and also

(M,ry N\ ro /(M r),7FIE B and [(M,r)\ ro /(M )],7 ¥ C.
ged
Let us phrase the following observations in a lemma.

Lemma 3.4 If [A] is upwards closed on a weak persistent model M, then
the following two schemata (as schemata in B) hold on M.

A— (B— AANB)
A— (B— A)

Proof of Lemma 3.4. By the characterization stated in (%) and the fact
that the two schemata are semantically equivalent. ged

The proof of Theorem 3.1 now follows from Theorem 2.1 and the
following lemma.

Lemma 3.5 Let the following n axiom schemata be given.
A;— (B— A;ANB)  for fized A;; 1<i<n.

Let ¢ be a string of variables distinct from each of po,...,pnt1- There
exists a model [(M,r) \ 1o / (N,r')] where ¢ holds at each world, each
of the n aziom schemata A; — (B — A; A\ B) holds at ro, however,

rolfpo— (o = (Pn = (Pnt1 = PO A - Pny1))-

Moreover, the (M,r) and the (N,r') are classical Kripke models.
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Proof of Lemma 3.5. By induction on n. For n=0 we consider the sim-
ple model consisting of three points a < b < ¢ where V(a) = {po, ¢},
V(b) = {p1,q} and V(c) = {po, p1,q}. Clearly, this is a weak persistent
model where pg — p1 — poAp; fails to hold and where, moreover, ¢ holds
at any world. It is easy to consider this model as [@ \ 7o /' (N, )] with
(N,r') a classical Kripke model.

If we now consider n+1 axiom schemata A; — (B — A; A B) for
1 <i<n+1, wereason as follows. First we make a case distinction.

It ¢Apo — \/?;1 A; we find a classical (note that we used +; in
the case distinction) Kripke model (M, r) with r I pg, @ but = | A; for
all 4. Next, we consider the Kripke model N consisting of just two points
b < ¢ with V(b> = {pla ey Pnt2, i} and V(C) = {p07 oy Pnt2, q}

Finally we choose a fresh rg, define V(rg) = {po, ¢} and consider
[(M,r) \ ro /" N]. We now combine Lemma 3.3 and the fact that our
two building blocks are classical Kripke models to conclude that the [A;]
are upwards closed on [M,r \ r9 / N]. Consequently, by Lemma 3.4
we see that all the axiom schemata A; — (B — A; A B) hold on this
model. Indeed, we also have that 7o Iff po — (... = (pn — (Pry1 —
PoA - Pnt1))

In case ; §Apy — \/;L:Jrl1 A;, by the well known disjunction/Harrop
property (see e.g. Kleene [1962] or Troelstra [1973] Chapter 3, Corollary
3.1.5) we know that for some A; we have that F; §Apy — A;. We assume
w.l.o.g. that F; ¢ A pg — A,1. We now apply our induction hypothesis
to the n axiom schemata A; — (B — A; AB) for 1 < i < n together with
the formula p; — ...ppyr2 — P1 A ... A prio. However, we now demand
in our call on the induction hypothesis that all of ¢, pg hold in any point
of the model. By Lemma 3.4 it is clear that this model suffices for our
purpose. ged

QUASI FILTER SEMANTICS

This semantics is reminiscent of neighborhood semantics for modal logics.
A model is now a quadruple (W, R, V,G) such that (W, R, V) is a usual
Kripke model and G is a set of subsets of W such that W € G. The
definition of I+ is now only altered for the implication connective. To
state this definition, we first need some notation. We will denote by al
the set {b| a < b}. With G, we mean the set of subsets in G intersected
with aT. In a more general approach, the G, could be defined separately
and independent of some overall G.



32 Other logics

With [A], we mean the set {b € aT | bIF A}. Clearly these sets are
defined inductively simultaneously with the forcing relation Ir-.

alFA—B & ([Als € Go = [Bla € Go).

Note, that if [4], € G, and a < b, then [A], € G} and hence I+ is
monotone.

The semantics is closed under MP as W € G. Some axioms require
some closure conditions on G. Actually there is a close correspondence.

Axiom scheme Restriction on G
A— (B— A) no restrictions
(A= (B—C) > (A= B) > (A—C)) ?
A— AVB,B—AVB G closed under supersets
(A-C)—=[(B—C)— (AVvB—()] ?
ANB— A ANB—B G closed under supersets
A— (B— AAB) G closed under intersections
11— A R-ye

This semantics seems rather promising with respect to direct proofs
in lower bounds for two reasons. First, by altering properties of G we can
make some axioms true and others not. Second, this approach is similar
to the approach that was applied to modal logics in Hrubes [2007b] and
proved fruitful. In particular, one can say what it means for a certain
instance of the axiom to hold on the model and hence the number of
axioms can be controlled. A significant difference is with the finite model
property. Given a finite number of variables, the canonical model in many
modal logics is finite. However, this is not the case in intuitionistic logic.

BASIC PROPOSITIONAL LOGIC

A logic that has been studied in the literature (e.g., see Ardeshir and
Ruitenburg [1988]) is so-called Basic Propositional Logic (sometimes also
called Visser’s logic). It turns out that this logic corresponds to regular
Kripke semantics where the underlying Kripke frames are not necessarily
reflexive and where the meaning of — is defined as follows.

akA—B & W (a<b)AblFA =bl B)

4 Other logics

The semantic approach to obtain lower bounds can be applied to any
other logic, in particular to classical propositional logic. In the case of
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classical logic, we are interested in semantics that fail only some of the
axioms. Classical logic is obtained by adding to the axioms of intuitionism
the axiom schema

——A — A.

Any known sub-logic of classical logic with a good semantics can serve
as a candidate to prove lower bounds for classical logic.

INTUITIONISTIC LOGIC

We could hope that some tautologies require a large number of axioms of
the form ——A — A. However, this hope is in vain as we have Glivenko’s
theorem which says that for propositional logical A we have:

Fc A — Fl _\_‘A.

Thus, every classical tautology has a proof with just one application of
excluded middle of the form —-—A4 — A.

HYBRID LOGICS

It is also possible to consider a logic where both = and — are primitive
symbols where the — is defined classically and the — intuitionistically.
Clearly, in this case we have p V —p and —p # (p — L). The relation of
this logic to S4 is evident as DA A A can be defined as T — A.
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Normal Forms, Distributive Laws, and
Uniform Interpolants

Marta Bilkova

In structural proof theory, one often thinks of a cut free proof sys-
tem as providing us with a proof-search procedure based on rules of
the system applied backwards. To find a proof, we reduce a formula, or
a sequent, to a set of simpler sequents, for which the task to find a proof
is simpler (typically axioms). This process can be also seen as a con-
struction of an equivalent normal form based on such a set of sequents.
The construction consists of steps given by the rules of the calculus ap-
plied backwards, and its soundness is obtained by inversion lemmata.
Each step reduces a formula (or a sequent) to a simpler one, typically
removing a connective, which is reflected by a corresponding change of
the structure of resulting sequents. But the structure on the meta level
of sequents translates back to formulas and thus corresponds to an ap-
plication of a structural law directly on the level of formulas — typically
an application of a distributive law.

This naturally relates the first two concepts - normal forms are con-
structed via application of distributive laws.

The work on this paper was supported by grant Dynamic Formal Systems
TAA900090703, Grant agency of the Academy of Science of the Czech Republic and
is a part of the research plan MSM 0021620839 that is financed by the Ministry of
Education of the Czech Republic
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The uniform interpolation property for a propositional logic is a
strengthening of the Craig interpolation property. It states that for every
formula ¢ and any choice of propositional variables g, there is a post-
interpolant (a right interpolant) E3(¢) depending only on ¢ and § such
that for all ¢», whenever (¢ — 1) is provable and the shared variables of ¢
and ¢ are among q, (¢ — E3z(¢)) and (E5(¢) — ) are provable. Similarly
there is a pre-interpolant (a left interpolant): for every formula ¢ and any
choice of propositional variables 7 there is a formula A(¢) depending
only on ¢ and 7 such that for all ¢, whenever (¢ — ) is provable and
the shared variables of ¢ and ¢ are among 7, then (Az(¢)) — %) and
(¢ — Ar(v)) are provable.

Thus right (left) uniform interpolants can be seen as formulas which
describe, forgetting specified variables, which part of a formula ¢ is re-
sponsible for entailing (being entailed by) formulas sharing a specified
sublanguage of ¢.

Uniform interpolants often coincide with bisimulation propositional
quantifiers. Such quantifiers quantify over possible values of a proposition
not just in a fixed model but in any model bisimilar to it. Rather rarely
they can be expressed in the propositional language itself. If so, they act
as uniform interpolants, see D’Agostino [2005]; Visser [1996]. Proofs of
uniform interpolation theorem based on this connection can be found in
Visser [1996] (a purely semantic approach) or in Pitts [1992]; Bilkova
[2007, 2006] (using a proof theoretical argument).

Uniform interpolants (or equivalently bisimulation quantifiers) can
often be constructed removing occurrences of specified atoms from a nor-
mal form of a given formula (as has been done e.g. in ten Cate et al.
[2006]). Thus our strategy would be to apply certain distributive laws in
a proof-search manner to a formula to construct its normal form, and
from that obtain a uniform interpolant, removing occurrences of a spec-
ified atom (the one quantified over). Converting a sequent to this kind
of normal form costs a lot — it is a reason why uniform interpolants con-
structed this way are of exponential size in general. It is an interesting
open problem whether this is their substantial property, i.e., whether
there are formulas with uniform interpolants of exponential size only.

Main goal of this paper is to illustrate these points using proposi-
tional modal logic K, to visualize construction of uniform interpolants by
a suitable choice of a proof system, and to see what benefit such approach
can bring. We will check a possibility of so called deep inference calculi
introduced in Briinnler [2006] to visualize uniform interpolation proofs in
modal logic and propose another deep inference system for basic modal
logic K better suitable for this purpose.
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1 Two examples

We start with two examples showing how uniform interpolants can be
constructed forgetting a variable in a certain normal form. The first ex-
ample is trivial — we concider just classical propositional logic. The other
example will be more interesting, concerning basic modal logic given in
a different language than usually taking a cover modality as the basic
one.

In what follows we fix a modal propositional language and definition
of formulas as follows (unless specified otherwise):

¢ =plw|T|L|oAY ][OV |DOp]| O

We use ¢ to denote the dual formula to ¢, i.e. the one where we
mutually replace all occurrences of p by —p, all occurrences of T by L,
all occurrences of A by V, and all occurrences of O by <. We use capital
Greek letters I', A, ... to denote finite sets of formulas, or sequents if
specified so. We use capital letters G, H, ... to denote finite sets of sets,
or finite sets of sequents, | G meaning the union of G, i.e. {y|]y € T € G}.
We adopt standard abbreviations as \/T' (or AT) to be the disjunction
(the conjunction) of members of I' (where \/) = L and A0 = T), or T
to be the set {Ov|y € T'}.

Example 1.1 The classical propositional logic.

We use capital Greeks for finite sets of formulas. A sequent is of the
form I', where I is a finite set of formulas. Such a sequent is interpreted
as a disjunction, i.e. the characteristic formula of a sequent I"is '* = \/T".

Definition 1.2 Consider the following one-sided sequent calculus for clas-
steal propositional logic:

I,p,—p r,T

Do Do T

Lo LoV

The calculus is obviously sound and complete, with the structural
rules of weakening and cut admissible (for such bbasic facts reader may
consult e.g. Troelstra and Schwichtenberg [1996]). A proof search tree for
a sequent I' in this calculus is constructed applying the rules backwards.
It is easy to see that both the rules are invertible, which means that they
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preserve validity while applied backwards as well. This means that it
doesn’t matter in which particular order we apply the rules during a proof
search. If there is no rule to be applied we close a branch. Such a tree
is obviously finite since each backward application of a rule removes a

connective. On its leaves there are sequents I'y, ..., I';, consisting of literals
n n

only. Now A \/T;, which equals to A TI'$, is a conjunctive normal form

1=1 =1
of I'“.

The steps of the previous proof search procedure corresponding to
an application of the A rule can be seen as instances of standard distribu-
tive laws for conjunction and disjunction — applying the rule A backwards
we use the following law: I'® V (¢ A ¢p) < (T°V @) A (T V).

Uniform interpolation property for the classical propositional logic
holds trivially. A left uniform interpolant (a universal propositional bisim-
ulation quantifier) of a formula ¢ w.r.t. a propositional letter p is simply
given by the formula (¢[p/T] A ¢[p/L]). Equivalently we obtain the left
uniform interpolant by erasing all occurrences of p and —p from a CNF
of ¢. To see this consider such a CNF of ¢ to be p1 A... A @y, each ¢;
a disjunction of literals. We define ¢; ” to be the disjunction of literals of
©; except the literals {p, —p}, i.e. we remove all occurrences of {p, —p}.
In case that both {p, —p} occur in ; we remove whole @; from the CNF.
Now we can see that

n

(1A Aen)D/TIA (1 Ao Aen)lp/ L] = N(@ilp/ TI A @ilp/ L))

=1

If p occurs in ¢;, then

(@ilp/TI Ailp/L]) = (T A9 ?) = o 7.

If =p occurs in ;, dually
(Pilp/TIA @ilp/L]) = (e, " A T) = ;"

If neither of {p,—p} occur in ¢;, the conjunct remains intact. If both
{p, —p} occur in @, then (v;[p/T]Ap;[p/L]) = T. All these cases show us
that removing occurrences as described above yields a formula equivalent
to (p[p/T] A plp/L]).

The case of the right uniform interpolant is completely dual — we
use a left sided sequent calculus producing a disjunctive normal form and
proceed similarly to obtain the interpolant.

Example 1.3 Modal logic K given in a language with a cover modality V.
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We suppose that reader is familiar with Kripke semantics for modal
logics, for basics see e.g. Blackburn et al. [2001]; Chagrov and Zakaryass-
chev [1998]. Kripke model is a triple (S, R, V) where S is a set of states,
R a binary relation on it, and V' assigns to each propositional variable
a subset of S, inducing the IF relation between states and formulas in
a usual way. We often understand R equivalently as a function assigning
to a state ¢ the set of states accessible from it, notation R][t].

The cover modality V operates on sets of formulas, so whenever T’
is a set of formulas, VI' is a formula (we restrict ourselwes to finite sets
here). Its semantics in a state ¢ is that Gamma and R|[t] cover each other,
formally:

slEVID  iff Vie R[s]IyeTl tlFy (1)
and Vy eI 3te R[s]tln.

Once the semantics is given, it is easy to check that the following
mutual definition between V and the two standard modalities O and <
hold:

VI = OVIAACT
O¢p = V{ptVvVD (2)
S = V{o, T}

This shows that the finitary V modality is definable in the standard
modal language, but also that V itself can be used to define the standard
modalities and thus modal logic can be based on language with V as
the only modality. For an overview of such an approach, and for more on
the coalgebraic flavour of such a logic, see Venema [2006]. We consider
the basic modal logic K (i.e. the logic of all Kripke frames) given in
the language with V. For axiomatizations of this logic see Palmigiano
and Venema [2007]; Bilkova et al. [2008].

One particularly important feature the setting with V has is that
it gives us a disjunctive normal form, which is not in general available
for the standard modal language. To see that, we use the propositional
fragment of a tableau given by Janin and Walukiewicz [1995] — a system
that has been designed for converting formulas of modal p-calculus to
a disjunctive normal form. The tableau has a form of a left-sided calculus,
thus now a sequent is a finite set of formulas interpreted as a conjunction.
Asserting a sequent I' now means that the conjunction of formulas from
I" is not satisfiable, or equivalently that it entails 1, the characteristic
formula of a sequent ' given by I' = AT — L. The propositional part
of the tableau is just dual to the previous calculus for classical logic, and
we add one modal rule:
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Ip,—p I L

y e Ly  Léy

Lovy Loney

{pFU{VT' | IV € G and ¢ ¢ T}
{VIl € G}

pelUG

The V rule, which may seem rather complicated at first sight, is to
be read as follows: Given a set of sets of formulas G, if {p}U{VI"|I' €
G and ¢ ¢ I} entails L for some ¢ € |JG, then {VI'|I' € G} entails L.

It can be seen from the semantic definition given above that the rule
is sound, and in a sense also invertible (if the conclusion entails L, then
one of the possible premises does so). For a detailed proof of this fact see
e.g. Bilkov4 et al. [2008]. A backward application of the rule corresponds
to an interesting modal distributive law:

AVE = \/ V{pa\/I'[I"eG and ¢ ¢ 1"}

reGc oeUG

The tableau can be used to produce a disjunctive normal form of
a given formula: we start with the formula and decompose it applying
the rules backwards until there is no rule to be applied. An application
of the V rule backwards corresponds to an application of the correspond-
ing distributive law, pushing conjunctions down the formula. In classical
steps we reduce the sequent to a simpler one (A steps), or to a disjunc-
tion of two simpler sequents (V steps), or, in the case of the V rule, to
a disjunction of nablas of simpler sequents. Such a procedure terminates,
since each rule while applied backwards simplifies the sequent (it always
removes a connective or a modality). We end up with a disjunctive nor-
mal form.

This way it is possible to show that each formula is equivalent to
some formula in the restricted language given below, where 7 is an arbi-
trary propositional (non modal) formula and T" is a finite set of formulas
of the language:

o =7m|oVY | TAVD

Given a formula in this language, finding its uniform interpolant
becomes simple since we have only restricted occurrences of conjunction.
Now we are looking for a right uniform interpolant, or equivalently we
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want to simulate the existential bisimulation quantifier. This quantifier,
over K, commutes with disjunction and nabla modality. Moreover it can
be shown to commute with the entire normal form, thus, the same way as
before, removing occurrences of the quantified atom we actually obtain
the desired interpolant. For a detailed proof of this fact see ten Cate
et al. [2006].

We have followed the setting of Janin and Walukiewicz, treating
nabla as the basic modality. But all we have just used can be easily
rewritten dually, using a right-sided system, the dual triangle modality
A, and a conjunctive normal form instead. This setting occurs in the
section 3.

2 Deep inference calculi

So called deep inference calculi are generalizations of Gentzen style se-
quent proof systems. In contrast to the usual setting, they enable one
to work also deep inside formulas. Deep sequents therefore incorporate
a relevant part of the tree structure of formulas in various ways, e.g.
the depth of nested conjunctions and disjunctions in the classical case,
or the depth of nested modalities in the case of modal logics.

Let’s consider cut-free sequent or normalized natural deduction proofs
and think of them as dealing with derivations from assumptions. If one
moves from natural deduction proofs to sequent proofs, what happens is
that all the assumptions of a derivation are stored in a sequent, e.g., in
each line of the proof. One needn’t to look backwards to see the corre-
sponding assumptions. Now to move from sequent proofs to deep sequent
proofs is very much alike - we moreover store the relevant tree structure
of formulas in each line of the proof and needn’t to look backwards to
extract it from the corresponding sub-proof where the formula was de-
rived.

On the other hand, this enforces us to add more structure to se-
quents since they consist no more just of sets, multisets or sequences
of formulas - now sequents code trees. What happens is that we move
the tree structure of formulas to the meta-level of sequents (as we do
with connectives - conjunction corresponds to comma on the left side
of a sequent, disjunction to comma on the right side, and implication
corresponds to the sequent arrow) and treat it there. To this aim we
use various brackets as structure signs to code the tree-depth. Once we
move the relevant structure of formulas to the meta level and store it in
a sequent, we can work deep inside formulas without decomposing them
first. Such calculi have been studied for various logics, including cassical
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propositional logic or modal logics — for extensive literature on the topic
consult the web page Guglielmi [2008].

Our next goal is to check the ability of deep inference systems for modal
logic proposed in Briinnler [2006] to visualize uniform interpolation proofs,
or rather construction of uniform interpolants. Such an idea seems promis-
ing since the depth structure enables us to built in the recursive definition
of interpolants into sequents and, perhaps, proceed exactly like shown in
Example 1.3, i.e., construct a normal form and than simply erase all
occurrences of a quantified atom.

However, we will see that the solution is not quite like that and that
the structure of interpolants is more sensitive and therefore needs more
structure incorporated in sequents. It turns out that the corresponding
structural pattern needed is given rather by the triangle modality (which
is the dual of the cover modality nabla) which reflects the balance be-
tween the box and the diamond part of recursion. It is not surprising since
over K the triangle modality provides a normal form which commutes
with the universal bisimulation quantifier.

From now on we use capital Greeks to denote deep sequents as well as
finite sets of formulas, it will be clear from the context if we deal with a
deep sequent or with a set of formulas (which is however a special case
of a deep sequent). The comma denotes the set union, thus e.g. T', ¢ is
T'U{¢}. We use capital letters G, H, . .. to denote finite sets of sequents
(or sets of sets). Not to get lost in brackets we use the semicolon to denote
the union on this level, thus I'; A is an abbreviation of {{I'}, {A}}.

Deep sequents (wee call them just sequents for short and) are of
the form ¢q,...,dm, [A1],...,[A,] where the comma denotes the set
union and all A; are deep sequents. The characteristic formula of such
a deep sequent is ¢1 V...V ¢, VOAS V...V OAS, where each AY is
the characteristic formula of A;. A sequent context is a sequent with
exactly one occurrence of the symbol {}, the hole, which never occurs
inside formulas. The sequent F{A} is obtained by replacing the hole
with a sequent A.

Definition 2.1 The deep inference modal rules Brimnler [2006]:

{p,-p}  T{T}

Moy Twp |, Tlewp | T{ll)
F{onv} Mo v} r{og}
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r{o, (A, 0]} . r{0¢, ¢} r{¢o, [A, 0o}
{0, [A]} r{o¢} I {¢s, [A]}

r{0¢, [0, ¢}
r{o¢}

A deep inference system for the logic K, notation K4, consists of
the boolean rules plus the k rule and the O rule. We will concentrate
just on this logic in this paper.

Deep inference systems for the other logics are obtained as follows:
a deep inference system for the logic T is the extension of Ky by the t
rule, a deep inference system for the logic GL consists of the boolean
rules plus the 4, the k rule, and the Ol rule. The system GLg, our pro-
posal of a deep inference system for GL, is introduced through a special
box rule since it is rather the proof theoretical behavior of box then an in-
terplay of diamond and box contexts to be defined by the rule. However,
the solution in not quite satisfactory — since it is a one-sided system, it
doesn’t mirror the two sided nature of box behaviour in GL as given by
the Lob’s axiom.

Structural rules of weakening and cut, and the necessitation rule are
admissible in the calculi (for a proof of this fact for K, T, K4 see Briinnler
[2006]).

UNIFORM INTERPOLATION

Let us for simplicity consider just the logic K, for which the interpolation
theorem is rather simple. The uniform interpolation property formulated
in a deep inference manner is the following:

Theorem 2.2 For every sequent I' and a variable p there exists a single
formula Ap(T') such that:

(i) Var(4,(T)) = Var(T) \ p
(ii) Fr, Ap(0),T

(iii) Whenever a sequent H{F} is provable where 11 doesn’t contain p,
then the sequent I1{ A,(T') }is provable as well.

The part (ii) of the theorem is an analog of an axiom of specification
while the part (iii) can be seen as a form of a deep inference rule for
the universal propositional quantifier.
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Sketch of proof. To construct a uniform interpolant of a given sequent I'
we first convert the sequent to a normal form and then we write the nor-
mal form down in a certain way, as a formula, omitting all occurrences of
p. However, we will need recursive calls of the procedure for the diamond
subformulas to construct the interpolant. Such a normal form consists
of the conjunction of sequents occurring on leaves in a proof-search tree
for I". In case of deep inference system, we create such a tree applying
the rules backwards as follows: the k rule is applied only if ¢ ¢ A, i.e.
only if the sequent in the premiss differs from the sequent in the conclu-
sion. Having in mind that all the rules are invertible, and thus it does
not matter in which particular order we apply them, we continue until
all sequents are irreducible. We call such sequents least sequents. Then
we use the conjunction of such least sequents to create a desired uniform
interpolant. Note that such sequents, due to the k rule, contain diamond
formulas.

The difference between this construction and proofs contained in
Bilkov4 [2006] is not substantial — the earlier proofs use a standard two-
sided calculus and carry out a normal form in a different way, alternating
invertible parts with critical modal steps which are not in general invert-
ible. The proof presented here can be seen as a more compact way how
to present the earlier proof.

The exact procedure constructing, for a given sequent I', its uniform
interpolant A,(I") is the following:

First we create a proof search tree applying the rules bottom up, with
the proviso that the k rule is applied only if the application changes the
entire set of formulas A. We proceed until each sequent is irreducible,
i.e. there is no rule to be applied. We call the set of such least sequents
occurring on leaves in a proof search tree for I' a closure of T', notation

Cl(T).
Second we define, for I" not being a least sequent, its uniform interpolant:

4,M= N\ AWM.
I’'eCL(T)

For a least sequent I of the form IT, [A4], ..., [An], Od1, - - -, Odu where
IT consists of literals only, we proceed as follows: define II™? be II without
occurrences of literals p, —p, in the case that IT contains both p and —p
we define II™? to be {T}. Take for the interpolant the following formula,
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defined recursively on the depth of I':

A1) =\ T2\ 04,80\ 04,(6).

Note that the pattern of the recursive step is very close to have
the form of the triangle modality — the dual modality to nabla. Notice
that the construction is however not of the form of creating a normal form
and simply writing it down, omitting all occurrences of literals p, =p. We
are writing down the corresponding formula of the sequent (a normal
form in a sense), omitting all occurrences of p,—p, and adding recur-
sive calls of A, for all the diamond formulas. The latter is unfortunately
inevitable, since the use of box brackets to deal with the structure of
sequents enables us to built in just the box part of the recursive con-
struction of interpolants.

Next we should prove that this definition of uniform interpolant
works. However, since the construction itself is not quite satisfactory and
indeed the earlier proofs in Bilkovd [2007, 2006]; ten Cate et al. [2006]
are significantly simpler, we find it useless to do the whole proof here.
We rather move to our proposed improvement of the definition of a deep
sequent calculus better suited for such proofs, and we present the full
proof using the new calculus. ged

3 Another calculus

We have seen that for a construction of uniform interpolants, or of a nor-
mal form producing a uniform interpolant, the standard deep inference
calculi are not ideal. This motivates the next improvement of the deep
inference calculus incorporating more structure to sequents. We do not
claim that this should be the calculus, but we think that the ability to
create, by a proof search, a normal form which can be transformed to
an interpolant is of some proof theoretical significance. Reader can take
it simply as a tableau constructing a uniform interpolant.

An intuition behind the new calculus we propose here is that it is
rather the nabla (or the dual to nabla) modality which produces a nor-
mal form commuting with uniform interpolants and their construction.
So why do not we try to base the very structure of sequents on such
a modality? To keep the formulation of uniform interpolation theorem
analogous to the previous case we construct the left interpolant (the uni-
versal quantifier) again, using the triangle modality and a right sided
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calculus. However, all can be dually rewritten, using the nabla modality,
to a right sided sequent system to capture the case of the right uniform
interpolant.

First we recall some properties of the triangle modality A. The se-
mantic definition of A which as nabla operates on finite sets of formulas,
is the following:

slFAT iff 3teR[s|¥yeltiFy )
or JyeTlVteR[s|tlkn.

Using the semantics it is easy to check that the mutual definitions
between usual modalities and the A modality are now as follows:

AT = OATvVOD
O¢p = Afe, L} (4)
Cp = Aot AAD

From now on we will use the triangle modality as an abbreviation
given by the above equation, keeping the language as defined before with
the standard modalities only.

We define a deep inference calculus for K adding more structure
to sequents - instead of using box structure to build a tree and deal-
ing with diamonds as in the rule k of the previous calculus K4, we use
the triangle structure on the meta level of sequents. We use different
structure brackets |, | to simulate the triangle modality on the meta
level. Sequents are now of the form Aj,...,A,,|G1],...|Gn], each

Gi={Ti1,..., Tk, } aset of sequents. The characteristic formula of such
asequent is ATV.. VAL VA{L] ..., T bV VAT, 1, T 0 1

The propositional part is the same as before, we spell out just the modal
rules.

Definition 3.1 Calculus K/\g, the modal rules:

5 I{[{{o}|o € x};0} 11 P{{{A,p}|A € G}}
r{os} I{Op, [{AlA € G} }

r{=]y L
r{os}

EO2

The second diamond rule is included for an effective proof search
to be possible — when there is no triangle brackets in the context of
a diamond formula, we apply the second rule backwards.
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Lemma 3.2 Calculus K/\g is sound and complete.

Proof of Lemma 3.2. To establish soundness and completeness, we first
prove that the three new modal rules are sound and invertible. Complete-
ness then easily follows — each sequent can be equivalently rewritten using
the rules (each of them simplifies the sequent while applied backwards so
this procedure terminates) to a set of irreducible sequents. The original
sequent is provable if and only if each of such sequents is provable. Since
irreducible sequents consist of literals and structure marks only we can
easily decide whether they are of the form of an axiom or not.

Soundness and invertibility of the rules can be obtained by proving,
for each rule, that the characteristic formula of the premiss is equivalent
with the characteristic formula of the conclusion of the rule.

For the kO rule it is sufficient to show that \/ 0% = A{X, L} which
follows immediately from the definition of triangle in the language with
box and diamond. For the k&2 rule \/ OX = AX A A follows from
the same definition.

For the k&1 rule we need to show that ¢ v A{T¢|T" € G} is equiv-
alent to ATV ¢l € G}:

Direction from left to right: fix a world s and suppose s IF Cp Vv A{T|T" €
G}. We show that s I A{I¢V ¢|T" € G}. Suppose s |- Co, then there is
a world ¢ € R][s] such that ¢ I ¢. But then ¢ I- ¢ VI for each T' € G and
thus the conclusion follows. Now suppose that s IF A{I'*|T" € G}. Then
obviously, by the semantic definition, s |- A{T'* vV ¢|I" € G} as well.

Direction from right to left: fix a world s and suppose now that s IF
A{Te VvV ¢|I" € G}. We show that s IF O¢ vV A{T°IT" € G}. Suppose
there is a world ¢ € R[s] such that for each T' € G, t IF T'° V ¢. Then
either ¢ satisfies all T'°, and thus s I A{T¢|T" € G}, or ¢ satisfies ¢ and
thus s IF $¢. The other case is that there is I' € G such that for each
t € R[s], t IF TV ¢. Then either all such worlds t satisfy I'°, and thus
s IF AT € G}, or some of the worlds above s satisfies ¢ and thus
s - <. ged

Next we show some simple structural properties of the calculus we
will need later to prove the uniform interpolation theorem. We shall use
admissibility of the following rules of weakening and necessitation:

N r{o} r
r{a} Ny
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Warning!: in the following, the former is not a correct instance of the weak-
ening rule while the latter is:

r{[x} r{|x;0}
r{|za}  T{%0}

Lemma 3.3 Weakening and necessitation rules are admissible in K/\g.

Proof of Lemma 3.3. 'We can show, by induction on the depth of the proof
of the premiss, that we can prove the conclusion exactly the same way as
the premiss, only starting with appropriate axioms — we can weaken by A
in all the axioms already and it does not affect the proof. This is always
possible because no rule application affects the context (in contrast to
usual sequent calculi for modal logics). The same holds for necessitation,
we simply repeat the original proof inside the triangle brackets. In fact,
we obtain depth preserving admissibility in both cases. ged

Lemma 3.4 Fra, T{A} iff Fra, T{{A}}

Proof of Lemma 3.4. We reason by induction on the complexity of A. If
A consists of literals only, the conclusion follows by the invertibility of
the disjunction rule. The case for boolean connectives uses the induction
hypothesis and the invertibility of the rules. We spell out the only inter-
esting case, which is the triangle modality brackets. It is sufficient to show

that Frea, T{[Ar. i A, |V iff Frea, T{O A AS, DA, DAS).
=1

By the invertibility of the modal rules we obtain the following equiv-
alences:

Fra, T{O )\ A7, DAS,... DAL}

=1
iff .
Froag T{O N\ A%, [{AT); .5 {As ) 2]}
=1
Frca, T{HAS, N\ ALY {As, \ AL B { N A% )
i=1 i=1 =1
iff

Fras, T{{ASY; . {AGH )
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iff, by the i.h.,
}_KAd F{\_Al, .. ,AnJ}

Where in the third equivalence, the down direction follows by in-
vertibility of the conjunction rule, and the up direction follows by appli-
n
cations of the conjunction rule (to build up the occurrences of A AfY),
i=1
n
and then by admissibility of weakening (to add the singleton { A AS}).
i=1

1=

ged

The following Lemma is an easy observation showing in which sense
the closure of a sequent is equivalent to the sequent. We skip the proof
since it easily follows from the soundness and the invertibility of the rules.

Lemma 3.5 Let {I'1,...,I',} = CI(T"). For any &, Then
(i) the sequents S{I'1},...,{T} prove the sequent X{T'}

(if) S{T'} proves each of the sequents S{T';}.

Now, let us turn to the uniform interpolation theorem. Its statement is
similar to the previous case:

Theorem 3.6 For every sequent I' and a variable p there exists a single
formula Ap(T') such that:

(1) Var(4,(I)) = Var(T) \ p
(ii) Fxa, Ap(T),T

(iii) Whenever a sequent H{F} is provable where 11 doesn’t contain p,
then the sequent II{ A, (T) }is provable as well.

Proof of Theorem 3.6. The construction of A,(T") is analogous to the pre-
vious case. We create a proof search tree applying the rules of K /Ay back-
wards to I'. Again, since every rule application simplifies the sequent to
which it is applied, such a tree is finite. We end up with a set of least
sequents — the closure of I'. Moreover, least sequents do not contain for-
mulas of the form ¢ now, they consist of literals only. Thus we end up
with a real normal form. For a sequent I'" which is not a least sequent we
put
4,0 = N\ A40).

I’eCi(I)



50 Another calculus

For a least sequent I' we proceed as follows. Let ' be of the form
IL, |G1],..., | Gn], recall that it consists of literals and structure marks
only. For a set of literals II, we write II"? to denote the set IT \ {p, —p},
only in the case IT contains both p and —p we define II™? to be {T}. We
write I'"P for the sequent obtained from I' replacing each set of literals
IT at each level by II7P. Now

Ap(T) = (I77)%,

we simply write down the characteristic formula of I" removing all occur-
rences of literals {p, ~p} as specified above. Now part (i) of Theorem 3.6
immediately follows.

Proof of part (ii) We show Fxa, A,(T'),T" by induction on the depth
of the sequent I'. If T is a set of literals, A,(T") is just \/I'~P. Thus
we want to show Fra, /\W,I‘, i.e. for each literal ¢ € I'"P we need
Fra, 7¢I, and for each literal -r € I'"? we need Fxa, 7, I'. But this
is always the case. We only need to check what happens if '™? = () — but
then AT-7 = T and clearly Fxa, AT—7,T.

Next consider I' is not a least sequent. Then
A0 = N\ AT
I;eCl(T)

By the induction hypothesis, each of sequents A, (I';), T'; is provable, and
so are the sequents \/ A,(T;),T';. But \/ A,(T;) = A 4,(T) = A,(T) and
using Lemma 3.5 we obtain A,(I"), " provable.

Now consider T is a least sequent and it is of the form I, | D1 |, ..., | Dyn].
Notice, that now we want to prove by induction on I' the following:

Fra, (T7P)e,T.

(I'—P)c is a conjunction, so we want to show Fxa, 7, for each of its

conjuncts v. We start with Fxa, (II7P)¢ II: this has been already done
in the basic step of the inductive argument. Next we show, for each
i=1...n, that

Fra, A(ATP)|A € D}, | D).

Unravelling the triangle modality and converting it to its dual, this means
to show
Fraa O\ A7)en N\ (A7), (D).
AED; AED;
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This is equivalent to showing each of the following two sequents provable:

(1)
Fra, O \/ (A7P)%, | Dy,
A€ED;

which is by Lemma 3.4 equivalent to

a0\ BRO A AC{DAA € D).
AeD; A€eD;

Here is the proof, first line given by the induction hypothesis:

(A—P)e  A° for each A € D;
V o (Amp)e, A AC

V and A inferences

N AED; AED;
{ V (A7), A A%}
. AED; A€D;
O A ASH{V (AT)
AeD; AeD;
O A ALD V(AT
A€D; A€ED;

Now the conclusion follows by weakening.

(2) For each A € D;,

l_KAd O(A_p)cv I_DlJa
which is by Lemma 3.4 equivalent to

Fra, O(AP)5, 0\ A°{OA%A € D;}.
A€eD,;

The proof is fully analogous to the previous one.

Proof of part (iii). Suppose IT doesn’t contain p, we show that whenever
Fra, H{F}, then Fra, H{AP(I‘)} as well. But this is equivalent, by
the definition of A, and Lemma 3.4, to showing that whenever Fxa,
H{F}, then Fxa, H{I‘_p} as well.

We reason by induction on the complexity of I'. First suppose I is
a set of literals and Fx, II{T'}. We show that Fxa, II{I'"P}. There
are three possibilities why H{F} can be provable: either H{Q)} is provable
and the conclusion follows by weakening, or there are literals ¢ and —q
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in I and then I'"P itself is provable (no matter if ¢ = p or not), or there
is one of the literals g or g in I" and the other in II. In the last case ¢
must be distinct from p. Let us say that ¢ € I'. But then I'"P contains ¢
and Fga, H{F’p } follows. The remaining case is symmetrical.

Now suppose I is not a least sequent and g a, H{I‘}. Now by Lemma
35 kA, H{I‘i} for each T'; € CI(T"). Then by the induction hypothesis,
Froag I{{A,(T;)}} for each T; € CI(T'). By the conjunction rule Fxa,
I{{A\ Ap(T;)}}, but this is Fxa, T{{A4,(T)}}.

Finally suppose that ' is a least sequent (thus consisting of literals and
structure marks only) and Fxa, H{F}. We want to show that Fxa,
H{F_p } If T is just a set of literals, the conclusion follows as shown
above. Now observe that the same argument shows, for I' consisting of
literals, that if

}_KAd H{F7 |_D1J7 R LDnJ}

then
FKAd H{F_p7 I_Dlja R ] I_DTLJ})

no matter if p occur in D; or not, and it also shows that if

Frag I{T, [D1], ..., Dyl }

then
Fra, H{F_p, |[D{P, .. LD;”J}.

The reason is that the pair of literals which makes the former sequent
provable cannot be separated by the triangle brackets, it must occur
within the same context hole (within the same sequent) on the same
level. We substantially use the fact that p does not occur in IT here, since
if it did, this would be the only possibility how p could occur in I' and
—p in II (or vice versa), and removing one of the literals would destroy
provability. This finishes the proof. ged
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Consequence Relations in Inferential
Erotetic Logic

Michal Pelis

1 Introduction

The aim of this text is to study consequence relations where both declar-
atives and interrogatives appear together. That is, we will discuss in-
ferential structures in the field of logic of questions. It will be seen in
the next subsection that many theories belong to the range of logic of
questions. Our interest is restricted to inferential erotetic logic (IEL, for
short) and erotetic consequences introduced by it.

IEL was established by Andrzej Wisniewski and his collaborators
in the 1990s. The book Wisniewski [1995] and article Wisniewski [2001]
contain a well-written presentation of Wisniewski’s approach. We utilize
the framework of this theory and show some properties, relationships,
and possible generalizations.

The work on this paper was supported by grant Dynamic Formal Systems
TAA900090703, Grant agency of the Academy of Science of the Czech Republic. Si-
multaneously, I want to thank Libor Béhounek, Marta Bilkova, Jeroen Groenendijk,
Radek Honzik, Ondrej Majer, Jaroslav Peregrin, and Andrzej Wisniewski for valuable
discussions and comments.
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LOGIC AND QUESTIONS

Referring to Kubinski and Gornstein in Harrah [2002], David Harrah
mentions the long history of formal-logical approaches to interrogatives.
F. Cohen (1929) and R. Carnap seem to be the first logicians working
with the idea of interrogatives formalized inside logic. The real “boom” of
such attempts appeared in 1950s and continued in 1960s. The reader can
find very nice overviews of the history of erotetic logic in Harrah [2002],
[Wisniewski, 1995, chapter 2], and Groenendijk and Stokhof [1997].

Logic of questions is multiparadigmatic. There are many branches
given by different ways of formalization of interrogatives. This is nicely
illustrated by Harrah’s examples of “(meta)axioms” (cf. [Harrah, 1997,
pp. 25-26]). He groups them into three sets according to the acceptance
by erotetic logicians.

The first group includes (meta)axioms accepted in almost all sys-
tems. Harrah calls them absolute axioms and examples are:

e Every question has at least one partial answer.

e (In systems with negation) For every statement P, there exists a
question () whose direct answers include P and the negation of P.

e Every question ) has a presupposition P such that: P is a state-
ment, and if @ has any true direct answer, then P is true.

The second group—standard axioms—is often accepted, but not in all
systems.

e Every question has at least one direct answer.

e Every direct answer is a statement.

e Every partial answer is implied by some direct answer.

e Every question is expressed by at least one interrogative.
e Each interrogative expresses exactly one question.

e Given an interrogative I there is an effective method for determin-
ing the direct answers to the question expressed by I.

The last group is called excentric axioms. Thus, the following examples
of such axioms are accepted only in some interrogative systems.

e If two questions have the same direct answers, then the two ques-
tions are identical.



Consequence Relations in Inferential Erotetic Logic 55

e Every question ) has a presupposition that is true just in case
some direct answer to () is true.

We will not attempt to provide an overview of interrogative theories,
nor shall we discuss formal approaches to a question analysis. We entirely
omit “pragmatical” approaches and theories based on logical analysis of
natural language®) as well as epistemic-imperative approaches.?) We will,
however, answer the following problems:

e What is the formal shape of questions?

e What kind of inferences are studied?

An important part of erotetic logic working with inferential struc-
tures consists of models of inquiry processes. Hintikka’s interrogative
model of inquiry is the best known case (cf. Hintikka et al. [2002]). Also
IEL is presented as an alternative to Hintikka’s approach (cf. Wisniewski
[2001, 2003]). Since we want to focus on consequence relations only, this
topic will not be explicitly studied here.

Another important issue to solve is the question—answer relation-
ship. Inferential erotetic logic is based on explicit set-of-answers methodol-
ogy (SAM, for short), which seems to provide one of the possible solutions
to this problem as well as to the problem of formal “shape” of questions.

SET-OF-ANSWERS METHODOLOGY

This kind of methodology is often connected with Hamblin’s postulates:
1. An answer to a question is a statement.

2. Knowing what counts as an answer is equivalent to knowing the
question.

3. The possible answers to a question are exhaustive set of mutually
exclusive possibilities.

The vague formulation evokes discussions and enables to formulate var-
ious kinds of SAM (cf. Harrah [2002]). Inferential erotetic logic accepts

1) Such approach can be found in Pavel Tichy’s transparent intensional logic; see
Tichy [1978] and Pelis [2004].

2) It must be emphasized that many terms have their origin just in these theories
and we use them in an informal way.
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only the first two postulates and tries to keep maximum of the (classical)
declarative logic and its consequence relation.?)

First, let us define a (general) erotetic language L. A (general)
declarative language L is extended by curly brackets ({, }) and question
mark (?).%

Simultaneously, we will use the following metavariables:

e small Greek letters a, 3, ¢, . .. for declarative sentences,

o Q,Q1,... for questions,

e capital Greek letters I', A, ... for sets of declaratives, and
o ¢, ¢1,... for sets of questions.

Second, a question @ is the following structure

?{011,042, .. }
———

dQ

In the correspondence with the first and second postulate, a question is a
set of declarative sentences, which are called direct answers. The symbol
dQ@ is used for a set of direct answers to a question (. In the case of a
question ?{aq,as, ...} we expect one of the following answers:

It is the case that o;.
It is the case that as.

Although we have not posed any restriction on d@ and, generally,
every set of declaratives is a question, it is useful to postulate that a
question should have length at least two, i.e., |dQ| = 2. In case of finite
versions of questions ?{ai,...,a,} we suppose that the listed direct
answers are semantically non-equivalent. The class of finite questions
corresponds to the class of questions of the first kind in Wisniewski [1995].
Some of them are important in our future examples and counterexamples.
Let us mention two abbreviations and terms that are very frequent in
this paper.

3) The full acceptance can be found in an intensional-semantic approach presented by
Jeroen Groenendijk and Martin Stokhof (cf. Groenendijk and Stokhof [1990, 1997]).
4) In the text we use only propositional examples in the language with common
connectives (A, V, —, ).
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e Simple yes-no questions are of the form ?a, which is an abbreviation
for ?7{a, -a}. If o is an atomic formula, then the term atomic yes-no
question is used.

e A conjunctive question ?|a, 8| requires the answer whether « (and
not ), or § (and not «), or neither a nor G, or both (« and ).
It is an abbreviation for ?{(a A B), (ma A B), (a A =0), (ma A —8)}.
Similar versions are ?|a, 3,7], ?|«, 5,7, d|, and so on.

By using the word explicit for set-of-answers methodology in infer-
ential erotetic logic, we emphasize the role of listed direct answers.?) Ex-
plicit SAM brings out the answerhood conditions of questions: the mean-
ing of interrogatives resides in the background logic and in the structure
of a set of direct answers.%

CONSEQUENCE RELATIONS IN IEL

Having answered the question What is a question in our system?, we have
to move on to inferences. We believe that consequence relations are the
central point of logic.”) Inferential erotetic logic adds three new conse-
quence relations (mixing declaratives and interrogatives) to the standard
one.

e Evocation is a binary relation (', Q) between a set of declaratives
and a question.

e Erotetic implication is a ternary relation (Q,T, Q1) between an ini-
tial question @ and an implied question ()7 with respect to a set
of declaratives I'.

e Reducibility is a ternary relation (Q,T, ¢) between an initial ques-
tion @ and a set of questions ¢ with respect to a set of declaratives
T.

5) In the original version of IEL, questions are not identified with sets of direct an-
swers: questions belong to an object-level language and are expressions of a strictly
defined form, but the form is designed in such a way that, on the metalanguage level
(and only here), the expression which occurs after the question mark designates the
set of direct answers to the question. Questions are defined in such a way that sets
of direct answers to them are explicitly specified. The general framework of IEL al-
lows for other ways of formalizing questions. [personal communication with Andrzej
Wisniewski]

6) This connection of the meaning of questions and answerhood conditions are stated
in Belnap’s answerhood requirement, cf. [Groenendijk and Stokhof, 1990, p. 3].

7) Declarative logic can be defined by its consequence relation as a set of pairs (T, A),
where I and A are sets of formulas and A is usually considered to be a singleton.
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Motivations and natural-language examples of both the evocation and
erotetic implication can be found in Wisniewski [1995, 2001]. Reducibility
is studied in Lesniewski and Wisniewski [2001]; Wisniewski [1995, 2006].

The chosen shape of questions in IEL makes it possible to compare
questions in the sense of their answerhood power. Inspired by Groenendijk
and Stokhof [1990] and [Wisniewski, 1995, section 5.2.3] we will examine
the relationship of “giving an answer” of one question to another, which
is a generalisation of Kubinski’s term “weaker question”.

Our aim is to study erotetic consequence relations in a very general
manner, independently of the logic behind. The definitions of IEL con-
sequences are based on the semantic entailment and the model approach
relative to the chosen logical background.

MODEL-BASED APPROACH

Let us introduce the set of all models for a declarative language as follows:
My ={M | M is a (semantic) model for £}.

The term model varies dependently on a background logic L. If L is clas-
sical propositional logic (CPL, for short), then Mcpy, is a set of all
valuation. In case of predicate logic it is a set of all structures with a
realizations of non-logical symbols. Because of the possibility of adding
some other constraints for models we will deal with (e.g., finiteness, pre-
ferred models, etc.), let us generally use a set M C M,. If necessary,
the background logic and restrictions posed on models will be stated
explicitely.

Speaking about tautologies of a logic L we mean the set of formulas

Taut, = {¢ | (VM e M )M E )}
If a restricted set of models M is in use, we speak about M-tautologies
TAUTH = {p | (TM € M)(M = @)}

All semantic terms will be relativized to M. Each declarative sen-
tence ¢ (in £) has its (restricted) set of models

M‘Fz{MEM’M):go}
and similarly for a set of sentences I'

M ={MeM|(Vyel)ME )}
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(Semantic) entailment

Let us recall the common (semantic) entailment relation. For any set of
formulas I' and any formula :

T = iff MY C MY,
In case I' = {¢} we write only ¢ | 9.
¢ = iff M¥ C MY

Now, we introduce multiple-conclusion entailment (mc-entailment,
for short).

I=Aif MEC M
L ISTAN
If MU = M2, let us write I' = A.®)
Mc-entailment is reflexive (I' ||= T'), but it is neither symmetric nor
transitive relation:

Example 1.1 Let I' C TauT,, A be a set of sentences containing at
least one tautology and at least one contradiction, and Y be such that
Usex M7 C M. Then T |E A and A |, but T = X.

Entailment is definable by mc-entailment:

I'Eeiff I' | {¢}

On the other hand, mc-entailment is not definable by entailment. In this
context, the following theorem could be surprising at the first sight.”)

Theorem 1.2 Entailment (for L) is compact iff mc-entailment (for L) is
compact.

The proof can be found in [Wisniewski, 1995, pp. 109-110].

8) In case of the semantic equivalence of formulas ¢ and 1 it will be only written
¢ = 1. On the other hand, two different sets of models do not imply the existence of
two different sets of sentences (in £).

9 We say that mc-entailment is compact iff for each T' |= A there are finite subsets

G CT and D C A such that G |= D.
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BASIC PROPERTIES OF QUESTIONS

As soon as we have introduced the term question and the model-based
approach, we can mention some basic properties of questions. The term
soundness is one of the most important terms in IEL.

Definition 1.3 A question @ is sound in M iff Ja € dQ such that M = «.

For all IEL consequence relations, it is important to state the soundness
of a question with respect to a set of declaratives.

Definition 1.4 A question Q is sound relative to T iff T ||= dQ.

The sum of all classes of models of each direct answer a, i.e., [, 40 M,
is called semantic range of a question (). Considering semantic range, our
liberal approach admits some strange questions; one of them is a com-
pletely contradictory question that has only contradictions in its set of
direct answers, its semantic range being just (). Another type is a ques-
tion with a tautology among its direct answers, then the semantic range
expands to the whole M. Questions with such a range are called safe.!?)

Of course, it need not be any tautology among direct answers for to be
a safe question.

Definition 1.5
o A question Q is safe iff |, cqo M* = M.
o A question Q is risky iff U ,ecqq M* C M.

Questions ?a, ?|«, [| are safe in CPL, but neither is safe in Bochvar logic.
?{a, B} is risky in CPL. Neither ?« nor ?|a, 3| are safe in intuitionistic
logic, but there are safe questions in this logic; just each question with
at least one tautology among direct answers. Simple yes-no questions are
safe in logics that accept the law of excluded middle.

It is good to emphasize that the set of direct answers of a safe ques-
tion is mc-entailed by every set of declaratives. On the other hand, know-
ing a question to be sound relative to every set of declaratives implies its
safeness.

Fact 1.6 Q is safe iff (VI')(T' |= dQ).

Specially, safe questions are sound relative to T' = .

10) This term originates from Nuel Belnap.
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THE ROAD WE ARE GOING TO TAKE

Since a background logic determines the properties of entailment, we do
not want to pose any restriction on it. This model-based approach was
inspired by minimal erotetic semantics from Wisniewski [2001].

After introducing evocation and presupposition in section 2, we will
show the role of maximal and prospective presuppositions in the rela-
tionship to semantic range of questions. Some classes of questions will
be based on it. One could be surprised that we are not going to discuss
answers in this section; in fact, there is not much to say about them. It
turns out that various types of answers do not play any special role in
the inferential structures.

Section 3 is crucial from the chosen viewpoint. We investigate erotetic
implication and reducibility there. An important part is devoted to a dis-
cussion of the role of an auxiliary set of declaratives. We will demonstrate
some variants of erotetic implication and their properties. All three con-
sequence relations will be studied under their mutual influence and the
relation “giving answer” will be stressed.

Questions will be considered as independent structures not being
combined by logical connectives. Going through the definitions of erotetic
implication and reducibility we can recognize their “both-sidedness” and
just reducibility can substitute such combination of questions.

2 Questions and declaratives

In this section, we introduce two terms: evocation and presupposition. The
first one will provide a consequence relation between a set of declaratives
and a question. The second one is an important term in almost all logics
of questions. In TEL there are some classes of questions based on it.

EvocATION

Consider the following example: after a lecture, we expect a lecturer
to be ready to answer some questions that were evoked by his or her
talk. Thus, evocation seems to be the most obvious relationship among
declarative sentences and questions. (Of course, next to the connection
question—answer.) Almost every information can give rise to a question.
What is the aim of such a question?

First, it should complete our knowledge in some direction. Asking a
question we want to get more then by the conclusion based on a back-



62 Questions and declaratives

ground knowledge. A question ) should be informative relative to I, it
means, there is no direct answer to ) which is a conclusion of T".

Second, after answering an evoked question, no matter how, the an-
swer must be consistent with the evoking knowledge. Moreover, transmis-
sion of truth into soundness is required: if an evoking set of declaratives
has a model, there must be at least one direct answer of the evoked
question that is true in this model. An evoked question should be sound
relative to an evoking set of declaratives (see Definition 1.4).!")

The definition of evocation is based on the previous two points (cf.
Wisniewski [1995, 2001]). A question @ is evoked by a set of declaratives
I' if @ is sound and informative relative to I'.

Definition 2.1 A set of declarative sentences I evokes a question Q (let
us write T' = Q) iff

1. T dg,
2. (Va € dQ)(T F a).

In our model-based approach we can rewrite both conditions this way:
L MY CUpeag M
2. (Va € dQ)(MY ¢ M?)

In some special cases (e.g., dQ is finite or entailment is compact)
we can define evocation without the link to mc-entailment. The first
condition is of the form: there are a1, ..., a, € dQ such that I' = \/{ a;.

Evocation yields some clear and useful properties of both a set of
declaratives and an evoked question. The following fact lists some of
them.

Fact 2.2 IfT' = Q, then
e I" is not a contradictory set,
e there is no tautology in dQ, and

e () is not a completely contradictory question.

11) For now, as we do not discuss epistemic issues, we shall not use the word “knowl-
edge” but use the phrases “set of declarative(s) (sentences)” or “database” instead.
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However, by Fact 1.6, we obtain a less intuitive conclusion: every safe
question is evoked by any I' that does not entail any direct answer to
it. It underlines the special position of safe questions and their semantic
range. When we restrict the definition of evocation to risky questions
only, we get the definition of generation. [Wisniewski, 1995, chapter 6]

Generation does not solve all problems with irrelevant and ineffi-
cient evoked questions either. We can accept another restriction to avoid
questions that have direct answers which are incompatible with declara-
tives in I". Borrowing an example from De Clercq and Verhoeven [2004],
I' ={aV g~} evokes also ?{«, 3, —y}. To eliminate this, the consistency
of each direct answer with respect to I' could be required, i.e., we could
add the third condition to Definition 2.1:

(Vo € dQ)(MF N M £ )

Some solutions of the problem of irrelevant and inefficient questions based
on a semantics in the background are discussed in the just mentioned
paper De Clercq and Verhoeven [2004]. For our purpose we keep Defini-
tion 2.1 unchanged.

Back to safe questions, let us mention the following fact:

Fact 2.3 If 0 = Q, then Q is safe.

As a conclusion of semantic definition of evocation we have the fol-
lowing expected behavior of evocation: semantically equivalent databases
evoke the same questions.

Fact 2.4 For every I'; A and Q, if T = A, thenT = Q iff A E Q.

If mc-entailment is compact and I' = @, then we are still not allowed
to conclude that there is a finite subset A C I' such that A = Q. See the
first item in the following fact.

Fact 25 IfTEQ and A CT C X, then
e AEQifA|FdQ,
e X EQ if VaedQ)(Z F a).

The second item points out the non-monotonicity of evocation (in declar-
atives). Considering questions as sets of answers, evocation is non-monotonic
in interrogatives as well, see section 3.
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Fact 2.6 IfT = Q and the entailment is compact, then A |= Q1 for some
finite subset dQ1 of dQ and some finite subset A of T

These and some more properties of evocation (and generation) are
discussed in the book Wisniewski [1995].

PRESUPPOSITIONS

Many properties of questions are based on the term presupposition. Ev-
eryone who has attended a basic course of research methods in social
sciences has heard of importance to consider presuppositions of a ques-
tion in questionaries.

What is presupposed must be valid under each answer to a ques-
tion. Moreover, an answer to a question should bring at least the same
information as presupposition does. The following definition (originally
given by Nuel Belnap) is from Wisniewski [1995].

Definition 2.7 A declarative formula ¢ is a presupposition of a question

Q iff (Vo € dQ)(a |= ).

A presupposition of a question is entailed by each direct answer to the
question. Let us write Pres@ for the set of all presuppositions of Q.

At the first sight, the set Pres@ could contain a lot of sentences. Let
us have a question @ = ?{ai,as}, the set of presuppositions (e.g., in
CPL) contains (ay V az), (a1 Vas V @), (a1 V as V ), ete. Looking at
the very relevant member (a1 V a2) it is useful to introduce the concept
of maximal presupposition. Formula (a7 V a2) entails each presupposition
of the question Q.

Definition 2.8 A declarative formula ¢ is a maximal presupposition of a
question Q iff ¢ € PresQ and (Vi) € PresQ)(p = ).

The model-theoretical view brings it about in a direct way. The definition
of presupposition gives o M* € M¥, for each ¢ € Pres@, which
means

acd
U MEC ﬂ MY = MPresQ
aed@ @p€EPresQ

and the set MP™? is a model-based counterpart to the definition of
maximal presuppositions.
If the background logic has tautologies, each of them is in Pres@.

TAUT(Vl C Pres@
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Considering safe questions we get
Fact 2.9 If Q is safe, then PresQ = TauTi™.

This fact says that if @ is safe, then UaedQ M = MPresQ Tn classical
propositional logic the disjunction of all direct answers of a question is
a presupposition of this question and if PresQ) = TAUTégL, then @ is
safe. This evokes a (meta)question whether the implication from right
to left is valid. If @ is not safe, then we know that UaedQ M is a
proper subset of M. But what about MPQ? After introducing a class
of normal questions in section 2 it will be valid MP™? c M as well as
the implication from right to left (see Fact 2.14).

A presupposition can be seen as an information which is announced
by asking a question, without answering it. Such information is relatively
small. The semantic range of all maximal presuppositions is wider than
the range of a question. Looking at finite CPL example where the disjunc-
tion of all direct answers forms just the semantic range of the question
brings us to the idea of prospective presupposition. It is a presupposition
which a question @ is sound relative to.

Definition 2.10 A declarative formula ¢ is a prospective presupposition of
a question Q iff ¢ € PresQ and ¢ || dQ. Let us write ¢ € PPresQ.

All prospective presuppositions of a question are equivalent:
Lemma 2.11 If , 1 € PPresQ, then ¢ = 1.

Proof of Lemma 2.11. If M | ¢, then there is @ € d@ such that M = a.
Since 1 € Pres@, a = ¢ and it gives M |= 9. We got ¢ = .
The proof of ¢ |= ¢ can be done the same way. qed

A prospective presupposition forms exactly the semantic range of a ques-

tion.
U M :MPPresQ
acdQ

If @ has a prospective presupposition ¢, it can be understood as the
“strongest” presupposition because ¢ entails each presupposition of Q.

Two questions with the same sets of presuppositions have the same
prospective presuppositions.

Lemma 2.12 If PresQ = Pres@: and both PPresQ and PPresQ; are not
empty, then PPres@ = PPresQ);.
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Proof of Lemma 2.12. We show that if ¢ € PPres@ and ¥ € PPresQ,
then ¢ = 1.

¢ € PPresQ implies M? = [J,c40 M* and J,cy0 M* € MY,
because ¢ € PresQ. It gives M¥ C MY and ¢ |= 1.

The proof that ¢ = ¢ is similar. ged

Presuppositions of evoked questions are entailed by the evoking set
of declaratives.

Fact 2.13 If T = Q, then T = ¢, for each ¢ € PresQ.

The implication from right to left does not hold. If we only know M" C
MPre@ we are not sure about M" C ¢ 40 M* as required by the first
condition of evocation. Clearly, the informativeness must be ensured as
well. Let us note that it cannot be improved by replacing of PresQ by
PPres@. We will return to this in the next subsection at the topic of
normal questions. To sum up all general conditions of an evoked question
(by T') and its presuppositions let us look at this diagram:

Ml"

N

UaEdQ ME = MPPresQ C MPresQ

Classes of questions based on presuppositions

Using the term presupposition we can define some classes of questions.?)

Normal questions A question @ is called normal if it is sound relative to
its set of presuppositions (Pres@ | dQ).

o Q € NORMAL iff {J,¢ o M = MPres@

Model-based approach introduces normal questions as questions with se-
mantic range delimitated by models of maximal presuppositions. Work-
ing with finite sets of direct answers and in logical systems with the “clas-
sical” behavior of disjunction (each direct answer entails the disjunction
of all direct answers) we do not leave the class NORMAL. Non-normal
questions can be found in classical predicate logic.

Two announced facts follow. They continue on the discussions at
Fact 2.9 and Fact 2.13.

Fact 2.14 If PresQ = TAUT[M and @Q is normal, then Q is safe.

12) Names and definitions of the classes are from Wigniewski [1995].
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Let us only add the clear fact, that the class of safe questions is a subset
of the class of normal questions (SAFE C NORMAL).

Fact 2.15 If T = ¢, for each ¢ € PresQ, and T [~ «, for each o € dQ of
a normal question @, then T' = Q.

Regular questions Each question with the non-empty set of prospective
presuppositions is regular.

e () € REGULAR iff (o € PresQ) (¢ |[= dQ)
Regularity of @ gives M@ C M?¥ C |, ag M® and it holds
REGULAR C NORMAL

If entailment is compact, both classes are equal.

Normal questions are sound relative to Pres@) and regular questions
are sound relative to PPres@. The following example shows an expected
fact that it is still not sufficient for evocation.

Example 2.16 (in CPL) Let Q = ?{(a V B),a}. This question is normal
and regular, the formula (aV ) is a prospective presupposition of Q, but

Pres@ £ Q.

If there is a set of declaratives T' such that I' = @, then normal
(regular) questions are sound as well as informative relative to Pres@
(PPres@). This is summed up by

Lemma 2.17 Let T = Q, for some set of declaratives T'. Then
1. @ € NORMAL implies PresQ = Q.
2. () € REGULAR implies ¢ = Q, for ¢ € PPresQ.

Proof of Lemma 2.17. For the first item, only informativeness (relative
to Pres@) must be showed. But if it is not valid, then Fact 2.13 causes
non-informativeness of () relative to I'.

The second item is provable by the same idea. ged
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Self-rhetorical questions Another special class of questions are self-rhe-
torical questions. They have at least one direct answer entailed by the
set of presuppositions.

e () € SELF-RHETORICAL iff (3o € dQ)(PresQ = «)

From this definition, it is clear that self-rhetorical questions are normal.
However, do we ask such questions? This class includes such strange
questions as completely contradictory questions that have only contradic-
tions in the set of direct answers, and questions with tautologies among
direct answers.

An evoked question is not of this kind.

Lemma 2.18 If there is T such that T' |= Q, then Q is not self-rhetorical.

Proof of Lemma 2.18. From Fact 2.13. ged

Proper questions Normal and not self-rhetorical questions are called
proper. Proper questions are evoked by their set of presuppositions.

e () € PROPER iff PresQ = Q

Evoked normal questions are proper (compare both Lemma 2.17 and
Lemma 2.18).

3  Questions and questions

This section is devoted to various inferential structures in which questions
appear on both sides (erotetic implication, reducibility of questions to
sets of questions) and to relations between two questions based on their
sets of direct answers. This second point focuses on “answerhood power”
of questions formalized by set-of-answers methodology.

EROTETIC IMPLICATION

Now, we extend the class of inferences by “implication” between two
questions with a possible assistance of some set of declaratives. Let us
start with an easy and a bit tricky example. If T ask

Q: What is Peter a graduate of: faculty of law or faculty of
economy”?

then I can be satisfied by the answer
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He is a lawyer.
even if I did not ask
Q1: What is Peter: lawyer or economist?

The connection between both questions could be shown by the following
set of declaratives:

Someone is a graduate of a faculty of law iff he/she is a lawyer.
Someone is a graduate of a faculty of economy iff he/she is an
economist,.

The first question @ can be formalized by ?{a1, a2} and the latter
one, speaking of Peter’s position, can be ?{f1, #2}. Looking at the ques-
tions there is no connection between them. The relationship is based on
the set of declaratives I' = {(a1 < (1), (g < B2)}. Now, we say that Q
implies @)1 on the basis of I' and write I', Q = Q1.

This relation is called erotetic implication (e-implication, for short)
and the following definition is from Widniewski [1995].

Definition 3.1 A question @ implies a question Q1 on the basis of a set
of declaratives I' iff

1. (Va € dQ)(T Ua | dQy),
2. (VB € dQi)(3A C dQ)(A #0 and T U B ||= A).

Returning to the introductory example, both questions are even
erotetically equivalent with respect to I': ', Q = Q1 as well as T, Q1 = Q.

The definition requires a little comment. The first clause should
express the soundness of an implied question relative to each extension
of I by a € d@. This transmission of truth/soundness into soundness has
the following meaning: if there is a model of I" and a direct answer to @),
then there must be a direct answer to (Q; that is valid in this model. If
Q1 is safe, then this condition is always valid (see Fact 1.6).

The second clause requires direct answers to ()1 to be cognitively
useful in restricting the set of direct answers of the implying question Q.

In comparison with evocation, the role of the set of declaratives
is a bit different. I" plays, especially, the auxiliary role; e-implication is
monotonic in declaratives and it gives the following [Wisniewski, 1995,
p. 173]:
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Fact 3.2 Let T',Q = Q1. Then AT, Q | Q1, for any set of declaratives
A.

This could be called weakening in declaratives. From this, it is clear that

1,Q E @4, for each Q and Q.
We will say a word or two about auxiliary sets of declaratives in the
next subsection.

Pure erotetic implication

Pure e-implication is e-implication with the empty set of declaratives. In
our semantic approach, I' includes only tautologies of a chosen logical
system. From Fact 3.2, whenever two questions are in the relation of
pure e-implication, then they are in the relation of e-implication for each
set of declaratives.

If Q@ E @1, then (pure) e-implication says that both questions have
the same semantic range.

Lemma 3.3 If Q = Q1, then U,ci0 M = Uscaq, MP.
Proof of Lemma 3.3. From the first condition of Definition 3.1
U moc Y M
aedQ BedQ1
and from the second one

J mrcyUamec U ae

BEdQ1 A aeA aedQ

ged

From this we can conclude that classes of safe and risky questions are
closed under pure e-implication for both implied and implying questions.

Fact 3.4 If Q E Q1, then Q is safe (risky) iff Q1 is safe (risky).

The same semantic range of questions linked together by pure e-
implication does not form an equivalence relation on questions (see non-
symmetry in Example 3.12 and non-transitivity in Example 3.13 in sub-
section 3). On the other hand, pure e-implication has some important
conclusions for classes of presuppositions. [Wisniewski, 1995, p. 184]
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Lemma 3.5 If Q E Q1, then PresQ = PresQ); .

Proof of Lemma 3.5. First, let us prove Pres@ C Pres@;. Let ¢ € Pres@,
SO UaedQ M C M¥?. Simultaneously, we know that from the second
condition of the definition of pure e-implication there is a non-empty
A C dQ, for each § € dQ1, such that MP C |J,cq M* € Uyeaqo M™.

Thus, M? C M¥, for each 3 € dQ;.
Second, for proving Pres@; C Pres@ suppose ¢ € Pres@;. The fol-
lowing inclusions are valid M C UﬁedQl MPB C M¥#, for each a € dQ.
ged

The claim of Lemma 3.5 is not extendable to the general term of e-
implication (cf. Example 3.8).

On this lemma we can base the following statement about an influ-
ence of pure e-implication on classes of normal and regular questions.

Theorem 3.6 If Q = Q1, then Q is normal iff Q1 is normal.

Proof of Theorem 3.6. If ) is normal, then

U Mﬁ _ U M :MPresQ :MPre5Q1
BEAQ1 acdQ

The first equation is from Lemma 3.3, the second one is from the nor-
mality of @), and the third one is from Lemma 3.5. ged

If we recall Lemma 2.12, then it is easy to say a similar fact for regular
questions.

Theorem 3.7 If Q = Q1, then Q is regular iff Q1 is regular.

Both theorems have similar results we have got for safe (risky) ques-
tions in Fact 3.4. Classes of normal and regular questions are closed to
pure e-implication. Normal (regular) questions purely imply only nor-
mal (regular) questions and they are purely implied by the same kind of
questions. [Wisniewski, 1995, pp. 185-186]

Concerning classes of questions in relationship with e-implication,
let us add that whenever @ = @1, then @ is completely contradictory
question iff @q is.
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Note on auxiliary sets of declaratives in e-implication Let us remind the
introductory example on page 68 to emphasize the importance of declar-
atives for e-implication. Similarly, the following example will point out
the role of implicitly and explicitly expressed presuppositions.

Example 3.8 (in CPL) Let Q1 = ?{«a, (3,7} and Q2 = ?{«a, B}, then nei-
ther Q1 |E Q2 nor Q2 |E Q1 (see the different semantic ranges of both
questions). On the other hand, if we would know that it must be (aV 3),

then (aV f3),Q1 E Qo.

Keeping the context of this example: the question Q)5 is normal as well
as regular, then PPresQ |= dQ2 and, in addition, there is A, non-empty
proper subset of d@Q, such that PPresQs |= A. It gives PPres@Qq, Q1 =
Q>. If the set PPresQ)- is explicitly expressed, the implication from @ to
Q- is justified.

But now, back to the general approach. In the following fact we
summarize when we can say that two questions and a set of declaratives
are in the relationship of e-implication.

Fact 3.9 Let us have T’ and two questions Q1 and Q2. In order to conclude
T, Q1 E Q2 it is sufficient to have T' |E dQ2 and T || A, where A is a
non-empty proper subset of dQ.

This fact can be formulated in this form: if ()5 is sound relative to I and
I' gives a partial answer to 1, then Q)7 implies ()2 with respect to I'.
We will add some points to this discussion in sections 3 and 3.

Regular erotetic implication

A special kind of e-implication arises if there is exactly one direct answer
in each A, then we say that Q regularly implies @ (on the basis of T').
The following definition originates from Wisniewski [2001].

Definition 3.10 A question Q) regularly implies a question Q1 on the basis
of a set of declaratives T iff

1. (Vo € dQ)(T Ua ||= dQy),
2. (VB € dQ1)(Ba € dQ)(T UB = a).

Because of the special importance of this relation let us use the symbol
F for it (so we write T', Q F Q).

In the case of pure regular e-implication, both conditions are changed
into the form:
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1. (Va € dQ)(a | dQy),
2. (VB €dQ1)(3a € dQ)(B = a).

If Q@ F @7 such that we can answer (Q1, then we have an answer to
Q. The relationship of pure regular e-implication between two questions
says that the implied question is “stronger” than the implying one in the
sense of answerhood (see also section 3).

Regularity can be enforced by the minimal number of direct answers
of an implying question: if @ = @, and |dQ| = 2, then Q F Q1.

Basic properties of erotetic implication

In this subsection, we are going to be interested in such properties as
reflexivity, symmetry, and transitivity of e-implication.
Erotetic implication is a reflexive relation.

Fact 3.11 T, Q E Q, for each T and Q.

Even if there are examples of the symmetric behavior of e-implication,
it is not a symmetric relation, generally.

Example 3.12 (in CPL) Let Q1 = ?{(aV B),a} and Q2 = {a,B}. Then
Q1 F Q2, but Q2 = Q1.

In this example there is no non-empty proper subset of dQ)s for the

formula (o V ) to fulfil the second condition in the definition of e-

implication. Moreover, it is useful to add that @), regularly implies Q5.
Erotetic implication is not transitive either.

Example 3.13 (in CPL) ?(aAB) F ?|a, 8] and ?|a, B = T, but ?2(anpB)
?a.

On the other hand, if we consider regular e-implication only, the following
theorem is valid.

Theorem 3.14 If Q1 F Q2 and Q2 F Q3, then Q1 F Q3.

Proof of Theorem 3.14. The first condition of Definition 3.10 is done by
Lemma 3.3.
The second clause of this definition is based on regularity that gives

(V7 € dQs)(3ar € dQ1)(MT C M®), qed
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We can do a cautious strengthening by the following fact:
Fact 3.15 If T',Q1 F Q2 and Q2 F Q3, then T, Q1 - Q3.

As a final remark, let us add that presuppositions of an implied
question are entailed by each direct answer of an implying question (with
respect to an auxiliary set of declaratives).

Fact 3.16 LetT,Q |= Q. Then

1. (Ya € dQ)(Vy € PresQ,) (T Ua = ¢)

2. If e-implication is regular, then (VB € d@Q1)(Vp € PresQ)(T'U 5 =
).

EVOCATION AND EROTETIC IMPLICATION

Both types of inferential structures can appear together and we are going
to investigate their interaction.

As shown in the next example, e-implication does not preserve evo-
cation. If we know I' = Q7 and Q1 = @2, it does not mean that it must

be T’ ': QQ.
Example 3.17 (in CPL)
e {(aV)} = 7Ia, B] and 2o, B = 2(aV B), but {(aVB)} I v g).

o {-a]% \:} ?Ne, B| and {a},?|a, B] E Ta, but there is an answer to T«
in {a}.

Of course, we do not see anything pathological in this example. Knowing
(a V ), resp. a, it is superfluous to ask ?(a V ), resp. ?a.

Generally speaking, this brought us back to the role of an auxiliary
set of declaratives in e-implication. Due to the admissibility of weakening
in declaratives (Fact 3.2) we can arrive at structures of e-implications
with T' containing (direct) answers to some of the two questions. On the
other hand, there are some solutions of this problem proposed by erotetic
logicians.®)

In contrast to the previous example, we can prove that evocation
carries over through a regular e-implication.

13) See, for example, the definition of strong e-implication given by Wi$niewski
in Wiéniewski [1995]. Fact 3.9 was the inspiration for the definition of strong e-
implication. The definition is the same as that of e-implication, but I |}= A is added
into the second clause.
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Lemma 3.18 IfT' = Q1 and Q1 F Q2, then T’ = Qo.

Proof of Lemma 3.18. The first condition requires M! C Uﬁesz MB.
It is valid because of the same semantic range of both questions.

Let us suppose that there is 3 € dQ5 entailed by I'. Then M C M#
and, thanks to regularity of e-implication, M C M®, for some a € dQ;.
But it is in contradiction with I" = Q1. ged

Lemma 3.18 can be formulated not only in the version of pure regular
e-implication.

Theorem 3.19 If T E Q1 and T',Q1 F Q2, then T = Qs.

Proof of Theorem 3.19. First, we prove I' | dQ2. Supposing it is not
true, then there is a model My of I' such that My [ 3, for each 5 € dQ-.
Because of T ||= dQ1, there is ap € d@Q1 and My = ap. From T U« |E
dQ2, for each a € dQ1, there must be some 3y € dQ2 such that Mgy | (o
and that is a contradiction.

Secondly, let us suppose that there is 5y € dQ2 and T' | (. Regu-
larity and second condition of e-implication give TUSy | « and it follows
I' = « that is in contradiction with T = Q1. ged

Since regularity was used only in the second part of the proof, we get an
expected fact that I' = @1 and T', Q1 F Q2 gives soundness of an implied
question @ relative to I'.1%

At the first sight, it need not be T', Q1 = Q2 or I, Q2 = Q1 if we only
know that I' = Q; as well as T' = Q5. Generally, neither evocation nor
e-implication says something new about structures of engaged questions.
Nevertheless, we can expect that some clearing up of the structure of
sets of direct answers could be helpful for the study of inferences. This
will be discussed in the next section.

COMPARING QUESTIONS—RELATIONS OF QUESTIONS BASED ON DIRECT
ANSWERS

So far we have introduced inferences that can produce certain relations
between questions. However, it would be useful to be able to compare

14) The second part of the proof of Theorem 3.19 could be slightly changed and we
obtain that strong e-implication carries over as well.

15) Let us take as an example (in CPL) the case {¢} = ?a and {¢} = ?8. Then
neither {¢}, 7o = 70 nor {¢}, 78 = ?a.
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questions with respect to their “answerhood power”. The chosen set-of-
answers methodology brings us to a natural approach.

Let us start with relations among questions based on pure compar-
ison of sets of direct answers.'®)

Definition 3.20

e Two questions are equal (Q1 = Q2) iff they have the same set of
direct answers (dQq = dQ2).

e A question Q1 is included in a question Q2 (Q1 C Q2) iff dQ1 C
dQs.

This approach could be extended in a semantic way. We say that (an
answer) « gives an answer to a question @ iff there is 8 € d@ such that
«a = (. Having two questions ()1 and @2 we can define a relationship of
“giving answers”:

Definition 3.21 A question Q1 gives a (direct) answer to Q2 iff (Va €
dQ1)(36 € dQ2)(a = B).

In this definition the first question is considered as to be (semantically)
“stronger” than the second one. For this we use the symbol > (Q1 > Q2).

If Q1 = Q2 or Q1 C Q2, then Q1 > @ and, moreover, each direct
answer to ()1 not only gives an answer to Q2 but also is a (direct) answer
to Qa, i.e., (Va € dQ1)(3B € dQ2)(a = ).

The relation > has a slightly non-intuitive consequence: a completely
contradictory question is the strongest one. However, the class of evoked
questions is not affected by this problem.

Let us note an expected fact—stronger questions presuppose more
than weaker ones.

Fact 3.22 If Q1 > Q2, then Pres@Qs C PresQ);.

This fact is not too useful. It is better to notice the relationship among
maximal presuppositions. We have MPres@1 C AMPresQ2 Each maximal
presupposition of a stronger question entails a maximal presupposition
of a weaker one, respectively, a prospective presupposition of a stronger
question entails a prospective presupposition of a weaker question. The
semantic range of a stronger question is included in the semantic range
of a weaker question.

16) The original definition refers to equivalent questions instead of equal (cf.
Wisniewski [1995]), but we use the first term for erotetically equivalent or semanti-
cally equivalent.
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Fact 3.23 If Q1 > Q2, then UaedQl M C Uﬁesz M7,

It follows that the set of safe questions is closed under weaker questions.
Fact 3.24 If Q1 is safe and Q1 > Q2, then Q2 is safe.

The next example shows that safeness of weaker questions is not trans-
ferred to stronger ones.

Example 3.25 (in CPL) ?{8 A «a,—-3} > 70

Answerhood, evocation, and erotetic implication

We can show some results of evocation and e-implication based on prop-
erties of the >-relation. The first one is an obvious fact that an implied
stronger question is regularly implied.

Lemma 3.26 If F,Ql ': Q2 and Q2 Z Ql; then F,Ql + QQ.

Recall what is required of the regular e-implication: (V4 € dQ2)(3a €
d@1)(T, B = «). Then the lemma follows.

If the relation is converted, i.e., Q1 gives an answer to (Q2, then
whenever 1 implies Q2, Q2 regularly implies )1 (both with respect to
I'). Moreover, both questions are erotetically equivalent relative to I'.

Theorem 3.27 If F,Ql ): QQ and Ql > QQ, then F,QQ - Ql.

Proof of Theorem 3.27. First, we need to show that I' U 8 | dQ1, for
each 8 € dQ@s. But it is an easy conclusion from I', Q1 | @2 because
there is a subset A C d@ for each 8 € dQ2 such that T'U 5 | A.

The second condition of regular e-implication is justified by the same
way as it is in Lemma 3.26. ged

Now, as it was stated before, we are going to study the influence of
“giving answers” on the relationship of evocation and e-implication. We
know that, generally, if I' evokes (1 and @2, it need not be that either Q4
implies Q2 or Q2 implies @1 (with respect to I'). If a stronger question is
evoked by TI', then every weaker question regularly implies this stronger
one with respect to I'.

Theorem 3.28 IfI' = Q1 and Q1 > Q2, then I', Q2 - Q1.
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Proof of Theorem 3.28. First, T'US |l= dQ; is required for each 5 € dQs.
We get T' | dQq from T = Q.

Second, from @1 > Q2 we have (Vo € dQ1)(36 € dQ2)(« |E B) and
it gives the second condition of regular e-implication (Vo € d@Q1)(35 €

dQ2)(T' U a = ). qed

To digress for a moment, this repeated connection of > and regular
e-implication is not an accident. The definition of regular e-implication
says that if Q1 F @2, then Q5 gives an answer to @1, i.e., Q2 > Q1.
However, “giving an answer” does not produce e-implication, see the
next example.

Example 3.29 (in CPL) ?{(a A ), (BAY)} > {a, B}, but neither 7{(a A
), (BAY)} E Ha, B} nor Ha, B} = {(a A g), (BAY)}

To go back to evocation, it is clear that two equal questions are
both evoked by a set of declaratives if one of them is evoked by this set.
Generally, it is not sufficient to know I' = Q1 and Q1 > Q2 to conclude
I' &= Q2. An evoked stronger question only implies the soundness of
weaker questions relative to I'. Let us illustrate it in the case that the
first question is included in the second one (Q; C Q2); there could be
a direct answer to Qo which is entailed by I'. This reminds us of the
non-monotonic behavior of evocation. Notice that Q2 C @1 will not help
us either. In the connection with the relation > we have to require a
version of an equality.!?)

Fact 3.30 Let Q1 > Q2 and Qo > Q1. Then
e 'E=Q1iff T | Qo
e Q1 F Q2 as well as Q2 - Q.

Controlling the cardinality of sets of direct answers

The set of direct answers of a weaker question can be much larger than
that of a stronger question. The book Wisniewski [1995] introduces two
relations originated from Tadeusz Kubinski that prevent this uncon-
trolled cardinality.

Definition 3.31 A question Q1 is stronger then Q2 (Q1 = Q2) iff there is
a surjection j : dQ1 — dQo such that for each a € dQ1, o = j(«).

17) We are not going to introduce a special name for this relationship; it is included
in the erotetic equivalence.
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The number of direct answers of the weaker question Q2 does not exceed
the cardinality of dQi, i.e., |[dQ1| > |dQ2|. From the surjection, addi-
tionally, we know that each direct answer of a weaker question is given
by some direct answer to a stronger question. We have used the term
stronger in a bit informal way for questions that “give an answer” to
weaker ones. It is clear that if Q1 = @2, then Q1 > Q2. But, unfortu-
nately, we cannot provide any special improvement of previous results for
=-relation. In particular, Examples 3.25 and 3.29 are valid for >-relation
as well.

The other definition corresponds to a both-way relationship of “be-
ing stronger”.

Definition 3.32 A question Q1 is equipollent to a question Q2 (Q1 = Q2)
iff there is a bijection © : dQy — dQ2 such that for each a € dQq,
a =i(a).

In this case, both sets of direct answers have the same cardinality (|dQ:| =
|dQ2|). Let us add expected results gained from equipollency.

Fact 3.33 If Q1 = Q2, then
e both Q1 = Q2 and Q2 = Q1,
e I'EQ iff T = Qo
e Q1+ Q2 as well as Q2 Q1.

Of course, two equal questions are equipollent.

Partial answerhood

We declared that the study of various types of answers (generally speak-
ing, answerhood) is not the central point of this paper. However, we can
utilize the idea evoked by the second clause of Definition 3.1. Narrowing
down the set of direct answers of an implying question seems to be a
good base for the term partial answer.

Definition 3.34 A declarative ¢ gives a partial answer to a question Q iff
there is a non-empty proper subset A C dQ such that ¢ ||= A.

This definition allows us to cover many terms from the concept of the an-
swerhood. Every direct answer gives a partial answer. Whenever 1 gives
a (direct) answer, then v gives a partial answer. As a useful conclusion
we get a weaker version of Theorem 3.28:
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Fact 3.35 If T' = Q1 and each o € dQ; gives a partial answer to Qa,
then T, Qs = Q1.

QUESTIONS AND SETS OF QUESTIONS

Working in the classical logic, let us imagine we would like to know
whether it is the case that « or it is the case that §. The question
?{a, 8} is posed. But there could be a problem when a device, to which
we are going to address this question, is not able to accept it. (This can
be caused, e.g., by a restricted language-acceptability.) However, assume
that there exist two devices such that: the first one can be asked by the
question 7a, and the other one is able to work with the question 7.
From both machines, independently, we can get the following pairs of
answers: {a, 8}, {—a, 8}, {a, 0} or {~«,—F}.

Posing the question @ = ?{«, 5} we expect that if an answer to @
is true, then there must be a true answer to each question from the set
{?a, ?0}. Thus, we require soundness condition “from an initial question
to a set of questions”.

Generally speaking, let us suppose that there are a question ) and
a set of questions ¢ = {Q1,Qa,...}. For each model of a direct answer
to @ there must be a direct answer in each @; valid in this model.

(Va € dQ)(VQ; € ¢)(a |F= dQ;)

Possible states (of the world) given by answers to questions in the set ¢
must be in a similar relation to the initial question. Whenever we keep
a model of the choice of direct answers from each question in ¢, then
there must be a direct answer to () true in this model. For this, let us
introduce a choice function £ such that £(Q;) chooses exactly one direct
answer from dQ@;. For each set of questions ¢ and a choice function &
there is a choice set A? = {£(Q;) | Qi € ¢}.'® The soundness condition
in the other direction (“from a set to initial question”) will be expressed,
generally, by (VA?)(A? |l dQ).
Back to our example, there are four choice sets:

Ae = {a, B}
Ae, = {~a, B}
A€3 = {a’ _'6}

Af4 = {ﬁo‘v ﬁﬁ}

18) If the set ¢ is clear from the context, we will write only Ag.
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But the fourth one is not in compliance with the second soundness
requirement, it is in contradiction with our (prospective) presupposition
(a V B). If we admit the additional answer (-« A —3) and a question
in the form ?{c, 8, (—ma A =)}, mutual soundness of this question and
the set of questions {?«, 7?3} will be valid. But this solution seems to
be rather awkward. A questioner posing the question ?{«, 5} evidently
presupposes («a V 3). This will bring us to the definition of reducibility
with respect to an auxiliary set of declaratives and the mutual soundness
will be required in the following forms:

(Vo € dQ)(VQ; € ¢)(T U« | dQ;)

and

(VAD)(T U A? [ dQ).

Our example produces more than soundness of @) relative to each
A? (with respect to I'), also efficacy of each A? with respect to a question
Q is valid:
(VAZ)(3a € dQ)(N'U AL = a).
It will be reasonable to keep this strengthening. We require to obtain at
least one answer to an initial question from a choice set. Whenever T’

and A? describe the state of the world, there must be a direct answer to
a question ) that does the same job.

Reducibility of questions to sets of questions

We can take advantage of the previous discussion for the direct definition
of reducibility of a question to a set of questions. Now, we introduce pure
reducibility that does not use any auxiliary set of declaratives.

Definition 3.36 A question Q is purely reducible to a non-empty set of
questions ¢ iff

1. (Va € dQ)(VQ; € ¢)(a | dQ:)
2. (VA?)(3a € dQ)(Af k= )
3. (VQi € ¢)(|dQs| < |dQ))

First two conditions express mutual soundness, the second one adds ef-
ficiacy, as it was discussed, and the last one requires relative simplicity.
If @ is reducible to a set ¢, we will write @) > ¢. The definition of pure
reducibility was introduced by Andrzej Wisniewski in Wisniewski [1994].
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Example 3.37 (in CPL)
e Ha, B, (man=B)} > {?a, 75}
e ?a, B > {7, 76}
e 2(ao ) > {?a,?3}, where o is any of the connectives: A\,V, —

In the first item, there is the “pure” version from the introductory discus-
sion. All items display reducibilities between initial safe questions and
sets of safe questions. The following theorem shows that it is not an
accident.

Theorem 3.38 If Q > ¢, then Q is safe iff each Q; € ¢ is safe,

Proof of Theorem 3.38. The first condition of Definition 3.36 can be
rewritten as UaEdQ M C Uﬁein MPB for each Q; € ¢, and it gives
the implication from left to right.

For the proof of the other implication, let us suppose @ > ¢ and
that each @; € ¢ is safe, but @ is not. It implies the existence of model
My € M such that My }£ «, for each a € d@. The safeness of all Q;
gives (VQ; € ¢)(30 € dQ;)(My = ). Thus, there is A? made from these
Bs and My = A?. But it is in contradiction with the second condition of

the definition of Q) > ¢, which gives the existence of some a € d@ such
that My = a. qed

From this we know that if there is a risky question among questions in
¢ and @ > ¢, then @ must be risky too. [Wisniewski, 1995, p. 197]
The rewritten first condition of Definition 3.36 is of the form

Jmren U

acdQ i BedQ;

and it brings out the relationship of semantic ranges. The semantic range
of a reduced question is bounded by the intersection of all semantic ranges
of Q;s.

The relation of pure reducibility is reflexive (Q > {Q}) and we can
prove the following version of transitivity:

Theorem 3.39 If Q > ¢ and each Q; € ¢ is reducible to some set of
questions ¢;, then Q > J; ¢i.



Consequence Relations in Inferential Erotetic Logic 83

Proof of Theorem 3.39. The third condition of Definition 3.36 is clearly
valid.

The first one is easy to prove. From @Q > ¢ we get UaedQ M C
Uﬁein MP_ for each Q; € ¢, and from the reducibility of all Q; in ¢ to
an appropriate ¢; we have Uﬂein M8 C Uvede M7, for each dQ; € ¢;.
It gives together ey M* € U, caq, M7, for cach @; € U, .

For the second one we require the existence of a € d@ such that
A?“z” E a, for each Azj“bi. From the reducibility of all @; in ¢ to an
appropriate ¢; we have that each A?ﬁ is a subset of some Ag"‘ﬁ". It implies
that if there is any model M of A?mZ it must be a model of some AZ’}'.
From @ > ¢ we know that there is a € d@Q for each choice set Af,, on
¢. This choice set is made by elements of all dQ; € ¢ which are valid in

M. It means that A?,, is valid in M as well as a € dQ. ged

Now let us look at the relationship of pure reducibility and pure
e-implication. The following example shows that it need not be that
e-implication causes reducibility. Both definitions have the same first
conditions, but the second condition of reducibility can fail.

Example 3.40 (in CPL) ?|o, 8] = 7(a A B), but ?|a, 8] B {?(a A ()}

On the other hand, we can prove that regular e-implication implies re-
ducibility.

Lemma 3.41 Let ¢ be a set of questions such that Q F Q;, for each Q; €
¢. If (VQi € ¢)(|dQ;| < [dQ)), then @ > ¢.

Proof of Lemma 3.41. Let us prove the second condition of Definition 3.36
that requires existence of o € d@ such that MAZ) C M=, for each A?

It is known that ./\/lA25 C MP for each 8 € A?. If QF Q;, then for each
B € dQ; there is o € dQ such that MP C M?. Thus, MAg C M. qed

What about if we know Q; = Q or, even, Q; F Q, for each Q; € ¢,
and (VQ; € ¢)(]dQ;| < |dQ|), can we conclude that Q > ¢? Example 3.40

gives the negative answer to this question as well as ?(a A 8) - ?|a, 3.
Not even reducibility produces e-implication.

Example 3.42 (in CPL) ?(a A B) > {?a, 78}, but ?(a A B) is not implied
neither by 7o nor by 78 and ?(a A B) does not imply neither 7« nor 7.
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In the next subsection we will study some special cases of links between
reducibility and e-implication.

So far we have worked only with the pure reducibility. It could be
useful to introduce the general term of reducibility as it was seen in the in-
troductory example. The definition is almost the same as Definition 3.36,
but the mutual soundness and efficacy conditions are supplemented by
an auxiliary set of declaratives I' (cf. Lesniewski and Wisniewski [2001]).
We will write ', Q > ¢.

Definition 3.43 A question Q is reducible to a non-empty set of questions
@ with respect to a set of declaratives I' iff

1. (Ya €dQ)(VQ; € ¢)(T U | dQ;)
2. (VA?)(3a € dQ)(N U A |= a)
3. (VQi € ¢)(|dQs| < |dQ))
The introductory discussion is displayed in this example:
Example 3.44 (in CPL) (aV ), 2{a, 8} > {?a, 76}

As it is expected, the role of I' is similar to the role of an auxiliary set
of declaratives in e-implication:

Fact 3.45 If Q > ¢, then T',Q > ¢, for each T

So we can speak of weakening in declaratives and it enables us to generalize
Lemma 3.41.

Theorem 3.46 If T',Q = Qi, for each Qi € ¢, and (VQ; € ¢)(|dQs| <
|dQ|), then T',Q > ¢.

Proof of Theorem 3.46. The third and the first conditions of Definition 3.43
are obvious.
The second one requires that for each A‘g there is a € d@ such

¢
that M"Y4¢ C M. From the construction of choice sets we know that
for each A? and Q; € ¢ there is 8 € dQ; (member of A?) such that

MFUA? C M"YB. The regular e-implication provides that there is o €
dQ for each 8 € dQ; such that M8 C M. ged
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We close this subsection by reversing the “direction” of the reducibil-
ity relation. Let us suppose that we have generated a set of questions ¢
that are evoked by a set of declaratives I'. Can we conclude that I" evokes
such a complex question which is reducible to the set ¢? Generally, not.
But if we know that the complex question gives an answer to some ques-
tion from ¢, the answer is positive.

Theorem 3.47 IfT' evokes each question from a set ¢, Q > ¢, and there
is a question Q; € ¢ such that Q > Q;, then T E Q.

Proof of Theorem 3.47. Soundness of @) relative to I' requires the exis-
tence of an answer a € d@ for each model M | T'. From the evoca-
tion of each @; € ¢ we have (VM | I')(VQ; € ¢)(308 € dQ;)(M E
B3). So, each model of T' produces some choice set such that (VM =
F)(EA?)(M = Ag) Together with reducibility, where it is stated that
(VA?) (3 € dQ)(Af = a), we get T' |I= dQ.

Informativeness of (Q with respect to I' is justified by >-relation for
some question Q; € ¢. I T’ = «, for some o € dQ, then it gives a
contradiction with T' = Q;. ged

Given the conditions of Theorem 3.47 are met, we obtain:
e I'Q E Q;, for each Q; € ¢, and
° Fan F Q7 for Q > Qz

The first item is based on Fact 3.9 and the second one is given by the
help of Theorem 3.28.

Reducibility and sets of yes-no questions

The concept of reducibility is primarily devoted to a transformation of a
question to a set of “less complex” questions. The introductory discussion
and its formalization in Example 3.44 evoke interesting questions:

e If we have an initial question Q = ?{a1, s, ...} with, at worse, a
countable list of direct answers, is it possible to reduce it to a set
of yes-no questions based only on direct answers of Q7

e Moreover, could we require the e-implication relationship between
@ and questions in the set ¢7
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We can find an easy solution to these problems under condition that
yes-no questions are safe and we have an appropriate set of declaratives.
We will require @ to be sound with respect to I'.

Lemma 3.48 Let us suppose that yes-no questions are safe in the back-
ground logic. If a question Q = ?{ay,aq, ...} is sound with respect to a
set I, then there is a set of yes-no questions ¢ such that I',Q > ¢ and
I,Q E Q;, for each Q; € ¢.

Proof of Lemma 3.48. First, we define the set of yes-no questions ¢ based
on the initial question @ = ?{a1, as,...} such that

¢ = {7041, ?O{g, .. }

Secondly, we prove the condition that is common for both reducibil-
ity and e-implication. The safeness of members of ¢ implies that M C
Usedq, MPB for each a € dQ and Q; € ¢. This gives MV C Useaq, MP.

To prove reducibility we have to justify the second condition of Defi-
nition 3.43. We need to find an a € d@) for each A? such that FUA? E a.
Two cases will be distinguished.

1. If there is o from both A? and d(@), then choose this direct answer.

¢
2. If there is no direct answer o € d() in A?, then M"Y4¢ = () and
we can take any « from d@.

The final step is the proof of e-implication. We have to show that
for each @; and each direct answer 8 € d@); there is a non-empty subset
A C dQ such that T'US |= A. For this, we utilize the shape of questions
in ¢.

1. If B € dQ, then A could be {8} and T'U g |E {8}

2. If 8 € d@Q and I' U B has at least one model, we recognize that
MIPVB C MY, Simultaneously, 8 must be of the form —a; and A
can be defined as d@ \ {a;}. Together with soundness of initial
question Q with respect to I', which means M C UaedQ M, we

get MTYB C Uaea M.
ged

This lemma enables us to work with classes of questions which are known
to be sound relative to sets of their presuppositions. (Normal and reg-
ular questions are the obvious example.) Whenever we know that the
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initial question is evoked by a set of declaratives, we get the following
conclusion.

Fact 3.49 Working in logics where yes-no questions are safe, if a question
Q = Hay,a,...} is evoked by a set of declaratives T, then there is a
set of yes-no questions ¢ such that T',Q > ¢ and T',Q E Q;, for each

Qi € ¢.

This fact corresponds to Lemma 1 in the paper Lesniewski and Wisniewski
[2001] where a bit different definition of reducibility is used, but the re-
sults are the same.

If dQ is finite or the entailment is compact, the set ¢ is finite set of
yes-no questions. Simultaneously, it is useful to emphasize that the proof
of Lemma 3.48 shows how to construct such a set.'®)

In logics with risky yes-no questions, the first condition of reducibil-
ity as well as e-implication can fail. It need not be M C (MPUM™F),
for each o € d@ and each 73 € ¢. More generally, we can ask for a help
the auxiliary set of declaratives again. Let us remind Fact 3.9 and put
soundness of each Q; € ¢ with respect to I'. Going through the proof of
Lemma 3.48, the rest is valid independently of safeness of yes-no ques-
tions. As a conclusion we get

Fact 3.50 If a question Q = ?{a1,a,...} is sound relative to a set T,
and there is a set of yes-no questions ¢ = {?aq,aq,...} (based on Q)
such that T' ||= dQ;, for each Q; € ¢, then T,Q > ¢ and T, Q = Q;, for
each Q; € ¢.

The construction of yes-no questions provided by Lemma 3.48 does
not prevent the high complexity of such yes-no questions. Observing the
last item of Example 3.37, it seems worthwhile to enquire whether it is
possible to follow this process and to reduce a question (with respect to
an auxiliary set of declaratives) to a set of atomic yes-no questions based
on subformulas of the initial question (cf. Wisniewski [2006]). The first
restriction is clear, yes-no questions must be safe. But it is not all, the
second clause of pure reducibility (Definition 3.36) requires the truth-
functional connection of subformulas. Then the answer is positive. We
can use repeatedly a cautious extension of Theorem 3.39:

Fact 3.51 IfI',Q > ¢ and each Q; € ¢ is reducible to some set of ques-
tions ¢;, then T',Q > U, ¢;.

19) The same result is provided by theorems 7.49-7.51 in Wisniewski [1995].
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There is a similar concept based on properties of the classical logic
and e-implication: erotetic search scenarios (see Wisniewski [2001, 2003,
2004]). If we recall Example 3.13, we can recognize the “truth-functional”
role of the question ?|«, | as an interlink between ?(a A 8) and ?«, resp.

?8.



I Five |

A Quick Guide to Independence
Results

Radek Honzik

1 Introduction.

Many people feel a bit suspicious as regards modern set theory since
many of its results are stated in terms of consistency. Arguably, this
might mean that set theory doesn’t tell us what is true, or at least
provable, but rather what is not provable. Be it as it may, if one wants
to have basic understanding of modern set theory, he or she must have
some familiarity with techniques used to obtain consistency results. This
article should provide introduction to these techniques without assuming
special training in set theory.

Consistency results are an integral part of set theory at least for
the following two reasons. First, many questions about sets do not seem
to have an intuitively acceptable unique solution; this suggests that the
axioms (or basic “truths”) which we accept today are not rich enough.
Consistency results can thus be construed as an improvement of our
understanding of sets in general. Examples of such questions include
the Axiom of Choice, AC or the Continuum Hypothesis, CH which we
discuss in some detail in this article. Second, there exists in set theory
a very general technique for showing consistency results. Other areas
of mathematics are not so “lucky” and hence — with some degree of

Supported by grant GA CR no. 401/03/H047
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exaggeration — we could claim that consistency results do not occur so
frequently in other areas of mathematics because people do not know
how to obtain such results (this in particular true of arithmetics). This
technique for obtaining consistency results in set theory is called forcing,
and it is the main focus of this article.

2 Naive set theory

Majority of introductory books into the set theory, such as Kunen [1980]
and Balcar and Stépanek [2000], start with the list of axioms, sometimes
with motivation for each axiom. But even with motivations this may
seem unattractive to an interested reader because he or she may (justly)
argue that introductions to arithmetics or analysis don’t proceed in this
formal fashion. It may support the (mistaken) conviction that set theory
is utterly artificial since it lacks a true background from which it could
draw its intuitions.

Yielding some ground to these objections, we will do set theory in
this section without formal restrictions, enjoying the “naive” approach. It
will become increasingly obvious, however, that its strategy is not viable
and will have to be changed.

BAsic TRUTHS

Though not formulated as axioms in some formal system, we will still
have to say what we consider true of sets. The very fact that we have
to do this shows that we are less certain with respect to sets then, for
instance, with respect to natural numbers. There will be no attempt to
give some “minimal” list (neither “ultimate”), nor the most economical
one.

Also — although it may be superfluous and redundant for most of the
readers — it is prudent to clear one possible cause of misunderstanding
just at the beginning. It is fairly common to think that there are two
kinds of objects in set theory: sets and elements, and that an element
is in some sense basic and connot contain other elements (the notorious
example of a bag of apples). This picture is of course wrong. In fact,
there is only one kind of objects, namely sets; “to be an element of” is a
binary relation between two sets, and this fact is denoted as x € y, where
x,y are sets.

For better orientation we may divide the basic truths into two groups:
(i) structural properties, and (ii) algebraic properties.
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Definition 2.1 The basic truths are the following statements.
(i) Structural properties

— We completely ignore the question what sets are, both in the meta-
physical and physical sense.

— Extensionality. Two sets will be identical iff) they have the same el-
ements; i.e. we disregard any intensional properties of the elements.

— Infinity. The natural numbers, taken all together, are a set. In set
theory, this set is customarily denoted as w.

(ii) Algebraic properties

— Pairing. For any two sets x,y there is another set {z,y} that con-
tains exactly the sets z,y.

— Union. For any set x there is another set | Jz that contains all
elements of all the elements of z (i.e. y is in | = iff there is another
set z in z, and y is in 2).

Comment. This operation has an obvious connection with the U
operation known from the basic (school-taught) set theory:

Ute.y} =zuy.

{J is obviously more general — unlike the U operation which joins
elements from two sets, | can join the elements of arbitrarily many
sets (their number is determined by the size of z in | z).

— Power set. For any set x there is another set &?(x) which contains
exactly all the subsets of x.

— Closure under arbitrary set-operations. For any operation F' from sets
to sets, the image of F' from a set x is also a set, i.e. F""z = {y|3q €
x such that y = F(q)} for a set z is a set.

Comment. In formulating this property we have admittedly crossed
the line of what is intuitively true. But a weakening of the above
property is intuitive: if P is a property and = a set then there is

1) “Iff” is shorthand for “in and only if”.
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a set y which contains exactly the elements of x satisfying prop-
erty P. The stronger form is however necessary even for the most
elementary proofs.?)

The reader may wonder what about other properties which are
widely known, such as axiom of choice, continuum hypothesis and other.
Well these are not intuitively true (or false) so we should try to show
them true or false — but before we do this, we first have to know more
about sets, based on the basic properties we have just given.

We close this paragraph with a technical note. The above assump-
tions postulate what objects are sets. For instance if x is a set, then
P(x) is a set. But what about X = {z|z ¢ z}7 We know from the
Russell’s paradox, that X must not be a set, or else our system is in-
consistent.?) The crucial point here is how new sets are formed — it is
tempting, and this is what Frege, who much to his misfortune introduced
the so called Russell’s paradox into his system for arithmetics, effectively
did, to be as general as possible: a set is an arbitrary collection of objects
satisfying some property. If, however, we accept this general rule to form
new sets, or technically speaking this form of axiom of comprehension,
we get the above contradiction — = ¢ x is certainly a property and X
should accordingly be a set. So we must be more restrictive and include
some safeguards in our system. It turns out that the statements under
the heading “Closure under arbitrary set-operations” provide these safe-
guards. In effect, they allow a new set to be created only from a set which
already exists. For instance if x is a set, then {y € x|y € y} is a set;
the reader may verify for himself or herself that this time we don’t get a
contradiction.

To complicate things a little, the object X = {x|x & x} — which
we have just now excluded from our universe of sets — is nonetheless
too “intuitive” to be banned altogether. In fact, under the axiom of
foundation (see Definition 3.2), the object X contains all sets which exist,
ie. X = {z|z = x}. We have agreed that this is not a set, but we still
want to “refer” to it for practical purposes. To cut long story short, we
will distinguish two kinds of objects: sets and classes. The latter objects
may be too big to be sets and we will have to treat them with some

2) Tt is necessary for definition of a function by recursion. Recursion is for instance
indispensable in the proof that axiom of choice is equivalent to the claim that all sets
can be wellordered. For more details about recursion, see Fact 3.1.

3) Denote X = {z|z ¢ z}. But then X € X implies X ¢ X, and X ¢ X implies
X € X, so we have a contradiction.
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caution.? Some classes can also be sets, but those which are not sets are
called proper classes. Canonical examples of the proper classes are the
class X = {x|z = z}, which is customarily denoted V', or the proper
class of ordinal numbers, On, to be defined below. For more rigorous
treatment, see discussion after Definition 3.2.

THE NOTION OF “SIZE” OR “MAGNITUDE”

There are many things which are true about sets, but it seems most
natural to concentrate on the notion of “size” since set theory is, after
all, about “big” sets.

The most obvious question is if we have “more” infinity than just
the set of natural numbers. There can be several approaches which clarify
the idea of “more infinity”; with some generalization, we can distinguish
two main types: comparison via the 1-1 functions or via the types of
wellordering.?)

The first notion is in some sense stronger (but also coarser, as the
reader shall see further on) so we will take it up first.

We say that z is smaller than y if there is a 1-1 function from x to
.5 We shall denote this relation as |z| < |y|. If |z| < |y|, but |y| £ |z,
we write |z| < |y| and say that x is strictly smaller than y. Note that
this definition is reasonable in the sense that the usual “sizes” of natural
numbers satisfy this property, for instance |n| < |n+1] is true for all n.”

Theorem 2.2 (Cantor) For any set x,
|z < [Z(2)].

In particular, if w denotes the set of all natural numbers,
wl < |2Z(w)l,

i.e. we have more infinity than just natural numbers.

4) This compares nicely with the situation in arithmetics: the set of all natural num-
bers is certainly not a natural number, but we still (indirectly) refer to it when we
claim that something is true about all natural numbers.

5) A function f is 1-1 if no two distinct x1,z2 in the domain of f have the same
image, i.e. ©1 # x2 implies f(z1) # f(x2).

6) To avoid confusion, this function is itself a set, construed as a set of ordered pairs,
and must be first shown to exist.

7) Here we use the standard set-theoretical usage which identifies a natural numbers
with the set of its predecessors: n = {0,...,n — 1}; in particular n has n elements.
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Proof of Theorem 2.2. We only show that |w| < |Z?(w)]| since the gen-
eralization to an arbitrary z is immediate. We first show that (i) |w| <
| 2 (w)|, and then we show (ii) 2(w) £ |w|; this implies that |w| < |2 (w)|
as required. (i) is obvious: define g to map n € w to {n} € £(w). To
prove (ii) we argue by contradiction. For contradiction suppose there is
1-1 function f from &?(w) into w. Consider the set

A={newngf(n)}

for all n in the range of f. As A is a subset of w, A is in the domain of
f; let a denote the image of A under f, i.e. f(A) = a. Then there are
two possibilities: (a) a € A, but then by definition of A, a & f~!(a) = A,
contradiction; (b) a ¢ A, but then a ¢ f~!(a), and thus satisfies the
property defining A, hence a € A, contradiction. As both possibilities
lead to contradiction, we have proved that | #(w)| £ |w|. ged

It may be added that the structure of the proof is a “positive incor-
poration” of the Russell paradox into the set theory. See discussion after
Definition 2.1.

At first glance, the set #(w) may seem somewhat artificial. We
show that practically for all purposes, it can be identified with the real
numbers, R. We shall only show that ?(w) has the same size as R, but
the analogy can be taken much further.®)

Lemma 2.3 |Z(w)| = |R|, i.e. there is 1-1 function from all subsets of
natural numbers onto the set of all real numbers.

Corollary 2.4 There are more real numbers than natural numbers.

Sketch of proof. Though it is possible to construct directly a function f
which is 1-1 and onto, we will be more lenient and demand only that
|2 (w)| < |R| and [R| < |2 (w)].”) First notice that the size of all real
numbers is the same as the size of the unit interval (0, 1). Without going
into details, the basic idea is to write each » € (0,1) in its (perhaps
infinite) binary expansion (i.e. using only the numbers 0 and 1) and view
this expansion as a characteristic function of a subset of the natural

8) For those familiar with topology, in set theory R is customarily identified with the
product topology on 2¢ (the so called Cantor discontinuum), or on w* (the so called
Baire space).

9) It is a theorem in set theory, the so called Cantor-Bernstein theorem, which claims
that we are perfectly entitled to do this, i.e. that |A| < |B| and |B| < |A]| already
implies |A| = |B].
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numbers (i.e. if there is 1 at place n of the binary expansion, then think
of n as being a member of the corresponding set; if there is 0 at place n,
then 7 is not in the set).!?) qed

The other type of infinity — based on wellorderings — is in some sense
finer than the comparisons utilizing 1-1 embeddings.

Definition 2.5 A binary relation < is a partial ordering on A if the follow-
ing conditions hold:*")

(i) < is irreflexive, i.e. for all a in A, a £ a;
(ii) < is transitive, i.e. for all a,b,c € A, a < b and b < ¢ implies a < c.

Notice that partial ordering doesn’t demand that all members of A
are comparable, i.e. it doesn’t have to be true that for all a,b € A, either
a < b holds, or else b < a. If it does hold that for all a,b € A, either
a < b holds, or else b < a, we call such ordering linear.

Definition 2.6 We say that A is wellordered by < if < is a partial ordering
on A and for every X C A the ordering < restricted to X has a least
element.

Note that this definition in particular implies that < on A is lin-
ear. The most prominent example of a wellordered set is N, or in set-
theoretical notation, w, i.e. the set of natural numbers (if X C w, pick
any ¢ € X; then {y < x|y € X} is finite and certainly has a least ele-
ment). Also note that the whole numbers, or integers, denoted Z, are not
wellordered — the set of negative numbers doesn’t have a least element.
Disregarding niceties, the assumptions given in Definition 2.1 allow us
to prove that there is a set that contains one more element than w and
the ordering < on w can be so extended that the new element is bigger
than all elements of w (in simple terms, take all elements of w and put
one new element after them all). Let us denote this set suggestively as
w + 1, and the new element w.'?

10) The more careful argument has to take into consideration that for instance the
number 0, 001 is the same as 0,010 though the corresponding sets are different; a hint
to the reader: when constructing a function from Z(w) into (0, 1), think of (0,1) as
a disjoint union of (0,1/2) and (1/2,1) and map the set 0,001 into one half and the
set 0,010 into the other.

11) We must emphasize that < is in fact a set consisting of ordered pairs; we write
z < y to denote (z,y) €<.

12) In fact, under the formal definition, w + 1 is identified with w U {w}, the ordering
< being the € relation.
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We now show the simple observation that using the notion of infinity
based on 1-1 functions, w has the same size as w + 1, but with respect to
the wellordering <, the set w + 1 is strictly longer (or “bigger”).

Observation 2.7 |w| = |w + 1|, but (w,<) and (w + 1,<) are not order
isomorphic, i.e. there is mo 1-1 function i from w onto w + 1 such that
n < m iff i(n) <i(m).

Proof of Observation 2.7. For the first claim, define i(0) = w and i(n) =
n — 1, for n > 0. The second claim follows easily from the fact that
whereas in w all elements have finitely many predecessors, in w + 1, w
has infinitely many predecessors. ged

Note also, that there are many sets that are not identical, but still are
order isomorphic (such as the set of all even numbers with the inherited
ordering and the set of all natural numbers) — hence our result is not
automatic.

We can iterate the above process, and obtain a sequence of ever
longer sets

ccwwtlw+2, . wtw. ..,

where w+w is intuitively a set consisting of two copies of w put one after
the other. But we needn’t stop at that — writing w -2 for w4+ w, we obtain

W2, w243, W

2

where w* is written for w - w. But again, we may continue

W w34 w15, Wl LW

And there is no need stop here, either.

But what is perhaps surprising is that it is relatively simple to show
that all these sets are still countable, i.e. there is a 1-1 function map-
ping them onto w. The question presents itself whether we can reach
something uncountable by this procedure.

ALL IS ABOUT WELLORDERINGS . ..

Yes, we can; and this fact follows from Theorem 2.2 and the fact that
P(w) “should” be wellorderable.!®) This “should” deserves further clar-
ification. Given a set x we could wonder whether there is a relation

13) As a matter of fact, this assumption about wellordering of P (w) is not necessary;
but it simplifies the argument and also motivates the notion of a wellordering.
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< such that x is wellordered by <. General agreement is that such <
should exist; the reasons for this agreement range from pragmatic issues
(wellorderings add a powerful structuring to the universe and help to
prove various theorems; see the discussion after Fact 2.11), to aesthetic
considerations (some consider a universe without such wellordering as
badly organized).

Without inquiring — at least for the time being — whether the exis-
tence of such wellorderings already follows from the other basic “truths”
we have accepted earlier, we know add this principle into our stock of
basic truths (it fits into the group (i) Structural properties). To be more
specific, we now consider the statements WO and AC given below as
true. It must be conceded, however, that the truth of WO and AC is less
evident than of those given in Definition 2.1.

Definition 2.8 The wellordering principle, WO, is the following statement:
for any set x there exists a relation < with domain x such that (x,<) is
a wellordered set.

One of the earliest theorems in set theory, the one which has given
rise to first axiomatization, see Zermelo [1904], is that WO is equivalent
to famous AC, Axiom of Choice.

Definition 2.9 The axiom of choice, AC, is the following statement: for
any set x there is a function f with domain consisting of all non-empty
elements of = such that if y € x and y # 0, then f(y) € y. Such f is
sometimes called a choice function.

In this abstract setting, AC doesn’t look much appealing. However,
it is known that many theorems in the usual mathematics are not prov-
able without some form of AC; we will list just few of them:

(i) Every vector space has a basis;
(ii) Every field has a unique algebraic closure;
(iii) The Hahn-Banach Extension Theorem;
(iv) Tikhonov’s Product Theorem for compact spaces.

Theorem 2.10 WO is equivalent to AC.

Sketch of proof. WO is easily seen to imply AC: given z let 2’ contain all
elements of y, where y € z; formally ' = |Jz. WO applied to 2’ yields
some wellordering <. Define f(y), where y € x,y # (), as the <, least
element of y.
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The converse direction uses a transfinite recursion, which we have
not defined rigorously.'®) Intuitively, apply AC to obtain an f on Z(x).
Then successively build the wellordering <, by choosing as the next
element in <, the value of f applied to the subset of = which has not
yet been included in the domain of <. ged

CARDINALS VS. ORDINALS

The most intriguing property of set theory is its ability to unify seemingly
diverse concepts. Above, we have introduced two different concepts of
size. We now show that we may identify the sizes obtained via the 1-1
functions with some of the wellordered sets. The basic property of the
wellordered sets is captured in the following result we state without a
proof.'5)

Fact 2.11 Suppose (A, <4) and (B,<p) are two wellordered sets. Then
there are three possibilities,

(i) (A,<4) and (B, <p) are order isomorphic;
(ii) (A, <a) can be embedded into (B, <p) as a proper initial segment;
or
(iii) (B, <p) can be embedded into (A, <4) as a proper initial segment.

If we abstract from the concrete sets, then the above fact claims
that well-ordered sets can be nicely put one after the other, and that they
effectively form a stick which can be used to “measure” the length of sets
(endowed with some ordering). Their role in set theory is omnipresent
and cannot be overstated — they are the true generalization of the natural
numbers. It turns out that if we define the equivalence on wellordered sets
(two sets will be equivalent iff they are order isomorphic), then in each
equivalence class we can find one special set which we declare to be the
“representative” of the class.'® This representative is simplest possible
in the sense that it is of the form (X, €), i.e. the ordering is given by €
(i.e. the binary relation € satisfies Definition 2.5 on the domain X).

14) See Fact 3.1.

15) The proof is straightforward, but requires some technical apparatus.

16) This is common mathematical practice. Recall that the same happens with ratio-
nal numbers: 1/2 is considered the same number as 2/4, 3/6.. . ., and the representative
is defined as the one with non-divisible constituents.
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Definition 2.12 These representatives are called ordinals, or ordinal num-
bers.'™ They are two types of ordinals:

(i) Successor ordinals; i.e. ordinals which have an immediate predeces-
sor. For instance all natural numbers are successor ordinals, but
also the set w + 1 — which is technically speaking identical with
wU{w} —is a successor ordinal;

(ii) Limit ordinals; i.e. ordinals which don’t have an immediate prede-
cessor. For instance w, i.e. the set of all natural numbers, or w + w
are limit ordinals.

Ordinal numbers, for short “ordinals”, will be denoted by small
Greek letters from the beginning of the alphabet (o, 3,7...). The class
of all ordinal numbers will be denoted On. Some of the members of the
class On were introduced — without the term “ordinal” — at the end of
Section 2.

Now, we may apply the property of being of the same size (using
the 1-1 functions) to the structure of wellordered sets. We have seen that
for instance w and w + 1 are different ordinal numbers, but modulo 1-1
functions are equivalent (see Observation 2.7). Formally,

Definition 2.13 An ordinal number x is called a cardinal number if there
is no 1-1 function f and an ordinal number o < K such that f maps 1-1
the ordinal k onto the ordinal «.

To draw an intuitive picture: there is a wellordered class of all or-
dinal numbers (we may picture it as a line), representing the types of
wellordered sets (in the sense of Fact 2.11), and some ordinals on this
line have the additional property that there are the least in the segment
of ordinal numbers with the same size with respect to 1-1 functions.

We have seen that the cardinal numbers are very rare between the
ordinal numbers: recall that w + 1,w?, w*, w®") etec. are still countable
ordinals, i.e. there is a 1-1 function mapping them onto w. But there
is some cardinal above w + 1,w?, w*,w®”), as the following corollary
claims:

Corollary 2.14 Assume AC (or, equivalently, WO) for simplicity. There is
an ordinal number o such that (o, €) is isomorphic to (P (w), <), where
< is some wellordering ensured by AC, and there is no 1-1 function from
a onto w. In other words there is a cardinal above w.

17) The real definition must be more careful, and is consequently more obtuse: z is
ordinal number iff it is transitive and wellordered by €.
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Proof of Corollary 2.14. Due to Fact 2.11, the wellordering (£ (w), <)
implies that there is some ordinal (, €) order-isomorphic with (2 (w)).'®)
The second part of the claim follows from Cantor’s theorem 2.2. ged

The above result easily generalizes to all cardinals by induction (for
instance the size of #((w)) is clearly bigger than & (w)).

Corollary 2.15 Assume AC (or, equivalently, WO) for simplicity. Then
the class of all cardinal numbers is unbounded and continuous among the
ordinal numbers; in particular there is a proper class of cardinal numbers.

ALEPHS: N,

We are now in a position to define the notion of an R, arguably the most
popularized symbol of set theory.
We will start with the following fact.

Fact 2.16 Whenever (X, <) is a proper class wellordered by < with the
additional property that for each x € X, {y € X |y < z} is a set (not
a proper class), then (X,<) is isomorphic to the class of all ordinal
numbers ordered by €.

Due to Fact 2.16 and Corollary 2.15, there is a function ¢ from
ordinal numbers onto the cardinal numbers which is 1-1. In other words,
this function enumerates the cardinal numbers in the sense that i(«) is
the ath cardinal number. Since ¢ is identity on w (i.e. i(n) = n for all
n € w), it is customary to start the enumeration of the cardinals with
w, the least infinite cardinal. The function which enumerates the infinite
cardinals is denoted N, where for notational reasons N, is written for
R(a). For illustration, Xg = w, N; = the first cardinal greater then w,
and so on.'?)

18) We do a little cheating here: we use the additional (unmentioned) fact that the
totality of all ordinal numbers is a class — something bigger than any set; since 2 (w)
is certainly a set (see the statement of power set property in Definition 2.1), there
must be some ordinal number — an element of the class of all ordinal numbers —
corresponding to (¥ (w), <). The point is that it could conceivably happen that what
corresponds to (£ (w), <) is the wellordered totality of all ordinal numbers.

19) To avoid future cause of confusion, it is customary in set theory to use two kinds of
notation for alephs: Ny, vs. wq. Strictly speaking, it is always true for all & € On that
Ny = wq; however, the notation wy is used in the situations where we look at cardinal
number X, in terms of its being an ordinal. A typical example of this convention is
the notation N, , where we stress the point that we talk about a cardinality which is
indexed by the first uncountable cardinal N1 = wj.
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Due to Fact 2.16, the enumeration by R is defined on all ordinal
numbers — for any ordinal « there is the ath cardinal number, denoted
N,. By way of illustration, the following are cardinal numbers:

N03N17"' 7Nw:NN07"' 7NN :Nwla"' .

1

Note that we can now give a more precise meaning to the notation
|z| < |y| which we have introduced earlier. Under AC, every x can be
wellordered, and so the size of x can be defined as the unique cardi-
nal N, such that z can be mapped 1-1 in an order-preserving fashion
onto R, (see Fact 2.11). The relation |z| < |y| thus translates to saying
that the cardinal corresponding to x is less than or equal to the cardinal
corresponding to y.

Though the statement of Fact 2.16 may seem very innocuous and
plausible at the first glance it should be remembered that it implies that
the number of ordinal numbers and the number of cardinal numbers is
the same; so even if there are great “gaps” between cardinal numbers,
there is still the same number of them as of all ordinal numbers. This is
paradigmatic example of results which clearly run contrary to intuition
formed when dealing with finite objects.

How BIG 1s R

The natural question now is what is the place of R on the R, scale.
Theorem 2.2 and Lemma 2.3 together with AC imply that X; < |R[, but
can we say something more? Surprisingly, even if the question may seem
very trivial, Cantor and other set-theoreticians worked for more than 30
years and obtained only partial results.2%)

Definition 2.17 Continuum hypothesis, CH, claims that the size of R, or
continuum, 1is the least possible, i.e. |R| = N;.

Now we — as the set-theoreticians in the early 30s — have arrived
at an important crossroads — if we wish to be faithful to our “naive”
set-theoretical framework (i.e. no axioms, just “truths”), then all left to
us would be to keep trying to decide whether the CH is true or not. With
the benefit of hindsight, we know that such efforts would be hopeless.

20) The above question about the size of R may be reformulated as follows: does there
exist an infinite set X C R that is neither of size w, nor of the maximum size possible,
i.e. |R|? If there is no such set X, then indeed |R| = R;. Cantor and others defined
subsets X of R of ever increasing complexity and always succeeded in proving that it
is either of size w, or has the maximum size. For instance all closed subsets of R have
this property. But they never succeeded in showing this for all subsets X.
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3 Axiomatic set theory

If there is a persistent failure to decide a given statement (such as CH
in the 30s), it is reasonable to ask whether it is in principle possible
to decide this statement. However, in the framework of our “naive” set
theory — centered on truth of statements — any inquiry about the principal
feasibility of such a task is a priory meaningless. Truth is an absolute
concept, every statement is true or false, regardless of our ability to
determine it.

For practical reasons we may therefore decide to replace the concept
of truth by something weaker. In principle, there may be innumerable
ways how to do it. In practice, this weaker concept is almost exclusively
taken as that of a proof inside some formal calculus. In the case of set
theory, this formal calculus is almost universally based on the first-order
predicate calculus.2!)

The replacement of the notion of “truth” by the concept of “proof”
has some benefits, as well as deficiencies. By restricting the domain of
our inquiries to proofs??) we are suddenly able to show that a given
statement is not decidable inside our system, i.e. is not provable from
the chosen assumptions; on the other hand we implicitly exclude some
truths from our formal system.23)

In devising the formal system, i.e. deciding upon the axioms we
choose, we obviously aim at capturing as big a portion of the interesting
and intuitively true statements as possible. Accordingly, if we show that
a given interesting statement ¢ is independent of our system, i.e. is not
provable nor refutable, we will construe this positively as an opportunity
to increase our understanding of the given area of mathematics.We will
give examples of such statements in set theory in the next paragraphs. A
famous example from another part of mathematics is the 5th Euclid pos-
tulate — the realization that it is independent of the first four postulates
opened doors to non-standard geometry and hence better understanding
of the subject.

21) Arguably, the main reason for the adoption of the first order predicate calculus
seems to be the ease of use of the calculus, in particular the completeness theorem
and Lowenheim-Skolem theorems; in other systems some of these benefits are always
lost.

22) For obvious reasons, the formal framework is always designed so that what is
provable is also true, so that we may fail to capture every true statement, but we only
capture true statements and no false ones.

23) In case of reasonable theories, such as set theory or even arithmetics, it can be
shown that we always exclude some truths; this is of course the consequence of Gédel’s
incompleteness theorem.
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ZERMELO-FRAENKEL AXIOMATIZATION

The following list of axioms (formulated in the 1st order predicate cal-
culus) is now considered as standard.

Before we give the list of axioms, we will formulate in more detail the
concept of recursion, or equivalently induction. We have mentioned recur-
sion in passing above, but from this spot on, this concept deserves more
rigorous treatment. We shall not give a formal proof of the properties of
the construction, but rather explain what is going on.

Fact 3.1 For each class function G from V to V there exists a unique
class function F such that for all ordinal numbers «,

F(a) = G(Fla),
where F' [« is the function F restricted to the domain .

Comment. The transfinite recursion given in Fact 3.1 above is a
simple generalization of the classical definition by recursion along the
natural numbers — the function G can be viewed as procedure which will
calculate the value of F at ordinal o based on the values F' takes on
0 < a (we may see G as the simpler function of the two defining the
more complex function F' ).24) The recursion along On must be defined
at limit ordinals as well, but the principle is the same.

Now we may give the list of axioms.

Definition 3.2 The Zermelo-Fraenkel, ZF set theory is comprised of the
following azioms; cf. with the list in Definition 2.1.2%)
— Extensionality.
Va,yle =y < (Vgq € x < q € y)].
— Pairing.
Vo,y3z[Va(g €z = g=aVqg=y)
Comment. We shall write z = {z,y}.

24) Consider the following easy example: F(0) = 1 and F(n + 1) = 2¥("), The
existence of such a function follows from Fact 3.1. Note that we only need to know
the value of F(n) to calculate F(n + 1); and hence the relevant G for this F is a
function which maps n to 2. (This particular G is in fact obtained by recursion
itself: this time the relevant G’ takes n to 2n.)

25) For technical reasons the listed order of the axioms is different than in Definition
2.1; for instance, it is convenient to have the pairing function defined before the axiom
of infinity is stated. For more detailed and rigorous treatment of the axioms, see Balcar
and Stépanek [2000], Kunen [1980], and Jech [2003].
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— Union.
Vzdz[Vg(g €z Jyy €z Aq €y

Comment. We shall write z = |Jz.

— Powerset.
Ve3z[Vg(q € z < q C )]

Comment. The symbol ¢ C z is shorthand for V¢’ (¢’ € ¢ — ¢’ € z).
We shall write z = Z(x).

— Schema of replacement; closure under arbitrary set-operations.

We say that a formula p(z,y) determines a function if

Vo, y, Y (p(z,y) Ae(z,y') =y =1y')

then the following is taken as an axiom:

o(x,y) determines a function — Vo 3z [Vq(q € z < Ty € x¢(y, q))]]

Comment. The rather awkward formulation can be translated as
follows: given some arbitrary function ¢ which doesn’t even have
to be a set (note it is given by a formula), the image of any set x
under this function ¢ is also a set (z in the axiom above). Also note
that there is such axiom for any formula ¢; since there is infinitely
many of such formulas, the axiomatization ZF is infinite.

— Infinity.

Peyn(Va(gey —qU{q} €y))]

Comment. At this stage it would be technically cumbersome to
define first the notion of natural numbers and then claim that there
is the set of all natural numbers (though it is perfectly possible to
do s0). So for simplicity, we just claim that there is a set with a
specific property, i.e. being inductive (for ¢ € y, ¢ U {q} € y); there
may be more such sets, we just claim that there exists at least one.
Once we define the notion of a natural number, the existence of
an inductive set will imply the existence of the set of all natural
numbers.

— Foundation.

Assume we have build ordinal numbers and showed Fact 3.1 based
on the axioms above. The axiom of foundation claims the follow-
s .26)

ing:

26) Axiom of foundation can also be stated directly without using ordinal numbers.
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Define class W F by recursion along the ordinal numbers On as

follows:
WFy, = 0
WFoH»l = @(WFQ)
WEy = Upecr WF,, for A limit ordinal
WF = Uann WF,

The axiom of foundation claims that every z in the universe V is
present in some level WF,, ie. V = WF.

Comment. This axiom was not included in the list of truths in
Definition 2.1 because its intuitive underpinning is not so obvious.
Amongst its consequences is for instance the exclusion from the
set-theoretic universe V' of the sets x such that = € x. It can be
argued that the existence of sets with the property x € x is simply
of no consequence for the usual arguments in set theory. Last but
not least, the foundation axiom adds a very convenient structuring
into the universe and consequently simplifies some arguments.

Remark. We owe the reader some rigorous comments as regards the
notion of a class. If p(z,p) is a first order formula with parameters p,
then the collection {z|p(z,p)} is a class; we may denote this class by
some letter, for instance P, and use the notation x € P. But we need
to remember that € P is only a shorthand for ¢(z,p). Recalling the
case of the class X = {z |2 ¢ x}, we now see that the expression X € X
is meaningless since it would mean substitution of a formula for a set
variable. Also note that some classes are sets;2”) classes which are not
sets are called proper classes.

For the time being, we consider ZF as the complete list of assump-
tions which we consider true of sets. By Godel theorem we cannot hope
that ZF decides every statement in set theory, but we may still cherish
hopes that it decides all interesting statements we might consider. We al-
ready have two candidates to decide: the Axiom of Choice (AC) and the
Continuum Hypothesis (CH). In the next paragraph, we will introduce
a set-theoretical technique known as forcing powerful enough to answer
the question of decidability not only for AC or CH but for virtually any
set-theoretical statement.

27) If x is a set, then P = {q|q € «} is a class in the sense of the above comment and
is equal to x, so it denotes a set.
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For the sake of completeness we shall give the exact formulation of
AC, WO and CH in the first order calculus.

Definition 3.3 The following is the reformulation of AC, WO, CH in the

first-order predicate calculus.

(i) Axiom of Choice is the following formula:

Ve3fVylly ez ANy #0) —y € dom(f) A f(y) € yl,

and in view of Theorem 2.10, this is equivalent to the following
statement in item (ii):

(ii) WO, the wellordering principle, is the following formula:

Ved < [(Va,b,c € za L aN(a<bAb<c)—a<c)AN(VyC
x3zg €yVz ey(z =20V 20 < 2))]

(iii) Continuum Hypothesis is the following formula (where we write
2% for the size of Z(w)):

2o — ;.

4 Independence

In the previous paragraph, we have promised to inquire whether the
statements AC and CH are decidable in ZF or not. The question of
decidability is obviously composed of two parts: (i) whether AC and
CH are consistent with respect to ZF, and (ii) whether ~AC and -CH
are consistent with respect to ZF. Formally speaking, a statement ¢ is
consistent with respect to ZF if

ZF /=,

i.e. there is no proof of the negation of the statement derivable from the
axioms of ZF.2%)

Now, it is generally easier to show that some object exists, rather
than verifying that no object from the infinitely many possibilities sat-
isfies some property (for instance, being a proof of a statement). To

28) The meaningfulness of the following discussion of course presupposes that ZF
itself is consistent, i.e. that it does not prove a contradiction; again due to Godel, this
time his second theorem, we cannot show that ZF is consistent; rather, we decide to
take the consistency of ZF on belief.
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transform our task to this more convenient form, we take advantage of
the following basic equality between syntactical and semantical side in
the predicate calculus:

ZF i —~p & exists amodel M | ZF + .

From now on, then, to show that a statement ¢ is consistent amounts to
finding a model for ZF + ¢.29) Note however that since we can find no
model for the theory ZF due to Godel theorem (unless we use something
stronger than a set theory), we will technically speaking assume the
existence of a model for ZF and from this model we shall derive a model
for ZF + ¢; this is known as relative consistency.

TRANSITIVE STRUCTURES

All structures, or models, we will consider will be of the form (M, €)
where M C V is a class. In particular, the binary relation “to be an
element of” will always be realized over the domain M by the predicate
€ (and the same goes for =). As is common in set theory, we “translate”
the provability relation ZF F o™ into a model-theoretic language and
say that ¢ holds in M .39

Definition 4.1 We say that a class X is transitive if for all t € X we have
x C X, orin other words if y € x € X, then also y € X.

All models we will consider will have a transitive domain. We might
even say, with a degree of exaggeration, that there are no other interesting
models but transitive ones. The main reason for this is that a lot of basic
properties is absolute for transitive models; this is a technical term, but
its intuitive import as follows. When inquiring about properties holding
in a model, say (M, €), we implicitly work in the universe V' (everything
we do in set theory takes place in V). It is of great advantage if some
properties hold in M iff they hold in V' — we have some understanding
of V and it can help us understand the model M. We shall give a couple
of specific examples.

29) We need to excercise some care as regards the exact meaning of the word “model”;
see discussion at the beginning of Section 4 for more information.

30) ©M is obtained from ¢ by restricting all quantifiers to M: 3z becomes 3z € M
and similarly for V. If M is a set, then ZF F o is equivalent to ZF - (M = @),
where © is a formal translation of the metamathematical formula ¢. If M is a proper
class, then the relation = may not be definable, and so the notation ZF F M is
preferable.
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Since the axiom of extensionality holds in V', we may conclude that
any transitive model (M, €) satisfies the axiom of extensionality:

Lemma 4.2 Assume M is a transitive class, then (M, €) satisfies the ax-
iom of extensionality, i.e. ZF & (extensionality)™.

Proof of Lemma 4.2. We need to verify the following formula for all
x,y € Mix =y < Vg € M(q € v < ¢q € y). The direction (—) is
trivial. So let us take up the converse direction («). Assume for contra-
diction, that there is gg € = and qg ¢ y; however, because M is transitive,
qo € M, and by the assumption gy must be in y, contradiction. Notice
however, that if M fails to be transitive, then existence of such gg cannot
be ruled out. ged

As regards the absoluteness, look for instance at the notion of a
function. In the set-theoretical use, a function is a set of ordered pairs,
where an ordered pair (z,y) is defined as {{z}, {z,y}}. Without transi-
tivity of M, if f € M and even f C M, we still cannot conclude that f
is a function in M ({x,y) € M doesn’t imply that z or y is in M unless
M is transitive). On the other hand if M is transitive and f € M, then
f is a function in V whenever f is a function in M.

Amongst the properties which are absolute for transitive models
belong: the ordered pair, function, relation, ordinal numbers, the set w,
and other.

But even nicer is that some properties are not absolute for transitive
models (M, €); indeed, we must remember why we want to construct
such models in the first place. In constructing a model (M, €), we want
to make sure that some desired property holds in M, a property which
is generally much more difficult — or outright impossible — to verify in
(V,€). If AC, for instance, were absolute, then ZF = ACM is equivalent
to ZF + AC, and this would tell us nothing new. To emphasize: the whole
point of constructing models is that some properties are not absolute.

In a nutshell, we have an almost optimal situation with transitive
models (M, €): the basic properties are absolute — so we can “see” into the
transitive models — but this absoluteness stops conveniently at properties
which we need to show consistent.?)

Importantly, being a wellordering or the concept of cardinality — i.e.
concepts relevant to AC or CH — are not absolute.

31) Formally, if (M, €) is any transitive structure, then all properties given by bounded
formulas, i.e. Ag formulas, are absolute; if (M, €) is a model of ZF, then all A1ZF
formulas are absolute.
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INNER MODELS

Historically, the breakthrough on the AC came at the beginning of 30’s
when Gdédel showed that AC is consistent with respect to ZF; this result
was supplemented in 1938, see Godel [1938], also by a result by Godel
that CH is consistent with respect to ZF. On both occasions he used a
nice transitive model L C V where both AC and CH hold.

First we define a concept of an inner model.

Definition 4.3 A transitive class model (M, €) is an inner model if it con-
tains all ordinal numbers, i.e. On C M, and satisfies axioms of ZF, i.e.
ZF F oM for every aziom ¢ of ZF.

Now we will define an inner model L which will satisfy all axioms
of ZF plus AC (and a lot of other things, such as CH).

Reviewing the axiom of foundation in Definition 3.2, we see that V'
is constructed from an empty set () by iterating two simple operations:
powerset Z(x), and union |Jz. Godel realized that the powerset oper-
ation is perhaps to generous — for the model to satisfy the axioms of
ZF, it only needs to contain the definable subsets present in the universe.
We will shortly make it more rigorous, but the basic idea behind the
construction of L is simple enough: instead of taking the whole powerset
of the earlier stage of construction (as in #(WF,), see the axiom of
foundation), we just take the definable subsets.

Definition 4.4 A subset y of the set x is definable in the model (z, €), to
be denoted Def,(y), if there is a formula ¢ and parameters P’ in x such
that y is the set of all q in x which satisfy in (x, €) the property ¢(q,p),
i.€.

y={qe€x|(z,€)F v(gp)}
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Definition 4.5 The Gédel constructible universe L is defined as follows:?)

Ly = 0
Lot1 = {y C La|Defr, (y)}
Ly = UgerLa, for X limit ordinal
L = UaGOn La

Note that L is referred to as a constructible universe since the amor-
phous character of the powerset operation in the definition of the class
V = WF is restricted to subsets which are constructible from the already
existing elements using a defining property.

Lemma 4.6 L is a transitive class.

Proof of Lemma 4.6. We will in fact show that for every ordinal «a, L,
is transitive. This already implies that L is transitive: if x € L, then
x € L, for some « by the definition of L, and hence x C L, C L.

We will proceed by induction. Assume that = € L, and all Lg for
B < a are transitive. If a is a limit ordinal, then € Lg for some 38 < a,
and by the induction assumption x C Lg C L,. If a is a successor
ordinal, say o = 3 + 1, then by the definition of Lg41, = is a subset of
Lg. It follows that it is enough to show that Lg C Lgy;1 because then
x C Lg C Lgy;. Assume that y € Lg, then

y={qelp|llpFqecy}€lpn
because by the induction assumption y C Lg. ged

We will not prove all steps necessary to show that L is an inner
model, i.e. that it satisfies all axioms of ZF. But we shall prove some
crucial points to give the reader some flavour of what is going on.

Theorem 4.7 L satisfies all axioms of ZF, i.e. ZF = o for every aziom
w of ZF.

32) For an attentive reader we should add that the formulas used in the definition of
the predicate Defr,, cannot be the usual “metamathematical” formulas — a cursory
review of the predicate Def,, shows that it contains the existential quantification over
formulas; to be able to quantify over formulas, we must first build formal formulas
(formal formulas are sets, and hence objects of our theory) inside our set-theoretical
universe, much as the logical syntax is built inside arithmetics in the proof of Gédel
incompleteness theorem.
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Sketch of proof. We will just show that L satisfies the axiom of exten-
sionality, infinity, and the powerset axiom.

(i) L satisfies the axiom of extensionality. This is a direct consequence
of Lemma 4.2 and 4.6.

(ii) L satisfies the axiom of infinity. Since all finite sets are definable,
w € L and consequently the axiom of infinity holds in L.

(iii) The powerset axiom is true in L.

We need to show the following:
ZFrVeeL3zeLz={qCz|qe L}

Working in V' we define a function F' that given a ¢ C x, ¢ € L,
finds the least « such that x € L,. Let v be the supremum of
{F(q)|q € L,q C z}. In L, we have all relevant subsets and also
the set . We now show that the powerset of z in L is a member
of Ly41. To this effect we need to find a defining formula, but this
is easy:

z={qe Ly|(Ly,€) FqCua}.

ged

Incidentally, this proof of powerset axiom in L again shows the bene-
fits of transitivity. For instance, we tacitly used the fact that the property
“being a subset of z” is the same in L and in V. If it were different, then
the enumerating function F defined in V would be useless.?® Notice
however that although the property “to be a subset” is absolute, the
collection of all such subsets is not absolute — some subsets of x existing
in V' can be missing in L.

Before we give arguments for the consistency of AC and CH, we need
to focus on the absoluteness of the construction of L. In fact, we need to
show that L constructed inside L is again L. Reasons why we need this
property are mostly technical: for instance when showing that AC holds
in L we need to know that a particular construction of a wellordering of
L is the same in V and L. We state this result without a proof.

33) A reader might object that we could redefine F' to some F’ which would be defined
on subsets of z in the sense of L. After verifying that there are only set-many of these
(which is not automatic, notice that in our case we used the fact that if ¢ C z in
L then ¢ C z in V, and Z(z) in V is certainly a set), we would encounter another
obstacle. Defining z at stage v, how would we know that being a subset in L is the
same as being a subset in L. 7 Here again transitivity is used.
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Theorem 4.8 L satisfies the sentence V.= L, i.e. ZF - (V = L)E. It
follows that if ZF is consistent, so ZF +V = L.

Finally we may turn to the proof of consistency of AC and CH with
respect to ZF. It should be emphasized however that the theorem leaves
open the question whether in fact ZF already proves AC or CH (see
Section 4).

Theorem 4.9 L satisfies AC, i.e. ZF = (AC)L. This implies that if ZF
is consistent, then ZF tf - AC.

Sketch of proof. We first show that ZF + (AC)L implies ZF I/ —=AC.
We reason by contradiction: if ZF F - AC, then as L satisfies all axioms
of ZF, it also needs to satisfy all consequences of ZF — in particular
ZF I- (AC)L = =(AC)E; but as also ZF F (AC)E, and this contradicts
the consistency of ZF.

We have stated above that AC is equivalent to the statement that all
sets can be wellordered (WO). Instead of finding a distinct wellordering
for every set, we will find a single (class) wellordering <y, definable in L
which wellorders all sets in L at once.

Notice that if  and y are in L and there are o <  such that z
first appears in L, and y first appears in Lg, then we can postulate that
x <r, y (here we use the fact that ordinals themselves are wellordered).

So it remains to define <z, on the individual levels L, (if =,y first
appear at the same L, then we have to say which is the smaller one
in the desired <p). As the limit stages are just unions of the previous
stages, it is enough to say how to extend < from L, to the next level
Lo+1. Let (p;]i < w) be some fixed enumeration of all formulas (there
are only countably many of these); by induction assumption <y, already
wellorders L,. Assume z,y first appear in L,y; and z is defined by a
formula ¢, using a single parameter p and y by a formula ¢, using a
parameter 7,34 i.e.

T = {q € L, | L ': %(qap)} and y = {q € L, |La ): wy(qw)}-

We set z < y iff the formula ¢, comes before the formula ¢, in the
enumeration (p; |1 < w) or if ¢, = ¢,, then p comes before r in the
enumeration <y, on L.

Now we are done, or rather almost done. We have constructed in
V an ordering < which wellorders L. But we need more: ZF + (<, is

34) The case with more parameters is essentially the same.
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a wellordering of the universe)’, i.e. <z should be definable in L and
L should think that it is indeed a wellordering. Fortunately, we have
Theorem 4.8 which is enough to argue that this is really the case. qed

Now we turn to CH.

Theorem 4.10 L satisfies CH, i.e. ZF = (CH)*. This implies that if ZF
is consistent, then ZF t/ -CH.

Sketch of proof. The technical apparatus needed to show that CH holds in
L goes well beyond the scope of this article. But some intuitive hints are
readily available. Recall that CH says that there are as few subsets of w
as possible. The definition of V' = WF leaves a great leeway as regards
the potential subsets of w, not so L however. Notice that the subsets
of w in L are only constructed by using countably many formulas plus
parameters from earlier levels of L. It is not all that easy so as to claim
that all subsets of w are in L,,11 — this is not true, but it can be shown?3%)
that the levels of L where a new subset of w can be created is bounded
by w1 = N;. Since at each L,, o < wi, we have only countably many
parameters to choose from and also have only countably many formulas
to construct new sets, there can be at maximum N; many of these.

The proof of CH in L easily generalizes to other cardinalities as well:
for all a € On,

ZF F (2% =R, 1)L

This statement is known as the generalized continuum hypothesis, GCH.
ged

As ZF + AC is consistent, we can enlarge our theory and include

AC.
Definition 4.11 ZFC will denote the theory ZF + AC.

ForciNnG

By the above-mentioned results of Godel, the consistency of AC and CH
was decided in the 30s; but we have already mentioned that this result

35) The proof to show this uses a rather remarkable property of L, called condensation:
if (X, €) is an elementary substructure of (L, €), where A is a limit ordinal, then in
fact (X, €) is isomorphic to some (Lq, €), for « < X. So if ¢ C w is in L., we take
the Skolem hull inside L~ containing z, obtaining a countable structure which is due
to the condensation property isomorphic to some (Lq, €) for a < wi. After making
sure that © € L, we are done.
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answers just half the question — the other half being the consistency
of =AC or —=CH. An obvious strategy would be to use the technique
successful in the case of AC and CH and define a suitable inner model
M C V where =AC or -CH would hold. However, it turns out that we
cannot do this:

Theorem 4.12 Assume that ZF is consistent. There is no inner model M
such that M satisfies ~=CH or —=AC in ZF, or formally, there is no inner
model M such that ZF + (~=CH)™ or ZF + (=AC)M.

Proof of Theorem 4.12. We shall use the following fact (note that this
Fact implies Theorem 4.8: L is an inner model, and hence L* = L by
this Fact):

Fact 4.13 Let M be an inner model. If the definition of L is repeated®®)
inside M instead of V — the result of this construction is denoted L™ -,
then we obtain the same L as when the construction is carried out in'V,
i.e. L =LM. In particular, this implies that L C M.

Assume for contradiction that ZF F (=CH)M for some inner model
M (the case of (AC)M is analogous). By the above Fact, ZF + L C
M; but it cannot be true that L = M as otherwise we would have
ZF + (CH)M by Theorem 4.10 and ZF + (=CH)M by our assumption,
and this is a contradiction. It follows that ZF - L C M C V| ie.
ZF F L #V, but this contradicts Theorem 4.8. ged

The impossibility to use inner models to show the consistency of
—CH and —AC stalled the progress on this problem for the next 30
years. It was only in the 60s when Paul Cohen managed to develop
a new technique which finally succeeded in showing the consistency of
—CH and —AC, see Cohen [1963].

The idea of Cohen is both simple and ingenious: if we cannot use
a transitive model M such that M C V| then what about going outside
the universe V7 In other words, we may wish to construct a transitive
class M, containing all ordinal numbers and satisfying the axioms of ZF
such that M D V. Taken literally, this idea is obviously not workable; by

36) Recall that as M is an inner model, it satisfies all axioms of ZF; in particular all
apparatus used in V when L is constructed is available inside M as well. But it is
conceivable that the same apparatus used in V' yields another result when applied in
M. For instance, in both models we can form the power set of w, but the actual sets
representing the power set in M and in V' can be different — depending on the subsets
available in V', or in M.
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definition, there can be nothing outside V — after all, V' is the universe
containing all sets.

But set theory is very flexible in its means: though apparently con-
tradictory, the idea of an outer model can be formalized inside ZF with
surprising ease. First we realize that if we assume there is a transitive set
model M of ZFC,3") then it suffices to extend the “smaller” universe M,
instead of V. In fact, what Lemma 4.12 says is that if M is a transitive
model (set-like, or a proper class), then there is no M-definable transitive
model N C M satisfying sentences contradictory with V' = L — however,
the situation of M C N, where N is defined in V, is permissible.?®)

Consequently, instead of starting with V', we can start with some
transitive set model of ZF, called M, extend M by some transitive N O
M and plan this construction in such a clever way to ensure that N also
satisfies ZF.

Extending the universe

In the following sections, we shall briefly describe how a universe can
be extended into a larger universe, also satisfying ZF. The emphasis will
be on connections and background, whereas the technicalities will be
suppressed. An interested reader can find an excellent rigorous treatment
in Kunen [1980].

Recalling the discussion from the previous section, we fix a transitive
countable model®?) of ZF, or ZFC.*®) We will from now on forget about
the universe V, and will “live” in M instead. For instance, an ordinal
number for us will be an ordinal number in M — we act as if we cannot

37) Due to Godel theorem, we cannot show the existence of any set model of ZFC
(inside ZFC), the less so of a transitive one; but much as with the existence of a
model of arithmetics N, we may decide that we believe in existence of such a model.
Moreover, as will be apparent later, see page 130, the assumption of the existence
of a transitive set model of ZFC is convenient, but by no means necessary for the
development of the forcing.

38) The contradiction in Lemma 4.12 centers around an existence of a hypothetical
element © € M which is not constructible, i.e. * ¢ L. But here is the snag: if M
contains all ordinal numbers — as we assumed in Theorem 4.12, then “being con-
structible” and “being constructible in the sense of M”is indeed the same thing, i.e.
L = LM . But if M were a set, for instance, then this is no longer true: all we have
is that LM C L; in particular, it is perfectly possible that LM C M and LM # M,
with the offending = € M \ L™ existing in L!

39) The countability conditions shall be used later, see Theorem 4.25.

40) Tt is convenient to have AC in our model; by theorem 4.9 we may assume that
much. In fact, very often our M will be a model of V' = L because this assumption
greatly simplifies the cardinal arithmetics which is essential for rigorous development
of forcing.
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see ordinal numbers outside M. By absoluteness properties discussed in
Section 4, we know that ordinal numbers are absolute; it follows that
ordinal numbers we see in M are the real ordinal numbers. Also, by a
simple argument, the transitivity of M implies that the ordinal numbers
in M form an initial segment of the ordinal numbers; in other words,
there is an ordinal number oy such that oy = {a| @ € On™}, i.e. 0y is
the least ordinal « such that a ¢ M. The ordinal oy is called the height
of M, and if M is countable, then oy; < wy.

It turns out that a reasonable concept of an extension of M should
preserve the ordinal height 0y, i.e. that for the desired extension N O M,
it should hold that oy = o0ps. An intuitive argument for this requirement
might run as follows: we need to have some control over the properties
of N, and introducing new ordinal numbers into N makes this almost
impossible — we need some correspondence between constructions in M
and NV; and since constructions in set theory heavily use iteration over
the ordinal numbers, a new ordinal number in N would be literally “in-
accessible” from the point of view of M.

We have so far decided that we need to extend M, a transitive
countable model of ZF, into a model N O M, which is also to be a model
of ZF. The following lemma shows that in extending the model M we
must be very careful about the use of any “extra” information available
in V, but not in M. Consequently, we cannot hope to argue recklessly in
V and pick some arbitrary € V'\ M and build the extension N around
this z. Indeed, the correct selection of such x lies at the heart of the
forcing construction.

Lemma 4.14 Assume M satisfies ZF. Let a < wy be greater then oy,
i.e. opr < a. Let (w, <g) be isomorphic to («, €). Then for all transitive
extensions N O M such that on = o,

if the relation <g s in N, then N is not a model of ZF.

Proof of Lemma 4.14. Because a < wi, there is a function f mapping
a 1-1 onto w. If we define a binary relation <g such that n <g m iff
f~t(n) € f~Y(m), then (w,<g) is isomorphic to (a, €); sometimes we
say that <p “codes” «. Now it is a theorem of ZF that each wellordered
set corresponds to exactly one ordinal, to which it is isomorphic (see Fact
2.11). If N satisfies ZF and contains <p, then inside N there must be
an ordinal o' € N such that (w,<p) is isomorphic to (¢/, €). But this
isomorphism would be in V' as well (since N C V), and consequently
there would be two distinct ordinals in V', a and o/, corresponding to
(w,<R), and this is a contradiction. ged
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It follows that in extending the model M we have to avoid adding
any binary relation <z which happens to code an ordinal o between oy,
and wy — since they are N; many of these, this is quite a lot of sets that
we must avoid.

The structure of names

Our horizon being limited by the structure M, where we “live”, we cannot
point to a set which is outside M, but we may give it a name inside
our model M. Introducing names for the postulated objects outside our
universe M has the benefit that we may exercise some level of control
over the desired model N; assuming of course that we define the names
in such a clever way that we achieve sufficient degree of correspondence
between the names and the elements in the desired N.

Obviously, for this approach to work, we must have a sufficient num-
ber of names inside our model M; in a way — because our N should be
bigger than M — we need more names inside M than is the totality of all
the elements of M. But having infinity as our ally, this is easy. Though
it is not our official definition of a name, consider the following example.

Example 4.15 For x € M, we will view the pair (x,0) as the canonical
name for x.*Y) We will also define other names: forx € M, andn € w, a
pair (xz,n) will also be a name. Thus, pairs of the type (x,0) will represent
the elements of M, while the names (x,n) will denote some other objects
— ideally, the elements in the desired extension N O M. However, notice
that the set of all names is a proper subset of M. Indeed, while each
(x,n) is a member of M, there are certainly sets y € M which are not
ordered pairs, and consequently are not names.

Our official definition of names will be more technical, but the basic
idea of the previous example will be preserved, i.e. we will have some
special names denoting the elements of M, and in addition we will have
other names which will denote the elements of the extension N.

Before plunging into definitions, we mention one more ingredient
which will be used in defining the names. Since forcing is a very general
technique, it cannot do to have a single class of names that would work
equally well for all possible extensions; it is reasonable to expect that the
model where —~CH holds may be quite different to the model where =AC
holds. Accordingly, our names will be defined with respect to a given set

41) Note that since M satisfies ZF, it is in particular closed under (,); hence for
z,y € M, also {x,y) € M.
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of parameters P, with P € M. From the technical point of view, P will
be a partially ordered set with a greatest element 1p, while the elements
p € P will be called conditions.

Remark. Though the following exposition works equally well with arbi-
trary partially ordered sets P, we will fix one concrete example Add(w, 1)
of such a set of condition P to make the exposition more transparent.

Definition 4.16 The domain of the partially ordered set Add(w,1) will
contain all finite sequences of 0 and 1; for instance p = (1,0,1,1) is an
example of such a sequence. The conditions in Add(w, 1) will be ordered
by end-extension; if p end-extends q,*? we write p < ¢.*3) Note that the
greatest element of Add(w, 1) is the emptyset (.

To anticipate a little, the name “Add” suggests that the correspond-
ing extension N will “add” (at least) one new subset of w.

We will now define the class of names MA4d@.1) C M with respect
to the partially ordered set Add(w, 1). The reader will find it helpful to
think about the conditions p € Add(w,1) as parameters which say to
what extent the given name has the right to be in the desired extension
N.

Definition 4.17 Adapting the definition in Foundation axiom, see Defi-
nition 3.2, we will define (inside M) the class of names MA@ g
follows:

MA@ g

. -

MR = (MR x Add(w, 1))

MR — g MAND  for X limit
@ a< )

MAdd(w,l) — UaeonM(ﬁdd(w,l).

General names will be denoted by letters with a dot above it, as in & €
MAdd(w,1)

42) For instance (1,0,1,1) end-extends (1,0, 1).

43) The reader should notice that p is “less than” ¢ if it is “stronger” in the sense
that it contains more information. This usage may seem confusing at first; it can
be defended by the argument that the “stronger” a condition is, the more things it
prohibits, and consequently restricts the number of suitable models. Compare this
with Theorem 4.22.
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Also, we will single out canonical names for elements in M. For
x € M, the canonical name & is defined by recursion as follows:

= {(g0)]yex}

where § is defined in the earlier stage of construction.

Recall that 0 is the greatest element of Add(w,1) in the ordering
< for Add(w,1). Thus, if P is an arbitrary partially ordered set with a
greatest element 1p, this element would be in place of ) in the definition
of a canonical name.

Example 4.18 The following are examples of names. 0 is a name as it is in
MlAdd(w’l). Notice that names are some relations R, where if (x,y) € R,
x 18 a name defined in the previous stages of the construction, and y is an
element of Add(w, 1). Accordingly, {(0,(0,1))}, {(0,(0,1,1,1,0)), (0, (0,1))},
and {({(0,(0,1,1,1,0))},(0,1,1))} are all names.

As for the canonical names, a canonical name for O is just 0, for

= {0}, the canonical name is {{0,0)}, and so on.

Notice that the basic idea of the definition of both the general and
the canonical names does correspond to the simple example in 4.15; the
important difference is that instead of the parameters in w, as in 4.15,
we use more complicated parameters in Add(w, 1); also to ensure transi-
tivity of the desired model N, we require that members of the names are
themselves names — in example 4.15 we ignored the issue whether the x
in (x,n) is itself a name or not.

Making names into objects

We have shown in Lemma 4.14 that we must be very careful about the
elements we will add to our extended universe N. We also mentioned
that the crux of the forcing technique is to build the desired extension
N around a carefully chosen element z — an element which is new, i.e.
lies outside M, but simultaneously avoids to contain “unwanted” infor-
mation, such as the relation <p in Lemma 4.14.

In the standing terminology, this new element is called a generic
object, to be denoted G, and the extension N will be denoted as M[G], i.e.
the least model N D M, such that G € N. G will always be some subset
of the set of conditions P. Considering the set of conditions Add(w,1)
in our example, the generic object G will determine a new subset of w
— i.e. G will be composed of sequences p € Add(w, 1) such that for all
p,q € Add(w, 1), either p < q or ¢ < p; in particular, if the conditions in
G are put one after the other, they will form a characteristic function of
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a subset of w. If p € G, we think about p as a finite approximation of the
generic object. It must be emphasized that while G C Add(w,1) C M,
G itself is required to be outside the model M.** Figuratively, while M
contains all letters (i.e. finite approximations p € Add(w, 1)) necessary to
determine the ideal object, the infinite word which is composed of these
letters (the object G) lies outside the scope of people living in M.

We will describe how to select a generic object G later in the text.
For now, assume we have chosen some G C Add(w, 1) which determines a
new subset G of w; for technical reasons, assume furthermore that () € G.
We will show how the universe M[G] can be described.

Definition 4.19 An interpretation i¢ of a name & € MA41) s defined
by recursion as follows.

i¢ = {yc|3p € G{y,p) € 2},
where yg is defined in the earlier stages of the construction.

We set
M[G] = {ig |4 € MAMDY,

Remark. Notice that the definition of ¢ makes specific the hint given
before Definition 4.17, namely that the conditions p € Add(w, 1) deter-
mine how much “right” has the specific & to be in M[G] — if it has some
p € G next to itself, it can get into the universe M[G], if it has no such
p € G, it may not. This rather vague comment is illustrated by some
examples:

Example 4.20 Assume that our G contains (among other sequences) the
sequences 0, (0,1), and doesn’t contain (0,0).

We will show some examples how the names are interpreted. Let x €
M be an arbitrary element in M, yo = {(0, (0, 1))}, 11 = {(0, (0,1)), (0, (0,0))},
g2 = {(0,(0,0)}, and finally g = {(p,p) |p € Add(w,1)}. Then the inter-
pretation is as follows:

Ig = T
(Po)e = {0}
()e = {0}
(2)a = 0

44) Since M is countable, it contains at most countably many subsets of w available
in V; due to Cantor theorem 2.2, there are 2% > w subsets of w in V. It follows
that we have a lot of candidates to choose from when determining the generic object
G C Add(w, 1).
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Some comments are in order here. The fact that the canonical names
% are always realized by x follows (by induction) from the requirement
that ) € G. The interpretation of y’s is determined by the presence, or
absence of (0,1) € G. As for g, we reason as follows:

gec =1{pc|Ip € G{p,p) G} ={plpe G} =G.

The rationale behind the definition of the names M294(«:1) was to ensure
we can “talk” about the elements of M[G] inside our model M; in this
connection it is instructive to realize that a single name ¢ always denotes
the generic object G, irrespective of what the object G in fact is.*)

In the following sections we shall show that this uniformity between
the model M and the extension M[G] can be taken much further.

Choosing the generic object

The selection of the generic object G C Add(w, 1) is determined by the
requirement that the model M[G] should satisfy all the axioms of ZF.
Taking into account that each p € G is in M and should function as a
finite approximation of G, the ideal situation would be the following:

Let ¢(vg,...) be an arbitrary formula and let it be true in M[G]
under the interpretations (ig)g, - . ., i.e.

MIG] = ¢l(d0)a, - - -I-
Then there is some p € G, a finite approximation of G, such that
p “decides” (g, ...) inside M.

The nature of the “deciding” needs more clarification, but the intuitive
idea is clear: not only we can refer to particular objects, such as different
G’s, with a single name, i.e. g, we can also decide each property holding
in M[G] by an element which exists in M, i.e. some p € G C Add(w, 1).
Notice that this is a priori not contradictory: although we can decide each
property with an element in M, there are infinitely many properties to
decide — but this would require to know which infinitely many objects
p € Add(w,1) do the deciding; in other words it would require that we
know (inside M) the whole G C Add(w, 1). This leads up to the following
central definition and a theorem.

45) Without giving details, there exist (in V) 2* many generic objects in total for
any “interesting” P — and Add(w, 1) is interesting in this sense, i.e. there is a sequence
(Ga | € 2¥) of generic objects existing in V; ¢ denotes in each extension M[Gqa]
exactly the object Gu, i.e. §g, = Ga for every a.
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Definition 4.21 We say that p € Add(w, 1) forces*® (i, ...), in symbols
p Ik (g, .. .),
if for every generic object G C Add(w, 1), if p € G, then
M[G) = el(do)a, - - ]-

Theorem 4.22 (Correspondence theorem) If G denotes a generic object for
Add(w,1) € M and &g ... are arbitrary names, then the following is true:

MI[G] E ¢l(20)a, ... iff Jp € Gp - p(do, .. ).

A proof of this theorem is well outside the scope of this article. But
some intuitive arguments will be given in the rest of this section.

The name “forcing” in Definition 4.21 signifies that p forces some
formula, or property, to hold in the generic extension M[G], irrespective
of what the object G in fact is. However, notice that Definition 4.21
is really just a definition: the main import of the forcing relation I,
in correspondence with the motivation given at the beginning of this
section, should be that it is expressible inside M this is similar to the
name ¢ for the generic object — recall that the name ¢ exists inside M.
Accordingly, the hardest task in verifying the properties of forcing is to
show that the relation IF in Definition 4.21 is in fact definable inside
M. In Definition 4.25, we show how the relation I is defined for the
existential quantifier.

As suggested earlier, the members p € Add(w, 1) can be viewed as
finite approximations of the extension M [G]; Theorem 4.22 in fact claims
that these finite approximations decide everything about the extension
MIG]. Given p € G, there are some properties ¢ which p decides, but
there are some other which are left undecided by p. If ¢ < p, i.e. if ¢ is
stronger than p, then ¢ should intuitively decide all properties which p
does, and possibly some additional properties as well.*")

Example 4.23 If q is stronger than p, then q should “kmow” more than
p does, and moreover if p |- Jx @, then it is reasonable to expect that

46) This relation has given its name to the entire technique, called “forcing”.

47) To a reader familiar with models for intuitionistic logic, this property of the forcing
relation may seem very similar to a Kripke frame; there are some important analogies,
but some important distinctions as well. For such a reader, to construe members of P
as possible worlds may help to grasp intuitively what is going on. The book Fitting
[1969] studies in detail this analogy.
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there is some witness @ for @, such that q |- o(2).*®) It turns out that it
would be too strong to demand that such a witness exists for every q < p;
however, eventually, each q < p should have such a witness. This leads
to the following definition.

Definition 4.24 Let D € M; we say that D C Add(w,1) is dense if
Vp € Add(w,1)3d € D such that d < p.
For p € Add(w, 1), we say that D is dense below p iff
Vp' < p3d € D such that d < p'.

Definition 4.25 The inductive definition of I for an existential quantifier
s as follows:

p - 3z iff the set {g < p|Tiq - o(&)} is dense below p.

It turns out that the concept of “being dense below a condition” is
the correct apparatus which is used in defining the forcing relation I for
an arbitrary formula ¢. If o is a sentence in the forcing language, we
actually obtain the following nice property: the set of all p such that p
decides o, i.e. pIF o or plF =0 is dense in Add(w, 1).

We will now turn to the definition of a generic object G where the
concept of denseness is also crucial.

Definition 4.26 A subset G C Add(w, 1) is a generic object if it satisfies
the following conditions:

(i) The greatest element of Add(w, 1), i.e. }, is in G;

(ii) If p € G and p < ¢, then g € G;

(iii) If p,q € G, then there is some r € G such that r < p, and r < ¢;
(iv) If D € M is a dense subset of Add(w, 1), then there is some d € G
such that d € D.

Some comments are in order here. Technically speaking, the first
three conditions imply that G is a filter — it is easy to show that there
are many G’s satisfying these three conditions which exist in M. It is the
fourth condition of denseness which makes sure that G cannot exist in
M; see Lemma 4.29.

48) Recall that IF is about semantics, not syntax; this should be understood as follows,
if an arbitrary theory 7" proves the formula Jx ¢, then it doesn’t have to be the case
that there is a term ¢, such that T+ ¢(t3); on the other hand, if M is a model of T,
then M | 3z ¢ does imply that there is a member m, € M such that M = ¢(mz).
The definition of IF should therefore take this into account.
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Theorem 4.27 (Existence of a generic object) If M is countable transitive
set with Add(w,1) € M, then there is a set G € V such that G is a
generic object for Add(w,1). In general, the same applies to an arbitrary
partial order P € M.

Proof of Theorem 4.27. Since M is countable, there are only countably
many dense sets D C P existing in M. Let (D, |n < w) be their enu-
meration. Let pg € P be an arbitrary element. By induction construct a
decreasing sequence p,4+1 < p, such that p,1 € D,,. Set

It is not hard to verify that G satisfies all the required properties.
Notice the importance of the countability of M in the proof. If M
were not countable, then the construction could fail at a limit step: for
the decreasing sequence of p, for n € w, there might exist no p, below
all of them. qed

Example 4.28 We say that P is non-trivial if for all p € P there are qo, q1 €
P such that g0 < p and q1 < p and qo,q1 don’t have a common stronger
condition; i.e. there is no v such that r < qo and r < q1. This is denoted
as qo L q1 and we say that qo,q1 are incompatible; this name clearly
refers to the fact that there can be no generic object G which will contain
both qo and q1. Notice that Add(w, 1) is non-trivial in this sense.

Lemma 4.29 If P is non-trivial, then no generic object is a member of
M.

Proof of Lemma 4.29. By contradiction. If G € M, then in view of Defi-
nition 4.26, item (iv), it is enough to show that the set Dg = {p € P|p &
G} is dense in P (since G is in M by our assumption, Dg is in M as
well; if Dg were dense, then there is some p € G in Dg, contradicting
the definition of D¢g). But this is easy: assume p € P is arbitrary and
qo, q1 are two incompatible conditions below p; since qo, q1 cannot be both
in G, one of them is in D¢. ged

We will now illustrate the importance of the condition (iv) in Defi-
nition 4.26 which demands that G meets all dense subsets of Add(w, 1)
(or P in general).

Corollary 4.30 If G is a generic filter for Add(w, 1), then M[G] contains
a new subset of w.
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Proof of Corollary 4.30. Work in M and define for each n € w a set
D, = {p € Add(w,1)|n € dom(p)}. Obviously, each D,, is dense: if
q € Add(w, 1) is arbitrary, we can always find some p < ¢ such that n is
in the domain of p.

Let G be a generic filter for Add(w,1). Define g(n) = 1 if there is
some p € G such that p(n) = 1; define g(n) = 0 otherwise. As D, is
dense for each n € w, g is defined on all elements of w. Note that if
p(n) = 1 for some p € G, then there can be no other ¢ € G such that
g(n) = 0, by the condition (iii) in Definition 4.26, and so g is correctly
defined.

We claim that ¢ is a new subset of w. By Lemma 4.29, G cannot be
in M; if g were in M, so would be G as G is definable from g: G = {p €
Add(w, 1) |p is compatible with g}.%) It follows that g € M[G]\ M. ged

We shall end this section with a general theorem which says that for
every forcing P and every generic filter G C P, the resulting model M[G]
satisfies ZF(C).

Theorem 4.31 For any partially ordered set P € M and any generic object
G C P, M[G] satisfies all azioms of ZF; if M satisfies also the axiom
of choice, AC, so does M|G|. In particular, if ¢ is an axiom of ZF(C),
then 1p I o, where 1p is the greatest element in P.

The proof of the theorem requires a rigorous treatment of the forcing
relation. It must suffice to say that the main tool used in the proof is
the fact that the forcing relation I is definable in M and consequently
to make sure ¢ holds in M[G] we can use that some formulas relevant
to ¢ hold in M, as M is a model of ZF(C).

To prevent misunderstanding, however, it must be emphasized that
while the truth of AC in M does imply that AC holds in M[G], this is
by no means true for an arbitrary formula ¢. In particular, by nature of
the forcing construction, M[G] can never satisfy V = L if G is not in
M 59 while M can satisfy V = L, and in practice it often does.

The combination of Theorem 4.31 and Corollary 4.30 gives the fol-
lowing theorem:

Theorem 4.32 If ZF is consistent, so is ZF + V # L.

49) This does require some more detailed argument which we omit.

50) Since the ordinal height of M and M|[G] is the same, it holds that LM = LMIG],
It follows that LM C M C MJ[G], and this contradicts V = L in M[G]. See also
Theorem 4.32.
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Proof of Theorem 4.32. Let M be a ground model satisfying ZF. Let
M]G] be a generic extension for G C Add(w,1). By Theorem 4.31, M[G]
satisfies ZF. By Corollary 4.30, M[G] cannot satisfy V = L as the the
new set g C w derived from G (see Corollary 4.30) is certainly not in L
(recall that L = LM = LMIGl C M ¢ M[G)). qed

Notice that Theorem 4.32 is already non-trivial. By Theorem 4.12,
we cannot construct an inner model to show consistency of V' # L (just
replace ~C'H in the proof of Theorem 4.12 by V # L).

Making CH false

By Corollary 4.30, forcing with Add(w,1) adds a new subset g of w. In
fact, since M[G] satisfies ZF, many more subsets of w will be added into
M]G]; for instance for any n € w, g above n is a new subset. But to make
sure CH fails in M[G], we need to add at least Ny many new subsets. It
can be shown, however, that Add(w, 1) will not add as many new sets.

An obvious strategy to add at least X5 many new subsets of w is to
apply Add(w,1) Ry-many times.

Theorem 4.33 There exists a partial order Add(w,Rs), namely, roughly
speaking, Ro-many copies of Add(w, 1) put one after the other, such that
if G is generic for Add(w,Ny) € M, then M[G] satisfies 2% = Ry, i.e.
= CH. In particular, in view of Theorem 4.10, CH is independent on the
azioms of ZF, and ZFC.

We will not give a rigorous proof, but will address instead some
finer technical points which are important for the practical applications
of the forcing technique, and in particular for the failure of CH. Notice
that the development of forcing described above works for an arbitrary
partial order P (we have used the example of Add(w, 1) but in fact we
used none of its specific properties so far). It is clear, however, that some
properties of the forcing extension must depend on the specific properties
of the given partial order. In Section 4, we mentioned that the concept
of a cardinal number is not absolute for transitive models of ZF. In other
words, it may happen that some cardinal numbers in M are destroyed, or
are collapsed in the standing terminology, in M [G] after forcing with some
partial order P (if K < A are cardinals in M, a forcing P may add a 1-1
function from  onto A, collapsing \). Although we may sometimes wish
to collapse cardinals, it is not difficult to see that in the case of Theorem
4.33 and the partial order Add(w,Ns) we had better avoid collapsing.
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The reason is that Add(w, R3) adds Ng-many new subsets of w, where Ry
(i.e. the second uncountable cardinal) is calculated in M. If for instance
N; is collapsed in M[G] (and Ny is not collapsed), then Ry of M becomes
in fact the first uncountable cardinal in M[G], i.e. Xy of M[G], and this
would mean that CH again holds in M[G]!

Here we come to the crucial task which concerns practical appli-
cation of forcing: one needs to carefully verify various properties of the
partial order P to make sure that P achieves the right thing. By way
of illustration, we show how to ensure that the cardinal R; of M is not
collapsed.

Lemma 4.34 Add(w,1) doesn’t collapse Ry of M.

Sketch of proof. It is enough to show that if G is a generic filter for
Add(w,1), then in M[G] there is no countable subset X cofinal in the
ordinal 8. In detail, if we denote v = 8y then in M[G] there can be no
increasing sequence of ordinals X = (x, |n € w) such that the limit of
(xn|n € w) is 7 (if there were such a sequence in M[G], then it easily
follows that v cannot be the first uncountable cardinal in M[G]).

We will proceed by contradiction. Assume that there is in M[G]
some such sequence X = (z,|n € w) cofinal in v = ¥y of M. By
Correspondence theorem 4.22; there is some p € Add(w,1) such that
pIF (X is a cofinal sequence in %), where X is a name for the sequence
X = (xn |n € w). The first element of the sequence X, i.e. gy, has some
name Z( pertaining to it. As it is a name, it may be interpreted by dif-
ferent ordinal numbers under different generic filters G; but whichever
ordinal it is (in a given generic extension), it has to be forced by some
condition to be this ordinal, again by Correspondence theorem 4.22. How-
ever, Add(w, 1) has only size w, and consequently &y can represent only
countably many ordinals below N;. The same applies to &, for every
n € w. This means that we can find inside M some countable family of
ordinals below ¥; which contains all the possible ordinals which can be
represented by the names &,,. But as N; is really uncountable in M, no
such family existing in M can be cofinal in it. This is a contradiction.

ged

Notice that the argument in the previous lemma used the size of
the forcing notion to find in M some countable family of ordinals which
may by interpreted by the names &,. The forcing notion Add(w,Xs) in
Theorem 4.33 (which we have defined very vaguely) is certainly bigger
than w. We will show that this obstacle can be overcome by a more
detailed analysis of the forcing relation.
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Definition 4.35 Let P be a partial order. A subset A of P is called an
antichain if all elements of A are pairwise incompatible, i.e. for all p,q €
A, there is nor € P such thatr <p,r <gq.

Recall that if G C P is a generic filter, than all elements of G must be
pairwise compatible. It follows that G can contain at most one element
of A.

The partial order Add(w, Ns) can be formally defined in such a way
as to satisfy the condition that all antichains in Add(w,R3) are at most
countable. Naively, one would put in Add(w,Ns) all functions p with
domain w x Np and range included in {0,1} such that p restricted to
a < Vg is some finite sequence of zeros and ones — just like a condition
in Add(w,1). The idea being that p approximates No-many new subsets
of w. However, Add(w,Rs) defined in this way contains antichains of
uncountable size. It turns out that the right solution is to require that p
be non-trivial only at finitely many o < No, i.e. except for finitely many
«, p restricted to a coordinate o < No must in fact be an empty set
(empty set is regarded as a trivial finite sequence, and hence the name
“non-trivial”). Such p are said to have a finite support.

Definition 4.36 The forcing Add(w, Ry) contains all conditions p with do-
main w X Ry and range included in {0,1} such that the projection of p to
a coordinate o < Ny is a finite sequence of 0’s and 1’s and p has finite
support. The relation p < q is the reverse inclusion: p < q iff p 2 q.

The following fact will be given without a proof.

Fact 4.37 All antichains in Add(w,R2) are at most countable.
This Fact allows us to show:

Lemma 4.38 Add(w,Ns) doesn’t collapse ¥y of M.

Sketch of proof. The fact that all antichains in Add(w,N2) are at most
countable is enough to infer that R; is not collapsed in a generic extension
M|G] by Add(w, Ns), and consequently CH is false in M[G]. Realize that
the argument in Lemma 4.34 applies here: if p and ¢ force distinct ordinals
for the interpretation of #,,, then p and ¢ must be incompatible; it follows
that they form an antichain, and consequently the number of such p and
q can be at most countable — even if Add(w,Ry) itself is bigger. Thus,
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there is again in M a countable family of ordinals which contains all the
possible interpretations of the names ,.>%) ged

Making AC false

The model for the negation of AC is technically more demanding, so we
won’t be able to give an intuitive outline of the proof. It must suffice to
say that it is possible to construct a forcing extension M [G] and an inner
model N C M|[G], where the axiom of choice fails.

Forcing: Frequently asked questions

Models or syntax? We have mentioned above that the assumption
about the existence of a transitive countable model of ZF is not necessary
for the development of forcing. The key properties of forcing which enable
us to completely avoid the use of models are the following:

(i) The definability of the relation I+ inside M without any recourse

to G — and consequently in V' as well if we do the definition in V'
in place of M;

(ii) Preservation of the forcing relation under the provability, see Fact
4.39 below;

(iii) The fact that the definition of the forcing relation rules out the
possibility that there exists p € P forcing both ¢ and -, where ¢
is an arbitrary formula.

Fact 4.39 Assume that oo A ... App 1 then if plk o A... Ay, then
it 1s also true that p IF 4.

The following lemma shows how to avoid the use of models.

Lemma 4.40 Let P be an arbitrary forcing notion. Assume that there is
p € P such that p -, then ZF F —p.

Proof of Lemma 4.40. First we have to emphasize that the property p IF
 is completely expressible in V', without any recourse to M[G]. Recalling
that the purpose of forcing is to derive comnsistency results, the above
lemma is entirely sufficient for our needs.

51) Technically speaking, we need to work below a condition px that forces that X
is a sequence of ordinals. If we set A = {p < px |Japp Ik X(n) = &}, then the set
of distinct ay’s is at most countable as the relevant p’s form an antichain.
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Assume for contradiction that ZF F —p; then there exist a finite
list of axioms of ZF ¢y, ..., ¢, such that

Vo N... ANpp F .

By Theorem 4.31, 1p IF ZF'; by property in Fact 4.39, we also have
1p IF =p. We have mentioned above that if p < g, then p forces at least
the same formulas as ¢ does; p < 1p hence implies that p IF —p. This is
a contradiction with the item (iii) above. qed

For readers with more familiarity with logic, we can add that the
true benefit of the syntactical approach is that we can formulate the
consistency results on the level of arithmetics, instead of relying on set
theory and its consistency.

Partial orders or Boolean algebras? In many books, in Balcar and
Stépanek [2000] for one, the development of forcing seems intrinsically
dependent on (complete) Boolean algebras. This may be a deterring fea-
ture for students inadequately familiar with the theory of Boolean alge-
bras; fortunately, the use of Boolean algebras can be completely avoided.
Indeed, the incorporation of Boolean algebras into the theory of forcing
came only later by work of Vopénka and Solovay; Boolean algebras add
more understanding into the way forcing works, and also provide nice
connection to logic. In what follows, we describe very briefly — and in
a zig-zag way, in what respect the Boolean algebras are perhaps more
natural to use than general partial orders, and also give some argument
to show that both approaches are for the most purposes identical. Due
to lack of space, however, some familiarity with Boolean algebras must
be assumed.

Some simplifications brought in by Boolean algebras appear already
in the definition of names. Recall that in the definition of the names in
MA@ “see Definition 4.17, if & is a name then there can be many
elements p € Add(w, 1) such that (&, p) is an element of some other name
7. Let us fix a complete Boolean algebra B with its canonical ordering
<p (and for technical reasons, remove the least element in the ordering
<p); then (B, <p) is a partially ordered set and all the development of
forcing can be applied to it (recall that it works for any partially ordered
set). Assume that there is a name § = {(&,p)|p € I}, where I C B
is some set. By the standard definition of a name in Definition 4.17,
this is a regular name and generally it may not be replaceable by some
“simpler” name; now, since B is a complete Boolean algebra, there exist
a supremum p = A p;cs. It turns out that the name g can be equivalently
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replaced by a name ¢ = {(&,p)}, i.e. in the sense of forcing relation, all
the names p; can be “approximated” by the greatest weaker element of B,
namely the supremum p. Note that such replacement needs to take place
in all names, so unless the Boolean algebra is complete, such replacement
cannot be carried out.

Similarly, in the definition of the forcing relation we can use the anal-
ogy between the connectives in logic and the operations in the Boolean
algebra B — they are even sometimes denoted by the same symbols:
A,V,= ="' 3 = infimum, and V = supremum. The most important con-
sequence of this analogy is that we may inductively calculate a Boolean
value, i.e. an element of B, for each formula ¢(Zg,...). In fact this value
may be taken as a generalized truth value attributed to a formula — recall
that the usual truth value in logic takes either the value 0 or 1, where
{0,1} is a (trivial) complete Boolean algebra. These analogies can be
taken much further, but they cannot make the forcing technique more
efficient than it already is, as the following — rather vaguely formulated
— theorem shows.

Theorem 4.41 For every partially ordered set P, there is a unique com-
plete Boolean algebra Bp, called the completion of P, such that the forcing
with P and Bp achieves the same thing.

In practice, it is a matter of personal preferences of the individ-
ual mathematicians whether they use the partial order approach, or the
Boolean algebra one.??)

5 Conclusion

In the present article, we have argued that it is in the nature of set theory
to be “open-ended” in the sense that many interesting properties, such
as AC or CH, can be added into our system both in their positive and
negative form.

There are many other topics in set theory which shed more light
on the issues discussed in this article. We have, for instance, completely
ignored the question of the existence of the so called large cardinals which,
at least in the hopes articulated by Godel, see for instance Godel [1999],
might have had some impact on the intuitive validity or falsity of CH.
These issues will be hopefully brought to the reader’s attention in the
projected second part of this article.

52) In some special cases, the use of Boolean algebras does lead to new insights, but
such examples require a more detailed knowledge of forcing.
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