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Capitulo udf

Modal Tableaux

Draft chapter on prefixed tableaux for modal logic. Needs more exam-
ples, completeness proofs, and discussion of how one can find countermo-
dels from unsuccessful searches for closed tableaux.
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tab.1 Introduction

Tableaux are certain (downward-branching) trees of férmulas assinadas, O.s.,
pairs consisting of a truth value sign (T or F) and a sentenca

Ty or Fe.

A tableau begins with a number of assumptions. Each further féormula assinada
is generated by applying one of the inference rules. Some inference rules add
one or more formulas assinadas to a tip of the tree; others add two new tips,
resulting in two branches. Rules result in féormulas assinadas where the férmula
is less complex than that of the férmula assinada to which it was applied. When
a branch contains both T ¢ and F ¢, we say the branch is closed. If every branch
in a tableau is closed, the entire tableau is closed. A closed tableau constitutes
a derivacao that shows that the set of férmulas assinadas which were used to
begin the tableau are unsatisfiable. This can be used to define a I relation:
I' + o iff there is some finite set Iy = {¢1,...,%,} C I such that there is a
closed tableau for the assumptions

{Fo,Tep1,...,Tthy}.

For modal logics, we have to both extend the notion of férmula assinada
and add rules that cover [0 and ¢ In addition to a sign(T or F), férmulas in
modal tableaux also have prefizes 0. The prefixes are non-empty sequences of



o T - ocF—gp
ocFp -T fo 1N oF
T
_oTery o oF o A
oTe cFp | oFyp ¥
o T 14
FoVv
ocTpVy qu
oTe | oTo 'T oy
v ocFq
F
o T — 1 _Fo2d o
cFo | oTy -T oTy
ocFy

Tabela tab.1: Prefixed tableau rules for the propositional connectives

positive integers, O.s., o € (Z7)* \ {A}. When we write such prefixes without
the surrounding ( ), and separate the individual membros by .’s instead of ,’s.
If o is a prefix, then o.n is ¢ ~ (n); p.ex., if 0 = 1.2.1, then 0.3 is 1.2.1.3. So
for instance,

1.2TOp — ¢

is a prefized formula assinada (or just a prefized formula for short).
Intuitively, the prefix names a world in a model that might satisfy the
férmulas on a branch of a tableau, and if ¢ names some world, then o.n names
a world accessible from (the world named by) o.
-NoValue-

tab.2 Rules for K

The rules for the regular propositional connectives are the same as for regular
propositional signed tableaux, just with prefixes added. In each case, the rule
applied to a signed férmula o S ¢ produces new formulas that are also prefixed
by o. This should be intuitively clear: p.ex., if ¢ A1) is true at (a world named
by) o, then ¢ and ¢ are true at o (and not at any other world). We collect the
propositional rules in Tabela tab.1.

The closure condition is the same as for ordinary tableaux, although we
require that not just the férmulas but also the prefixes must match. So a
branch is closed if it contains both

ocTy and oFep

for some prefix o and formula ¢.
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o TOy o FOyp
—F— T —F
onTp onF e
o.n is used o.n is new
T F
o TOp oT aF Op OF
onTep onFp
o.n is new o.n is used

Tabela tab.2: The modal rules for K.

The rules for setting up assumptions is also as for ordinary tableaux, except
that for assumptions we always use the prefix 1. (It does not matter which
prefix we use, as long as it’s the same for all assumptions.) So, p.ex., we say
that

wlv e 7¢n = ®Y
iff there is a closed tableau for the assumptions
1Ty,..., 1T, 1F .

For the modal operators [J and ¢, the prefix of the conclusion of the rule
applied to a férmula with prefix o is o.n. However, which n is allowed depends
on whether the sign is T or F.

The OT rule extends a branch containing ¢ TOp by o.nTe. Similarly,
the OF rule extends a branch containing o F Q¢ by o.nF p. They can only
be applied for a prefix o.n which already occurs on the branch in which it is
applied. Let’s call such a prefix “used” (on the branch).

The OF rule extends a branch containing o F Oy by o.nF ¢. Similarly, the
QT rule extends a branch containing o T ¢ by o.nT . These rules, however,
can only be applied for a prefix o.n which does not already occur on the branch
in which it is applied. We call such prefixes “new” (to the branch).

The rules are given in Tabela tab.2.

The requirement that the restriction that the prefix for OJT must be used
is necessary as otherwise we would count the following as a closed tableau:

1. 1T Op Assumption
2. 1F Op Assumption
3. 11T ¢ aT1
4. 1.1F ¢ OF2

&
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But Op ¥ Qw, so our proof system would be unsound. Likewise, Qi ¥ Oy,
but without the restriction that the prefix for OF must be new, this would be
a closed tableau:

1T Op Assumption
1F Oy Assumption
11T ¢ OT1
1.1F ¢ OF 2
®

W N

-NoValue-

tab.3 Tableaux for K

nml:tab:prk:

Exemplo tab.1. We give a closed tableau that shows - (OpACY)—0O(pA). >

1. 1F (B Ay) —O(e A1) Assumption

2. 1T OpAOy —F1

3. 1F O(e A1) —F1

4. 1T Op AT 2

5. 1T Oy AT2

6. LIF oAy OF 3
/\

7. LIF ¢ L1F o AF 6

8. 11T ¢ 11T 2 OT4; OT5
& &

Exemplo tab.2. We give a closed tableau that shows - O (Vi) = (OpV OY):

1. 1F O(e V) = (Op vV OU) Assumption

2. 1T O(e V) —F1

3. 1F OV Oy —F1

4. IF Oy VF 3

5. 1F Ot VF3

6. LIT oV OT2
/\

7. 11T ¢ 11T o VT 6

8. LIF o L1F % OF4; OF 5
& ®

Problema tab.1. Find closed tableaux in K for the following férmulas:

1. Op—=0O(p—q)
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2. (BpvOq) =»D(pVa)
3. 0p—= 0PV a)

4. OpAg)—Op
-NoValue-

tab.4 Soundness for K

This soundness proof reuses the soundness proof for classical propo-
sitional logic, O.s., it proves everything from scratch. That’s ok if you
want a self-contained soundness proof. If you already have seen soundness
for ordinary tableau this will be repetitive. It’s planned to make it possi-
ble to switch between self-contained version and a version building on the
non-modal case.

In order to show that prefixed tableaux are sound, we have to show that if
1T, ..., 1Ty, 1F e

has a closed tableau then 1,...,%, E . It is easier to prove the contra-
positive: if for some 9 and world w, M, w I+ ¢; for all ¢ = 1, ..., n but
M, w IF ¢, then no tableau can close. Such a countermodel shows that the
initial assumptions of the tableau are satisfiable. The strategy of the proof is
to show that whenever all the prefixed férmulas on a tableau branch are sa-
tisfiable, any application of a rule results in at least one extended branch that
is also satisfiable. Since closed branches are unsatisfiable, any tableau for a
satisfiable set of prefixed férmulas must have at least one open branch.

In order to apply this strategy in the modal case, we have to extend our
definition of “satisfiable” to modal modals and prefixes. With that in hand,
however, the proof is straightforward.

Definigao tab.3. Let P be some set of prefixes, O.s., P C (Z7)* \ {A} and
let 9 be a model. A function f: P — W is an interpretation of P in O if|
whenever ¢ and o.n are both in P, then Rf(c)f(o.n).

Relative to an interpretation of prefixes P we can define:

1. 9 satisfies o T iff M, f(o) IF .
2. M satisfies o F o iff M, f(o) ¥ .

Definicao tab.4. Let I' be a set of prefixed férmulas, and let P(I") be the
set of prefixes that occur in it. If f is an interpretation of P(I") in 9, we say
that 91 satisfies I" with respect to f, 9, f I+ ', if 9 satisfies every prefixed
férmula in I' with respect to f. I is satisfiable iff there is a model 9 and
interpretation f of P(I') such that 91, f IF T".
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Proposigao tab.5. If I' contains both 0 T and o ¢, for some formula ¢
and prefix o, then I' is unsatisfiable.

Prova. There cannot be a model 9t and interpretation f of P(I") such that
both M, f (o) IF ¢ and M, f(o) ¥ . O

Teorema tab.6 (Soundness). If I has a closed tableau, I' is unsatisfiable.

Prova. We call a branch of a tableau satisfiable iff the set of férmulas assinadas
on it is satisfiable, and let’s call a tableau satisfiable if it contains at least one
satisfiable branch.

We show the following: Extending a satisfiable tableau by one of the rules
of inference always results in a satisfiable tableau. This will prove the theorem:
any closed tableau results by applying rules of inference to the tableau consis-
ting only of assumptions from I'. So if I" were satisfiable, any tableau for it
would be satisfiable. A closed tableau, however, is clearly not satisfiable, since
all its branches are closed and closed branches are unsatisfiable.

Suppose we have a satisfiable tableau, O.s., a tableau with at least one
satisfiable branch. Applying a rule of inference either adds férmulas assinadas
to a branch, or splits a branch in two. If the tableau has a satisfiable branch
which is not extended by the rule application in question, it remains a satisfiable
branch in the extended tableau, so the extended tableau is satisfiable. So we
only have to consider the case where a rule is applied to a satisfiable branch.

Let I' be the set of formulas assinadas on that branch, and let 0 S¢ € I" be
the férmula assinada to which the rule is applied. If the rule does not result in a
split branch, we have to show that the extended branch, O.s., I" together with
the conclusions of the rule, is still satisfiable. If the rule results in split branch,
we have to show that at least one of the two resulting branches is satisfiable.
First, we consider the possible inferences with only one premise.

1. The branch is expanded by applying —T to ¢ T—%¢ &€ I'. Then the ex-
tended branch contains the férmulas assinadas I" U {c F«}. Suppose
M, f I I'. In particular, M, f(o) Ik —p. Thus, M, f(o) ¥ ¢, O.s., M
satisfies o F 4 with respect to f.

2. The branch is expanded by applying —F to o F =) € I': Exercise.

3. The branch is expanded by applying AT to ¢ Ty A x € I', which results
in two new férmulas assinadas on the branch: ¢ T+ and o T x. Suppose
M, f Ik I', in particular M, f(o) IF ¥ A x. Then M, f(o) IF ¢ and
M, f(o) Ik x. This means that 9 satisfies both 0 Ty and o T x with
respect to f.

4. The branch is expanded by applying VI to F V x € I': Exercise.

5. The branch is expanded by applying —F to o F ¢ — x € I': This results
in two new férmulas assinadas on the branch: ¢ T+ and o F x. Suppose
M, f I I, in particular M, f(o) ¥ » — x. Then M, f(o) I+ ¢ and
M, f(o) ¥ x. This means that I, f satisfies both ¢ T4 and o F x.
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6. The branch is expanded by applying UT to o TUw € I': This results in a
new férmula assinada o.n Tt on the branch, for some o.n € P(I") (since
o.n must be used). Suppose M, f |+ ', in particular, M, f(o) IF Or.
Since f is an interpretation of prefixes and both o, o.n € P(I"), we know
that Rf(o)f(o.n). Hence, M, f(o.n) Ik 1, O.s., M, f satisfies o.n T 1.

7. The branch is expanded by applying OOF to o F [y € I': This results in
a new formula assinada o.nF ¢, where o.n is a new prefix on the branch,
O.s., o.n ¢ P(I'). Since I is satisfiable, there is a 9 and interpreta-
tion f of P(I') such that 9, f £ I, in particular 9, f(o) ¥ Op. We
have to show that I' U {o.nF ¢} is satisfiable. To do this, we define an
interpretation of P(I") U {o.n} as follows:

Since M, f (o) ¥ O, there is a w € W such that Rf(o)w and M, w ¥ .
Let f' be like f, except that f'(o.n) = w. Since f'(c) = f(o) and
Rf(o)w, we have Rf'(0) f'(o.n), so f’is an interpretation of P(I")U{o.n}.
Obviously 9, f'(o.n) ¥ 1. Since f(o') = f'(o’) for all prefixes o’ €
P(I), M, ' I- I'. So, M, f' satisfies I' U {o.nF }.

Now let’s consider the possible inferences with two premises.

1. The branch is expanded by applying AF to o Fy A x € I', which results
in two branches, a left one continuing through oF and a right one
through o F x. Suppose M, f I I', in particular M, f(o) ¥ ¢ A x. Then
M, f(o) ¥ ¢ or M, f(o) ¥ x. In the former case, M, f satisfies o F ¢,
O.s., the left branch is satisfiable. In the latter, 91, f satisfies 0 F x, O.s.,
the right branch is satisfiable.

2. The branch is expanded by applying VT to ¢ T V x € I': Exercise.

3. The branch is expanded by applying —T to ¢ Tv — x € I': Exercise. []

Problema tab.2. Complete the proof of Teorema tab.6.
Corolario tab.7. If 't ¢ then I' E .

Prova. If I' - ¢ then for some ¢, ..., ¥, € 'y A={1F ¢, 1T¢n,...,1Te,}
has a closed tableau. We want to show that I E . Suppose not, so for some
M and w, M, w Ik ; for i =1, ..., n, but M wl ¢. Let f(1) = w; then f is
an interpretation of P(A) into M, and M satisfies A with respect to f. But by
Teorema tab.6, A is unsatisfiable since it has a closed tableau, a contradiction.
So we must have I' I ¢ after all. O

Corolario tab.8. Ift ¢ then ¢ is true in all models.
-NoValue-
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o TOp oFQp
oTo TO Ty TO
o Ty oFQp

o TOp P8 sFOp D0
.nTO nF
onTOp BOY onF O BO
ocTyp ocFp

o TOyp oF Qv
onTOp 40 onlF Qp 40

o.n is used o.n is used

onTOp onF Qe

T o TOp 40 T oFop 4rd

Tabela tab.3: More modal rules.

Logic Ris... Rules
T=KT reflexive T, TO
D =KD serial DO, DO
K4 transitive 40, 4¢
B =KTB reflexive, T, TO
symmetric BO, BO
S4=KT4 reflexive, TO, TO,
transitive 40, 40
S5 = KT4B reflexive, TO, TO,
transitive, 40, 40,
euclidean  4r[J, 4r

Tabela tab.4: Tableau rules for various modal logics.
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tab.5 Rules for Other Accessibility Relations

In order to deal with logics determined by special accessibility relations, we
consider the additional rules in Tabela tab.3.

Adding these rules results in systems that are sound and complete for the
logics given in Tabela tab.4.
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Exemplo tab.9. We give a closed tableau that shows S5 F 5, O.s., Op—O0 .

1. 1F Op —O0p Assumption
2. 1T Op —F1
3. 1F OOCp —F1
4. 1.1F Q¢ arF3
5. 1F Q¢ 4r$ 4
6. 1.1F ¢ OF 5
7. 11T ¢ aT2
®

Problema tab.3. Give closed tableaux that show the following:

6.

KT5 - B;

. KT5 - 4;

KDB4 1} T;
KB4 5;
KB5 - 4;

KTFD.

-NoValue-

tab.6 Soundness for Additional Rules

nml:tabmsn: - We say a rule is sound for a class of models if, whenever a branch in a tableau
is satisfiable in a model from that class, the branch resulting from applying the
rule is also satisfiable in a model from that class.

sec

nmi:tab:msn: Proposicao tab.10. TO and TO are sound for reflexive models.

prop:soundness-T

Prova. 1. The branch is expanded by applying T to ¢ Ty € I': This

results in a new férmula assinada o Tt on the branch. Suppose 9, f IF
I', in particular, 9, f(o) I+ Ou. Since R is reflexive, we know that
Rf(o)f(o). Hence, M, f(o) Ik 1, O.s., M, f satisfies o T .

The branch is expanded by applying TO to oF Qi) € I': This results
in a new formula assinada o F ¢ on the branch. Suppose 9, f IF I', in
particular, 9, f(o) ¥ O1. Since R is reflexive, we know that Rf (o) f (o).
Hence, M, f(o) ¥ ¢, O.s., M, f satisfies o F ). O

nmil:tab:msn: Proposigao tab.11. DO and DO are sound for serial models.

prop:soundness-D
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Prova. 1. The branch is expanded by applying DO to ¢ TUOy € I': This

results in a new féormula assinada o T {1 on the branch. Suppose M, f I+
I', in particular, M, f(o) IF 0. Since R is serial, there is a w € W
such that Rf(c)w. Then M, w Ik ¢, and hence M, f(o) IF Q1. So, M, f
satisfies o T Q1.

. The branch is expanded by applying D) to o F Q1 € I': This results in

a new férmula assinada o F [y on the branch. Suppose 9, f I I') in
particular, M, f(o) ¥ O1. Since R is serial, there is a w € W such that
Rf(o)w. Then M, w W ¢, and hence M, f(o) ¥ T. So, M, f satisfies
o F . O

Proposigao tab.12. BO and B are sound for symmetric models.

Prova. 1. The branch is expanded by applying B to o.n T € I': This

results in a new férmula assinada o Tt on the branch. Suppose M, f I+ I,
in particular, M, f(o.n) IF 0. Since f is an interpretation of prefixes on
the branch into 91, we know that Rf(o)f(o.n). Since R is symmetric,
Rf(o.n)f(o). Since M, f(o.n) - Oy, M, f(o) Ik . Hence, M, f satisfies
o T.

. The branch is expanded by applying B to o.nF Qi € I': This results

in a new formula assinada o F 1) on the branch. Suppose M, f IF I', in
particular, M, f(o.n) ¥ Q. Since f is an interpretation of prefixes on
the branch into 9, we know that Rf(o)f(o.n). Since R is symmetric,
Rf(o.n)f(o). Since M, f(o.n) ¥ O, M, f(o) ¥ 1. Hence, M, f satisfies
oF . O

Proposigao tab.13. 40 and 40 are sound for transitive models.

Prova. 1. The branch is expanded by applying 400 to ¢ TOy € I': This

10

results in a new férmula assinada o.n Ty on the branch. Suppose
M, f Ik I, in particular, M, f(o) IF Otp. Since f is an interpretation
of prefixes on the branch into 9t and o.n must be used, we know that
Rf(o)f(o.n). Now let w be any world such that Rf(o.n)w. Since
R is transitive, Rf(o)w. Since M, f(o) I+ Oy, M, w I+ . Hence,
M, f(on) - Oy, and M, f satisfies o.n T .

. The branch is expanded by applying 40 to o F Qv € I': This results in

a new férmula assinada o.nF Q1) on the branch. Suppose I, f IF ', in
particular, 9, f(o) ¥ O. Since f is an interpretation of prefixes on the
branch into Mt and o.n must be used, we know that Rf(o)f(o.n). Now
let w be any world such that Rf(o.n)w. Since R is transitive, Rf(o)w.
Since M, f(o) ¥ O, Mw W . Hence, M, f(o.n) ¥ O, and M, f
satisfies o.nF O1p. O
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prop:soundness-4r
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cor:soundness-logics

nml:tab:s5:
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Proposigao tab.14. 4r(d and 4rQ are sound for euclidean models.

Prova. 1. The branch is expanded by applying 4r[J to o.n TOy € I': This
results in a new férmula assinada ¢ T iy on the branch. Suppose M, f IF
I', in particular, M, f(o.n) IF O¢. Since f is an interpretation of pre-
fixes on the branch into 9, we know that Rf(c)f(c.n). Now let w be
any world such that Rf(c)w. Since R is euclidean, Rf(o.n)w. Since
M, f(o).n - O, M, w Ik . Hence, M, f(o) IF Oy, and M, f satisfies
o Thy.

2. The branch is expanded by applying 4r( to o.nF Qip € I': This results
in a new férmula assinada o T on the branch. Suppose M, f IF I'; in
particular, 0, f(o.n) ¥ O1p. Since f is an interpretation of prefixes on the
branch into 91, we know that Rf(c)f(o.n). Now let w be any world such
that Rf(o)w. Since R is euclidean, Rf(o.n)w. Since M, f(o).n ¥ O,
M, w W 1. Hence, M, f(o) ¥ O, and M, f satisfies o F Oo). O

Corolario tab.15. The tableau systems given in Tabela tab.4 are sound for
the respective classes of models.

-NoValue-

tab.7 Simple Tableaux for S5

S5 is sound and complete with respect to the class of universal models, O.s.,
models where every world is accessible from every world. In universal models
the accessibility relation doesn’t matter: “there is a world w where 9, w I+ ”
is true if and only if there is such a w that’s accessible from u. So in S5, we can
define models as simply a set of worlds and a valuation V. This suggests that
we should be able to simplify the tableau rules as well. In the general case,
we take as prefixes sequences of positive integers, so that we can keep track of
which such prefixes name worlds which are accessible from others: o.n names
a world accessible from ¢. But in S5 any world is accessible from any world,
so there is no need to so keep track. Instead, we can use positive integers as
prefixes. The simplified rules are given in Tabela tab.5.

Exemplo tab.16. We give a simplified closed tableau that shows S5 F 5, O.s.,

Op = D0y
1. 1F O —O0p Assumption
2. 1T Op —F1
3. 1F O0p —F1
4. 2F O OF 3
5. 3T ¢ OT 2
6. 3F ¢ QF 4
®
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explanation

nT Oy or nFOyp OF
mTp mFp

m is used m is new
T F
nTOp oT nF Op OF
mTp mF e

m is new m is used

Tabela tab.5: Simplified rules for S5.
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tab.8 Completeness for K

To show that the method of tableaux is complete, we have to show that whe-
never there is no closed tableau to show I' F ¢, then I' ¥ ¢, O.s., there is a
countermodel. But “there is no closed tableau” means that every way we could
try to construct one has to fail to close. The trick is to see that if every such
way fails to close, then a specific, systematic and erhaustive way also fails to
close. And this systematic and exhaustive way would close if a closed tableau
exists. The single tableau will contain, among its open branches, all the infor-
mation required to define a countermodel. The countermodel given by an open
branch in this tableau will contain the all the prefixes used on that branch as
the worlds, and a varidvel proposicional p is true at ¢ iff 0 Tp occurs on the
branch.

Definigao tab.17. A branch in a tableau is called complete if, whenever it
contains a prefixed férmula o S ¢ to which a rule can be applied, it also contains

1. the prefixed férmulas that are the corresponding conclusions of the rule,
in the case of propositional stacking rules;

2. one of the corresponding conclusion férmulas in the case of propositional
branching rules;

3. at least one possible conclusion in the case of modal rules that require a
new prefix;

4. the corresponding conclusion for every prefix occurring on the branch in
the case of modal rules that require a used prefix.
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For instance, a complete branch contains o T and o T xy whenever it con- explanation
tains T A x. If it contains o TV x it contains at least one of c F ¢ and o T x.
If it contains o F [ it also contains o.nF [ for at least one n. And whenever
it contains o T it also contains o.n T for every n such that o.n is used on
the branch.

nmi:tab:cpl: Proposicao tab.18. Fvery finite I' has a tableau in which every branch is
prop:complete-tableau Complete

Prova. Consider an open branch in a tableau for I'. There are finitely many
prefixed formulas in the branch to which a rule could be applied. In some fixed
order (say, top to bottom), for each of these prefixed férmulas for which the
conditions (1)—(4) do not already hold, apply the rules that can be applied to it
to extend the branch. In some cases this will result in branching; apply the rule
at the tip of each resulting branch for all remaining prefixed férmulas. Since the
number of prefixed férmulas is finite, and the number of used prefixes on the
branch is finite, this procedure eventually results in (possibly many) branches
extending the original branch. Apply the procedure to each, and repeat. But
by construction, every branch is closed. O

nmitabicpt: ' Teorema tab.19 (Completeness). If I' has no closed tableau, I' is satisfi-
thm:tableau-completeness able‘

Prova. By the proposition, I" has a tableau in which every branch is complete.
Since it has no closed tableau, it thas has a tableau in which at least one branch
is open and complete. Let A be the set of prefixed férmulas on the branch,
and P(A) the set of prefixes occurring in it.

We define a model MM (A) = (P(A), R, V) where the worlds are the prefixes
occurring in A, the accessibility relation is given by:

Roo’' iff o' =o.n for some n
and
V(p)={o:0Tpe A}
We show by induction on ¢ that if c T € A then 9M(A),o F ¢, and if
ocF ¢ € A then M(A), o ¥ .

1. p=p: foTe e Atheno € V(p) (by definition of V) and so M(A), o I+
®.
IfoFpe Athen 0 Ty ¢ A, since the branch would otherwise be closed.
So o ¢ V(p) and thus M(A), o ¥ .

2. p=—-Y: IfoTye A, then o F1p € A since the branch is complete. By
induction hypothesis, MM(A), o ¥ ¢ and thus M(A), o Ik ¢.

If cFpe A, then 0 Ty € A since the branch is complete. By induction
hypothesis, MM(A), o IF ¢ and thus M(A), o ¥ .

tableaux rev: 51c2271 (2026-07-12) por OLP / CC-BY. 13
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.o=vAx: IfoTe € A, then both 0Ty € A and o Ty € A since

the branch is complete. By induction hypothesis, M(A),o Ik ¢ and
M(A), o Ik x. Thus M(A), o IF .

If cFp € A, then either cF¢ € A or o F x € A since the branch is
complete. By induction hypothesis, either 9 (A), o ¥ ¢ or M(A), o W 1.
Thus M(A), 0 K ¢.

o= Vyxy: IfoTe € A, then either c Ty € A or o Tx € A since

the branch is complete. By induction hypothesis, either 9M(A), o IF ¢ or
M(A), o Ik x. Thus M(A), o IF .

If coFp € A, then both cF¢ € A and o Fx € A since the branch is
complete. By induction hypothesis, both 9(A), o ¥ ¢ and M(A), o W 1.
Thus M(A), o ¥ ¢.

.o=1v—>x: IfoTe € A, then either cFy € A or 6 Ty € A since

the branch is complete. By induction hypothesis, either M (A), o ¥ ¢ or
M(A),oIF x. Thus M(A),0 IF .

If cFyp € A, then both 0Tty € A and oF x € A since the branch is
complete. By induction hypothesis, both MM(A), o IF ¢ and M(A), o W 1.
Thus M(A), 0 ¥ ¢.

.p=0Y: If o Ty € A, then, since the branch is complete, o.n Ty € A

for every o.n used on the branch, O.s., for every ¢’ € P(A) such that
Roo’. By induction hypothesis, M(A), o’ I+ ¢ for every o’ such that
Roo’. Therefore, M(A), o IF .

IfoFp e A, then for some o.n, o.nF 1 € A since the branch is complete.
By induction hypothesis, 9(A),o.n ¥ 1. Since Ro(o.n), there is a o’
such that 9M(A), o’ ¥ . Thus M(A), o ¥ ¢.

=0 If o Ty € A, then for some o.n, o.n Ty € A since the branch

is complete. By induction hypothesis, MM (A),o.n Ik 9. Since Ro(o.n),
there is a ¢’ such that M(A), o’ IF . Thus M(A), 0 IF .

IfoF ¢ € A, then, since the branch is complete, o.nF 1 € A for every o.n
used on the branch, O.s., for every o’ € P(A) such that Roo’. By induc-
tion hypothesis, MM (A), o’ ¥ 1) for every o’ such that Roo’. Therefore,
M(A), o I .

Since I' C A, M(A) I- I O

Problema tab.4. Complete the proof of Teorema tab.19.

Corolario tab.20. IfI'F ¢ then I'F .

Corolario tab.21. If ¢ is true in all models, then - .

14
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tab.9 Countermodels from Tableaux

nml:tab:cou: 'The proof of the completeness theorem doesn’t just show that if F ¢ then F ¢, explanation

°*° it also gives us a method for constructing countermodels to ¢ if ¥ A. In the case
of K, this method constitutes a decision procedure. For suppose ¥ . Then the
proof of Proposicao tab.18 gives a method for constructing a complete tableau.
The method in fact always terminates. The propositional rules for K only add
prefixed férmulas of lower complexity, O.s., each propositional rule need only
be applied once on a branch for any signed formula o .S p. New prefixes are
only generated by the OF and QT rules, and also only have to be applied once
(and produce a single new prefix). OT and QF have to be applied potentially
multiple times, but only once per prefix, and only finitely many new prefixes are
generated. So the construction either results in a closed branch or a complete
branch after finitely many stages.

Once a tableau with an open complete branch is constructed, the proof
of Teorema tab.19 gives us an explict model that satisfies the original set of
prefixed férmulas. So not only is it the case that if I" F ¢, then a closed tableau
exists and I' F ¢, if we look for the closed tableau in the right way and end
up with a “complete” tableau, we’ll not only know that I' ¥ ¢ but actually be
able to construct a countermodel.

Exemplo tab.22. We know that ¥ O(p V ¢) — (Op V Ogq). The construction
of a tableau begins with:

1. 1F O(pVvq)— (OpVvOq) v Assumption
2. 1T O(pVye) —F1
3. IF OpvOg v SF1
4, 1F Op v VF3
5. 1F Og v VF 3
6. 1.1F p v OF 4
7. 1.2F g v OF 5

The tableau is of course not finished yet. In the next step, we consider the
only line without a checkmark: the prefixed férmula 1 TO(pV ) on line 2. The
construction of the closed tableau says to apply the OT rule for every prefix
used on the branch, O.s., for both 1.1 and 1.2:

1. 1F O(pVvgq) — (OpVvOq) v Assumption
2. 1T O(pVyg) —F1
3. 1F OpvUg v —F1
4. 1F Op v VF3
5. 1F Og v VF 3
6. 11F p v OF 4
7. 1.2F ¢ v OF 5
8. 1.1T pVgq QT2
9. 12T pVvgq OT2
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OV OF
N

OF
-q

Figura tab.1: A countermodel to O(p V ¢) — (Op Vv Og).

nml:tab:cou:

fig:counter-Box

Now lines 2, 8, and 9, don’t have checkmarks. But no new prefix has been
added, so we apply VT to lines 8 and 9, on all resulting branches (as long as
they don’t close):

1. 1F O(pVvgq) — (OpvOg) v Assumption
2. 1T (Ve v —F1
3. 1F OpvUg v —F1
4. IF Op v VF 3
5. 1F Og v VF 3
6. 11F pv OF 4
7. 1.2F ¢ v OF 5
8. 1.1T pVvg Vv uT2
9. 12T pVg Vv T2
/\
10. 11T p v 11T ¢ v VT8
® /\
11. 12T pv 12T ¢v  VT9
0y

There is one remaining open branch, and it is complete. From it we define the
model with worlds W = {1,1.1,1.2} (the only prefixes appearing on the open
branch), the accessibility relation R = {(1,1.1),(1,1.2)}, and the assignment
V(p) = {1.2} (because line 11 contains 1.2Tp) and V(q) = {1.1} (because
line 10 contains 1.1T¢q). The model is pictured in Figura tab.1, and you can
verify that it is a countermodel to O(p V ¢) — (Op Vv Og).
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