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Chapter 1

INTRODUCTION

Dialogues have first been proposed by Lorenzen [1960]. [1961]' as an
alternative foundation for constructive or intuitionistic logic.?> The general
idea is that the logical constants are given an interpretation in certain game-
theoretical terms. Dialogues are two-player games between a proponent and
an opponent, where each of the two players can either attack claims made
by the other player or defend their own claims. For example, an implication
A — B is attacked by claiming 4 and defended by claiming B. This means
that in order to have a winning strategy for 4 — B, the proponent must
be able to generate an argument for B depending on what the opponent
can put forward in defense of 4. The logical constant of implication has
thus been given a certain game-theoretical or argumentative interpretation,
and corresponding argumentative interpretations can be given for the other
logical constants.® Different from standard constructive interpretations
of the logical constants like the Brouwer-Heyting-Kolmogorov (BHK)
interpretation®, the attacker need not necessarily produce a full proof of 4
in the case of implications 4 — B. Instead, the proponent may force the
opponent to produce certain fragments of a proof of 4 which are sufficient
to successfully defend B.> Starting from argumentative interpretations.
formal dialogue semantics can be developed.

The two main goals of this dissertation are to provide dialogical foundations
in the sense of formal dialogue semantics for definitional reasoning and for
implications as rules.

In order to achieve the first main goal, we will first (in Chapter 2)
introduce a new kind of dialogues for intuitionistic logic as a variant

'See also Lorenzen and Schwemmer [1973], Lorenzen and Lorenz [1978] and Lorenzen
[19807, [1982], [1987].

%For a critical discussion of this approach see Hodges [2001] (cf. also Hodges [2009]) and
the reply by Krabbe [2001]; see also Marion [2009].

3Cf. Felscher [2002]. See also Remark 2.1.3 below.

“See Heyting [1971].

3See also Piecha and Schroeder-Heister [2012].
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2 1. INTRODUCTION

of (standard) Lorenzen dialogues (respectively as a variant of Lorenzen
dialogues as they have been presented by Felscher [1985], [2002]). The
distinguishing feature of these new dialogues is that dialogues won by the
proponent need not end with the assertion of an atomic formula (as it is
the case in the standard dialogues) but may end with the assertion of a
complex formula.® We will show (in Chapter 3) that the formulas justifiable
or provable on the basis of these dialogues are exactly the formulas provable
in sequent calculus for intuitionistic logic. Based on this result, we will
then (in Chapter 4) extend these dialogues to definitional dialogues. They
provide a means for definitional reasoning, that is, for reasoning about given
definitions of atomic formulas whose defining conditions may be complex
formulas. Such definitions have the form of (generalized) logic programs,
and definitional reasoning is an extension of logic programming. Definitional
dialogues are a formal semantics for this extension. A paradoxical definition
is used as a test case for definitional reasoning, and the effects of the
structural operation of contraction are considered.

The second main goal—that is, to provide a dialogical foundation for
implications as rules—will be approached in Chapter 5. Different to BHK-
like interpretations or to the dialogues considered so far, implications will
be understood as being rules. Thus an implication 4 — B is understood as
a rule which allows us to pass from A over to B. Such an understanding of
implications as rules can be motivated from logic programming or natural
deduction. In the latter, modus ponens

A A—B
B
can be read as the application of 4 — B as a rule, which is used to pass
from A to B, and where the introduction

(]

B
A—B
(where assumptions 4 can be discharged) of an implication 4 — B can be
read as establishing a rule, namely by deriving its conclusion B from its
premiss 4. For sequent calculus, Schroeder-Heister [2011a], [2011b] has
proposed an alternative left implication introduction rule

I'4
14— B+-B

To prevent any misunderstandings, we point out that atomic formulas do not contain
any logical constant, whereas complex formulas contain at least one logical constant. That
is, complex formulas are non-atomic formulas and do not comprise atomic formulas as a
limit case.
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which is motivated by a reading of implications as rules, and which replaces
the standard left implication introduction rule

I'td4 A.BEC

I''A,A— BEC
We will carry the implications-as-rules approach over to dialogues. The
general idea will be that any implication 4 — B claimed by the opponent
is considered to be a rule in a sort of ‘database’; this rule can later be
used by the proponent to reduce the justification of its conclusion B to
the justification of its premiss 4. This is made possible by allowing the
proponent to defend an attack on B by asserting A whenever 4 — B has
been claimed by the opponent before. If no such claim has been made
before, then the argument for B continues with an opponent attack on B,
just as in the standard dialogues.” Special consideration will be given to
the structural operation of cut in these new implications-as-rules dialogues,
and an equivalence result will be shown for the corresponding sequent
calculus. Finally, we will consider a combination of definitional dialogues
with implications-as-rules dialogues.

Dialogues do also feature certain similarities with tableaux. We will point
out these similarities—as well as the differences—at the end of Chapter 2 in
Section 2.9.

All definitions of dialogues and sequent calculi that we will make use of can
be looked up in Appendix A.

’See also Piecha and Schroeder-Heister [2012].






Chapter 2

DIALOGUES AND STRATEGIES FOR
PROPOSITIONAL LOGIC

We define the concepts of argumentation form, dialogue and strategy,
following the presentation of Felscher [1985], [2002] with slight deviations.
After that, certain variants of dialogues are introduced. Of these, the
newly introduced DI?- and EI?-dialogues will be of special importance: An
equivalence result will be proved for EI?-dialogues and a sequent calculus
with complex initial sequents (see Chapter 3). and this result will be the basis
of certain extensions to what we call ‘definitional dialogues’, introduced and
analyzed in Chapter 4. We focus on dialogues for intuitionistic propositional
logic.® Nonetheless, in order to highlight how dialogues for intuitionistic
propositional logic differ from dialogues for classical propositional logic we
will also consider the latter briefly. Finally, we will point out certain problems
that arise when hypotheses (or assumptions) are allowed in dialogues.

2.1. Dialogues

We define our language, argumentation forms for logical constants and
dialogues.

DEFINITION 2.1.1. The language consists of propositional formulas
A.B.C. ... that are constructed from atomic formulas (atoms) a.b.c, ...
with the logical constants — (negation), A (conjunction), V (disjunction) and
— (implication). Furthermore, V, A; and A, are used as special symbols.
In addition, the letters P (‘proponent’) and O (‘opponent’) are used. An
expression e is either a formula or a special symbol. For each expression e
there is a P-signed expression P e and an O-signed expression O e. A signed
expression is called assertion if the expression is a formula; it is called
symbolic attack if the expression is a special symbol. X and Y, where
X # Y, are used as variables for P and O.

¥Dialogues for intuitionistic first-order logic will be examined in Chapter 3.
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2. DIALOGUES AND STRATEGIES FOR PROPOSITIONAL LOGIC

DErFINITION 2.1.2. For each logical constant an argumentation form

determines how a complex formula (having the respective constant in
outermost position) that is asserted by X can be attacked by Y and how
this attack can be defended (if possible) by X. The argumentation forms
are as follows:

negation —: assertion: X —A4

attack: YA
defense:  no defense

conjunction A: assertion: X A; A Ay

attack: Y A (Y choosesi =l ori =2)

defense: X A4,
disjunction V: assertion: X AV A,

attack: Yv

defense: X A4, (X choosesi =1ori =2)
implication —: assertion: X A — B

attack: YA

defense: X B

REMARK 2.1.3. By these argumentation forms the logical constants are

given an argumentative interpretation (as Felscher [2002, p. 127] calls it) in
the following sense:

(i)

(iif)

An argument on a conjunctive assertion made by X consists in Y
choosing one conjunct of the assertion, and X continuing the argu-
ment with that chosen conjunct. In other words, the argumentative
interpretation of conjunction is given by the reduction of the argument
on a conjunctive assertion made by X to the argument on one of the
conjuncts chosen by Y in the attack.

In an argument on a disjunctive assertion made by X, Y demands
the continuation of the argument with any of the disjuncts. In other
words, the argumentative interpretation of disjunction is given by the
reduction of the argument on a disjunctive assertion made by X to the
argument on one of the disjuncts chosen by X in the defense.

An argument on an implicative assertion made by X consists in Y
stating the antecedent of the implication (whereby the antecedent
functions as an assumption), and X continuing the argument with
the succedent. Alternatively, X could continue with an attack on the
assumed antecedent. In other words, the argumentative interpretation
of implication is given by the reduction of the argument on an implica-
tive assertion made by X to the argument on the succedent under the
assumption of the antecedent.
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(iv) An argument on a negative assertion -4 made by X consists in Y
stating the assertion 4, without X being able to continue the argument.
This argumentative interpretation of negation can be made clear
by introducing the falsum | as a constant which signifies absurdity
(which is taken as a primitive notion). We can then define negation
by implication and falsum: -A := A — L. An argument on —4 is
thus an argument on A — 1. However, X asserting 1 would mean
that Y could continue the argument with any assertion—assuming the
principle of ex falso quodlibet to be applicable here. To avoid this, L
must not be asserted. Hence, an argument on —A4 (i.e. on 4 — L) can
only continue with an argument on the assumption A4, and cannot be
reduced to an argument on L.°

DEFINITION 2.1.4. Letd(n). for n > 0, be a signed expression and #(n)
a pair [m, Z]. for 0 < m < n, where Z is either 4 (for ‘attack’) or D (for
‘defense’), and where #7(0) is empty. Pairs (6(n),n(n)) are called moves.

A move (§(n),n(n) = [m. A]) is called attack move, and a move (6(n).
n(n) = [m, D)) is called defense move.

REMARK 2.1.5. 6(n) is a function mapping natural numbers n > 0 to
signed expressions X e. and 5(n) is a function mapping natural numbers
n > 0 to pairs [m. Z]. The numbers in the domain of §(n) (resp. in the
domain of 57(n)) are called positions.

When talking about a move (6(n),7(n)), we write (6(n) = X e,n(n) =
[m, Z]) to express that d(n) has the value X e for position n, and that 5 (n)
has the value [m, Z] for position n.!°

For example, (6(n) = P A,n(n) = [m, D]) denotes a defense move
which is made by the proponent P at position n by asserting the formula A4;
this defense move refers to a move made at position m. A concrete move
like (6(4) = P A1,n(4) = [3, A]) will also be written as

4. PA [3.4]

This is an attack move with symbolic attack P A; it is made at position 4
and refers to a move made at position 3.

This is similar to the treatment of negation in constructive semantics, respectively in the
Brouwer-Heyting-Kolmogorov (BHK) interpretation of logical constants, as for example
stated by Heyting [1971, p. 102]: “[...] —p can be asserted if and only if we possess a
construction which from the supposition that a construction p were carried out, leads to a
contradiction.” Where contradiction—or equivalently absurdity (here signified by 1L )—is
usually considered to be a primitive notion.

1"This deviates from the terminology in Felscher [1985], where the numbers 7 in the
domain of (n) are called moves, places or positions; we call the numbers n positions as
well, but what we call moves are not positions.
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The notation (§(n) = X e,n(n) = [m, Z]) has the advantage that we
can speak about a move (X e, [m, Z]) by including information about the
position # at which this move is made.

Although moves are always pairs (6 (), 7(n)), we will also refer to moves
by giving only their § (n)-component, as long as it is clear from the context
which move is meant, or if it is irrelevant whether the move is an attack or
a defense, or if it is irrelevant to which position the move refers to. And
instead of (6(n) = X e,n(n)) we will also speak of the move X e made at
position n. We will also speak simply about attacks and defenses in order
to refer to attack moves and defense moves, respectively.

DEFINITION 2.1.6. A dialogue is a finite or infinite sequence of moves
(0(n).n(n)) (forn =0,1,2,...) satisfying the following conditions:

(D00) &(n) is a P-signed expression if  is even and an O-signed expression
if n is odd. The expression in 6(0) is a complex formula.

(DO1) If #(n) = [m, A]. then the expression in (m) is a complex formula
and &(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If 5(p) = [n.D]. then n(n) = [m.A] for m < n < p and J(p)
is the defense of the attack 6(n) as determined by the relevant
argumentation form.

DEFINITION 2.1.7. An attack (5(n),n(n) = [m, A]) at position n on an
assertion at position m is called open at position k for n < k if there is no
position n’ such that n < n’ < k and (6(n’), n(n’) = [n, D)), that is, if there
is no defense at or before position k£ to an attack at position 7.

REMARK 2.1.8. Since there is no defense to an attack (5(n) = Y A4,
n(n) = [m, A]) ond(m) = X —A for m < n, the attack at position 7 is open
at all positions k for n < k.

2.2. DI?-dialogues and strategies

We define DIP-dialogues and strategies. With regard to the literature
on dialogical logic, DI”-dialogues can be considered to be the standard
dialogues for intuitionistic propositional logic. The following definition of
DIP-dialogues is based on the definition of dialogues.

DEerFINITION 2.2.1. A DI?-dialogue is a dialogue satisfying the following
conditions (in addition to (D00), (D01) and (D02)):

(D10) If, for an atomic formula a, 6(n) = P a, then there is an m such that
m < nand é(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.
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(D11) Ify(p) =[n. D). n < n’ < p.n' —nisevenand 5(n’) = [m. A], then
there is a p’ such that n’ < p’ < p and n(p’) = [#’. D]. That is, if at
a position p — 1 there are more than one open attacks, then only
the last of them may be defended at position p.

(D12) For every m there is at most one n such that #(n) = [m, D]. That is,
an attack may be defended at most once.

(D13) If m is even, then there is at most one n such that #(n) = [m, A4].
That is, a P-signed formula may be attacked at most once.

A DI?-dialogue beginning with P 4 (i.e., 6(0) = P A, where 4 is a
complex formula) is called DI?-dialogue for the formula A.

REMARK 2.2.2. The objects defined by the conditions (D00)—(D02)
alone are what Felscher [1985]. [2002] calls ‘dialogues’, and the objects
defined by adding (D 10)—(D13)—which we call ‘DI?-dialogues’—are called
‘D-dialogues’ by him.!! Since here we are concerned with the objects defined
by (D00)—(D02) plus (D10)-(D13), we simply speak of ‘dialogues’, omitting
the specifier ‘DI?’ as long as no confusion can arise.

REMARK 2.2.3. The conditions (D00)—(D13) are also called ‘frame
rules’ (‘Rahmenregeln’), ‘structural rules’ or ‘special rules of the game’
(‘spezielle Spielregeln’) in the literature, and (D10) is sometimes called
‘formal rule’. The argumentation forms are also called ‘particle rules’
(‘Partikelregeln’), ‘logical rules’ or ‘general rules of the game’ (‘allgemeine
Spielregeln’).!?

We will stick to the notions ‘dialogue condition(s)’ (or just ‘condition(s)’)
and ‘argumentation form(s)’.

REMARK 2.2.4. Proponent P and opponent O are not interchangeable
due to the asymmetries between P and O introduced in (D 10) and (D13).
For atomic formulas a, the proponent move (6(n) = P a.n(n) = [m., Z])
is possible only after an opponent move (6(m) = O a.n(m) = [k, Z]) for
k < m < n,and O can attack a P-signed formula only once, whereas P can
attack O-signed formulas repeatedly.

These asymmetries are introduced by dialogue conditions only. The
argumentation forms themselves (as given in Definition 2.1.2) are symmetric
with respect to the two players P and O. That is, they are independent of
whether the assertion is made by the proponent P or by the opponent O;
they are thus player-independent.'3

"See Felscher [1985], [2002] for references on this kind of dialogues.

2For references cf. Krabbe [2006].

13 Argumentation forms which are not player-independent in this sense will be considered
in Section 3.9 (see Definition 3.9.7) and in Chapter 5.
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REMARK 2.2.5. Condition (D11) itself does not exclude the possibility
of defending an already defended attack again at a position where exactly
one attack is open (cf. Example 2.2.19).

DEFINITION 2.2.6. P wins a dialogue for a formula A if the dialogue is
finite, begins with the move P 4 and ends with a move of P such that O
cannot make another move.

REMARK 2.2.7. A dialogue won by P ends with a move (J(n) = Pa,
n(n) = [m, Z]), where a is an atomic formula.

ExaMPLE 2.2.8. A dialogue for the formula (a V b) — =—(a V b) is the
following:

0. P(aVvb)———(aVvb)

. Oavb [0, 4]
2. Pv (1, 4]
3. Oa 2. D]
4. P-—(aVb) [1.D]
5. O-(aVbh) [4. A]
6. Pavb [5. 4]
7. OV [6. 4]
8. Pa [7. D]

The dialogue starts with the assertion of the formula (a V b) — ——(a V b)
by the proponent P in the initial move at position 0. This initial move
is attacked (7(1) = [0, A]) by the opponent O with the assertion of the
antecedent a V b (6(1) = Oa V b) of the implication asserted by P at
position 0. The attack is thus made according to the argumentation form
for implication.

At position 2, the proponent does not proceed according to the argu-
mentation form for implication by defending O’s attack move with the
assertion of the succedent =—(a V b) of the attacked implication. Instead.
the proponent makes the symbolic attack PV on O’s assertion a V b. This
move is thus made according to the argumentation form for disjunction. The
attack is defended by O with the assertion of the left disjunct a (alternatively,
O could also have chosen the right disjunct »). The moves at positions 1-3
are an instance of the argumentation form for disjunction.

As a is an atomic formula, it cannot be attacked. At position 4, the
proponent defends O’s attack O a V b by asserting the succedent =—(a V b)
of the attacked implication (a VV b) — ——(a Vv b). The moves at positions 0,
1 and 4 are an instance of the argumentation form for implication.

The opponent now attacks P ——(a V b) at position 5 by asserting
O —(a V b) according to the argumentation form for negation. By this
argumentation form there is no defense for the attack. But the proponent
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can attack O —(a V b) with the assertion P a VvV b. The moves at positions 4
and 5 are an instance of the argumentation form for negation, and the
moves at positions 5 and 6 are another instance of that argumentation form.

Next O attacks P a V b with the symbolic attack O V according to the
argumentation form for disjunction at position 7. Finally, this attack is
defended by P’s assertion of the left disjunct «. The moves at positions 6—8
are made according to the argumentation form for disjunction. Note that P
cannot defend here by asserting the right disjunct b: the opponent has not
asserted the atomic formula b before, hence such a move is prohibited by
condition (D10).

The proponent’s move at position 8 is the last one. The opponent cannot
attack a, since it is an atomic formula. Each other P-signed formula has
been attacked by O, thus no more attack moves can be made by O due
to condition (D13), as these would be repetitions of attacks already made.
And since each proponent attack that can be defended according to an
argumentation form has already been defended by O, no more defense
moves are possible either, due to condition (D12). The dialogue is finite,
begins with the move P (a V b) — —=—(a Vv b) and ends with a move of
P such that O cannot make another move; the dialogue for the formula
(a vV b)— ——=(a Vv b)is thus won by P.

We next introduce dialogue trees and define strategies. We explain first
what we call a path.

DEFINITION 2.2.9. A path in a branch of a tree with root node ny is a
sequence ng, 1y, ..., n; of nodes for k > 0 where n; and n; | are adjacent
for0 <i<k.

DEFINITION 2.2.10. A dialogue tree is a tree whose branches contain as
paths all possible dialogues for a given formula.

REMARK 2.2.11. For a given formula A there is exactly one dialogue
tree, if we consider trees to be equal modulo swapping of branches.

DEerFINITION 2.2.12. A strategy for a formula A4 is a subtree S of the
dialogue tree for 4 such that S does not branch at even positions, S has
as many nodes at odd positions as there are possible moves for O, and all
branches of S are dialogues for 4 won by P.

REMARK 2.2.13. In more game-theoretic terms, the strategies defined
here could also be called winning strategies for the player P, and a corre-
sponding definition could be given of winning strategies for the player O.
For the dialogical treatment of logic undertaken here, only the first notion
is needed, however. We can thus simply speak of strategies.

REMARK 2.2.14. Strategies are finite for propositional formulas. All the
branches in a strategy have finite length by definition, whereas dialogues that



12 2. DIALOGUES AND STRATEGIES FOR PROPOSITIONAL LOGIC

are not part of a strategy can be of infinite length (an example is given below
in Remark 2.2.23). Dialogue trees are therefore infinite objects in general
(cf. Example 2.2.18). As dialogue trees can be constructed breadth-first, of

course, an existing strategy can always be found.

REMARK 2.2.15. Formulas can have no, exactly one or more than one

strategy.

ExAMPLE 2.2.16. For the formula (a V ) — =—=(a V b) there are the
following three strategies, among others:

(i) 0. P(avb)——-—=(aVh)
1. Oavb [0, 4]
2. P——(aVb) [1.D]
3. 0—(aVb) 2. 4]
4. Pavb 3. 4]
5. ov [4, 4]
6. PV 1. 4]
7. Oa [6.D]]|0b [6.D]
8. Pa [5.D]|Pb 5. D]
(ii) 0. P(avb)— —=(aVvb)
1. Oavb [0, 4]
2. P——(avbh)  [L.D]
3. 0—-(aVb) 2. A]
4. PV [1, 4]
5. 0Oa  [4D]|Ob [4. D]
6. Pavb [3.A]|Pavb [3.4]
7. ov  [6.4] |0V [6. 4]
8. Pa  [1.D]|Pb [7.D]
(iid) 0. P(aVb)———(aVb)
1. Oavhb [0, 4]
2. PV 1. 4]
3. Oa 2.D]| 0b [2. D]
4. P-—(avb) [1.D]|P-—(avb) [1.D]
5. 0-(avb) [4A4]|0-(avb) [4.4]
6. Pavb [5.4] | Pa v [5. 4]
7. OV [6.4] | OV [6. 4]
8. Pa [7.D]| Pb [7. D]

There are more strategies for this formula than the three shown here,
because the proponent can repeatedly attack formulas asserted by the
opponent. For example, in strategy (iii) the proponent could at position 4
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(in the left as well as in the right dialogue) repeat the attack PV on O a V b.
The subtrees below these attacks (in both dialogues) would have the same
form as the subtree below position 2 in strategy (iii).

ExaMPLE 2.2.17. There is exactly one strategy for the formula ¢ — ——a:

0. Pa— —a

1. Oa [0, 4]
2. P—-—a [1, D]
3. O-a [2. 4]
4. Pa [1. A4]

ExAMPLE 2.2.18. Thereis no strategy for the formula ((¢ —b) —a) —a,
an instance of Peirce’s law. The dialogue tree has the form

0. P(la—b)—a)—a

1. 0(a—b)—a [0, 4]
2. Pa—b 1, 4]
3. 0a [ A] 0a [2. D]
4. Pa [1.D]| Pa—b [, 4]
5. Oa  [4.4]
6. :

where at position 4 in the left dialogue and at position 6 in the right dialogue
the proponent can only repeat the attack Pa — b on O (a — b) — a. This
attack can in turn be either attacked with (6(5) = O a,5(5) = [4. 4]) or
defended with (5(5) = O a,n(5) = [4, D]) (in the left branch), respectively
with (6(7) = O a,n(7) = [6. A]) or {5(7) = O a,n(7) = [6, D]) (in the right
branch). As the proponent can repeat the attack P a — b indefinitely while
the opponent can always attack this attack with O a or defend with O a,
the dialogue tree for ((a — b) — a) — a is infinite.

Not all dialogues beginning with the path (P ((a — b) — a) — a.
0), (0O (a — b) — a,[0,A4]).(Pa — b,[1,A]). (O a.[2, A]) are won by P.
There is thus no strategy.

There would be a strategy. if condition (D11) were dropped for P. Then
P could win the left, respectively the right dialogue by defending the attack
O (a — b) — a made at position 1 (which is not the last open attack in the
left and in the right dialogue) with the move P a [1, D] at position 4 in the
left dialogue and at position 6 in the right dialogue.

This example also shows that dialogue trees which do not contain a
strategy as a subtree can nevertheless contain dialogues which are won by
the proponent P.

ExaMPLE 2.2.19. Thereis no strategy for the formula a V—a, an instance
of tertium non datur. The only possible dialogue is
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0. PaV-a

1. OV [0, 4]
2. P-a [1.D]
3. Oua [2, 4]

and P does not win.

There would be a strategy, if condition (D12) were dropped for P. Then
P could defend the attack O V a second time by stating a, thereby winning
the dialogue. Condition (D 11) does not have to be dropped because there
are not more than one open attacks at position 3 (there is exactly one open
attack at position 3; the attack OV is not open there since it has already
been defended at position 2).

ExampLE 2.2.20. There is no strategy for the formula =—a — a, an
instance of double negation elimination. The only possible dialogue is

0. P-—a—a

1. 0-a [0, A]
2. P-a [, A]
3. Oua [2, A]

and P does not win.

There would be a strategy, if condition (D11) were dropped for P.
Then P could defend the attack O ——a by stating a at position 4, thereby
winning the dialogue. Since the attack O ——a has not been defended before,
condition (D12) would not be violated by P.

DEFINITION 2.2.21. A formula 4 is called dialogue-provable (or DIP-
dialogue-provable) if there is a strategy for 4. Notation: p» 4.

REMARK 2.2.22. We speak of dialogue-provable formulas here, in accor-
dance with Felscher [2002]. Contrasting Gentzen’s calculi'* with dialogues,
Felscher [2002, p. 127] remarks:

Gentzen’s calculi of proofs are easily explained in that they re-
present the weakest consequence relation for which the provability
interpretation is valid. The connection between dialogues and the
argumentative interpretation of logical operations is [. . .] located
on a different level: it is not the dialogues but the strategies for
dialogues which will correspond to proofs. I thus formulate the
basic purpose for the use of dialogues:

(A4¢) Logically provable assertions shall be those which, for purely
formal reasons, can be upheld by a strategy covering every
dialogue chosen by [O].

1Sequent calculi will be considered below: cf. Chapter 3.
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However, the fact that we speak of provability in the context of dialogues
(thus following Felscher) should not be misunderstood in a way that would
imply that dialogues cannot be seen as a (formal) semantics (as opposed to
considering dialogues only as a proof system or calculus).

Of course, such a misunderstanding could only arise if one’s notion of
semantics is limited to truth-conditional semantics, as opposed to proof-
theoretic semantics (like Brouwer-Heyting-Kolmogorov (BHK)) seman-
tics', or related justificationist, verificationist, pragmatist or falsificationist
approaches in the tradition of Dummett and Prawitz!®) where the notion of
proof or closely related notions are of central importance.

As the meaning of the logical constants is in some sense given by the
argumentation forms in terms of how assertions containing the logical
constants can be used in an argumentation, dialogues might very well be
seen as a semantics under the heading “meaning is use”, and were indeed
introduced for that purpose.

REMARK 2.2.23. (i) The dialogue tree for a dialogue-provable formula
can contain dialogues not won by P. For example, the dialogue tree for
the dialogue-provable formula (a V b) — ——=(a V b) contains the following
dialogue which is infinite and thus not won by P:

0. P(avb)——-—(aVvb)

1. OaVvb [0, A]
2. PV [1, 4]
3. Oa [2. D]
4. PV [1, 4]
5. [4, D]

Oa

(ii) The dialogue tree for a dialogue-provable formula can also contain
finite dialogues which are not won by P because they end in a move made
by O such that P cannot make another move. For example, the dialogue
tree for ~a V (a — a) contains the dialogue

0. P-aV(a—a)

1. OV [0, A]
2. P-a [1.D]
3. Oua [2. 4]

which is finite and not won by P. (The atomic formula a asserted by O in
the last move cannot be attacked, and the attack O V cannot be defended
again due to condition (D12).)

SCf. Heyting [1971].
16See e.g. Dummett [1991], Prawitz [1971], [2006], [2007] and Schroeder-Heister [2006].
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REMARK 2.2.24. The dialogue-provable formulas are exactly the formu-
las provable in intuitionistic logic. This has been shown (also for intuitionistic
first-order logic) by Felscher [1985] by proving for Gentzen’s sequent calcu-
lus LJ'7 (for intuitionistic first-order logic) that every (first-order) strategy
can be transformed into a proof in LJ, and vice versa.'®

2.3. Classical dialogues

Although we will only be concerned with intuitionistic logic, we point
out here how dialogues for classical (propositional) logic relate to dialogues
for intuitionistic (propositional) logic.

REMARK 2.3.1. If the conditions (D11) and (D12) are restricted to
apply only to O (and no more to P), then the formulas provable on the
basis of the thus modified dialogues are exactly the formulas provable in
classical logic.

DEFINITION 2.3.2. A classical dialogue is a dialogue where the conditions
(D11) and (D12) do hold for O but not for P, that is, where conditions
(D11) and (D12) are replaced by the following conditions (D117) and
(D127), respectively:

(

D117) If 5(p) = [n.D] for even n. n < n’ < p. n’ — n is even and
n(n') = [m. A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n’, D]. That is, if at a position p — 1 there are more than
one open attacks by P, then only the last of them may be defended
by O at position p.

(D12%) For every even m there is at most one 7 such that #(n) = [m. D].
That is, an attack by P may be defended by O at most once.

The notions ‘dialogue won by P’, ‘dialogue tree’ and ‘strategy’ as defined
for dialogues are directly carried over to the corresponding notions for
classical dialogues.

DEerFINITION 2.3.3. A formula A4 is called classically dialogue-provable if
there is a classical strategy for 4. Notation: Fpg» 4. (Classical strategies
are called ‘C-strategies’ in Felscher [2002].)

REMARK 2.3.4. It was shown by Felscher [1986. p. 367] (see also Felscher
[2002. p. 139]) that

Fpkr A if and only if A4 is provable in classical propositional logic.

7See Gentzen [1935].
8Cf. also Barth and Krabbe [1982].
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(Felscher uses Glivenko’s theorem in order to show this. Since this theorem
only holds for propositional logic, the result for classical first-order logic
would have to be shown by other means.)

REMARK 2.3.5. That not only one but both conditions (D11) and (D12)
have to be modified in order to get classical logic can be seen by considering
Example 2.2.18 and Example 2.2.19. Neither of the two formulas considered
there holds in intuitionistic logic, but both do hold in classical logic.

If only (D11) is modified. then ((a¢ — b) — a) — a would be provable (cf.
Example 2.2.18), whereas a V —a would not be provable (cf. Example 2.2.19).
Andifonly (D12) is modified, then a V—a butnot ((a —b)—a)—a would be
provable. This is not connected to the fact that (aV—a)— (((a—b)—a)—a)
is a theorem in intuitionistic logic, whereas (((¢ —b) —a) —a) — (a V —a)
is not, although intuitionistic logic plus zertium non datur AV —A (for any
formula A), respectively plus Peirce’s law ((4 — B) — A) — A (for any
formulas A4, B), is equivalent to classical logic.

The formal systems resulting from modifying either only condition
(D11) or only condition (D12) may thus seem strange. However, the
difference between schematic formulas containing propositional variables
and formulas containing only specific propositions is essential here, since
dialogues are only defined for the latter, and it is only the argumentation
forms which are given for the former. The object

0. PA— B
1. 04 [0, 4]
2. PB [1. D]

is therefore not a dialogue (or even a strategy), but can only be understood
as a class of dialogues whose properties depend on the form of 4 and B.
Note that the only possible dialogue for the (non-schematic) proposition
a—bis

0. Pa—b
1. Oa [0, 4]

which is not won by P. The attack at position 1 cannot be defended with
the move P b due to (D10). In the object above, the moves (5(2) = P B,
7(2) = [1, D]) would only be allowed for complex formulas B or for atomic
formulas 4, B where 4 = B. This, however, is not what one would like to
express by the schematic use of propositional variables.

These observations concerning propositional variables versus specific
propositions do apply not only to classical dialogues but also to the other
kinds of dialogues treated here.

ExaMPLE 2.3.6. There is a classical strategy for the formula a VvV —a:
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0. PaV-a

1. OV [0, 4]
2. P-a [1.D]
3. Oua [2, 4]
4. Pa [1.D]

The last move is possible due to the replacement of condition (D12) by
condition (D 127). In the presence of (D 12) this move is not possible, and
there is thus no DI?-strategy for (any instance of) tertium non datur (cf.
Example 2.2.19).

ExampLE 2.3.7. There is a classical strategy for the formula ——a — a:

0. P-—a—a

l. 0-a [0, A]
2. P-a [, 4]
3. Oa 2. 4]
4. Pua [1.D]

The last move is possible due to the replacement of condition (D11) by
condition (D117). In the presence of (D11) this move is not possible,
and there is thus no DI?-strategy for (any instance of) double negation
elimination (cf. Example 2.2.20).

In the following we will not consider classical dialogues again. We
consider only intuitionistic logic.!”

2.4. Closure under substitution

We saw that dialogues cannot be used to prove (or validate) logical laws
directly. Strategies (as based on the dialogues defined here) can only be
presented for instances of logical laws. In order to show that a logical law
holds, one has thus to show that there is a strategy for each instance of the
law. That is, one has to prove closure under substitution—more precisely:
closure under uniform substitution of arbitrary formulas for the atomic
formulas in a formula—for strategies. This does not have to be done directly
if strategies can be shown to be equivalent to derivations in a calculus that
is known to be closed under substitution. Such an equivalence result will be
given in Chapter 3.

Besides classical and intuitionistic logic, many other logics have been considered from a
dialogical perspective and have been given a dialogue semantics; cf. e.g. Blass [1992]. [1997].
Fermiiller [2003], [2008], [2010], Fermiiller and Ciabattoni [2003], Rahman [2012], Rahman
and Riickert [2001] and Riickert [2007].
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2.5. DI?-dialogues

We introduce DI?-dialogues as a variant of DI”-dialogues. Their dis-
tinguishing feature with respect to strategies is that the DI?-dialogues of
a strategy need not end with a proponent move P ¢ asserting an atomic
formula a as in DI?-dialogues of a strategy. Instead, the DI?-dialogues of
a strategy can also end with a proponent move P 4 asserting a complex
formula 4.

Regarding the definition of DI?-dialogues, this is achieved by just adding
one further condition to the definition of DI?-dialogues.

DEFINITION 2.5.1. A DI?-dialogue is a DIP-dialogue with the additional
condition

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

The full definition of a DI?-dialogue is thus given by the following argumen-
tation forms (as already given in Definition 2.1.2):

negation —: assertion: X —4
attack: YA
defense:  no defense

conjunction A: assertion: X A; A A

attack: Y A; (Y choosesi = 1ori =2)
defense: X A4,
disjunction V: assertion: X A;V 4>
attack: Yv
defense: X A; (X choosesi = 1ori =2)

implication —: assertion: X 4 — B
attack: YA
defense: X B

together with the following conditions (where conditions (D00)—(D02) and
(D10)—(D13) are as already given in Definitions 2.1.6 and 2.2.1):

(D00) J(n) is a P-signed expression if 7 is even and an O-signed expression
if n is odd. The expression in §(0) is a complex formula.

(DO1) If 7(n) = [m, A]. then the expression in §(m) is a complex formula
and d(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If 5(p) = [n.D]. then n(n) = [m.A] for m < n < p and J(p)
is the defense of the attack J(n) as determined by the relevant
argumentation form.
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(D10) If, for an atomic formula a, 6(n) = P a, then there is an m such that
m < nand é(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.

(D11) Ify(p) =[n.D].n < n' < p.n' —nisevenand 5(n’) = [m. A], then
there is a p’ such that n’ < p’ < p and n(p’) = [#’. D]. That is, if at
a position p — 1 there are more than one open attacks, then only
the last of them may be defended at position p.

(D12) For every m there is at most one # such that #(n) = [m. D]. That is,
an attack may be defended at most once.

(D13) If m is even, then there is at most one n such that #(n) = [m, 4].
That is, a P-signed formula may be attacked at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

The notions ‘dialogue won by P’, ‘dialogue tree’ and ‘strategy’ as defined
for DI?-dialogues are directly carried over to the corresponding notions for
DI?-dialogues.

DEFINITION 2.5.2. A formula A4 is called DI?-dialogue-provable if there
is a DI -strategy for 4. Notation: -p;» A.

REMARK 2.5.3. A DI?-dialogue won by P ends with the assertion of
a complex formula or with the assertion of an atomic formula. Whereas
a DIP-dialogue won by P can only end with the assertion of an atomic
formula.

ExAMPLE 2.5.4. The following DI”-dialogue is a DI?-strategy for the
formula (a vV b) — ——(a V b):

0. P(aVvb)——-—(aVvb)

1. Oavh [0, 4]
2. P—\ﬁ(a\/b) [1.D]
3. O-(aVhb) 2. 4]
4. Pavb 3. 4]

The opponent O cannot attack a V b, since neither of the two conditions
(i) and (ii) of (D14) is satisfied: a V b has already been asserted by O, and
a V b has not been attacked by P. The DI”-dialogue is won by P, and it is a
DI?-strategy for (a vV b) — ——(a V b).

Clearly, this dialogue cannot be a DI?-strategy, since O could make
another move in this case (cf. the DI?-strategy (i) in Example 2.2.16).

REMARK 2.5.5. A motivation for condition (D10) is given in Felscher
[2002, p. 129f.]. This condition is related to the use of the so-called Ipse
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dixistil-remark as stipulated in Barth and Krabbe [1982]. The use of the Ipse
dixistil-remark is, however, not restricted to atomic formulas as in condition
(D10) (cf. Krabbe [2001, p. 45]). If the Ipse dixistil-remark can only be
made by the proponent P, then its effect is similar to what is obtained by
the addition of our condition (D14).

2.6. EI’-dialogues

We define EI”-dialogues as a restricted form of DI”-dialogues. They
differ from DI”-dialogues only in that each opponent move must now
refer to the immediately preceding proponent move. This restriction yields
certain technical advantages, without changing the extension of the set of
dialogue-provable formulas.

DEFINITION 2.6.1. An EI?-dialogue is a DIP-dialogue with the addi-
tional condition

(E) Allmoves (6(n),n(n)) forn odd are of the form (6(n), n(n) = [n—1, Z]).
That is, an opponent move made at position 7 is either an attack or a
defense of the immediately preceding move made by the proponent at
position n — 1.

The notions ‘dialogue won by P’, ‘dialogue tree’ and ‘strategy’ as defined

for DI?-dialogues are directly carried over to the corresponding notions for
EIP-dialogues.

REMARK 2.6.2. The EI?-dialogues as they are defined here are exactly
the E-dialogues of Felscher [1985]. [1986]. [2002] (references to their original
formulation are given therein).

DEFINITION 2.6.3. A formula A4 is called EI?-dialogue-provable if there
is an EIP-strategy for 4. Notation: gy A4.

ExAMPLE 2.6.4. The following EI”-dialogue tree is an EIP-strategy (see
Felscher [2002]):

0. P(la—b)—(a—c))—(a—(b—c))

1. O(a—b)—(a—c) [0, 4]
2. Pa— (b—c) [1.D]
3. Oa [2, A]
4. Pbh e [3, D]
5. 0b [4, A]
6. Pa—b [1, 4]
7. Oa [6.4] | Oa — ¢ [6, D]
8. Pb [7.D]| Pa [7. 4]

(cont’d on next page)
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9. Oc 8. D]
10. Pc [5. D]

For comparison, we show an embedding of this E/?”-strategy into the
following DI?-strategy:

0. P(la—b)—=(a—c))—(a—(b—=c))

1. O(a—b)—=(a—rc) [0, 4]
2. Pa— (b—c) [1,D]
3. Oa 2. 4]
4. Pbh—c [3, D]
5. 0b [4, A]
6. Pa—b [1. 4]
7. Oa [6.4] |Oa—c [6. D]
8. Pbh [7.D] | Pa [7. A]
9. Oa—c [6.D] |Oc 8. D]
10. Pa [9.4] | Pc [5, D]
11. Oc [10.D]| Oa [6. A]
12. Pc [5.D] |Pb [11.D]

The DI?-strategy differs from the EI7-strategy only in having additional
moves at positions 9-12 in the left dialogue and at positions 11 and 12 in
the right dialogue.

REMARK 2.6.5. It has been shown by Felscher that there is a recursive
algorithm by which every EI”-strategy can be embedded into a DI”-strategy,
and that therefore the EI”-dialogue-provable formulas are exactly the
formulas provable in intuitionistic propositional logic (see Felscher [1985,
p. 221] and Felscher [2002, p. 119]; these results hold not only for the
propositional but also for the first-order case). As the DI?-dialogue-provable
formulas are also exactly the formulas provable in intuitionistic propositional
logic, the following holds: Fgp» A if and only if Fp» A.

2.7. EI’-dialogues

As in the case of DI?-dialogues and their variant, the DI”-dialogues, we
can introduce EI?-dialogues as a variant of EI”-dialogues by adding the
condition (D14) to the definition of EI”-dialogues.

DEFINITION 2.7.1. An EI”-dialogue is an EI?-dialogue with the addi-
tional condition

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.
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Again, the notions ‘dialogue won by P’, ‘dialogue tree’ and ‘strategy’
as defined for DI?-dialogues are directly carried over to the corresponding
notions for EI”-dialogues.

REMARK 2.7.2. Condition (E) implies condition (D13). Furthermore,
condition (E) implies condition (D11) for odd p and condition (D12) for
odd n (cf. Definition 2.2.1).

In the presence of condition (E), condition (D13) can therefore be
omitted, and conditions (D11) and (D12) can be restricted to conditions
(D11’) and (D12’), respectively, as follows:

(D1V') If y(p) = [n.D] forodd n, n < n’ < p, ' — n is even and
n(n') = [m, A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n', D). That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12') For every odd m there is at most one n such that #(n) = [m. D].
That is, an attack by O may be defended by P at most once.

REMARK 2.7.3. For EI?-dialogues, we will use conditions (D11’) and
(D12') instead of conditions (D11) and (D 12), and we omit condition (D13).
The full definition of EI?-dialogues is thus given by the argumentation forms
(as given in Definition 2.1.2)

negation —: assertion: X —4
attack: YA
defense:  no defense

conjunction A: assertion: X A; A 4

attack: Y A; (Y choosesi = 1lori =2)

defense: X A4,
disjunction V: assertion: X A;V 4>

attack: Yv

defense: X A; (X choosesi =1ori =2)
implication —: assertion: X 4 — B

attack: YA

defense: X B

together with the following conditions:

(D00) J(n)isa P-signed expression if 7 is even and an O-signed expression
if n is odd. The expression in 4(0) is a complex formula.

(DO1) Ify(n) = [m. A]. then the expression in d(m) is a complex formula
and &(n) is an attack on this formula as determined by the relevant
argumentation form.



24 2. DIALOGUES AND STRATEGIES FOR PROPOSITIONAL LOGIC

(D02) If n(p) = [n.D]. then n(n) = [m.A] for m < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

(D10) If, for an atomic formula a, d(n) = P a, then there is an m such that
m < nand §(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.

(D11") If y(p) = [n.D] forodd n. n < n’ < p, n’ — n is even and
n(n') = [m. A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n'. D]. That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12') For every odd m there is at most one n such that #(n) = [m. D].
That is, an attack by O may be defended by P at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(E)  All moves (6(n),5n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

DEFINITION 2.7.4. A formula 4 is called EI”-dialogue-provable if there
is an EI!-strategy for 4. Notation: - g A

We also speak of EI”-provable formulas or of EI”-provability. (Likewise
for the other kinds of dialogues.)

2.8. Hypothetical dialogues

The dialogues considered so far do not allow for the use of hypotheses
or assumptions. This could be changed by the following definition, which
leads to problems, however. These problems will be discussed below.?°

DEFINITION 2.8.1. Hypothetical dialogues are dialogues where at posi-
tions n < 0 there can be moves of the form (6(n) = O 4,5n(n) = 0). The
formulas 4 stated in such moves are called assumptions or hypotheses. The
proponent P may attack these formulas 4 as permitted by the conditions
defining dialogues.

»Rahman and Tulenheimo [2009] have proposed what they call ‘intuitionistic dialogues
with hypotheses’. They consider only implication-free fragments, however. Although this
might be unproblematic in the case of classical logic, it is an undue restriction if intuitionistic
logic is to be obtained; and it is not clear, whether the proposed approach can be properly
generalized for the case including implication.
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REMARK 2.8.2. This definition can be applied to any kind of dialogues
that we have defined above. In what follows, we consider hypothetical
DI?-dialogues as an example.

DEFINITION 2.8.3. A formula A4 is called dialogue-provable under assump-
tions Ay, ..., A, if there is a strategy for A when the formulas A4, ..., A,
are given as assumptions. Notation: A4y,.... 4, Fpp A4 (likewise for the

other kinds of dialogues defined above).

ExamPpLE 2.8.4. The following is a strategy for a A b under the assump-
tions @ and b, given at positions —2 and —1, respectively:

2. Oa
—1. Ob
0. Panb

I. OA; [0.4] |OAs [0.A4]
2. Pa [L.D]|Pb [L.D]

The proponent P can assert the formulas a respectively b in the moves at
position 2 since O has already asserted them before at positions —2 and —1,
respectively. We have thus: a.btppa N b.

ExaMmPLE 2.8.5. Under the assumption «, the dialogue

—1. Oa
0. Pavhb
1. Ov [0, 4]
2. Pa [1, D]

is a strategy for a V b. The proponent P can assert the formula a in the
move at position 2 without violating condition (D 10) since O has already
asserted a before at position —1. We have thus: a-pppa V b.

REMARK 2.8.6. Whether the collection of assumptions is treated as mul-
tiset, set or list depends on the structural properties given by the conditions
that define the respective kind of dialogues. That is, this depends on whether
(and to what extent) structural operations like thinning, contraction and
exchange are embedded in the respective dialogues.

We do not elaborate further on this here. Structural properties will
be examined in Section 3.8 of Chapter 3 as well as in Chapter 4; see also
Chapter 5 for a dialogical treatment of the structural operation of cut.

Felscher [2002, p. 143] remarks that the assumptions should be given as
a list of O-signed formulas, followed (or preceded) by the P-signed formula
which is the consequence in question. He then argues that “no general
rule on how to proceed from this initial list can be stated as long as we
want to keep the alternation between P and [O] during the progress of our
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dialogue” (ibid.). because the initial list O a, P a V b in Example 2.8.5 “must
be followed by an attack of [O]”, whereas the initial list O a A b, P a “must
be followed by an attack of P” (ibid.).

The latter could only be represented analogously to Example 2.8.5 if
the proponent P were also allowed to assert an atomic formula in the move
at position 0 (contrary to the dialogues considered by Felscher and to the
dialogues considered here so far):

—1. Oanbd
0. Pa
1. PN [—1, 4]
2. Oa [1, D]

Note, however, that even for the thus modified dialogues there would
not be a strategy for the formula ¢ under the assumption a A b, although a A
bt ppr a should hold. Felscher remarks further that “[certainly, regulations
circumventing these difficulties may be formulated, but apparently only at
the cost of a loss in intuitive appeal” (ibid.).

As we just saw, these difficulties do not disappear if we only allow as an
additional regulation that P can assert an atomic formula in the move at
position 0 (as it is done, for example, in the definitional dialogues treated in
Chapter 4 below). Furthermore—as atomic formulas cannot be attacked in
the dialogues considered so far—the dialogue

—1. Oa~nb
0. Pc

would be a strategy for ¢ under the assumption a A b, thatis, a Abtpp ¢
would hold, which should not be the case.

This problem could be avoided if the assumptions A4;,..., A, stated
at positions p < 0 were (re)stated by the opponent O at position 1 as a
conjunction Ay A ... A A, (i.e., if such a (re)statement were allowed as an
additional move for O). For example, there would then be no strategy for
the atomic formula ¢ under the assumption a A b (i.e., for the initial move
P ¢ at position 0 with move O a A b at position —1 repeated at position 1),
the dialogue tree being

—1. OaNb
0. Pc
1 OaNb

20 PA [LA]|PAy [1.A]
3. Oa [2.D]|0b [2.D]

But there would then be no strategy for the formula a under the assumption
a A b either:
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—1. OaNnb
0. Pa
1 OaNb

2. PA [LA]|PAy [1.A]
3. 0Oa [2.D]|0b [2.D]

Whether the conjunction of assumptions is restated at position 1 is inessential
to the problem. The move made by O at position 1 could also be a vacuous
move. The collection of assumptions is then simply a multiset, a set or
a list of O-signed formulas which is not subject to the alternation of P-
and O-moves beginning at position 0. The assumptions can be attacked
by P according to the respective conditions defining dialogues, and the
alternation would be kept for all moves at positions # > 0. In any case, the
assertion by the opponent O of the formula stated by the proponent P at
position 0 would have to be interpreted as a condition for P winning the
dialogue.

However, this would not solve the problem in general, since there would
be no strategy for ¢ V b under the assumption a A b, for example. What
is needed in addition is that P is allowed to state the formula stated at
position 0 also in a defense move to the opponent’s move at position 1. But
this amounts to the reduction of hypothetical dialogues for formulas 4 under
assumptions A1.. ... A4, to dialogues for formulas (4; A ... A 4,) — A.
The notion of assumption would thus be dependent on the treatment
of conjunction and—more importantly—of implication. The resulting
dialogues are then not hypothetical anymore, since no formula would be
used as an assumption in the genuine sense.

2.9. Digression: dialogues and tableaux

In this digression, we want to put dialogues into a broader context. We
describe tableaux as well as Kripke semantics for intuitionistic propositional
logic, and we compare them with dialogues. Historically, tableaux have
been developed after sequent calculi (cf. Chapter 3) and before dialogues.
They are related to both, although with stronger similarities to dialogues.
For example, in Felscher’s [1985] proof of the equivalence result for sequent
calculus derivations and strategies, tableaux?! are used as an intermediate
step. There it is shown that sequent calculus derivations as well as strategies
can be transformed into these tableaux, and vice versa.

2 These are special kinds of tableaux, which Felscher [1985] calls ‘IC-protableaux’,
‘IC-tableaux’ and ‘irreducible IC-protableaux’, respectively.
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We first present so-called analytic tableaux for classical propositional logic.
Tableaux for intuitionistic propositional logic are then given by imposing
certain restrictions on analytic tableaux. After that we will compare Kripke
semantics and tableaux for intuitionistic propositional logic. This will be
done by reformulating tableaux in terms of the forcing relation used in
Kripke semantics.

The purpose of this digression is to point out some similarities as well as
differences between dialogues, tableaux and Kripke semantics for intuition-
istic propositional logic.?> We will see that closed tableaux are quite similar
to strategies, although there are important differences between dialogues
and tableaux as such.

2.9.1. Analytic tableaux. Before we can give the definition of analytic
tableaux, we have to extend our language by two more signatures:

DEFINITION 2.9.1. We introduce additional signatures t and f. For for-
mulas A4, expressions of the form t 4 are called t-signed formulas, and expres-
sions of the form f A4 are called f-signed formulas. We use «, ay, o, 8. B1. p
as variables for t- or f-signed formulas.

DEFINITION 2.9.2. (i)  An analytic tableau® for classical propositional
logic is a tree of signed formulas which is generated by non-branching
(6

a-rules of the form o1 or <& and branching f-rules of the form

(6%) al
B
Bl B
tANB fAvV B fA— B t—A4 f-4
a-rules tA fA tA fA tA

tB fB fB

forules ] [ANB tAVEB 4B
fA|fB tA|tB fA|tB

(ii) An analytic tableau for A is an analytic tableau with root node f 4.

(iii) A closed branch of an analytic tableau is a branch containing ta as
well as f a for any atomic formula «. In this case we also say that the
formula a occurs with contradicting signatures.

(iv) An open branch is a branch which is not closed, that is, a branch in
which no atomic formula occurs with contradicting signatures.

2For more details and results on semantical completeness for intuitionistic logic we refer
to Troelstra and van Dalen [1988b, chapter 13]. Cf. also Troelstra [1993].
BCf. Smullyan [1995] or Smullyan [2009].



2.9. DIGRESSION: DIALOGUES AND TABLEAUX 29

(v) An analytic tableau is called closed if all its branches are closed, and it
is called open if it contains an open branch.

DErFINITION 2.9.3. A formula 4 is called analytic tableau-provable if
there is a closed analytic tableau for 4. Notation: F74» 4.

REMARK 2.9.4. We consider tableaux where to each complex formula a
rule may be applied repeatedly in each branch.

For analytic tableaux for classical propositional logic we could impose
the restriction that to each complex formula a rule may be applied at most
once. For classical first-order logic this restriction would have to be dropped.

In tableaux for intuitionistic logic we will have to allow for repeated rule
applications to any complex formula already in the propositional case (cf.
Example 2.9.12 below).

ExaMPLE 2.9.5. The following is a closed analytic tableau for (a VvV b) —
——(a Vv b):

f(aVvb)——==(aVvb)

0.

1. taVb (0)
2. f=—(aVvb) (0)
3. ta (1) th (1)
4. t=(avbd) 2)|t=(aVvb) (2)
5. favb (4)| favb (4)
6. fa (5) fa (5)
7. fb (5) fb (5)

3x6 3x7

REMARK 2.9.6. For our convenience, we use the following decorations:

(i) We put line numbers to the left of tableaux. and we use numbers () to
the right of formulas to refer to the line number of the formula a rule
has been applied to.

For example, in the above Example 2.9.5 the twonodes t @ and t b in
line 3 are marked with (1), since they were generated by an application
of the f-rule for disjunction to the t-signed formula ta Vv b in line 1.

(ii) The expression n x m indicates a closed branch, where the numbers n
and m refer to the lines containing occurrences of an atomic formula
with contradicting signatures in this branch.

These decorations are not part of tableaux as such.

REMARK 2.9.7. For the consequence relation F of classical propositional
logic. the following holds: £ 4 <= Fr4» 4.2

2#See Smullyan [1995].
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2.9.2. Tableaux for intuitionistic logic. Tableaux for intuitionistic logic
were first conceived by Beth [1955]. [1956]. Here we consider two kinds of
such tableaux which are similar to those presented in Fitting [1969], [1983].
Following Fitting [1983], we call the one kind of intuitionistic tableaux
Beth-tableaux and the other kind Gentzen-tableaux.

Beth-tableaux. For the definition of Beth-tableaux we first need the
following distinction concerning logical constants:

DEFINITION 2.9.8. We distinguish the regular logical constants N\ and
V from the special logical constants — and —. A formula A is regular,
respectively special, if its outermost logical constant is regular, respectively
special.??

DEFINITION 2.9.9. A Beth-tableau is an analytic tableau in which ap-
plications of a-rules for special formulas are possible only if all f-signed
formulas are deleted from the branch where the a-rule for a special formula
is applied. That is, all f-signed formulas (including o if f-signed) in the
branch above gl in the case of implication, respectively above «; in the
case of negation, have to be deleted. This includes the case where « is not

immediately above g;, respectively ;. That is, if there are f-signed formulas

between « and g;, respectively «, then those formulas have to be deleted

as well.

This deletion is called intuitionistic branch modification, and the cor-
responding rule is called intuitionistic branch modification rule, short:
IBMR. Its application is indicated by an additional number d}, in a list
(n.dy.d,. ..., d;) written to the right of the deleted formula. The number
d denotes the line and b the branch (numbered 1 to k from left to right),
respectively the path belonging to all branches (in which case b = 0), of the
special formula where the IBMR has been called. (As in analytic tableaux,
the number 7 in the list (n, dy. d;. . ... d}.) refers to the line number of the
formula a rule has been applied to.)

The deletion is restricted to the branch from which the IBMR has been
called, that is, the deleted formulas cannot be used further only in that
branch, whereas the deletion is irrelevant for all other branches. A deletion
in the path belonging to all branches (b = 0) is relevant for all branches.
Deletions noted in a branch will not be noted again at subsequent calls of
the IBMR in that branch.

DErFINITION 2.9.10. A formula A4 is called Beth-tableau-provable if there
1s a closed Beth-tableau for 4. Notation: F7g» A4.

BSee Fitting [1983] for this distinction and its motivation.
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ExaMPLE 2.9.11. We construct a Beth-tableau for the formula a V —a.
Its development starts with the f-signed formula f @ V —a in line O:

0. fav-a (-)

As this formula is not the result of a rule application to a formula in a
preceding line 7, we note the placeholder ‘- for n in the comment list: ().
In the next step, we apply the a-rule for disjunction to f ¢ V —a. Thisis a
regular formula, so the IBMR is not called. We get

0. fav-a (-
1. fa (0)
2. f-a (0)

Now we apply the a-rule for negation to the special formula f —a in line 2
(= d). This yields the formula t @ in line 3 and calls the IBMR, deleting
all f-signed formulas in this branch 0 (= »). This deletion is noted by the
addition of 2 (= d}) in the comments to the right of each deleted formula:

0. fav-a (-2

1. fa (0.2
2. f-a  (0.2)
3 ta (2

(@]

The tableau is open (indicated by o), since the only remaining signed formula
is ta. All other signed formulas have been deleted, and there is thus no
contradicting signed formula f a.

Note that no further (repeated) rule applications are possible here, since
all complex formulas have been deleted in the last rule application when
the IBMR was called. Repeated applications of the a-rule for disjunction
to f a V —a would have been possible only before that. However, no closed
tableaux could result in this case. We can therefore argue that any Beth-
tableau for the formula a V —a is either open or infinite, but never closed.
The formula a V —a is thus not Beth-tableau-provable.

ExaMmPLE 2.9.12. The following is a closed Beth-tableau for the formula
——=(a V —a), showing thus -7, ==(a V —a):

0. f—=(aVv-a) (-0
1. t=(av-a) (0)
2 faVv-a (1, 4)
3. fa (2. 40)
4 f—a (2,4)
5 ta (4)

(cont’d on next page)
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6. faVv-a (1)

7. fa (6)
8. f—a (6)
5x7

The formula in line 0 is a special formula. In the first step, the a-rule for
f-signed negation was applied to it, calling the IBMR, which deletes the
f-signed formula in line 0. Then the a-rule for t-signed negation was applied
to the special formula in line 1, also calling the IBMR (however, no further
modifications have to be done in this branch, since the only f-signed formula
above has already been deleted; we do not extend the list besides the formula
in line 0 to (. 0p, 1) but keep (-, 0g)). This yields the formula in line 2,
and an application of the a-rule for disjunction to it yields f ¢ and f —a.
The latter formula is special and the application of the a-rule for f-signed
negation to it yields t @ and deletes the formulas in lines 2—4.

The only remaining formulas are t —(a¢ V —a) (in line 1) and ta (in
line 5). The latter being atomic, only a (repeated) rule application to the
former is possible. This yields line 6, and finally lines 7 and 8 by an a-rule
application to the formula in line 6. The formulas ta (in line 5) and f a (in
line 7) have contradicting signatures, hence the tableau is closed.

Note that there would not be a closed Beth-tableau if repeated rule
applications were not allowed.

ExampLE 2.9.13. The following are three closed Beth-tableaux for the
formula (a Vb) — ——(a V b):

(i) 0. f(avb)——-=(avb) (-0
1. taVhb (0)
2. f—=(a Vb) (0.20)
3. t—(aVvb) (2)
4. favb (3)
5. ta (1) th (1)
6. fa (4) fa (4)
7. fb 4| _fb (4

5x6 6x7

(ii) 0. f(avb)—=-=(aVvb) (-0
1. taVvb (0)
2. f——=(a Vv b) (0,20)
3. t—(aVb) (2)
4.  ta (1) th (1)
5. favb (3)| favb (3)
6. fa (5 fa (5)

(cont’d on next page)
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7. fb (5] fb (5

4x6 4x7
(iii) 0. favb)— —=(aVvb) (-0
1. taVb (0)
2. f—=—=(aVvb) (0.21,2,)
3. ta (1) th (1)
4. t=(avbd) 2)|t=(aVvbd) (2)
5. favb ()| favb (4)
6. fa (5) fa (5)
7. fb (5| b (5
3x6 3x7

They correspond to the strategies (i), (ii) and (iii), respectively, given in
Example 2.2.16.

REMARK 2.9.14. As we have to allow for more than one rule application
to any complex formula in a branch, branches can be infinite. Infinite
branches in a tableau correspond to infinite dialogues. For example,
consider the following Beth-tableau:

0. favb)——-=(aVvb) (-0
1. taVvb (0)
2. f——=(a Vv b) (0,23.24)
3. ta (1) th (1)
4. ta (1) th (1) | t=(avbd) (2
5. ta () |tb (1) |t=(avd) (2)| favb (4)
6. favb (5) fa (5)
7. fa (6) fb (6)
8. b (7| 3x7
3x7

The leftmost branch is infinite (and thus not closed) if repetitive rule
applications are made on the signed formula in line 1. It corresponds to the
infinite dialogue in Remark 2.2.23 (i).

Gentzen-tableaux. An alternative to Beth-tableaux are Gentzen-tableaux
for intuitionistic logic. The latter are more similar to Gentzen’s sequent
calculus for intuitionistic logic than the former. For a detailed treatment
(also extending Gentzen-tableaux to intuitionistic first-order logic) we refer
to Fitting [1983].

DEFINITION 2.9.15. A Gentzen-tableau is an analytic tableau where in
applications of a- and f-rules to f-signed formulas the IBMR has to be
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applied. To t-signed formulas the a- and S-rules can be applied as in analytic
tableaux, that is, without any application of the IBMR.

DEFINITION 2.9.16. A formula A is called Gentzen-tableau-provable if
there is a closed Gentzen-tableau for 4. Notation: F7gr 4.

ExamPLE 2.9.17. For comparison with the closed Beth-tableau shown
in Example 2.9.12, we give a closed Gentzen-tableau for the same formula
——(a V —a):

0. f—==(aVv-a) (-0
1. t=(aV ﬂa) (0)
2. faVv-a (1,20)
3. fa (2. 4o)
4. f—a (2. 4o)
5. ta (4)
6. faVv-a (1,60)
7. fa (6)
8. f—a (6)
S5x7

The formula ——(a V —a) is thus Gentzen-tableau-provable.

REMARK 2.9.18. Gentzen-tableaux are more closely related to sequent
calculi like LI? (see Definition 3.1.1 in the next chapter or Appendix A.8)
than Beth-tableaux are. With the exception of a-rule applications to
disjunctive f-signed formulas f 4| V 4,, each branch in a Gentzen-tableau
contains at most one f-signed formula. This corresponds to the fact that L/7-
sequents can have at most one formula in the succedent, where the f-signed
formulas in Gentzen-tableaux are exactly the formulas in the succedents of
LI?-sequents. The exception with disjunctive f-signed formulas f 41 V 4,
corresponds to the fact that in LI? the right introduction rule for disjunction
(V) can have the sequent I' - 4; or the sequent I' - 4, as premiss.

For example, compare the following LI”-derivation (see also Remark
3.8.3) with the Gentzen-tableau shown in the above Example 2.9.17:

(Ida) a f—Ljp a
( abFrpaV -a

(FVv)

a,—~(aV-a)kFrp

(F-)
(FVv)

—(aV-a),—~(aV-a)rp

)

—(aV -a)kFrp-a

—(aV-a)FrpaV-a

(=F)
(Contr)

—|(a V —|a) |—L1p

Frp ~—(a V -a)
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(The application of contraction (Contr) in this LI?-derivation corresponds
in the Gentzen-tableau to the twofold application of the a-rule for negation
to the t-signed formula t —=(a V —a) in line 1. This yields f a V —a in line 2
and again in line 6.)

Beth-tableaux are less closely related to the sequent calculus LI? (or
to similar sequent calculi with at most one formula in the succedent of
sequents), since Beth-tableaux allow for more than one usable f-signed
formula in general.

ExaMPLE 2.9.19. For comparison with the three closed Beth-tableaux
given in Example 2.9.13, we show the following three corresponding closed
Gentzen-tableaux for the formula (a vV b) — ——(a V b):

(i) 0. f(avb)——-=(aVvb) (-0
1. taVvb (0)
2. f——(a Vb) (0,20)
3. t—(a Vb) (2)
4, favb (3. 4)
5. ta (1) th (1)
6. fa (4) fa (4)
7. fb 4| _fb (4
5x6 5x7
(i) 0. favb)— ——(aVvb) (-0
1. taVvb (0)
2. f——=(a Vv b) (0,2)
3. t—(a Vvb) (2)
4.  ta (1) th (1)
5. favb (3,50) favb (3,50)
6. fa (5) fa (5)
7. fh (5) fh (5)
4x6 4x7
(iii) 0. favb)——-=(avb) (-0
1. taVvb (0)
2. f——(a Vb) (0,21.25)
3. ta (1) th (1)
4. t=(avbd) (2) t=(aVvb) (2)
3. favb (4,5;) favb (4. 5,)
6. fa (5) fa (5)
7. fb (5 fb (5)
3x6 3x7

These three closed Gentzen-tableaux correspond to the strategies (i), (ii)
and (iii), respectively, as shown in Example 2.2.16.
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REMARK 2.9.20. The Gentzen-tableaux in Examples 2.9.17 and 2.9.19
differ from the Beth-tableaux in Examples 2.9.12 and 2.9.13, respectively,
only with respect to the signed formulas deleted by applications of the
IBMR. The trees of signed formulas are the same, respectively.

REMARK 2.9.21. For Gentzen-tableaux, the disjunction property

ifbFrgr AV B, thent7gr A or brgr B

can be easily established as follows (cf. Fitting [1983, proposition 5.1,
p. 463]): A closed Gentzen-tableaux for 4 V B begins with

0. fAVB (7,00)

1. f4 (0
2. fB (0
3. :

leaving only f 4 and f B for the next rule application. In both cases, this
rule application calls the IBMR. which applies to all formulas above line 3.
Thus an application to f 4 will delete f B and an application to f B will
delete f 4. Therefore there has to be either a closed tableau for f 4 or a
closed tableau for f B.

REMARK 2.9.22. It can be seen that for the disjunction property the use
of the IBMR in Gentzen-tableaux has the same effect as condition (D 12)
in dialogues.

If the proponent P has a strategy for a closed formula of the form AV B,
then P can defend the attack O V on this formula only by asserting either 4
or B. Because of condition (D12), the proponent P cannot later defend
again against this attack by asserting B, respectively A. There must thus be
a strategy for A or for B.%6

2.9.3. Kripke semantics and intuitionistic tableaux. We now compare
Beth- and Gentzen-tableaux with Kripke semantics for intuitionistic propo-
sitional logic. Kripke semantics?’ can be motivated by considering weak
counterexamples to classical logical laws.?®

Weak counterexamples. Consider the following example of a classical,
non-constructive proof:

ExamPLE 2.9.23. The statement
“There exist two irrational numbers x and y such that x” is rational”

2Cf. Riickert [2007, p. 23f].

YSee Kripke [1963], [1965]. Cf. also Moschovakis [2010], van Dalen [2001], [2002].
[2008] or van Dalen and van Atten [2006], for example.

BCf. Dummett [2000], Moschovakis [2010]. Troelstra and van Dalen [1988a] or van
Dalen [2008], for example.



2.9. DIGRESSION: DIALOGUES AND TABLEAUX 37

can be easily proved as follows:

2. : . o
Suppose \ﬁf is rational. Then there exist two irrational numbers x

V2
and y such that x”" is rational. Suppose ﬁﬁ is irrational. Then (ﬁﬁ>

is rational. Using tertium non datur (+/2" " is rational or not, i.e. irrational)
the above statement can be inferred.

REMARK 2.9.24. (i) The proofin Example 2.9.23 is not constructive,
since it does not produce two numbers x and y such that the number
x7 is rational.

(ii) Example 2.9.23 is a weak counterexample for the tertium non datur.
From a constructivist perspective, the tertium non datur AV —A says
that for any statement 4 we have a proof of 4 or a proof of =4 (i.e., a
construction which transforms a hypothetical proof of 4 into a proof
of ). This would enable us to decide for any statement 4 whether this
statement holds or not. But an example like the still undecided validity
of the statement “There exist infinitely many twin primes” shows that
this is not the case.

(iii) The counterexample is weak because it does not refute the tertium non
datur, that is, from the assumption of the tertium non datur there has
not been derived a contradiction. It was merely shown that the zertium
non datur is not a constructively acceptable logical principle.

(iv) Furthermore, it is impossible (from a constructivist perspective) to
refute the rertium non datur by presenting a statement 4 for which
—(A4 V —A4) holds, since =—(A4 vV =A4) holds constructively for all
statements A.

Kripke semantics. The principle of tertium non datur does not hold
in intuitionistic logic in general. A motivation for Kripke semantics for
intuitionistic logic can be given as follows:

MOTIVATION 2.9.25. Weak counterexamples for the tertium non datur
proceed on the assumption of a yet undecided statement 4. But it is not
precluded that a proof of A is found later. This situation can be depicted as
follows:

ki o A
ko e

The state ko represents our present knowledge about 4: We do not know
whether A4 holds or =4 holds. The state k| represents a later point in time
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in which a proof of A4 has been found, that is, where we know that A holds.
Thus we cannot assert 4 in ky. But we cannot assert —A4 in kg either, because
a later state k; in which A4 holds is not precluded. Therefore we also cannot
assert A V —A in ky, since for this we would have to be able to either assert
A or —Ain ky.?

DEFINITION 2.9.26. A (propositional) Kripke-model % is a triple
(K, <,IF)

where the Kripke-frame (K, <) is a non-empty partially ordered set, and I+
(read: forces) is a binary relation (the forcing relation) of elements k of K
and (propositional) formulas, such that for atomic formulas a the following
monotonicity condition holds:

IfklFaand k < k', then k' IFa.

The elements k of K are called states or possible worlds. (k|- a is read “k
forces a” or “a holdsin k.)

The relation I+ is extended to complex formulas 4, B by the following
clauses:

() kIFAAB:=kIFAandkIF B,

(i) kIFAV B :=kIFAorkl B,

(ili) kIFA — B :=Forall kK’ > k: if k' |- A, then k' I- B,
(

iv) not kI~ L (resp. k¥ L), that is, there is no element k of K such that
1 holdsin k.

REMARK 2.9.27. (i) It follows from the definition that k I =4 if and
only if VK’ > k (k' ¥ A4).

(ii) Furthermore, it holds that k IF =—A4 if and only if VA’ > k =Vk" >
k' (k" ¥ A), since then Vk’ > k (k' ¥ —A) and thus k I- ——A4. (Classi-
cally this is equivalent to VK’ > k 3k” > k' (K" I- A).)

LeEmmaA 2.9.28. Every formula A fulfills the monotonicity condition, that
is, forall k. k' € K: If k- Aand k < k', then k' I A.

Proor. By induction on formulas. Consider as an example the case
A=B—-C:LetklFB—Candk <Kk'.Ifk’ <k'"and k" |- B, then also
k < k" and k" IF B. Since k|- B — C holds, k" I C holds then as well.
Thus for all k” > k': If k" I B, then k" I- C, thatis, k' IF B — C. -

DEFINITION 2.9.29. (i) A formula 4 is valid in k in a Kripke-model
F ifand only if k|- A4.

PThis common epistemic/temporal interpretation serves here only as a possible motiva-
tion for the mathematical structure to be defined next. We are here only interested in that
structure. Cf. Troelstra and van Dalen [1988a] for what follows.
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(ii) A formula A4 is valid in % if and only if k I- A for all kK € K (Notation:
FIFA).

(iii) For a set X of formulas, X I- 4 holds if and only if in each Kripke-
model # in which all B € X are valid, 4 is valid as well, that is, if for
all B € X: If #Z |F B, then % I+ A.

(iv) A formula 4 is Kripke-valid if and only if X = (), that s, if ) I 4 (short:
I 4).

REMARK 2.9.30. If kg is the smallest state in the partially ordered set K,
then by monotonicity (Lemma 2.9.28) it holds that A is valid in .% if and
only if 4 is valid in k.

REMARK 2.9.31. It can be shown that the Kripke-valid formulas are
exactly the formulas provable in sequent calculus for intuitionistic proposi-
tional logic.

Kripke-models can thus be used to show that a formula cannot be proved
in sequent calculus for intuitionistic propositional logic, by showing that the
formula is not Kripke-valid, that is, by presenting a Kripke-model which is
a counterexample for the formula in question.

ExampLE 2.9.32. Using atomic formulas a¢ and b, we give Kripke-
counterexamples in diagrammatic form.
(i) =—a V —a is not Kripke-valid. Let K = {ko. k1. k2}. ko < k1. ko < k
and ki lFa. Then #Z = (K,<.IF) can be represented by the following
diagram, where to the right of every state k € K only those atomic formulas
a are noted for which k IF ¢ holds, and where the arrows express the partial
order on K as given by <:

ki ea ky e
k()O

Due to kI a we have kg —a, and since k; IF —a holds, ko ¥ ——a holds.
Therefore ko ——a V —a holds, and the Kripke-model %7 is a Kripke-
counterexample for -—a V —a, that is, =—a V —a is not Kripke-valid.

(ii) =—a — a is not Kripke-valid. In the Kripke-model
kl ®
ko ®

koW a holds, and due to ki IF a we have kg IF =—a (cf. Remark 2.9.27 (ii)).
Therefore ko ¥ =—a — a holds, that is, ~—a — a is not Kripke-valid.
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(iii) (a — b) — (—a V b) is not Kripke-valid. In the Kripke-model

k3 [ ] a,b

7N

ki ®b k) e ab

NS

kOO

k3 I-a — b holds, and kq IFa — b holds due to k; IF b and k3 IF b. Therefore
with koW a and k, I+ b also kogl-a — b holds. ko —a holds due to k» I-a,
and since ko ¥ b holds, ko ¥ —a Vv b holds. Hence ko (a — b) — (=a Vv b)
holds, that is, (¢ — b) — (—a V b) is not Kripke-valid.

REMARK 2.9.33. In a certain sense, the construction of intuitionistic
tableaux for a formula 4 could be understood as the search for a coun-
termodel for A. However, from an open tableau for 4 alone we cannot
necessarily extract a countermodel in general, as we just might not have
found a closed tableau for A yet (this is different from analytic tableaux
for classical (propositional) logic, where an open tableau for a formula A4
excludes the existence of a closed tableau for 4, and is hence sufficient for
having a countermodel; see also Remark 2.9.37 below).

Comparison with Beth- and Gentzen-tableaux. A common feature of
intuitionistic tableaux and Kripke semantics can be seen in the use of certain
ordered states. In Kripke-models, this is given directly by the frames (K, <).
In intuitionistic tableaux, collections of signed formulas can be interpreted
as states, which are given an ordering by applications of the IBMR. For
example, in the Beth-tableau for =—(a V —a) (cf. Example 2.9.12) we can
distinguish the following three states as ordered by applications of the
IBMR:

t=(a Vv -a) ta

fav-a faVv-a
ko :{ f—|—|(a V —a) k1 = fa kr = fa

f-a f—a

(For Gentzen-tableaux a similar interpretation can be upheld, but the
condition for applying the IBMR leads to different states. In the following,
we concentrate on Beth-tableaux as point of departure.)

To make this connection between intuitionistic tableaux and Kripke
semantics clearer, we first reformulate the tableau rules by using the forcing
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relation I, respectively the negated forcing relation W, with unsigned
formulas:*°

kIFANB k¥ AV B kWFA—-B klF-4 kWF-A4
a-rules kl-A4 kW A k'l A4 kK'WA kK'l-4
k- B k¥ B k'¥ B

porules 4 KHANB  kIEAVE -kl B
WYk A | k¥B kikA |kIFB KW A|KI-B

where k < k'.

Instead of using t- or f-signed formulas, the formulas «, o, a3, 5, b1, f>
in the - and f-rules are now of the form k I+ 4 and k¥ 4.

We do not use any kind of intuitionistic branch modification like the one
effected by the IBMR. Instead, the following proviso has to be observed:

(%) In the case of a-rule applications to k ¥ 4 — B and k ¥ — A, the state
k' has to be new; that is, the &’ in g; , respectively oy, of such an a-rule

application must not occur in any formula preceding «;. In the case of
k- A — B and k I-—A, the state kK’ can be any state such that k < k’.

A branch is closed if it contains the formulas k IF 4 and k ¥ 4.

ExampLE 2.9.34. The following is such a reformulated closed tableau
for the formula ——(a V —a):

0. ko¥—-—-(aV-a)
1. kilF=(aVv-a) (0)
kiW¥av—-a (1)
k1H4a (2)
kl%ﬁa (2)
kz“‘d (4)
ko WaV-a (1)
sz/l‘a (6)
kz% —d (6)
S5x7

PN R LD

(Note that k1 ¥ a (in line 3) does not contradict k> I-a (in line 5), since
ki # k».)

The introduction of new states k’ in tableaux according to the proviso (*)
ensures that the monotonicity condition for the corresponding Kripke-
models is only fulfilled for formulas 4 which are forced in k (i.e., where
k|- A), and that it cannot be fulfilled for formulas 4 which are not forced
in k (i.e., where k ¥ 4).

30A similar formulation with signed formulas can be found in Nerode [1990].
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The same result is achieved by using instead a trivially reformulated
version of the IBMR which now deletes formulas of the form ¥ A. The
tableau rules can then be reformulated—without making any reference to
states—as follows:

FAAB ¥ AV B ¥A—B IF—A W -4

a-rules -4 I A -4 KA -4
B ¥ B ¥ B
porules { FANB FAVE 4B
Yy KA|KB FA|FB  KA|IFB

where the symbols I, respectively i, have now simply replaced the signatures
t, respectively f, in the rules for Beth- and Gentzen-tableaux.

ExampLE 2.9.35. The following is a reformulated closed Beth-tableau
(with the trivially reformulated IBMR ) for the formula ——(a V —a):

0. ¥W-=(aVv-a) (-0
1. F=(av-a)
Wav -a (
¥ a (
W —a (
IFa (
WaV —a (
¥ a (
W —a (
5x7

S A

REMARK 2.9.36. It can be shown that F7gr 4 <= F7rgr A < |- 4.3

REMARK 2.9.37. For open tableaux the following holds: Whereas in
the case of analytic tableaux (i.e., in the case of tableaux for classical
propositional logic) one can always conclude from an open tableau for A4
that A4 is not valid, this is not so for intuitionistic tableaux. Here Kripke-
validity of a formula A4 corresponds to the existence of a closed tableau for
A, but the existence of an open tableau for 4 does in general not correspond
to 4 not being Kripke-valid.

2.9.4. Relations between tableaux and dialogues. We have presented
analytic tableaux for classical propositional logic to begin with.3? Based on
analytic tableaux we have then given two kinds of tableaux for intuitionistic
propositional logic: Beth-tableaux and Gentzen-tableaux.?* These in turn

31See Fitting [1983], Troelstra and van Dalen [1988b] and the references given therein.
32Cf. Smullyan [1995].
33Cf. Beth [1955], [1956] and Fitting [1969]. [1983].
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have been compared with Kripke semantics for intuitionistic propositional
logic.

We conclude with some observations concerning the relations between
closed tableaux and strategies, respectively between dialogues and tableaux.

On the level of dialogues and tableaux, one can observe the following

similarities:

(i)
(ii)

(iif)

Both argumentation forms and tableau rules operate with signed
formulas. In both cases there are two signatures.

Each ‘application’ of an argumentation form or application of a tableau
rule (i.e., of an a- or B-rule) yields a formula (or formulas) of less
complexity than the complexity of the formula the argumentation form
or tableau rule has been applied to.

Neither dialogues nor tableaux have explicit rules for structural opera-
tions like thinning, contraction or cut (for cut our EI°-dialogues®* will
be an exception). The structural operations of thinning and contraction
are only implicitly given in both cases.

For both dialogues and tableaux there is given a condition to terminate
their development after finitely many moves or tableau rule applications,
respectively. For dialogues this is the condition for P winning a dialogue;
for tableaux this is the condition for closing a branch (viz. by observing
that an atomic formula occurs with contradicting signatures in a
branch).

Differences between dialogues and tableaux are:

(i)

(iv)

Dialogues are linear, since they are given as sequences of moves;
whereas tableaux are binary trees due to the branching f-rules.

In tableaux all signed expressions are formulas, whereas dialogues have
also signed expressions which are not formulas but are special symbols
(like e.g. A and A»).

Excepting the case of negation, each application of an «- or f-rule
yields two signed formulas in tableaux, whereas dialogues are developed
one move at a time, such that defense moves to given attack moves
need not necessarily be made.

In dialogues the possible moves are regulated by conditions like (D 10)—
(D13) etc. No such conditions are necessary in the case of analytic
tableaux, and in the case of Beth- and Gentzen-tableaux the only
additional condition is the IBMR. Note, however, that the IBMR
only operates on signed formulas which are already part of a tableau

34See Chapter 5.
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as a result of applications of a- or f-rules. In dialogues, on the other
hand, the conditions can prevent moves which would be in accordance
with the argumentation forms as such.

Despite the similarities between dialogues and tableaux, transformations of
dialogues into tableaux, and vice versa, are rendered quite complicated by
these differences (see Felscher [1985]).

Although there are important differences between dialogues and tableaux,
it can be observed that closed tableaux and strategies are quite similar in
structure.

2.10. Summary

We have introduced the basic notions needed for a dialogical treatment
of propositional intuitionistic (resp. classical) logic: argumentation forms,
dialogues and strategies. We have then introduced variants of dialogues,
namely DI”-dialogues, classical dialogues, DI?-, EI?- and EI?-dialogues as
well as hypothetical dialogues. The distinguishing feature of DI?-dialogues
and of EI”-dialogues is that these dialogues—when won by the proponent
P—need not end with the assertion of an atomic formula but can end with
the assertion of a complex formula; whereas DI”- and EI?-dialogues won
by the proponent P can only end with the assertion of an atomic formula.
The DI?- and EI?-dialogues will be of special importance in the following
investigations. In a final digression, dialogues have been put into a broader
context by considering relations between dialogues and tableaux.



Chapter 3

EQUIVALENCE RESULTS FOR STRATEGIES
AND DERIVATIONS

We consider the sequent calculus LI” as a generalization of the sequent
calculus LI? for intuitionistic propositional logic. As a main result we then
prove the equivalence of LI”-provability and EI”-dialogue-provability by
showing that EI?-strategies and LI?-derivations can be transformed into
each other. This is done similarly to the proof for classical propositional
logic given by Serensen and Urzyczyn [2006], [2007].

The consideration of the sequent calculus LI? and the introduction of
EI?-dialogues is motivated by our goal to extend dialogues to definitional
dialogues (see Chapter 4). Definitional dialogues will allow for reasoning
about definitions for atomic formulas. The defining conditions of these
atomic formulas do not necessarily have to be given by atomic formulas only,
but can be given by any complex formula. We therefore have to make sure
that it is possible that dialogues in a strategy can not only end with P-moves
asserting atomic formulas, but that they can also end with P-moves asserting
complex formulas. In sequent calculus this corresponds to having initial
sequents not only for atomic but also for complex formulas. Definitional
extensions of sequent calculus have been developed and analyzed by Hallnés
and Schroeder-Heister [1990], [1991].%

The equivalence result for EI”-dialogues to be proved in this chapter
will thus serve two purposes. First, it establishes the fact that EI7-dialogues
validate exactly intuitionistic propositional logic. Second, it shows that
dialogues can in principle be used as a basis for reasoning about definitions
of the kind described. We can therefore provide dialogical foundations for
definitional reasoning.

We will also explain how structural operations like thinning, contraction
and exchange are incorporated in dialogues, and how this corresponds to
the structural rules of sequent calculi. Contraction is particularly important
in definitional reasoning, and more will be said about it in Chapter 4.

33See also Hallnis [1991] and Schroeder-Heister [1992], [1993], [1994a].
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Finally, we will introduce dialogues and sequent calculi for intuitionistic
first-order logic. Of special interest are the sequent calculus LI. and
EI.-dialogues. These extend the sequent calculus LI? and EI?-dialogues,
respectively, from intuitionistic propositional logic to intuitionistic first-
order logic. It will be shown that the equivalence result for LIZ-provability
and EI?-dialogue-provability can be generalized for the sequent calculus L1,
and El.-dialogues. As a consequence, dialogical foundations in the sense of
formal dialogue semantics can be provided for definitional reasoning about
definitions containing any first-order formulas as defining conditions of
atomic formulas; this will be done in Chapter 4.

3.1. The sequent calculus LI?

We give the sequent calculus LI? for intuitionistic propositional logic.
Note that the axiom (Id,) is restricted to atomic formulas, that is, initial
sequents ¢ - a can only contain atomic formulas a. The sequent calculus
LI? is in this (and only in this) respect more closely related to the system
G3i of Troelstra and Schwichtenberg [2000], for example, than to Gentzen’s
original calculus LJ (see Gentzen [1935]). In the latter. initial sequents
are of the form A+ A, where A can be an arbitrary formula. Such initial
sequents will be allowed in LI7.

DEeFINITION 3.1.1. The sequent calculus LIP for intuitionistic proposi-
tional logic consists of the following rules, where I" and A are finite multisets
of formulas (the comma in antecedents of sequents stands for multiset
union, and singletons are written without braces):

Axiom

(Id,) Yy (where a is atomic)

Logical rules
THA T AF
LArc F-d4 AFB
I et S — I'tA AEB '_
(A}_)F,Al/\AZI—C (i=12) T AFAAB (FA)
I'A-C A,B-C % o
VH) =T A AVBFC A, va V=12

(cont’d on next page)
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I'tA A BHC I'A+B (F—)
I''A,A— BFC I't4A— B

(=h)

Structural rules

I'ec TF (- Thin)

(Think) T.AFC TFA

N4, AFC

(Contr) T AFC

I'c4 A A-B
I'"AFB

The rules (—=F). (AF). (VF) and (— ) are called left introduction rules.
and the rules (=), (FA). (FV) and (- —) are called right introduction
rules.

(Cut)

REMARK 3.1.2. (Sequent calculus) derivations are defined as usual.

ExamPLE 3.1.3. Without using structural rules, there are the following
three derivations in LI? of the sequent F(a VvV b) — ——(a V b):

() (1d,) (1d,) 7

lala _bEb
al—a\/b('_v) bravb

Sk avVbFavhb
( )a\/b,ﬁ(a\/b)l—
aVbk-—=(aVh)
F(a Vv b)— ——(aVbh)

(i ==
atavb (~F) bFaVvb
a,—~(aVb)r b,—~(aVvb)t
aVb,—-(aVvb)r-
aVvbl-—=(aVvb)

FaVvb)— —=—(aVvb)

(FVv)

(VF)

(k=)
(F—)

(=F)
(VF)

(k=)
(k=)

(iii) (Ida) m (l— ) (Ida> m
V

(=F atavb bkavb(l_v)
a,—~(aVb)F () b,—~(aVb)r ()
akF—-—(aVvb) bt—-—=(aVb)

aVbr-—=(aVvb)

FaVvb)— ——(aVb)

(VF)

(F—=)
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These three derivations correspond to the strategies (i), (i) and (iii),
respectively, that have been given in Example 2.2.16.

REMARK 3.1.4. Except for the restriction of initial sequents a Fa to
atomic formulas a, the sequent calculus LI? is almost exactly like (the
propositional part of) Gentzen’s calculus LJ without the structural rule for
exchange (“Vertauschung”), that is, without the rule

AABTHC

A B, ATHC

In LI?, exchange is implicitly given by the fact that the antecedents of
sequents are multisets of formulas instead of lists of formulas. (This will
also be the case in all other sequent calculi to be introduced below.)

(Exch)

3.2. The sequent calculus LI?

We introduce the sequent calculus LI? for intuitionistic propositional
logic. This calculus differs from L7 only in that initial sequents given by the
axiom are not restricted to atomic formulas anymore, but can now contain
complex formulas as well.

DEFINITION 3.2.1. We define LI? to be LI? without the axiom being
restricted to atomic formulas, that is, instead of (Id,) we use the following
axiom:

(1d) T (A atomic or complex)

The sequent calculus LIP with atomic or complex initial sequents for intu-
itionistic propositional logic is thus given by the following rules:

Axiom

(Id) T4 (A atomic or complex)

Logical rules

LA L.AF
r.4+c THA AFB
et = — -4 AEB
r.AFC A BKC Tk 4 o
VH) TF A AvBrC rra v V=12

(cont’d on next page)
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(%'—)FFA A BEC I'A+B
I''A,A— BFC I't4A— B

(k=)

Structural rules
I'-C '

I''4,A-C
(COl'ltI') m
I'-4 A A-B
A WY

Asin LI?, T and A are finite multisets of formulas, the comma in antecedents
of sequents stands for multiset union, and singletons are written without
braces.

ExaMPLE 3.2.2. The following LI?-derivation corresponds to the EIZ-
strategy in Example 2.5.4:

(1d)

(~F) aVbFavb

aVb —-(aVvb)r-
aVbtk-—=(aVbh)
I—(a\/b)—>ﬁﬂ(a\/b)

(F-)
(k=)

THEOREM 3.2.3. The calculi LI? and LI are equivalent.

Proor. The axiom (Id,) is a special case of (Id). Hence, every sequent
derivable in LI” is derivable in LI?. And every sequent derivable in LI? is
derivable in LI? because (Id) is derivable in LI”.

For example, consider the case of implication for atomic formulas a
and b:

M ara 195y
a,a—btb
a—bFa—b

(F—=)

Similarly for the other connectives. Then one can show by induction that
every sequent of the form C F C for complex C is derivable in LI”. Thus
(Id) is derivable in LI?. -

DEFINITION 3.2.4. A formula A4 is called LI?-provable. if there is a
derivation of the sequent - 4 in LI7. Notation: -, » A. (Likewise for L17

and all other sequent calculi to be introduced below.)
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3.3. Situations

In order to show that EI”-strategies and LI”-derivations can be trans-
formed into each other, we introduce so-called situations. A situation codifies
certain information that is available at a given position in a dialogue as a
sequent. This sequent can then be used to give a corresponding LI”-sequent.
Situations are also used in the opposite direction, that is, in constructing
an EI”-strategy from an LI”-derivation. In both cases, situations act as an
intermediate step.3°

DEFINITION 3.3.1. Let d be a (possibly empty) finite EI7-dialogue for A4.
The empty EI”-dialogue contains no moves and is called d,. The situation
after d is written I' - C and is defined as follows:

(i) The situation after the empty EI”-dialogue d, is - A.

(i) If T C is the situation after d, then the situation after d. (5(n),
n(n)) is
(a) THC, if (6(n),n(n)) is a proponent move, that is, a proponent
move does not change the situation,
(b) T, B C, if (6(n).,n(n)) = (OB.[n — 1,D]), that is, if (5(n),
n(n)) is an opponent defense asserting B at position n,
(c) as follows, if (6(n),n(n)) = (Oe,[n — 1, A]) where 6(m) = P D,
that is, if (5(n), 7(n)) is an opponent attack stating e at position
on an assertion D at position m:
AR ifD=—-A4ande = A4
I'A4,; ifD=A,NAyand e = Ay
I'A, ifD=A NAyande = Ny
I'-A4; ifD=A4A,VAyande =V
I'A+rB ifD=A—Bande=A4

REMARK 3.3.2. In what follows, we will use t-; ;»” as the sequent symbol
in LI?-sequents (now written: I't-;;» C), in order to distinguish them from
situations (written: I't- C).

REMARK 3.3.3. T is a set in the case of situations I'+ C, whereas in
sequents I+, ,» C it is a multiset.

LeEMMA 3.3.4. Let ' C be the situation after the EI-dialogue
d = (6(0).7(0)). (6(1).7(1)). (6(2).#(2))..... (6(m).(m))

38Cf. the definition of ‘position after’ in Serensen and Urzyczyn [2006]. respectively the
definition of ‘situation after’ in Serensen and Urzyczyn [2007].
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for A. Then

(i) BeTifandonlyif 6(i) = O B for 1 <i < m, that is, if the opponent
move is not a symbolic attack but a move asserting B.

(ii) B = Cifandonlyif B = A, orifthereisan opponent attack (6(j) = O
n(j) = [i. A]) on some formula D for which the proponent move (5(k)
P B.n(k) = [j. D)) is a defense.

(iii) O = C if and only if there is an opponent attack (5(j) = O A.5(j)
[i, A]) for which there is no proponent defense (0(k) = P B,n(k) =
[/. D)), that is, if and only if O has attacked —A.

Proor. Byinduction on the number of moves of the EI?-dialogue d. -

REMARK 3.3.5. IfT"F C is the situation after an EI?-dialogue d # d, for
A not ending in a proponent move, then in the move after d the proponent
can either attack any formula in I" or assert C in a defense, if such a move
is not prohibited by the conditions (D10)—(D14).

Q

s

3.4. If |_EI£ A, then l_LI‘I., A

It has to be shown that t-;» 4 if and only if t ;» A. We first prove the
implication from left to right.

THEOREM 3.4.1. If bpp A, thentpp A.

PrOOF. Let S be a strategy’’ for 4 and d = (6(0).7(0)), (6(1),7(1)),
6(2).7(2)).....{5(n),n(n)) an EI”-dialogue in S not ending in a proponent
move. We show by induction on the subtree below d in S thatif ' C is
the situation after d, then I't-; ;» C holds.

Since d is part of a strategy S, there is a proponent move (6(n+1) = Pe,
n(n + 1) = [, Z]). This move is either an attack or a defense.

First, assume the proponent move is an attack (5(n+1) = Pe,p(n+1) =
[j.A]) on (0(j) = O D,5n(j) =[i. Z]). Then D € T by Lemma 3.3.4. Let
I" = T\ D, that is, the set I"” is I" without D, and the corresponding
multiset has thus no occurrence of D either. We consider each form of D,
where D is a negation, conjunction, disjunction or implication:

(1) D = —A. Then the subtree below d depends on the form of 4. We first
consider the cases where the conditions of (D 14) are satisfied, that is, where
A either has not been asserted by O in d or where 4 has been asserted by O
but was attacked by P in d:

3In what follows, we consider EI?-dialogues and EI?-strategies. The prefix ‘EI?’ is
sometimes omitted for brevity.
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(a) If 4 is an atom a, then the subtree below d is
n+1. Pa [], A]

and a € T due to (D10) and Lemma 3.3.4. Then the situationis IV, a - C,
and I'F;;» C is derivable by (Id), (Thint), (=) and (- Thin):38

(Id)

(Think) =
()
»a, d I_Llﬁ’ - Thin)
[ a.—abt, C (- Thin

(b) For A = —E the subtree below d is

n+1. P-E [j,A]
n+2. OE [n+1,4]

and the situation after position n +2is I, E't-. Then I, E I » is derivable
by the induction hypothesis, and I'-;;» C is derivable by (F-). (-F) and
(- Thin):
r/, E |_L12D
oy e nE )
[ ~=EF
T, ——Ef.; C

(c) For A = E| A E, the subtree below d is

n+1. PE|NE;[], A]
n+2. OAN [n+1, 4] | ON [m+1,4]

(- Thin)

and the situations after position n + 2 are I"+E| and I'"+ E,. Then
[+, p Ey and It pp E; are derivable by the induction hypothesis, and
[t p C is derivable by (- A), (Contr), (=) and (F Thin):

T T'F, . Er A Es A
(Contr) ==
( |_) I l_LI{,’El/\EZ
T A(EyANEy) by .
“— (- Thin)

3 Where double lines indicate single or multiple applications of a rule.
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(d) For A = E, V E, the subtree below d is

n+1. PE|VE; [j A]
n+2. OV [+ 1, A]

and the situation after position n +2is I’ E;. Then I'" =/ » E; is derivable
by the induction hypothesis, and I't-; ;» C is derivable by (- V), (-F) and
(- Thin):
I, E;
(L)
. —~(E1V Ey)bpp
(e) For A = E — F the subtree below d is

—

(- Thin)

n+l. PE—F [j.A]
n+2. OE [n+ 1, 4]

and the situation after position n +2is I/, E-F. Then I, E Fpp F s
derivable by the induction hypothesis, and I't- » C is derivable by (F—).
(=F) and (F Thin):
I Ebp F
I’ I—U({: E—F
I, ﬂ(E — F) |—ng1
F’, —|(E — F) l_LIf C

(k=)

(- Thin)

Now we consider the cases where the conditions (i) and (ii) of (D14)
are not satisfied, that is, where 4 has been asserted by O in d without
having been attacked by P in d. If the conditions of (D14) are not
satisfied at position n + 1, then moves of the form (6(n +2) = Oe,
n(n+2) = [n+1, A]) are not possible. That is, for formulas —4 the subtrees
below d all have the form

n+1. PAI[jA]

where only the move of P at position n + 1 remains. We know at position
n + 1 that 4 € T because the conditions of (D14) are not satisfied at
position n + 1, and A therefore must be asserted in d by O. Let I = T \ 4.
Then ', Al ;» C is derivable by the induction hypothesis, and I't-; » C is
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derivable by (Id), (ThinF), (=) and (F Thin):

(ThinF) =———
( ) r//, A l_LIp A
S P
F//, A, _‘A '_LICI’
r//, A, _|A l_LIf C
(2) D = Ay A A,. Then the subtree below d is

n+l. PAp [)A]
nt2 OA [n+1,D]

(- Thin)

n+1. PAy [J,A4]

respectively n+2. 0Ay [n+1,D]

and the situation after position n+2isI"”, 41+ C or I/, A, = C, respectively.
Then I, Ay = p C respectively I, Ay = » C is derivable by the induction
hypothesis, and T't-; ;» C is derivable by (A+):

F/, Al l_LIf C
I, A4y A A, l_LIf C

(3) D = Ay V A>. Then the subtree below d is

(AF)

n+l. PV [j. A]
n+2. 0A; [n+1,D]| 04y [n+1,D]

and the situations after position n + 2 are I', A; = C and I, A, C. Then
[, A1 p Cand T, Ay b C are derivable by the induction hypothesis,
and I'F;;» C is derivable by (V) and (Contr):
F/, F/, Al V A2 l_LI(lf C
I, AV Ay FLI;’ C

(VF)
(Contr)

(4) D = A — B. Then the subtree below d depends on the form of 4. We
first consider the cases where the conditions of (D14) are satisfied, that is,
where A either has not been asserted by O in d or where 4 has been asserted
by O but was attacked by P in d:

(a) If A is an atom a, then the subtree below d is

n+1. Pa [} A]
n+2. OB [n+1,D]

anda € I'by (D10) and Lemma 3.3.4. Let I’ = I \_ a. Then the situation
after position n +2is I, B-C. Then I'”, B+ e C is derivable by the
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induction hypothesis, and T'-; » C is derivable by (Id) and (—):

(Id) a I_LICF a r”, B I_LICF C

F”, a, d — B FLIf C
(b) For A = —E the subtree below d is

n+l. P—E [j. A]
n+2 OE [n+1.4]1| 0B [n+1,D]

and the situations after position n + 2 are I', E+ and I'', BF C. Then
["Er;pand I, B, C are derivable by the induction hypothesis, and
[k C is derivable by (- ), (—F) and (Contr):

r,,El_LICﬁ
(_}HF’FL,FE ”) I'.Br.pC
F/, r/, _‘E — B l_LI(p C
(Contr)

I',-E - BFC
(c) For A = E| A E, the subtree below d is

n+1. PE{NE;[]. A]
n+2. OA [n+1.A41|ON [n+1.4]| OB [n+1.D]

and the situations after position n + 2 are I’ E;, I"FEy and I", BF C.
Then I, pp Ey, I 1 pp Ey and T, Bl ;» C are derivable by the induction
hypothesis, and 't/ ;» C is derivable by (I— A), (=) and (Contr):

r"_ufEl F’I—L[sz A
T.T'Fp Ei A Es I, Bt C
[T, (Ey NEy) — B C
I (E\ NEy) = Bl C
(d) For A = E| V E, the subtree below d is

(—F)
(Contr)

n+ 1. PE|VE;[],A]
n+2 OV [n+1.4]| OB [n+1.D]

and the situations after position n + 2 are I'+E; and I'', B C. Then
[t E; and I, B ;» C are derivable by the induction hypothesis, and
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[k C is derivable by (- V), (=) and (Contr):
I’ l—u(p E;
T'F BV E I'. Bt C
[T, (E\VE) = BF C
' (E\VEs) — Bt C
(e) For A = E — F the subtree below d is

n+1. PE — F [j. A]
n+2 OE [n+1.4]| OB [n+1.D]

and the situations after position n + 2 are I', EF- F and I, B C. Then
["Elr;p F and ', By » C are derivable by the induction hypothesis,
and It ;» C is derivable by (- —), (=) and (Contr):

r/,El_LI])F
o)

(FVv)
(—=F)
(Contr)

(—F)
(Contr)

Now we consider the cases where the conditions of (D14) are not satisfied.
that is, where 4 has been asserted by the opponent O in d without having
been attacked by the proponent P in d. If the conditions of (D14) are
not satisfied at position n + 1, then moves of the form (5(n +2) = Oe,
n(n +2) = [n + 1, A]) are not possible. That is, for formulas 4 — B the
subtrees below d all have the form

n+1. PA [j A]
n+2. OB [n+1,D]

where only the defense move of O remains. Then B € I after position n + 2
by Lemma 3.3.4. and the situation is I+ C. Furthermore, we know at
position n+ 1 that 4 € T because the conditions of (D 14) are not satisfied at
position n+ 1, and A therefore must be asserted ind by O. Let I’ = T \ B.
Then I, B+ ;» C is derivable by the induction hypothesis, and T't-; » C is
derivable by (Id) and (— F):

(1d)

AF;p A T BF,» C
(=h) LI LI

FH,A,A — Bl_L](ﬂ C

Second, assume the proponent move is a defense (5(n + 1) = PE,
nn+1) = [j,D]) to (6(j) = OD,n(j) = [i,Z]), or the initial move
(0(0) = P E,5(0) = (). Then E = C by Lemma 3.3.4, where E is an atom,
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a negation, conjunction, disjunction or implication. We first consider the
cases where the conditions of (D 14) are satisfied, that is, where E either has
not been asserted by O in d or where E has been asserted by O but was
attacked by Pin d:

(1) E is an atom. Then E must be asserted by O in d due to (D10), and
E ¢ TbyLemma3.3.4. LetI" = '\ E. Then T't-;;» C is derivable by (Id)
and (Thinh):

(1d)

EfipE
(ThinF) 2

(2) E = —F. Then the subtree below d is

n+1. P-F [jD]
n+2. OF [n+1 4]

and the situation after position n + 2 is I', F . Then I', F k- » is derivable
by the induction hypothesis, and I't-; ;» C is derivable by (- —):

a7
s
(3) E = F| A F>. Then the subtree below d is
n+1. PFyAF,[j, D]

n+2. OAN [n+1.4]| OA; [n+1.4]

and the situations after position n+2 are I't- Fy and I'E F,. Then 't j» F)
and I't-; » F, are derivable by the induction hypothesis, and I't- » C is
derivable by (- A) and (Contr):

= > EA)
F,Fl—LI{JFl/\Fz
rl—LIfFl N Fy
(4) For E = F; V F, the subtree below d is

n+1. PFVF [j D]
n+2. OV [n+1, 4]

(Contr)

and the situation after position n +2is ' F;. Then I't-,  Fi is derivable
by the induction hypothesis, and 't ;» C is derivable by (- V).

TFp AV E V)
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(5) E = F — G. Then the subtree below d is

n+1. PF—G [jD]
n+2 OF [n+1.A4]

and the situation after position n + 2 is I, F=G. Then I', F i » G is
derivable by the induction hypothesis, and I't-; » C is derivable by (F—):

TFpF—G F=)

Now we consider the cases where the conditions of (D14) are not
satisfied, that is, where E has been asserted by O in d without having been
attacked by P in d. If the conditions of (D14) are not satisfied at position
n + 1, then moves of the form (5(n +2) = O e,n(n +2) = [n + 1, A]) are
not possible. That is, for formulas E the subtrees below d all have the form

n+1. PE [j.D]

where only the move of P at position # + 1 remains. We know at position
n+1that E € I because the conditions of (D 14) are not satisfied at position
n + 1, and E therefore must be asserted in d by O. In addition, £ = C
by Lemma 3.3.4. Let I = T" \ E. Then I'", E -, » E is derivable by the
induction hypothesis, and T't-; » C is derivable by (Id) and (Thint-):

(Id)

(Thint) <

r”, E }_LILI’ E

Thus for every situation I' - C in an EI?-strategy there is a corresponding
sequent I't-; » C in an LI7-derivation. .

3.5. Possible situations

We define the notions of possible situation and substrategy. These will
be used in the proof of the converse direction of the equivalence result, that
is, for proving the implication from right (derivations) to left (strategies).

DEerFINITION 3.5.1. Let I'F C be the situation after d. Then a possible
situation after d is a situation I+ C’, where ' C T'and C' = C or C' = ).
Furthermore, if I', b, =b I for atomic b is the situation after d, then ', b b
is a possible situation after d.

REMARK 3.5.2. Instead of defining I', b+ b to be a possible situation
after d if ', b, —=b F is the situation after d for atomic b, we could add the
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axiom

(Id) (b atomic)

to LI?. (Id’) being derivable in LI?, this would yield an equivalent calculus.

DEFINITION 3.5.3. A substrategy for a possible situation I'FC is a
subtree s of a dialogue tree 1 comprising as root node a node at an even
position in ¢ with possible situation I'+ C and all descendents in ¢ such that
s does not branch at even positions, s has as many nodes at odd positions
as there are possible moves for O, and all leaves are proponent moves such
that O cannot make another move.

REMARK 3.5.4. Substrategies are different from strategies in that the
root node of a substrategy does not have to be the root node of the dialogue
tree as in strategies. Every substrategy is a subtree of a strategy.

We conclude the proof of -p;» A if and only if & A by proving the
implication from right to left.

THEOREM 3.6.1. If b/ A, thentpp A.

PROOF. Letd be an EI?-dialogue for 4 not ending in a proponent move.
We show by induction on the number of LI-inferences that if T't;;» C.
and I'- C is a possible situation after d, then there is a subtree ¢ below d

such that 6;1 is a strategy for A.

The derivation can consist of the axiom, end with a logical rule or end
with a structural rule.

First, assume the derivation consists of the axiom

1) 5r, B

Then B F B is a possible situation after the EI”-dialogue d for A. Then by
Lemma 3.3.4 the formula B must have been asserted in an opponent move
because B = I'. The formula B can be atomic or complex.

(1) B is atomic. Since the formula 4 (for which 6(0) = P 4) cannot be
atomic, there is a proponent defense asserting B by Lemma 3.3.4. Then

d
n+1. PB [jD]

is a strategy since atoms cannot be attacked.
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(2) B is complex. Since B = I' and B = C, the conditions of (D14)
cannot be satisfied. That is, B has been asserted by O in d but cannot
have been attacked by P in d. Otherwise, there would be a possible
attack (6(n +2) = Oe,n(n +2) = [n + 1, A]) after the proponent move
(0(n+1)=PB.n(n+1) =), Z]), yielding only possible situations where
B# CorB #T and T # () or C # () because all formulas B’ resulting
from the opponent attack are of lower complexity than B. By Lemma 3.3.4
we know that B has been asserted by O in d since B = I'; and if B has not
been attacked by P in d, then

d
n+1. PB [jD]

is a strategy since (D 14) prohibits an opponent attack on B.

Second, assume the derivation ends with a logical rule. We consider first
the cases where the derivation ends with a right introduction rule. If C is
the formula introduced in the succedent of an LI”-sequent, then ' C is
a possible situation after the EI?-dialogue d for 4, and by Lemma 3.3.4
either (a) C # A and there is some proponent defense (0(n +1) = P C,
n(n+1)=1[j,D]).or(b) C = A. In the latter case, d must be the empty
dialogue d, because A can only occur once and at position 0. We consider
both cases for each right introduction rule:

(1) The derivation ends with
T.Bbp
Then I'-—B is a possible situation after the EI?-dialogue d for 4.
(a) If =B # A, then there is some proponent defense (6(n + 1) = P =B,
n(n + 1) = [J, D]). and the subtree ¢ below d is
n+1. P=B [jD]
n+2. OB [n+1,A4]

and I', B} is a possible situation after position n + 2 corresponding to
the premiss of (). By the induction hypothesis there is a substrategy s
below ¢. Then
n+1. P-B [j D]
n+2. OB [n+1, 4]
s

is a substrategy for I'—B.

(b) If =B = A, then I’ = (), and the root of the subtree ¢ below d, is
now the move (6(0) = P—-B.n(0) = 0). This is followed by the move
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(0(1) = O B.5n(1) =1, A]) at position 1, after which there is a substrategy
s by the induction hypothesis. Then (6(0) = P —B,5(0) = (), (6(1) = O B,
n(1) =[1, 4]), s is a strategy for - —B.

(2) The derivation ends with
: : FA)
I' A l_LIf A N Ay

Then I', A A A A5 is a possible situation after the EI?-dialogue d for A.

(a) If Ay A Ay # A, then there is some proponent defense ((n + 1) =
P Ay A\ A>,n(n + 1) = [J, D]), and the subtree 7 below d is

n+1. P A A Ay [j. D]
n+2. OA [n+1.4]| OA; [n+1.4]

and I'- 4, and A+ A4, are possible situations after positions n + 2 corre-
sponding to the premisses of (- A). By the induction hypothesis there are
substrategies s and s’ below ¢. Then

n+1. PAl/\Az[j,D]
n+2. ON [n+1,A] | ONy [mn+ 1, A4]
s s

is a substrategy for I, A- A A Aj.

(b) If A1 A Ay = A, then ', A = (), and the root of the subtree ¢ below d, is
now the move (5(0) = P A; A A2, 7(0) = 0). This is followed by the moves
(0(1) = O A (1) =1, A4]) and (6(1) = O A2, 5(1) = [1, A]) at position 1,
after which there are substrategies s and s’ by the induction hypothesis.
Then

0. PA NA
1. OA [0.4]] O s [0, 4]

S s’

is a strategy for = A A A4».
(3) The derivation ends with
', 0 A;
gAY
Then ' A; V A, is a possible situation after the EI”-dialogue d for A.
(a) If 4| V A, # A. then the subtree 7 below d is

n+1. PA;V A, [j. D]
n+2. OV [n+1,A4]
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and I'+ A; is a possible situation after position n + 2 corresponding to
the premiss of (- V). By the induction hypothesis there is a substrategy s
below ¢. Then
n+1. PAV A, [, D]
n+2. 0OV [+ 1, A4]
s

is a substrategy for ' A4 V A45.

(b) If A1V A> = A, then I', A = (), and the root of the subtree ¢ below
d; is now the move (5(0) = P A V A>,7(0) = (). This is followed by
the move (J(1) = OV,n(1) = [1, 4]) at position 1, after which there is
a substrategy s by the induction hypothesis. Then (6(0) = P 4; V 45,
7(0) =0),(6(1) = O Vv,5n(1) =[1, A]), s is a strategy for = A1 V 4.
(4) The derivation ends with

T.BF.p C

T, B—C F=)

Then ' B — C is a possible situation after the EI?-dialogue d for A.
(a) If B — C # A, then the subtree 7 below d is

n+1. PB—C [jD]
n+2 OB [n+ 1. 4]

and I', B+ C is a possible situation after position n + 2 corresponding to
the premiss of (- —). By the induction hypothesis there is a substrategy s
below ¢. Then
n+1. PB— C [j. D]
n+2. OB [n+1, 4]
S

is a substrategy for ' B — C.

(b) If B— C = A, then I A = (), and the root of the subtree ¢ below
d; is now the move (5(0) = P B — C,5(0) = (). This is followed by
the move (5(1) = O B.n(1) = [1, A]) at position 1, after which there is
a substrategy s by the induction hypothesis. Then (6(0) = PB — C,
7(0) =0). (6(1) = O B.n(1) =[1. A]). s is a strategy for - B — C.

Now we consider the cases where the derivation ends with a left intro-
duction rule.

(1) The derivation ends with

—
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Then I',—BF is a possible situation after ¢, and by Lemma 3.3.4 the
dialogue d must contain an opponent move (6(j) = O —=B.n(j) = [i, Z]).
Then for complex B not introduced by (Id)

n+1. PB [j A]

n+2. Oe [n+1,A4]
is a subtree ¢ below d. The possible situation after position n + 2 depends
on the form of B, where B can be a negation, conjunction, disjunction or
implication. Then B was introduced by a right introduction rule (i.e., by
(F=). (FA)., (FV) or (F—)). We first consider these cases for complex B.%
After that we consider the case where the complex formula B has been
introduced by (Id); in this case the move ((n +2) = Oe.n(n +2) =
[n + 1, A]) is impossible. Finally, the remaining case where B is atomic is
treated.
(a) For B = —E the derivation ends with

Tk p—E "
(= LI
L. ——EFpp

The subtree ¢ below d 1s then
n+1. P-E [j, A]
n+2. OE [n+1, 4]

and I', £+ is a possible situation after position n + 2 corresponding to
the premiss of (- —). By the induction hypothesis there is a substrategy s
below ¢. Then

n+1. P-E [j.A]
n+2. OE [n+1 4]
S

is a substrategy for I', =—E .
(b) For B = E; A E; the derivation ends with
c C ('_ /\)
( - FsAl_L[fEl/\EZ
T TA, ~(E1NEy)bpp
The subtree ¢ below d is then

n+1. PE|{NE,[), A]
n+2. OA [n+1.4]| OA; [n+1.4]

3¥Without loss of generality we assume that the respective right introduction rules are
applied in the last step of the derivation of the premiss of (—F).
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and I'F E, respectively A E,, are possible situations in the left, respectively
right branch after position 7 + 2 corresponding to the premisses of (- A). By
the induction hypothesis there are substrategies s and s’ below the branches
of t. Then

ntl. PE| NEs [}, A
N2 OA [n+1.4]| OAs [n+1, 4]
S s’

is a substrategy for I, A, =(E| A Ep) .
(c) For B = E; V E; the derivation ends with
I't,» E;
My
r l_L[ﬁ’ E\VE,
The subtree ¢ below d is then
n+1. PEVE, [j.A]
n+2. OV [+ 1. A]

and 'k E; is a possible situation after position n + 2 corresponding to
the premiss of (- V). By the induction hypothesis there is a substrategy s
below ¢. Then

n+1. PE|VE,[j A]
n+2. OV [n+1,A4]
s
is a substrategy for I', =(E; V E,) I-.
(d) For B = E — F the derivation ends with
1—‘,—|(E — F) }_Llf.’

The subtree ¢ below d is then
n+l. PE—F [j.A]
n+2. OE [n+1, 4]

and I', E - F is a possible situation after position n + 2 corresponding to
the premiss of (F —). By the induction hypothesis there is a substrategy s
below 7. Then

F—)

n+1. PE—F [j.A]
n+2. OE [n+1,4]
S

is a substrategy for I', =(E — F) .
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(e) If B is complex and was introduced by (Id), then the derivation ends
with

(Id)

(ThinF)

(=F)

Then I', B, ~B I is a possible situation after d, and by Lemma 3.3.4 the
dialogue d must contain the opponent moves (6(j) = O B,n(j) = [i. Z])
and (6(/) = O-B,n(l) = [k, Z]). Since B is complex, the conditions of
(D14) cannot be satisfied, as was shown in the treatment of (Id), case (2) on
page 60. That is, d contains the opponent move (6(j) = O B.5(j) = [i. Z]),
but no proponent attack (6(m) = Pe,n(m) = [j. A]). Then the move
(0(n+2)=0en(n+2)=[n+1,A])is impossible, and

d
n+1. PB [j.A]

is a strategy for I', B, =B F.

(f) Finally, we consider the case where B is atomic. Then B must have been
introduced by (Id), and the derivation ends with

(Id)

(Think)

(H) g

T.B.-BF.
Then I', B, =B is a possible situation after d, and by Lemma 3.3.4 the
dialogue d must contain the opponent moves (5(j) = O =B, 5(j) = [i. Z])

and (6(/) = O B.n(l) = [k. Z]). Since B is atomic, the move (§(n+2) = Oe,
n(n+2) =[n+1,A]) is impossible, and

d
n+1. PB [j.A]

is a strategy for I', B, =B |-
(2) The derivation ends with
LAibp C
LA N Ak p C
Then I', A1 A Ao+ C is a possible situation after d, and by Lemma 3.3.4

the dialogue d must contain an opponent move (6(j) = O A4; A A,
n(j) = [i. Z]). Then

n+l. PA [).A]
n+2. OA [n+1,D]

(AF)

n+1. PAy [J,A]

respectively n+2. 0A, [n+1,D]
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is a subtree #;. respectively ¢,, below d with possible situations I', 41+ C
respectively I', 4> - C after positions n + 2 corresponding to the premiss of
(AF). By the induction hypothesis there are substrategies s; and s, below
the subtrees 1, respectively 7,, of . Then

n+1. PAy [j.A] n+1l. Pnr [j.A]
n+2. OA [n+1,D] n+2. O0A, [n+1,D]
51 5

are substrategies for I', 41 A A, F C.
(3) The derivation ends with
L.BFypD A CkppD
LA BV ChppD
ThenI'. A, BV C |+ D is a possible situation after d, and by Lemma 3.3.4 the

dialogue d must contain an opponent move (6(j) = O BV C,n(j) = [i, Z]).
Then

respectively

(VF)

n+ 1. PV [j. A]
n+2 OB [n+1.D]|0C [n+1.D]

is a subtree 7 below d with possible situations I, B+ D (left branch) and
A. C = D (right branch) after positions n + 2 corresponding to the left
respectively right premiss of (V). By the induction hypothesis there are
substrategies s and s’ below the left, respectively right branch of 7. Then

n+1. PV (), A]
n+2. OB [n+1,D]|0C [n+1,D]
s s’
is a substrategy for ', A, BV C+ D.

(4) The derivation ends with

Then I, A, B— C I D is a possible situation after ¢, and by Lemma 3.3.4 the
dialogue d must contain an opponent move (6(j) = O B—C,n(j) = [i, Z]).
Then for complex B not introduced by (1d)

n+1. P B [j. A]
n+2 0Oe[n+1.4]|0C [n+1.D]

is a subtree ¢ below d with possible situation A, C - D in the right branch
after position n + 2 corresponding to the right premiss of (— ). The
possible situation in the left branch after position n + 2 depends on the form
of B, where B can be a negation, conjunction, disjunction or implication,
and where B was introduced by a right introduction rule (i.e., by (F—),

(=)
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(FA). (FV) or (-—)). We first consider these cases for complex B.* After
that we consider the case where the complex formula B has been introduced
by (Id); in this case the move ((n +2) = O e,n(n +2) = [n + 1, A]) in the
left branch of ¢ is impossible. Finally, the remaining case where B is atomic
is treated.

(a) For B = —E the derivation ends with

(—=F

The subtree ¢ below d is then
n+1. P-E[j. A]
n+2 OE [n+1.4]| 0C [n+1.D]
and I', E I is a possible situation in the left branch after position n + 2

corresponding to the premiss of (- —). By the induction hypothesis there
are substrategies s and s’ below the left, respectively right branch of 7. Then

n-+1. P-E[] A]
n+2 OE [n+1.4]|0C [n+1.D]
S s’

is a substrategy for I',A, -E — C+D.
(b) For B = E| A E» the derivation ends with
Chpp By Thpp By
TrpEinE NV A CH,D
A (EyNEy)) = C Fpp D

The subtree ¢ below d is then

n+1. PE|NE;[). A]

n+2 OA [n+1.A41|OA [n+1.4]|OC [n+1.D]

and '+ E| respectively I'F E; are possible situations in the left, respectively
middle branch after position n + 2 corresponding to the premisses of (- A).
By the induction hypothesis there are substrategies s, s’ and s” below the
branches of ¢. Then

(=hH)

n+1. PE{NE;[], A]
n+2 ON [n+1.4]|Or [n+1.4]| OC [n+1,D]
s S/ S//

is a substrategy for T, A, (Ey A E») — CFD.

“OWithout loss of generality we assume that the respective right introduction rules are
applied in the last step of the derivation of the left premiss of (— ).
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(c) For B = E| V E; the derivation ends with
', E;
e (V)
F,A, (El \/Ez) —C l_LIfD
The subtree ¢ below d is then
n-+1. PE|V E,[] A]
n+2. OV [n+1,4] | OC [n+1,D]

and I'+ E; is a possible situation in the left branch after position n + 2
corresponding to the premiss of (V). By the induction hypothesis there
are substrategies s and s’ below the branches of 7. Then

(=F)

n+ 1. PE|VE;[],A]
n+2. OV [n+1,41|0C [n+1, D]
s s

is a substrategy for I A, (E{ V E») — CFD.
(d) For B = E — F the derivation ends with
r}_Lll)E%F A’C}_LIPD
(—F) . ‘
The subtree ¢ below d is then

n+1. PE — F [j. A]
n+2. OE [n+1.4]|0C [n+1,D]

and I', E - F is a possible situation in the left branch after position n + 2
corresponding to the premiss of (- —). By the induction hypothesis there
are substrategies s and s’ below the branches of 7. Then

F—)

n4+ 1. PE — F[j. A]
n+2 OE [n+1,4]1|0C [n+1.D]
S s/

is a substrategy for I, A, (E — F) — CF D.

(e) If B is complex and was introduced by (Id), then the derivation ends
with

(Id)

(Think)

(—F

ThenI'. A, B, B— C F D is a possible situation after d, and by Lemma 3.3.4
the dialogue d must contain the opponent moves (3(j) = O B,5(j) = [i. Z])
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and (6(/) = O B— C,n(l) = [k, Z]). Since B is complex, the conditions of
(D14) cannot be satisfied, as was shown in the treatment of (Id), case (2) on
page 60. That is, d contains the opponent move (3(j) = O B,5(j) = [i. Z]),
but no proponent attack (6(m) = Pe,n(m) = [j. A]). Then the move
(0(n+2)=0en(n+2)=I[n+1,A])is impossible, and

n+1. PB [j.A]
n+2. OC [n+1.D]

is a subtree 7 below d for complex B introduced by (Id), with possible
situation A, C - D after position n + 2 corresponding to the right premiss of
(—F). By the induction hypothesis there is a substrategy s below ¢. Then

n+1. PB [j.A]
n+2. OC [n+1.D]
S

is a substrategy for I’ A, B.B — C+D.

(f) Finally, we consider the case where B is atomic. Then B must have been
introduced by (Id). and the derivation ends with

(Id)
(ThinF)
(—F)

ThenI'. A, B, B— C F D is a possible situation after ¢, and by Lemma 3.3.4
the dialogue d must contain the opponent moves (6(j) = OB — C,
n(j) =1[i.Z])and (6(/) = O B,n(l) = [k, Z]). Since B is atomic, the move
(0(n+2)=0en(n+2)=I[n+1,A])is impossible, and

n+1. PB [j.A]
n+2. OC [n+1,D]

is a subtree ¢ below d for atomic B with possible situation A, C - D after
position n + 2 corresponding to the right premiss of (— ). By the induction
hypothesis there is a substrategy s below ¢. Then

n+1. PB [j.A]
n+2. OC [n+1.D]
N

is a substrategy for ', A, B, B — C+ D.

Third, assume the derivation ends with a structural rule. Since (Cut) is
eliminable in LI?, we consider only (Thint), (- Thin) and (Contr):
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(1) The derivation ends with
Ly €
ThenTI', BF C isapossible situation after ¢, and I' - C is a possible situation
after d as well, since I’ C I" U B.
(2) The derivation ends with
Chpp

TF. B
Then I'- B is a possible situation after d, and I'F is a possible situation
after d as well, since I' C I and the succedent is empty.

(3) The derivation ends with

(Think)

(- Thin)

Then I', B+ C is a possible situation after d, and I', B, B+ C is a possible

situation after d as well, since ' U B U B = I" U B in the case of situations
(cf. Remark 3.3.3).

Thus for every sequent I't-;;» C in an LI{-derivation there is a corre-
sponding situation I' - C in an EI?-strategy. —

(Contr)

3.7. EI’-provability is equivalent to LI”-provability

We collect the results of the preceding sections into the following
corollaries:

COROLLARY 3.7.1. By Theorem 3.4.1 and Theorem 3.6.1 each EI!-
strategy can be transformed into an LIY -derivation and vice versa.

COROLLARY 3.7.2. By Theorem 3.2.3 and Corollary 3.7.1 the EI-dia-
logue-provable formulas are exactly the formulas provable in LIP. That is,
Fgp A if and only if i A.

COROLLARY 3.7.3. By Remark 2.2.24 the dialogue-provable formulas are
exactly the formulas provable in LIP. That is, -ppr A if and only if Frp A.
Hence by Corollary 3.7.2 also &g A if and only if t-pr» A.

REMARK 3.7.4. We have thus:
Fem A 223 bppd Z2 b d B2 ke a b, a
REMARK 3.7.5. Equivalence for DI?-provability and LI?-provability
can be proved similarly to the proofs of Theorem 3.4.1 and Theorem 3.6.1
for EI”-provability.
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Compared with DI?-dialogues, EI?-dialogues have the technical advan-
tage that the O-move made at position #n + 2 must be an attack on or a
defense to the immediately preceding P-move made at position n + 1 (due
to condition (E)). For DI?-dialogues this does not have to be the case.
Situations would have to be defined a bit more general for O-moves (3 (n),
n(n)) = (Oe,[m,Z]), where m < n instead of m = n — 1 (cf. Defini-
tion 3.3.1). Consequently, the induction steps would have to be formulated
in a slightly more general way, too.

3.8. Structural reasoning in EI?-dialogues

We have used sequent calculi where structural operations like thinning,
contraction and cut are explicitly given by the structural rules. This is not
the case for the dialogues considered so far. Here the structural operations
of thinning and contraction are only implicitly given by the conditions
defining the dialogues. The structural operation of exchange is implicit both
in the dialogues and sequent calculi considered so far. In the latter this is
due to the fact that the antecedents of sequents are conceived as multisets
(cf. Remark 3.1.4).4!

We will now explain how structural reasoning in dialogues corresponds
to applications of structural rules in sequent calculi. Since the dialogues
that have as yet been dealt with do not contain an operation of cut, we will
consider only thinning, contraction and exchange here. The operation of
cut will be dealt with in detail in Chapter 5.

REMARK 3.8.1. In EI”-dialogues the case where the proponent P does
not use a formula B asserted in an opponent move (6(j) = O B.n(j) =
[i, Z])—either by attacking it with a move (5(k) = Pe,n(k) = [j, A])
or by asserting it in a move—corresponds to an application of (Thint)
introducing B in LI?-derivations.

Consider the following example, where a — (b — a) is not provable
without such an assertion of b by O or without the corresponding application
of (Thint), respectively:

0. Pa—(b—a) (Id)al— —

. Oa [0, A] (Thint) — ==

2. Pb—a [1.D] a.bbppa -

3. 0b 2. 4] aFipb—a =)
4. Pa [3.D] : (F—)

Fppa—(b—a)

“Instead of using the structural rules (ThinF), (- Thin) and (Contr), sequent calculi
with implicit thinning and contraction can be formulated as well.
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The formula b asserted by O at position 3 cannot be attacked by P; it
corresponds to the formula introduced by (Thin ).

REMARK 3.8.2. In EI?-dialogues the case where the proponent P does
not use a formula B by asserting it in a defense (5(k) = P B,5n(k) = [, D])
to an opponent attack (0(j) = Oe,n(j) = [i, A]) corresponds to an
application of (- Thin) introducing B in LI?-derivations.

Consider the following example, where a — (—a — —b) is not provable
if P would assert —b in a defense or without the corresponding application
of (~Thin), respectively:

Id
0. Pa— (—a— —b) (l_)a"u{,’a
1. Oa [O,A] (_‘ )a»ﬂ‘”_uf )
2. P-a——b [1,D] pPRT— (- Thin)
3. 0-a [2.4] ()
a -a —
4. Pa [3. 4] LI (F—)

Frpa— (—a — —b)

To win the dialogue, the formula -5 must not be asserted by the proponent
in a defense to the opponent attack at position 3: it corresponds to the
formula introduced by (- Thin). Similarly for a — (—a — b), where P
cannot make the defense move (5(4) = P b,n(4) = [3, D]) because b has
not been asserted by O before.

REMARK 3.8.3. In EI”-dialogues the twofold use made by the proponent
P of a formula asserted by the opponent O corresponds to an application of
the structural rule (Contr) in LI?-derivations. The twofold use can consist
either

(1) in the twofold attack of a formula by the proponent P,

(2) in the twofold assertion by the proponent P of a formula asserted by
the opponent O before,

or

(3) in an attack of a formula 4 by the proponent P together with the
assertion of 4 by P.

That is, the twofold use can be of the following forms:

(1) k. 04 [k-1.2] () k. 04 [k-1.2]
I. Pe [k.A] I. PA[i<lZ]

m. Pe [k, A m. PA[j<mZ]
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(3) k. OA4 [k—-1.27] k. OA[k—-1,Z]
I. Pe [k, A] respectively I. PA i<l Z]
m. PA[i<m,Z] m. Pe [k, A

Consider the following two examples in which the twofold use made by
P of an assertion made by O is of the form (1). The formulas —(a A —a)
respectively =—(a V —a) are not provable without a twofold attack on a A —a
respectively —(a \V —a) by P, or without the corresponding application of
(Contr) in the LI?-derivations, respectively:

(i) 0. P—=(aA-a) (Id) C
1. OaAN-a [0, 4] (~F arprd
2. PN [1, 4] a,—a l—ufg
3. 04 2. D] ( ﬁA)F)MW
4. PA [1. ] A ——
5 O [4 D] (Contr) alN—-a,aN-atpp
6. Pa [5, 4] an-—atpy

--)

The twofold attack at positions 2 and 4 corresponds to the contraction
ofaN—-a,aN—-atoa—a.

(i) 0. P-=(aV —a) (1d) -
1. O-(aV-a) [0.A4] arpd (V)
2. PaVv-a [I,A] ( = Cll—L]pf{a\/—\a
3. 0V 2. 4] N v -a)r.,
4. P-a 3. D] —— ()
5. 0a [4, A] —(aV=a)bpy—a V)
6. PaV-a [1, 4] o ~(aV-a)kpaVv-a
7. OV [6. 4] ) =(aV-a),—~(aV-a)t;p
8. Pa [7. D] (Contr) :

—

The twofold attack at positions 2 and 6 corresponds to the contraction
of ~(a V —a),—(aV —a)to—(aV —a).

An example where the twofold use of a formula is of the form (2) is in
the following EI”-strategy:**

0. Pla—(a—b))—(a—b)
1. Oa—(a—b) [0, 4]

(cont’d on next page)

“Cf. Keiff [2011].
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2. Pa—b [1,D]
3. Oa 2, 4]
4. Pa [1, 4]
5. Oa—b [4, D]
6. Pa 5, 4]
7. Ob [6. D]
8. Pb [3. D]

The proponent P uses the formula a asserted by O at position 3 twice: once at
position 4, and then again at position 6. The corresponding LIZ-derivation
with the corresponding application of (Contr) is:

(1d) — . £
atypa a,a—>bkF; pb
(k- LI LI
a,a,a—(a—=b)- pb
(Contr) .
a,a—(a—=b)b;pb
(=) :

a—(a—b)lpa—b

S PR pay ) gy par s R

Two examples of strategies in which contraction is applied according to
form (3) can be found in Example 4.3.5; see also Remark 4.3.7.

THEOREM 3.8.4. There are eliminable applications of the structural rules
(ThinF), (Contr) or (Cut) in LI? that cannot be reflected in EI?-dialogues.

PRroOF. There is exactly one EI”-strategy S for a — a, which by Corol-
lary 3.7.1 has exactly one corresponding LI?-derivation without applications
of structural rules:

0. Pa—a (1d)
1. Oa [0, A] akppa -y
2. Pa  [1.D] Fpa—al

However, there are infinitely many LI?-derivations of -, ;» @ — a using
(eliminable applications of) the structural rules (Thint) and (Contr), or
(Cut), but there is only the one strategy S which corresponds to all of
them. -

THEOREM 3.8.5. There are eliminable applications of the structural rules
(Thint) and (Contr) in LI? that can be reflected in EI?-dialogues.

Proor. Consider the following LI7-derivation of -/ ;» =(a A —a) con-
taining eliminable applications of (ThinF) and (Contr) together with its
corresponding EI”-strategy:
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(—\l—)a a{_ 0. P—\(a/\—\a)
s ! P

(Thint+) LL: 1. Oan-a [0, 4]
(nr) o 2 PA (L]
a.a N—a.abtpp 3. Oa [2. D]
(AF) a.a N-a,a N—atpp 4. P [1. 4]
(AF) = - T 5. Oa [4, D]
(Contr) ahma.dAd.ah gy 6. PN, [1, 4]
a/\—|a,a/\—|a l_LICp 7 0_'6l [6,D]
(Contr) anN-atpp 8. Pa [7. A]

S (-

The (eliminable) application of (Thin I-) is reflected in an additional assertion
of a by O which is not attacked by P (the use of @ by P in the move at
position 8 demands only one assertion of @ by O). and the (eliminable)
application of (Contr) is reflected in the two twofold attacks at positions 2
and 6, respectively at positions 4 and 6. -

REMARK 3.8.6. Exchange is implicit in LI” because the antecedents in
LI?-sequents are multisets. In EI”-dialogues exchange is incorporated due
to the fact that for any two given assertions made by O for which there are
possible attacks by P, the proponent P can attack either of them, that is,
irrespective of their order in the dialogue.

As a consequence of the presence of exchange in EI”-dialogues, multiple
assertions of the same formula made by the opponent O cannot in general
be distinguished with respect to their role in the dialogue. For example,
in the dialogue for =(a A —a) presented in the proof of Theorem 3.8.5
there are two assertions of « made by the opponent O. Only one of them
is necessary for the move at position 8, while the other one is the result
of thinning. Which assertion corresponds to what cannot be determined
because of implicit exchange.

DEFINITION 3.8.7. Contraction-free EI?-dialogues are obtained from
EI?-dialogues by adding the following condition:

(D13*) For any move (6(k) = O A.n(k) = [j, Z]) there is at most one
move of the form (6(/) = Pe,n(l) = [k, A]) or (5(/) = P A,
n(l) =i, Z]), where j < k <[l and i < [. That is, each assertion
of an O-signed formula may be used by P at most once.

Contraction-free EI?-dialogues are thus defined by the conditions (D00),
(DO01), (D02), (D10), (D11'), (D12'), (D13*). (D14) and (E). with the
argumentation forms as given for dialogues.
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The results and observations just made on structural reasoning in EIZ-
dialogues apply directly to DI”-dialogues. The only exception concerns
contraction-free DI?-dialogues, which have to be defined as follows:

DEFINITION 3.8.8. Contraction-free DI-dialogues are DI~ -dialogues
with the additional dialogue condition (D13*). They are thus defined by
the conditions (D00), (D01), (D02), (D10), (D11), (D12), (D13), (D13%)
and (D14), with the argumentation forms as given for dialogues.

3.9. Dialogues for first-order logic

So far, only propositional logic has been treated. We point out that
the results generalize to first-order logic, if the quantifiers are just seen
as generalizations of disjunction (in the case of the existential quantifier
3) and of conjunction (in the case of the universal quantifier V) to the
infinite case. The interesting notions are then already given by considering
the propositional case.*> Nonetheless, we here compare some different
treatments of the first-order quantifiers V and 3 in a dialogue setting.

We first extend our language to first-order:

DErFINITION 3.9.1. We extend our language to a first-order language
by adding variables x. y. . ... terms t (where variables are terms), and the
logical constants ¥ (universal quantifier) and 3 (existential quantifier). The
expression 3 and terms ¢ are also used as special symbols.

In addition to the usual definitions of hound variables and free occur-
rences of variables, we consider an occurrence of a variable in a symbolic
attack to be free.

Now we extend the concepts of argumentation form, dialogue and
strategy to first-order logic, following again the presentation of Felscher
[1985], [2002] with slight deviations.

DEFINITION 3.9.2. We add argumentation forms for ¥V and 4

universal quantifier V:  assertion: X VxA(x)
attack: Yt (Y chooses the term 1)
defense: X A(x)[t/x]

existential quantifier 3: assertion: X JxA(x)
attack: Y 3
defense: X A(x)[t/x] (X chooses the term )

“Tt might be observed that due to the constructive treatment of implication in intuitionistic
logic, quantification enters the picture already on the propositional level.
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where [#/x] is the substitution of the term 7 for the variable x, and A(x)[¢/x]
is the result of substituting ¢ for all occurrences of x in A. This substitution
instance is also written A4(¢).

DEFINITION 3.9.3. Dialogues and strategies for first-order logic are de-
fined as propositional dialogues and strategies extended by the argumenta-
tion forms for V and 3.

ExXAMPLE 3.9.4. The first-order formula =—Vxa(x) — Vx——a(x) has
the following strategy:

0. P ——Vxa(x) — Vx——a(x)

1. O ——Vxa(x) [0.A4]

2. PVx——a(x) [1.D]

3. 01 2.4] | Ot [2.4] | 013 2, 4]
4. P--a(t)) [3.D]|P——a(n) [3.D]|P-—alss) [3.D]
5. O-a(t;) [4.4] |O-alty) [4.4] |O-a(t3) [4.4]
6. P—Vxa(x) [1,4] | P—Vxa(x) [1,4] | P-Vxa(x) [1,A4]
7. OVxa(x) [6,4] | OVxa(x) [6,A4] | OVxa(x) [6.A4]
8. P [7.4] | P [7.4] | P13 [7. A]
9. 0aln) [8.4]|0aln) [8.4]|0a()  [8.4]
10. Palt) [5.4] | Paln)  [5.4] | Pa()  [5.4]

As the domain of terms is denumerably infinite, the strategy consists of
denumerably infinitely many dialogues (indicated by *...").

REMARK 3.9.5. Infinite strategies can be avoided by replacing them by
their so-called skeletons (cf. Felscher [1985], [2002]).

A skeleton for a formula A is a subtree S of the dialogue tree for 4 such
that S does not branch at even positions, all branches of S are dialogues for
A won by P, and S has as many nodes at odd positions as there are possible
moves for O, with the following exceptions: Only one node at odd positions
n has to be considered if

(i) (6(n) = Oy.n(n) = [m. A]) for (6(m) = PVxA(x).n(m) = [L. Z])
where the variable y is not occurring free in any expression J(k)
with k < n. That is. O is attacking PVxA(x) according to the
argumentation form for V (choosing 7 = y).

(ii) (0(n) = O A(x)[y/x].n(n) = [m. D]) for (6(m) = P3.n(m) = [1. A])

where the variable y is not occurring free in any expression é (k) with
k < n. That is, O is defending an attack P 3 on an assertion O 3xA(x)
according to the argumentation form for 3 (choosing t = y).

REMARK 3.9.6. Skeletons are an improvement compared to strategies if
finite objects are preferred to infinite ones. However, from a technical point
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of view one might want to improve on skeletons by avoiding the following
property (cf. Felscher [1985], [2002]). Consider the two skeletons:

0. P3Ixa(x)— Ixa(x) 0. P3Ixa(x)— Ixa(x)

1. O3xa(x) [0, 4] . O3xa(x) [0, 4]
2. P3 .4] 2. P3xalx) [1.D]
3. Oaly) 2.D] 3. 03 2. 4]
4. P3xa(x) (.LD] 4 P3 [1, 4]
5. 03 4.4] 5 0aly) [4. D]
6. Pa(y) [5. D] 6. Pa(y) [3.D]

The skeleton on the left corresponds to a sequent calculus derivation of
dxa(x) — Jxa(x) where the right introduction rule for the existential
quantifier has to be applied before the left introduction rule due to the
eigenvariable condition in the latter.*

In the left skeleton the move O 3 (at position 5) comes after the move
P 3 (at position 3). In the skeleton on the right this order is reversed, and the
attack O 3 at position 3 can be defended by P a(y) only at position 6 after
the assertion of a(y) in the defense move O a(y) at position 5. Felscher
observes that “[t]here are no phenomena of an analogous type in, say, the
sequent calculus”.4

Skeletons of the type on the right can be avoided by using the following
formal argumentation forms for V and 3 instead of the ones used so far. The
set of dialogue-provable formulas is not changed by that.

DErFINITION 3.9.7. We define formal argumentation forms for the quan-

tifiers V and 3 as follows:*°

(PV-form): assertion: PVxA(x)
attack: Oy (with eigenvariable condition)
defense: P A(x)[y/x]

(OV-form): assertion: OVxA(x)
attack: Pt
defense: O A(x)[t/x]

(P 3-form): assertion: P JdxA(x)
attack: Ot
defense: P A(x)[t/x]

“Cf. Definition 3.10.1 below.

43See Felscher [1985, p. 223], Felscher [2002, p. 141].

45Cf. Felscher [1985]. [2002]. As Felscher [2002, p. 142] explains (where the opponent is
denoted by ‘Q’), “[t]he adjective formal [. . .] refers to the fact that, contrary to the intuitive
understanding, in the attack Q ¢ the term ¢ is stated already by Q; eigenvariables chosen at a
later position then must respect these expressions Q ¢”.
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(O 3-form): assertion: O 3IxA(x)
attack: P4
defense: O A(x)[y/x] (with eigenvariable condition)

where the eigenvariable condition is that y does not occur free in an expression
(i.e., in an assertion or in a symbolic attack) before. That is, the move
(0(n) = 0 y.n(n) = [m, A]), respectively the move (6(n) = O A(x)[y/x].
n(n) = [m, D)), in a dialogue is only possible if y does not occur free at
positions k < n in that dialogue.

DEerFINITION 3.9.8. A dialogue constructed in accordance with the for-
mal argumentation forms is called formal dialogue.

A formal dialogue tree is a tree whose branches contain as paths all
possible formal dialogues for a given formula.

P wins a formal dialogue for a formula A if the formal dialogue is finite,
begins with the move P 4 and ends with a move of P such that O cannot
make another move.

DEFINITION 3.9.9. A formal dialogue is called DI-dialogue if it satisfies
the conditions (D00)-(D02) and (D 10)—(D13) as given in Definitions 2.1.6
and 2.2.1.

DEFINITION 3.9.10. A DI -dialogue is a DI-dialogue that satisfies the
additional condition (D14) as given in Definition 2.5.1.

DEerFINITION 3.9.11. A formal dialogue is called El-dialogue if it satisfies
the conditions (D00)—(D02), (D10)—-(D13) and (E) as given in Defini-
tions 2.1.6, 2.2.1 and 2.6.1.

DEerFINITION 3.9.12. A formal dialogue is called El.-dialogue if it satisfies
the following conditions:

(D00) &(n)isa P-signed expression if 7 is even and an O-signed expression
if n is odd. The expression in 4(0) is a complex formula.

(DO01) Ifn(n) = [m, A]. then the expression in & (m) is a complex formula
and &(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If n(p) = [n.D]. then n(n) = [m.A] form < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

(D10) If, for an atomic formula @, d(n) = P a, then there is an m such that
m < n and §(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.

(D11") If y(p) = [n.D] for odd n. n < n’ < p. n’ — n is even and
n(n’) = [m., A]. then there is a p’ such that n’ < p’ < p and



80 3. EQUIVALENCE RESULTS FOR STRATEGIES AND DERIVATIONS

n(p') = [n’. D). That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12") For every odd n there is at most one m such that #(m) = [n. D].
That is, an attack by O may be defended by P at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(E)  All moves (6(n),5n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

DEerFINITION 3.9.13. A formal strategy for a formula 4 is a subtree S of
the formal dialogue tree for 4 such that S does not branch at even positions,
all branches of S are formal dialogues for 4 won by P, and S has as many
nodes at odd positions as there are possible moves for O, with the following
exceptions: Only one node at odd positions 7 has to be considered if

(i) (0(n) = 0 A(x)ly/x].n(n) = [m. D) for (6(m) = P3.n(m) = [I. 4]).
That is, the opponent is defending an attack P 3 according to the
formal argumentation form (O 3-form).

(i) (6(n) = O y,n(n) = [m, A]). That is, the opponent makes an attack
move O y according to the formal argumentation form (P V-form).

(iii) (6(n) = Ot,n(n) = [m, A]). That is, the opponent makes an attack
move O ¢ according to the formal argumentation form (P 3-form).

Formal strategies will also be called DI-strategies, DI -strategies, EI-
strategies or El .-strategies, depending on the respective underlying dia-
logues.

ExamPLE 3.9.14. The first-order formula ——Vxa(x) — Vx——a(x) has
the following formal strategy:

0. P-—-Vxa(x)— Vx——a(x)

1. O-—-Vxa(x) [0, 4]
2. PVx——a(x) [1,D]
3. 0y 2. 4]
4. P--a(y) [3. D]
5. 0-aly) [4. A]
6. P—Vxa(x) [1,A]
7. OVxa(x) [6, A]
8. Py 7. A]

(cont’d on next page)
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9. Oaly) [8. D]
10. Pal(y) [5. 4]

Contrary to the infinite strategy of Example 3.9.4, this formal strategy
is finite.

REMARK 3.9.15. Formal strategies are finite objects. Whereas formal
dialogue trees are infinite in general: the formal dialogues can be infinite
branches, and there can be infinitely many formal dialogues as branches in
a formal dialogue tree.

Dialogue trees for propositional formulas could also be represented by
objects containing infinitely many branches, since an infinite dialogue*’
can be represented as a tree with infinitely many branches of unbounded
length. In our definition of dialogue trees (see Definition 2.2.10) an infinite
dialogue is always represented by a branch containing infinitely many paths.
However, in the case of first-order formulas there must be infinitely many
branches if a formal argumentation form for a quantifier is applied. These
branches cannot be represented as one infinite dialogue.

REMARK 3.9.16. Every formal strategy can be transformed into a skele-
ton by replacing all attack moves O ¢ in applications of the formal argumen-
tation form (P 3-form) by moves O 3.

For example, the formal strategy

0. P3xa(x)— Ixa(x)

1. O3xa(x) [0, 4]
2. P3 [1, A]
3. Oal(y) [2. D]
4. P3xa(x) [1.D]
5. 0y [4. A]
6. Pa(y) [5.D]

1s transformed into the skeleton

0. P3xa(x)— Ixa(x)

1. O3xa(x) [0, A]
2. P3 [1, 4]
3. Oaly) [2. D]
4. P3xa(x) [1,D]
5. 03 [4. 4]
6. Pa(y) [5.D]

Eigenvariable conditions for a term ¢ in a formal strategy will not be
violated if ¢ is removed in the transformation to a skeleton.

47See Remark 2.2.23 (i) for an example of an infinite dialogue for a propositional formula.



82 3. EQUIVALENCE RESULTS FOR STRATEGIES AND DERIVATIONS

Furthermore, it can be shown that every skeleton can be transformed
into a formal strategy. A transformation is presented in Felscher [1985],
where this is proved for E-strategies and E-skeletons. Since these concepts
are closely related to the concepts of formal strategy and skeleton as they
are used here, the result can be carried over directly.

We have thus the following notions of first-order intuitionistic dialogue-
provability:

DEFINITION 3.9.17. A formula A4 is called DI-dialogue-provable if there
is a DI-strategy for A. Notation: Fp; A.

DEerFINITION 3.9.18. A formula A4 is called DI -dialogue-provable if there
is a DI.-strategy for A. Notation: Fp;, A.

DErFINITION 3.9.19. A formula 4 is called El-dialogue-provable if there
is an El-strategy for 4. Notation: gy 4.

DEFINITION 3.9.20. A formula 4 is called El.-dialogue-provable if there
is an El -strategy for 4. Notation: g, A.

3.10. Sequent calculi for first-order logic

We define the sequent calculi LI and LI, for intuitionistic first-order
logic by adding logical rules for the quantifiers ¥V and 3 to the propositional
calculi LI? and LI?, respectively.

DEerINITION 3.10.1. The sequent calculus LI for intuitionistic first-order
logic is the propositional calculus L7 with additional left and right intro-
duction rules for the quantifiers V and 3.4 We give the whole calculus LI,
repeating the rules of LI7:

Axiom

(Id,) T (where a is atomic)

Propositional logical rules

TEA T A-
P F—ar a7
T A FC T4 A-B
_ oAt e ird ATL
M) A agre (=12 T ArAnrB N

(cont’d on next page)

“8 Again, T and A are finite multisets of formulas. The comma in antecedents of sequents
stands for multiset union, and singletons are written without braces.
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[LAFC ABFC Tk 4 o
VR =F A avErc T4V V=12
I'-4 A BHC I'A-B
G FA 58 C rrasg )
First-order logical rules
T A()FB THA(y)
Wh) 2 — 2y
(V) I'VxA(x)-B I'-VxA(x) (v)
(y does not occur free in I)
(3 |_) M LA(I)O_ 3)
[ 3xA(x)-C 'F3xA(x)
(y does not occur freein I, C)
Structural rules
. I'-C ' .
I4,A-C
(Contr)m
(Cut)FFA A AFB

I''AFB

ExaMPLE 3.10.2. A derivation of the sequent - 3xa(x) — Ixa(x) in LI
is the following:

19 el

a(y)F3xa(x)
Ixa(x)FIxa(x) (- )
F3xa(x) — Ixa(x)
The derivation corresponds to the skeleton in Remark 3.9.16.
DEFINITION 3.10.3. We define LI, to be LI without the axiom being

restricted to atomic formulas, that is, instead of (Id,) we use the following
axiom

3)
3r)

(1d) YT (A atomic or complex)

The sequent calculus LI. with atomic or complex initial sequents for intuition-
istic first-order logic is thus given by the following rules:
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Axiom

(Id) 14 (A atomic or complex)

Propositional logical rules

I'c4 LA+
SRl sy 1= a7
I4;-C I'4 AFB
_ At ird4 AvFL
WO g (=12 TArang M
I AEC A.B-C I'FA4; .
S A SNV EV Tors v Y i=12)
I't4 A BFC I'A-B
P T AdA5BrC rrasg )
First-order logical rules
I A(t)-B I'-A(y)
VH) =~ 7 (FY)
I'.VxA(x)+ B I'-VxA(x)
(y does not occur free in I)
IdA(y)-C - A(t
(EH—)L 7()('_3)
I'3xA(x)-C F3xA(x)
(y does not occur freein ", C)
Structural rules
. r-c '+ .
(Thint) FAFC Tr 4 (- Thin)
4, A-C
(Contr)m
(Cut)rl_A A A+ B

I'’AFB

Asin LI, T and A are finite multisets of formulas, the comma in antecedents

of sequents stands for multiset union, and singletons are written without
braces.

REMARK 3.10.4. The sequent calculus LI, for intuitionistic first-order
logic is almost exactly like Gentzen’s sequent calculus LJ (see Gentzen



3.11. FIRST-ORDER EQUIVALENCE RESULTS 85

[1935]). As in the propositional case (cf. Remark 3.1.4), we do not need a
structural rule for exchange, since we treat the antecedents of sequents not
as lists of formulas (as in LJ) but as multisets of formulas.

THEOREM 3.10.5. The calculi LI and LI, are equivalent.

ProOF. See Theorem 3.2.3. (Id,) is a special case of (Id). and (Id) is
derivable in L1 -

3.11. First-order equivalence results

In what follows, we assume without proof that the set of El.-provable
formulas is a conservative extension of the set of EI”-provable formulas. Un-
der this assumption we can extend the equivalence result for EI”-provability
and LI?-provability by just adding the cases for the first-order fragment to
the proofs of Theorem 3.4.1 and Theorem 3.6.1, without having to modify
the proofs for the propositional fragment. Furthermore, we have to consider
only formal dialogues and formal strategies. This has the advantage that
no infinite strategies have to be considered.*” Moreover, for each formal
argumentation form there is then a corresponding sequent calculus rule and
vice versa (where the formal argumentation forms (P V-form). (O V-form).
(P 3-form) and (O 3-form) correspond to the sequent calculus rules (V).
(VF), (F3) and (3+), respectively).

We extend the definition of situations to first-order formulas (cf. Defini-
tion 3.3.1):

DEFINITION 3.11.1. Let d be a (possibly empty) finite El.-dialogue
for A. The empty EI .-dialogue contains no moves and is called d,. The
(first-order ) situation after d is written I' - C and is defined as follows:

(i) The situation after the empty El .-dialogue d; is - 4.

(i) If THC is the situation after d, then the situation after d, (5(n).
n(n)) is
(a) THC, if (0(n),n(n)) is a proponent move, that is, a proponent
move does not change the situation,

(b) T, BEC, if (6(n),n(n)) = (O B,[n — 1,D]), that is, if (5(n),
n(n)) is an opponent defense asserting B at position n,

“This could also be achieved by considering skeletons. However, the step to formal
argumentation forms has the additional advantage that no dialogues like the skeleton on
the right in Remark 3.9.6 can occur; these would not have a corresponding sequent calculus
derivation.
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(c) as follows, if (6(n),n(n)) = (Oe,[n — 1, A]) where 6(m) = P D,
that is, if (5(n), 7(n)) is an opponent attack stating e at position n
on an assertion D at position m:

T AF fD=—-4ande =4
I'HA; if D=AyNAyand e = A\
T'HA, ifD=ANAyand e = N,
I'A4; ifD=A4A,V Ayande =V
I A-B fD=A—Bande=4

I'FA(x)[y/x] if D=VxA(x)ande =y
I'FA(x)[t/x] ifD=3xA(x)ande =1

(This definition differs from the one for the propositional case only in the
addition of the last two (types of) situations for the first-order formulas.
The definition of possible situation after d (see Definition 3.5.1) remains the
same for first-order situations.)

REMARK 3.11.2. (i) We use the sequent symbol ‘-, in LI -sequents
(i.e. Ty, C instead of ' C) in what follows, in order to distinguish
them from situations (written I't= C).

(i) T isa setin situations I' C, whereas in LI .-sequents T'-7;. C itis a
multiset.

(iii) Lemma 3.3.4 holds without change also for first-order situations.

THEOREM 3.11.3. There is an El -strategy for a formula A if and only if
there is a derivation of the sequent = A (resp. bry. A) in LI, that is, =gy, A if
and only if Frp A.

Proor. We first show the direction from left to right, that is, we show
that if l_EIL- A, then l_LIL- A.
Let S be an El -strategy for 4 and let

d = (6(0).7(0)). (6(1).n(1)). (6(2).7(2))..... (6(n).n(n))

be an El.-dialogue in S not ending in a proponent move. We show by
induction on the subtree below d in S that if I' - C is the situation after d,
then there is a derivation of the sequent I't-7;, C.

Since d is part of an El -strategy S, there is a proponent move (d(n+1) =
Pe.n(n+ 1) =[j,Z]). This move is either an attack or a defense.

First, assume the proponent move is an attack (5(n+1) = Pe,p(n+1) =
[j.A]) on (6(j) = OD,n(j) = [i.Z]). Then D € T by Lemma 3.3.4 (cf.
Remark 3.11.2 (iii)). Let I” = I" \. D, that is, the set I'” is I" without D, and
the corresponding multiset has thus no occurrence of D either.

We consider the two first-order cases D = VxA(x) and D = IxA(x):
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(1) D =VxA(x). Then the subtree below d is

n+l. Pt [j. A]
n+2. O0A(x)[t/x] [n+1,D]

and the situation after position n +2is I, A(x)[z/x]+ C. Then the sequent
I, A(t) -y, C is derivable by the induction hypothesis, and I't7;, C is
derivable by (VF):
I A(t)Fp, C
(VF) (1) Fri,

[, VxA(x)kpy, C
(2) D = 3xA(x). Then the subtree below d is

n+l. P3 [j. A]
n+2. 0A(x)[y/x] [n+1,D]

if the eigenvariable condition is satisfied, and the situation after position n+2
is TV, A(x)[y/x]+ C. Then I'", A(y) Fr;. C is derivable by the induction
hypothesis, and T+, C is derivable by (3+):

F’, A(y) l_LIc C
F’, HXA(X) l_LI( C

3r)

Second, assume the proponent move is a defense (5(n + 1) = PE,
n(n+1)=[j,D])to(6(j) = O D.n(j) = [i, Z]) or the initial move (6(0) =
PE,n(0) = (). Then E = C by Lemma 3.3.4 (cf. Remark 3.11.2 (iii)).
We first consider the cases where the conditions (i) and (ii) of (D14) are
satisfied, that is, where E either has not been asserted by O in d or where E
has been asserted by O but was attacked by P in d.

Again, we consider only the two first-order cases E = VxA(x) and
E =3xA(x):

(1) E = VxA(x). Then the subtree below d is

n+1. PVxA(x) [J. D]
n+2. Oy [n+ 1, A4]

if the eigenvariable condition is satisfied, and the situation after position
n+2is ' A(x)[y/x]. Then I'tz;, A(y) is derivable by the induction
hypothesis, and ', C is derivable by (- V):

I'tpp A
1, A(y) (V)
Fl_LI( VXA(X)
(2) For E = 3xA(x) the subtree below d is

n+1. P3IxA(x) [j. D]
n+2. Ot [n+1, A4]
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and the situation after position n + 2 is T+ 4(x)[¢/x]. Then T't7;. A(z) is
derivable by the induction hypothesis, and I' -, ;, C is derivable by (- 3).
I't I A (l )

[Fp, 3xA(x)

If the conditions (i) and (ii) of (D 14) are not satisfied, that is, if £ has

been asserted by O in d without having been attacked by P in d, then moves

of the form (d(n +2) = Oe,n(n +2) = [n + 1, A]) are not possible. Hence
for formulas E the subtrees below d all have the form

n+1. PE [j.D]

(-3)

where only the move of P at position n + 1 remains. At position n + 1
we know that E € T because the conditions of (D14) are not satisfied at
position n + 1; therefore £ must have been asserted by O in d. Furthermore,
E = C by Lemma 3.3.4 (cf. Remark 3.11.2 (iii)). Let I = I \\ E.
Then I'”, E t-1, E is derivable by the induction hypothesis, and Ty, C is
derivable by (Id) and (Thint):

. (1d) Ebr E
(Think) =———
" Eti E
Therefore, for every situation I' C in an El.-strategy there is a corre-
sponding sequent I'-7, C in an LI -derivation.

Now we show the remaining direction from right to left, that is, we show
that if l_LIC A, then l_EIL- A.

Let d be an EI.-dialogue for 4 not ending in a proponent move. We
show by induction on the length of the LI -derivation that if I't;; C, and
I'- C is a possible situation after d, then there is a subtree ¢ below d such

that cti is an El -strategy for A.

The derivation can consist of the axiom, end with a logical rule or end
with a structural rule. Here we only have to consider the four cases of the
first-order logical rules, that is, where the derivation ends with an application
of (VF). (FV). (3F) or (F3).

We consider first the cases where the derivation ends with a right
introduction rule. If C is the formula introduced in the succedent of an
LI?-sequent. then I'- C is a possible situation after the EI”-dialogue d
for A, and by Lemma 3.3.4 (cf. Remark 3.11.2 (iii)) either (a) C # 4 and
there is some proponent defense (5(n + 1) = P C,n(n+ 1) = [}, D]), or (b)
C = A. In the latter case, d must be the empty dialogue d, because 4 can
only occur once and at position 0. We consider both cases for each of the
two right introduction rules:
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(1) The derivation ends with

I'trr B(y)

T l_LIL' VxB (X) (l_ V)

Then the eigenvariable condition is satisfied, and ' VxB(x) is a possible
situation after the El.-dialogue d for A.

(a) If VxB(x) # A, then there is some proponent defense (5(n + 1) =
PVxB(x).n(n+ 1) =[j. D]). and the subtree ¢ below d is

n+1. PVxB(x) [j. D]
nt2. Oy [n+ 1. 4]

and T+ B(x)[y/x]is a possible situation after position n + 2 corresponding
to the premiss of (V). By the induction hypothesis there is a substrategy s
below ¢. Then

n+1. PVxB(x) [j. D]
n+2. Oy [n+ 1, 4]
s

is a substrategy for I't-VxB(x).

(b) If VxB(x) = A, then I = (), and the root of the subtree ¢ below d,
is now the move (§(0) = PVxB(x),n(0) = 0). This is followed by the
move (0(1) = O y,5n(1) = [1, A]), after which there is a substrategy s by the
induction hypothesis. Then

0. PVxB(x)
. Oy [0, 4]
s
is a strategy for FVxB(x).
(2) The derivation ends with
I'tz; B(t
B0

r l_LIC JdxB (x)
Then I'-3xB(x) is a possible situation after the El .-dialogue d for A.
(a) If 3xB(x) # A. then the subtree 7 below d is

n+1. P3IxB(x) [j. D]
n+2. Ot [n+1,4]

and ' B(x)[t/x] is a possible situation after position n + 2 corresponding
to the premiss of (- 3). By the induction hypothesis there is a substrategy s
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below 7. Then
n+1. P3IxB(x) [j. D]
n+2. Ot [n 41, 4]
s

is a substrategy for I't-3xB(x).

(b) If 3xB(x) = A, then I" = (), and the root of the subtree ¢ below d,
is now the move (5(0) = P3IxB(x).n(0) = ). This is followed by the
move (6(1) = Ot,57(1) = [1, A]). after which there is a substrategy s by
the induction hypothesis. Then (6(0) = P 3xB(x),7(0) = 0), (5(1) = OV,
n(1) =[1, 4]), s is a strategy for - IxB(x).

Finally, we consider the cases where the derivation ends with a left
introduction rule.

(1) The derivation ends with
I, B(t) FLIC C

Vi
( ) F,VXB(X) |—L10C

Then I', VxB(x) - C is a possible situation after the EI .-dialogue d for A.
and by Lemma 3.3.4 (cf. Remark 3.11.2 (iii)) this dialogue d must contain
an opponent move (3(j) = OVxB(x),n(j) = [i. Z]). Then

ntl. Pt [j.A]
n+2. OB(t) [n+1,D]

is a subtree ¢ below d with possible situation I', B(¢) - C after position
n + 2 corresponding to the premiss of (V). By the induction hypothesis
there is a substrategy s below the subtree 7. Then

n+l. Pt [j.A]
n+2. OB(t) [n+1.D]
S

is a substrategy for I', VxB(x)F C.
(2) The derivation ends with
F, B (y) F LI, C
F, EXB(X) |—ch C
Then the eigenvariable condition is satisfied, and ', 3xB(x)+C is a
possible situation after the El.-dialogue d for A. By Lemma 3.3.4 (cf.

Remark 3.11.2 (iii)) this dialogue d must contain an opponent move
(0(j) = 03xB(x),n(j) =[i. Z]). Then

ntl. P3[4
n+2. OB(y) [n+1,D]

3r)
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is a subtree ¢ below d with possible situation I', B(y) - C after position
n + 2 corresponding to the premiss of (3+). By the induction hypothesis
there is a substrategy s below the subtree 7. Then

ntl. P33 [jA]
n+2. OB(y) [n+1,D]
s

is a substrategy for I', 3xB(x) - C.

Hence, for every first-order sequent I' =77 C in an LI.-derivation there
is a corresponding situation I'F C in an EI, -strategy.

For each given LI.-derivation proving a formula 4 we can thus construct
an El -strategy for 4 and vice versa. —

REMARK 3.11.4. We have thus:

3113 3.10.5 2.2.24 2.6.5
bpr A & b A & Fppd & bprd & b A.

Here we have only made use of formal EI.-, DI- and El-dialogues,
respectively -strategies. Corresponding equivalence results can also be
established for skeletons and for strategies based on dialogues using the
following argumentation forms for the quantifiers V and 3 (as given in
Definition 3.9.2)

universal quantifier V:  assertion: X VxA(x)
attack: Yt (Y chooses the term ¢)
defense: X A(x)[1/x]

existential quantifier 3: assertion: X JxA(x)
attack: Y4
defense: X A(x)[t/x] (X chooses the term )

instead of the formal argumentation forms, by using results of Felscher [1985]
which he summarizes as follows (see Felscher [1985. p. 238]):

For each of the following types of objects

(1) D-dialogues
(2) D-skeletons,
(3) E-skeletons,
(4) formal E-strategies,

we have defined algorithms, transforming the objects of the one
type into those of the adjoining types and vice versa.

(Where formal E-strategies are exactly our El-strategies, D-dialogues are
our DIP-dialogues when extended to first-order formulas by adding the
above two argumentation forms for ¥V and J; D- and E-skeletons are like
our DI- and El-strategies when replaced by skeletons.)
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Compared with formal dialogues, dialogues using the above two argu-
mentation forms for V and 3 have the advantage that all argumentation
forms are independent of whether the assertion is made by the proponent P
or by the opponent O. These argumentation forms are player-independent,
or P/O-symmetric, in this sense.

3.12. Summary

We have introduced the sequent calculus LIZ and EI?-dialogues. Com-
pared with the sequent calculus L/? and EI”-dialogues, their distinguishing
feature is that initial sequents for complex formulas are allowed and that
dialogues in EI?-strategies can end with assertions of complex formulas,
respectively. We have then proved as a main result that LI?-provability is
equivalent to EI?-dialogue-provability, by showing that every LI?-derivation
can be transformed into an EI?-strategy and vice versa. Together with
further results this establishes the equivalence of EI?-, DI?-, LIP-, LI?-
and EI”-provability. We have then considered structural reasoning in EI”-
dialogues and have introduced contraction-free EI?-dialogues. Finally, the
equivalence results have been generalized to first-order logic: El.-, LI,-,
LI-, DI- and El-provability are equivalent. The main result is of special
importance for the extension of dialogues to definitional dialogues; this will
be the subject of the next chapter.



Chapter 4

DIALOGUES FOR DEFINITIONAL REASONING

The principles of definitional reflection and definitional closure have been
introduced as sequent-style inferences by Hallnds and Schroeder-Heister
[1990], [1991] (see also Hallnds [1991] and Schroeder-Heister [1993]).
We introduce dialogues containing definitional reflection and definitional
closure as an additional argumentation form of definitional reasoning. The
resulting definitional dialogues will enable us to reason about definitions
for atomic formulas. The considered definitions are clausal definitions,
where the defining conditions are not restricted to atomic formulas but
can be given by arbitrary (first-order) formulas. These definitions are
thus a generalization of monotone inductive definitions® or, equivalently,
of (implication-free) definite Horn clause programs as they are used in
standard logic programming based on the resolution principle.!

For definite Horn clause programs the principle of definitional closure
corresponds to the resolution principle. The principle of definitional
reflection can be seen as the dual to the principle of definitional closure. It
yields an extension of standard logic programming already for definite Horn
clause programs. A further extension results from the use of generalized
Horn clause programs, that is, from the use of clausal definitions for atomic
formulas whose defining conditions can be arbitrary formulas. The principle
of definitional closure allows us to infer an atomic formula from any of
its defining conditions. The principle of definitional reflection says that
whatever follows from each of the defining conditions of an atomic formula
follows from that atomic formula alone. With the argumentation form of
definitional reasoning, definitional dialogues will provide the corresponding
dialogical means for these extensions.

The clausal definitions need not be wellfounded. This leads to para-
doxes like Russell’s, whose dialogical treatment will be considered as an
example of definitional reasoning. The example shows that the structural

SOCf. Aczel [1977]. Moschovakis [1974].
S'For logic programming we refer to Lloyd [1993], Doets [1994], Apt [1997], Nienhuys-
Cheng and de Wolf [1997] and Jéager and Stérk [1998].

93
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operation of contraction can be critical in the presence of non-wellfounded
clausal definitions: without further restrictions, there are then strategies
for contradictory assertions. Certain restrictions concerning contraction
in definitional dialogues are considered. Finally, an alternative approach
(due to Kreuger [1994]) that does not restrict contraction is carried over to
definitional dialogues.

Definitional dialogues will be introduced in two steps: We first give a pre-
liminary definition (see Definition 4.2.1) of definitional dialogues, which is
based on the definition of EI.-dialogues. These (preliminary) definitional
dialogues are then examined for a non-wellfounded definition in a setting
with contraction. A comparison with derivations in the sequent calculus
LI.(D)—that is LI, (which has contraction) extended by definitional clo-
sure and definitional reflection—shows that provability by strategies of
preliminary definitional dialogues is not equivalent to provability in that
sequent calculus. A slight modification has to be made to the preliminary
definition to render the two notions of definitional dialogue provability and
sequent calculus provability coextensive. This modification yields the final
definition of definitional dialogues (see Definition 4.3.3).

4.1. Definitional reasoning

We introduce the argumentation form of definitional reasoning for
clausal definitions. Clausal definitions are collections of definitional clauses,
which are formulated over a first-order language.

DEFINITION 4.1.1. The first-order language is as given in Definition 3.9.1,
where for variables x. y. ..., (individual) constants k.1, m., . .. and function
symbols f.g, ... we define terms as follows:

(i) Every variable is a term.
(ii) Every individual constant is a term.

(iii) If f is an m-ary function symbol and 7y,...,¢, are terms, then
f(ty.....1,) is also a term.

As before, we use a. b. c. ... as relation symbols (or predicate symbols).
If a is an n-ary relation symbol and if #1. . .. . ¢, are terms, then a(t.....t,)
is an atomic formula (atom). Complex formulas are defined as usual.

DEFINITION 4.1.2. A definitional clause is an expression of the form

a<=B AN...\NBy,



4.1. DEFINITIONAL REASONING 95

for n > 0, where a is atomic and the B; in the body B A ... A B, of the
clause are the defining conditions for the head a.>*> The defining conditions
B; need not be atomic but can be any complex formula. Clauses with empty
body are called facts; we indicate empty bodies with the symbol ‘T~ (verum).

ExamMpPLE 4.1.3. (i) a < (b — ¢) Ad is a (propositional) definitional
clause with head a and body (b — ¢) A d. containing the two defining
conditions b — ¢ and d. (This clause can also be read as a first-order
clause in which all relation symbols have arity 0.)

(i) a(x,y)<—b(k. [ x)isa (quantifier-free) first-order definitional clause
with the binary relation a(x, y) in the head and having as defining
condition the complex formula —b(k, [, x).

(iii) a(x,y) <= 3Ixb(k.l f(x))is a first-order definitional clause, where the
variable x in the functional term f (x) occurring as the third argument
of the ternary relation symbol b is bound by the existential quantifier.

DEFINITION 4.1.4. A finite set D of definitional clauses
a<=T
D :
a<=1Ty
is a (clausal) definition of the atom a, where T'; = B] A ... A B} is the body
of the i-th clause (for 1 < i < k). These clauses are the defining clauses of a
with respect to definition D.

The set of defining conditions of a will be represented by D(a). that is,
D(a) ={I1,.... T}

REMARK 4.1.5. We write the bodies I'; of definitional clauses as con-
junctions

B{A...\B},

of the defining conditions B; .

They could also be written as a list or set B..... B . where the comma
functions as a ‘structural conjunction’. The latter notation is more con-
venient in a sequent calculus setting. However, for dialogues we would
first have to introduce a means to handle such lists or sets, whereas we can
handle conjunctions directly via the argumentation form for A. We will
therefore use the former notation throughout.

*>The symbol ‘<’ is used exclusively to write definitional clauses and should not be
confused with implication ‘—’.
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DEFINITION 4.1.6. A definition is any finite set of definitional clauses.
Definitions D have thus the general form

(a; <:F}
1

a, =TI

an <= T3,
(In logic programming terms, definitions D are (a generalization of) logic
programs where the bodies of program clauses can be arbitrary formulas.)

We can now define an argumentation form that will allow us to reason
about such definitions.

DEFINITION 4.1.7. For each atom a defined by definitional clauses
a<B{A...\B
with defining conditions
I;=B{A...AB) (wherel <i<k)

the following argumentation form of definitional reasoning determines how
an atom « that is stated by X can be attacked by Y and how this attack can
be defended by X'. We use ‘@’ as a special symbol to indicate the attack.

definitional reasoning: assertion: X a
attack: Y 2 (onlyifa # 7T)
defense: X TI; (X choosesi =1,....k)

For the verum T we impose the following restriction: The move X T cannot
be attacked with Y 9.

REMARK 4.1.8. We have defined the argumentation form of definitional
reasoning in such a way that atoms—with the exception of the verum T—can
be attacked independently of whether there are definitional clauses having
these atoms in their head or not. In other words, whenever a player asserts
an atom, the other player may ask for its definition, regardless of whether
one has been given or not. And we will not give any dialogue conditions
which would prohibit attacks on undefined atoms just because they are
undefined.

The restriction with respect to the verum T is necessary if T is treated as
an atomic formula. Otherwise it would be attackable as well. This would be
in conflict with its intended meaning, suggested by its use as an indicator
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of empty bodies of definitional clauses, that is, by standing for the empty
conjunction. The meaning of the verum T is stipulated by the imposed
restriction.

REMARK 4.1.9. The argumentation form of definitional reasoning is
formulated for atoms « defined by definitional clauses

a<B| N...\B,

a<Bf A...\Bf

That is, in definitional reasoning the I'; chosen by X in a defense to an
attack Y & on X a must be the body of a clause with head « in the case of
propositional clauses; bodies of definitional clauses not defining a cannot
be chosen.

REMARK 4.1.10. In the case of first-order clauses one has to consider
substitution instances of heads and bodies of clauses.

Let the substitution ¢ be a most general unifier>? for the atom a and the
head a’ of at least one first-order clause. Then the body I'; of such a clause
with head a’ can be chosen in a defense X I';o to an attack Y & on X a
since ag = a’c.>* That is, in order to defend such an attack, we first have to
look for a most general unifier ¢ which unifies ¢ with the head of a clause
a' < T;. If it exists,> we apply it to I';, and the defense move is X I';o.

For example, if the first-order clause a(¢) <= b(x) is given by definition,
then an attack ¥ 2 on a move X a(x) can be defended with the move 5(7).
That is, the definitional reasoning for the given clause is of the form

X a(x)
Yo
X b(1)

where the substitution ¢ = [¢/x] is here the most general unifier for the
atom a(x) and the head a(z) of the definitional clause. Applying o to the
body b(x) of the clause yields b (), which is asserted in the defense move.

Although the unification step is made only implicitly in the definitional
reasoning, and substitutions are not extra marked down in dialogues, we
are in general interested in the substitutions computed in the construction
of strategies (see Example 4.2.9 below).

33 A substitution o is a unifier of two atoms « and b if as = bo. that is, if o and b are
syntactically identical. A substitution o is a most general unifier of two atoms a and b if for
all unifiers 7 of @ and b it holds that = gp for a substitution p.

3We write Ao to denote the result of the application of a substitution ¢ to a formula A.

>This is decidable by the unification algorithm: see e.g. Lloyd [1993, p. 24f].
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REMARK 4.1.11. The argumentation form of definitional reasoning is
the dialogical equivalent to the principles of definitional closure and defini-
tional reflection. Both principles are incorporated in the one argumentation
form of definitional reasoning.

REMARK 4.1.12. As sequent-style inferences the principles of defini-
tional closure and reflection are formulated as follows. We consider the
set

a<=T

D ;

a<=1Ty
of definitional clauses defining the atom a, where I'; = B{ A ... A B}, is the
body of the i-th clause defining a. The principle of definitional closure has
the form of a right introduction rule for atoms a defined by D:>¢
ART;
AFa

The principle of definitional reflection® has the form of a left introduction
rule for atoms « defined by D:

(definitional closure) (D)

AT HC ... AT(EC
AatC
For definitional clauses in a first-order language and substitutions o replacing
variables by terms the principle of definitional closure is
Ak Fia
AFao
and the principle of definitional reflection is
{A,-Tic-C |b<T;€Danda = bo}
AatC
where for the correct handling of variables by means of substitution the
following proviso has to be observed:
For any substitution ¢ replacing variables by terms, the appli-

cation of definitional reflection is restricted to the cases where
D(ac) C (D(a))o.

(definitional reflection) (DF)

(definitional closure) (FD)

(definitional reflection) (D)

$The defining conditions I'; need not be written as a conjunction Bi A ... A B,ii but could

be given as a list or set Bi . ..., B,’;i (cf. Remark 4.1.5). The principle of definitional closure
would then have to be given in the form
AFB] ... ARB] D
AFa (-D)

(to stay within our context of intuitionistic logic).
37See Hallnis [1991] and Hallnis and Schroeder-Heister [1990]. [1991].
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That is, the set D(ac) of defining conditions of ac has to be a subset of the
set (D(a))o of defining conditions obtained by applying the substitution ¢
to the defining conditions of .

Formulated as sequent-style inferences, the principles of definitional
closure (- D) and definitional reflection (D) can be added to the sequent
calculus LI, for intuitionistic first-order logic. For any given definition D
we then get a logic LI.(D) over the definition D.

DerFINITION 4.1.13. For any given definition D, the sequent calculus
LI.(D) for intuitionistic first-order logic over D is:

Axiom

(1d) T (A atomic or complex)

Propositional logical rules

I'-4 I'.AF
CH F—ar a7
r.A4rc . -4 AFB
W) F A aFe (=12 TAFAAB TN
TLAFC A BFC TF 4, o
VE) = FAAvBrC rra,va V=12
I'4 A BFC I'A-B
CPFai-BrC rrasg )
First-order logical rules
I A(t)F B THA®p)
W) 2 — 22 (v
( )F,VxA(x)I—B FI—VxA(x)( )
(y does not occur free in I)
IAy)-C I'-A(z
(EH—)L 7()('_3)
[.3xA(x)FC I'-3xA(x)

(y does not occur free in I, C)

(cont’d on next page)

This proviso is part of the formulation of definitional reflection proposed in Hallnés
and Schroeder-Heister [1990], [1991]. For other variants of definitional reflection see
Schroeder-Heister [2007a].
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Structural rules

. F '+ .
(Thll’l l_) % m (I_ Thll’l)

4, A-C
(COHtI’) m

I'FA A AFB

(Cut) = Ar
Definitional rules
AFBic ... AFB}o
AFac (-D)

{A.TicgFC |b<T; €Danda = bo}
AatC
(where D(ac) C (D(a))o)

(D)

4.2. Definitional dialogues

The argumentation form of definitional reasoning combines the principle
of definitional closure and the principle of definitional reflection into one.
This corresponds to the fact that only one argumentation form is needed
for each logical constant, whereas in sequent calculi two rules—one left and
one right introduction rule—would be needed for each logical constant.

For dialogues, the difference between definitional closure and definitional
reflection appears on the level of strategies. Here only one defense move
P T has to be given for an attack O &, whereas all possible defense moves
OT; have to be given for an attack P &. In other words, in the first case
only the defining conditions I'; of one clause defining the attacked atom
have to be given, whereas in the second case the defining conditions I'; of
each clause defining the attacked atom have to be given.

Thus definitional reasoning in dialogues corresponds to the principles of
definitional closure and definitional reflection in sequent calculus as follows:

(i) Instances of the argumentation form of definitional reasoning in which
the attack move is O & correspond to applications of definitional
closure, and

(ii) instances of the argumentation form of definitional reasoning in which
the attack move is P & correspond to applications of definitional
reflection.
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Next we will formulate a preliminary definition of definitional dialogues
based on EI.-dialogues. A comparison with certain derivations in LI.(D)
will indicate that something is lacking in this preliminary definition, if a
full correspondence of definitional strategies with LI.(D)-derivations is to
be achieved. A final definition of definitional dialogues will be given in
Definition 4.3.3 after a discussion of a paradoxical definitional clause.

DEFINITION 4.2.1. (Preliminary) definitional dialogues are EI -dialogues
where the following changes are made.

Conditions (D00) and (DO01) are replaced by the following conditions
(D00") and (DO1’), respectively, where the restriction of the expressions in
6(0) and §(m) to complex formulas is discarded; that is, a (preliminary)
definitional dialogue can start with the assertion of an atomic formula, and
atomic formulas can be attacked:

(D00") 6(n)isa P-signed expression if 7 is even and an O-signed expression
if 7 is odd. The expression in 6(0) is a (complex or atomic) formula.

(DO1") If #(n) = [m. A]. then the expression in é(m) is a formula and
&(n) is an attack on this formula as determined by the relevant
argumentation form.

Condition (D02) remains without change:

(D02) If n(p) = [n.D]. then n(n) = [m.A] for m < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

Condition (D10) is omitted altogether, so that P can now assert atomic
formulas without O having asserted them before. Conditions (D11"), (D12'),
(D14) and (E) remain without change:

(D11') If y(p) = [n.D] forodd n. n < n’ < p, n’ — n is even and
n(n') = [m, A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n'. D). That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12') For every odd n there is at most one m such that #(m) = [n. D].
That is, an attack by O may be defended by P at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(E)  All moves (6(n),5n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.
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The following proviso for applications of definitional reasoning in the
presence of variables is added:

(S) For any substitution ¢ replacing variables x, y.... by terms ¢, the
application of definitional reasoning with attack move P & is restricted
to the cases where D(ac) C (D(a))o.

(This is the same proviso as in the principle of definitional reflection as
given above in Remark 4.1.12.)

Thus (preliminary) definitional dialogues are defined by the conditions
(DOO'), (DO1"), (D02), (D117), (D12'), (D14), (S) and (E), with the
additional argumentation form of definitional reasoning.

Given en bloc, the definition of (preliminary) definitional dialogues is
as follows:

Argumentation forms for (preliminary) definitional dialogues:

negation —: assertion: X —A4
attack: YA
defense: no defense
conjunction A: assertion: X A4; A Ay
attack: Y A; (Y choosesi = 1 or 2)
defense: X A4;
disjunction V: assertion: X AV A,
attack: Yv
defense: X A; (X choosesi =1 or2)
implication —: assertion: X 4 — B
attack: Y A
defense: X B
(P V-form): assertion: PVxA(x)
attack: Oy (y not free before)
defense: P A(x)[y/x]
(O V-form): assertion: OVxA(x)
attack: Pt
defense: O A(x)[t/x]
(P 3-form): assertion: P 3xA(x)
attack: Ot
defense: P A(x)[t/x]
(O 3-form): assertion: O IxA(x)
attack: P4

defense: O A(x)[y/x] (y not free before)
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definitional reasoning: assertion: X a
attack: Y 9 (onlyifa # T)
defense: X T (X choosesi =1,....k)

Conditions for (preliminary) definitional dialogues:

(D00") 6(n)isa P-signed expression if 7 is even and an O-signed expression
if 7 is odd. The expression in 6(0) is a (complex or atomic) formula.

(DO1") If #(n) = [m. A], then the expression in é(m) is a formula and
d(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If n(p) = [n.D]. then n(n) = [m.A] for m < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

(D11') If y(p) = [n.D] forodd n. n < n’ < p, n’ — n is even and
n(n') = [m. A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n'. D). That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12') For every odd n there is at most one m such that #(m) = [n, D].
That is, an attack by O may be defended by P at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(S) For any substitution ¢ replacing variables x, y,... by terms ¢,
the application of definitional reasoning with attack move P & is
restricted to the cases where D(ac) C (D(a))o.

(E)  All moves (6(n),5n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

The notions ‘(formal) dialogue won by P’, ‘(formal) dialogue tree’ and
‘(formal) strategy’ as defined for EI.-dialogues are directly carried over to
the corresponding notions for (preliminary) definitional dialogues.

REMARK 4.2.2. Instead of the formal argumentation forms for the
quantifiers (as used in El.-dialogues), one could use the following player-
independent argumentation forms (as given in Definition 3.9.7):

universal quantifier V: assertion: X VxA4(x)
attack: Yt (Y chooses the term ¢)
defense: X A(x)[1/x]
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existential quantifier 3: assertion: X 3xA4(x)
attack: Y 4
defense: X A(x)[t/x] (X chooses the term 7)

REMARK 4.2.3. The omission of condition (D 10) is compensated by the
fact that O can attack any atom asserted by P with a move O 9, if allowed
by condition (D14).

REMARK 4.2.4. The proviso () is not a restriction on definitions, but
only a condition for the applicability of definitional reasoning in the case of
proponent attacks.

In order to explain why the proviso has to be installed, we point out two
important consequences of it:>

(i) The proponent P cannot attack an atom a with amove P & if definitional
clauses with defining conditions I'; would have to be taken into account
in the opponent’s defense move(s) O I'; that are not relevant for a. For
example, for the definition

D{ alt) =T

a(x)<b

(where a is unary and b has arity 0) there would be a strategy for a(x) — b
if the proviso is not respected:

0. Pa(x)—b

1. Oalx) [0, 4]
2. P [1. 4]
3. 0b 2. D]
4. Pb [1.D]

The move at position 2 violates the proviso, since for the substitution ¢ =
[/x] we have D(a(x)o) = D(a(t)) = {ba, T} = {b. T} and (D(a(x)))o =
{ba} = {b}; thus D(a(x)o) € (D(a(x)))o. As a(t) can be obtained by
the definition D while b cannot, there should not be a strategy for the
implication a(x) — b for the given definition D. This is effected by the
proviso. The second clause of D is irrelevant for having a strategy for the
substitution instance a(¢) of a(x):

0. Palr)
. 02 [0 4]
2. PT  [1.D]

YFor a more detailed discussion of the proviso in the context of definitional reflection see
Hallnds and Schroeder-Heister [1991], Schroeder-Heister [2007a] and de Campos Sanz and
Piecha [2009b].
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(ii) Another consequence of the proviso is that P cannot attack an atom
a with a move P & if the defining conditions of a contain variables not
occurring in a, that is, if the body of a clause contains variables which are
not occurring in the head «. For example, for the definition

c(t)<=T
D{a(t’) < elx)

(where a and ¢ are both unary) there would be a strategy for a(¢’) — ¢(¢')
if the proviso is not respected:

0. Pa(t')—c(t)

1. 0alt) [0, A]
2. PO [1, 4]
3. 0c(t) [2. D]
4. Pe() [1,D]

The move at position 2 violates the proviso, since for the substitution
o = [t'/x] we have D(a(t')a) = D(a(t')) = {c¢(x)} and (D(a(t’)))o =
{c(x)a} = {c(¢')}); thus D(a(t')o) € (D(a(¢')))o. As a(t’) can be
obtained by the definition D while ¢(#’) cannot, there should be no strategy
in this case, too. This is achieved by respecting the proviso.
ExaMPLE 4.2.5. We consider the definition
a<=T
D d<=T
“Yd<a

c<=and
With respect to D,, the following is a strategy for the atom c:

0. Pc

1. (032 [0, 4]
2. Pand [1,D]
3. ON [2.4]1 | O, [2.4]
4. Pa [3.D]|Pd [3.D]
5. 09 [4.4] |02 [4.4]
6. PT [5D]|Pa [5D]
7. 0 [6,A4]
8. PT [7.D]

At position 0 the proponent P asserts the atom c. In definitional dialogues
this is allowed by condition (D00’), whereas in standard dialogues with
condition (D00) only complex formulas can be asserted in initial moves at
position 0. At position 1 this assertion is attacked by O according to the
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argumentation form of definitional reasoning. The proponent P defends
this attack by asserting the defining conditions a A d of the attacked atom
¢, as given by the last clause of definition D,. The opponent O attacks
a A d at position 3, and P defends at position 4 by asserting the atoms a
and d, respectively. The proponent P can assert the atomic formulas ¢ and
d—without O having asserted them before—as there is no condition (D10)
in definitional dialogues, which would prohibit these moves. However,
the opponent O can attack any atoms asserted by P (if not prohibited by
condition (D14)), and does so with the move O & at position 5 in each of
the two dialogues.

In the left dialogue, the proponent defends the opponent’s attack on a
by asserting T at position 6 (there are no defining conditions for the atom a;
it is given as a fact by the first clause in D, ). In the right dialogue, the
proponent chooses to defend by asserting the defining condition a of d,
as given in the third clause of D,. The right dialogue then proceeds as the
left one. Alternatively, the proponent could have defended the opponent’s
attack by choosing to use the second clause of D,. This clause gives d as a
fact, and the proponent’s defense would thus be the verum T. That is, the
right dialogue would end with the move P T already at position 6.

Both dialogues in the above strategy end with the assertion of the
verum T. As there is no attack possible on T, both dialogues are won by P.
The strategy contains only such applications of definitional reasoning in
which the opponent attacks atomic formulas with moves O &; that is, only
the principle of definitional closure is employed here.

ExaMPLE 4.2.6. An example where the principle of definitional reflec-
tion is used with respect to the definition D, (just given in Example 4.2.5) is
the following strategy for the formula d — a:

0. Pd—a

1. od [0, 4]
2. P [1,A4]
3. OT [2.D]|0Oa [2.D]
4. Pa [1.D]|Pa [1.D]
5. 09 [4.4]

6. PT [5 D]

The first application of definitional reasoning (comprising positions 1-3)
is according to the principle of definitional reflection. Here the defining
conditions of each of the definitional clauses for the attacked atom d have to
be considered. As D, contains two clauses for d, there are two defense moves
(made at position 3) to be considered. In the left dialogue, the proponent
can only defend the opponent’s attack made at position 1 by asserting the
atom a. The following attack by O, asking for defining conditions of a,
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is defended by P with T (using the first clause of D,, which is the only
definitional clause for a). Here the principle of definitional closure has been
employed. In the right dialogue, the proponent makes the same defense
move at position 4 as in the right dialogue. Due to condition (D14) the
opponent cannot attack the atom a: O has asserted a before (at position 3)
without P having attacked a.

The proponent could also make the move P & at position 4 in the right
dialogue instead. The dialogue would then end thus:

Oa [2.D]

3.

4. P [3.4]
5. OT [4.D]
6. Pa [l.D]

This yields a strategy in which the principle of definitional reflection has
been employed twice.

ExampLE 4.2.7. For the definition D, (see Example 4.2.5) there is no
strategy for the formula —d. The dialogue tree is

0. P-d

1. 0od  [0.4]
2. P [l.A]
3. OT [2.D]]|0a [2.D]
4, PT [3.4]
5. [4, D]

oT

and contains only infinite dialogues.

In the left branch, the proponent can repeat the attack P & on Od. In
the right branch, the proponent can repeat the attacks on O d and O a. In
any case, the opponent can always defend these attacks. No other moves
are possible, since the verum T cannot be attacked.

ExaMPLE 4.2.8. We now consider the following (first-order) definition
D, in which the atoms even(x) and odd(x) are two predicates, and s is a

unary function symbol (interpreted as the successor function on natural

numbers):°

even(0) & T
DK even(s(x)) < odd(x)
odd(x) < —even(x)

8See Hallnis and Schroeder-Heister [1991, p. 657].
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Then for the given definition D the following definitional dialogue is a
strategy for — even(s(0)):

0. P—even(s(0))

1. O even(s(0)) [0, 4]
2. PO [1, 4]
3. 0 0dd(0) [2.D]
4 P 3. 4]
5. O —-even(0) [4. D]
6. P even(0) [5. 4]
7. 09 [6. 4]
8. PT [7. D]

The applications of definitional reasoning comprising the moves at po-
sitions 1-3 and 3-5, respectively, are according to the principle of def-
initional reflection. The opponent’s first defense move depends on the
substitution [0/x], which unifies the attacked atom even(s(0)) with the
head even(s(x)) of clause 2 and yields the corresponding defining condition
0dd(x)[0/x] = 0dd(0), asserted by O at position 3. The opponent’s second
defense move depends on the same substitution [0/x]; it unifies odd(0) with
the head odd(x) of the third clause, allowing the opponent to defend with
the defining condition — even(x)[0/x] = — even(0) in the move at position 5.
The moves at positions 68 are definitional reasoning by the principle of
definitional closure. As T cannot be attacked, the dialogue ends with the
proponent’s move at position 8. By reasoning about the definition D we
have thus shown — even(s(0)).

From a logic programming perspective this can be described as follows:
The initial move expresses in a formal way a query®' about the given
definition (or program) D like “Does — even(s(0)) hold with respect to D?”.
We then try to answer that query by searching for a strategy with respect to
D, that is, by employing definitional reasoning (in addition to purely logical
reasoning). Finding a strategy means that the query has a positive answer.

ExaMPLE 4.2.9. Itisnot only of interest whether a query can be answered
positively or not. We are also interested in the substitutions made if a positive
answer is obtained, that is, if a strategy is found.

We consider the following definition®?

disease(k) < symptom(l)
symptom(l) <= symptom(m) A disease(n)

'For a precise exposition of (generalized) queries in a sequent calculus setting of logic
programming see Hallnés and Schroeder-Heister [1990].
62See Hallnis and Schroeder-Heister [1991, p. 657].
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where k. [, m, n are constants, and disease(x) and symptom(x) are two unary
predicates (whose intended meaning is indicated by their names).

(i) To find out what could be a possible disease if a certain symptom / is
observed, we can pose a query like symptom(l) — disease(x). Here impli-
cation ‘—’ is used to express a query for disease(x) under the assumption
(or hypothesis) symptom(l). In a sequent calculus setting this can be made
explicit by writing symptom(l) \- disease(x). In our dialogue setting this
would require an extension to hypothetical dialogues (cf. Section 2.8 and
the problems indicated there). However, for the intuitionistic interpretation
of implication used here, the representation of such queries as implications
is adequate. We obtain the following strategy:

P symptom(l) — disease(x)

O symptom([) [
P disease(x) [
0 [
4. P symptom(l) [

s

s

WO

W N == O
SECES

The atom symptom([) asserted by P in the last move cannot be attacked with
amove O Z due to condition (D14): The opponent has already asserted the
atom symptom(l) at position 2, and P has not attacked it. In the definitional
reasoning the substitution [k/x] has been applied, where the first clause of
D was used to defend the opponent’s attack O & by asserting the defining
condition symptom(l) for disease(k). The answer to our query is therefore
that k is a possible disease for the observed symptom /.

(ii) To find out which symptom is an indicator for the disease n, we can
pose the query symptom(x) — disease(n). The following is a strategy for
this query:

0. P symptom(x) — disease(n)

1. O symptom(x) [0, 4]
2. PO 1, 4]
3. O symptom(m) A disease(n) [2.D]
4. PA 3. 4]
5. O disease(n) [4. D]
6. P disease(n) [1.D]

The last move cannot be further attacked with O & due to condition
(D14). At position 2 the proponent attacks the opponent’s assertion of
the atom symprom(x) by definitional reasoning with the move P &. The
opponent defends this attack by giving the defining conditions symptom(m)A
disease(n) for symptom(l) according to the second clause in D. This move
depends on the application of the substitution [//x] to symptom(x), which
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yields the head of the second clause. In other words, the atom symptrom(x)
asserted at position 1 has first been unified with the head symptom(l) of
the second clause, the unifier being the substitution [//x]. This substitution
[//x]—which has been produced in the construction of the strategy—is what
we are interested in here: it tells us that we have to test for symptom / in
order to find disease 7.

In (i) the query was answered by using definitional reasoning with attack
move O I, that is, by an application of the principle of definitional closure.
In (ii) there is no such possibility; only definitional reasoning with attack
move P & can be employed to answer the query, that is, only an application
of the principle of definitional reflection allows us to extract the desired
information from definition D.

REMARK 4.2.10. Queries under atomic assumptions were represented
as implications having these assumptions as antecedents. We note that
this is in general not the same as putting the assumptions as additional
definitional clauses (in the form of facts) into the given definition.

For the query in Example 4.2.9 (i) this would make no difference. Instead
of the query symptom(l) — disease(x) we would use the query disease(x)
and add the antecedent symptom(l) as a fact to the given definition D,
yielding the following definition D’

symptom(l) = T
D'  disease(k) <= symptom(l)
symptom(l) < symptom(m) A disease(n)
We then obtain the strategy
0. P disease(x)

. 09 [0, 4]
2. P symptom(l) [1,D]
3. 09 2, 4]
4. PT [3. D]

where in the first application of definitional reasoning (positions 1-3) the
substitution [k/x] has been applied. That is, we get the same answer to our
query as in Example 4.2.9 (i).

However, when we do likewise for the query symptom(x) — disease(n)
of Example 4.2.9 (ii), we do not even obtain a strategy for the new query
disease(n) with respect to the extended definition

symptom(x) < T
D" disease(k) <= symptom(l)
symptom(l) < symptom(m) A disease(n)
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where the clause symptom(x) < T has now been added to D (instead of the
clause symptom(l) <= T asin D').
The dialogue tree for disease(n) with respect to D" is

0. P disease(n)
. 09 [0, 4]

The proponent cannot answer the attack because disease(n) is not unifiable
with disease(k) (i.e. the head of the second clause in D”), and the substitution
[//x] can therefore not be obtained.

REMARK 4.2.11. The argumentation form of definitional reasoning
allows for any attacks on atoms independently of whether they are defined
by a given definition or not. The only exception is the verum T, which cannot
be attacked at all (cf. Remark 4.1.8). And we have imposed no dialogue
conditions that would disallow attacks on undefined atoms just because they
are undefined. This has consequences concerning the notion of falsity and
its relation to negation (see Hallnds and Schroeder-Heister [1991, section 4],
where it is also pointed out how this relates to the conception of negation as
finite failure®?).

Let the falsum 1 stand for any atom which is not defined by a given
definition D, that is, which is not the head of any definitional clause in D.%
Then there exists a strategy for L — A4, for any formula A4:

0. P1L— 4
1. OL [0, A]
2. P9 [1, A4]

This means that definitional reasoning® provides a principle of ex falso
quodlibet, as long as some atom is undefined®.

We also observe that for any undefined atom a there is a strategy for its
negation —a:

0. P-a
1. Oa [0,4]
2. P [1,4]

There is no strategy for « itself in this case (i.e., when a is undefined), the
dialogue tree being

See Clark [1978].

 Any undefined nullary predicate will do. In case of predicates of arbitrary arity all
possible substitution instances have to be undefined as well.

8More precisely: the principle of definitional reflection, whose application obtains when
the proponent attacks an atom with the move P &, as it is the case here.

Definitions being finite sets of definitional clauses, this is always the case for any given
definition if no restriction is made on the language.
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0. Pa
1. 02 |[0.4]

Note, however, that a given definition need not decide for a defined
atom « whether there is either a strategy for ¢ or a strategy for —a. The
definitional clause a < a is a definition of the atom a. The dialogue trees
for the formulas ¢ and —a are

0. Pa 0. P-a

1. 02 |0, 4] I. Oa |0,4]

2. Pa [1,D] and 2. P9 [1,4]

3. 09 |2, 4] 3. Oa |[2,D]
: 4.

P [3.4]

respectively. There is thus neither a strategy for @ nor for —a, although a is
defined.

So far, only preliminary definitional dialogues have been dealt with. We
will next discuss a certain paradoxical definitional clause and will then arrive
at a final definition of definitional dialogues. The observations made for
preliminary definitional dialogues remain valid for definitional dialogues in
the sense of this final definition.

4.3. Definitional dialogues and contraction

In the following, we consider the definitional clause
a <= da

(using =4 := A4 — L for all formulas A4, this is just an abbreviation for
a < a — | here). It is related to Curry’s Paradox®’—respectively to one of
its special cases, namely Russell’s Paradox—where for # € {x | 4} < A[t/x]
and 7 = {x | =(x € x)} with 4 = =(x € x) wehave t € 1 <= —(t € ). The
latter clause is of the form a <= —a.

Another version of Curry’s Paradox can be formulated in model-theoretic
terms for languages containing a truth predicate ‘True’.%® Consider the
sentence C defined by True("C™) — L, where "C ™ is a representation of C
(e.g. its Godel-number). Assume True("C7); then C by True("A47) E 4;%°
and by definition of C also True("C™) — L. Then (using the assumption

7See Curry [1942].
88Cf. Field [2008]. for example.
“Where ‘=’ signifies the usual model-theoretic relation of logical consequence.
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True("C7)) by modus ponens L. That is, True("C™) F L. By using the
import theorem

IfA= B, then F A4 — B

one gets

(1) E True("C™) — L

and by the definition of C we have E C. Using 4 & True("A™) gives
(2) F True("C™)

and an application of modus ponens to (1) and (2) yields F L. That is,
absurdity (i.e., the falsum L) is valid for the given definition of C.

On the one hand, Field [2008, p. 282] considers the import theorem
(“If AE B, then F A— B”)70 to be problematic, since conditional assertion
(A ¥ B) and assertion of a conditional (F A — B) have to be kept apart
according to him.

Weir [2005], on the other hand, sees a problem in the use of transi-
tivity for the logical consequence relation F. The argument concluding
True("C™) E L uses the assumption True(” C ™) actually twice. Thus instead
of True("C™) E L one can only conclude

(3) True("C™), True("C™) E L
from the two premisses
True("C7) E True("C7) — L
and
True("C™), True("C™) — L E L.

This step makes use of transitivity for the relation , which is problematized
in Weir [2005].7!

Another problem can be seen in the fact that the assumption True("C ™)
has to be used twice. Thus to infer True("C™7) F L from (3) requires the
contraction of True("C™), True("C™) to True("C7). In the following, we
will concentrate on the role of contraction in Curry’s Paradox (in the form
of a < —a).

ExampLE 4.3.1. For the given definitional clause a <= —a there is neither
a strategy for ¢ nor for —a. The dialogue tree for a has the form

"This is called ‘“—-Introduction’ by Field.

"Proof-theoretically, this step corresponds to the use of cut in corresponding derivations
of L. It can be shown that cut is not eliminable from such derivations. By demanding the
eliminability of cut in general, one can thus exclude these derivations. This has already been
pointed out by Prawitz [1965, appendix B, §1] for Russell’s Paradox in the context of natural
deduction. Cf. also Ekman [1994].
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0. Pa

1. 0D [0, A]
2. P -a [1, D]
3. Oua [2. A4]
4. P [3. A4]
5. O —a [4, D]
6. Pa [5A]1|P2 |[3.4]
7. :

O-a [6,D]

which contains only infinite branches consisting of iterations of the moves
at positions 1-6 in the left branch and of iterations of the moves starting at
position 6 in the right branch, with corresponding #(n). And the dialogue
tree for —a has the form

0. P —a

1. Oa [0, 4]
2. P [, A]
3. 0 —a [2.D]
4. Pa 3.4] | P2 [l.4]
5. 0 [4.4] | O—a [4,D]
6. :

P [l,A]‘P'a [3,A]‘Pja [5.D]

which also contains only infinite branches. They consist of iterations of the
moves at positions 3-5, 5, 1-5 and 4-5 in the first, second, third and fourth
branch, respectively, with corresponding #(n).

REMARK 4.3.2. However, a as well as —a are provable for the given
definitional clause a < —a (= D) in LI.(D):"?

(Id)

(=F)

(D)

(Contr)

aba
a,—alb
a,at

ar ()

F-a
Fa (FD)

In order to establish an equivalence also between strategies of definitional
dialogues and sequent calculus derivations using definitional closure and
definitional reflection with contraction, the opponent O must not attack
any atom asserted by O before, even if there has been an attack on that
atom by the proponent P.

"2Cf. Hallnas and Schroeder-Heister [1991, p. 638]. where contraction is used implicitly,
and Schroeder-Heister [1992]; see also Schroeder-Heister [2003].
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DEFINITION 4.3.3. The following condition is added to the preliminary
Definition 4.2.1 of definitional dialogues in order to prohibit attacks by O
on atoms asserted by O before:

(D15) If for an atom a there is a move (0(!) = O a,n(l) = [k, Z]), then
there is no attack (6(n) = O &, n(n) = [m, A]) for 6(m) = P a with
k <l < m < n. That is, O may attack an atom a by definitional
reasoning only if it has not been asserted by O before.

And condition (D14) has to be replaced by the following condition (D 14*)
which is (D 14) restricted to complex formulas:

(D14*) O can attack a complex formula C if and only if (i) C has not yet
been asserted by O. or (ii) C has already been attacked by P.

Definitional dialogues are thus defined by the conditions (D00’), (D01’),
(D02), (D11"),(D12'), (D14%),(D15), (S) and (E), with the argumentation
forms as given in Definition 4.2.1. That is, the final definition of definitional
dialogues is given by the following argumentation forms and dialogue
conditions:

Argumentation forms for definitional dialogues:

negation —: assertion: X —A4
attack: YA
defense:  no defense
conjunction A: assertion: X Ay N Ap
attack: Y A; (Y choosesi =1 or2)
defense: X A4;
disjunction V: assertion: X A,V A,
attack: Yv
defense: X A; (X choosesi =1 or2)
implication —-: assertion: X A — B
attack: Y A
defense: X B
(P V-form): assertion: PVxA(x)
attack: Oy (y not free before)
defense: P A(x)[y/x]
(O V-form): assertion: OVxA(x)
attack: Pt
defense: O A(x)[t/x]
(P 3-form): assertion: P 3xA(x)
attack: Ot

defense: P A(x)[t/x]
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(O 3-form): assertion: O IxA(x)

attack: P
defense: O A(x)[y/x] (y not free before)

definitional reasoning: assertion: X a

attack: Y9 (onlyifa # T)
defense: X T (X choosesi =1,....k)

Conditions for definitional dialogues:

(DOO)

(DO1')

(D02)

(D11)

(D12))

6(n) is a P-signed expression if 7 is even and an O-signed expression
if n is odd. The expression in §(0) is a (complex or atomic) formula.

If #(n) = [m, A). then the expression in §(m) is a formula and
d(n) is an attack on this formula as determined by the relevant
argumentation form.

If #(p) = [n.D]. then 5(n) = [m. A] form < n < p and 6(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

If n(p) = [n.D] for odd n. n < n’ < p. n’ — n is even and
n(n’) = [m, A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n’. D]. That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

For every odd n there is at most one m such that #(m) = [n, D].
That is, an attack by O may be defended by P at most once.

(D14*) O can attack a complex formula C if and only if (i) C has not yet

(D15)

been asserted by O. or (ii) C has already been attacked by P.

If for an atom a there is a move (5(/) = O a,n(l) = [k, Z]), then
there is no attack (5(n) = O Z,5(n) = [m. A]) for6(m) = P a with
k <l < m < n. That is, O may attack an atom « by definitional
reasoning only if it has not been asserted by O before.

For any substitution ¢ replacing variables x, y,... by terms ¢,
the application of definitional reasoning with attack move P & is
restricted to the cases where D(ac) C (D(a))o.

All moves (6(n),n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at positionn — 1.

REMARK 4.3.4. The restriction of condition (D 14) to complex formulas
was not necessary in the treatment of El.-dialogues because attacks on
atomic formulas are not possible there.
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ExamPLE 4.3.5. For the given definitional clause a < —a there is a
strategy for a as well as for —a if condition (D15) is respected:

0. Pa 0. P—a

1. 09 |0,4] 1. Oua [0, 4]
2. P-a |[1,D] 2. P |1,4]
3. Oa [2, 4] 3. O-a |[2,D]
4. P |3.4] 4. Pa [3, 4]
5. O-a [4,D]

6. Pua [5. 4]

REMARK 4.3.6. These two strategies correspond to the following two
LI.(D)-derivations for the given definitional clause a <= —a. respectively:

(Id) (Id)
((ﬂ l_; aalﬂ_aal— ((_| I—; aaraa}—
DE) = DhE) =
(Contr) a,c}z_l—( (Contr) - a,_ - )

(Cf. also Remark 4.3.2.)

REMARK 4.3.7. The existence of a strategy for a as well as for —a in
Example 4.3.5 depends on the fact that in the last move the proponent
P can state the formula a (in the moves (6(6) = P a,n(6) = [5, A]) and
(0(4) = Pa,n(4) = [3, A]), respectively), which has been attacked by P
with definitional reasoning before (in the moves (5(4) = P &, n(4) = [3, A])
and (0(2) = P9, n(2) = [1, A]), respectively).

That a is stated in the last move of a dialogue in a strategy means that a
is used without reference to its definition, like an assumption introduced by
the initial sequent a b @ in the corresponding sequent calculus derivation.

However, here this move is possible only after having reflected on the
definition of @ by definitional reasoning; this corresponds to the introduction
of the assumption a by definitional reflection in the sequent calculus
derivation. Hence, the formula a has been used both with and without
referring to its definition. This means that the differently used occurrences of
the formula a have been contracted implicitly, corresponding to the explicit
contraction by the application of (Contr) in the corresponding sequent
calculus derivations shown above in Remark 4.3.6 (cf. also Remark 4.3.2).

In other words, the proponent P has not only made twofold use of
the formula a (asserted by O at position 3) in the moves at positions 4
and 6 of the left dialogue, respectively in the moves at positions 2 and 4
of the right dialogue—that is, contractions of the form (3) as given in
Remark 3.8.3—but the formula « has also been used in two different senses:
once as an arbitrary assumption and once according to its given definition.
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4.4. Definitional dialogues without contraction

Alternatively, we can consider definitional dialogues without contraction.
Whereas in all our sequent calculi contraction is explicitly given by the
rule (Contr),”® this is not the case in dialogues; here contraction is only
implicitly given as the twofold use by the proponent P of an assertion made
by the opponent O (see Remark 3.8.3).

DEFINITION 4.4.1. Contraction-free definitional dialogues are definitional
dialogues where the following condition is added:

(D13*) For any move (6(k) = O A.n(k) = [j, Z]) there is at most one
move of the form (6(/) = Pe,n(l) = [k, A]) or (6(/) = P A,
n(l) =i, Z]), where j < k <[l and i < [. That is, each assertion
of an O-signed formula may be used by P at most once.

That is, contraction-free definitional dialogues are defined by the conditions
(DO0), (DO1"), (D02), (D11"), (D12'), (D13*), (D14*), (D15), (S) and
(E). with the argumentation forms as given in Definition 4.2.1.

ExamPLE 4.4.2. For the given definitional clause a <=—a the contraction-
free dialogue trees for ¢ and —a consist of the dialogues

0. Pa 0. P-a

. 02 [0.4] . . Oa [0.4]
2. P-a [1.D] respectively 2. Po  [L.A]
3. Oa  [2.4] 3. O-a [2.D]
4. P [3.4]

5. O-a [4,D]
There is thus neither a strategy for a nor for —a. This corresponds to the
fact that neither the sequent - a nor the sequent - —a is derivable without
(Contr) in the sequent calculus LI.(D) for the given definitional clause.

4.5. Definitional dialogues with restricted contraction

A comparison of contraction-free definitional dialogues with defini-
tional dialogues that have contraction shows that contraction is critical in
reasoning about paradoxical clauses like @ < —a.’* However, not having
any contraction at all yields a logic which might be considered too weak;’>

Equivalent sequent calculi with implicit contraction can be given too, of course: cf.
Hudelmaier [1992], [1993] or Dyckhoff [1992].

™That contraction can lead to Russell’s Paradox has been pointed out by Fitch [1936].
Cf. also Fitch [1952] and Ackermann [1950].

5Cf. Ono and Komori [1985] for examples of logics without contraction. Cf. also Dosen
and Schroeder-Heister [1993].
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for example. there would be no strategy for —=(a A —a) in such a logic (cf.
Remark 3.8.3). Instead of abandoning contraction completely, it would
therefore be desirable to introduce a restricted version of contraction.’®

In sequent calculus, one such restriction could be to disallow contraction
of two occurrences of a formula where one occurrence contains a subformula
that has been introduced by definitional reasoning (i.e., by an application
of definitional reflection (D) or by an application of definitional closure
(FD)). This restriction can be implemented by restricting the antecedents of
sequents to lists. Formula occurrences introduced by definitional reflection
or by definitional closure can then be labeled in order to distinguish them
from formulas introduced by other left or right introduction rules, and
the restriction on contraction can be given by saying that only formula
occurrences containing no labeled subformulas can be contracted. The
resulting logic without definitional reflection or definitional closure is then
the same as the one with the non-restricted contraction. A less restrictive
version of contraction could still allow for contractions of two formula
occurrences that have the same labeled subformula occurrences in common;
for example, the list @ A —a.a A —a (where the atoms in the respective
right conjuncts have been labeled) in the antecedent of a sequent could be
contracted in this case. It might also be worthwhile to study more fine-
grained restrictions on contraction, for example by differentiating between
the form of formulas a labeled formula is subformula of.

It should be possible to implement all such restrictions also for defini-
tional dialogues. However, this is more difficult than in sequent calculus,
since in dialogues contraction is not given explicitly by an argumentation
form that would correspond to a rule like (Contr), but is only implicitly
given as a twofold use of a formula by the proponent P according to one of
the three forms given in Remark 3.8.3.

4.6. Definitional dialogues and Kreuger’s rule

So far, we have only considered restrictions on contraction in order
to prevent strategies for contradictory assertions in the presence of non-
wellfounded clausal definitions like ¢ <= —a. An alternative approach which
keeps contraction unrestricted has been proposed by Kreuger [1994] for
a sequent calculus setting with the principles of definitional closure (- D)
and definitional reflection (D). He gave a condition which restricts initial
sequents a - a to such atomic formulas @ whose only definitional clause in

"See Schroeder-Heister [2004].
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a given definition D is the clause a < a. In other words, the axiom
1d) — (wh : .
(Id,) Py (where a is atomic)

may only be used if the given definition contains the definitional clause
a < a and no other clause defining «, that is, no other clause with head «.

Equivalently (see Schroeder-Heister [1994a]), one can make use of a set
U of atoms not defined by D, that is, for a given definition D we use the set

U :={a|(a«<T) ¢ D for any atoms a and defining conditions I'}.

Instead of the axiom (Id,) we then use an axiom (Id, );; which is restricted
to the atoms in /-

(1d,) (where a € U for atomic a)

“Yata
Thatis, a sequent @ - a can only be introduced by (Id,, );; if @ is undefined. In
addition, we restrict the principle of definitional reflection to the introduction
of atoms which are not elements of /. That is, instead of (D) we use the
following rule (D)

{A\TicFC|b«<T,e€Danda =bo}
AakC

(with the same proviso that D(ac) C (D(a))o). No restrictions on contrac-
tion are made.

In other words, the introduction of an assumption a by (Id, ), is only
possible if @ has not been specified by being defined in a given definition D;
and the introduction of an assumption a by (D), is only possible if @ has
been specified in the sense of being defined in D.”’

In such a system neither the sequent - ¢ nor the sequent - —a is derivable
for the given definitional clause a <= —a: As a ¢ U, the derivation cannot
start with an application of (Id, ), introducing a +a as initial sequent.
Neither can the derivation start with an application of (D F);,: all atoms
except a are in U and can thus not be introduced by (DF)y: and an
introduction of a by (D +);; depends on a derivation of the sequent —a -,
which is not derivable.

This shows that the effects of a paradoxical clause like a < —a can also
be precluded without making any restrictions on contraction. However,
this is only achieved by imposing strong restrictions’® on the introduction
of (atomic) formulas as assumptions (i.e.. restrictions on the introduction
of atomic formulas in the antecedents of sequents) by restricting the axiom

(DF)u (where a ¢ U)

"As a consequence, definitional reflection in the form of (D+)y cannot provide a
principle of ex falso quodlibet anymore (cf. Remark 4.2.11).

BThese restrictions might be considered to be too strong (cf. Schroeder-Heister [1994a],
[2004]).
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to (Id, )y and the principle of definitional reflection to (D F);,. Note that
we cannot use (Id) restricted to U/, that is,

(Id)y T (where a € U for A = a)
here instead of (Id, ). since the sequent a I a would then be derivable by
(Id)y ——
-ata (- D)
(D '_)Z/{ -akta
aka

and consequently—since no restrictions on contraction have been made—
the sequents - a and - —a would become derivable as well.

One cannot argue against the use of the axiom (Id);; (instead of using
(Id, )z¢) on the basis of a distinction between assumptions which are specified
or not specified by a given definition, as a non-atomic formula cannot be
specified by the definitions considered here anyway. One could argue,”
however, that the axiom is used in the context of a sequent calculus which
has a left introduction rule for each logical constant. Although a complex
assumption cannot be specified by a definition, it can thus be viewed as being
specified by the left introduction rule for its outermost logical constant. On
the principle that only formulas (be they atomic or complex) which are not
specified in any way—that is, neither by definition nor by left introduction
rules—should be allowed to be introduced by the axiom, no application of
(Id)y for complex formulas A4 will be possible.

For example, considering again the definition given by the single defini-
tional clause a <= —a, the application

U ==

is then not possible, since the antecedent in —a - —a would have to be
introduced by the left introduction rule (=) for negation from a sequent
with succedent a, presupposing either - a (which we want to derive) or
a = a (which cannot be the conclusion of (Id)y, since a ¢ U).

The use of (Id, )y (instead of (Id);/) embodies the principle that only
completely unspecified formulas should be introduced as assumptions by the
axiom. And the use of (D F); (instead of (D)) strengthens this principle
in that it ensures that such unspecified formulas can only be introduced by
applications of (Id, ).

If we adhere to these principles also for definitional dialogues, then the
following changes have to be made in their definition:

(i) We have to revert from (D 14*) to a condition like (D10); this corre-
sponds to using (Id, ) instead of (Id).

"Cf. Schroeder-Heister [2004].
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(ii) On this condition we have to impose the restriction to atomic formulas
a € U; this then corresponds to using (Id, );; instead of (Id,).

(ili) And we have to restrict applications of definitional reasoning in such a
way that proponent attacks P & on atoms a are only possible if a ¢ U
this corresponds to using (D ), instead of (D F).

Changes (i) and (ii) are achieved by replacing condition (D14*) in
Definition 4.3.3 by the following condition:

(D10*) If, for an atomic formula a € U, 6(n) = P a for n # 0, then there
is an m such that m < n and 6(m) = O a. That is. P may assert
an atomic formula a, which has been asserted by O before, only if
aclu.

REMARK 4.6.1. Condition (D 10*) does not affect initial moves. Defini-
tional dialogues can still start with the assertion of any atomic (or complex)
formula made by the proponent. But once the opponent has asserted
an atomic formula, this formula can afterwards only be asserted by the
proponent if the formula is undefined.

Change (iii) is achieved by adding the following condition to Defini-
tion 4.3.3:

(K) For (6(m) = O a,n(m) =[l, Z]) and a € U there is no attack (5(n) =
PZ.n(n) =[m, A]) for | < m < n. That is, P may attack an atom «a
by definitional reasoning only if a ¢ U.

DEFINITION 4.6.2. Kreuger-restricted definitional dialogues are defined
by the conditions (D00’), (D01’), (D02), (D10*), (D11’), (D12'), (D15),
(S). (K) and (E), with the argumentation forms as given in Defini-
tion 4.3.3.80

ExampLE 4.6.3. For Kreuger-restricted definitional dialogues there is
neither a strategy for a nor for —a for the definition given by the single
definitional clause a < —a. The dialogue trees for ¢ and —a consist of the
dialogues

0. Pa 0. P-a

. 09 [0.4] . 1. Oa [0.4]
2. P-a [1.D] ~ reseectively 5 ho g
3. 0a  [2A] 3. 0-a [2.D]
4 PT [3.A]

5. O-a [4D]

89The complete definition of Kreuger-restricted definitional dialogues is shown in Sec-
tion A.21 of Appendix A.
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As a is defined, we have a ¢ U. The moves P & attacking O a are not
prohibited by condition (K). But the proponent cannot attack the moves
O —a by asserting a. since this would violate condition (D10*). (Note that
condition (D10*) does not restrict initial moves; hence P can assert the
defined atom « in the initial move of the left dialogue.)

The use of Kreuger-restricted definitional dialogues has here therefore
the same effect as the use of contraction-free definitional dialogues (cf.
Example 4.4.2), although this effect is achieved by very different means.

4.7. Summary

We have introduced the argumentation form of definitional reasoning as
a dialogical formulation of the principles of definitional closure and defini-
tional reflection (first introduced as sequent-style inferences by Hallnds and
Schroeder-Heister [1990], [1991]3!). Our dialogical formulation combines
both principles in the one (player-independent) argumentation form of
definitional reasoning. We have then introduced definitional dialogues as
an extension of El.-dialogues. Definitional dialogues enable us to reason
about clausal definitions of atomic formulas whose defining conditions can
be given not only by atoms but also by complex formulas. As an example
of such a clausal definition we studied a paradoxical clause and the effects
of contraction within a preliminary framework of definitional dialogues.
A comparison with the handling of this clause in a sequent calculus setting
allowed us to arrive at a final version of definitional dialogues. These
definitional dialogues are a generalization of standard dialogues also with
respect to the formulas assertable in the initial move: standard dialogues
like DI- or El-dialogues can only begin with the assertion of a complex
formula, whereas definitional dialogues can also begin with the assertion of
an atomic formula. Atomic formulas can be given a meaning by providing
a definition for them. As the defining conditions in such a definition can be
given by atomic or complex formulas, definitional reasoning can in general
lead from assertions of atomic formulas to assertions of complex formulas.
By introducing definitional dialogues on the basis of EI .-dialogues—that is,
on the basis of dialogues which in an El.-strategy can end with assertions of
complex formulas—we have provided an adequate dialogical foundation in
the sense of formal dialogue semantics for definitional reasoning. Finally, as
an elaboration on the effects of contraction in the presence of a paradoxical
clause, certain possible restrictions on contraction were suggested, and an
alternative approach due to Kreuger was considered.

81See also Hallnés [1991] and Schroeder-Heister [1993].






Chapter 5

DIALOGUES FOR IMPLICATIONS AS RULES

In Schroeder-Heister [2011a]. [2011b]%? an alternative left introduction rule
for implication in sequent calculus is introduced. It is motivated by the
interpretation of implications as rules.

In this chapter, we develop a dialogical framework for implications as
rules; we analyze this framework and compare it with its sequent calculus
counterpart. We will also combine the dialogical approach to implications
as rules with definitional reasoning, and we will indicate an extension to
hypothetical reasoning with implications as hypotheses.

5.1. Implications as rules

Usually, constructive interpretations of implication are more or less
directly given by the Brouwer-Heyting-Kolmogorov (BHK) interpreta-
tion®3, according to which a proof of an implication 4 — B consists of a
construction transforming any given proof of 4 into a proof of B. The
standard dialogical interpretation of implication is based on the same idea:
An implication 4 — B is attacked by claiming 4 and defended by claim-
ing B. In order to have a (winning) strategy for 4 — B. the proponent
must be able to produce a substrategy®* for B from what the opponent
uses in defending 4. A difference to standard constructive interpretations
is that the opponent need not necessarily give a full proof of 4 which is
then transformed into a proof of B. Instead, the proponent may force the
opponent to produce certain fragments of a proof of 4 that are sufficient to
produce a substrategy for B.

A more elementary view of implication is based on the conception that
an implication 4 — B is a rule which allows one to pass over from 4 to B.
This view is particularly supported by the treatment of implication in natural

82Cf. also Schroeder-Heister [1984].
83Cf. Heyting [1971].
84See Definition 5.4.2.
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deduction. There modus ponens
A A—B
B
can be read as the application of 4 — B as a rule, which is used to infer B
from A, that is, modus ponens can be read as a schema of rule application.
The introduction of an implication 4 — B by

(]

B
A— B
(where assumptions A4 can be discharged) can be read as establishing a
rule, namely by deriving its conclusion B from its premiss 4. Applications
of logic such as logic programming or deductive databases support this
perspective. Reading implications as rules motivates an alternative left
implication introduction rule

(=F)°

I'4
I''A— BFB

in sequent calculus.® This schema expresses that by assuming the implication-
as-rule 4 — B we are entitled to infer B from A. It replaces the standard
left implication introduction rule

(=1) I't4 A BFC
A, A— BFC
while the right implication introduction rule remains the standard one:

I'A+B
rrasg )
When implications are read as rules, an elementary meaning is given to
implication which is conceptually prior to the meaning of the other logical
constants.

In the following, we carry the implications-as-rules approach over to
dialogues.¢ Once an implication 4 — B has been claimed by the opponent,
it is considered to be a rule in a sort of ‘database’, which later on can be used
by the proponent in order to reduce the justification of its conclusion B to
that of 4. This is achieved by allowing the proponent to defend an attack
on B by asserting 4 whenever A — B has been claimed by the opponent
before. In case no such claim has been made before (i.e., if no applicable
rule is available in the database), the argument for B continues as usual
with an opponent attack on B (which must eventually be defended by the
proponent), depending on the respective form of B.

85See Schroeder-Heister [2011a], [2011b].
¥See also Piecha and Schroeder-Heister [2012].
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For brevity, only the propositional case will be considered in what follows:;
the results can be generalized to the first-order case.

5.2. The sequent calculus L/°

We give the sequent calculus LI° for intuitionistic propositional logic,
which contains the alternative left implication introduction rule

. Tr4
~H'F 415 BB

as a replacement for the standard left implication introduction rule

(HI—)F'_A A BFC
I'AA—BFC

of LI”. This is the only difference to LI .

REMARK 5.2.1. The standard left implication introduction rule (— )
satisfies the following properties:

(i) It contains only one logical constant.?’

(ii) The logical constant occurs only in the conclusion of the rule, and
there exactly once.

(iii) Each formula which is an argument of the logical constant occurs
exactly once in the conclusion of the rule.®

The alternative rule (— )° does only satisfy the properties (i) and (ii)
but not (iii).

DEFINITION 5.2.2. The sequent calculus LI° for intuitionistic proposi-
tional logic consists of the following rules:®’

Axiom
(Id) T (A atomic or complex)
Logical rules
Sl e rng )

(cont’d on next page)

8"The rule is considered as a schema. Thus, although T', A can contain complex formulas
and A4, B, C can be complex formulas, the rule as a schema contains only the one logical
constant —.

% Here these formulas are 4 and B.

% Again, T and A are finite multisets of formulas (the comma in antecedents of sequents
stands for multiset union, and singletons are written without braces).
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LARC ThA A-B
WO e (=12 FAAEE ()
ILAFC A.BFC CTR4 N
VH) =T A AV BFC A, va FViE=12)
o I'FA ILA-B
SR Wy T rrasg )
Structural rules
iy TEC TE (- Thi
(Think) ¢ 4 (~Thin)
LA A-C
(Contr)m

CEA A A-B
(Cut) —FAra

REMARK 5.2.3. The sequent calculus LI° does not have the cut elimi-
nation property. The sequent a.a — (b A ¢) b (for atomic and distinct
formulas a. b, ¢) can only be derived by using (Cut):

Id —
(= F)° ( )a}—a ( (I)d)bl—b
. a,a— (bANc)FbAcC

bAckD
a,a— (bAc)FD

This is the only kind of derivation where (Cut) cannot be eliminated (see
Schroeder-Heister [2011b]).

REMARK 5.2.4. Although LI° does not have the cut elimination property,
it does have the weak cut elimination property. That is, every LI°-derivation
containing an application of (Cut) can be transformed into an L/°-derivation
of the form

(—=F)°

(Cut) 'ck4a A A-C

I AFC

where the left premiss of (Cut) is the conclusion of an application of (— F)°.
Furthermore, the right premiss of (Cut) can be assumed to be either the
conclusion of a derivation of the above form, or it is the endsequent in a
derivation such that the cut formula A4 is the result of an application of a
left introduction rule in the last step. As a consequence of the weak cut

elimination property, LI° has the subformula property. (See Schroeder-
Heister [2011b] for these results.)
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REMARK 5.2.5. Since (— I) is a derivable rule in LI°:

. TrA
(TCZ)t) IA-BFB A BFC

I'’A\,A— B+-C
and (— F)° is a derivable rule in LI7:

I'4 (1) BB

I'A— B+FB
(cf. Schroeder-Heister [2011b]), we have b0 A4 if and only if -, A

(—H)

5.3. EI°-dialogues

We now introduce dialogues for the implications-as-rules approach. The
guiding idea is the following: When making an assertion A, the proponent P
must be prepared to either defend A4 in the ‘standard’ way against an attack
of the opponent O, or else make the assertion C for some C, for which
O has already claimed C — A, that is, for which the implication-as-rule
C — A is sufficient to generate 4. This is modeled by saying that every
assertion made by P is symbolically questioned by O, following which P
chooses which of the two ways described P is prepared to take. Contrary
to the proponent P, the opponent O is not given a choice. The opponent’s
non-implicational assertions are attacked and defended as usual, whereas
the opponent’s implicational assertions are considered as providing rules
which the proponent can use, but not question; so there are no attacks and
defenses defined for them.

DEerINITION 5.3.1. For each logical constant we first define argumenta-
tion forms which determine how a complex formula (having the respective
constant in outermost position) that has been asserted by the opponent
O can be attacked (if possible) and how this attack can be defended (if
possible):?

AF(—-F): assertion: O -4
attack: P A
defense: no defense

AF(AF):  assertion: O A) A A
attack: P A; (P choosesi =1ori =2)
defense: O A4;

In Definition 2.1.2 argumentation forms were defined independently of whether the
assertion is made by the proponent P or by the opponent O. This symmetry is not preserved
here.
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AF(VF): assertion: O AV A
attack: PV
defense: O A4; (O choosesi =1ori =2)

AF(—F)°: assertion: O A — B
attack:  no attack
defense:  no defense

Except for AF(— F)°, these argumentation forms coincide with the standard
ones (cf. Definition 2.1.2) in case of assertions made by the opponent 0.°!

We now extend our language by the two special symbols ? and | - |. For
assertions made by the proponent P there is a pair of argumentation forms
for each logical constant (depicted below as trees having two branches
which are separated by |). An assertion 4 made by the proponent P can be
questioned by the opponent with the move O ? (such a move is only possible
if the expression stated in the P-move is an assertion, that is, a formula; if it
is not an assertion but a symbolic attack, then it cannot be questioned with
the move O?).

The proponent P can then answer this question either by allowing an
attack on the assertion (this is indicated by the special symbol | - |; see the
argumentation forms on the left side of | below), or by asserting any formula
C for which O has asserted the implication C — A at an earlier position.
We call this the rule condition (R):

(R) P may answer a question O ? on a formula 4 by choosing C provided
O has asserted the formula C — A before.

The argumentation forms for assertions made by the proponent P are then
defined as follows:

AF(F—): assertion: P-4
question: 0?
choice: P |—A| PC (R)
attack: O A4
defense: no defense

AF(-A):  assertion: P AN A,
question: 0?
choice: P |A] A A4y| PC (R)
attack: OA; (i =1or2)
defense: P A;

I'The argumentation form AF(— I)° could also be omitted, to the same effect. However,
we prefer to give the argumentation form AF(— F)° in order to make it explicit that
implications 4 — B asserted by O cannot be attacked. Being able to refer to AF(— )° will
also help to state some results more clearly.
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AF(-V): assertion: P AV A,
question: 0?
choice: P |A4;V A4,| PC (R)
attack: OV
defense: PA; (i=1o0r2)

AF(-—): assertion: PA—B
question: 0?
choice: P |4 — B PC (R)
attack: 04
defense: P B

In the case of an attack O A; according to the argumentation form AF (- A)
for conjunctive formulas asserted by P, the opponent O choosesi = 1 or
i = 2, and in the case of a defense P A4; to an attack OV according to
the argumentation form AF(F V) for disjunctive formulas asserted by P,
the proponent P chooses i = 1 or i = 2. The argumentation forms on
the left (i.e., the respective left branches) correspond to the argumentation
forms given in Definition 2.1.2 for ‘standard’ dialogues (where the device of
question and choice moves is not needed). The argumentation forms on
the right (i.e., the respective right branches) reflect the implications-as-rules
view.

For assertions of atomic formulas ¢ made by the proponent P an
argumentation form is given by the rule condition (R) itself:

AF(R): assertion: Pa
question: O?
choice: P C onlyif O has asserted C — a before

In addition, we define an argumentation form AF(Cut) such that any
expression e (i.e., question, symbolic attack or formula) stated by O can
be followed by a move P A, and this move can then be followed by the
opponent move O A4:

AF(Cut): statement: Oe
cut: PA
cut: 04

The formula A4 is called cut formula in this argumentation form.

REMARK 5.3.2. The argumentation form AF(Cut) differs from the other
argumentation forms in that the move O e need not be an assertion (i.e.,
the statement of a formula) but can be the statement of any expression e
(i.e., question, symbolic attack or formula).

Another difference is that the cut formula is completely independent of
the expression e. Calling the P-move an attack and the subsequent O-move
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a defense as in the other argumentation forms would thus be inadequate.
We therefore simply speak of cut moves in both cases.

The idea behind AF(Cut) is that at any (even) position the proponent P
can introduce an arbitrary formula A4 as a lemma. The proponent P must
then later be prepared both to defend this lemma A4 as an assertion and
to defend the original claim (i.e., the assertion made in the initial move at
position 0) given this lemma, that is, given the opponent’s claim of 4.

DEFINITION 5.3.3. We extend the definition of moves (see Definition
2.1.4) as follows:

As before, pairs (6(n),n(n)) are called moves, where 6(n), for n > 0, is
again a signed expression, and #(n) is again a pair [m, Z]. for 0 < m < n,
where Z is now either 4 (for ‘attack’). D (for ‘defense’), Q (for ‘question’),
C (for ‘choice’) or Cut. As before, #(n) = [m, Z] is empty for n = 0, that is,
7(0) = 0. In addition, m in 5#(n) = [m. Z] is empty for Z = Cut.

We have thus the following types of moves:

attack move (5(n) = X e, n(n) = [m, A)),

defense move (6(n) = X A,n(n) = [m, D)),
question move {(5(n) = 0?,n(n) = [m, Q)).
choice move (6(n) = P |A|,n(n) = [m, C]).
0(n) = P A.n(n) = [m. C).
cut move (6(n) = X A,n(n) = [Cut]).

REMARK 5.3.4. A question move can only be made by O, and a choice
move can only be made by P. The other types of moves are available for
both the proponent P and the opponent O.

In a choice move, d(n) can have the form P|A| or P A. In the first
case, P allows an attack on the formula 4. In the second case, P asserts
the formula 4 in accordance with the rule condition (R), that is, 4 is the
antecedent of an implication asserted by O before.

Dialogues for the implications-as-rules approach can now be defined as
follows.

DEFINITION 5.3.5. An EI°-dialogue is a sequence of moves (d(n),7(n))
(n=0,1,2,...) satisfying the following conditions:

(D00") J(n)isa P-signed expression if n is even and an O-signed expression
if n is odd. The expression in §(0) is a (complex or atomic) formula.

(D01°) Ifn(n) = [m, A] for even n, then the expression in § (m) is a complex
formula. If #(n) = [n — 1, A] for odd n, then the expression in
d(n — 1) is of the form | B| for a complex formula B. In both cases
d(n) is an attack on this formula as determined by the relevant
argumentation form.
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(D02) If y(p) = [n. D]. then n(n) = [m.A] form < n < p and é(p)
is the defense of the attack J(n) as determined by the relevant
argumentation form.

(D03°) Ify(n) = [m, Q] (for odd n), then for m < n the expression in & (m)
is a (complex or atomic) formula, #(m) = [I. Z] for [ < m. Z = A,
D. C or Cut (where [ is empty if Z = Cut), and the expression in
d(n) is the question mark “?’.

(D04°) If y(n) = [m. C] (for even n), then n(m) = [I.Q]forl < m < n
and J(n) is the choice answering the question & (m) as determined
by the relevant argumentation form.

(D05°) If 5(n) = [Cut] for even n, then n(m) = [I, Z] (where [ is empty if
Z = Cut)for! < m < nandd(n)is a formula (i.e., the cut formula).
If (n) = [Cut] for odd n, then #(m) = [Cut] and 5(n) = O A for
6(m) =P A (where m < n).

(D11") If y(p) = [n.D] for odd n, n < n’ < p, n’ — n is even and
n(n') = [m. A], then there is a p’ such that n’ < p’ < p and
n(p') = [n'. D]. That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12") For every odd n there is at most one m such that #(m) = [n. D].
That is, an attack by O may be defended by P at most once.

(D14") O can question a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(E) All moves (6(n),n(n)) for n odd are of the form (6(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position # is either
a question, an attack or a defense of the immediately preceding

move made by the proponent at position # — 1, or it is a cut move
withd(n) = 0 Aforé(n—1) =P A.

The notions ‘dialogue won by P’, ‘dialogue tree’ and ‘strategy’ as defined
for DI?-dialogues are directly carried over to the corresponding notions for
EI°-dialogues.

REMARK 5.3.6. EIP-dialogues are similar to EI?-dialogues without con-
dition (D10) for the argumentation forms given in Definition 5.3.1 and
satisfying the condition (D14’) instead of (D14), where (D 14') differs from
(D14) only in that the latter is a condition for O attacking a formula C,
whereas the former is a condition for O questioning a formula C.

Condition (D00’) is the same as for definitional dialogues (cf. Def-
inition 4.3.3). It allows EI°-dialogues to start with the assertion of an
atomic formula, contrary to the restriction to complex formulas as, for
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example, in EI”-dialogues (cf. Definition 2.7.1). Condition (D01°) differs
from condition (D01) in EI?-dialogues in that it allows for attacks by O on
expressions of the form | 4| for complex formulas 4. Condition (D02) is as
given in Definition 2.1.6 for dialogues. Conditions (D03°) and (D04°) have
been added for the question and choice moves, respectively, and condition
(D05°) has been added for the cut moves.

We recall that condition (E) implies condition (D13). In addition,
condition (E) implies condition (D 11) for odd p and condition (D12) for
odd 7 (cf. Definition 2.2.1 and Remark 2.7.2). The conditions (D11) and
(D12) have thus been weakened here to the conditions (D11’) and (D12’),
respectively. In the presence of (E), this weakening does not make any
difference regarding the extension (i.e., the set specified by the concept)
of EI°-dialogues because (D11’) + (D12') + (E) is neither more nor less
restrictive than (D11) + (D12) + (E).

REMARK 5.3.7. Dialogues for the implications-as-rules approach can
also be defined on the basis of DI?- or DI?-dialogues (instead of EI”-
dialogues). This has been done in Piecha and Schroeder-Heister [2012],
where the D-dialogues used there correspond to the DI?-dialogues given
here in Definition 2.2.1.

DEFINITION 5.3.8. A formula A is called EI°-dialogue-provable (short:
EI°-provable) if there is an EI°-strategy for A. Notation: Fgp A.

EXAMPLE 5.3.9. An EI°-strategy for the formula a — ((a — (b Ac))—b)
is the following:

0. Pa—((a—=(bANc))—b)

1. 0° [0, 0]
2. Pla—{(a—=(bAnAc))—Db)| [, C]
3. Ou 2. A]
4. P(la—(bAc))—b [3.D]
5, 0° [4. 0]
6. Plla— (bAc))—b| [5.C]
7. Oa—(bAc) [6. 4]
8. PbAc [Cut]
9. 07 [8.0]|0bAc [Cut]
10. Pa  [9.C]| PA [9. 4]
1. 0b [10, D]
12. Pb [7.D]

The moves at positions 0-4 and at positions 4-7 + 12 (in the right
dialogue) are made according to the argumentation form AF(-—). In
the choice moves at positions 2 and 6 the proponent P can only choose
la— ((a — (b Ac))—b)| and |(a — (b A ¢)) — b|. respectively, since
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O has not asserted any implications before which could be used as rules
by choosing their antecedents. At position 7 the opponent asserts the
implication @ — (b A ¢). The succedent b A ¢ of this implication is asserted
by P in the cut move at position 8: it is questioned at position 9 (in the left
dialogue). In accordance with the rule condition (R), the proponent can
now answer this question move by asserting in the choice move at position 10
(in the left dialogue) the antecedent a of the implication whose succedent
has been questioned. The implication a — (b A ¢) has thus been used as
a rule. The opponent cannot question the formula ¢ due to condition
(D14'): O has already asserted a (in the attack move at position 3), and P
has not attacked a (such an attack is not even possible, since « is atomic).
At position 8 the proponent P could defend the attack O a — (b A ¢) by
asserting b, since assertions by P of atomic formulas not asserted by O
before are not prohibited in EI°-dialogues (they would be prohibited by
condition (D10), for example in EI”-dialogues). However, this could be
questioned by O at position 9, and P would lose this dialogue as P can
neither choose |b| nor C (since there is no move O C — b for such a formula
C) in the next move, so that only a cut move is possible (there is no attack
for O a — (b A ¢) (by definition of AF(— I)°), and for a being atomic there
is no attack for the move O a at position 3):

0. Pa—((a—(bArc))—b)

1. 07 [0. 0]
2. Pla—{(a—=(bAc))—b)| [1.C]
3. 0a [2. 4]
4. Pla— (bnc))—b [3. D]
5. 09 [4.0]
6. Plla— (bAc))—b| [5.C]
7. Oa—(bAc) [6. A]
8. Pb [7. D]
9. 07 8. 0]
10. PbAc [Cut]
1. 07 T[10.0]]|0Obnc [Cut]
12. Pa [9.C] | PA [9. 4]

13. 0b [10, D]

In the right dialogue, the proponent P could continue by attacking O b A ¢
again (with P Aj or P A;) or by making another cut move, but neither would
lead to a strategy.

REMARK 5.3.10. For comparison with the EI°-strategy for the formula
a— ((a — (b Ac)) — b) just given above in Example 5.3.9, we give an
EI!-strategy for the same formula:
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0. Pa— ((a—(bAc))—b)

1. Oa [0, 4]
2. Pla—(bAc)—b [1,D]
3. Oa—(bne) 2. 4]
4 Pa 3. 4]
5. ObAc [4.D]
6. PA [5. 4]
7. 0b [6. D]
8. Pb 3. D]

Except for the attack move P a made at position 4, each attack or defense
move in this EI”-strategy also occurs as an attack or defense move in the
EI°-strategy.

Proponent attacks on implications asserted by the opponent—Iike the
attack move P ¢ made at position 4—are not possible in EI°-dialogues. In
the corresponding EI°-strategy, the proponent asserts the antecedent a of
the implication a — (b A ¢) (asserted by the opponent at position 7) in the
choice move at position 10 (in the left dialogue) in accordance with the rule
condition (R).

REMARK 5.3.11. The absence of condition (D10) in the definition of
EI°-dialogues is compensated for by allowing the opponent O to question
assertions of atomic formulas made by the proponent P. In dialogues with
(D10) there is, for example, no strategy for the formula a — b, since the
dialogue

0. Pa—b
1. Oa [0, 4]

cannot be continued with the move (§(2) = P b,7(2) = [1, D]); this would
only be possible if » were asserted by O before.

In EI°-dialogues (where (D10) is absent) there is no strategy for a — b
either. The EI°-dialogue begins with the moves

0. Pa—b

1. 0? [0, O]
2. Pla—b|[1,C]
3. Oa [2, 4]
4. Pb [3.D]
5. 0? [4. 0]

where P can now assert b at position 4 without O having asserted it before.
However, the opponent O can make a question move at position 5—in
accordance with the argumentation form AF(R)—, and the proponent P
can now continue only with a cut move; this leads to an infinite dialogue.
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The proponent P cannot make the choice move (5(6) = P |b|,7(6) =[5, C1)
here, since there is no such argumentation form for atomic formulas. The
only possible choice move would be one according to the argumentation
form AF(R), that is, a move of the form (5(6) = P C.5(6) = [5. C]) for a
formula C — a asserted by the opponent O before. But such a formula has
not been asserted by O here.

REMARK 5.3.12. Due to condition (D14'), EI°-dialogues won by P
need not end with the assertion of an atomic formula but can end with the
assertion of a complex formula.

For example, the following dialogue is an El°-strategy for the formula
(a Vb)— —=(aVb) (cf. Example 2.5.4):

0. Plavb)——--(aVvb)

1. 07 [0, 0]
2. Pllavb)——-=(aVvbd)| [1.C]
3. OaVvh 2. 4]
4. P-—(aVb) 3. D]
5. 07 [4, 0]
6. P|-—(aVb) 5.C]
7. 0—(aVh) [6, 4]
8. PaVh [7. 4]

The opponent O cannot question a V b, since neither of the two conditions
(i) and (ii) of (D14') is satisfied: a V b has already been asserted by O at
position 3, and « V b has not been attacked by P.

ExamPLE 5.3.13. The following dialogue is an EI°-strategy for the for-
mula (¢ =+ b) = (b —¢) = (a —¢)):

0. Pla—b)—=((b—c)—(a—rc))

1. 07 [0, 0]
2. Plla—=b)—=((b—c)—=(a—c))| [I.C]
3. Oa—b 2, A]
4. P(b—c)—(a—c) [3.D]
5. 07 [4. 0]
6. Pl(b—c)—(a—c) [5.C]
7. Ob—c [6, A]
8. Pa—c [7, D]
9. 0? 8. O]
10. Pla—c| [9. C]
1. Oa [10, A]
12. Pe [11, D]
13. 07 [12, 0]

(cont’d on next page)
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14. Pb [13.C]
15. 0? [14. O]
16. Pua [15,C]

At position 3, the opponent asserts the implication ¢ — b. The formula
b—which occurs also as the succedent of this implication—is questioned
at position 15. In accordance with the rule condition (R), the proponent
asserts «—the antecedent of the implication—in the last move; the opponent
cannot question this move due to condition (D 14’). The implication b — ¢
is asserted by O in the move at position 7. The opponent questions ¢ at
position 13, which enables P to answer according to the rule condition (R)
with the choice move P b at position 14. The implications « — b and b — ¢
have thus been used as rules: the latter implication-as-rule allowed P to
answer the question on ¢ with b, and the former allowed P to answer the
question on b with a.
For comparison, we consider the corresponding LI°-derivation:

(Id)
(—F)°
(—F)°

ata
a,a —btb
a,a—bb—ckc
a—bb—cka—c
a—-bHb—c)—=(a—rc)
Fa—b)—= ((b—c)—(a—rc))

(F—)
(F—=)

(F—)

The moves at positions 0—4, 4-8 and 8-12 correspond to the last, second
to last and first application of (- —), respectively. The moves at positions
12-14 and 14-16 correspond to the second and first application of (— F)°,
respectively.

REMARK 5.3.14. In Example 5.3.13 no cut moves where necessary for
having a strategy for (a —b)— ((b—c¢)— (a—¢)). whereas in Example 5.3.9
it was shown that there is no strategy for a — ((a — (b A ¢)) — b) without
cut moves.

The implications-as-rules approach as such is independent of the presence
of cut. However, cut moves have to be allowed if not only a fragment of
intuitionistic (propositional) logic is to be captured. We will have a closer
look on cut in the next section.

5.4. LI°-provability is equivalent to EI°-dialogue-provability

In order to show that EI°-dialogue-provability is equivalent to provability
for the sequent calculus LI°—in the sense that there is an EI°-strategy for a
formula A if and only if A is provable in LI°—we prove first that there is
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an EI°-strategy for a formula A4 if and only if there is an EIZ-strategy for
A (see Theorem 5.4.6 below). The equivalence result (see Corollary 5.4.10
below) follows then with Corollary 3.7.3, Remark 2.2.24, Theorem 3.2.3
and Remark 5.2.5.

REMARK 5.4.1. The equivalence of the sequent calculi LI° and LI?
(and thus also of LI?) could be established by just showing that (— )
is a derivable rule in LI° and that (—)° is a derivable rule in LIZ (see
Remark 5.2.5). This cannot be done as easily for EI°- and EI”-dialogues.
Whereas the sequent calculi LI° and L7 differ only with respect to the left
implication introduction rule, the EI°- and EI?-dialogues differ not only in
the argumentation form for implication. Their difference is rather spread
across all argumentation forms, and they differ in the conditions defining the
dialogues as well: In EI?-dialogues there is only one argumentation form
for each logical constant, whereas in EI°-dialogues there are always two
(although the left branches in AF(--). AF(FA), AF(-V) and AF(-—)
correspond to the respective argumentation forms of EI”-dialogues, of
course). The argumentation form AF(— +)° does not correspond to the
argumentation form for implication of EI?-dialogues. Contrary to EI?-
dialogues, EI°-dialogues can begin with the assertion of an atomic formula;
and condition (D10) is absent in EI°-dialogues.

DEFINITION 5.4.2. A substrategy is a subtree s of a dialogue tree ¢
comprising as root node a node at an even position in ¢ and all descendents
in ¢ such that s does not branch at even positions, s has as many nodes at
odd positions as there are possible moves for O, and all leaves are proponent
moves such that O cannot make another move.*”

LEMMA 5.4.3. (i) The weak cut elimination property holds for EI°-strat-
egies. That is, every EI°-strategy containing cut moves made according to the
argumentation form AF(Cut) can be transformed into an EI°-strategy of the
form

m. OA—B[m—1,7]
n. PBtCul]
n+1. 0? [n Q] O B [Cut]
n+2. PA[n+1,C] kY

n+3. 0?7 [n+2,0]
51

92Substrategies have been defined for possible situations in Definition 3.5.3. Here we
make use of substrategies as such.
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where the O-move at position m is either an attack or a defense (i.e., either
Z = AorZ = D), and the move (6(n + 1) = O B,n(n + 1) = [Cut]) is
the uppermost cut move made by O (i.e., there is no cut move at positions
k < n—1). The O-move at position n + 3 might not be possible due to (D14’).
In this case the left dialogue ends with the P-move at position n + 2.

(ii) Furthermore, the substrategy s, is either of the saume form as the above
EP-strategy. or it depends on a sequence of moves made according to AF (=),
AF(AF), AF(VF) or AF(—1)°.

Proor. Byinduction on the complexity of cut formulas in E/°-strategies.
_|

COROLLARY 5.4.4. As a consequence of the weak cut elimination property,
EI°-strategies have the subformula property.”®

LEMMA 5.4.5. (i) EI°-strategies for formulas of the form
A—(A4—(BANC))— B)

containing a cut move where the cut formula is of the form B N C cannot
be transformed into EI°-strategies (for the respective formula) containing
no cut move. However, they can be transformed into EIZ-strategies (for the
respective formula).

(ii) Every other EI°-strategy ( for a given formula) containing a cut move can
be transformed into an EI!-strategy (for the given formula) as well.

PrOOF. (i) By Lemma 5.4.3 an EI°-strategy (for a given formula) con-
taining a cut move with cut formula B A C can be transformed into an
EI°-strategy (for the given formula) of the form

0. PA—(A—(BANC))—B)

m. OA—(BAC)[m—1,4]
n. P B A C [Cui
n+l. 0?7 [n0] OB A C [Cut]
n+2. PA [n+1C] S
n+3. 0?7 [n+2 0]
5]

where the uppermost cut move made by O is at position n + 1. (If the
O-move at position n + 3 is not possible due to (D 14’), then the left dialogue
ends with the P-move at position n + 2.)

9This is in full analogy to the results on the weak cut elimination property and the
subformula property for LI°-derivations; see Remark 5.2.4.
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By the argumentation given in Example 5.3.9 there can then be no EI°-
strategy (for the given formula) that does not contain a cut move. However,
for every EI°-strategy of the above form, the following is an EI”-strategy:

0. PA— (44— (BAC))—B)

m. OA%wACHm—Lﬂ

n P A[m, A]

n+ 1. Oe [nA]|OBAC [n D]
n+2. s1 s5

(ii) Let S be an EI°-strategy containing a cut move with a cut formula
D=b,-B, BV C or B— C.ByLemma 5.4.3 and Corollary 5.4.4 we can
assume that S has the following form as shown in Lemma 5.4.3:

m. OA—Dm-12]
n. P D [Cu]
n+1. 0? [n O] O D [Cut]
n+2. PA[n+1.C] 82

n+3 0?7 [n+2,0]
8]

where in the O-move at position m either Z = 4 or Z = D. If 5; is of the
same form as S, then the cut formula in s, has to be of lower complexity
than the cut formula in the uppermost pair of cut moves. Otherwise, s,
must depend on a sequence of moves which are made according to AF(R),
AF(=F), AF(AF), AF(VF) or AF(—F)°, and S can be transformed into
the following EI?-strategy S’:

m. OA—D[m—127]

n. P A [m. A
n+1. Oe [n,A]| OD [n,D]
n+2. s] s

In case D = b (i.e., when the cut formula D is atomic) the substrategy s,
can only depend on moves made above position #, since P cannot attack
atomic formulas. The same holds for sJ.

It follows by induction on the complexity of the respective cut formulas
that every EI°-strategy containing one or more cut moves can be trans-
formed into an EI?-strategy. (Since EIZ-dialogues are defined without an
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argumentation form like AF(Cut), these EI”-strategies are necessarily free
of cut moves.) =

THEOREM 5.4.6. There is an EI°-strategy for a formula A if and only if
there is an EI? -strategy for A, that is, - o A if and only if Fep A

ProOF. We first show the direction from right to left, that is, we show
that if there is an EI”-strategy for A4, then there is an EI°-strategy for A.

Let S be an EI?-strategy for 4, and let d = (5(0),7(0)), (6(1),5(1)),
©6(2).7(2)).....{5(n).n(n)) be an EI?-dialogue in S not ending in a pro-
ponent move. We show by induction on the subtree below ¢ in S that there
is then also an EI°-strategy S’ for A.

Since d is part of an EI” -strategy S there is a proponent move (5 (n+1) =
Pe,n(n+1) =), Z]). This move is either an attack or a defense.

First, assume the proponent move is an attack (5(n+1) = Pe,p(n+1) =
[j. A]) onamove (§(j) = O D,5n(j) =[j — 1, Z]). We consider all possible
cases:

(1) e = A, where 4 is a formula such that condition (i) or (ii) in (D 14) is
satisfied. Since the proponent move is an attack, the formula D is either -4
or A — B, where A can be atomic or complex. The following subcases have
to be considered:

(a) D = —A and A is an atomic formula a. In this case, a cannot be a
formula such that condition (i) or (ii) in (D14) is satisfied. The subtree
below d in S would consist in the single move

n+1. Pa [j,A4]

But this move is only possible if O has asserted a before, due to condition
(D10): condition (i) in (D 14) would not be satisfied. And P cannot have
attacked a. since there is no attack for atomic formulas; condition (ii) in
(D14) would not be satisfied. See case (4) below.

(b) D = A for complex A. Again, there is no defense move for O. Thus
the O-move has to be an attack according to the argumentation forms for
EI?-dialogues. That is, the subtree below d in S has the form

n+1. PAJj A]
n+2 0Oe [n+1,A4]
s

where e depends on the form of A. Then the subtree below d’ in S’ has the
form

n+1l. PA [j A
n+2. 0?7 [n+1.0]
n+3. PlA| [n+2.C]

(cont’d on next page)
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n+4. Oe [n+3, 4]

s/
(c) D = A— B and A is an atomic formula a. Conditions (i) and (ii) in
(D14) cannot be satisfied. See case (4) below.

(d) D = A — B for complex A. The subtree below d in S has the following
form

n+ 1. P AJj, A]
n+2. Oe[n+1,4A]| OB [n+1,D]
1 52

and the subtree below d’ in S’ has the form

n+1. P B [Cut]

n+2 0? [n+1,0]| 0B [Cuf

n+3. PA [n+2.C] s5

n+4. 0?7 [n+3,0]

n+5. PlA| [n+4.C]
[n+ 5. 4]

5

n+6. Oe

The last move in d’ is the assertion of 4 — B by O. Since there is no attack
move according to AF(— F)°, the only possible move for P at position n + 1
is a cut move according to AF(Cut). This move can be either followed by
the move (6(n +2) = O B,n(n+2) = [Cur]) (right dialogue) or questioned
(left dialogue).

The right dialogue continues with the substrategy s} which corresponds
to s, and exists by the induction hypothesis. Note that s; is a substrategy
independently of the first move (6(n + 1) = P A.n(n + 1) = [}, A]) in the
subtree below d in S, because—due to condition (E)—the substrategy s>
cannot contain a move (J(k) = Oe.n(k) = [n + 1, A]) for k > n + 2; that
is, the proponent move (6(n + 1) = P A,n(n + 1) = [j, A]) is irrelevant
m s».

In the left dialogue, P chooses to assert 4 in accordance with the rule
condition (R), that is, P chooses to assert the antecedent of the implication
A — B asserted by O in the last move of d’. This is then questioned by
O in the move at position n + 4, and is answered at position n + 5 by P
choosing to allow an attack on A. This attack is made at position n + 6,
and the dialogue continues with the substrategy s; which corresponds to s
and exists by the induction hypothesis.

This corresponds to the fact that the left implication introduction rule
(—F) of LI is a derivable rule in LI°, by an application of (—)° and
(Cut): compare Remark 5.2.5.
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(2) e = A;. Then D has the form A; A A and O can only make a defense
move. The subtree below d in S has thus the form

n+1. PA; [j.A]
n+2. OA4; [n+1.D]
s

and the subtree below d’ in S’ is

n+1. PA; [Jj,A4]
n+2 Od; [n+1.D]

sl

(3) e = V. Then D has the form 4; V 4, and O can only make a defense
move. The subtree below ¢ in S has thus the form

n+1. PV [ A]
n+2. 0O0A, [n+1,D]|0A4, [n+1,D]
S1 2
and the subtree below d’ in S’ is
n+l. PV [ A]
n+2 O0A; [n+1,D]| 04 [n+1,D]
5] 5

(4) e = A, where A is a formula such that the conditions (i) and (ii) in
(D14) are not satisfied, that is, where A4 has been asserted by O in d without
having been attacked by P in d.

In this case, moves of the form (3(n +2) = Oe,n(n +2) =[n+ 1, A])
are not possible. That is, the subtree below d consists in a single move of
the form

n+1l. PA[jA]

The conditions (i) and (ii) in (D14’) are then not satisfied too (they are
the same as in (D14)), hence opponent moves of the form (§(n + 2) =
O0?2n(n+2) = [n+1,Q]) are not possible, and the subtree below the
corresponding dialogue d’ in S’ consists in a single move (6(n + 1) = P 4,
n(n+1) = [k, A]) (where k > j).

Second, assume the proponent move is a defense (0(n + 1) = P A4,
nn+1)=1[j.D])to (6(j) = Oe.n(j) =[j — 1. A]). The following cases
have to be considered:

(1) A is a formula such that condition (i) or (ii) in (D14) is satisfied, where
A can be atomic or complex.
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(a) A is an atomic formula a. The subtree below d in S would have to be
given by the single move

n+1. Pa [j D]

Due to (D10), this move would only be possible if O had asserted a before.
But then condition (i) in (D14) cannot be satisfied. Furthermore, P could
not have attacked this assertion, since there is no attack on atomic formulas;
thus condition (ii) in (D14) cannot be satisfied either. Hence there is no
strategy in this case.

(b) A is a complex formula. The O-move has to be an attack according to
the argumentation forms for EIZ-dialogues. The subtree below d in S then
has the form

n+1. PAJ[j D]
n+2. Oe [n+1,A4]
s

where e depends on the form of 4. Then the subtree below d’ in S’ has the
form

n+l. PA [jD]

n+2. 0?7 [n+1,0]

n+3. Pl|A| [n+2,C]

n+4. Oe [n+3,4]
S/

(2) A is a formula such that the conditions (i) and (ii) in (D14) are not
satisfied, that is, where A has been asserted by O in d without having been
attacked by P in d. Asin case (4) above, moves of the form (5(n+2) = Oe,
n(n+2) =[n+ 1, A]) are not possible, and the subtree below d consists in
a single move of the form

n+1. PAJ[jD]

The conditions (i) and (ii) in (D 14’) are then not satisfied too, hence moves
of the form (6(n +2) = 02, 7(n +2) = [n + 1, Q]) are not possible, and
the subtree below the corresponding dialogue d’ in S’ consists in a single
move (6(n+ 1) = PA,n(n+ 1) = [k, D]) (where k > j).

This concludes the proof that if Fzp» A, then g A4.
It remains to show the direction from left to right, that is, we show that
if there is an EI°-strategy for A, then there is an EIZ-strategy for A.

First, assume the proponent move is an attack (5(n+1) = Pe,p(n+1) =
[/, A]) on an opponent move (3(j) = O D.5(j) = [i, Z]). We consider all
possible cases:
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(1) e = A. Then D = = A, where A4 is atomic or complex. (This is the only
possibility if e = A, since there is no attack in case D = 4 — B, that is,
according to the argumentation form AF(— )°.)

(a) A isanatomic formula a. If condition (i) or (ii) in (D 14') is satisfied, then
O can question «a, and this is the only move possible. Note that due to the
absence of condition (D10) from the definition of EI°-dialogues—contrary
to EI”-dialogues—P can assert ¢ without O having asserted a before; thus
the move (6(n + 1) = Pa,n(n + 1) = [j, A]) is possible in any case. The
subtree below the EI°-dialogue d’ in the EI°-strategy S’ is

n+1. Pa [j,A]
n+2. 07 [n+1,0]

sl

If O has asserted a in d’, then the subtree below the EI”-dialogue d in the
EI?-strategy S is the single move

n+1. Pa [j,A]

because atomic formulas cannot be attacked, and there is no defense to an
attack on D = —a.

In case O has not asserted @ in d’, we have to consider the possible
P-moves in s’ answering the question move at position n + 2. The P-move
can be made according to AF(R) or according to AF(Cut). We consider
both cases:

The P-move is made according to AF(R). Then O must have asserted a
formula C — a in d’, and S’ has the form

m. 0C—a[m—1.2]%d

n—1. Pa [j,A]

n. 0?7 [n—1,0]
n+ 1. PC [nC]
n+2. 0?7 [n+1.0]

51

If the O-move at position m is not a cut move, and if C is complex, then
the EI?-strategy S has the form

m. 0C—=a[m—1.2] %d

n+ 1. P C [m, A]

(cont’d on next page)
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n+2. Of [n+1,A4]| Oa [n+1,D]
n+ 3. 1 Pa [j, A]

where the expression f is either of a symbolic attack or a formula, depending
on the form of C. The opponent move (6(n+2) = O f,n(n+2) = [n+1, 4])
is only possible in S if the formula C is complex. In case C is atomic, S has
the form

m. 0C=alm—1,27]%d

PC

n+ 1. [m, A]
n—+2. Oa [n+1,D]
n+ 3. Pa [j A]

in accordance with condition (D10).

If the O-move at position m is a cut move, then a corresponding EIZ-
strategy S can be given by Lemma 5.4.5.

The P-move is made according to AF(Cut). S’ has the form

n+1. Pa [J] A]
n+2. 0?7 [n+1,0]
n+3. PB [Cuf]
n—+4. OB [Cuf]

5

with cut formula B. By Lemma 5.4.3 there must then be a move (5(m)
OC — By(m) =[m—1,Z]) (wherem <n—2)forZ =AorDin S,
that is, S’ has the form

OC =B [m—1,7]

m.

n—2. Pa [j. A]
n—1. 0? [n+1,0]
n. PB [Cut]
n+1. 0?7 [n, Q] O B [Cut]

n+2. PC [n+1,C] s5
n+3 0?7 [n+2 0]

/
51

By Lemma 5.4.5 there is then an EI-strategy S.

(b) A is a complex formula. This case is like the case in which the proponent
move is a defense move; see page 149 (subcase (2)).
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(2) e = A;. Then D has the form A; A A and O can only make a defense
move. The subtree below d’ in S’ has thus the form
n+1. PA; [j.A]
n-+2. OAl [n+1,D]
s/

and the subtree below d in S is
n+1. PA; [J.A]
n+2. OA; [n+1,D]
S

(3) e = V. Then D has the form A V A> and O can only make a defense
move. The subtree below d’ in S’ has thus the form
n+1. PV ), A]
n+2. OA; [n+1.D]|OA; [n+1,D]
51 5

and the subtree below d in S is

n+ 1. PV [j, A]
n+2. 0A; [n+1.D]|0A4s [n+1,D]
S1 A

Second, assume the proponent move is a defense (0(n + 1) = P A4,
nn+1)=[j.D])to (6(j) = Oe.n(j) =[i. Z]). The O-move at position
n + 2 can only be a question move (d(n +2) = 02, n(n+2) =[n+ 1, Q0)).
The EI°-strategy S’ either depends on a choice move (6(n + 3) = Pe,
n(n +3) = [n+ 1, C]) answering this question move or it does not. If it
does not depend on such a choice move, then the subtree below d’ in S’ has
the form

n+1. PAIJjD]
n+2. 07 [n+1,0]

sl

and the subtree below the corresponding dialogue d in S is

n+1. PAIjD]
S

If the EI°-strategy S’ depends on a choice move, then the subtree below d’
in S’ has the form

n+1. PAI[jD]
n+2. 07 [n+1.0]

(cont’d on next page)
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n+3 Pe [n+2 C]

s/
where e is either |4| (according to the left option in the respective argu-
mentation forms AF(-—). AF(FA), AF(-V) and AF(-—)) or e is C for
an implication C — A asserted by O before (according to the right option
in the respective argumentation forms AF(F—-), AF(-A), AF(-V) and
AF (- —), respectively AF(R) for atomic A4).

(1) e = |A|. Then the subtree below d’ in S’ has the form

n+l. PA [jD]

n+2. 0?7 [n+1, 0]

n+3. PlA| [n+2.C]

n+4. Of [n+3,4]
S/

where the expression f in the attack move is either of a symbolic attack or
a formula, depending on the form of 4 in each case. The subtree d in S has
then the form

n+1. PA [j.D]

n+2. Of [n+2.A]
S

(2) e = C for an implication C — A asserted by O before. The dialogue d’
contains a move (5(m) = O C — A,n(m) = [m — 1, Z]) (where Z = 4 or
D.m < n—1)and S’ has the form

m. 0OC A [m-12]%d

n+l. PA [jD]
n+2. 0?7 [n+1.0]
n+3. PC [n+2.C]
n+4. 0?7 [n+3.0]
S/
Then S has the form
m. 0C s A[m—1,7] %d
n+ 1. P C [m, 4]

(cont’d on next page)
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n+2 Of [n+1.4]| OA [n+1,D]

where the expression f is either of a symbolic attack or a formula, depending
on the form of C.?* In the right dialogue, the opponent O cannot attack
the last P-move at position n + 3 due to condition (D14): O has already
asserted A in the move at position n + 2, and P has not attacked 4.

This corresponds to the fact that the rule (— )° of LI° is a derivable
rule in LI?, by an application of (— ) and (Id); compare Remark 5.2.5.
Consider the following derivation Dg:

0
(_H_)FI—C (Id)AI—A
INC—A4A+A

where 0, shall be a subderivation corresponding to the substrategy s in S.
The left dialogue in S then corresponds to the left branch in this derivation
D, and the right dialogue corresponds to the right branch in Dg.

Third, assume the proponent move is a choice ((n+1) = Pe,n(n+1) =
[n. C]) with respect to (6(n) = O 2, 57(n) = [n — 1, Q]). The expression e in
the choice move can either be | 4| for a formula 4 questioned by O or it can
be C for an implication C — A asserted by O before.

(1) e = |A|. Condition (i) or (ii) in (D 14’) is satisfied or not.
(a) If condition (i) or (ii) in (D14’) is satisfied, then O can make an attack
move (5(n +2) = O f.5n(n) = [n + 1, A]), where the expression f is either
of a symbolic attack or a formula, depending on the form of 4 in each case.
The subtree below d’ in S’ has then the form

n+1. P|A| [n C]

n+2. Of [n+1,4]

S/

Condition (i) or (ii) in (D 14) is then also satisfied, and the subtree below d
in S has the form
n+1. PA [j.D]
n+2 Of [n+2 A]
s

(b) If conditions (i) and (ii) in (D14’) are not satisfied, then O has asserted
A before, without having been attacked by P. Hence O cannot question A.

%We do not have to distinguish between atomic and complex formulas A in this case,
since A is asserted by O before it is asserted by P. Hence the P-move at position n + 3
cannot be in violation of (D10).
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The subtree below d’ in S’ then ends with the move at position n + 1 as
follows:

n+1. P|A| [n C]
Condition (i) or (ii) in (D14) is then also satisfied, O cannot attack A4, and
the subtree below d in S ends with

n+l. PA[jD]
(2) e = C. The dialogue d’ must contain a move (6(m) = O C — A,
n(m) = [m —1,Z]) (where Z = 4 or D, m < n — 1) and also a move
0

(0(n—1)= P A,n(n—1) = [j, Z]) to which the question move made by O
at position n refers. Thus S’ has the form®

m. 0OC—=A[m—1,27]%d

n—1. PA [jZ]

n. 0?7 [n-1.0]
n+ 1. PC [nC]
n+2. 0?7 [n+1.0]

S/

and for complex C the EI-strategy S has the form

m. 0C 5 A[m—1,7] vd
n+ 1. P C [m, 4]

n+2. Of [n+1.4]1| 04 [n+1.D]
n+ 3. s PA [j D]

where the expression f is either of a symbolic attack or a formula, depending
on the form of C. The formula 4 can be atomic; since A is asserted by O
already at position n + 2 in the right dialogue in S, condition (D10) is not
violated by the P-move at position n + 4.

The move (6(n +2) = O f,n(n+2) =[n+ 1, A]) is only possible in S
if C is complex. In case C is atomic, S has the form

m. OC—A[m—1,27]%d

(cont’d on next page)

95Cf. the case where the proponent move is a defense move (i.e., the second case, subcase (2)
on page 149).
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n+ 1. PC [m, A]
n+2. 04 [n+1,D]
n+ 3. PA [j. D]

Fourth, assume the proponent moveisacut (§(n+1) = P A.np(n+1) =
[Cut]). By Lemma 5.4.5 there is then an EI”-strategy for each such EI°-
strategy. -

We collect the equivalence results for EI°-dialogues:

COROLLARY 5.4.7. Fgpo A if and only if -ppp A, by Corollary 3.7.3 and
the just proved Theorem 5.4.6.

COROLLARY 5.4.8. Frpp A if and only if Fgp A, by Corollary 5.4.7 and
Remark 2.2.24.

COROLLARY 5.4.9. b/ pp A if and only if t-gro A, by Corollary 5.4.8 and
Theorem 3.2.3.

COROLLARY 5.4.10. Frp A if and only if Fgro A, by Corollary 5.4.9 and
Remark 5.2.5.

REMARK 5.4.11. We therefore have
and by using Remark 3.7.5 we also have kg A <— "Dlg’ A.

REMARK 5.4.12. A detailed discussion comparing the proof-theoretic
approach toward implications-as-rules (using sequent calculus) with the
dialogical approach developed here can be found in Piecha and Schroeder-
Heister [2012]; see also the concluding Chapter 6 below.

5.5. Definitional dialogues for implications as rules

EI°-dialogues can be extended to definitional dialogues. We consider
here only a possible extension by definitional dialogues with contraction,
for the quantifier-free fragment. An important difference is the presence
of cut moves in EI°-dialogues. given by the argumentation form AF(Cut)
together with condition (D05°). For EI°-dialogues extended to definitional
dialogues with contraction it can be shown that the addition of AF(Cut),
together with (D05°), yields strategies for formulas that have no strategy
otherwise. In other words, there are instances of AF(Cut) which are
eliminable in EI°-dialogues but are not eliminable in E/°-dialogues extended
to definitional dialogues with contraction. This is due to the fact that for
definitional dialogues with contraction and the given definitional clause
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a < a — 1% there is a strategy for L if cut moves can be made according
to the argumentation form AF(Cut), while this is not the case without
AF(Cut).”” Furthermore, the following properties hold:

(i) For any given formula 4, let Dy;y be the (special) definition containing
for each atomic subformula a of A the trivial definitional clause
a < a.%® Then the formula A4 is EI°-dialogue-provable if and only if 4
is provable with (propositional) definitional dialogues for Dy, as the
given (special) definition.

(ii) Definitional dialogues with contraction are defined with condition
(D14%). This condition is effectively the same as condition (D 14') in
EI°-dialogues when considered for the respectively given argumentation
forms (cf. Remark 5.3.6). They can thus be used together without
causing any unwanted interferences.

(iii) Definitional dialogues as well as EI°-dialogues have been defined on the
basis of EI?-dialogues. Both kinds of dialogues incorporate conditions
(D11"), (D12") and (E) from EI”-dialogues.

(iv) Both EI°-dialogues and definitional dialogues can begin with the
assertion of an atomic formula at position 0 due to condition (D00’).

(v) Two (unproblematic) differences are given by condition (D01’) in
definitional dialogues (instead of (DO01) in EI°-dialogues) and by the
additional conditions (D03°), (D04°) and (D05°) in EI°-dialogues.
These differences are due to the different kinds of moves available for
the respectively given argumentation forms.

(vi) Finally, conditions (D15) and (S) in definitional dialogues are only
relevant in applications of the argumentation form of definitional
reasoning. They have no effect on applications of the argumentation
forms of EI°-dialogues.

The following definition extends EI°-dialogues to definitional dialogues
with contraction. We consider only the quantifier-free fragment here, and
do therefore not give corresponding argumentation forms for the quantifiers

%Cf. Section 4.3, where we wrote a <= —a as an abbreviation for the definitional clause
a<=a— L.

7Tt has been shown in Schroeder-Heister [1992] for the corresponding sequent calculus
with definitional reflection that cut-elimination fails if implication can be used in the bodies
of definitional clauses and contraction is present. Without one or the other, cut-elimination
holds. That is, for implication-free definitions with or without contraction cut-elimination
holds as well as for the contraction-free calculus for definitions that are implication-free or
not.

%This special definition Dyy is not a definition in the sense of Definition 4.1.6, since it is
not a finite set of definitional clauses.
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v and d. Note, however, that definitional clauses may contain formulas with
free variables nonetheless.

DEFINITION 5.5.1. The extension of EI°-dialogues to definitional dia-
logues with contraction can be given as follows:

Argumentation forms:
AF(=F): assertion: O -4

attack: P A
defense:  no defense

AF(AF): assertion: O Ay A A

attack: P A; (P choosesi = lori =2)
defense: O A4;
AF(VF): assertion: O AV A,
attack: PV
defense: O 4; (O choosesi =1ori =2)

AF(—1)°: assertion: O 4 — B
attack:  no attack
defense: no defense

AF(--): assertion: P-4
question: 0?
choice: P |-A| PC (R)
attack: o4
defense: no defense

AF(-A):  assertion: P AN A
question: 0?
choice: P |A4; A A5 PC (R)
attack: OA; (i=1or2)
defense: P A;

AF(FV): assertion: PA VA
question: 0?
choice: P |4V A, PC (R)
attack: ov
defense: PA; (i=1or2)

AF(-—): assertion: PA— B
question: 0?
choice: P |4 — B PC (R)
attack: 04

defense: P B
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AF(R): assertion: Pa
question: O?
choice: P C onlyif O has asserted C — «a before

AF(Cut): statement: Oe
cut: PA
cut: 04

definitional reasoning: assertion: X a
attack: Y2 (onlyifa #T)
defense: X T; (X choosesi=1,...,k)

Conditions:

(D00’) 6(n)isa P-signed expression if 7 is even and an O-signed expression
if n is odd. The expression in §(0) is a (complex or atomic) formula.

(D01°) If (n) = [m, A] for even n, then the expression in d(m) is a complex
formula. If #(n) = [n — 1. A] for odd n. then the expression in
d(n — 1) is of the form | B| for a complex formula B. In both cases
d(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If n(p) = [n.D]. then n(n) = [m.A] for m < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

(D03°) If 5(n) = [m. Q] (for odd n), then for m < n the expression in J(m)
is a (complex or atomic) formula, (m) = [, Z]forl < m, Z = A.
D, C or Cut (where [ is empty if Z = Cut), and the expression in
d(n) is the question mark “?’.

(D04°) If y(n) = [m. C] (for even n), then n(m) = [[. Q] for | < m < n and
d(n) is the choice answering the question J(m) as determined by
the relevant argumentation form.

(D05°) If (n) = [Cut] for even n, then n(m) = [I. Z] (where [ is empty if
Z = Cut)for/ < m < nandé(n) is a formula (i.e., the cut formula).
If #(n) = [Cuf] for odd n. then #(m) = [Cut] and 6(n) = O A for

6(m) = P A (where m < n)

) =
(D11') If y(p) = [n.D] forodd n, n < n’ < p, n’ —nisevenand
n(n') = [m., A]. then there is a p’ such that n’ < p’ < p and
;7( p') = [n’. D]. That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.
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(D12') For every odd n there is at most one m such that #(m) = [n, D].
That is, an attack by O may be defended by P at most once.

(D14') O can question a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(D14*) O can attack a complex formula C if and only if (i) C has not yet
been asserted by O, or (ii) C has already been attacked by P.

(D15) If for an atom a there is a move (d(/) = O a,n(l) = [k, Z]), then
there is no attack (5(n) = O Z,5(n) = [m. A]) for6(m) = P a with
k <l < m < n. That is, O may attack an atom a by definitional
reasoning only if it has not been asserted by O before.

(S)  For any substitution ¢ of variables x, y.... by terms 7, the ap-
plication of definitional reasoning is restricted to the cases where
D(ac) C (D(a))o.

(E)  All moves (6(n),5n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
a question, an attack or a defense of the immediately preceding
move made by the proponent at position » — 1, or it is a cut move

withd(n) = O Aforé(n —1) =P A.

REMARK 5.5.2. By adding argumentation forms for the quantifiers V
and J following the schema of the argumentation forms given above for
the propositional case, EI°-dialogues (and their extension to definitional
dialogues just given) can be extended to first-order logic.

5.6. Hypothetical EI°-dialogues

One further step would be to extend EI°-dialogues to hypothetical
EI°-dialogues, that is, to EI°-dialogues which allow for a ‘database’ of
implications assumed to be asserted by the opponent before any initial move
is made at position 0.

Allowing for hypotheses can lead to problems; they have been pointed out
in Section 2.8 about hypothetical dialogues. The situation would be different,
however, for hypothetical EI°-dialogues. Whereas in the hypothetical
dialogues considered in Section 2.8 the proponent can attack hypotheses,
this is not possible in hypothetical EI°-dialogues. Here the proponent
cannot attack any implications asserted by the opponent (regardless of
whether they are asserted hypothetically or not), and the hypothetically
asserted implications can only be used as rules by the proponent in choice
moves which are made according to the rule condition (R). The problems
concerning hypothetical dialogues that we have described in Section 2.8
would thus be avoided.
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5.7. Summary

The proof-theoretic approach to implications as rules has been carried
over to the dialogical setting in the form of EI°-dialogues. These dialogues
differ in several respects from the dialogues considered before. One of the new
features is the addition of an argumentation form for cut. It could be shown
that EI°-provability is equivalent to LI°-provability. An adequate treatment
of implications as rules is thus not only possible in the proof-theoretic
approach, but can also be realized in the dialogical approach. Moreover, we
have proposed an extension of EI°-dialogues to definitional EI°-dialogues
with contraction, and we have finally sketched how EI°-dialogues could be
used for hypothetical reasoning when implications are given as hypotheses.
Implications as rules and their dialogical framework will be discussed further
in the concluding Chapter 6.






Chapter 6

CONCLUSION

We have developed dialogical foundations in the sense of formal dialogue
semantics for definitional reasoning and for implications as rules.

In comparison with the corresponding proof-theoretic approaches, certain
complications can be observed in the dialogical approaches.

For example, modifications concerning structural operations like thin-
ning or contraction can be implemented more easily in a proof-theoretic
environment using sequent calculus. This is due to the fact that the structural
operations are in sequent calculus explicitly given by structural rules like
(ThinF) and (Contr), whereas they are only implicitly given in dialogues.
Of course, this need not be seen as a defect of dialogues but can rather be
described as their strong point: argumentation forms are given only for the
logical constants, and everything else is—in part implicitly—dealt with by
the dialogue conditions.

It can also be observed that the EI°-dialogues for the interpretation
of implications as rules is not as straightforward as the corresponding
sequent calculus LI°, which can be read as the proof-theoretic semantics
for implications as rules. The definitions of LI° and LI? differ only in the
left implication introduction rule, whereas the definition of EI°-dialogues
differs quite a lot from the one for EI?-dialogues.”

One of the main differences between standard dialogues (like e.g. EI?-
dialogues) and EI°-dialogues is that the argumentation forms in the latter
are no longer symmetric with respect to proponent and opponent; that is,
the player independence of the argumentation forms that obtains in the
standard dialogues is given up in EI°-dialogues. Although proponent and
opponent are not interchangeable in standard dialogues due to the dialogue
conditions (cf. Remark 2.2.4), there is a perfect symmetry with respect to
the argumentation forms. Just attacks and defenses are defined, not different
ways of attacking and defending for proponent or opponent. If the idea of
having player independent argumentation forms is considered to be essential

#See also Piecha and Schroeder-Heister [2012] for what follows.
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in the dialogical paradigm, then giving it up may seem to amount to giving
up the dialogical setting itself as a foundational approach. However, from
the implications-as-rules point of view it could be argued that implication is
different from the other logical constants, and that this difference requires
an asymmetric treatment with respect to the argumentation forms.

As a consequence of this asymmetry in the treatment of implication
there is another asymmetry: In EI°-dialogues the proponent can defend an
assertion by means of the rule condition (R) independently of its logical
form. This is not possible in standard dialogues where a defense of an
assertion always depends on its logical form, and where formulas are always
decomposed into subformulas according to their logical form.

But certain tenets within the dialogical tradition—such as the player
independence of argumentation forms or the decomposition of formulas
according to their logical form—do not have to be taken as being essential
in dialogical approaches. Particularly not for implications as rules: Rules
are not logical constants but belong to the general structural framework that
underlies definitions of logical constants. !’ Given that the proponent has the
dialogical role of claiming something to hold, and the opponent the role of
providing the assumptions under which something is supposed to hold, the
implication-as-rule A — B means for the proponent that B must be defended
on the background A4, whereas the opponent only grants with 4 — B the
right to use this implication as a rule, without any propositional claim. This
is exactly what is captured in our E/°-dialogues for implications-as-rules.

A crucial aspect here is the significance which is given to modus ponens

A A— B
B
in general, and in natural deduction in particular. For the implications-
as-rules view, modus ponens is essential for the meaning of implication
as it expresses the idea of application, which is the characteristic feature
of a rule. As already mentioned in the introduction (see Chapter 1), in
natural deduction modus ponens can be understood as the application of
the implication 4 — B as a rule which allows us to infer B from 4.

The sequent calculus LI° can be viewed as a system representing the
idea of modus ponens at the sequent-calculus level via the left implication
introduction rule

-4
4A— B+-B

The standard interpretation of implication in the dialogical setting corre-
sponds instead to the symmetric sequent calculus LJ (as well as to our

(=F)°

10Cf. Schroeder-Heister [2007a]. de Campos Sanz and Piecha [2009a], [2009b] and Piecha
and de Campos Sanz [2010].
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related sequent calculi LI?, LI”, LI.) with the left implication introduction
rule
(o F I't4 B,ARC

N T A5 BArC
It is based on the ‘implications-as-links’ view, according to which an
implication 4 — B introduced by means of (— ) on the left side of the
sequent symbol, links an occurrence of 4 on the right side of the left premiss
with an occurrence of B on the left side of the right premiss of (— ).!% The
standard dialogical approach favors sequent-style reasoning in the sense of
(—F). The idea of implications-as-rules fits very well into natural-deduction
style reasoning with modus ponens. We have shown that the sequent-style
rendering of this kind of reasoning via the sequent calculus LI° can be fully
represented in the dialogical setting. That implications-as-rules received an
asymmetric treatment in our dialogical representation is not a defect of the
dialogical setting or of the modeled sequent calculus L/°; it are rather the
differences between natural deduction and the symmetric sequent calculus
which are reflected therein.

Another complication is introduced by the need of (a restricted version
of) cut in order to achieve full intuitionistic logic. This need is present in
both the proof-theoretic and the dialogical setting for implications-as-rules.
In the dialogical setting, however, the handling of cut is difficult and by far
not as plausible as in the proof-theoretic setting. For dialogues one has
to model the claim of the cut formula—made by both the proponent and
the opponent—according to the pattern of attack and defense as employed
in the other argumentation forms, although with slight deviations. The
addition of an argumentation form for cut might also be conceived as being
alien to the dialogical approach as such, as it has always been considered as
being cut-free per se (this is a legacy which dialogues share with tableaux:
cf. Section 2.9). But such a view proves to be too narrow from the perspective
of implications-as-rules if full intuitionistic logic is to be achieved.

Overall, this dissertation demonstrates that the dialogical framework is
versatile enough to cope with approaches like definitional reasoning and
implications-as-rules that have originally been developed in the realm of
proof-theoretic semantics. Certain complications on the dialogical side
have already been pointed out; one example were the structural operations,
whose dialogical representation renders investigations of substructural logics
more difficult than in a proof-theoretic setting. Leaving such questions of
practicality aside, more general arguments are needed if one wants to give
preference either to proofs or to dialogues as the appropriate foundational
approach.

101See Schroeder-Heister [2011b].






Appendix A

DEFINITIONS OF DIALOGUES AND SEQUENT

CALCULI

This appendix collects all definitions of dialogues and sequent calculi we

have made use of.

A.1. Dialogues

Dialogues are defined by the following argumentation forms and condi-

tions:

Argumentation forms:

negation —: assertion:

attack:
defense:

conjunction A: assertion:

attack:
defense:

disjunction V: assertion:

attack:
defense:

implication —: assertion:

attack:
defense:

Conditions:

X -4
YA
no defense

XA N Ay
Y A; (Y choosesi = 1ori =2)
X A,

XA,V A

Yv

X A; (X choosesi =1ori=2)
XA—B

YA

XB

(D00) 6(n) is a P-signed expression if n is even and an O-signed expression
if n is odd. The expression in 6(0) is a complex formula.

(DO1) If y(n) = [m, A]. then the expression in (m) is a complex formula
and & (n) is an attack on this formula as determined by the relevant
argumentation form.
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(D02) If #(p) = [n.D]. then n(n) = [m.A] for m < n < p and J(p)
is the defense of the attack J(n) as determined by the relevant
argumentation form.

A.2. DI?-dialogues

We add the following conditions to the definition of dialogues:

(D10) If, for an atomic formula a, 6(n) = P a, then there is an m such that
m < nand 6(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.

(D11) Ify(p) = [n.D].n < n' < p,n’ —niseven and 5(n’) = [m, A], then
there is a p’ such that n’ < p’ < p and n(p’) = [#’. D]. That is, if at
a position p — 1 there are more than one open attacks, then only
the last of them may be defended at position p.

(D12) For every m there is at most one n such that #(n) = [m. D]. That is,
an attack may be defended at most once.

(D13) If m is even, then there is at most one n such that #(n) = [m, 4].
That is, a P-signed formula may be attacked at most once.

A.3. Classical dialogues

We add the following conditions to the definition of dialogues:

(D10) If, for an atomic formula a, (n) = P a, then there is an m such
that m < n and 6(m) = Oa. That is, P may assert an atomic
formula only if it has been asserted by O before.

(D117) If 5(p) = [n.D] for even n. n < n’ < p. n’ — n is even and
n(n’) = [m. A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n’, D]. That s, if at a position p — 1 there are more than
one open attacks by P, then only the last of them may be defended
by O at position p.

(D127) For every even m there is at most one n such that #(n) = [m, D].
That is, an attack by P may be defended by O at most once.

(D13) If m is even, then there is at most one # such that #(n) = [m, A4].
That is, a P-signed formula may be attacked at most once.

A.4. DI’-dialogues

We add the following conditions to the definition of dialogues:
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(D10) If, for an atomic formula a, 6(n) = P a, then there is an m such that
m < nand é(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.

(D11) Ify(p) = [n.D].n < n' < p,n’ —niseven and #(n') = [m, A], then
there is a p’ such that n’ < p’ < p and n(p’) = [#’, D]. That is, if at
a position p — 1 there are more than one open attacks, then only
the last of them may be defended at position p.

(D12) For every m there is at most one n such that #(n) = [m. D]. That is,
an attack may be defended at most once.

(D13) If m is even, then there is at most one n such that #(n) = [m, A4].
That is, a P-signed formula may be attacked at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

A.5. EI?-dialogues

We add the following conditions to the definition of dialogues:

(D10) If, for an atomic formula a, 6(n) = P a, then there is an m such that
m < nand é(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.

(D11) Ify(p) =[n,D].n < n' < p,n’ —niseven and 5(n') = [m, A], then
there is a p’ such that n’ < p’ < p and 5(p’) = [#’. D]. That is, if at
a position p — 1 there are more than one open attacks, then only
the last of them may be defended at position p.

(D12) For every m there is at most one n such that #(n) = [m. D]. That is,
an attack may be defended at most once.

(D13) If m is even, then there is at most one n such that #(n) = [m, 4].
That is, a P-signed formula may be attacked at most once.

(E)  All moves (6(n),n(n)) for n odd are of the form (6(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position # is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

Since condition (E) implies condition (D13), and (E) furthermore
implies (D11) respectively (D12) for odd p respectively for odd n, EI”-
dialogues can also be defined as follows:

(D10) If, for an atomic formula a, d(n) = P a, then there is an m such that
m < nand §(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.
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(D11')

(D12))
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If n(p) = [n.D] for odd n, n < n’ < p, n’ — n is even and
n(n") = [m, A, then there is a p’ such that n’ < p’ < p and
n(p') = [n'. D). That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

For every odd m there is at most one 7 such that #(n) = [m, D].
That is, an attack by O may be defended by P at most once.

All moves (6(n),n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

A.6. EI’-dialogues

We add the following conditions to the definition of dialogues:

(D10)

(D11")

(D12

(D14)

If, for an atomic formula a, d(n) = P a, then there is an m such that
m < nand d(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.

If (p) = [n.D] for odd n. n < n’ < p, n’ — n is even and
n(n') = [m, A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n', D]. That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

For every odd m there is at most one 7 such that #(n) = [m, D].
That is, an attack by O may be defended by P at most once.

O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

All moves (6(n).n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

A.7. Hypothetical dialogues

See Section 2.8.
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A.8. The sequent calculus LI?

The sequent calculus LI? for intuitionistic propositional logic consists
of the following rules, where I and A are finite multisets of formulas (the
comma in antecedents of sequents stands for multiset union, and singletons
are written without braces):

Axiom
(Id,) T4 (where « is atomic)
Logical rules
THA A+
LAEC (i TrdA AFB
(A}_)W(Z_l’z) ILAFAAB (FA)
I'AFC A, B-C i o
VR =T A avBrc rra,va FVi=12)
I't4 A,BFC T.A-B
GO FAdsBrC rrasg )
Structural rules
iy TEC Tk Thi
(ThinF) T AFC Tr 4 (- Thin)
T4, A-C
(Contr)m

'c4 A A-B
I'AFB

(Cut)

A.9. The sequent calculus LI?

The sequent calculus LI? with atomic or complex initial sequents for
intuitionistic propositional logic is defined as LI? but without the axiom
being restricted to atomic formulas (as in LI?, T and A are finite multisets of
formulas, the comma in antecedents of sequents stands for multiset union,
and singletons are written without braces):
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Axiom
(Id) 14 (A atomic or complex)
Logical rules
THA r.4r-

Lol e Frog (F)
L.4i-C T-A4  AFB
(A}_)F,Al/\Azl—C (l 1’2) ILAFAAB ( /\>
I'A-C A,B-C I'HA; o
VO TF A AvBFC Fra, vV i@=12)

I't4A A, BFC T.A-B
ST AAoBrC rasg )
Structural rules
ey TEC TE
(Thint) =4-¢ 4 (- Thin)
T4, A-C
(Contr)m

'c4 A A-B
I'AFB

(Cut)

A.10. Contraction-free EI?-dialogues

Contraction-free EI?-dialogues are obtained by adding the following
condition to the definition of EI?-dialogues:

(D13*) For any move (6(k) = O A.n(k) = [j, Z]) there is at most one
move of the form (6(/) = Pe,n(l) = [k, A]) or (5(/) = P A,
n(l) =i, Z]), where j < k <[l and i < [. That is, each assertion
of an O-signed formula may be used by P at most once.

Contraction-free EI?-dialogues are thus defined by the conditions (D00),
(DO01), (D02), (D10), (D11'), (D12'), (D13*). (D14) and (E). with the
argumentation forms as given for dialogues.



A.13. FORMAL DIALOGUES (FOR FIRST-ORDER LOGIC) 169
A.11. Contraction-free DI?-dialogues

Contraction-free DI -dialogues are obtained by adding the following
condition to the definition of DI?-dialogues:

(D13*) For any move (6(k) = O A.n(k) = [j, Z]) there is at most one
move of the form (6(/) = Pe,n(l) = [k, A]) or (5(/) = P A,
n(l) =i, Z]), where j < k <[l and i < [. That is, each assertion
of an O-signed formula may be used by P at most once.

Contraction-free DI?-dialogues are thus defined by the conditions (D00),
(DO1), (D02), (D10), (D11), (D12), (D13), (D13*) and (D14), with the
argumentation forms as given for dialogues.

A.12. Dialogues for first-order logic

We add argumentation forms for the quantifiers V and 3:

universal quantifier V: assertion: X VxA(x)
attack: Yt (Y chooses the term ¢)
defense: X A(x)[t/x]

existential quantifier 3: assertion: X IxA4(x)
attack: Y 3
defense: X A(x)[t/x] (X chooses the term 7)

where [#/x] is the substitution of the term 7 for the variable x, and A(x)[#/x]
is the result of substituting ¢ for all occurrences of x in A. This substitution
instance is also written A4(z).

Dialogues and strategies for first-order logic are defined as propositional
dialogues and strategies extended by the argumentation forms for V and 3.

A.13. Formal dialogues (for first-order logic)

We define formal argumentation forms for the quantifiers V and 3 as
follows:

(P V-form): assertion: PVxA(x)

attack: Oy (with eigenvariable condition)
defense: P A(x)[y/x]

(O V-form): assertion: OVxA(x)
attack: Pt
defense: O A(x)[t/x]
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(P 3-form): assertion: P 3xA(x)
attack: Ot
defense: P A(x)[t/x]

(O 3-form): assertion: O IxA(x)
attack: P 3
defense: O A(x)[y/x] (with eigenvariable condition)

where the eigenvariable condition is that y does not occur free in an expression
(i.e. in an assertion or in a symbolic attack) before. That is, the move
(0(n) = 0 y.n(n) = [m. A]). respectively the move (6(n) = O A(x)[y/x].
n(n) = [m, D]). is only possible if y does not occur free at positions k < n.

A dialogue constructed in accordance with the formal argumentation
forms is called formal dialogue. A formal dialogue tree is a tree whose
branches contain as paths all possible formal dialogues for a given formula.
P wins a formal dialogue for a formula A if the formal dialogue is finite,
begins with the move P 4 and ends with a move of P such that O cannot
make another move.

A formal dialogue is called DI-dialogue if it satisfies the conditions
(D00)—(D02) and (D10)—(D13) as given in Definitions 2.1.6 (see also
Section A.1) and 2.2.1 (see also Section A.2).

A DI -dialogue is a DI-dialogue that satisfies the additional condition
(D14) as given in Definition 2.5.1 (see also Section A.4).

A formal dialogue is called El-dialogue if it satisfies the conditions
(D00)—(D02). (D10)—(D13) and (E) as given in Definitions 2.1.6, 2.2.1
(see also Sections A.1 and A.2) and 2.6.1 (see also Section A.5).

A formal dialogue is called El.-dialogue if it satisfies the following
conditions:

(D00) 6(n)isa P-signed expression if 7 is even and an O-signed expression
if  is odd. The expression in 6(0) is a complex formula.

(DO1) Ifn(n) = [m, A]. then the expression in §(m) is a complex formula
and J(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If y(p) = [n, D], then 5(n) = [m, A] for m < n < p and é(p)
is the defense of the attack d(n) as determined by the relevant
argumentation form.

(D10) If, for an atomic formula a, d(n) = P a, then there is an m such that
m < nand §(m) = O a. That is, P may assert an atomic formula
only if it has been asserted by O before.
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(D11") If y(p) = [n.D] for odd n. n < n’ < p. n’ — n is even and
n(n') = [m, A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n’. D). That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12") For every odd m there is at most one n such that #(n) = [m. D].
That is, an attack by O may be defended by P at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(E)  All moves (6(n),5n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

A formal strategy for a formula A is a subtree S of the formal dialogue
tree for 4 such that S does not branch at even positions, all branches of
S are formal dialogues for 4 won by P, and S has as many nodes at odd
positions as there are possible moves for O, with the following exceptions:
Only one node at odd positions # has to be considered if

(i) (0(n) = 0 A(x)[y/x].n(n) = [m. D]) for (6(m) = P3,n(m) = [I. 4]).
That is, O is defending an attack P 3 according to the formal argumen-
tation form (O 3-form).

(i) (6(n) = O y,n(n) = [m, A]). That is, O makes an attack move O y
according to the formal argumentation form (P V).

(iii) (6(n) = Ot,n(n) = [m, A]). That is, O makes an attack move O ¢
according to the formal argumentation form (P 3-form).

A.14. The sequent calculus L/

The sequent calculus LI for intuitionistic first-order logic is the proposi-
tional calculus LI” with additional left and right introduction rules for the
quantifiers V and 3. I and A are finite multisets of formulas. The comma
in antecedents of sequents stands for multiset union, and singletons are
written without braces. We give the whole calculus LI, repeating the rules
of LI7:

Axiom

(Id,) Ta (where a is atomic)

(cont’d on next page)
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Propositional logical rules

I'-4 I'AF
CH F=ar a7
rA-c . -4 AFB
W) s A aFe (=12 FAFAAB TN
ILAFC A BFC T 4, o
VE) =T A 4vBEC rra,va T Vi=12)
I'4A A BHC I'A-B
CHTFAisBrC rrasg )
First-order logical rules
T A()F B THA(y)
Wh) 2 — 2V by
( ) FvxA)F B Trvad(n) ")
(y does not occur free in I)
I'Ay)-C I'-A(z
(EII—)L 7()0_3)
I 3IxA(x)FC I'-3xA(x)
(y does not occur freein I, C)
Structural rules
. I'-C I'H .
I'4A,A-C
(Contr)m

I'FA A AFB
I AFB

(Cut)

A.15. The sequent calculus LI,

The sequent calculus LI, with atomic or complex initial sequents for
intuitionistic first-order logic is defined as LI but without the axiom being
restricted to atomic formulas (as in LI, I" and A are finite multisets of
formulas, the comma in antecedents of sequents stands for multiset union,
and singletons are written without braces):
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Axiom

(Id) 14 (A atomic or complex)

Propositional logical rules
-4 [LAF

SRl sy 1= a7
I4;-C I'4 AFB
_ At ird4 AvFL
WO g (=12 TArang M
IA-C A BFC I'FA4; .
VR =F R avErc v Y i=12)
I't4 A BFC I'A-B
P T AdA5BrC rrasg )
First-order logical rules
I A(t)-B I'-A(y)
Vb)) ————— —— (FV
( )F,VxA(x)I—B FI—VxA(x)( )
(y does not occur free in I)
IA(y)-C Az
(EH—)L 7()('_3)
I'3xA(x)-C F3xA(x)
(y does not occur freein ", C)
Structural rules
. r=C '+ .
(Thint) FAFC Trd (- Thin)
4, A-C
(Contr)m

'4 A A-B
I'’AFB

(Cut)

A.16. The sequent calculus LI.(D)

For any given definition D, the sequent calculus LI.(D) for intuitionistic
first-order logic over D 1is:
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Axiom

(Id) 14 (A atomic or complex)

Propositional logical rules
-4 4+

CH F—aF -4 )
r.Arc . [FA AFB
WO dagmre (=12 rarang "M
[LAFC A BFC Tk A4; o
VP =F A avBrC v TV i=12)
I't4 A BEC I'A-B
CPFAaSBrC rrasg )
First-order logical rules
I A(t)F B THA~y)
wh) D E2 2y
( )F,VxA(x)I—B FI—VxA(x)( )
(y does not occur free in I)
I'. A4 FC I'—A(t
(;”_)L 40_3)
I3xA(x)FC I'-3xA(x)
(y does not occur free in I, C)
Structural rules
. I'C I'H .
I'A,A-C
(COHU‘)W

I'FA A AFB
I’ AFB

(Cut)

(cont’d on next page)
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Definitional rules
AFBlec ... AFBlo
AFac

(+FD

{A.TicEC |b<T; €Danda = bo}
AakC
(where D(ac) C (D(a))o)

(DF)

A.17. Preliminary definitional dialogues

Preliminary definitional dialogues are EI.-dialogues where the following
changes are made.

Conditions (D00) and (DO01) are replaced by the following conditions
(D00") and (DO1’), respectively, where the restriction of the expressions
in 6(0) and §(m) to complex formulas is discarded; that is, a definitional
dialogue can start with the assertion of an atomic formula, and atomic
formulas can be attacked:

(D00’) 6(n)isa P-signed expression if 7 is even and an O-signed expression
if 7 is odd. The expression in §(0) is a (complex or atomic) formula.

(DO1") If #(n) = [m, A], then the expression in d(m) is a formula and
d(n) is an attack on this formula as determined by the relevant
argumentation form.

Condition (D02) remains without change:

(D02) If n(p) = [n. D]. then n(n) = [m.A] for m < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

Condition (D10) is omitted altogether, so that P can now assert atomic
formulas without O having asserted them before. Conditions (D117), (D12'),
(D14) and (E) remain without change:

(D11") If y(p) = [n.D] for odd n. n < n’ < p. n’ — n is even and
n(n’) = [m., A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n’. D]. That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12') For every odd m there is at most one n such that #(n) = [m, D].
That is, an attack by O may be defended by P at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.
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(E)  All moves (6(n),n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at positionn — 1.

The following proviso for applications of definitional reasoning in the
presence of variables is added:

(S) For any substitution ¢ replacing variables x, y,... by terms ¢, the
application of definitional reasoning with attack move P & is restricted
to the cases where D(ac) C (D(a))o.

Thus (preliminary) definitional dialogues are defined by the conditions
(DO0'). (DO1"), (D02), (D117). (D12'), (D14), (S) and (E). with the
additional argumentation form of definitional reasoning. Given en bloc:

Argumentation forms:

negation —: assertion: X —A4
attack: Y A
defense: no defense
conjunction A: assertion: X A; A A,
attack: Y A; (Y choosesi = 1 or2)
defense: X A4;
disjunction V: assertion: X 4V A,
attack: Yv
defense: X A4; (X choosesi =1 or2)
implication —: assertion: X A — B
attack: YA
defense: X B
(P V-form): assertion: PVxA(x)
attack: Oy (y not free before)
defense: P A(x)[y/x]
(O V-form): assertion: OVxA(x)
attack: Pt
defense: O A(x)[t/x]
(P 3-form): assertion: P 3IxA(x)
attack: Ot
defense: P A(x)[t/x]
(O 3-form): assertion: O IxA(x)
attack: P4

defense: O A(x)[y/x] (y not free before)
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definitional reasoning: assertion: X a
attack: Y 9 (onlyifa # T)
defense: X T (X choosesi =1,....k)

Conditions:

(D00") 6(n)isa P-signed expression if 7 is even and an O-signed expression
if 7 is odd. The expression in 4(0) is a (complex or atomic) formula.

(DO1") If #(n) = [m, A], then the expression in é(m) is a formula and
d(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If n(p) = [n.D]. then n(n) = [m.A] for m < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

(D11) Ify(p) = [n.D],n < n' < p,n’ —niseven and n(n’) = [m, 4],
then there is a p’ such that n’ < p’ < p and 5(p’) = [n’. D]. That
is, if at a position p — 1 there are more than one open attacks, then
only the last of them may be defended at position p.

(D12) For every m there is at most one n such that 7(n) = [m. D]. That is,
an attack may be defended at most once.

(D13) 1If m is even, then there is at most one n such that (n) = [m, A4].
That is, a P-signed formula may be attacked at most once.

(D14) O can attack a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(S)  For any substitution ¢ replacing variables x, y,... by terms ¢,
the application of definitional reasoning with attack move P & is
restricted to the cases where D(ac) C (D(a))o.

A.18. Definitional dialogues

Definitional dialogues are defined by adding to the preliminary definition
of definitional dialogues the following condition:

(D15) If for an atom a there is a move (3(/) = O a,n(l) = [k, Z]), then
there is no attack (6(n) = O &, n(n) = [m, A)) for 6(m) = P a with
k <l < m < n. That is, O may attack an atom «a by definitional
reasoning only if it has not been asserted by O before.

Furthermore, condition (D 14) is replaced by the following condition (D 14*)
which is (D14) restricted to complex formulas:
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(D14*) O can attack a complex formula C if and only if (i) C has not yet
been asserted by O, or (ii) C has already been attacked by P.

Definitional dialogues are thus defined as follows:

Argumentation forms:

negation —: assertion: X —A4
attack: YA
defense: no defense
conjunction A: assertion: X 4A; A A,
attack: Y A; (Y choosesi = 1 or 2)
defense: X A4;
disjunction V: assertion: X A,V A,
attack: Yv
defense: X A; (X choosesi =1 or2)
implication —: assertion: X 4 — B
attack: Y A
defense: X B
(P V-form): assertion: PVxA(x)
attack: Oy (y not free before)
defense: P A(x)[y/x]
(O V-form): assertion: OVxA(x)
attack: Pt
defense: O A(x)[t/x]
(P 3-form): assertion: P 3xA(x)
attack: Ot
defense: P A(x)[t/x]
(O 3-form): assertion: O IxA(x)
attack: P13

defense: O A(x)[y/x] (y not free before)
definitional reasoning: assertion: X a

attack: Y 9 (onlyifa # T)

defense: X T; (X choosesi =1,....k)

Conditions:

(D00") 6(n)isa P-signed expression if 7 is even and an O-signed expression
if n is odd. The expression in 6(0) is a (complex or atomic) formula.

(DO1") If n(n) = [m. A]. then the expression in é(m) is a formula and
d(n) is an attack on this formula as determined by the relevant
argumentation form.
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(D02) If n(p) = [n.D]. then n(n) = [m.A] for m < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

(D11") If y(p) = [n.D] for odd n. n < n’ < p. n’ — n is even and
n(n') = [m., A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n’. D). That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12") For every odd m there is at most one n such that 5(n) = [m. D].
That is, an attack by O may be defended by P at most once.

(D14*) O can attack a complex formula C if and only if (i) C has not yet
been asserted by O, or (ii) C has already been attacked by P.

(D15) If for an atom a there is a move (0(/) = O a,n(l) = [k, Z]), then
there is no attack ((n) = O 2 ,5(n) = [m. A]) for6(m) = P a with
k <l < m < n. That is, O may attack an atom « by definitional
reasoning only if it has not been asserted by O before.

(S) For any substitution ¢ replacing variables x, y,... by terms ¢,
the application of definitional reasoning with attack move P & is
restricted to the cases where D(ac) C (D(a))o.

(E)  All moves (6(n),5n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either
an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

A.19. Definitional dialogues without contraction

Contraction-free definitional dialogues are definitional dialogues where

the following condition (D13*) is added:

(D13*) For any move (6(k) = O A.n(k) = [j, Z]) there is at most one
move of the form (6(/) = Pe,n(l) = [k, A]) or (5(/) = P A,
n(l) =i, Z]), where j < k <[l and i < [. That is, each assertion
of an O-signed formula may be used by P at most once.

Contraction-free definitional dialogues are thus defined by the conditions

(DO0'). (DO1), (D02), (D11"), (D12'), (D13*), (D14*). (D15). (S) and

(E), with the argumentation forms as given for definitional dialogues.

A.20. Definitional dialogues with restricted contraction

See Section 4.5.
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A.21. Kreuger-restricted definitional dialogues

For a set U of atoms a which are not defined by a given definition D, that
is, ford := {a | (a < T) ¢ D for any atoms « and defining conditions I'},
the Kreuger-restricted definitional dialogues are defined by the following
argumentation forms and conditions:

Argumentation forms:

negation —: assertion: X —A4
attack: YA
defense: no defense
conjunction A: assertion: X 4; A Ay
attack: Y A; (Y choosesi = 1 or 2)
defense: X A4;
disjunction V: assertion: X A,V A4,
attack: Yv
defense: X A; (X choosesi =1 or2)
implication —: assertion: X A — B
attack: Y A
defense: X B
(P V-form): assertion: PVxA(x)
attack: Oy (y not free before)
defense: P A(x)[y/x]
(O V-form): assertion: OVxA(x)
attack: Pt
defense: O A(x)[t/x]
(P 3-form): assertion: P 3xA(x)
attack: Ot
defense: P A(x)[t/x]
(O 3-form): assertion: O IxA(x)
attack: P4

defense: O A(x)[y/x] (y not free before)

definitional reasoning: assertion: X a
attack: Y 9 (onlyifa #T)
defense: X T; (X choosesi =1,..., k)

Conditions:

(D00") 6(n)isa P-signed expression if 7 is even and an O-signed expression
if 7 is odd. The expression in 6(0) is a (complex or atomic) formula.
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If #(n) = [m, A]. then the expression in é(m) is a formula and
d(n) is an attack on this formula as determined by the relevant
argumentation form.

If n(p) = [n. D). then (n) = [m, A] form < n < p and é(p)
is the defense of the attack J(n) as determined by the relevant
argumentation form.

(D10*) If, for an atomic formula a € U, 5(n) = P a for n # 0, then there

(D11)

(D12')

(D15)

is an m such that m < n and 6(m) = O a. That is, P may assert
an atomic formula a, which has been asserted by O before, only if
acl.

If (p) = [n.D] for odd n, n < n’ < p, n’ — n is even and
n(n') = [m, A, then there is a p’ such that n’ < p’ < p and
n(p') = [n’. D]. That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

For every odd m there is at most one 7 such that #(n) = [m, D].
That is, an attack by O may be defended by P at most once.

If for an atom a there is a move (5(I) = O a,n(l) = [k, Z]), then
there is no attack (5(n) = O Z,5(n) = [m. A]) for6(m) = P a with
k <l < m < n. That is, O may attack an atom « by definitional
reasoning only if it has not been asserted by O before.

For any substitution ¢ replacing variables x, y,... by terms ¢,
the application of definitional reasoning with attack move P & is
restricted to the cases where D(ac) C (D(a))o.

For (6(m) = Oa,n(m) = [I.Z]) and a € U there is no attack
(0(n) = PZ.,n(n) = [m, A]) for I < m < n. That is, P may attack
an atom a by definitional reasoning only if @ ¢ U.

All moves (6(n),n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position 7 is either

an attack or a defense of the immediately preceding move made by
the proponent at position n — 1.

A.22. The sequent calculus LI°

The sequent calculus LI° for intuitionistic propositional logic consists
of the following rules (where I" and A are finite multisets of formulas; the
comma in antecedents of sequents stands for multiset union, and singletons
are written without braces):
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Axiom

(Id) 14 (A atomic or complex)

Logical rules

=F) rtf - rr L{; (=)
(/\P)%(izlﬂ) %(M)
WA AR T oy
(=F)° F,Ar:gl—B rrﬁj:BB (F=)
Structural rules
(Thin k) % % (- Thin)
(Contr) %

I'FA A AFB
I AFB

(Cut)

A.23. EI°-dialogues

EI°-dialogues are defined by the following argumentation forms and
conditions:

Argumentation forms for assertions made by O:
AF(=F): assertion: O -4

attack: P A
defense: no defense

AF(AF): assertion: O Ay A A
attack: P A; (P choosesi =1ori =2)
defense: O A4;



AF(VI): assertion:
attack:
defense:

AF(—1)°: assertion:
attack:
defense:

A.23. EI°-DIALOGUES 183

OA|V A
PV
0 A; (O choosesi =1ori =2)

OA— B
no attack
no defense

The argumentation forms for assertions made by the proponent P are
formulated with the following rule condition

(R) P may answer a question O ? on a formula D by choosing C only if O
has asserted the formula C — D before.

AF(--): assertion:
question:
choice:
attack:
defense:

AF(FA):  assertion:
question:
choice:
attack:
defense:

AF(-V): assertion:
question:
choice:
attack:
defense:

AF(-—): assertion:
question:
choice:
attack:
defense:

P-4
0?
P|-A| PC (R)
04
no defense
PANA
0?
P A N A PC (R)
ON (i=1lor2)
PA;
P AV A,
0?
P|A1\/A2‘ PC (R)
ov
P4; (i=1lor2)
PA— B
0?
P|A — B| PC (R)
04
PB

For assertions of atomic formulas ¢ made by the proponent P an argumen-
tation form is given by the rule condition (R) itself:

AF(R): assertion:
question:
choice:

Pa
0?
P C onlyif O has asserted C — a before
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By the following argumentation form AF(Cut) any expression e (i.e.,
question, symbolic attack or formula) stated by O can be attacked with the
move P A, and this attack can then be defended with the move O A4:

AF(Cut): assertion: Oe
attack: PA
defense: O A4

The conditions for EI°-dialogues are the following:

(D00") J(n)isa P-signed expression if 7 is even and an O-signed expression
if n is odd. The expression in §(0) is a (complex or atomic) formula.

(D01°) Ify(n) = [m. A] for even n, then the expression in §(m) is a complex
formula. If #(n) = [n — 1, A] for odd n, then the expression in
d(n — 1) is of the form | B| for a complex formula B. In both cases
d(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If #(p) = [n. D], then n(n) = [m. A] for m < n < p and é(p)
is the defense of the attack J(n) as determined by the relevant
argumentation form.

(D03°) If y(n) = [m. Q] (for odd n), then for m < n the expression in §(m)
is a (complex or atomic) formula, #(m) = [I. Z] for [ < m. Z = A,
D. C or Cut (where [ is empty if Z = Cut), and the expression in
&(n) is the question mark “?".

(D04°) If #(n) = [m, C] (for even n), then y(m) = [[.Q] forl < m < n
and & (n) is the choice answering the question J(m) as determined
by the relevant argumentation form.

(D05°) If (n) = [Cut] for even n, then n(m) = [I, Z] (where [ is empty if
Z = Cut)for! < m < nandd(n)is a formula (i.e., the cut formula).
If #(n) = [Cur] for odd n, then (m) = [Cut] and 6(n) = O A for
6(m) =P A (where m < n).

(D11") If y(p) = [n.D] forodd n, n < n’ < p, n’ — n is even and
n(n') = [m. A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n’, D). That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12) For every odd m there is at most one n such that #(n) = [m, D].
That is, an attack by O may be defended by P at most once.

(D14') O can question a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.
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(E) All moves (5(n),n(n)) for n odd are of the form (6(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position # is either
a question, an attack or a defense of the immediately preceding

move made by the proponent at position # — 1, or it is a cut move
withd(n) = O Aforé(n —1) =P A.

A.24. EI°-dialogues extended to definitional dialogues
with contraction

The extension of EI°-dialogues to definitional dialogues with contraction
is given as follows:
Argumentation forms:

AF(=F): assertion: O -4
attack: P A
defense: no defense

AF(AF): assertion: O A; A A

attack: P A; (P choosesi = lori =2)
defense: O A4;
AF(VF): assertion: O 4y V A
attack: PV
defense: O A4; (O choosesi =1ori =2)

AF(—1)°: assertion: O A — B
attack:  no attack
defense: no defense

AF(F-): assertion: P-4
question: 0?
choice: P |-A| PC (R)
attack: 04
defense:  no defense

AF(-A):  assertion: PA N A
question: 0?
choice: P |A4; A A5 PC (R)

attack: OA;, (i=1or2)
defense: P A;
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AF(-V): assertion: P AV A,
question: 0?
choice: P |A4;V A4,| PC (R)
attack: ov

defense: PA; (i=1o0r2)

AF(-—): assertion: PA— B
question: 0?
choice: P |4 — B PC (R)
attack: 04
defense: P B

AF(R): assertion: Pa
question: O?
choice: P C onlyif O has asserted C — a before

AF(Cut): statement: Oe
cut: PA
cut: 04

definitional reasoning: assertion: X a
attack: Y2 (onlyifa #T)
defense: X T; (X choosesi=1,..., k)

Conditions:

(DO0’) 6(n)isa P-signed expression if 7 is even and an O-signed expression
if 7 is odd. The expression in §(0) is a (complex or atomic) formula.

(DO01°) If y(n) = [m, A] for even n, then the expression in §(m) is a complex
formula. If #(n) = [n — 1, A] for odd n. then the expression in
d(n — 1) is of the form |B| for a complex formula B. In both cases
d(n) is an attack on this formula as determined by the relevant
argumentation form.

(D02) If n(p) = [n.D]. then n(n) = [m.A] form < n < p and é(p)
is the defense of the attack &(n) as determined by the relevant
argumentation form.

(D03°) If 7(n) = [m. Q] (for odd n). then for m < n the expression in & (m)
is a (complex or atomic) formula, n(m) = [[. Z]for I < m, Z = A.
D. C or Cut (where [ is empty if Z = Cut), and the expression in
d(n) is the question mark “?’.
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(D04°) If 57(n) = [m. C] (for even n). then (m) = [[, Q] for [ < m < n and
d(n) is the choice answering the question J(m) as determined by
the relevant argumentation form.

(D05°) If (n) = [Cut] for even n, then n(m) = [I. Z] (where [ is empty if
Z = Cut)for/ < m < nandé(n) is a formula (i.e., the cut formula).
If #(n) = [Cuf] for odd n. then #(m) = [Cut] and 6(n) = O A for

6(m) = P A (where m < n).

) =
(D11") If y(p) = [n.D] for odd n. n < n’ < p. n’ — n is even and
n(n’) = [m, A]. then there is a p’ such that n’ < p’ < p and
n(p') = [n’. D]. That is, if at a position p — 1 there are more than
one open attacks by O, then only the last of them may be defended
by P at position p.

(D12") For every odd m there is at most one n such that #(n) = [m. D].
That is, an attack by O may be defended by P at most once.

(D14') O can question a formula C if and only if (i) C has not yet been
asserted by O, or (ii) C has already been attacked by P.

(D14*) O can attack a complex formula C if and only if (i) C has not yet
been asserted by O. or (ii) C has already been attacked by P.

(D15) If for an atom a there is a move (0(/) = O a,n(l) = [k, Z]), then
there is no attack ((n) = O Z,5(n) = [m, A]) ford(m) = P a with
k <l < m < n. That is, O may attack an atom «a by definitional
reasoning only if it has not been asserted by O before.

(S) For any substitution ¢ replacing variables x, y,... by terms ¢,
the application of definitional reasoning with attack move P & is
restricted to the cases where D(ac) C (D(a))o.

(E)  All moves (6(n),n(n)) for n odd are of the form (5(n),n(n) =
[n — 1, Z]). That is, an opponent move made at position # is either
a question, an attack or a defense of the immediately preceding

move made by the proponent at position n — 1, or it is a cut move
withd(n) = O Afordé(n —1) =

A.25. Hypothetical EI°-dialogues

See Section 5.6.
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complex, 2

f-signed, 28

non-atomic, 2

regular, 30

special, 30

t-signed, 28
frame rules (Rahmenregeln), see dia-

logue conditions

function symbol, 94

G3i, 46

general rules of the game (‘allge-
meine Spielregeln’), see argu-
mentation forms

Gentzen-tableau-provable, 34

Gentzen-tableaux, 33

head of a definitional clause, 95

hypothesis, 24

hypothetical
dialogue, 24-27, 166
DI?-dialogue, 25
EI°-dialogue, 156, 187

IBMR, see intuitionistic branch mo-
dification rule
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implications as rules, 125
implicit contraction, 43, 71, 72, 117,
119

implicit exchange, 71

implicit thinning, 43

import theorem, 113

index, 201-206

individual constant, 94

intuitionistic branch modification
rule (IBMR), 30

intuitionistic logic
first-order, 16, 76, 82
propositional, 8, 46, 127

Ipse dixisti!-remark, 21

Kreuger-restricted definitional dia-
logues, 122, 180

Kripke semantics, 36

Kripke-frame, 38

Kripke-model, 38

Kripke-valid, 39

language, 5, 28, 130
first-order, 76, 94
left introduction rules, 47
LI 82 171
LI 83,172
LI.(D).99.173
LI? 46,167
LI, 48,167
LI?-derivation, 45, 50
LI?-provability, 49
LI?-provable, 49
LI°, 127,181
LJ, 16
logic program, 96
see also definition
see also program
logic programming, 2, 93, 126
logical consequence relation, 29, 112
logical constants, 5, 76
BHK interpretation of, 7
meaning of, 15

INDEX

regular, 30
special, 30
logical rules
of dialogues, see argumentation
forms
of sequent calculi, see sequent cal-
culus

meaning of logical constants, 15
modus ponens, 2, 113, 126, 160
most general unifier, 97
move, 7, 132

attack, 7, 132

choice, 130, 132, 154

cut, 132

defense, 7, 132

question, 130, 132, 154

natural deduction, 2, 126, 160
negation as finite failure, 111
non-atomic formula, 2

O-signed expression, 5
open analytic tableau, 29
open at position k, 8
open branch, 28
opponent, 5

P wins a dialogue, 10
P wins a formal dialogue, 79, 170
P-signed expression, 5
paradox
Curry’s, 112
Russell’s, 112
particle rules (‘Partikelregeln’), see
argumentation forms
path, 11
Peirce’s law, 13
player independence of argumenta-
tion forms, 9, 92, 129, 159
positions, 7
possible situation after d, 58
first-order, 86



INDEX

possible world, 38
predicate symbol, 94
preliminary definitional dialogues,
101, 175
principle of definitional closure, 98
principle of definitional reflection, 98
program, 96
definite Horn clause, 93
Horn clause
generalized, 93
see also definition
proponent, 5
propositional logic
intuitionistic, 8, 46, 127
proviso
for definitional reasoning, 102, 176
for the principle of definitional re-
flection, 98

question, 130, 154
question move, 132

regular formula, 30

regular logical constants, 30
relation symbol, 94

right introduction rules, 47
rule condition, 183
Russell’s Paradox, 112

semantics
BHK, 7, 15
constructive, 7
falsificationist, 15
formal dialogue, 15, 46, 123, 159
justificationist, 15
Kripke, 36
pragmatist, 15
proof-theoretic, 15
verificationist, 15
sequent calculus
derivation, 47
for intuitionistic logic, see LI, LI°,
LI.. LI.(D), LI?, LIY, LJ
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set of defining conditions, 95
situation after d, 50, 71
first-order, 85
special formula, 30
special logical constants, 30
special rules of the game (‘spezielle
Spielregeln’), see dialogue con-
ditions
special symbol, 5, 76, 130
standard dialogues, 8
state, 38
strategy, 11
first-order, 77, 169
formal, 80, 171
propositional, 11
structural operation, 25, 43, 71, 159
see also contraction, cut, exchange,
thinning
structural reasoning, 71-76
structural rules
of dialogues, see dialogue condi-
tions
of sequent calculi, see sequent cal-
culus
subformula property, 128
substitution, 97, 98, 102, 103, 116,
156, 176, 177, 179, 181, 187
substrategy, 59, 125, 139
subtree, 11
symbolic attack, 5, 76

t-signed formula, 28
TA?-provable, 29
tableaux, 161

analytic, 28

Beth-, 30

closed, 42

for classical logic, 28

for intuitionistic logic, 30

Gentzen-, 33

open, 42
TB?-provable, 30
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term, 76, 94
tertium non datur, 13, 17, 18, 37
TGP-provable, 34
thinning, 25, 43
implicit, 43
twofold use, 72, 117
see also implicit contraction

unifier, 97

INDEX

variable, 76, 94

bound, 76

free, 76

substitution of, 98, 102
verum, 95

weak counterexample, 37
weak cut elimination property, 128



