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Abstract

We give sequent calculus, analytic tableaux, natural deduction, and
clause translation systems for resolution for Ciuni-Ferguson-Szmuc logic.

1 Introduction

In this paper we present calculi for Ciuni-Ferguson-Szmuc logic [7]. Ciuni-
Ferguson-Szmuc logic has four truth values 1,n1,n2,0 (with 1,1, designated),
connectives =, A, V, and quantifiers V, 3. Its syntax and semantics is detailed
in section 2.

We first present a 4-sided sequent calculus in section 3. The fundamental idea
for many-sided sequent calculi for finite-valued logics goes back to Schroter [13],
Rousseau [10], Takahashi [15]. We follow the method given by Baaz, Fermiiller,
and Zach [4] and Zach [16] for constructing inference rules. This guarantees
that our system automatically has cut-elimination, mid-sequent theorem, and
Maehara lemma.

Signed tableau systems for finite-valued logics were proposed by Surma [14]
and Carnielli [6], and generalized by Héhnle [8]. In section 4, we present a signed
tableau system for Ciuni-Ferguson-Szmuc logic.

Many-valued natural deduction systems for finite-valued logics have been
investigated by Baaz, Fermiiller, and Zach [3] and Zach [16]. We give the in-
troduction and elimination rules for the natural deduction system for Ciuni-
Ferguson-Szmuc logic in section 5.

In addition to Hahnle’s work on tableaux-based theorem proving for finite-
valued logic, O’Hearn and Stachniak [9] and Baaz and Fermiiller [1] have studied
resolution calculi. In order for these calculi to be used to prove that formulas of
Ciuni-Ferguson-Szmuc are tautologies or follow from some others, it is necessary
to produce sets of signed clauses. In section 6, we present a translation calculus
that yields a set of clauses from a set of formulas.

The rules we provide are optimal in each case, and use the algorithms de-
veloped by Salzer [11, 12].

*Generated from the truth tables of Ciuni-Ferguson-Szmuc logic by MULTLOG, v. 1.13.


https://github.com/rzach/multlog

2 Syntax and semantics

Definition 1. The first order language £ for Ciuni-Ferguson-Szmuc logic con-
sists of

1. free variables: ag,ay,as,...

bound variables: xg, x1,To,...

function symbols of arity i(i € N), including constants: f¢, fi, fa, ...
predicate constants of arity i(i € N): Pi, P, Ps, ...

propositional connectives, arity given in parenthesis: = (1), A (2) and V (2)

quantifiers: V and 3

NS o WD

auxiliary symbols: “(”, €)” and “)”

Terms are defined inductively: Every individual constant and free variable
is a term. If f™ is a function symbol of arity n, and ¢1,...,t, are terms,
then f™(t1,...,t,) is a term.

Formulas are also defined inductively:

1. If P™ is a predicate symbol of arity n, and t¢q,...,%¢, are terms, then
P™(t1,...,t,) is a formula. It is called atomic or an atom.

2. If A is a formula, so is —A.
If A and B are formulas, so is (A A B).
If A and B are formulas, so is (A V B).

AT

If A is a formula not containing the bound variable x, a is a free variable
and Q is a quantifier, then (Qx)A(z), where A(x) is obtained from A by
replacing a by x at every occurrence of a in A, is a formula.

A formula is called open, if it contains free variables, and closed otherwise. A
formula without quantifiers is called quantifier-free.

As a notational convention, lowercase letters from the beginning of the al-
phabet (a,b,¢,...) will be used to denote free variables, f,g,h,... for function
symbols and constants, x, ¥, z, ... for bound variables, all possibly indexed. Up-
percase letters A, B,C, ... will stand for formulas, greek letters I', A, A, ... for
sequences and sets of formulas, ¢ and s for terms. The symbols O and Q stand
for general propositional connectives and quantifiers, respectively.

Definition 2. We will use « as a variable for free variables (eigenvariable) and
T as a variable for terms (term variable). A formula consisting of some formula
variables, eigenvariables and term variables is called a schema.

A pre-instance A’ of a schema A is an actual formula from the formulas of
% which contains occurrences of the eigenvariables and term variables of A.



An instance A" of A is a pre-instance A’ of A, where the eigenvariables and

term variables have been replaced by free variables and terms not occurring in
Al

Definition 3. The matriz for Ciuni-Ferguson-Szmuc logic is given by:
1. the set of truth values V = {1,n1,n2,0},
2. the set V' = {1,n1} C V of designated truth values,
3. the truth functions for connectives =, A and V, as given below;
4. the truth functions for quantifiers V and 3, as given below.

The set of undesignated values is V= =V \ V*t = {ns,0}.

The truth functions for connectives =, A and V are defined by

= ‘ A ‘ 1 1 n9 O V ‘ 1 1 n9
1 0 1 1 ny ng 0 1 1 n1 N9 1
ny | ny|ny N1 N2 M ny|ny ni1 N2 M
N2 | N2 Ng | M2 N2 N2 N2 N2 | M2 N2 Nz N2
0 1 0 0 ny N9 0 0 1 ny N9 0

The truth functions for quantifiers V and 3 are defined by

v 3

{1,7’L1,7’L2,0} na {1,711,712,0} na
{1,n1,n2} | no {L,n1,n2} | n2
{1,n170} nq {1,711,0} nq
{1,’(11} ni1 {1,n1} ni1
{1,712,0} %) {I,TLQ,O} no
{1,712} U») {1,77,2} U»)
{1,0} 0 {1,0} 1
{1} 1 {1} 1
{nl, na, 0} U») {nl, na, 0} N9
{711, ﬂ2} n2 {nl, n2} N2
{77,1,0} ny {7?,1,0} nq
{nl} ny {nl} ny
{ng,O} Up) {TLQ,O} Up)
{ng} Up) {’ng} U»)
{0} 0 {0} 0

Definition 4. A structure # = (D, ®_4) for a language .Z (an .Z-structure)
consists of the following:

1. A nonempty set D, called the domain (elements of D are called individu-
als).

2. A mapping @ 4 satisfying the following:



(a) Each free variable of £ is mapped to an element of D.

(b) Each n-ary function symbol f of . is mapped to a function f 4 :
D™ — D, or to an element of D if n = 0. Additionally, ®_, maps
elements of D to themselves.

(¢) Each n-ary predicate symbol P of . is mapped to a function P 4: D™ —
V, or to a element of V if n = 0.

Definition 5. Let .# be an Z-structure. An assignment s is a mapping from
the free variables of Zto individuals.

An interpretation I = (A, s) is an ZL-structure 4 = (D, P 4) together
with an assignment s. The mapping ®_, can be extended in the obvious way
to a mapping ®1 from terms to individuals:

1. If t is a free variable, then ®y: = s(t).

2. If ¢ is of the form f(t1,...,tx), where f is a k-ary function symbol and
t1,...,t, are terms, then @y := f 4 (Pr(t1),..., Pr(tr)).

Definition 6. Given an interpretation I = (., s), we define the valuation valy
for formulas A to truth values as follows:

1. If A is atomic, A = P(t1,...,t,), where P is an n-ary predicate symbol
and t1,...,t, are terms, then let valf(A) = Pﬁ(@l(tl), ce <I>1(tn)).

2. If A=0(A4y,...,4,), where A;,..., A, are formulas, and O is the asso-
ciated truth function to O, then valy(A) = O(valy(A;), ..., vali(A,)).

3. If A = (Qz)(B(z)), and Q is the associated truth function to Q, then
vali(A) = Q{vali(B(d))|d € D}).

Definition 7. An interpretation I satisfies a formula A, in symbols: I = A, iff
valI(A) evt.

Definition 8. A entails A iff I = A for every interpretation I such that I = B
for all B € A. A is valid iff it is satisfied by every interpretation I.

3 Sequent calculus for Ciuni-Ferguson-Szmuc Logic

Definition 9 (Syntax of Sequents). A sequent I' is a quadruple I'y | Ty, | Ty |
I'o, of finite sequences I', of formulas, where v € V. The I', are called the
components of T'.

For a sequence of formulas A, and W C V, let [W: A] denote the sequent

whose component I',, is A if v € W and empty otherwise. For [{wq,...,wx}: A
we also write [wq,...,wi: A]. If T and I are sequents, then I', T denotes the
sequent I'y, T | ... | o, T.



Definition 10. Let I be an interpretation. I satisfies a sequent I iff there is a
v € V so that for some formula A € T, vali(F) = v. I is called a model of T,
in symbols I =T.

T is called satisfiable iff there is an interpretation I so that I =T and valid
iff for every interpretation I, I =T
Proposition 11. A |= A iff the sequent [ng, 0: A}, [1,n1: A] is valid.

Definition 12. The sequent calculus for Ciuni-Ferguson-Szmuc logic is given
by:

1. axiom schemas of the form [V: A],

2. weakening rules for every truth value v:

T, [v: 4]

3. exchange rules for every truth value v:

T, [v: A, B],A

T, [v: B, A], A X

4. contraction rules for every truth value v:

T, [v: A, A]

T[4 O

5. cut rules for every two truth values v # w:

oAl A, [w: 4]
A

CUT:vw

6. an introduction rule O: v for every connective O and every truth value v,
as specified below,

7. an introduction rule Q:v for every quantifier Q and every truth value
v, as specified below, where the free variables o occurring in the upper
sequents satisfy the so-called eigenvariable condition: No « occurs in the
lower sequent.

(2)—(5) are called structural rules. (6) and (7) are called logical rules.

The introduction rules for connective — are given by
T, [0: A] T, [n1: 4] T, [ng: A] T, [1: A]
—_— TN — TN

—

T,[1-A] " T, ni:-A] T, nei-A] ~ T,[0:-4] "

The introduction rules for connective A are given by



I,[1: B] T,[1:4]

rasn M
I, [1,n1,0: B] T,[n:A,B] T,[1,ng,0:A4] Ay T, [no: A, B| Amia
T, [n1: AN B] T, [ne: A A B]
r,[1,0:B] T,[0:A,B] T,[1,0:A] 0
T,[0:AAB] 4
The introduction rules for connective V are given by
I,[1,0:B] T,[1:A,B] T,[1,0:A4]
I, [1: AV B]
F, [l,nl,O:B] F,[nle,B] F, [1,711,0214} \/:’nl F, [TLQZA,B} \/:77,2
T, [n: AV B] T, [ne: AV B]
I,[0:B] T,[0:4]
V:0
I,[0: AV B]
The introduction rules for quantifier V are given by
T, [1: A(«)] i1 T, [n1: A(T)] T,[1,n1,0: A(a)] v
_ - n
T, [1: (V) A(z)] T, [ni: (Vo) A(z)] !
T, [ng: A(T)] I, [0: A(T)] T,[1,0: A(e)]
Ving V:0
D, [na: (Va)A(z)] L, [0: (Vz)A(x)]
The introduction rules for quantifier 3 are given by
I, [1: A(7)] T,[1,0: A(a)] T, [n1: A(7)] T,[1,n1,0: A()] 5
: n
T, [1: G)A(w)] T, [n1: (32)A(w)] '

LA I, [0: A(a)]
T, [no:(3a)A(z)] — 2 T,[0:(3z)A(x)]

Definition 13. An upward tree of sequents is called a proof in the sequent
calculus iff every leaf is an instance of an axiom, and all other sequents in it are
obtained from the ones standing immediately above it by applying one of the
rules. The sequent at the root of P is called its end-sequent. A sequent I' is
called provable iff it is the end-sequent of some proof.

Theorem 14. A sequent is provable if and only if it is valid.

Proof. See Theorems 3.1 and 3.2 of Baaz et al. [4] or Theorems 3.3.8 and 3.3.10
of Zach [16]. O

Corollary 15. In Ciuni-Ferquson-Szmuc logic, = A iff [1,n1: A] has a sequent
proof, and A = A iff [na,0: Al,[1,n1: A] has a proof.

Theorem 16. The cut rule is eliminable in the sequent calculus for Ciuni-
Ferguson-Szmuc logic.

Proof. See Theorem 4.1 of Baaz et al. [4] or Theorem 3.5.3 of Zach [16]. O



4 Tableaux for Ciuni-Ferguson-Szmuc logic

Although the method of Surma [14] and Carnielli [6] for obtaining signed ana-
lytic tableaux systems applies to Ciuni-Ferguson-Szmuc logic, it has a drawback.
As Hahnle [8] pointed out, to show that a formula is valid, it is required to pro-
vide as many closed tableaux as there are non-designated values. This is usually
not desirable; the generalized approach by Héahnle [8] solves this problem. Below
we give a tableau system for Ciuni-Ferguson-Szmuc logic using the sets of signs
V' \ {v}, i.e., the tableau system exactly dual to that of Carnielli (in the sense

of [2]).

Definition 17. A signed formula is an expression of the form v: A where v € V
and A is a formula.

Definition 18. A tableau for a set of signed formulas A is a downward rooted
tree of signed formulas where each one is either an element of A or results from
a signed formula in the branch above it by a branch extension rule. A tableau is
closed if every branch contains, for some formula A, the signed formulas v: A for
all v € V, or a signed formula v: A with a branch expansion rule that explicitly
closes the branch (®).

The branch expansion rules for connective — are given by

1: -A ny:—A ng: —A 0:-A
0: A ni: A no: A 1: A

The branch expansion rules for connective A are given by

1:.ANB ni:ANB ny: ANB
1: B 1: A 1: B ny: A 1: A ng: A
ny: B ny: B nytA no: B
0:B 0: A
0:ANB

1: B 0: A 1: A
0:B 0:B 0: A

The branch expansion rules for connective V are given by

1:AVB ni:AV B ny:AV B
1: B 1: A 1: A 1: B ny: A 1: A no: A
0:B 1: B 0: A ni: B ny: B ni: A ny: B
0:B 0:A
0:AV B
0:B 0: A

The branch extension rules rules for quantifier V are given by



1: (V) A(x) ny: (Va)A(x) na: (V) A(x)
1: A(@) ny: A(T) 0: A() ng: A(T)

The branch extension rules rules for quantifier 3 are given by

1: (Fz)A(x) ny: (Fx)A(x) ng: (Jz)A(x)
1: A(T) 0: A() ny: A(T) 0: A(«) ng: A(T)
1: A(a) 1: A(a)
ny: A(a)
0: (3x)A(x)
0: A(«)

Definition 19. An interpretation I satisfies a signed formula v: A iff valy(A) #
v. A set of signed formulas is satisfiable if some interpretation I satisfies all
signed formulas in it.

Theorem 20. A set of signed formulas is unsatisfiable iff it has a closed tableau.

Proof. Apply Theorems 4.14 and 4.21 of Hahnle [8]; interpreting v: A as S A
where S =V '\ {v}. O

Corollary 21. In Ciuni-Ferguson-Szmuc logic, = A iff {viA|v e V*T} has a
closed tableau. A = A iff {v:B|veV~,Be A}U{v:A|v e VT} has a closed
tableau.

5 Natural deduction for Ciuni-Ferguson-Szmuc
logic
Let T be a (set) sequent, VT C V the set of designated truth values. The set

of non-designated truth values is then V= = V' \ V*. We divide the sequent T’
into its designated part I'" and its non-designated part I'™ in the obvious way:

't = T,|lveV?h)
- = T,|veV)

Definition 22. The natural deduction rules for Ciuni-Ferguson-Szmuc logic are
given by:

1. A weakening rule for all v € V+:

T+

T oAl Y



2. For every connective O and every truth value v an introduction rule Or:v
(if v € V1) or an elimination rule OE:w (if v € V7).

3. For every quantifier Q and every truth value v an introduction rule Qr:v
(if v € VT) or an elimination rule Q:E:v (if v € V7).

The introduction and elimination rules for connective — are given by

Iy, Hgi Al N Iy
I :

71—‘1 -0 1 Lt [ A] —1:ng

Iy, [1: 4] IF, [ —A]
Lo, [[0:=A]] T, [[ne: A Ly, [[n2: —A] Iy
Ly, [1,n1:-A] ry Ly, [1,n:-A] T, [1: 4]

—E: no —E:0
rS,Tf Iy, Tt

The introduction and elimination rules for connective A are given by
Iy Ly
T, [1:B] TF,[1: 4]
'y, T3, [1: AA B
'y, [[0: B Iy Ty, [[0: 4]
IF[,n:B] T5,[n:A Bl T1,[1,n:A]

AL 1

ALy
'y, 15,73, [n1: AN B

Iy, [[0:AAB]] TI7,[[n2: A, Bl

I'd, 1, n: T

0,[,’111 A/\B] Fl AE: 719

Iy, If
Iy,[[ne: ANB]] T7,[[0:B]] T3,[[0:A,B]] TI3,[[0:A]]
Iy, [1,ni:ANB] T7,[1:B] ry I3, [1: 4]
ry,....I's

The introduction and elimination rules for connective V are given by

'y, 110: B Iy Iy, [10: AJ]
IF,[1:B] T§,[1:A4,B] Tf,[1:4]

VI: 1
Iy, [[0: BI] Iy I3, [[0: A]]
IF [L,ni:B] T5,[n:A Bl T3,[1,n:A] I
n
7,05, I8, [ AV B] '
Fa? HOAVBH F1_7 HnQAaBH
't [1,n:AVB rt
0,[ M v ] L VE: Ny
Ig, I
Lo, [lna: AV B]] Iy [[0:B]] Ty, [10: Al
T8, [1,n: AV B] r} 3
VE: 0

Ly, ri,rs



The introduction and elimination rules for quantifier V are given by

ry ry Ty [0: A(e)]]
ofuA@] 0 T AG) T L A@)]
Iy, [1: (V2)A()] T, TF, [ (V) A(w)] '
Ty, [[0: (Va)A(@)]]  T7, [[no: A(T)]]
T3, (1 (Va)A(x)) ot
Fa"’ri" ‘N9
Ty, [[na: (Vo) A(@)]] T, [[0: A(D]] Ty, [0: A(e)]]
Ty, [1,ne: (Vo) A(x)] rt of[LA@)] o
g, Tf. Ty "

The introduction and elimination rules for quantifier 3 are given by

ry iy Ty, [0: A(a)]]
OLeA@] | Thme AR T L AG)
IF [ Go)A()] Ty.T3, [: Ga)A(x)] o
Ty, [[0: Gx)A(@)]] T, [[na: A(T)]]
¢ [Ln: (3a)Adx) ot
Iy, T} S
Ty [[ne: Qo) A(@)]] T, [[0: A(T)]] Ty, [[0: A()]]
Fg’[lvnl ( )A(LL‘)] 1—‘1+ F2+7[1:A(a)] JE: 0
Ty Ty . T3 .

Definition 23. A natural deduction derivation is defined inductively as follows:
1. Let A be any formula. Then
V4]
[V*:A]
is a derivation of A from the assumption [V ~: A] (an initial derivation).

2. If Dy, are derivations of F;, A; from the assumptions I',, A,;, and

< Ty, T4 >
L
H+

is an instance of a deduction rule with A,; a subsequent of A", and all
eigenvariable conditions are satisfied, then

(Dr)rex
e

is a derivation of IT* from the assumptions [ J; o, '), . The formulas in A,;
which do not occur in (J, ¢ '), are said to be discharged at this inference.

10



Theorem 24. A partial sequent T'" can be derived from the assumptions I'™ in
the natural deduction system for Ciuni-Ferguson-Szmuc iff, for every interpre-
tation I, either some formula in T';, (v € V™) evaluates to the truth value v, or
there is a w € V' and a formula in T}, that evaluates to w.

Proof. See Theorems 4.7 and 5.4 of Baaz et al. [3] or Theorems 4.2.8 and 4.3.4
of Zach [16]. O

Corollary 25. T' = A iff there is a natural deduction derivation of [V*1: A
from [V—:T].

6 Resolution and clause formation rules for Ciuni-
Ferguson-Szmuc logic

The many-valued resolution calculus of Baaz and Fermidiller [1] applies to Ciuni-
Ferguson-Szmuc logic. We present the framework here, as well as a language
preserving clause translation system for Ciuni-Ferguson-Szmuc logic.

Definition 26 (Signed formula). A signed formula is an expression of the form
A?, where A is a formula and v € V. If A is atomic, A" is a signed atom.

Definition 27 (Signed clause). A (signed) clause C' = {A7*, ..., A"} is a finite
set of signed atoms (proper clause). The empty clause is denoted by O.
An extended clause is a finite set of signed formulas.

Definition 28 (Semantics of clause sets). Let .# be a structure. .# satisfies
a clause C' iff for every assignment s, there is some signed formula AY € C, so
that vali(A) = v (where I = (A, s)). .# satisfies a clause set ¢ iff it satisfies
every clause in 4. ¥ is called satisfiable iff some structure satisfies it, and
unsatisfiable otherwise.

The clause formation rules for connective — are given by
cu{cu{(-4)'}} cu{cu{(-4)m}} _
cu{cuf{a} ¢ u{Cu{Am}}
cu{cu{A™y)  FU{CU{(-A)
cu{cu{Amyy 7 gu{Cu{Aly)

ny

The clause formation rules for connective A are given by
¢ U{CU{(AAB)'}} 1
¢ U{CU{B'}, cu{Al}}
CU{CU{(AANDB)"}} N
€ U{CU{B',B™, B, CU{A™ B™}, CU{A} A" A"}
CU{CU{(ANB)"}}
A: 2
€ U{CU{A"2 B"}}
€ U{CU{(AAB)}}
¢ Uu{CuU{B' B, CU{A" B}, CU{A' A°}}

ni

A:0

11



The clause formation rules for connective V are given by

€U{CU{(AV B)'}}
¢ uU{CU{B', B}, CU{A',B'}, Cu{A! A"}}
¢ U{CU{(AV B)™}}
€U{CU{BL.B" B"), CU{A™ B, CU{AT A" A}
€U{CU{(AVB)™}) “U{CU{(AV B)"}}
cu{Cu{A™ B™=)y P GU{CU{B%, CU{A"}}

V:1

:Tll

V:0

The clause formation rules for quantifier V are given by

CU{CU{((Va)A(2)'}}
¢ U{CU{A®)'}}
CU{CU{((Va)A(z))" }}
CU{CU{A(f(a)"}, CU{A(D)° A(b)', A(b)™ }}
CU{CU{((Va)A(z ))"2}}
CULCU{A(f (@)™} "
¢ U{CU{((Vx)A(2))°}}
¢ U{CU{A(f(@))"}, CU{A(D)°, A(b)'}}

The clause formation rules for quantifier 3 are given by

ZU{CU{(@2)A(x))"}}
CU{CU{A(f(a))'}, CU{A(®)’ A(b)'}}
CU{CU{(Bxr)A(z))"™}}

¢ U{CU{A(f(a)"}, CU{A(b) A®)", ()"1}}
CU{CU{(Br)A(z))" }} % U{CU{(3)A()")}

FuCUAU@mE TU{CU{AD)"}}

V:1

Ving

V:0

3:1

3:0

In the translation rules for quantifiers, the indicated free variables b are
new free variables that do not already occur in the premise, and terms f(a)
are formed using a new function symbol f and @ all the free variables of the
corresponding clause in the premise.

Theorem 29. Let T(€) be the result of exhaustively applying the translation
rules to a clause set €. Then T(€) is a set of proper clauses, i.e., T(€) contains
only signed atoms (all connectives and quantifiers are eliminated). Furthermore,

T(F) is satisfiable iff € is.
Proposition 30. Let A be a sentence and A be a set of sentences. Then
1. EAff {{AY | v € V7 }} is unsatisfiable.
2. A= Aff
{BY|weVT} | BeAtU{{A" |[veV™}}

is unsatisfiable.

12



Definition 31. A clause R is a resolvent of clauses C1, Cy if R = (C1\{A]*})oU
(Cy \ {A5%})o where

1. C7 and Cs have no free variables in common,

2. Ay and A, are unifiable with most general unifier o,

3. vy # vs.

If C; and C5 have free variables in common, we say that R is a resolvent of C
and Cj if it is a resolvent of variable-disjoint renamings C7 and C% of C; and
C5, respectively.

Definition 32. A resolution refutation of a clause set % is a sequence of clauses
Ch, ..., Cy so that for every i, C; € € or C; is aresolvent of C;, Cy, with j, k < ¢,
and C,, = 0).

Theorem 33. A clause set € is unsatisfiable iff it has a resolution refutation.

Proof. See Theorems 3.14 and 3.19 of Baaz and Fermiiller [1] or Theorems 2.5.5
and 2.5.8 of Zach [16]. O

Corollary 34. A E A iff
T{{BY |lweVT} | Be Ayu{{A" |veV}})

has a resolution refutation.
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