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Abstract

We provide a sound and complete proof system for an extension of Kleene’s
ternary logic to predicates. The concept of theory is extended with, for each
function symbol, a formula that specifies when the function is defined. The
notion of “is defined” is extended to terms and formulas via a straightforward
recursive algorithm. The “is defined” formulas are constructed so that they
themselves are always defined. The completeness proof relies on the Henkin
construction. For each formula, precisely one of the formula, its negation,
and the negation of its “is defined” formula is true on the constructed model.
Many other ternary logics in the literature can be reduced to ours. Partial
functions are ubiquitous in computer science and even in (in)equation solving
at schools. Our work was motivated by an attempt to explain, precisely in
terms of logic, typical informal methods of reasoning in such applications.

2010 MSC: Primary 03B50 Many-valued logic, 03F03 Proof theory, general (including
proof-theoretic semantics); Secondary 03B10 Classical first-order logic

Keywords: ternary logic, partial functions, completeness

1 Introduction

Classical binary first-order logic assumes that all function symbols denote total
functions. This assumption repeatedly fails in everyday mathematics and in theo-
retical and practical computer science. As a consequence, there is extensive litera-
ture on how to deal with partial functions in logical reasoning, presenting surpris-
ingly many diverse approaches, including [1-3,5,6,8-10,13,15,16,18,22,23,25,
26,28]. We faced the problem when developing computer support for school and
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elementary university mathematics education [27-29]. To introduce related work
and our motivation, it is useful to first present a somewhat artificial example.

Assume that a student has been asked to find the roots of 3/|x| —1 > x+1
(that is, solve 31/|x| —1 > x+ 1) in the case of real numbers. One possible way
to start is to get rid of the absolute value operator by splitting the problem to two
cases. Intuitively it seems that this can be expressed with logical connectives as
follows:

(x<OA3V—x—1>2x+1)V(x>0A3Vx—1>x+1) (1)

The values x < —1 make 3v/—x—1 > x+ 1 yield T (that is, true), and —1 <x <0
makes it undefined. Furthermore, 0 < x < 1 makes 3vx—1 > x + 1 undefined,
1 <x<2and x> 5resultin F (false), and 2 < x < 5 results in T. Therefore, the
student should answer something to the effect of x < —1VvV2 <x <5.

To formalize this reasoning in some logic, 31/|x| — 1 > x+ 1 should be in some
sense equivalent to x < —1V2 <x <5 in that logic. The trouble begins with the fact
that when —1 < x < 1, then 3/|x| — 1 > x+ 1 is undefined but x < —1V2 <x <5
yields F.

We could try to sort this out by declaring that the domain of discourse is not
R but {x € R | |x| — 1 > 0}. Unfortunately, this idea would invalidate (1), because
every real number makes some atomic formula in it undefined, and we obviously
want the roots be in the domain of discourse. (A similar remark was made in [22].)
Furthermore, with this kind of exercises it is usually the student’s responsibility to
find out that some values are not roots because they make something undefined.
Those values must be in the domain of discourse of the reasoning whose purpose
is to find them. In brief, we want a logic that justifies, not bans, (1).

Perhaps the next idea is negative free logic: every atomic formula that contains
an undefined term yields F [8,20,22,23]. It suffers from a problem illustrated by
the following example. If > is a relation symbol in the core language and x <y
is defined as an abbreviation of —(x > y), then 34/|x| — 1 < x+ 1 yields T when
—1 <x < 1. It is against our intention. It is also clumsy: the user of the logic
would have to remember which predicate symbols yield F and which yield T when
applied to undefined terms. Defining both < and > in the core language would
mean to axiomatize essentially the same thing twice. It would also result in the
loss of the permission to replace —(r > ') and ¢ < ¢’ by each other when ¢ and ¢/
are potentially undefined terms.

In computer science, the idea of underspecification [10] is popular. In it every
function always yields a value in the intended range, but we refuse to say anything
else about the value when it would be undefined in the everyday mathematics sense.
From [10]: “The value of x/0 could be 2.4 or 20-x or any value in R; we simply
don’t say what it is.” It has a variant where functions may be proper partial, but
every relation symbol always yields F or T. In the words of [26, Sect. 2.5]: “If one
or both of E; and E, are undefined, then we say that the predicates £, = F;, and
E\ € E; are undetermined: we do not know whether they are true or false. This
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does not mean that the predicates have some intermediate status in which they are
‘neither true nor false’, simply that we have chosen not to say whether they are true
or not.”

While underspecification works well for proving programs correct, it is unsuit-
able for our purpose. By its very nature, it denies complete axiomatizations. It
explicitly leaves it open whether, for instance, 0 is a root of 3/|x|—1 > x+1,
while in mainstream mathematics the intention is that it is not a root. On the other
hand, [10] makes O a root of % —x= 2—1x

Both underspecification and negative (and positive) free logics support a semi-
formal approach to dealing with undefined terms. Under mild assumptions, there
is a straightforward recursive algorithm that, for each term ¢, produces a formula

[¢] that yields T when ¢ is defined, and F otherwise [3, 5, 10]. For instance, x_ixz
is defined precisely when /x is defined, x — 2 is defined, and x — 2 # 0, that is,
x>0Ax#2.

Let ¢(X) be a first-order formula containing precisely one instance of the
nullary relation symbol X, and not containing other connectives and quantifiers
than —, A, V, V, and 3. Let n be the number of those subformulas of ¢(X) that
are of the form —¢’, where ¢’ contains X. Let R(¢) be a formula, and let ¢(R(7))

denote the result of putting it in place of X.

If n is even, then for any interpretation of all other non-logical symbols than X,
either @(F) yields the same truth value as @(T), or ¢(F) yields F and ¢(T) yields
T. In the former case, @(R(z)), ([t| AR(t)), and @(—[7] VR(t)) yield the same
truth value. In the latter case, @([7] AR(z)) yields F and ¢(—[¢] V R(z)) yields T
when ¢ is undefined, and both agree with ¢ (R(¢)) when ¢ is defined. The case that n
is odd can be returned to the even case by considering ¢@(—(—R(¢))). This makes it
possible to choose the outcome of undefined terms as appropriate, when translating
the practical problem at hand to logical formulas.

In the case of our running example, this approach asks someone to choose in-
formally between x| —1 >0A34/|x| =1 >x+1and =(jx| =1 >0)V3y/[x| -1 >
x4+ 1, after which the student should solve the chosen one formally. We wish
the choice be made by the student, on the basis that those values of x that make
\/|x| — 1 undefined are not roots. Furthermore, the reasoning behind the choice
should be formalizable.

Many people share the intuition that an undefined formula is neither false nor
true, even if that results in the loss of the Law of Excluded Middle. For instance, [4]
reports on a survey that was participated by over 200 software developers. When
asked how various undefined situations should be interpreted, between 74 % and
91 % chose “error/exception”, the other options being “true”, “false”, and “other
(provide details)”. One of the situations was a programming analogue of % =0V
s #0.

So we turn our attention to 3-valued logics. We denote the third truth value
with U and call it “undefined”. (Some authors talk of it as the absence of truth
value instead of a truth value.) Everybody seems to agree that —U yields U. Now
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neither 34/|x| —1 > x+ 1 nor =(34/]x| — 1 > x+ 1) has 0 as a root, because both
of them yield U when x = 0. The definition of # < ¢’ as a shorthand for —(z > ¢')
works well.

In the presence of U, there are three major interpretations of A and V. Fortu-
nately, we need not elaborate them now, because we will see in Section 8 that the
other two can be obtained from our choice in Definition 3.2(5) and (6) as short-
hands. Our choice is the same as Kleene’s [14] and Lukasiewicz’s [17]. Our V and
7 are analogous. The other versions of V and 3 that we encountered can be mim-
icked by them. What — should mean in this context is a tricky issue, as we will
argue in Section 8. We will mimic Kleene’s version in Section 3, and f.ukasiewicz’s
version in Section 5.

The important issue regarding related work is how to say that a term or formula
is undefined. An obvious idea is to introduce a new atomic predicate *¢ or connec-
tive x¢ that yields F if its input is undefined and T otherwise [2,6,9,13,18,20,23].
Alternatively, the idea of [7] discussed above can be used and naturally extended
to formulas [3, 5], at the cost of needing a new component in addition to the tra-
ditional signature and set of axioms. In the words of [3]: “we will assume that
included with every signature ¥ is a set A of domain formulas, one for each func-
tion and predicate symbol in £.” The difference is that * is but [ ] is not a symbol in
the core language. Instead, [¢] and [¢ | are metalanguage expressions that denote
some formulas that typically only contain —, A, V, V, 3, and atomic formulas. We
will adopt the latter approach in Section 5, and argue in Section 8 that it can mimic
the former.

The replacement of @(R(z)) by @([¢] AR(t)) or ¢(—[¢] VR(t)) remains a pow-
erful practical reasoning method also in the presence of U, and then it takes place
within the formal logic. More generally, assume that no other connectives and
quantifiers are used than (our versions of) =, A, V, V, and 3; y is a formula; and
¢ (y) is a formula where W occurs within the scope of an even number of nega-
tions. Then every interpretation that makes ¢ (y) yield T, also makes ¢([y| A )
yield T, and vice versa. A similar claim holds for odd number of negations and
©(—[y|V y). The hard part in proving these is ruling out the possibility that y
yields U, ¢(y) yields T and @ ([y] Ay) or ¢(=[y] V y) yields F or U. It becomes
easy by appealing to the notion of regularity proposed by Kleene and developed in
Section 4.

In our running example, [3v/—x—1]is —x—1>0, [3y/x—1]isx—1>
0, and there are no negations. Therefore, 3+/—x—1 > x+ 1 can be replaced by
x< —-1A3V—x—1>x+1and 3vV/x—1>x+1byx>1A3vVx—12>x+1,
resulting in a formula that yields U for no value of x. In this way formulas can
be formally converted to a form where undefinedness plays essentially no role,
after which classical binary logic can be used for the rest of the reasoning (for
further discussion and sources, please see [5]). This approach can be used by both
humans and computers. It is simple to use, because 7| and [¢@| are obtained with
an algorithm. The algorithm will be presented in Defnition 5.4.

If ¢(y) is replaced by @((xy) A y) instead of @([y| A y), then the result
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contains *, which is not any of —, A, V, V, and 3. As a consequence, doing a second
replacement is not necessarily sound. So the practical approach described above is
lost. On the other hand, if the original formula contains , it can be replaced by [ |,
opening the way to the practical approach described above.

In the present study we develop a logic that uses U and [ |, present a proof
system for it, and prove that the system is sound and complete. The number of rules
in our proof system that differ from classical rules is small. We believe that this
is the first completeness proof for a proof system that relies on | |. Furthermore,
we believe to be the first to point out the role of regularity in practice-oriented
reasoning in this context (one example was above and another will be in Section 4).

Also [13] claims completeness, but using * and only for finite axiomatizations.
The source [9] presents a (in our opinion hard to read) tableaux-based completeness
proof for a logic that uses *. Its notion of |= is unusual in that both T and U are des-
ignated values on the right (but only T on the left). As a consequence, its proof sys-
tem would be only indirectly applicable to our purposes. The completeness claim
in [5] does not refer to Godel’s sense, but to what in this study is Lemma 5.5(3)
and (4): “The procedure is complete [8,9], that is, the well-definedness condition
generated from a formula is provable if and only if the formula is well-defined.”

In terms of free logics, ours has neutral semantics [20]. Positive or negative
semantics only use the two truth values F and T, while neutral semantics and super-
valuation also use U. A recent study [23] covers positive and negative semantics,
but leaves out the latter two, mentioning that they “up to now still lack the rigorous
systematicity the other two family members enjoy”. Supervaluation makes % = %
yield T on the basis that if % is given any value, no matter what, then % = % would
yield T in classical logic. In our logic % = % yields U. Neutral non-supervaluation
semantics were surveyed in [15]. Our logic disagrees with all the systems sum-
marized in the table on p. 328. For instance, unlike our logic, A and V are strict
in [16], that is, if ¢ or y or both are undefined, then ¢ A y and ¢V y are undefined
as well.

The studies [19,24,30] discuss proof systems for Kleene’s logic, but only cover
propositional logic, while [1] focuses on equational logic without quantifiers.

The syntax and semantics of our core logic are presented in Sections 2 and 3.
We already mentioned that the notion of regularity is developed in Section 4, and [ |
in Section 5. Section 6 is devoted to a proof system for our logic, together with its
soundness proof. The system is proven complete (in the sense of Godel, allowing
infinite sets of axioms) in Section 7. In Section 8 we argue that most, if not all,
other 3-valued logics for similar applications can be mimicked by ours.

2 Formal Languages

Our notion of a formal language is essentially the same as in classical binary first-
order logic. A couple of details are affected by the needs of the rest of this study.
We will comment on them after presenting the definition.
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The alphabet of a formal language is the union of the following five mutually
disjoint sets:

1. The set . of the following eleven symbols: () ,=FT - A VY3
2. A countably infinite set ¥ of variable symbols v, va, ...

3. A countable set ¢ of constant symbols c1, ca, . ..

4. A countable set .% of function symbols fi, f>, ...

5. A countable set Z of relation symbols R1, R, . ..

All formal languages have the same .# and the same ¥/, but not necessarily
the same &, .%, or %. In particular, we will assume that the variable symbols are
literally v, v,, and so on. To emphasize this, we write them as v; instead of v;.
When we want to refer to a variable symbol without saying which one, we use x,
y, X1, and so on, as metalanguage variable symbols.

Each function symbol f and each relation symbol R has an arity a(f) or a(R).
It is a positive integer. A signature is the quadruple (¢,.% , %, ).

Terms, atomic formulas, and formulas are defined recursively as follows.

Definition 2.1. Let a signature be fixed.

1. A term is either a variable symbol; a constant symbol; or of the form
f(t1,.. . ta(s)), where fis a function symbol and #1, .. ., f4(y) are terms.

2. An atomic formula is either F; T; of the form (¢; = r,) where #; and 1, are
terms; or of the form R(r,... ,ta(R)), where R is a relation symbol and 11,
-» lg(R) Are terms.

3. A formula is either an atomic formula or of any of the following forms,
where ¢ and y are formulas and x is a variable symbol:

(=) [ (pAy) | (V)| (Vx )| (Fxo)

An occurrence of a variable symbol x in a formula is bound if and only if it is
in a subformula of the form (Vx ¢) or (Jx @). The other occurrences of x are free.
A formula is closed if and only if it has no free occurrences of variable symbols,
and open in the opposite case.

We make a distinction between variables and variable symbols, for the reason
illustrated by the classical binary first-order logic formula Jv; (vy < v AJvy (vi <
vy)) on real numbers. If, for instance, the free occurrence of v| has the value 3,
then the formula can be shown to hold by letting v, = 2 and the bound occurrences
of v; have the value 1. Instead of thinking of the variable symbol v; having si-
multaneously the values 3 and 1, we think of the free and bound occurrences of v
as referring to two distinct variables which just happen to have the same name. In
general, there are two kinds of variables: free and bound. Every variable symbol
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that occurs free introduces a free variable, and every V and every 3 introduces a
bound variable.

We will use ¢ (x) as a synonym for ¢, and ¢(¢) to denote the result of replacing
every free occurrence of x in ¢ by ¢. The purpose of the notation ¢(x) is to make it
clear which is the variable symbol whose free occurrences are replaced. By ¢ is free
for x in @ it is meant that no variable symbol in 7 becomes bound in @(z). As is well
known, replacing x by ¢ that is not free for x is often incorrect, because, intuitively
speaking, a free variable in ¢ disappears and another, bound variable with the same
name takes its place.

The atomic formulas F and T, corresponding to the truth values false and true,
have been included in the language for technical convenience. Although we will
also talk about a third truth value U (undefined), we did not include a corresponding
atomic formula in the language. Thanks to this design choice, our theory reduces
to classical binary first-order logic when every function symbol is defined every-
where.

We will tell how to add Kleene’s versions of the symbols — and <> to the
language in Section 3, and Lukasiewicz’s version of — in Section 5.

We adopt some semiformal conventions to improve the readability of formulas.
To reduce the need of ( and ), we let — have the highest precedence, then A, then V,
and finally the quantifiers ¥V and 3. The connectives A and V associate to the left;
that is, @ A w A x denotes ((@ A W) A x), and similarly for V. In examples we may
use the familiar syntax of the domain of discourse of the example. For instance, in
the case of natural numbers we may write

Vn (=3m (m-m=n))V/n-\/n=n

as a human-friendly semiformal representation of the formula

(V1 (=32 (-(va,v2) = vi)) V (-(/(v1),y/(V1)) = V1))

Let ¢, v, and x denote any formulas. In the metalanguage, we use ¢ = y to
denote that after unwinding all semiformal abbreviations, ¢ and y result in literally
the same formula. For instance, because we have chosen that both ¢ V yV ¥ and
(¢ V)V yx are abbreviations for ((@ V y)V x), wehave oV yVyx = (oVy)Vy.
On the other hand, we have @V wV x 2% @V (yV x), because (¢ V (yV x)) is not
literally the same formula as ((¢ V y)V x).

3 Structures, Truth Values, and Models

Our notion of a structure differs from the standard one in that function symbols
may denote partial functions. More formally, a structure (ID,_) on a signature
(¢,F,%,a) consists of the following:

1. A non-empty set D, called the domain of discourse.
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2. For each ¢ € €, an element C of ID. (We reserve the symbol ¢ for another
use.)

3. Foreach f € #, apartial function f from D*) to D.

4. For each R € %, a subset R of D*(®),

The standard approach would continue by defining an assignment of values for
variable symbols, and then defining a value for each term and a truth value for each
formula. We will proceed in the opposite order, by first interpreting terms as partial
functions and formulas as total functions, and then assigning values to variable
symbols. We do so to simplify the formulation of the notion of “regularity” that
will be presented in Definition 4.2.

In itself, reversing the order is insignificant, since it does not affect the funda-
mental ideas but only their formalization. However, because of the overall goal of
our study, we also introduce two significant changes. First, terms need not yield
a value. Second, the values of formulas are picked from among three truth values
false, undefined and true, denoted by F, U and T, respectively.

To interpret terms and formulas as functions, we need to map variable sym-
bols to argument positions. For instance, we need to decide whether v3 4 v, is
interpreted as the function D? - D; (d3,dy) — ds + dy where d; denotes the value
of v;, or as something else. We interpret it as D° — I;(dy,d>,d3) — d3 +d>. In
general, we let the arguments correspond to vy, v, and so on, in this order, as far
as needed by the term or formula. This will make many argument lists contain
positions whose corresponding variable symbol does not occur (free) in the term
or formula, such as the first position and v; in D3 — D; (d},d>,d3) > d3 +d>. This
will not be much of a problem, because interpretation as functions is only an auxil-
iary tool. After assigning values to free variables, a standard kind of interpretation
is obtained.

For each term ¢ we define its arity c(7) as the biggest i such that v; occurs in .
If no variable symbol occurs in ¢, then a(¢) = 0. It is easy to see that the arity of
a compound term f(z1,...,¢4(s)) is the maximum of the arities of its constituents
1y ooy Lo(f)- Similarly, we define that the arity of a closed formula is 0, and the
arity of an open formula is the biggest i such that v; occurs free in it. It is possible
that a((Vx ¢)) < a(¢) and a((3x ¢)) < a(@). Even so, the arity of a compound
formula is at most the maximum of the arities of its constituents.

Definition 3.1. Given a signature (¢,.7,%, ) and a structure (ID,_) on it, each
term ¢ defines a partial function ¢ from D% to D as follows. In the definition, d;,
..., d, are arbitrary elements of ID.

1. If v, € ¥, then v, is the total function from D" to ID that maps (di,...,d,)
to dy. Thatis, v,(di,...,d,) = dj.

2. If ¢ € €, then c is the function with arity zero such that ¢() = C. That is,
c:DP = D;()—C.
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3. If f€F andt, ..., tq(y are terms, then let n = max{o(t1),...,&(t ()}
We define f(t1,...,2q(y)) as the following partial function from D" to D.

— Iffor 1 <i < a(f), any of the #;(dy, ... ,dy(,)) is undefined, then
f(t1,.. tap)(dr,. .. dy) is undefined as well.

— Otherwise, for 1 <i < Ol(f) lete; = Z_,(d] e 7d(x(t,-))' If[(el R ,ea(f))
is defined, then f(t1,...,tq(p))(d1,-.,dn) = f(e1,...,eq(s)); and oth-
erwise f(t1,...,tq(p))(d1,- . ,dy) is undefined.

The definition obeys the principle that if any subterm of a term is undefined,
then the term as a whole is undefined as well. That is, our partial functions are
strict.

Definition 3.2. Given a signature and a structure (ID,_) on it, each formula ¢
defines a total function ¢ from D*(®) to {F,U, T} as follows. In the definition, dj,
..., d, are arbitrary elements of ID. To avoid confusion with the formal symbol
=, we write @(d1,...,dy(p)) < F to denote that @ maps (dj,...,dy(e)) to F, and
similarly with U and T.

1. We define that F and T are the functions with arity zero whose values are F
and T, respectively.

2. Letn =max{o(t;),a(r2)}. We define (t; =1,)(dy,...,d,) <

U, ift1(d1,...,dgq)) or ta(dy, ..., dg,)) is undefined
T, ift1(d1,...,dg(,)) and tp(dy, - . . ,dg,,)) are defined, and

t(di,....dogy)) =taldr, .., doy))
F, ifti(di,...,dgq)) and ta(dy, ... ,dyy,)) are defined, and
t(di,. . doyy) # taldr, - doy))

3. Letn=max{a(t1),...,%(tyr))} and let e; = t;(d,

;-++»dg(,)) when the lat-
ter is defined. We define R(t1,...,tqr))(d1;- .-, dy) <X

U, if for 1 <i < a(R), any of the ;(di, ... ,da(,i)) is undefined

T, iffor 1 <i<a(R),eacht;(dy,...,dy,)) is defined and (e, . .., eqr)) €
R

F, iffor 1 <i<a(R),eacht;(dy,...,dy,) is defined and (e, ..., eqr)) &
R

4. Clearly a((—¢)) = a(@). We define (—@)(di, ... ,dg((~¢))) <

F, lfﬂ(dl, . ada((p)) =T
T, lfﬂ(dl, . ada((p)) =F
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U, lfg(dhada((p)) =U

5. Letn =max{a(p),a(y)}. We define (¢ A y)(d,...,d,) <
T, ifg(dl,...,da((p)) Xl[_/(dl,...,da(w)) =T
F, lfg(dhada((p)) =F Ori/(dlr'-ada(l[/)) =F

U, otherwise

6. Letn = max{a(¢),a(y)}. We define (¢ V y)(d,...,d,) <

F9 lfg(dlyada((p)) Xﬂ(dla""da(l//)) =F
T, 11"9(6117 . 7d(x((p)) =T Ol‘i/(dh.. . 7d(x(l4/)) =T
U, otherwise

7. If i > a(g), we define (Vv; @) as ¢. Otherwise 1 <i < a(¢), and we define
(VV,’ (p)(dl, ce. ada((Vvi (P))) =

T, if for every e; € D we have @(d1,...,e;,...,dg(p)) X T
F, if for at least one ¢; € D we have @(d\,...,e;,...,dg(p)) <F

U, otherwise

8. Ifi > a(¢), we define (Fv; @) as @. Otherwise 1 <i < a(¢), and we define
(E|V,- (p)(dl,. .. ,da((gvi (p))) =

F, if for every e; € D we have @(d\, ..., e;,...,dg(p) <F
T, if for at least one e; € D we have @(dy,...,e;,...,dg(p) X T

U, otherwise

It follows from (2) that if both #; and 1, are defined, then #; = #, compares their
values in the usual fashion, and if at least one of them is undefined, then (1} =1,) <
U. For instance, with real numbers, v/—1 = v/—1 is not true but undefined.

More generally, by (1), (2), and (3), an atomic formula yields U only if it
contains an undefined term. This restriction is only for technical convenience. It
may be circumvented by introducing a new function symbol f that is undefined
precisely when desired, making (di,...,dqx)) € R when f(d\,...,dg)) is unde-
fined, and using R(x1, ..., Xg(r)) A (f (X1, Xa(p) = F(X1,- - Xa(p)))-

It is easy to check that (4), (5), and (6) make —, A, and V match the correspond-
ing truth tables in Figure 1. Furthermore, Kleene’s conditional and biconditional
can be obtained by treating ¢ — Y as a shorthand for ~@ V y, and ¢ <> y as a
shorthand for (¢ — w) A (y — ¢). We will show in Section 4 that Lukasiewicz’s
conditional — cannot be expressed in our language. However, Section 5 will reveal
that any formula that contains it can be replaced by a formula in our language.

In (7) and (8), if i > a(¢), it is appropriate to define quantification so that it
has no effect, because then v; does not occur free in ¢. The definitions for the case
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- | A|FUT V|FUT = |FUT «|FUT —|FUT
F|T F|FFF F|FUT F|TTT F|[TUF F|TTT
Ulu U|FUU U|UUT U|UUT U|UUU U |UTT
T|F T|FUT T|TTT T|FUT T|FUT T |FUT

Figure 1: Truth tables of some propositional connectives. The symbols — and <+
are Kleene’s conditional and biconditional, and — is Lukasiewicz’s conditional

i < a(¢) are analogous to the definitions of A and V. In them, v; may but need not
occur free in ¢.

If every function symbol in a formula ¢ is defined everywhere, then every-
where @(d,...,dg(p)) % U. If all function symbols of the language are defined
everywhere, then Definitions 3.1 and 3.2 reduce to the classical binary first-order
logic semantics represented in a function form.

It is helpful to think of F being smaller than U which is smaller than T. Then
(@ AW)(d1,...,do((gnry)) yields the minimum of the results of @(dy,...,dy(y))
and Y(di,...,dg(y)), and (@ V Y)(d1,...,dg((ovy))) yields the maximum. Fur-
thermore, (Vv; @(vi))(d1, - .-, dg((vv, p(v)))) Yields the minimum of ¢'(e) for e € D,
and (Fv; @(vi))(d1,---,dg((3v, g(v;)))) Yields the maximum. Here ¢’ denotes the
function from I to {F,U, T} obtained by using di, ..., dy(g) as other arguments
of ¢ than the ith. That is, if i > (@), then e — @(d\,...,dg(y)), and otherwise
e '—)9(611,...,6,... 7d(x((p))-

It is easy to check that De Morgan’s laws hold in our logic:

Lemma 3.3.

1. (=(@ AW)) is the same function as ((—@) V (—y)).
2. (=(Vx @)) is the same function as (Ix (—@)).

If a term is not free for a variable symbol in a formula, then the following
lemma can be used to change the names of the bound variables in the formula, so
that the term becomes free.

Lemma 3.4. If y does not occur in @(x), then (VYy @(y)) is the same function as

(Vx @(x)), and (3y @(y)) is the same function as (3x @(x)).

Proof. 1f x and y are the same variable symbol, or if x does not occur free in ¢(x),
then the claim is trivial. So we assume that they are distinct and x does occur free.

By construction, x does not occur free in ¢(y). By assumption, y does not
occur free in @(x). Therefore, Vx ¢(x) and Vy @(y) have the same free variables.
Let n— a((¥x 9(1))) = a((%y 9(1)).

Because y does not occur in ¢(x), all occurrences of y in () are free, and they
match precisely the free occurrences of x in ¢(x). Let i and j be such that x is v;
and y is v;. The functions ¢(x) and ¢(y) have max{n,i} and max{n, j} arguments,
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respectively, but their values only depend on those arguments whose corresponding
variable occurs free. The values of x and y go in via different argument positions,
but are from then on treated identically. The values of all other free variables are
treated fully identically.

Therefore, @(x)(di,...,dnse;) < @(y)(di,...,dn;e;), where the notation has
the following meaning. The symbols di, ..., dyax{n,i—1,j1}> and ¢; denote arbitrary
elements of I, and ej = e;. If i < n, then (di,...,dy;e;) denotes (di,...,e;,...,dy),
and if i > n, it denotes (d,...,d;_1,e;). Furthermore, (d,,...,d,;e;) is defined
similarly.

As a consequence, (Vx @(x))(dy,...,d,) =< (¥Yy ¢(y))(di,...,d,), and similarly
with 3. O

Definition 3.5. Let a signature be fixed.

Given a structure 6 = (D, _) on it, an assignment of values to free variables is a
total function v from Z* to D. Given o and v, any term 7 yields z(v(1),...,v(a(z))),
and any formula ¢ yields @(v(1),...,v(a(9))).

A model of a formula ¢ is a pair (o, V) such that @(v(1),...,v(a(@))) <
This is denoted with (o,V) |= ¢@. If ' is a set of formulas, then (o, V) =T means
that for every @ € I we have (o,V) | ¢.

If x denotes the variable v;, then by v(x) we mean v(i). Letd € D. By v]x:=d]
we denote the assignment such that v[x :=d|(x) =d and v[x :=d](y) = v(y) when
y is not the same variable as x. For brevity, we will often write ¢(Vv) instead of
t(v(1),...,v(a(r))) and @(v) instead of @(v(1),...,v(a(¢))). The following
lemma is immediate from Definition 3.1.

Lemma 3.6. Assume that t(V) is defined and yields the value d. If t is free for x in
@(x), then @(1)(v) < @(x)(V[x :=d]).

4 Regularity

In this section we introduce and discuss a notion that needs different technical
background from the rest of this study. We first briefly introduce the necessary
background.

By a 3-valued propositional logic we mean a logic whose alphabet consists
of F, U, T, proposition symbols, and a choice of propositional connectives. Any
formula in the logic whose proposition symbols are among Py, ..., P, can be inter-
preted as a truth function from {F,U, T}" to {F,U, T}. Kleene’s 3-valued proposi-
tional logic [14,24] has the connectives —, A, V, —, and < introduced in Figure 1.
Lukasiewicz’s 3-valued propositional logic [17] has -, A, V, —, and a bicondi-
tional version of —».

One can check from Figure 1 that the truth functions represented by PV Q,
P — Q, and P <> Q can also be represented as —(—P A —Q), =PV Q, and (P —
Q) A (Q — P), respectively. On the other hand, we will soon see that P — Q
cannot be constructed from other connectives in the figure.
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Kleene’s 3-valued propositional logic has a useful property called regularity.
Intuitively, it says that if the truth value of a formula depends on the truth value
of P, (while the truth values of the other proposition symbols remain unchanged),
then the truth value of the formula is U when the truth value of P; is U.

Definition 4.1. Let w(P;,...,P,) be a truth function. It is regular if and only if for
each 1 <i <n, for each j such that 1 < j <nand j# i, and for each P; € {F,U, T}

1. either m(Py,...,U,...,P,) =< U
2. orn(Py,....F,...,B) < w(P,...,U,....B) < ®(P,..., T,....,P,),

where the explicitly shown truth value F, U, or T, is assigned to P,.
A formula is regular if and only if the truth function represented by it is regular.
A propositional logic is regular if and only if all of its formulas are regular.

It is easy to see from Figure 1 that P — Q is not regular: U — U < T % U, but
T — UxU % U — U. Therefore, Lukasiewicz’s 3-valued propositional logic is
not regular.

In Figure 1, excluding —, each row and each column either has U in the middle,
or its every entry is F or every entry is T. Therefore, =P, PAQ, PV Q, P — Q,
and P < Q are regular. It is possible to prove (and we will de facto do so as part
of the proof of Theorem 4.3) that every propositional formula that is composed
only using proposition symbols, F, T, U, =, A, V, —, and <> is regular. As a
consequence, Kleene’s propositional logic is regular. Therefore, P — Q cannot
be constructed in it. It is also impossible to construct a formula *(P) such that
*(U) < Fand %(T) < *(F) < T, because it is irregular. (On the other hand, *(P) <
=((P— —=P)A (=P — P)),and P - Q < =PV OV ~(*x(P)V x(Q)).)

Next we adapt the notion of regularity to our predicate logic. Although the
value of a variable is never undefined, it is possible to assign an undefined term
in the place of each free occurrence of the variable symbol. We will need handy
notation for discussing such situations. Therefore, we introduce a new metalan-
guage symbol L, to be used only in this section, to represent the missing value of
an undefined term.

We declare | ¢ D and define D; =DU{L}. Then we extend each ¢ to a

partial function ¢, from ]Di(t) to I, and each ¢ to a total function ¢ from ]Di(q))
to {F,U, T}. (We do not follow the well-known approach of extending 7 to a total
function from ]Di(t) to D, because we want to use L as little as possible.) The
desired effect is obtained by rewriting Definition 3.1 and 3.2 such that _ | is used
instead of _, and 3.1(1) is replaced by the following:

If v, € 7/, then v, is the partial function from D] to DD such that
if e, €D, then v, (e1,...,e,) = ey, and otherwise v, (e1,...,e,) is
undefined.

By an “extended value” of a free variable v; we mean an element of D as
the ith argument of £, or @ |- Intuitively, regularity says that for any free variable
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v;, if the truth value of a formula depends on the extended value of v; (while the
extended values of the other free variables remain unchanged), then the truth value
of the formula is U when the extended value of v; is undefined.

Definition 4.2. Let ¢ be a formula and n = a(¢). The formula ¢ is regular if and
only if for each 1 <i < n, for each j such that 1 < j <n and j # i, and for each
e EDL, ey €] EID)L,e,-H EDL,...,enEDL

L. either ¢ (er,...,L,...,e;) < U

2. orQL(el,...,e,',...,en) XQL(eh---,i,---’en) for every ¢; € D,
where the value L or ¢; is used as the ith argument.

The following theorem is from [28], but we have improved its proof.
Theorem 4.3. The logic in Definitions 2.1, 3.1, and 3.2 is regular.

Proof. Let @, n, i, and ey, ..., e, be like in Definition 4.2. For brevity, if v is
any subformula of ¢, we write Y (e;) instead of ¥ (e1,...,eq(y)) both when
1 <i< o(y)and when i > o(y). We use induction on the structure of ¢ to show
that QL(L) = Uor QL(e,-) is the same for every ¢; € D | .

The base case consists of atomic formulas. By Definition 3.2(1), F | (¢;) <
F and T, (e;) < T independently of e;. If v; occurs in neither #; nor #,, then
(1 = tz)L(e,») does not depend on ¢;. Otherwise, if ¢; is L, then 1 or #, is un-
defined, so by 3.2(2) (1, = t2)L(J_) = U. By 3.2(3), similar reasoning applies to
R(t1,... ,ta(R)). So the atomic formulas are regular.

The induction step consists of five cases. By the induction assumption, the
subformula(s) y, yi, and y; of each case are regular.

Let ¢ be —y. By 3.2(4),if y (L)< U, thenalso ¢ (L)=<U.Ify (e;)=F
independently of ¢;, then @ | (¢;) < T independently of ¢;. If y L( e;) < T indepen-
dently of e;, then @ (e;) < F independently of e;.

Let ¢ be y; A 1;/2 By 3.2(5),if y1  (ei)) < y» (e;) < T independently of ;, then
also @  (e;) < T independently of e;. If Y1 (e;) < For y» (e;) < F independently
of ¢;, then also ¢ (e;) < F independently of e;. In the remaining cases y; (L) #
F#Avy, (L),andy; (L)=<Uory, (L)=<U.Theno (L)=U.

Let ¢ be Vx y. We write y | (e,, ) to indicate that the value of x is d € D.
By 3.2(7), if for every d € D we have y (e;;d) < T independently of e;, then
also @ (e;) < T independently of ;. If for some d € D we have y (e¢;;d) <F
independently of e;, then also @ L(e,-) = F independently of e;. In the remaining
cases at least one d € D yields y (L;d) =< U,andnod € Dyields y (L;d)=<F.
Then ¢ (L1)=<U.

The cases y; V ¥, and Jx y are proven similarly using 3.2(6) and 3.2(8). [

We gave an example in Section 1 that regularity is important in practical ap-
plication of our logic. Just to give another example that can be explained briefly:
let t and ' be terms such that they are free for x in ¢(x), and when ¢ is defined,
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then t = ¢'. For instance, we may have t = =2 and ' = 1. If the logic is regular,
then ¢(¢) implies ¢@(z'). This is because when ¢(7) < T but ¢ is undefined, then
@(¢") < T by regularity. This makes it correct to solve fc%% (x> =5x+7) = 1 by re-
placing % by 1, solving 1(x> — 5x+7) = 1, and checking its roots 2 and 3 against
the original equation. The root 2 fails and 3 passes the check, so 3 is the only root
of =2 (x> —5x+7) = 1.

From now on we will not use L explicitly. Instead, when we appeal to regular-
ity in the sequel, we will use the following corollary of Theorem 4.3.

Corollary 4.4. If1(Vv) is undefined but ¢(t)(v) < T or ¢(t)(v) < F, then for every

d € D we have @(x)(v[x:=d]) < @(t)(V).

Proof. In the notation of Definition 4.2, @(¢)(v) is ¢ (v(1),...,L,...,v(n)) and

@(v[x::d])isgl(v(l),...,d,...,v(n)). O

5 1Is Defined -Formulas

To understand the motivation of the topic of this section, consider adding a function
symbol for multiplicative inverses to the theory of real closed fields. The standard
axiom Vx (x =0Vx-1 = 1) does most of the job. When x =0, then (x-1 =1) < U,
but (x =0Vx-1 =1) =T by Definition 3.2(6). What this axiom fails to do is to
tell that % has been intentionally left undefined. It leaves open many possibilities,
including % =0and % = 1. It thus leaves the axiomatization incomplete.

In everyday mathematics it is natural to use a first-order formula to specify
the domain of a function. For instance, in the case of real numbers, f—c is defined
precisely when x # 0; /x is defined precisely when x > 0; and logx is defined
precisely when x > 0.

To formalize this idea, we assume that in a formal theory, each function symbol
f has an associated isdef-formula | f |, defined soon. The name is an abbreviation of
“is defined -formula”. While in classical binary first-order logic a theory consists
of two components: a signature and a set of formulas on it (the axioms), in our
logic a theory consists of three components: the signature, the axioms, and the
isdef-formulas. The isdef-formulas will be defined so that they never yield U. We
use [.Z | to denote the mapping from the function symbols to their isdef-formulas,
and [ f| denotes the image of f € .%. The notation [ | used in Section 1 applies the
idea to terms and formulas. It will be defined in terms of [.% | in Definition 5.4.

As was discussed in more detail towards the end of Section 2, ¢ = y means
that ¢ and y denote the literally same formula.

Definition 5.1. Isdef-formulas on a signature (¢,.%,%,a) are a function [.7 |
from .# to the formulas on the signature such that for every f € %,

1. [f] contains no other free variables than vy, ..., v(s), and

2. for every function symbol g in [f |, we have [g] = T.
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To improve readability, in examples we may write x, y, and z instead of vy, vy,
and vs3. Here are some examples on familiar function symbols on real numbers:

[x+y| =T, [Vx] = (x>0),and [§] = (=(y =0)).

Because T, (x > 0), and (—(y = 0)) contain no function symbols at all, they vac-
uously satisfy Definition 5.1(2). Because multiplication is defined on all pairs of
natural numbers, we may choose [x-y| 2 T. Then an isdef-formula of the square
root on natural numbers could be Jy (y-y = x). It contains the function symbol -.

The intention is that each function is defined precisely when its isdef-formula
yields T. The next definition expresses this property, and tells how isdef-formulas
are taken into account in the notions of model and logical consequence. The nota-
tion (0,V) = ¢ and (0, V) =T was introduced in Definition 3.5.

Definition 5.2. Let I be a set of formulas and [.% | be the isdef-formulas.

1. A model of [.# | is a structure (ID,_) such that for every function symbol f
andeveryd; €D, ..., da(f) € D, the following holds:

[f](d1,...,do))) < Tif and only if f(d\,...,dgs)) is defined.

This is denoted by (D,_) = [.#].

2. A model of ([.%|,T) is a pair (0,V) such that o is a structure, Vv is an as-
signment of values to free variables, o = [.% |, and (o,V) =T

3. Aformula @ is a logical consequence of [.% | and I, denoted by ([.% |,I') =
@, or I" = ¢ for brevity, if and only if every model of ([.% |,T") also is a model
of .

To illustrate the contribution of [.% | to the notion of logical consequence, let
a(f) =1 [fli =T, [fl2=F and ¢ = (f(x) = f(x)). We have ([.7]1,0) = ¢
but ([.7]2,0) # ¢.

In this study, given a signature, I will vary frequently, but [.% | will remain the
same. As a consequence, I is informative but [.% | is dead weight in the notation
([.#],T) = . Therefore, we prefer the notation I' = ¢, but remind at places that
the concept also depends on [.7 |.

Definition 5.3. A 3-valued first-order theory is a triple (., I', [.% | ), where:
1. % is a signature,
2. I'is a set of formulas on . (known as the axioms), and

3. [#] is isdef-formulas on ..
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For instance, the function % can be added to the classical binary first-order
theory of real closed fields as follows. First, the isdef-formula T is introduced for
each original function symbol, to make the theory 3-valued. Then, the symbol 1
is added to the signature the formula —(x = 0) is made its isdef-formula; and the
formula Vx (x =0V x-+ = 1) is added to the axioms. The square root function

can be added to the theory of natural numbers by introducing the isdef-formulas T,
adding / to the signature, giving it the isdef-formula 3y (y-y = x), and adding
the axiom (=3y (y-y =x)) V (1/x- vx =x).

It is intuitively clear that, for instance, in the case of real numbers, @ is
defined if and only if x+y > 0Ay+ 1 # 0. Next we present and show correct a
straightforward algorithm that implements this intuition. Given isdef-formulas, for
each term ¢ it computes a formula [#] and for each formula ¢ it computes a formula
[@]. Given a structure that models the isdef-formulas, [7] yields T if and only if
t is defined, and [¢@] yields T if and only if ¢ does not yield U. The formulas [¢]
and [¢@] themselves never yield U.

Definition 5.4. Assume that a signature and isdef-formulas on it are given.

1. If 7 is a variable symbol or a constant symbol, then [¢]| = T.

2. [f(trsstagp) | Z 0 A A tapn ATt tarsp)

(Where necessary, rename bound variables in [ f] as justified by Lemma 3.4,

sothattl,...,ta(m)becomefreeforvl,...,Va(m).)
3. [F2[T]|=T
4 [h=n]=[n|A[n]
5. (Rt tar) ] = [ A A tar)]
6. [-p]=To]
7. [ory]= (o] ATw])V ([l A=)V ([v]A-y)
8. [ovy]=([e]ATyv])Vv([e]re)v([v]Aw)
9. [Vxo]=(vx[e])VIx([o] A-o)
10. [Ax o] =(vx [@])Vix([@]Ae)

Lemma 5.5. Assume (D,_) = [.7 |. Let t be a term and ¢ be a formula.
1. Every free variable in [t]| also occurs in t, and every free variable in [¢ |
also occurs free in @.

2. If for every function symbol f and every dy € D, ..., dy(y) € D we have
[f1(d1,-.. dgry)) X T, then for every term t, every formula @, and every
di €D, ... we have |VZ‘J (dl,...,da(m)) =T and |7(pJ (dla---ada([(pj)) =T.
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3. Letd €D,..., d(x(z eD. Ifl(d], 7da(t)) is defined, then [ZJ (d],...,da(w))
=T. OIherWlse [t](d1,...,dgi))) < F.

4. Letd; €D, . rdoc((p e D. If(p(d1, ,d ale ))XForg(dl,...,da((p))XT,
then [(pJ (dl, ,da(( J)) T. Otherwise [(pJ (dla---ada(((pj)) =F.

5. Assume that |.F | is a computable function. Then the functions t — [t| and
o0 — [@] are computable.

Proof.

1. It is easy to check from Definition 5.4 that no case introduces other free
variables than those in 7y, ..., ty, [t1], ..., [t.], @, ¥, [@], and [y], where
t1,...,t, are the proper subterms and ¢ and y are the proper subformulas of
the case. The claim follows from this immediately by induction.

2. Each case in Definition 5.4 is T, [t1] A« A ltqp | A1 ta(rr))s
[t1] A+ At,] for some n, or [@]; or contains the disjunct [@| A [y] or
Vx [@]. By induction and the assumption of the claim, each such formula or
disjunct, and thus each case, yields T everywhere.

3. We use induction on the structure of z. For brevity we drop parameter lists
of the form (dy,...,dy( ), but do show those that are of other forms.

The base case consists of variable and constant symbols. By Definition 3.1(1)
and (2), v; and c are defined, and by Definition 5.4(1) M = [_cJ =

The induction step consists of terms of the form f(zy,... o f)). By the in-
duction hypothesis and Definition 5.2(1), there are three cases, each of which
can be dealt with 3.1(3) and 5.4(2):

(a) At least one of the ¢ is undefined and m = F. Then f(zy,... ,ta(f)) is
undefined and [ f(t1,...,%q(r))] < F.

(b) Every ¢; is defined and has [f;| < T; and f(dj,.. ,d:x(f)) is defined,

where each d] is the value of ;. By 5.2(1) we have [f](d},...,d.

a(rs))

= T. Then f(t1,...,tq(y)) is defined and [ f(t1,...,t4())] < T.
(c) Every ¢; is defined and has [#;] < T; but f (d{,...,d:x( f)) is undefined,
where each dj is the value of ;. By 5.2(1) we have [f](d},...,d.

a(rs))
= F. Then f(t1,...,tq(y)) is undefined and [ f(#1,...,t4(s))] < F.

4. We use induction on the structure of @, and again drop parameter lists of the
form (dy,...,dg()). The base case consists of atomic formulas.

(a) By Definition 3.2(1) F < Fand T < T, which matches Definition 5.4(3).
(b) If 1, or £, is undefined, then by 3.2(2) #; = 1, < U. By Claim 3, ] =<F

or [1] < F,soby 5.4(4) [t =1,| < F. Otherwise t; and 1, are defined.
Then by 3.2(2)t; =tp <Forf; =, < T. By Claim 3, m x[t_gj =T

soby 5.4(4) [t =1 <T.
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(c) ThecaseR(t1,...,tq(r)) is proven similarly to (b) using 3.2(3) and 5.4(5).
The induction step consists of five cases.

(a) By 3.2(4), -¢ =< U if and only if ¢ = U. This matches 5.4(6).

(b) If ¢ <y =<T, then by 3.2(5) ¢ Ay < T. By the induction assumption
and 5.4(7), [@], [v], and [@ A y] yield T. If ¢ <F, then ANy < F,
and [¢], ([¢] A=9), and [@ A y] yield T. Similarly if y < F, then
oAy =<Fand [(p Ay| =< T. In the remaining cases, at least one of @
and y yields U ‘while the other yields T or U, @ Ay < U, at least one

of [¢] Jand[ y| yields F, and [ Ay| < F. -

(c) The case ¢ V y is proven similarly to (b), but using 3.2(6) and 5.4(8),
and with F and T swapped except when yielded by [].

(d) To deal with Vx ¢, let @(;e) abbreviate @(di,...,dg(gp)), if x is none of
V1, ..., Vg(p); and otherwise @(;e) abbreviates @(dy,...,e,...,dy(p)),
where e is used in the place of x. If for every e € D we have oe)=<T,
then by 3.2(7) Vx @ =< T. By the induction assumption, for every ¢ € D
we have [@](;e) < T. Thatis, Vx [@] < T. By 5.4(9), [Vx¢] <
If ¢ € D is such that @(;e) < F, then Vx ¢ < F and [@|(:e) < T. S
3x ([@] A=) < T and [Vx @ < T. The case remains where @(;e) <
U for at least one e € D and @(;e) < F for no e € D. Then Vx ¢ < U
and [Vx @] <F. N

(e) The case dx ¢ is proven similarly to (d), but using 3.2(8) and 5.4(10),
and with F and T swapped except when yielded by [].

c>.—|

5. The algorithm is immediate from Definition 5.4, except perhaps the renam-
ing of bound variables in (2). A simple possibility starts by scanning 71, ...,
fa(f)» to find the greatest i such that i = 0 or v; occurs in at least one of them.
Then it replaces the bound variables in [ f| by v;; 1, v;;2, and so on.

O

vty
For example, { Vi J

[VXFY| Ay + 1A (=(y+1=0))

([x+yIAx+y =) A([YIATHAT)A(=(y+1=0))
(I ATYIAT)A (x+y > 0)A(TATAT)A(=(y+1=0))
(TATAT)A(x+y>0)A(TATAT)A(=(y+1=0))

1111 1R

By Definition 3.2(1) and (5) and the usual definition of #, this formula expresses
the same function asx+y>0Ay+1#0.

We emphasize that there is no symbol [ | in the formal language. Every instance
of [] is a metalanguage expression that represents the formal language expression
that is obtained by Definition 5.4.
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Now ¢ — y can be introduced as a shorthand for =@V yV =([@] V [y]).
This is not in contradiction with the facts that our logic is regular and — cannot be
expressed in a regular logic, because [¢ | only exists in the metalanguage. It does
not represent a truth function but a function from formulas to formulas.

6 Proof System and Its Soundness

Our proof system is loosely based on a proof system for classical binary first-
order logic in [7, Section 3.1]. The most important (but not only) difference is
that our system depends on the isdef-formulas [ f| of the function symbols f € .Z.
Therefore, its soundness proof will use Lemma 5.5(3) and (4). Thanks to 5.5(5),
if the set of axioms is recursive and the function [.7 | is computable, then also the
proof system is recursive. If .7 is finite, then it is trivial that [.% | is computable.

The notation ([.% |,I") - @ means that ¢ can be proven from [.% | and I using
the proof system. We usually write it more briefly as I' - ¢, just like we do with
=, because [.7 | never changes during our argumentation. The meaning of I' = ¢
was given in Definition 5.2(3). Given a signature and the isdef-formulas, a proof
system is sound if and only if for every I" and ¢, I' - ¢ implies I" |= ¢.

In what follows, @, y and ) are arbitrary formulas, I" and A are arbitrary sets of
formulas, ¢, 11, . .., t, are arbitrary terms, and x and y are arbitrary variable symbols.
The rule schemas that differ from or are absent in classical binary first-order logic
have been marked with (*) at the end of the first line of the rule schema. After each
group of rule schemas, we show their soundness if it is not immediately obvious.
The soundness proof is by induction, where the induction assumption says that
every I in the if-part of the schema is sound.

The first three rule schemas allow thinking of proofs as maintaining a set of
axioms and proven formulas, which grows each time a new formula is proven.

PL {o}F ¢

P2 IfI'- @ then TUA ¢.

P3 IfI'@pandTU{@}F vy, then T+ y.
Lemma 6.1. PI, P2, and P3 are sound.
Proof.

P1 Forevery o and v such that 6 = [.% | and (0,V) = {¢@}, obviously (o, V) |=
¢. This means that by Definition 5.2(3), P1 is sound.

P2 If (0,v) ETUA, then clearly (o,v) = T. If, furthermore, o = [.% | and
I' - ¢, then by the induction assumption (o,V) = ¢, showing that P2 is
sound.

P3 If o = [7],

(o,v) =T,and ' @, then (0,v) ETU{@}. ThenTU{@}+
y yields (o, V)

= y. Therefore, P3 is sound.
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O

The next rule schema expresses the Law of Excluded Fourth, which replaces
the Law of Excluded Middle in classical logic. The next two are the basis of proof
by contradiction. The fourth one says that if a formula is true, then it is also defined.

C1 0+ (oV-9)V-lo] (*)
C2 {F}to

C3 {o,~@}FF

D1 {¢}+ [o] (*)

Lemma 6.2. C/, C2, C3, and DI are sound.

Proof. Assume o = [.% |. By Lemma 5.5(4), if ¢(v) yields neither T nor F, then
[@](v) < F. So Cl is sound. The soundness of D1 follows immediately from the
same lemma. The rule schemas C2 and C3 are vacuously sound, because there are
no ¢ and v such that (o,v) = For (o,v) = {¢,—¢}. O

Here is an example of a rule instance generated by D1:

{ﬁ

x—1

>0} F(TAE>0)A(TATAT)A (=(x—1=0))

Here is an example of a rule instance generated by C1, made more human-readable
by dropping a number of parentheses and “T A”:

0F (ﬁ >0)vﬁ( \/)_Cl >0>\/ﬂ((x20)/\—|(x—1:0)>

x—1 X —

‘We now illustrate the use of some rule schemas introduced this far, and obtain
two results that are needed later. C4 is actually a theorem schema and its proof is
a proof schema. They become a theorem and a proof in our system by putting a
formula in the place of ¢. Also C5 is a theorem schema. Our proof of it is not a
proof schema but a demonstration that the set of rules that C5 generates is a subset
of those generated by C4.

Lemma 6.3. For every formula @, our proof system proves the following:

C4 {¢,~[o|}FF
C5 {~o¢,~[o]}FF
Proof.

C4 By D1, {o}F [¢]|. By P2, {¢,~[¢|} F [¢]. Let this be called (1). Using

[@] in the place of @ in C3, we get {[@],~[@]} - F. By P2, {9, ~[¢], [¢]}
F F. Let this be called (2). By (1), (2) and P3, {@,—~[¢@]} - F.
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C5 With —¢ in the place of ¢, C4 yields {—¢,—~[—¢]} F F. By Definition 5.4(6)
[—¢] is literally the same formula as [¢|. Therefore, {—¢,=[—¢@]|} - F is
literally the same as {—¢@,—[¢|} - F.

O

It is clear that the above style of proof is clumsy indeed. Therefore, we now
argue that a finite sequence of subproofs and sets Iy, ..., I'; can also be thought
of as a proof, where n > 0, I'p =T, I, = I';_; U{¢;}, and ¢; is obtained from
some subset of I';_; by some rule schema or subproof. We do that by verifying by
induction that if 0 < k < n, then I';,_; F ¢,. The claim then follows by choosing
k=n.

By P1 {¢,} F ¢,. Soby P2, T',,_o F @,. Thus the claim holds for k = 0. By the
induction hypothesis I[',,_; - ¢,. By P2 and the assumption on how ¢; is obtained,
F(n—k)—l F @ Since ', =11 U {(pn_k}, P3 yields Fn—(k-i—l) F ..

By this observation, proofs can be presented in a compressed form I'-, ¢; -,
.-+, @n, where xi, ..., X, are labels of rule schemas or lemmas, and ¢; can be
obtained by x; from some subset of 'U{¢;,...,®;,_1}. Furthermore, more infor-
mation can be added to the index x;, to tell about how the rule schema or lemma
is applied. In this representation, the proof of C4 may be written as {@,—~[ @]} Fp,
(@] e F.

The following rule schemas for conjunction and disjunction are mostly trivial.
The schema V-E expresses the principle of proof by cases.

AL {o.yiEony

ANE1 {pAy}to

ANE2 {oAy}y

v-Il {g}-oVy

V-2 {y}-oVvy

V-E fTU{@}Fxyand TU{y}F g, thenTU{pV y}I x.
Lemma 6.4. N-I, A\-E1, N-E2, \V-11, \/-12, and \V/-E are sound.

Proof. If o |=[.%] and (0,v) ET'U{¢@V y}, then (0,v) =T and either (o,V) E
¢ or (0,v) = y or both. In the former case TU{¢@} I x yields (o,V) = x; and
in the latter case TU {y} - x yields (o,v) = x. Therefore, V-E is sound. The
soundness proofs of the other five are immediate. U

The following lemma illustrates subproofs and proofs by cases, and gives an-
other five results that are needed later. The last three of them are examples of the
ability of the proof system of exploiting the commutativity and associativity of V.

Lemma 6.5. For every formula ¢, y, and X, our proof system proves the following:
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D2 0 [o|V-lo]
C60-T

V-C {pVyltyVe
V-A {(pVy)VxtEoeVv(yVvy)

V-A” {(pVy)VxtEoeV(xVy)
Proof.

D2 Since {@} by [@] and {-@} by, [—0)] %5.4(6) [¢], we get {9V @} o
[@| Fun [@]V—=]@]. On the other hand, {—[¢]|} k., [@]V —[¢]|. There-
fore, 0 ¢, (o V—@)V =[] s @] V-]l

C6 Since {T} Fp T and {—T} by, [-T] = [T =54(3) T, we reason 0 Fp,
[T]VA[T|=2TVv-THLET.

V-C {¢}FpwVeand {y} ., yVo, thus{oVy}t.yVe.

V-A {@} Frn @V (yVy)and {y} Fu Ve @V (yV x), hence {@V y}
F.e@V(yVy). Wealsohave {x} Fvo WV x Fon @ V(¥ V x). Therefore,

{lovy) vl oV (yV).
V-A’ The proof is like the previous proof, but builds ) V y instead of y V .
O

Lemma 6.6. If o, 3,y is any permutation of @,y,x, then {(Vy)Vx} F oV
(BVY).

Proof. {(@V W)V} Fua @V (YVY) Fue (WVX)VOELWY(XVO) .
XVOIVY . xV(WVO) e (WWO)VYEawV(oVY) e (eVx)Vy
Foa @V (XVY) Fue XVY)VOE L xV(QVY) O

By Lemma 5.5(4) and Definition 3.2(4), for every formula ¢ and for each in-
terpretation, precisely one of ¢, —¢ and —[¢ | yields T. Our proof system reflects
the same idea in the following way. The set I is inconsistent if and only if I' - F.
C3, C4, and CS5 tell that if " is consistent, then at most one of @, —¢, and —[¢ | can
be proven. The next lemma tells that if two of them lead to a contradiction, then
the third one can be proven.

Lemma 6.7. Assume that a, B,y is any permutation of ,—@,—[¢@|. fTU{a}F
F,thenT-BVy. IfTU{a}-FandTU{B}F, thenT F .

Proof. 0 k¢, (¢ V—@)V =[], from which Lemma 6.6 yields 0 - oV (B V 7).
Assume 'U{a} - F. Then TU{at} ¢, BV 7. On the other hand, TU{B V v} I,
BVy ThusTU{aV(BVYy)} e BVYy,andT i BV y. IfalsoTU{B} F F, then
FTr'u{B}reyandTU{y}tp 7. SoTU{BVY}Fey,andby'F BV ywegetD
Fps 7. Ol
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Next we discuss rule schemas for equality. The first of them differs from classi-
cal binary first-order logic in that it insists the term in question be defined. Without

this restriction, we could, for instance, prove % = % using =-1.

—1 ([t} F (=) ¢
=2 If (x1,...,Xq(p)) is a formula, 1 <i < (X((p) and #; and ] are free for x; in
(p(xl,...,xa((p)),then {(l‘i:l‘i’),(p(ll,.. )}l—(p(l‘l, . l, ’t(x((p))'

Lemma 6.8. —-1 and =-2 are sound.
Proof.

=-1 Assume 0 = [.7 | and (0,V) |= [t]. The latter means that [7](v) < T. By
Lemma 5.5(3), t(Vv) is defined. So (r =1)(V) =322 T. that is, (o,v) E

(t=t1).

=-2 If (0, V) [= (1 =t!), then by Definition 3.2(2) both #;(v) and #/(Vv) are defined,
and they yield the same value. Because both #; and ¢/ are free for x; in @(x;),
the values yielded by #;(v) and 7/ (V) are treated in the same way in @(t;)(Vv)
and @(#/)(v). As a consequence, if (o, V) = @(t;), then also (o, V) = ¢(t]).

O

The next lemma tells that our proof system allows the substitution of a term
for an equal term inside a defined term. Furthermore, it can exploit symmetry and
transitivity of =.

Lemma 6.9. For every function symbol f, every 1 < i < a/(f), and every term t,,
!/ / . .
1, t, t, 1, t, and 13, our proof system proves the following:

=3 {(ti=1), [f(t1,--tap) I E(f(tr, e staip) = F(t, s ta(p)
=-4 {(l:f')}F(l':f)
=5 {(h =n),(=86)}F(1=18)
Proof.

=-3 Let @(x;) = (f(t1,---sta(p) = f(t1,--,Xi, -5 1q(p))). It contains no quanti-
fiers, so #; and ¢; are free for x; in it. We have {[f(t1,...,tq(s))]} Fo @(8:)

and {(l,' = t,{)y(P(ti)} F_, (p(ll/) = (f(tla'-'7t(x(f)) = f(t17"'7ti/7"'7t06(f)))'
The claim now follows by P2 and P3.
=-4 Let @(x) = (x=1). Wereason {(t =1')} b, [t =1"] =5 4( ) [eA [t'] g
(1] Fy (1 =1) = @(¢). Clearly {(t = '), p(t)} F_. @()) = (' =1). The
claim now follows by P3.

=-5 Let ¢(x) = (x =13). By abuse of = we reason {(t; =1,),(t =13)} = {(1; =
n), @)} (=n)F. o) = (0 =10).
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O

Rule schemas for quantifiers have one difference from classical binary first-
order logic: V-E insists that the term ¢ must be defined. This prevents us from
deriving, for instance, O - % = 0 from Vx (0-x = 0). We will see that thanks to
Corollary 4.4, 3-1 does not need a similar condition.

V-E If ¢ is free for x in @(x), then {[z], (Vx @(x))} F @(¢). (*)
V-I If I' - ¢(x) and x does not occur free in I', then I' - (Vx ¢(x)).
3-I If 7 is free for x in @(x), then {@(7)} - (Tx @(x)).

3-E If T'U{¢@(y)} F v and y does not occur in I', (3x ¢(x)), nor in y, then I'U
{Gr o)} F .

Lemma 6.10. V-E, V-1, 3-I, and 3-E are sound.
Proof.

V-E If o = [.7 ] and (0,V) |= [t], then t(Vv) is defined. Let its value be denoted
by d. If also (0,V) | (Vx ¢(x)), then (0, Vv[x:=d]) E ¢(x). Because ¢ is
free for x, also (0, V) = @(7) by Lemma 3.6. Thus V-E is sound.

V-I If (o,v) =T and x does not occur free in I, then for any d € D we have
(o,vix:=d]) =T. Ifalso o = [.#]| and ' - ¢(x), then (o,v[x:=d]) E
¢(x). This means that (o, V) = (Vx ¢(x)), implying that V-1 is sound.

3-1 Assume (0,V) = @(t). Because 7 is free for x in @(x), if (V) is defined, then
(o,vix:=1t(v)]) = ¢(x) by Lemma 3.6. Therefore, (o,v) = (Ix @(x)).
Otherwise, ¢(Vv) is undefined. Because (0,V) = ¢(t), by Corollary 4.4
(o,v[x:=d]) = ¢(x) for every d € D. Because D # 0 by definition, this im-
plies (o, v[x:=d]) = @(x) for atleast one d € D, that s, (0, V) = (Ix ¢(x)).
So 3-11is sound.

3-E Assume (o,v) ETU{(Ix ¢(x))}. So (o,v[x:=d]) E ¢(x) for at least
one d € . Because y does not occur in (Ix ¢(x)), y is free for x in ¢(x).
Thus also (o, Vv[y:=d]) = ¢(y). Because y does not occur in I, (o,v) =T
implies (o,v[y:=d]) ET. Ifalso o = [.Z] and TU{¢(y)} F v, we get
(o,v]y:=d]) = y. Because y does not occur in y, we have (0,V) = y.
This completes the soundness proof of 3-E.

O

Altogether, there are only four differences from classical binary first-order
logic: two that make each closed formula yield precisely one of three truth values
instead of two; one that enforces that an undefined term is not equal to anything;
and one that reflects the principle that variables range over defined values only.
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7 Existence of Models and Completeness

Our proofs for the model existence theorem and completeness theorem mimic [21],
Proposition 5.7, pp. 107-110, which we have adapted to 3-valued first-order logic
and our proof system. We have also attempted to clarify many technicalities. Ulti-
mately the proofs are based on the well-known construction by Leon Henkin [12].

Let I be a set of formulas. Because it may be infinite, it is possible that every
variable symbol occurs in it. However, the Henkin construction needs infinitely
many additional variable symbols. Further headache is caused by the fact that a
term may be not free for a variable symbol in a formula. In what follows we cannot
rely on Lemma 3.4, because the Henkin construction uses the formula literally as
it is. Therefore, we will use a provably equivalent term instead that is substitutable
in the original formula. So for each finite set of variable symbols, each term must
have a provably equivalent term that contains none of the variable symbols. To deal
with these, we introduce a new indexing for the variable symbols and a modified I"
called I as follows.

The function 1 : Z* x ZT — Z*; (i, j) +— 1(i+ j—1)(i+ j—2) + j is a bijection.
Therefore, we get an alternative indexing for the variable symbols by, for i € Z*
and j € Z*, defining that v; ; is the same variable symbol as v,(; ;. The set I" is
obtained by replacing all variable symbols v; in I" by the variable symbols v»; 1, and
then, for j > 1, adding the formulas (v;; = v; ;). The function [.% | need not be
modified, because of the following. For each f, the only occurrence of [ f| in our
formalism is in Definition 5.4(2). There the names of its variables are insignificant,
because free variables have been substituted by terms and bound variables have
been chosen so that the substitution is legal.

Let ¢(x) be any formula, ¢ any term, and v; j any variable symbol that occurs in
t and becomes bound in ¢(z). Because every formula is finite, only finitely many
variable symbols occur in @ (x). So there is some k € Z" such that v;; does not
occur in @(x). Because j=1or (v;; =v;;) €', and k =1 or (v; =vix) €I,
the replacement of v; ; by v; in 7 results in a term that seems intuitively equivalent
to ¢. Based on this idea, we will be able to work around the “not free for x” problem
in the sequel.

The variable symbols v»;_1; are almost but not entirely unused, because they
occur in the formulas (V2z’—171 = vpi_1,j) in I"". To discuss this, we introduce new
concepts. A duplicate of v; is any v; j with j > 1. Let Y be any superset of I".
By v; is vacant in Y we mean that for j € Z*, every occurrence of v; ; in Y is in
a formula of the form (v;; = v; ). All v5;_;; are vacant in I'", but only those v»; |
are vacant in I” where v; does not occur in T

Lemma 7.1. Let Y be a set of formulas such that T" C Y.

1. Every variable symbol x has infinitely many variable symbols y such that
'k (x=y).

2. If Y\T" is finite, then infinitely many variable symbols are vacant in Y.
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3.

4.

5.
Proof.

1.

2.

Ifi€ Z*, Y F, and for j > 1, no v; j occurs in Y except in (v; = v, ), then
Y has a finite subset A such that A& F and no v; ; with j > 1 occurs in A.

IfT"=F, thenT - F.

If ([.7|,I") has a model (Definition 5.2(2)), then ([.7 |,T') has a model.

The claim follows from the (v;; = v; ;) by =-4 and =-5.

All the vo;_1,; are vacant in I'. Each additional formula in Y can make only
a finite number of them non-vacant, because formulas are finite.

Because every proof is finite, the proof Y - F only uses a finite number of
elements of Y. There is thus a finite Y/ C Y such that Y/ - F. Because it is
finite, it has a minimal subset A such that A = F. It remains to be proven
that no v; ; with j > 1 occurs in A. We prove it by deriving a contradiction
from the assumption that A contains a formula of the form (v;; = v;, j) where
j> 1.

Let A = A\{(VM = V,'J)}. By definition, AU {(V,}] = V,'7j)} =AFF.
Because 0 b o0 TAT, we have AU {=[v;1 = vi;|} b —[vi1 = vij]
=544.1) (TAT) b F. By Lemma 6.7 we have A F =(vi1 =v;j). By
construction, v; ; does not occur in A. Therefore, A’ -, Vx —(vi) =x) by
=(vi1 =vi1) F_y.cs F, where [v;;] = T by 5.4(1). This contradicts the
minimality of A.

By (3), there is A C I such that A - F and no variable symbol of the form
v; j, wherei > 1 and j > I, occurs in A. It implies that A does not contain any
V21,1 either. Because every proof is finite, A = F only uses a finite number
of variable symbols. So all occurrences of variable symbols of other forms
than vy; 1 in A~ F can be replaced by so far unused variable symbols of the
form vy; 1, resulting in a proof of F from A that only uses variable symbols
of the form v; 1. Now replacing each v; | by v; results in a proof of F from
r.

. If (o,V') ET, then (0, V) =T, where for i € ZT we have v(i) = v/(1(2i,1)).

O

It is our goal to prove that if I't/ F, then ([.%# |,I") has a model. It follows from
Lemma 7.1(4) and (5) that it suffices to prove that if [" t/ F, then ([.% |,I”) has a
model. In that proof, we may assume what Lemma 7.1(1), (2), and (3) state.

Next we extend I so that the extended set Iy, is consistent and for each formula
@, precisely one of @, —¢ and —[¢] is in I'y. Furthermore, for each formula of
the form 3x y(x) in Ty, it contains a formula of the form y/(y) as well, so that later
in this section we can appeal to y/(y) to justify 3x y(x). Similarly every —Vx y/(x)
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in 'y, is accompanied by —y/(y) for some y. The y are called Henkin witnesses.
Technically they are free variables. However, our eventual goal is to build a model
(o,v) for I, and in it each free variable v; will have a single value v(i). So the
Henkin witnesses will eventually represent constant values.

The set Iy, is built by processing all formulas ¢ (also those that are in I”) in
some order ¢y, @, ... and forming a sequence I'g, I'j, I, ... of sets of formulas
as follows. Let I’y :=I". For i > 0, we construct I'; from I';_; and ¢; according to
the first item in the list below whose condition is satisfied by ¢; (we will later show
that at least one item matches). Please notice that each I'; \ I';_; contains at most
two formulas, and thus each I'; \ I is finite. (Conditions of Cases 4 and 5 mention
facts that could be derived from the failure of earlier conditions. This is to simplify
subsequent discussion.)

L L U{[@i|} FF, then I :=Ti_  U{=[¢;]}.

2. IfTio1U{ @} # F and ¢; is of the form 3x y(x), then T :=Ti_1 U {@;, y(y)},
where y is a variable symbol that is vacant in I';_; and does not occur nor its
duplicates occur in ¢;. By Lemma 7.1(2) such an y exists.

3. Iy U{—¢;} / F and ¢; is of the form Vx y(x), then I'; :=T;_; U {—¢;,
—y(y)}, where y is a variable symbol that is vacant in I';_; and does not
occur nor its duplicates occur in ¢; nor [y(x)|. By Lemma 7.1(2) such an y
exists.

4. T U{¢} I/ F and ¢; is not of the form Ix y(x), then I'; := T, U{@;}.

5. Iy U{—~¢;} /F and ¢; is not of the form Vx y(x), then I'; ;=T U
{~o:}.

Clearly " =T\ CI' CI', C---. We choose 'y, :=T Ul U....
Lemma 7.2. If T I/ F, then T t/ F.

Proof. We prove first by induction that each I'; is consistent. The assumption I t/
F gives the base case [y f/ F. The induction assumption is that I;_| I/ F. The
induction step is divided into five cases according to how I'; is formed. In Cases 4
and 5 I'; i/ F by the condition of the case. In the remaining cases we assume I'; - F
and derive a contradiction.

InCase | I U{[¢;|} FF. IfI; - F, then I';_; U{=[¢;]} - F. These yield
iy Fo, [@i] V—]@;| Fox F, contradicting the induction assumption.

If in Case 2 I'; F F, then I';_; U {(3x y(x)),y(y)} F F. Because y does not
occur in 3x y(x), it is free for x in y(x). Therefore, {y(y)} F5; Ix w(x). Hence
FioiU{y(y)} Fes F. By 7.1(3) there is a finite subset A of I';_; such that AU
{w(y)} - F and y does not occur in A. Thus the assumptions of 3-E hold such that
I, ¢, and y are A, y(y), and F, respectively. We obtain AU {3x y(x)} Fsx F. So
I 1 U{3x y(x)} k-, F, contradicting the condition of the case.
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In Case 3 we denote by I': the set I;_; U{-Vx y(x)}. SoI; =TU{-y(y)}.
IfI; - F, then U {—y(y)} F F. Again, by 7.1(3) there is a finite subset A of I}
such that AU{—wy/(y)} I F and y does not occur in A. Because y does not occur in
—Vx y(x), we may assume (—Vx y(x)) € A. Lemma 6.7 yields

AEy(y)V=lw(y)]. 2)

On the other hand, A t-p, [—Vx y(x)] =5.469) (Vx [w(x)])VIx ([y(x) | A—y(x)).
We show that both AU{Vx [y(x)]|} and AU{3x (y(x)] A—y(x))} prove F. They
imply A k-, F and I} -5, F, which contradicts the condition of the case.

First consider AU {Vx [y(x)|}. We have [y] = T by 5.4(1). Because y does
not occur in [y (x)], we get {Vx [y(x)]} Fve [w(y)]. Since {[y(y)]}U{y(y)}

P W(y) and {Ty ()]} U{~Ty()]} Fos F Fe w(y), we obtain AU{Vx [y(x)]}
Forve V() Fur Yy w(y), since y does not occur in A or [y(x)]. Because y(y)

is obtained from y(x) by substituting y for x, we have {Vy y(y)} F.e y(x) o
Vx y(x). Therefore, AU{Vx [y(x)]} F Vx y(x) ¢ F, because (—Vx y(x)) € A.

To deal with AU {3x (y(x)| A —y(x))}, let z be a variable symbol that does
not occur in it. We obtain A .. Vy (y(y) V=ly(y)]) Fee W(z) Volw(z)].
Clearly {[y(z)| A=y ()} U{y(2)} - Fand {[y(z)| A -y} U{=[w(z) |} FF,
which implies AU{[y(z)] A—y(z)} Foe F. Thus AU{3x (Jy(x)] A—w(x))} Fae
F.

This completes the proof of I'; I/ F for all i € N.

We still have to prove that Ty, I/ F. If ['y, F F, let I, be the set of formulas in T,
that occur in the proof of the contradiction. The set I, is finite because all proofs
are finite. Therefore, there is such an index i € N that I“’w C T. By construction,
[, - F. This and P2 imply I'; - F, which contradicts the earlier result. O

Lemma 7.3. Assume I t/ F. For each formula @, the set Ty contains exactly one
of the formulas @, ~¢, and =] ¢ |.

Proof. If, when ¢; is processed in the construction of I',, none of the conditions of
Cases 2, 3, 4, and 5 holds, then by Lemma 6.7 I';_; = —=[¢; |, and thus the condition
of Case 1 holds. So I'y, contains, for each @, at least one of =[], ¢, and —¢. By
Lemma 7.2, C3, C4, and C5, ', contains at most one of @, =@, and —[¢|. O

Lemma 7.4. Assume I I/ F. Then Ty, = @ if and only if ¢ € [,

Proof. If ¢ €', then 'y, 5, .

Assume I'y, F ¢@. If (—@) € Ty, then T', F¢; F, which contradicts Lemma 7.2.
Therefore, (—¢) ¢ I'y. A similar reasoning using C4 yields (=[¢|) ¢ I'y. By
Lemma 7.3 at least one of @, =@, =[¢@] isin y. So ¢ € Ty,. O

Lemma 7.5. Assume I t/ F. For each formula @, the set Ty contains exactly one
of [@] and —[@|. For each term t, the set I, contains exactly one of [t| and —[t|.
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Proof. If @ € Ty or (—@) € 'y, then 'y, Fp, [@] = [—¢@|. By Lemma 7.4 we
have [¢@| € T'y. Otherwise, Lemma 7.3 yields (=[¢@]) € I',. By C3 we have
{[e|,(=]e])} L 'y, completing the proof of the first claim.

If [t =t] €Ty, then [t] € Iy, because [t =t] =5.4(4) [t] A[t]. Otherwise,
by the first claim (—[r =¢]) € I',. We use Lemma 6.7 to show {—[r =1¢|} -
—[t]. Clearly —[t =1| = —([t] Aft]), so {=[t =1|}U{[t]} b [t] ATt b
F. Furthermore, {=[t =t} ko [2[t =1] = [[r =1]] = [[t] A[1]] =5 407,
(FWJJ ATV (el A=Te]) v (el ] A=Te]), so {=fe = ey u{=[[t] ]} H-DE

By Lemma 7.3, we may unambiguously assign each formula y a truth value )
as follows:

7 =T, if x € Ty 3)
¥ =F.,if -y €T,
7 =U,if -[y] €To

We show next that these truth values respect the propositional constants and con-
nectives.

Lemma 7.6. IfI" /F, then F <F, T=<T, =0 < -0, pAY < QAVY, and pV Y =
PVV.
Proof.

T,F By C6 and Lemma 7.4, T € [y, so T < T. Because —[F| = =T by Def-
inition 5.4(3), we cannot have (=[F]) € I',. Lemmas 7.2 and 7.4 rule out
F € I'y. The only remaining possibility is (—F) € ', so F < F.

—¢@ Let y = —¢.If ¢ <F, then (—¢) €T'y. Thatis, y €[y, s0x <T. If o< U,
then (—[¢@]) € I'y. By Definition 5.4(6) [x] = [¢]. So (—[x]) € ', and
% =< U. Finally, let @ < T, thatis, ¢ € T'p. If < T, then {¢,—@} C 'y Fc;
F.Ifx < U, then {@,=[-¢]|} ={¢,7[¢|} CT'y e F. Thus ¥ <F.

OANY Let y 2 oAy, fo<Tand ¥ <T, then {Q,y} C Ty, ., @ Ay. By
Lemma7.4 oAy =<T.

By Definition 5.4(7) [ Ay | = ([@] ATw])V (o] A—@)V (Ty] A-y). If
¢=Uand ¥ =T, then {(=[¢]), ¥} CToandTo U{[QAW]} 5 ve2cnve
F. Soby Lemma 7.5 (=[@ Ay|) €Ty, thatis, @ Ay =< U. Similar reasoning
applies to @ < Tand ¥ < U,and to ¢ < U and ¥ < U.

If =< Fthen ~¢ € Ty o) [2@] =[] b [@J A0 Finvn [ AW,
ruling out @ Ay < U. Also @ Ay < T is impossible, because {@ Ay} b,
¢. So o ANy < F. Similarly, if ¥ < F, then p Ay < F.
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oVy Lety=ZoVvy. Ifo=xT,thenp €'y, @V Y,s0 @V y < T. Similarly
ify=<T,thenpVy <T.
By Definition 5.4(8) [V y| = ([@| ATw])V ([@] A@)V ([w] Ay). Like
above, it yields a contradiction with any combination of ¢ and ¥, where one
of them is U and the other is U or F. Therefore, these combinations make
Vy =< U.

¢

If o <Fand ¥ <F,then (—@) €'y, Fp [@] and (—y) €T o, [W], 50T
Foa[@] ATy Foavn [@V ). This rules out 9 Vy < U. Clearly ', U{@}
Fes Fand T U{y} Fo F,so T U{@V y} ;¢ F, ruling out o Vy < T.
Therefore, Vv < F.

O

Assuming that I is consistent, we next build a model for I'y,. By Definition
5.2(2), it has to obey Definition 3.5 and 5.2(1). The former will be proven now,
and the latter as Lemma 7.8.

Lemma 7.7. IfT" I/ F, then there are 6 = (D,_) and v such that (o,v) =T,

Proof. Let us define the set of defined terms as Tge = {t | [t] €T }. If 1 € Tges
and if (t =1¢') € [y or (' =1) € Ty, then also 1’ € Fgef, because {t; =1} bp,
[t1 =tp] = [t; ] A 12| by Definition 5.4(4). By Lemma 7.4, =-1, =-4, and =-5, the
relation {(#1,52) | (tj =12) € Ty} is an equivalence on Zges. For eacht € Ty, let 7
be the equivalence class that 7 belongs to. Thatis, 7 ={t'| (t=1¢') €[, }. WeletD
be the set of these equivalence classes, thatis, D = {7 | [¢] € 'y }. It is non-empty,
because each variable symbol is a defined term. If r ¢ Jyer, we leave 7 undefined.
To summarize:

 [t| €'y if and only if 7 € D; furthermore, every element of D is of this form.
* [t] ¢ Ty if and only if 7 is undefined.
s (t=1") €Ty if and only if 7 = ¢'; furthermore, then both 7 and ' are defined.

We need to define _ and v so that (o,V) = I, (Definition 3.5) and ¢ |= [.Z |
(Definition 5.2(1)). We will choose them so that we can prove by induction that

t(v) =1 foreach r € Jyf, and 4)
t(v) is undefined for each 1 ¢ Fyes. 35)

By Definition 5.4(1) and C6, variable and constant symbols are defined. For
each n € Z* we let v(n) = ¥,. Then v, (V) =¥, by 3.1(1). To make 3.1(2) yield
¢(v) =7¢, we choose C = ¢. This is the base case of the induction proof.

Our next task is, for each function symbol f, to define f so that it makes 7(Vv)
be undefined or 7 as appropriate. Letf; €D, ..., 75y € D. We choose

[(E7jm) { :f(tly"'attx(f)) if [f(tl,"'attx(f))J e1—‘(1)

is undefined otherwise.
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To show that this definition does not depend on the choice of the #; € 7;, choose
any 1 <i<a(f). Lets] €1, thatis, (1 =t!) € T'y,. We leave terms out for brevity;
for instance, f(#;) means f(1,...,tq(s)). If [f(t;)] € T, then =-3 yields (f(#;) =

f(t)) € To. So f(t;) = f(t). If [f(t;)] ¢ Ty then also [f(])] ¢ 'y, because
otherwise =-3 yields (f(#/) = f(t;)) € Ty, implying [ f(#;)] € Tp.

We now complete the induction proof regarding 7(v) and 7. There are three
cases.

* Assume that 7; is defined for every 1 <i < a(f), and [f(t1,...,ta(p)] €
I',. By Definition 3.1(3), the induction assumption, and the definition of

f we have f(tl,...,ta(f))(v) = ]_‘(t_l(v),...,ta(f)(v)) = ]_‘(E,...,m) =
f(l‘l,...,l‘a(f)).

* Assume that 7; is defined for every 1 <i < a(f), but [f(t1,...,t4(p))] &
I'y. By the definition of 7, f(1,... sta(s)) is undefined. On the other hand,
f(f1,... ta(y)) is undefined by the definition of f. By the induction assump-
tion, f; = t;(v) for 1 <i < a(f), so f(t1(V),...,tq()(V)) is undefined. By
3.13) f(t1,---,ta(p))(Vv) is undefined.

* Assume that 7; is undefined for some 1 < i < o(f). We have [t;] & Ty,
from which [f(t1,...,t4(s))] & Tw by 5.4(2), A-E1, and A-E2. By the defi-
nition of 7, f(t1,...,14(s)) is undefined. On the other hand, by the induction
assumption (V) is undefined, so f(t1,...,t4(s))(V) is undefined by 3.1(3).

This completes the proof of (4) and (5).
In (3) we defined that if ¢ is a formula, then @ yields T, F, or U according to
which one of ¢, =@, and —[¢| is in I',. We will show by induction that

¢@(v) <@ for every ¢.

This will imply that if ¢ € Iy, then ¢(v) < @ =< T. As a consequence, (0,V)
To. B

The base case of the induction consists of the atomic formulas. Definition
3.2(1) and Lemma 7.6 tell that F(v) < F < F and T(v) < T < T. Next we show
(h=n)(v)=<hH =0

e If 7 is undefined, then [f;| ¢ T'y. We have [ =5 = ([t A [2]) ¢ Tw
by Definition 5.4(4) and A-E1. By Lemma 7.5, (=[t; = ;]) € T'y, that is,
(f1 = ) < U. On the other hand, because 7| is undefined also #; (V) is unde-
fined by (5), so (t; =1,)(v) < U by 3.2(2). The same argument applies if 7,
is undefined.

o If 7 and 7, are defined, then ¢, (v) =17; and 1,(v) =1, by (4).

If 7j =1, then (t; = 1) € [y, that is, (fj =#,) < T. On the other hand,
11(v) =1n(v), so by 3.2(2) we have (1; =1)(v) < T.
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If 7] # 1o, then (1} =1,) ¢ T',. Furthermore, [, | € Ty, and [12] € Ty. By A-I
we have [t] =t:] € T, implying (—[t; =1:]) ¢ T'». By Lemma 7.3 we have
(—(t1 =1)) € Ty, that s, (t; = 1,) < F. On the other hand, 7,(v) # t2(Vv), so
by 3.2(2) we have (1; =1,)(v) < F.

By Definition 5.4(5), R(t1,...,tqr)) < U (that is, (=[R(t1,...,t4r))]) € Tw)
precisely when at least one of the #; is undefined. This is in harmony with 3.2(3),
according to which R(#1, ... ,%(g)) (V) < U if and only if at least one #;(V) is unde-
fined. When all the 7; are defined, we define R = {(71, ..., 7q(r)) | (R(t1;- - ta(r))) €
[y }. This makes R(#1, ... ,4(r)) yield T and F when it should by 3.2(3). By =-2,
whether or not (R(t1,...,tqr))) € Lo, is independent of the choice of the repre-
sentatives 11, ..., o (g) of the equivalence classes. Because R(xy,...,Xq(g)) is an
atomic formula, it contains no bound variables, so the “free for x;”’ condition in
=-2 is satisfied. We have shown R(t1,...,tqr)) (V) < R(t1,.. ., tq(r))-

The base case of the induction proof is now complete. The induction assump-
tion is that subformulas obey @ (V) =< @. Our proof of the induction step follows a
pattern that we now illustrate with A. We have @ A w(v) < @(V) Ay (V) < QA =
@ A by Definition 3.2(5), the induction assumption, and Lemma 7.6. The cases
— and V follow similarly from 3.2(4) and (6), respectively.

We still have to deal with the quantifiers. By the induction assumption, (4), and
Lemma 3.6 we have the following:

If7 € Dand 1t is free for x in y(x), then y(t) < y(1)(v) < y(x)(v[x:=1]). (6)

If Vx y(x) < T, then (Vx y(x)) € I',. Assume 7 is an arbitrary element of .
Then [z| € T'y. By Lemma 7.1(1), € 7 can be chosen so that it is free for x in

y(x). Then {Vx y(x)} F.e y(r). Therefore, y(z) € 'y, that is, y(t) < T. So
y(x)(v[x:=1]) < T by (6). By Definition 3.2(7) Vx y(x)(v) < T.

If Vx y(x) < F, then (=Vx y(x)) € I',. When Vx y(x) was dealt with in the
construction of I'y,, Case 1 was not chosen, because otherwise we would have
{(=Vx y(x)), (=[Vx w(x)])} € Ty Fes F. Case 2 was not chosen since Vx y/(x)
is of wrong form for it. The condition of Case 3 was satisfied, as otherwise I'y,
would be inconsistent. In Case 3, the formula —y(y) was added to I',,, making
v(y) < F. By 5.4(1) y € Jet, s0 by (6) w(x)(v[x :=7]) < F. By Definition 3.2(7)
Vx y(x)(v) <F. -

If Vx y(x) < U, then (=[Vx w(x)]) € Ty. If (-y(z)) € Ty for any t € Ty that
is free for x in y(x), then Ty Fpp. o0 [2W (1) | A=W (t) Fsaeran 3x (Jw(x) | A—y(x))
For [Vx y(x)] Fes F, because by 5.4(9), [Vx y(x)] = (Vx [y(x)]) Vv 3x ([y(x)] A
—y(x)). So there is no 7 € D such that y(¢) < F, that is, y(x)(vx:=17]) < F.
By 3.2(7), to show Vx y(x)(v) = U, it remains to be proven that there is € Fyef

that is free for x in y(x) such that y(x)(v[x :=7]) < U, that is, y(r) < U, that is,

(=[y(r)]) €Tw. Wehave (Vx [y(x)]) ¢ Iy, because otherwise 'y, by [Vx w(x)]
Fes F. On the other hand, @ Fp, [w(x) |V =y (x) | Fopve [[W(X)] ] Foa Vx [y (x)] ]
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Foa [Vx [w(x)]], so (=]Vx [y(x)]]) ¢ T'y. By Lemma 7.3, (=Vx [y(x)]) € .
It is of the form (—Vx ...) € I, that was discussed above, so there is a variable
symbol y such that (—~[y(y)]) € Ty, that is, w(x)(v[x :=7]) < w(y) < U.

If 3x y(x) < T, then (Ix y(x)) € T'y. Consider the step ¢; = Ix y(x) in the
construction of I',. Case 1 was not chosen, because otherwise both ¢; € I', and
(=]¢;]) € T'. Because (Ix y(x)) € I'y I/ F, Case 2 was chosen. There the for-
mula y(y) was added to I, making w(y) =< T. Thus 3x y(x)(v) =< T by Defini-
tion 3.2(8).

If 3x y(x) < F, then (—3x y(x)) € I'y. Assume 7 is an arbitrary element of ID.
By Definition 3.2(8) we get Ix y(x)(v) < F, if we show y(r)(v) < F. We have
[t] € Ty. By Lemma 7.1(1), f can be chosen so that it is free for x in y(x) and
[w(x)]. We show y(r) < F, that is, (—y/(t)) € I'y, by ruling out the other two pos-
sibilities. If y(¢) € ['y, then 'y 5, 3x y(x) 3 F. The case (—[y(t)]) € 'y, can be
split to two via 'y, Fp, [—3x w(x) ] =5.4(10) (Vx [w(x)])VIx ([w(x)] Ay(x)). We
have I'y, U{Vx [y(x) |} Fve [W(f) ] Fes F. Furthermore, T, U{3x ([w(x)] Ay (x))}
Fae F,since {([y(2)] Aw(z), ~Ix w(x)} e F

If 3x y(x) < U, then (=[3x y(x)]) € I'y. There cannot be any 7 € I such that
y(r) € T'y, (where 7 is chosen so that it is free for x in y(x)), because otherwise
Lo o [W(O] AW() o 3x ([w(x) ] Aw(x) Fop [Fx w(x) | e F. By Defini-
tion 3.2(8), it remains to be proven that there is 7 € D such that (=[y/(7)]) € ['y,.
We have (Vx [y(x)]) ¢ Iy, because otherwise I'gy .y [3x y(x)| e F. The rest
of the proof is the same as in the case Vx y(x) < U. O

Lemma 7.8. The D and _ defined in the proof of Lemma 7.7 satisfy (D,_) = [.Z |.

Proof. By Definition 5.2(1) and the choice of D in the proof of 7.7, for every
function symbol f and 1 € Tgef, ..., to(r) € Tder We have to show the following:

[fI@, .. ta(p))) < Tif and only if f(71,. .., 74(s)) is defined.

By the construction in the proof of 7.7, f(i1,...,f4(s)) is defined if and only if
ff(ﬁ e 7l0£(f))J € 'y, that is, ff(ﬁ e 7ta(f))J = T. We have

tacr)) X TFI - tary) STt ) (V) <
( [ (v),.. M( ) = @ Ta(y)

by the following. The first step follows from#; € D, ..., 74(s) € D and 5.4(2). The
second and last step hold because by the proof of 7.7, for every formula ¢ we have
¢@(v) =@ and for every defined term ¢ we have ¢£(v) =7. The third step follows
from 3.2(2), 3.2(3), and the fact that each 7 is free for x; in [f1Gxts -5 Xa(rr)) BY
5.4(2). 0

[f(t1,...

Theorem 7.9. If ([.%|,T) I/ F, then (|.% |,T") has a model. If (|.% |,T') = ¢, then
([Z].0)F o.
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Proof. If T I/ F, then Lemma 7.1(4) yields I" I/ F. By Lemma 7.7 and 7.8 Ty,
has a model. It is a model of I as well, because I" C I'g,. So I has a model by
Lemma 7.1(5).

If I' t/ ¢, then by Lemma 6.7 there is y € {—¢,—[¢|} such that TU{y} I/ F.
By the previous claim I'U{y} has a model. By Definition 5.2(3) it contradicts the
assumption I" = ¢. O

8 Discussion

Let us first discuss the mimicking of other logics by ours. Some logics [6, 16] use
strict logical connectives; that is, if ¢ or y or both are undefined, then also ¢ A ¢
and ¢ V y are undefined. They can be reduced to our system by interpreting them
as shorthands for (@ A—@)V (Y A=y)V(pAy) and (¢ V —@) A (yV-y) A
(¢ V y), respectively. The Vx ¢(x) and 3x @(x) of [6, 18] are our (Vx @(x))V
Ix (@(x) A—@(x)) and (Ix @(x)) AVx (@(x) V —¢(x)), respectively.

Some logics [18] (a variant in [6]) interpret @ Ay and @ V y like @ A (= V y)
and @ V (—@ A ), respectively, are interpreted in our logic. It corresponds to how
“and” and “or” work in many programming languages, assuming that U represents
program crash or undefined behavior. In the case of “and”, if ¢ yields F, then F is
returned without evaluating y; if the evaluation of ¢ crashes, then the evaluation
of “and” has crashed; and if ¢ yields T, then y is evaluated resulting either in a
crash or a truth value F or T that is returned. “Or” is computed analogously. In
programming literature, this is often called “short-circuit evaluation”.

Relation symbols R’ that are not defined everywhere can be simulated as fol-
lows. A new function symbol f is introduced that is undefined precisely when
desired. We choose (di,...,dg(r)) € R when f(dy,...,dyy)) is undefined, and use
R(xi,... ,xa(R)) A (f()q R ,xa(f)) = f()q R ,xa(f))) in the place of R'.

The sources [3, 9, 25] introduce an if-then-else operator for terms. It is obvi-
ously useful for defining functions in a recursive fashion, which is common practice
in computer science. The atomic formula R(if y then #, else ;) can be treated as
an abbreviation of (Y AR(t1)) V (mx AR(t2)) V (x A—x). This was exemplified
in (1), where |x| = (if x < 0 then —x else x), and () A —)) was omitted because
in this case it always yields F. This makes it also possible to introduce non-strict
functions, such as (if x = 0 then 0 else if y = 0 then O else x - y), which is a version
of multiplication that yields 0 also when one argument is O and the other argument
is undefined. (A function is strict if and only if an undefined argument always
makes the result undefined.)

Some logics contain a non-strict unary connective that inputs a truth value and
yields T if the input is F or T, and F if the input is U. That is, it is otherwise like
our [@], but it is a connective while [ | is an abbreviation. In [6] it is #¢, in [9, 13]
it is A@, and in [18] it is *¢. Let us use *. In the presence of * and some way
to express the constant U, any truth function of arity n+ 1 (including the irregular
ones) can be expressed recursively as (B A*By 1 AQT)V (mPyi1 APy AQg) V
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(=% Pyi1 A @u), where @r, @F, and @y express truth functions of arity n. In our
logic, this can be mimicked by using [¢| instead of x¢. To obtain U one may
declare a unary function symbol f with [f| = F (that is, f is defined nowhere),
and use f(x) = f(x). In this way, any propositional connective can be mimicked.

If the axiom system that is to be mimicked does not contain a natural counter-
part for [ f], then a new relation symbol Ry may be introduced and used as [f].
This is not void of content, because information about Ry may then follow from
other axioms. Let us illustrate this with an example. Assume (Vx (x =0V x- )l—c
1)) €I'. We have {x‘ % = 1} Foi (x‘ % = IJ b5 4y Bl (x‘ %J Fs 4 a1 B2 EJ
R, (x). ThusTU{=(x=0)} Fyg. e R, (x). Assume that originally -+ (§ = §) was
used to express that & is undefined. We mimic it by letting (—[§ = §]) € I'. Then
I+ =R, (0), because {R1(0)} = TATAR,(0) = [l s=3Fo [§ =3l

The E!t, where # is a term, of free logics can be mimicked with [#]. The 3x ¢(x)
of [16] can be mimicked with Jx ([@(x) | A @(x)).

The observations above suggest that most, if not all, ternary first-order logics
for partial functions can be mimicked by our logic. On the other hand, our com-
pleteness result can be generalized to also cover *. Because —»k(% =0) is true but
Jdx —%(x = 0) is false on real numbers, 3-1 is not sound in the presence of *. There-
fore, we replace it by “If 7 is free for x in @(x), then {[z]|, ()} F 3x ¢(x)”. This
makes the soundness proof go through despite the fact that due to *, the logic is no
longer regular. Then x* is given proof rules as suggested by Definition 5.4. It is not
hard to check that every instance of 3-1 in our completeness proof uses as ¢ either
a variable symbol or a term such that 7 € D, that is, [7| € I'y. Therefore, also the
completeness proof goes through.

11l

Let us now briefly discuss which familiar laws must be changed when switch-
ing from binary to our logic. We have already mentioned that C1, D1, =-1, V-E,
and the modified 3-1 differ from the binary case. Of the 21 propositional laws
in [11, Table 6.3] that do not use — or <+, only the following four fail in our
logic: PV —P equals T (Law of Excluded Middle), P A =P equals F (Law of Non-
contradiction), P A (=P V Q) equals PA Q, and PV (=P A Q) equals PV Q (short-
circuit vs. ordinary conjunction and disjunction). All of the 14 quantifier laws
in [11, (7.1), (7.6), p. 380] that do not use — or < are valid in our logic.

The situation with — is less clear, starting from the question what it should
mean. All the 3-valued logics that we checked use either Kleene’s [3, 9, 13],
strict [6, 16, 18], or no [5, 15] —. (Some denote it with =-.) In classical bi-
nary first-order logic, — is closely linked to - via Modus Ponens ({(¢ — v), ¢}
F y) and Deduction Theorem (if TU{¢} vy, then I' - ¢ — y). Kleene’s,
Lukasiewicz’s, and strict implication satisfy the former, but, as we now show, not
the latter. Let ¢ be a constant symbol, f be a unary function symbol with [ f| = F,
@ =(f(c)=c),and y = —~(c=c). Thenin any model ¢(v) =< U and y(v) < F, and
@ — y(v) = Uby Figure 1 or strictness. Furthermore, 0U{¢} -, [¢] =5.44),2)
[c]A[f](c)NTc] =5 4(1) TAFATE g e FEe . If Deduction Theorem holds,
we get @ - ¢ — y, demonstrating that the proof system is unsound.
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Both Modus Ponens and Deduction Theorem hold in our logic if we define
¢@ — y as a shorthand for =(@ A [@])Vy or (@ A[@|)V (¥ A]y]|). On the
other hand, of the 8 laws in [11, Table 6.3] that contain —, Kleene’s implication
violates only the law that P — P equals T, while Lukasiewicz’s violates 3 laws,
—(pAJ@])Vyviolates4, =(@A @)V (yA[y]) violates 5, and strict implication
violates 6. As a consequence, maintaining Deduction Theorem and maintaining as
many familiar practical laws as possible seem conflicting goals. Therefore, we
leave it open what — should mean in the context of our logic.

The main message of this section is the following. It is often possible to use
[ | instead of x without losing completeness. By doing so other connectives than
-, A, V, V, and 3 can be eliminated, facilitating some useful practical reasoning
methods.

Acknowledgements. We thank Esko Turunen for the help he gave in checking
earlier versions of our proofs; Cliff Jones, Scott Lehmann and Fred Schneider for
helpful discussions on the topic; and the anonymous reviewers for their hard work.
Our special thanks go to the reviewer who pointed out that for the proof system to
be recursive, also the function from function symbols to their isdef-formulas must
be recursive.

References

[1] H. Andréka, W. Craig, and I. Németi. A system of logic for partial functions
under existence-dependent Kleene equality. J. Symbolic Logic, 53(3):834—
839, 1988.

[2] H. Barringer, J. H. Cheng, and C. B. Jones. A logic covering undefinedness
in program proofs. Acta Inform., 21(3):251-269, 1984.

[3] Sergey Berezin, Clark Barrett, Igor Shikanian, Marsha Chechik, Arie
Gurfinkel, and David L. Dill. A practical approach to partial functions in
CVC Lite. In Selected papers from the workshops on disproving and the sec-
ond international workshop on pragmatics of decision procedures (PDPAR
2004), Cork, Ireland, 2004, pages 13-23. Amsterdam: Elsevier, 2005.

[4] Patrice Chalin. Logical foundations of program assertions: What do prac-
titioners want? In Third IEEE International Conference on Software Engi-
neering and Formal Methods (SEFM 2005), 7-9 September 2005, Koblenz,
Germany, pages 383-393. IEEE Computer Society, 2005.

[5] Ad4dm Darvas, Farhad Mehta, and Arsenii Rudich. Efficient well-definedness
checking. In Automated reasoning. 4th international joint conference, I/CAR
2008, Sydney, Australia, August 12—15, 2008 Proceedings, pages 100-115.
Berlin: Springer, 2008.



38

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

A. Valmari and L. Hella

Hans de Nivelle. Theorem proving for classical logic with partial functions
by reduction to Kleene logic. J. Logic Comput., 27(2):509-548, 2017.

David A. Dufty. Principles of automated theorem proving. Wiley Profes-
sional Computing. John Wiley & Sons, Ltd., Chichester, 1991.

William M. Farmer and Joshua D. Guttman. A set theory with support for
partial functions. Studia Logica, 66(1):59-78, 2000. Partiality and modality
(Montréal, QC, 1995).

Antonio Gavilanes-Franco and Francisca Lucio-Carrasco. A first order logic
for partial functions. Theoret. Comput. Sci., 74(1):37-69, 1990.

David Gries and Fred B. Schneider. Avoiding the undefined by underspecifi-
cation. In Computer science today, volume 1000 of Lecture Notes in Comput.
Sci., pages 366-373. Springer, Berlin, 1995.

James L. Hein. Discrete Structures, Logic, and Computability. Boston, MA:
Jones and Bartlett Publishers, 1995.

Leon Henkin. The completeness of the first-order functional calculus. J.
Symbolic Logic, 14:159-166, 1949.

C. B. Jones and C. A. Middelburg. A typed logic of partial functions recon-
structed classically. Acta Inform., 31(5):399-430, 1994,

Stephen Cole Kleene. Introduction to metamathematics. D. Van Nostrand
Co., Inc., New York, N. Y., 1952.

Scott Lehmann. Strict Fregean free logic. J. Philos. Logic, 23(3):307-336,
1994.

Scott Lehmann. “no input, no output” logic. In New essays in free logic.
In honour of Karel Lambert, pages 147-155. Dordrecht: Kluwer Academic
Publishers, 2001.

J. Lukasiewicz. Philosophische Bemerkungen zu mehrwertigen Systemen
des Aussagenkalkiils. C. R. Soc. Sci. Varsovie, CL 111, 23:51-77, 1931.

John McCarthy. Predicate calculus with “undefined” as a truth-value. Tech-
nical report, Stanford Artificial Intelligence Project Memo 1, 1963.

Maurizio Negri. An algebraic completeness proof for Kleene’s 3-valued
logic. Boll. Unione Mat. Ital. Sez. B Artic. Ric. Mat. (8), 5(2):447-467, 2002.

John Nolt. Free logic. In The Stanford Encyclopedia of Philosophy. Meta-
physics Research Lab, Stanford University, Winter 2020 edition, 2020.

Christos H. Papadimitriou. Computational complexity. Addison-Wesley Pub-
lishing Company, Reading, MA, 1994.



A Complete Regular Predicate Logic with Undefined Truth Value 39

[22] David Lorge Parnas. Predicate logic for software engineering. [EEE Trans.
Software Eng., 19(9):856-862, 1993.

[23] Edi Pavlovi¢ and Norbert Gratzl. A more unified approach to free logics. J.
Philos. Logic, 50(1):117-148, 2021.

[24] Yaroslav Petrukhin. Natural deduction for three-valued regular logics. Log.
Log. Philos., 26(2):197-206, 2017.

[25] Birgit Schieder and Manfred Broy. Adapting calculational logic to the unde-
fined. Comput. J., 42(2):73-81, 1999.

[26] J. M. Spivey. The Z Notation. A Reference Manual. New York etc.: Prentice
Hall, 1989.

[27] Antti Valmari. Automated checking of flexible mathematical reasoning in the
case of systems of (in)equations and the absolute value operator. In Proceed-
ings of the 13th International Conference on Computer Supported Education,
CSEDU 2021, Online Streaming, April 23-25, 2021, Volume 2, pages 324—
331. SCITEPRESS, 2021.

[28] Antti Valmari and Lauri Hella. The logics taught and used at high schools are
not the same. In Proceedings of the Fourth Russian Finnish Symposium on
Discrete Mathematics, volume 26 of TUCS Lecture Notes, pages 172—186,
Turku, Finland, 2017. Turku Centre for Computer Science. editors: Juhani
Karhumaéki and Yuri Matiyasevich and Aleksi Saarela.

[29] Antti Valmari and Johanna Rantala. Arithmetic, logic, syntax and Math-
Check. In Proceedings of the 11th International Conference on Computer
Supported Education, CSEDU 2019, Heraklion, Crete, Greece, May 2-4,
2019, Volume 2., pages 292-299, Settibal, Portugal, 2019. SciTePress. ed-
itors: H. Lane and Susan Zvacek and James Uhomoibhi.

[30] Stefan Wintein. On all strong Kleene generalizations of classical logic. Studia
Logica, 104(3):503-545, 2016.



	1 Introduction
	2 Formal Languages
	3 Structures, Truth Values, and Models
	4 Regularity
	5 Is Defined -Formulas
	6 Proof System and Its Soundness
	7 Existence of Models and Completeness
	8 Discussion

