Appendix 1
Criteria of Formalization

The traditional view of formalizing is aptly described by Richmond H. Thomason
and Robert C. Stalnaker “A semantic theory of adverbs”:

Formalization is the procedure of translating statements of a natural language
into formulas of an artificial language for the purpose of evaluating arguments
using the statements, exposing ambiguities in them, or revealing their “true
logical form”. The procedure is informal, since the rules for carrying it out are
never made fully explicit. One must use his intuitive understanding of the
content and structure of the given statements. An adequate formalization must
yield a formula that has the same truth-conditions as the given statement, but
beyond this, the standards of adequacy are unclear. All one can say is that the
“relevant structure” of the given statement should be reflected in the formalized
equivalent. Although this standard is unstatisfactory as an abstract account of
what formalization is, in concrete cases the procedures for formalizing and
evaluating formalizations are often unproblematic. (footnote p. 196)

The criterion to require that the truth-conditions of the formalization must be the
same as that of the informal proposition is far too strong, for the truth-conditions of
the formalization will always be restricted compared to those of the original, taking
account of only the semantic values considered significant in the models of the logic.
Rather, the formalization and the informal proposition should both be true or both
false in any given way that takes account of the other sentences we are formalizing
and the semantic values we are paying attention to. On the other hand, we can set
out standards that are significantly clearer than just relying on the intuitive
understanding of logicians.

| present here the criteria and agreements for formalization for predicate
logic(s) without modifiers, internal connectives, tenses, or indices for time or
location which were developed with many exampleBridicate Logid | have
not attempted to gather the criteria and agreements discussed in this text.

Criteria of formalization
Analysis is distinct from formalization: logical validity is not concerned with the
meaning of categorematic words.

1 These are somewhat simplified to avoid the need for extended explanations here.

A very different analysis of formalization as translation from ordinary language is given by
Herbert R. Otto inThe Linguistic Basis of Logic Translatiowhich | became aware of only after
completingPredicate Logic
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Each criterion takes precedence over succeeding ones.

l.a. The formalization respects the assumptions that govern our choice
of primitive syntactic categories and definition of truth in a model.
The constraints we work under when we adopt predicate logic must
be observed.

1.b. The formalization respects the assumptions that govern our choice
of a particular logic.

2.a. The original proposition would both be true or both false relative to any given
universe.

2.b. The formalization and the original proposition have the same (additional)
semantic value(s) (if any) in any model of the logic we choose.

2.c. If one proposition follows informally from another or a collection of other
propositions, then its formalization is a formal semantic consequence of the
formalizations of the other(s) (relative to the logic we adopt).

3. The formalization contains the same categorematic words as the original,
allowing for changes of grammar to satisfy Criterion 1 (e.g., “dogs” changed
to “is a dog”).

3.a. The formalization of a proposition may contain additional words to make clear
the tense of a verb.

3.b. The use of previously agreed-upon words or phrases to replace grammatical
constructions not recognized by predicate logic may appear in a formalization.

3.c. If we give an analysis of a particular predicate by formalizing it with a formal
symbol whose meaning we will stipulate either by semantic agreements or an
axiomatization, we may choose in advance to recognize certain other predicates
or grammatical variations as being formalizable by the same symbol.

4.  The grammar of the original should be preserved by the formalization. That is,
the structure of the original proposition with respect to the grammatical
categories we have assumed (names, predicates, connectives, quantifiers,
variables, phrase markers) is respected by the formalization.

4.a. A regular translation of certain words into syncategorematic terms should be
observed. For example, “not” as“all” as V, “every” asV, “there is” ad,

“it” as a variable.

Parity of formFormalizations should be regular in the sense that each
proceeds in analogy with agreed upon formalizations of other propositions.
4.b. A proposition containing no words governed by Criterion 4a should be atomic.
4.c. The order of the categorematic words and parts of the original should be
respected.
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Agreements
Propositional Connectives
‘Or’ shall be read as inclusive unless context dictates otherwise.

The following formalizations are good:

B only if A B—A

Aif and only if B (A—B) A (B—=A)
neither A nor B 1A A1B

B provided that A A-B

given A, B A—B

Bif A A—B

ifA,B A—B

either A or B AvB

A unless B 1IB—A
AorelseB (AvB) A 1(AAB)

Semi-colons, commas, and other punctuation are often used in English in place of
connectives and should be formalized accordingly.

Nouns into predicates

If we wish to formalize a proposition containing a common noun (phrase) used as
a subject or object, we must convert the noun (phrase) into a predicate and supply
some form of quantification.

Universal quantification over just those objects covered by a common noun is
formalized by taking the converted predicate as (possibly one conjunct of) the
antecedent of a conditional that is universally quantified. Existential quantification
is formalized by taking the predicate as a conjunct.

Relativizing quantifiers

Letting “y”, “8" stand for common or collective nouns, an¢k)”, “8(x)” stand for
the conversions of those into predicates, we have:

All y ared
is formalized a®&/'x (y(X) — 8(X))

Somey ared
is formalized aslx (y(X) A 8(X))

All y are P to alb
is formalized a&/x Yy (y(X) A 8(y) — P(X,y))

To formalizetwo or more universally quantified common noima proposition that
contains no existentially quantified common nouns, proceed by converting each
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common noun into a predicate, conjoin the predicates in the order in which the nouns
appear in the original (associating to the left), and use that conjunction as antecedent
to the formalization of the predicate that formalizes the relation among the nouns,
taking the universal closure of the whole in the order of the variables in the
conjunction.

To formalizetwo or more existentially quantified common noima proposition

that contains no universally quantified common nouns, proceed by converting each
common noun into a predicate, conjoin the predicates in the order in which the nouns
appear in the original (associating to the left), and use that conjunction as conjunct to
the formalization of the predicate that formalizes the relation among the nouns,
taking the existential closure of the whole in the order of the variables in the
conjunction.

When we have mixtures of quantifiers, we relativize each common noun
sequentially, proceeding from the left in the order in which the nouns appear in the
proposition.

Adjectives and Predicates

We have two choices for formalizing an adjective or adjectival phrase in a

proposition:

I. We can convert the adjective (phrase) into a (possibly complex) predicate. If

the adjective modifies a name, then that name serves as subject to the predicate,
and the predicate is taken as a further conjunct. If the adjective modifies a
common noun, then the predicate is treated as a conjunct using the same
variable which the formalization of the noun uses.

ii. If (i) fails in the sense that it does not yield a proposition that is equivalent to the
original for our logical purposes, then unless we can somehow manage to
incorporate into our formalizations a way to respect the role of the proposition
in deductions using formalized assumptions, the proposition is not formalizable.

What we take as atomic will depend on what consequences we recognize as valid.
As a rule, we want to split up predicates into parts whenever possible.

Adverbs
Deductions depending on adverbs can be formalized only through the use of
formalized assumptions governing the adverbs.

Adverbial clauses for location create the same problems for formalizing as do tensed
propositions and can be formalized only by adding formalized assumptions.

Tenses

Tenses of verbs that affect deductions can be taken into account only through
expanding the reading of the verb (Criterion 3.a) or in the metalogic, unless we
countenance moments of time as things.
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In most cases we can assimilate uses of the simple present to a timeless verb. But the
simple present used for what is typical or normal can require expanding the reading
of the tense to make that sense explicit.

The simple present and sometimes the future can indicate a general law for which
universal quantification is appropriate in converting common nouns to predicates;
other tenses seem to require existential quantification.

Collections

Reasoning about collections, qualities, and properties can be taken account only by
treating collections, qualities, and properties as things (in second-order predicate
logic) The words “possesses”, “belongs”, “is an elemehtinfthe sense of an

object belonging to a collection, are excluded from realizations byelie

Reference Exclusion Principle.

Mass Terms

Reasoning involving mass terms is generally outside the scope of predicate logic,
though we may accept as atomic predicates words involving mass terms, such as “is
made of water”, “is made of green cheese”, and we may accept names of specific
parts of masses, such as “the snow on R. L. Epstein’s front yard” as long as doing so

does not conflict with the roles these play in deductions.

Indexicals

A proposition containing indexical words may be formalized using additional
categorematic words to replace the indexicals, though by doing so we obtain a
proposition that is not semantically equivalent to the original

Reference
Reference must be understood as timeless in predicate logic.

An inductive approach to formalizing
Formalize parts of propositions in accord with our established agreements whenever
possible, then formalize the way those parts are put together in the original.

We take a negation to apply to an entire proposition (or evfly if it expressly

occurs that way in the proposition we are formalizing (for example, “It's not the case
that cats bark”, “Not: cats bark”). In all other cases, we give wider scope to the
guantification we use to convert a predicate into a noun than to the negation.

An inductive approach to formalizing will in general lead to minimal scope for
guantifiers.

Prefixes
There are a number of prefixes in English that we can formalize as negations: “un-",
“diS_H’ Hir_ll, Him_”, Hin_H’ “non”.
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‘— oné&, ‘— body
‘Everyone’, ‘somebody’, and other quantifications involving ‘-one’ or ‘-body
shall be understood as relative quantification over persons.

Possessives
Let u,v stand for terms (names or variables) asthnd for a common noun.
1. uis (a)y of v
Take this as atomic, relative to:
(a) VxVy((xisayofy — xisay)
2. UisV'sy
Formalize this asu'is ay of v’ relative to (a), and possibly relative to a
formal uniqueness assumption, depending.on
3. uhas (ay
i. Take this as atomic if is not a kind othing, for example “cold”.
ii. If it makes sense, depending prformalize this as

dy (yis ay A X hasy)
For exampley could be “dog” or “pen”.
iii. Otherwise, assimilate ‘has’ to the general possessive case, relative to (a):
Ix (x is ay of t)
Read “my” as the possessive form of “1”, so that if we replace “I” by a rame

replace “my”by “c’s”. Similar remarks apply to formalizations of the other
possessive pronouns.

PassivéActive

Given a sentence containing an active verb with direct object, we can form a passive
equivalent by using the direct object as subject and taking the subject of the active
verb as indirect object of the passive form.

For sentences which use the passive form of a verb in which there is no indirect
object, an indirect object can invariably be supplied, namely, “by something”.

The rewriting from passive into active may, however, affect the content of the
proposition.

The rewriting from passive into active or vice-versa must be done after quantification
is supplied for the conversion of nouns into predicates.

Equality predicate
The equality predicate is syncategorematic.

Existence and
Assertions about existence can only be made using the quadtiftex phrase
“— exists” will not be accepted as a predicate.
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Various Quantifiers
“No y”, wherey is a common noun, shall be formalizechad y(x).

“Nothing” shall be formalized as 3x, though some uses of it as subject cannot be
formalized.

“Only y” shall be understood as “Somand not that which is net.

Comparatives, Superlatives
The use of a comparative with a common noun will be understood as comparison to
other kinds of things.

A superlative makes comparison to all objects other than the object claimed to be the
superlative.

Descriptive names

We have two choices in formalizing propositions in which a descriptive name

appears, so long as the choice is adopted uniformly.

1. We may treat the descriptive name as an atomic name and add formalized
assumptions that guarantee that deductions based on the internal structure of the
name are respected.

2. Russell's Method of Eliminating Descriptive Names in Atomic Propositions
Given an atomic proposition B(wherea is a descriptive phrase purporting
to refer, we select a common noun phrassing the same categorematic
words as appear iasuch that refers to a unique objeitt there is one and
only onea. Then we rewrite BY) as:

There is exactly one thing that is arand B(it)

We then conver into a predicate A( (wherex does not appear in BY)
to obtain a formalization of Bf as: 3! x (A(X) A B(X)).

For Russell's method there is a distinction between a primary and secondary
occurrence of a descriptive name (the existential assumption governs the entire
proposition or only the smallest part in which the name appears). Unless context
demands otherwise, occurrences of descriptive names shall be taken to be secondary.

Equivalent propositions
We have an informal notion of what it means for two propositions egbalent
This requires at least that for any (description of) the way the world could be, they
are both true or both false.
That criterion alone allows that the following are equivalent:

(@) Ralphis adog 71 (Ralphis adog)
9<7A1(9<7)
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They are both false in every model, yet they are about very different things. In other
predicate logics that take account of additional semantic values such as subject
matter or referential content these can come out as inequivalent if we require that
equivalent propositions have all the same semantic values.

Semantically equivalent propositions
Two semi-formal propositions asemantically equivalentff they have the same
semantic values in any model.

Two ordinary language propositions are semantically equivalent iff they can be
formalized as equivalent semi-formal propositions.

This definition uses “can be” rather than “are” since the criteria of formalization are
probably incomplete: there may be more than one good formalization of an ordinary
language proposition.

For classical predicate logic the only semantic value of a proposition as a whole
is its truth-value. Hence, we have:

Two semi-formal propositions are semantically equivalent in classical
predicate logic iff they have the same truth-value in any model.

The notion of semantic equivalence does not take account of the form of a
proposition. For example, the following are equivalent:

(b) Ralphisadogy 71 (Ralphis a dog)
Ralph is a dog— Ralph is a dog

We can use a stronger notion of equivalence and require that two semi-formal
propositions are equivalent iff they have the same semantic values and the same
form. This would rule out the equivalence of the pair (b), but not the equivalence of
the pair (a).

For ordinary language propositions, however, we do have a stronger criterion
than semantic equivalence. It depends on our criteria of formalization.

Equivalent propositions Two ordinary language propositions are equivalent iff
they can be formalized as the same proposition.




Appendix 2
The Unique Readability of Wffsand
Terms

In many places in the text we need that the wffs and terms of a language are defined
correctly, in the sense that each cna be parsed correctly in exactly one way. The
proofs for all those are variations on the proofs of the unique readability of the wffs
and the terms of classical predicate logic.

Theorem1 Unique readability of wffs for the language of propositional logic
There is one and only one way to parse each wff for the language of propositional
logic, L0, -, 0,0, pg, P1s - - - )-

Proof To each primitive symbal of the formal language assign an intelyet)
according to the following chart:

L - o 0 P ( ) — :
0 0 0 0 0 -1 1 0 0

To the concatenation of symbois; a5 - - -ap, assign the number:
Magag -+ -ap) = Mag) + Mag) + - -+ + Map)

First I'll show that for any wff A A(A) = 0, using induction on the number of
occurrences of, — , [0, 0 in A.

If there are no occurrences, then A is atomic, that is, for se@e A is ().
ThenA('() =-1, A(p;) =0, and A(")) = 1. Adding, we hava(A) = 0.

Suppose the lemma is true for every wif that has fewer occurrences of these
symbols than A does. Then there are 4 cases, which we can’t yet assume are distinct:
A arises as1B), (B- C), (BUC), or (B1C). By inductionA(B) =A(C)=0, so in
each case by adding, we ha\(@) = 0.

Now I'll show that reading from the left, if is an initial segment of a wff
(reading from the left) other than the entire wif itself, thér) < 0; and ifa is a
final segment other than the entire wff itself, tiidt) > 0. So no proper initial or
final segment of a wif is a wff. To establish this | will again use induction on the
number of occurrences of connectives in the wff. I'll let you establish the base case
for atomic wffs, where there are no (that is, zero) connectives.

Now suppose the lemma is true for any wiff that cortainsoccurrences of
the connectives. If A contaims+ 1 occurrences, then it must have (at least) one of
the forms given in the definition of wffs. If A has the forni{B), then an initial
segment of A must have one of the following forms:



A-10 APPENDIX 2

i. (

il. B wherep is an initial segment of B

ii. (BO

iv. (BOy wherey is an initial segment of C
For (ii), A(‘(" ) =—=1 and by inductioA(B) < 0, sSOA(‘(p’) < 0. I'll leave (i), (iii),
and (iv) to you. The other cases (for- , and[l) follow similarly, and I'll leave
those and the proof for final segments to you.

Now to establish the theorem we proceed through a number of cases by way of
contradiction. Suppose we have a wif that could be read as bdtB)(@nd
(C- D). Then AJB) must be the same ass(D). In that case either A is an initial
part of C or C is an initial part of ABut them\(A) < 0 or A(C) <0, which is a
contradiction, as we proved above théh) =A(C) =0. Hence, A is C. But then we
have that]B) is the same as D), which is a contradiction.

Suppose{A) could be parsed as (€D). Then (A and (C- D must be the
same. So D would be a final segment obther thanA itself, but them\(D) > O,
which is a contradiction. The other cases are similar, and I'll leave them to ywu.

Theorem 2 Unique readability of wffs of the language of predicate logic
There is one and only one way to parse each wff of the language

L1, -, 0, 0,0, 0%, %, B P RS, . BL PR g e ).

Proof To each symbal of the formal language assign an integér) according
to the following chart:

To the concatenation of symbaisg a, - - - a,, assign the number:
Magag - -ap) = Mag) + Mag) + - - -+ A(ap)

We proceed by induction on the number of occurrencés of 7, - , [0, O
in A to show thafor any wff A, A(A) = 0.

If there are no occurrences, tha&nis atomic. That is, for some> 0, n> 1,
Ais (R"(—, ..., —)uy, ... ,uy), where there ane blanks anch — 1 commas.
I'll let you calculate thah(A) = 0.

The inductive stage of the proof, and then the proof that initial segments and
final segments of wifs have val#e0, and then that there is only one way to parse
each wff, is done almost exactly as for the propositional language in Theorem 1.

We define inductively what it means fasymbol to appear in a wif :
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The symbols that appear in the atomic V\Fﬁln((ul, .. .,U,)) are:
R" andu,, ... ,uy.
The symbols that appear (nA) are 9’ and those that appear A

The symbols that appear (A - B), (AOB), (AOB) are, respectively,
-, [, 0, and all those that appear in eitideor in B.

The symbols that appear inX A) arex, [, and those that appear in A;
and similarly for Ox A), reading {1 for * [J'.

We also say that a symbadcursin a wff or a wff contains a symbol

Theorem 3 Unique readability of terms of the language of classical predicate logic
with functions

Proof Lety be the following assignment of numbers to the symbols
X G " () foreach=0andn=0
1 1 2n 2 =2

To a concatenation of these symbejsa, - - -a, assigny (o a, - - -ap) =
y(aq) +y(ay) + - - -+y(ap). The proof then follows as for the previous two
theorems by showing:

a. For every term, y(u) = 1.

b. If gis an initial segment of a term other than the entire term (@< 1.

c. If gis afinal segment of a term other than the entire term yifper» 1.

d. No proper initial or final segment of a term is a term.

e. There is one and only one way to parse each term. [

By Theorem 3 we have that each term has a unique number assigned as its depth.

I'll let you define what it means to say thasyanbol appears in a termiVe often
say instead that thi@rm contains a symhbol
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Completeness Proofs
0. Classical Propositional Logic (PC) . . . . . . . . . . . . . ... .. ... A-13
I. Classical Predicate Logic (CPL). . . . . . . . . . . . .. .. ... .... A-16
IIl. CPLwithEquality . . . . . . . . . . . . A-21
lll. CPL with Functions . . . . . . . . . . . . .. ... .. ... ... .... A-22
IV. CPL with Non-Referring Names. . . . . . . . . . . . . .. ... .. ... A-23
V. CPL with Partial Functions . . . . . . . . . . .. .. ... ... ..... A-26
V. CPL with Non-Referring NamesasNil . . . . . . . ... ... ... ... A-28
VI. CPL with Descriptive Names and Descriptive Functions. . . . . . . . . . A-30
VII. CPL with Non-Referring Atomic Names and Descriptive Functions. . . . A-32
VIIl. PC with Termporal ConnectiveAssuming Time is Linear (TL-PC). . . . . A-35
IX. CPL with Temporal Connectives . . . . . . . . . . . . . . .. ... ... A-37

» The letter L stands for the formal language of the system under discussion.
* When no proof is appended to a lemma or theorem I've left the proof to you.
* | write “Axiom” for “axiom schema”.
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O Classical Propositional Logic
The language is b¢ - , 00, O, py, Py, - - - ).

Lemmal Soundness If I A, thenl EA.

Lemma2 a. FA- A

b. {A, 1A} B

Proof

@ 1.FA- ((A- A - A by Axiom 2
2. FA- (A- A by Axiom 2
3. F(A- (A A A) - (A (A A)- (As A) by Axiom 4
4. H(A- (A- A))- (A= A) modus ponens using (1) and (3)
5. FAS A modus ponens using (2) and (4)

(b) 1. 1A (A- B) by Axiom 1
2. 1A premise
3. (A- B) by modus ponens using (1) and (2)
4. A premise
5 B bymodus ponens on (3) and (4) =

Lemma3 a. I is consistent iff there is some B such thatB.
b. I 0O{A}is consistentiff I =*7A.
c. ' O{7A}is consistentiff I +A.
d. If I is consistent, then O0{A} or I {71 A} is consistent.
e. If I is consistent and complete, tHems a theory.
f. T is consistent iff every finite subsetlofis consistent.
Proof (a) From left to right is immediate. So suppbs$é{A} is not consistent.
Then for some A -A andl" =1 A. So by Lemma 2.b, for every B,-B.
(b) From left to right is immediate by definitions. So supgoBHA} is
inconsistent. Then by (d),0 {A} —1A. Hence by Axiom 1[ FA.
(c) The proofis as for (b).
(d) Suppose both 0{A} or I 0{71 A} are inconsistent. Then by (b) and (c),
A andl 1A, and hencé is inconsistent.
(e) Suppose that is complete and consistent, dngA. If Ais notinl, then
JAisinl, and hencé& 1A, so that™ would be inconsistent. So A islin

(f) If I isinconsistent. Then for some A-A andl -1A. LetBy, ..., B
be a proof of A fronf', and let G, . . . , G, be a proof ofiA fromI'. Then
B1....B. C ..., Gyisafinite subset of thatis not consistent. On the

other hand, if some finite subget] ' is inconsistent, then for some A-A and
I =7A. But the same proofs are proofs frémtoo. Sd" is inconsistent. u
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The proofs of parts (e) and (f) show that those hold for any axiom system. The
proof of Lemma 3 uses only Axiom 1.

Lemma4 The syntactic deduction theorem

a NA+B iff THFA- B

b.rO{A,....A}rB iff TFA; - (As-» ("> (A-B)--)
Proof (a) From right to left is immediate, sineedus ponensis our rule.

To show that if”, A B, thenl —A - B, suppose thatB . . ., B, is a proof
of B froml" O{A}. I'll show by induction that for each, ¥ &€ n, ' FA - B;.

Either BLII" or By is an axiom, oB; is A. In the first two cases the result
follows by using Axiom 2. If B is A, it follows by Lemma 2.

Now suppose for ak <i, A - By. If B;is an axiom, or BII", or Bj is
A, we have-A - B, as before. The only other case is whemsBE consequence
by modus ponens of By, and B = By~ Bj for somem, j <i. Then by
inductionl —FA - (B~ Bj) andl —A - By, so by Axiom 4] A - B;. n

Lemma5 I is a complete and consistent thedfythere is a model such that
r={A:v(A) =T}
Proof [I'll let you show that the set of wffs true in a model is a complete and
consistent theory.

Suppose now thdt is a complete and consistent theory. Define a function
v: Wifs - {T, F} by settingv(A) =T iff AOl. To show that is a model we need
only show that it evaluates the connectives correctly.

If v(OA) =T,then 1A 0l, so ALl by consistency, s@(A) =F.

If v(A) =F, then AOIl, so JAOlN by completeness, s@(1A) =T.

Supposev(A - B)=T. ThenA- BOI. If v(A) =T, we have AIl', so by
modus ponens, BN, asl’ is a theory. Hence(B) =T. Conversely, suppos€A)
=F orv(B) =T. If the former then AIl', sonA I, and by Axiom 1, A Bl ; so
v(A - B) =T. If the latter then BI, and ad™ is a theory, by Axiom 2A -, B0 ;
sov(A- B)=T.

For conjunction,

v(AOB) =T iff v(A)=T andv(B)=T
iff AOr and BII
iff (AOB)OI usingAxioms 5, 6 and 7

For disjunction, we have that if[A" or B, then (AUB) O by Axioms 8
and 9. Soit(A) =T orv(B) =T, thenv(AB) =T. In the other direction, if
v(AOB) =T, then (AOB)Ur. If both AOr and B, then by Theorem 6.1, for any
C,Ir{A} =C andrl {B} —-C. So by the syntactic deduction theorem, for any C,
A Candlr =B- C. Hence by Axiom 10[ —(AOB) - C. As (AOB)Ur, this
means that for every C,+C, which is a contradiction on the consistency of
Hence, AOT or BOT, so thaty(A) =T orv(B) =T. [ ]
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Lemma 6 If D, then there is some complete and consistent tHesnch
that DO .

Proof Let Ay, Aq, . ..Dbe anumbering of the wifs of the formal language. Define:
Mo ={7 D}
M, O{A,} Iifthisis consistent
Mheg = .
M otherwise
r=0.r,

We have thar  is consistent by Lemma 3. So by construction, €agis
consistent. Henck is consistent, for if not some finite 0 I is inconsistent by
Lemma 3 andA being finite A O T, for somen, sol" , would be inconsistent.

" is complete, becauselif+A, then by Lemma 3; 0{7A} is consistent, and
hence by construction, AlN, and sd” 1 A.

Finally, I is a theory, since If —A, thenl" O{A} is consistent, and hence by
construction, AJl". [

Theorem7
a. Srong completeness I HA iff T EA.
b. Compactness ' has a modeff every finite subset df has a model.

Proof a. By Lemma 1 we need only show thdt A thenl FA. [If I EA,
suppose thdi +A. Then by Lemma 3, O {1 A} is consistent, and so by Lemmas
5 and 6 it has a model. $o¢=A, a contradiction. Sb FA.

b. ' has a model iff is consistent (Lemmas 5 and &).is consistent iff every
finite subset of is consistent (Lemma 3). Every finite subsefl a§ consistent iff
every finite subset df has a model (Lemmas 5 and 6). [ ]

The proof of Lemma 6 depends on infinitistic assumptions. A finitistic proof of
completeness, though not of strong completeness for this system can be found in
Carnielli’'s and myComputability.

If we formulate classical propositional logic with onlyand - as primitive and
O, O as defined connectives, then the proof above shows that axiom schema 1-4
with modus ponens is strongly complete.
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|  Classical Predicate Logic

The language is b¢ - , 0,0, 0,0, Py, Py, .. ., ¢, ¢, . . . ), with no superfluous
guantification. We define propositional form of a wff in this language to be a wff
B of the language of propositional logic such that there is a way to assign wffs,
possibly open, to the propositional variables in B that results in A, where the same
variable is assigned the same wff throughout B.

By “PC” | mean classical propositional logic, as given in Chapter 4 and the
previous section.

Lemma 8 The syntactic deduction theorem
r,ArB iff T-FA- B.
FO{A,....,A}rB iff TFA; - (As-> (> (A~ B)--).
Proof Since A, B, and all wffs i are closed, the proof is as for PC. [ ]

Lemma9 If FA- B and-B- C, then+A - C.

Proof By Lemma 8, if-A - B andB - C, then A-B and B-C. Combining
those proofs, as you can show, we have a proof of C from A. So by Lemma 8,
FA - C |

Lemmal0 a. +0...(A-B)-> (0...A-> [O...B)

b. 0...(A-~B), ... A} +0...B generalizednodus ponens
Proof a. We proceed by induction on the number of variables in the universal
closure for (A- B). If n=0, then this is just(A- B) - (A - B), which we
have via the PC axioms as in Lemma 2n # 1, this is Axiom 1. Suppose the
lemma true fon. Letx be the last variable (in alphabetical order) that appears free
in (A B). We have three cases, depending on whethppears free in A, B, or
both. | will do one case and leave the others to you. An instance of Axiom 1 is:

O...0x(A- B) - (OxA- B)).

Since the universal closure of this formula has onhariables, we have (a) by
induction. Part (b) then follows from (a). [ ]

Lemmall PCinpredicatelogic
If A has the form of a PC-tautology, theril. . . A.

Proof Suppose that one form of A is the PC-tautology B. By the completeness
theorem for PC, there is a proof,B. ., B,= B in PC. In that proof we can

assume there is no propositional variable appearing in any, of B, B, that does

not also appear in B. LetBbe B; with propositional variables replaced by
predicate wifs just as they are replaced in B to obtain A. I'll show by induction on
that=Cl. . . B*. The lemma will then follow for =n.
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Fori=1, B, is a PC-axiom, and so we are done by the PC-axioms. Suppose
now that for alj <i, -0. .. B*. If B; is a PC-axiom we are done. If not, then
for somg, k <i, Bj is B~ B; . Note that (B- B;)*is B * - B;*. So by
induction we have-[1. . . B*and 0. . . (B* - B,*) . Hence by generalized
modus ponens, ~0. . . B*. u

When invoking Lemma 10 or Lemma 11 I'll say “by PC”. In particular we
have the transitivity ofs :

0...(A- B), O... (B> C) FO. .. (A= C)

Lemma 12 Ify, ...y, are the variables free in A in alphabetic order, then:
FOCA S Oy Oyg - OV BYepq - - Oy A

Proof We induct om. Forn=20 or 1, thisis by PC. For= 2 this is an instance
of Axiom 2. Suppose now the lemma is true for fewer thaariables. Ik #n,
we are done by induction (replacing A by,, A). Ifk=n, then by Axiom 1 and
Lemma 2:

FOyq - . .0y, 5 Oy, 1 Oy, A) - Oyy .. .0y, @y, Oy,_1 A)
By induction we have:

FOyq - . .0y, 5 0y, Oy, A) - Oy, Oyq .. .0y, 5 0y, 1 A)
Hence, by Lemma 9, we are done. [

Lemma 13 Let B(x) be a formula with one free variable
a. If —B(c|x), then-0Ox B(X).
b. If I =B(c|x) and c does not appear in any wffiinthenl" —Cx B(X).

Proof a. We proceed by induction on the length of a proof op8( If the
length of a proof is 1, then B[Xx) is an axiom. | will show that (a) holds for certain
instances of Axiom 1; the other instances of Axiom 1 and the other schema follow
similarly.

So suppose-(U. .. }; (C(c|¥)- D) - (O...C|x¥ - O...D). Another
instance of Axiom 1is-([J... » (C(X)-» D) - (U...CK) - U...D), where
the only difference betweenfl(. . p and (. . . )} is thatUx appears in the former
and not in the latter. So by Lemma 12 we are done.

Suppose now that (a) is true for theorems with proofs of length m<n,

and the shortest proof of B has lengtm. Then for some closed AA and
FA - B(c|x), both of which have proofs shorter than lengtiBy induction,
F Ox (A - B(X)), so by Axiom 1 and PG;A - [Ox B(x). Hence}-[x B(X).

b. Supposé -B(c|[x). Then for some closed,D. .., DQ,0T,
{D4 ..., 0} FB(c|x). Hence by the syntactic deduction theorem:

Since c¢ does not appear in any gf D. ., O,, we have by (a):
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FOX(Dy— (Dy— -+ = (Dy— B(X)...))
So by Axiom 1 (repeated if necessary):
By repeated use afiodus ponens, we have {03, . . ., O} —0Ox B(X).
Sol FOx B(X). [ ]

NOTE: Only Axioms 1, 2, and the propositional axioms are invoked in the proofs of
Lemmas 8-13.
Lemma 14 Whenxis free in A,

a.  FO..A(c]x) - OxXA(X) CFintroduction

b. FO...OXA(X) - IXA(X)) O implies O
Proof a. By Axiom 3. .. x7A(X) - 1A(c|x)). So by PC,
FO. .. (A(c|X) - 10x7A(X)). So by axiom 4.b and PC,
FO. .. (AC]X) - IXA(X)).

b. We have by Axiom 3;0. .. (Ox A(X) - A(c|x)) for the first name
symbol in the language. So by (a) and the transitivity gfwe have (b). [
Theorem 15 Soundness If ' HA, thenl” EA.

Theorem16 Letl" be a consistent set of closed wffs of Let L(wg, wy, . . . ) be

L with the additional name symbolg,Wwv,, . . .. Then there is a collection of closed
wffs Z in L(wg, wy, . . . ) such that:
a. roz.

b. X is a complete and consistent theory.
c. If (IxBOX andx s free in B, then for somm, B(wy,|X) OX.
d

. For every wff BK) in L(wg, wy, . . .) with one free variable,
if for eachi, B(w; |x) 0%, thenx B(x) UX.

Proof Let A, A, ...be anumbering of the closed wffs of the expanded language
L(wq, Wy, . . .). Let - refer to derivations in this language. Defhéy stages:

29 =T
>,+1 Is defined by cases:
L If ZF1An then 2= 2,0 {7AR}
If Z, 1A, then:
ii. If Ajisnotlx B, thenz 1= 2,0 {Ap}

ii. If Z,+1AL and A, is [x B, and v, is the least wthat does not
appear irk,thenz 1 = 2,0 { (X B, B(WX), (X (x=w)}.
==0,z,
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Part (a) follows by construction. For (b), I'll first show by induction that for
eachn, 2, is consistent. We hawe= 0 by hypothesis. IE,, is consistent, then if
2, +1 Is defined by (i) it's immediate. If it is defined by (ii) it follows by induction
and Lemma 3. So suppose it is defined by (iii). ThenZ O { X B(X)}is
consistent by Lemma 3. Suppose now H)at 4 is not consistent. Then by Lemma
3,AF1B(W,|X). So by Lemma 13)\-0x1B(X). Hence, by Axiom 4 and PC,
AF1IX B(x). ButthenA is not consistent, which is a contradiction. 235a 4 is
consistent.

It then follows that is consistent, for if it were not, then some finite subset of
it would be inconsistent, and hence samevould be inconsistent. For every A, by
construction either Az or1A0X. SoZ is complete, and hence by Lemma&3s a
theory, and (b) is proved.

For (c), supposeéx B(x) 0= andx is free in B. Then for someandm,

Zo41= 2, 0{xB, Bw,|X} 0.

For (d), I'll show the contrapositive. SuppadseB(x) [1~. Then by (b),
10x B(x) OZ. Hence by Axiom 4 and PCx 1B(x) 0Z. So by (c), for some
m, 1B(w,|X) OZ. So by the consistency bf B(w,,|X) UZ. [

Theorem 17 Every consistent collection of closed wffs in L has a countable model.

Proof Letl" be a consistent collection of closed wffs of LetZ [J T in
L(wg, Wy, . .. ) be as in Theorem 16Ne define a modéd of L(wy, wy, .. .). We
take the formal language to be the semi-formal language.

For everyo, o(c;) = ¢; anda(w;) = w;.
ugEPR vy, ... vy iff BM(o(vy), . . . ,o(v)) O

I'll let you show by induction on the length of wffs that forld, and anyo,
and any wif B:

() If o(X) =d, thenvgE=B(X) iff vgEB(d|X)

Now we’ll show by induction on the length of wifs that for every closed wff A
inL(wg, wy, ... ),MEAf AOX. Itisimmediate if A is atomic. Suppose it is true
for wifs shorter than A I'll do the cases when A isx B or Ux B and leave the
others to you.

Suppose A i§x B andxB(x) J%. Thenx is the only variable free in
B(x). SinceX satisfies the conditions in Theorem 16, for samé(w,,,|X) 0.

Hence by induction, for any, vg=B(w,,[X), and so by (4), for any, if o(x) =
W, thenugEB(X). SoMELX B(X).

Suppose A islx B andME[X B(x). Then for some, vgEB(X). Take one
whereo(x) = d. Then by (¥)vgEB(d|x). Since Bd|x) is closedMEB(d|x), so
B(d|x)JX. By Lemma 14.a;-B(d|x) - [ B(x), so[x B(x) OX.
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Suppose A iglx B andMi=0x B(x). Then for every >0, if o(x) = w;,
thenvg=B(X). So by (%), for every, for everyo, vgEB(W; [X). So by induction,
for everyi, B(w: |[X) 0Z . SinceZ satisfies the condition (d) of Theorem 16,

Ox B(x) Oz

Suppose A i§1x B andx B(x) 0Z. SinceZ is a theory, by Axiom 3
(universal instantiation), for alldu, B(d|x) O%. Hence by induction, for every
o, vgFB(d|X). So by (%), for everg, vgEOX B(X). HenceMELXx B(X).

To complete the proof of the theorem, define a strudtdoz L by takingM
and deleting the interpretations of thgsWthe universes are the same). Then for
any closed wff A in LMEA iff NEA by the partial interpretation theorémSo
NElr. AndN is countable. [

Theorem 18

a. For any collection of closed wftsin L, X is a complete and consistent theory
iff there is a modé¥ such thatM=A iff A 0.

b. For any modeM of L, there is a countable modét such that1* EA iff ME=A.
c. Strong completeness I HA iff T EA.
d. Compactness I' has a modeff every finite subset df has a model.

Proof a. IfZ ={A: MEA}, then X is a complete and consistent theory. The
converse follows by Theorem 17.

b. IfMis a model, then TM) is complete and consistent, so by Theorem 17,
there is a countable mod¥t such that Th{1) = Th(M*).

Parts (c) and (d) follow as for Theorem 7. [

The proof of Theorem 16 is where infinitistic assumptions enter into our proof of
strong completeness. Models and Ultraproducts J. Bell and AB. Slomson show
that the strong completeness theorem for classical predicate logic is equivalent to the
axiom of choice for countable sets.

1 Two modelg1 andN agreeon L(I') when the models have the same universe and the same
interpretations of the names and the predicates that ar€ n That is, the following all hold:
i Uy=Uy.
ii. For every name appearing i, for everyc onM andt onN, a(c) =1(c).
iii. ~ For everyn-ary predicaté® appearing i, wheneveo(y,) = t(y;) for eacrs n,
oEP(yy, . . ., y iff tEP(y,, ..., Y-

The partial interpretation theorem If M andN agree on L(A), theM=A iff NEA.
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I Classical Predicate Logic with Equality
Lemma 19

a. FOxOy(x=sy - y=x)
b. FOxOyOz(x=y - (Y=z - X=2))

Proof a. 1. FOX(X=X) identity Axiom
2. FOxOy(x=y - (X=EX > Y=X)) extensionality Axiom

3. FOxOy(x=x > (X=y - Y=X)) (2) and PC

4. FOxOy (x=y - y=X) (1), (3), and Lemma 5

b. 1. FOzOyOx(Y=X- (Y=EzZ - X=2)) extensionality Axiom
2. FOxOy(x=y - y=X) pat (a)
3. FOxOyOz(x=y - (Y=zZ > X=2) (1), (2), PC, Lemma 5=

Note: The only axioms used in proving Lemma 19 are the propositional axioms,
Axioms 1 and 2, and the equality axioms.

In proving the strong completeness of this axiomatization, the lemmas and
theorems through Theorem 17, along with their proofs, are the same as for classical
predicate logic without equality.

Theorem20 Every consistent set of closed wffs of L has a countable model
in which “=” is interpreted as the identity of the universe.

Proof Letl" be a consistent collection of closed wffs of L. Edil I" be
constructed as in the proof of Theorem 16. By Theorem 17, there is a countable
modelM of Z, and hence df. In that model, write=' for the interpretation of=’,
thatis,c=d iff (c=d) 0X. That need not be the identity on the univerdd of
However,= is an equivalence relation by virtue of Axiom 5 (identity), Lemma
19, and Axiom 3. Due to Axiom 6 (extensionality),is a congruence relation, too.
Denote by [d] the equivalence class of d4arWe define a modéf /= in which =
is interpreted as the identity on the universe suchMiatvalidates exactly the same
wiffs asM.
The semi-formal language bf/= is the same as fdt. The universe dfl /= is
{[d] : d is in the universe df}. For each assignment of referencesf M define an
assignment of referenceg=(v) by setting for every term, o/=(v) =[o(V)] .
Since the collection far is complete, the collection of these assignments is
complete. For each assignment of references define the valuation:

vol=F P (vy, ... V) iff ugE R (v, ... V)
ift PM(o(vy), . . . o(v)) O

I'll let you show that for every formal wff A and evesyfor M, vg/_EA iff ugEA.
Hence, for every AYEA iff M/==A. InM/= we have:
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vgl=FV=u iff (o(v)=o(u)) Oz
iff o(v) =o(u)
iff [a(v)] = [o(u)] m

Theorem 18 then follows for this axiom system.

11 Classical Predicate Logic with Functions

The proof of strong completeness is just as for classical predicate logic with equality,
noting only that in the proof of Theorem 20, by the extensionality axiom for

functions, we can define:
o/=(f(uy, . .. Up)) = [o(F(vy, . . . V)]
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IV Classical Predicate Logic with Non-Referring Names

This logic is presented in Chapter 36.

From Section | on classical predicate logic, Lemmas 1-13 hold as the schema
needed for those are the same here. The proof of Lemma 19 proceeds as before
using the new version of the extensionality axiom. I'll let you prove that the
axiomatization is sound.

Theorem?21 Letl be a consistent set of closed wffs of Then there is a
collection of closed wff& in L(wg, wy, . . . ) such that:

a. rgz.

> is a complete and consistent theory.

If [IxB X, then for somen, B(w,,[x) 0% andlx (x = w,,)UZ.
If 10x BOZ, then for somen, 71 B(w,,[x) 0.

For every wff BX) in L(wg, Wy, . . . ) with one free variable,
if for eachi, B(w;[x) 0%, thenOx B(x) OX.

Proof Let A, A4, ...be anumbering of all the closed wffs of the expanded
language L(w, Wy, . .. ). Let'+=" refer to derivations in this language.
DefineXZ by stages:

29=T
Znh+1 Is defined by cases:
L IfZ,F1AL then X201 = 2,0 { 1AL}
If 1A, then:
ii. If Apis notlx B or10x B, thenz 11 = 2,0 { A}
. If 2 1AL and Ay is Ox B, and w, is the least wthat does not
appear irx,thenz ;1 = Z,0{ X B, B(Wp|X), (X X= W)}
iv. if Zh 1A and A, is 10x B, and wy, is the least wthat does not
appear irx,,, thenz,41 = 2,0 { 10x B, 71B(w[x)}.
==U,=,

® o o0

I'll show thatX satisfies (a)—(g Part (a) follows by construction.

For part (b) we first show by induction that for each , is consistent. For
n= 0 it's true by hypothesis. If it's true forandz , , , is defined by (i) it's
immediate. Iz, 4 is defined by (ii) it follows by induction and Lemma 3.

Suppose , , 4 is defined by (iii). Thed =% 0 {{Ix B(X)} is consistent
by induction and Lemma &uppose,, , ; is not consistent. Then we have that
AF1(IX (x=w,,) O B(wpy|x)). Hence, by Lemma 13, there ig aot
appearing in B such th&@f+0y 1 (Cx (x=y) O B(y[|x)). But then by Axiom
14, A7 Ox B(X), which is a contradiction.
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Suppose , , 4 is defined by (iv). Then by Lemma 3 and 2G5 %, [
{70xB(X)} is consistent. Suppose thgt | ; is not consistent. Then
AFB(wp,[X). So by Lemma 13, for sonyeA+Uy B(y). Hence by Axiom 3,
A+[x B(x), which contradicts the consistency/of

It then follows that is consistent, for if it were not then some finite subset of
it would be inconsistent, and hence samevould be inconsistent. By construc-
tion, for every A, either AlZ or1A[JZ, and s& is complete. By Lemma &, is
also a theory.

Parts (c) and (d) follows by construction, since ifl1&, then for some, A is
Anand the appropriate formulas are put ibtat stagen + 1.

For part (e) I'll show the contrapositive. SuppabeB(x) J>. Then by (b),
10x B(x) OX. Hence by (d), for somme, 1B(w,,|x) O%. So B(wy,|x) OX. [

Theorem 22 Every consistent collection of closed wffs in L has a countable model.

Proof Letl’ be a consistent collection of closed wffs of Let>~ O T in
L(wg, Wy, ... ) be as in Theorem 2We define a modéd of L(wg, wy, . . .)

U={c; for somex, (X (x = ¢;) UZ} O {w;: for somex, Ox (x = w;)) 0 X}

Assignments of references:
For everyo and every, o(x)!, and the collection of suehis complete.
For every atomic name d:
o(d)t iff dOU. If o(d)!, theno(d) = d.

Evaluation of the equality predicate:
vgEV=uU iff o(v)l =cando(u)l =d,and (d)0JZ
or both are undefined and£ u) 0

The interpretation of=£” satisfies restrictions (ii)—(vi) on the evaluation of the
equality predicate: conditions (ii) and (iii) follow by definition; condition (iv)
follows because the axiom of identity and universal instantiation aredonditions
(v) and (vi) follow by Lemma 19. Note that if € u) [J ~ ando(v)!, then for
somex, [x (x=Vv) [0 Z, so by the axioms of extensionality of atomic predications
andZ being a theory,Ix (x=u) 0 X, so thao(u) 0 X.

Valuations of atomic wffs other than the equality predicate:
Given Ay, . .. ,vy) ando, lety, . . ., y, be alist of all the variables
appearing in A, and let(y;) = d.. Let A(vq, . .. ,v)[d;|y;] denote A
with eachy; replaced by d Then:
UgEA(Vy, .. vy F A(Yy, L vp)[dily] O 2.

I'll let you show that the valuations of atomic wffs satisfy the extensionality
condition. This completes the definition Mt
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I'll let you show by induction on the length of wffs that for any d in the
universe and for any assignment of referergdsr any wff B:

() If o(X) =d, thenvgE=B(X) iff vgEB(d]|X).

Now we show by induction on the length of A that for every closed wff A in
L(wg, Wy, ... ),MEAIff AOX. Itistrue for wffs of length 1 by definition.
Suppose that the lemma is true for all wffs of lengtand let A be a wif of length
n+ 1. I'll leave to you the cases when AIB, B C, BUC, and BJC.

Suppose that A isk B andM=[x B(x). Then for some, v5=B(X). Take
one suclo, whereo(x) =d. By (f),vg=B(d|x). Since d is in the universe, for
somey, [y (y=d)OZ. Since B(dx) is closedMEB(d| x), so by induction
B(d|x) JX. Hence, using Axiom 9 (existential generalization for referring terms),
X B(x)OX.

Suppose that A iEx B andx B(x) X . SinceX satsifies condition (c) of
Theorem 1, for somm, B(w,|x) U and w,JU. Hence by induction,

MEB(W | X), and so for anyg, if o(X) = w,, thenuzEB(X). SOMELX B(X).

Suppose that A iBlx B andM=Lx B. Then for each MEB(w;|Xx). Hence
by induction, for each B(w;|xX)JXZ. SinceX satisfies condition (e)}/xBIX.

Suppose that A iBlx B andlIx BOXZ. Then by universal instantiation, for
every d, B(dx)OX . Hence by inductio=B(d|x). Hence, for alb, for all d,
vgEB(d|X) as B(d X) is closed. So by (%), for eachvgsEB(X), SOMEB(X).

I'll let you show using Lemma 20 that the interpretation=f{ Wwhich I'll
denote by £”, is an equivalence relation on the universe. Using the extensionality
axioms you can show that it is also a congruence relation. Define a Mads}:

u={[d]:dOz}
0/=(V) =pef [0(V)] if o(v)!, and undefined otherwise

For every atomic wif Ay, . . . ,up),
uG/:':A(Uli cee ,un) iff V()":A (Ul, Ce s ,Un)

I'll let you show thatM/==A iff MEA. It then follows thaN is a model ot in
which “=" satisfies the restrictions on the equality predicate, including that it is the
identity on the universe.

Now define a mode¥” for L by takingN and deleting the interpretations of the
w;i’'s (the universes are the same). For any closed wff A NHA iff N'=A by the
partial interpretation theorem, which you can show holds heré&=§o0 [

The strong completeness theorem then follows in the usual way.
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V  Classical Predicate Logic with Partial Functions

The language L is that of classical predicate logic with equality and functions.
Theorem 21 is proved as before. Lemma 19 is proved as before using the new
extensionality axiom. I'll let you to prove the axiomatization is sound.

Theorem 23 Every consistent collection of closed wffs in L has a countable model.
Proof Letl" be a consistent collection of closed wffs of Let> T in
L(Wg, Wy, . . . ) be as in Theorem 2We define a modé of L(wg, wy, . . .)
U={c;: for somex, (X (x = ¢;) O X} O {w;: for somex, Ix (x = w;) 0 X}
Assignments of references:
For everyo and every, o(x)!, and the collection of suahis complete.
For every atomic name c:
o(c)! iffcOU. Ifo(c)!, theno(c) = c.
For termd(vy, . . . ,v,) of depth 1:
If somev, o(V;) ¢, thena(f(vy, . .. ,V,)){.

If for all i, o(v;)!, leto(v;) = d;. If there is a ¢ such that
(f(dg,...,d)=c)0 % and some, (X (x=c)) 0,

let d be the least such (where eacprecedes each;jvand
seto(f(vy, . ..,Vy))! =d. Otherwiseg(f(vq, ... ,Vp)){.

For termd(vy, . . . ,ty,) of depth > 1 :

If somei, o(v;) ¢, theno(f(vq, ... ,Vvp)){.
If for all i, o(v)!, letzy, . ..,z be the first variables
not appearing if(vy, . . . ,v,). Lett be an assignment

of references that differs fromonly in thatt (z) = o(v;).
Theno(f(vy, ..., vy))=1(f(z, .. ..2Z,)).

The definition of assignments for terms of depth 1 gives a unique value for
each term, as we choose the least such name symbol d. I'll let you show that this
definition satisfies the extensionality condition for atomic values of functions.

Evaluation of the equality predicate:

Atomic terms
vgEV=uU iff o(v)l =cando(u)! =d,and (d)0JZ
or both are undefined and% u) 0
Complex terms:
a. f(vy, ... vp =X
For each variablg appearing iffvy, . . . V), there is a gsuch
thato(y;) = d, and there is some d, such thét) = d. Denote by
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f(vy, .., vp)ld;|y;] the result of substituting, dor y; everywhere
inf(vy, . ..,vy. Then
vgFE f(vq, ..., Vp) =X iff (f(vy, ..., vpldily] =d)0Z.
b. x = f(vy, V)
UgEXEf(vq, .. ., V) Iff ugE f(vq, ..., Vp) =X
c. f(vy, ...,vy =d.

Proceed as in (i), deleting the clause thatd(@s= d.

d. d=f(vq, ...,V
ugEd=f(vy, ..., vy iff ugEf(vy, ..., vy =d.

e. f(vq, ..., vp) =09y, . . . ,Uy).
Definey; and g as in (i), and similarly for g, . . ., Uy definez
and e ThenugkE f(vq, ... V) =09(uy, ... ,up) iff
(flvy, - ooy vpldilvil =9(uy, - . ., up)lelz]) D Z.

Using the equality axiom schema (5) and (6*) you can show that this
interpretation of =" satisfies restrictions (ii), (iii*), (iv), (v), and (vi) on equality.

The proof then follows as for Theorem 22, using Axiom 7.*a to show that the
interpretation of £” in U is a congruence relation. ]
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VI Classical Predicate Logic with Non-Referring Names as Nil

Because the propositional axioms and Axioms 1 and 2 are as for classical predicate
logic, Lemmas 8-13 hold. I'll let you prove the axiomatization is sound.

Theorem?24 Letl be a consistent set of closed wffs of Then there is a
collection of closed wff& in L(wg, wy, . . . ) such that:

a. rpgz.

b. Z is a complete and consistent theory.

c. If IxBOZ, then for somen, B(w,,[X) UZ andlX (x = w,,) 0.

d. For every wff BK) in L(wg, wy, . . .) with one free variable,
if for eachi, B(w;|x) 0%, thenx B(x) UX.

Proof The proof is the same as for Theorem 16 for classical predicate logic except
for the proof that i, , ; =%, O {{X B, B(wy|X), X (x=w)} thenZ, , 4

is consistent it | is. We have thak =%, O {{x B(X)} is consistent by induction

and Lemma 3Suppose , . 1 is not consistent. Theh-1 (LX (x = wyy,) O

B(wp[X)). Hence, by Lemma 13, there ig aot appearing in B such that

A0y (Ox (x=y) O B(y|x)). But then by Axiom 14A 7 Ox B(X),

which is a contradiction. [

Theorem 25 Every consistent collection of closed wffs in L has a countable model.
Proof Letl be a consistent collection of closed wifs of Let> [IT in
L(wg, Wy, ... ) be asin Theorem 24. We define a mbtlef L(wg, wy, . . . )
U={c,: forsomex, Ix (x = ¢;) 0Z} O {w;:i=0}
By construction, for each [x (x = w;) O .
Assignments of references:
For everyo and every, o(x)!, and the collection of suehis complete.
For every atomic name c:
o(c)l iff cOU. Ifo(c)!, theno(c) = c.
For termd(vy, . . . ,v,) of depth 1:
If some t,o(Vv;) ¢, theno(f(vq, . .. ,Vy))Y.

If for all i, o(v;)!, leto(v;) = d;. If there is a ¢ such that
(f(dg,...,d)=c)0 % and some, (X (x=c)) 0 %,

let d be the least such (where eacprecedes each;jvand
seto(f(vy, . . .,vp))! =d. Otherwiseg(f(vy, ... ,Vq)) 1.

For termd(vy, . . . ,v,) of depth > 1

If somei, o(v)) ¢, theno(f(vq, ... ,Vy))!-
If for all i, o(v)!, letzy, . ..,z be the first variables
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not appearing if(vy, . . . ,vy,). Lett be an assignment
of references that differs fromonly in thatt (z) = o(t;).
Theno(f(vy, ..., V) =1(f(z, . . . ,25))-

Evaluation of the equality predicate:
vgFE V=uU iff o(v)l =cando(u)l =d,and (=d)0 =

Valuations on atomic wifs:
If for somei, o(v)) ¢, thenug=A(vy, . . . V).
Otherwise, ugEA(Vy, . .. V) iff A(a(vy), ... 0(vy)) OZ.

I'll let you show:
() Ifo(x) =d, thenugEB(X) iff vg=B(d]|X).

Now we’ll show by induction on the length of wffs that for every closed wiff A
in L(wg, Wy, ... ),MEAIff ADZ. Itisimmediate if A is atomic. Suppose it is true
for wffs shorter than A I'll do the cases when A iSx B or [Ix B and leave the
others to you.

Suppose A isix B and[xB(x) 0. Thenx must be the only variable free in
B(x). SinceX satisfies the conditions in Theorem 24, for samé(w,,,|x) 0
andlx (x=wp,) UZ. So w,,LJU, and by induction, for any, vg=B(W 5| X).

So for anyo, if a( X) = Wy, thenug=B(X). SOMELX B(X).

Suppose that A isk B andM=[X B(x). Then for some, v5=B(X). Take
one suclo, whereo(x) =d. By (f),vg=B(d]|x). Since d is in the universe, for
somey, Oy (y=d)OZ. Since B(dx) is closedMEB(d| x), so B(d x) Oz
Hence, using Axiom 9,x B(x) [X.

Suppose that A i8x B andM=Lx B. Then for each MEB(w; |x). So by
induction, B(w|x)[JZ. SinceX satisfies condition (d) of Theorem 24xBUX .

Suppose now that A iSx B andlix B(x) . By Axiom 3*, for all d(JU,
B(d|x) 0X. So by induction, for eveny, for every d_JU, v5EB(d| x) and so by
(}), vgEOX B(X). HenceMELDX B(X).

The proof then follows as for Theorem 23, using Axiom 6.*a to show that the
interpretation of £’ in U is a congruence relation. [

The strong completeness theorem (Theorem 18) then follows in the usual way.
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VIl Classical Predicate Logic with Descriptive Names

and Descriptive Functions
Because the propositional axioms and Axioms 1 and 2 are the same as for classical
predicate logic, Lemmas 8-13 hold. I'll let you show that the axiomatization is

sound.
The proof of the following is the same as for Theorem 24.

Theorem26 Letl be a consistent set of closed wffs of Lhen there is a
collection of closed wff& in L(wg, wy, . .. ) such that:

a. rgz.
b. X is a complete and consistent theory.
c. If IxBUZX, then for somen, B(w,[X) U andXx (x=w,,;) 0X.

d. Forevery wff BK) in L(wg, wy, . . .) with one free variable,
if for eachi, B(w; |x) 0%, thenx B(x) 0X .

Theorem 27 Every consistent collection of closed wffs in L has a countable model.

Proof Letl be a consistent collection of closed wifs of Let> [IT in
L(wg, Wy, ... ) be asin Theorem 26. Foreadhx(x = w) 0 X.

We define a modé¥* of L(wg, wq, ... ) For the modeM of classical
predicate logic with equality for stage 0 we take:

U={c;:i=0} O{w;i=0}

We also take a complete collection of assignments of references where for every
name symbol dy(d) =d. For valuations of atomic wffs we set:

uGOI:A(tl, .o B Iff A(op(ty), - .. Lop(ty)) O
This determines all stagasz 0 and henc#*.

By Axiom 5.b*, for evenyi, Ox (x=¢) 0 Z. Hence by Axiom 4.a and 5.3,
foreveryi, (G=¢g)OZ and (W=w) OZ.

I'll let you show that for every:

() v, FB(Y) iff if 05(x) = d, thenug_FB(d]X)

We now must prove that for every closed atomic wiMARA iff A Z.
By virtue of the stability of references and truth-values, it suffices to show that if
A is first defined at stage, then:

(@) EAIffADS
To show this we will need to show simultaneously:
(b) vis a closed referring term at stagdf [z (z=v) 0 Z.

I'll write “ E,A” to mean that for everg,, vg_FA.
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Forn = 0 we have (b) as noted above, and the proof of (a) is as for classical
predicate logic with non-referring names as nil (to take account of the different
axioms used here).

Suppose (a) and (b) are true for all stagas

To show (b) the only new cases are when t is a closed teear A(x)”
where A is a wff of staga and not of any earlier stage. [l (z=thex A(x)) O
>, then by Axiom 11[Ix A(X) O Ox Oy (A(X) 0 A(y) - (x=y))OZXZ. This
is a wif of stagen, so by inductior=,x A(X) LTI x Oy (A(X) O A(y) - (x=
y) ). Hence, there is a unique d in the universe that satisfi¢s Ménce, thex
A(X)" has reference d. On the other handthi A(x)” is a referring term at
stagen, then=,Ox A(X) and=,0x Oy (A(X) O A(y) - (x=y) ), and so by
induction and PCLIx A(X) O Ox Oy (A(X) O A(y) - (x=y))OZ. Hence
by Axiom 11, Oz (z=thex A(x)) 0 X.

We show (a) by induction on the length of A. First note that for every B of
stage n, if “thexB(X)” is a closed term then:

() opea(thexB) = d
iff dis the unique object satisfying B)(at stagen
iff (by (1)) EB(d|x) andE=,0x (B(X) - (x=d))
iff (by induction on stagesB(d|x) 0 Z andx (B(X) - (x=d)) O X
and (by (b) Oz(z=thexA(x) )0 =
iff (by Axioms 12 and 6)d=thexB(x)) 0 X

Suppose now that &{, . . . ,v,,) is atomic. Since A is closed, eaglis closed.
If =n+1A(Vy, ...V, then everyis referring and=pA(up |Vq, . . . ,Up| Vi),
where ifv; is a name, theg; isv;, and if t is “thex B(x)", by (%), y; is the
reference of;. So for alli, by () (v, =u;) O Z, and by induction

A(uplvy, .. .\ UplvpO Z. So by Axiom 6* (extensionality), Ag, . . . ,v,) O
Z. Onthe other hand, if &, . .. ,v,) OZ, then by Axiom 10 (falsity is the
default), for every, for somex, Ox x=v;) U X . So via Axioms 11 and 12 and
induction, ifv; is a ‘the”-term, there is a reference for it, say @hen by 1),
(di=v;y) O X. Hence, by extensionality, &{|Vq, . . . ,Un|tvy) O = where

up, . ..,unare as before. By inductiorgA(uq|ty, . . . ,Uyn|tyy), and so
FoA(Vy, - . V). So (a) is true for atomic wffs at stage

The proof now proceeds just as for Theorem 25, including showing that the
equality predicate is evaluated as the identity on the universe. [ ]

The strong completeness theorem (Theorem 18) then follows in the usual way.
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VII Classical Predicate Logic with Non-Referring Atomic Names
and Descriptive Functions

The proof of the following is the same as for Theorem 21, using Axtanstead of
Axiom 3.

Theorem28 Letl be a consistent set of closed wffs of Lhen there is a
collection of closed wff& in L(wg, wy, . . . ) such that:
a. rgz.
> is a complete and consistent theory.
If OxB X, then for somen, B(w,[x) 0 andlx (X = wp,) 0Z.
If 10x BOZ, then for somen, 71 B(w,|x) UZ .

For every wff BX) in L(wg, Wy, . . . ) with one free variable,
if for eachi, B(w;|x) UZ, thenOx B(x) UX.

® o oo

Theorem 29 Every consistent collection of closed wffs in L has a countable model.
Proof Letl be a consistent collection of closed wifs of Let>~ [IT in
L(Wg, Wy, . . . ) be as in Theorem 28. We define a mbtlef L(wg, wy, . . . )
U={c;: forsomex, Ox (x = ¢;) 0=} O {w; i=0}
By construction, for each [x (x = w;) 0 ~. By Axiom 5*.a and b we have:
(*) Foreveryi, (wj= w)OZ and (¢= ¢) O Z.
Stage O
Assignments of references:
For everyo and every, o(X)!, and the collection of suahis complete.
For every atomic name c:
o(c)l iffcOU. If o(c)l, theno(c) =c.
Evaluation of the equality predicate:
vgEV=uU iff o(v)l =cando(u)! =d,and (d)0JZ
or both are undefined and%£ u) [0
Valuations on atomic wffs:
ugFA(VY, ...V Iff A(a(vy), ... ,0(vy)) O
This determines all stagaesz 0 and henc&*.
I'll let you show that for every:
) Von':B(X) iff if on(x) =d, thenuonlzB(d|x)

We now must prove that for every closed atomic wiMAEA iff AX. By
virtue of the stability of references and truth-values, it suffices to show that if A is
first defined at stage, then:
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(@) EAiff ADZ
To show that we will need to show simultaneously:

(b) At stagen, for every closed t, if t is referring or pseudo-referring, then
(tst)yoz.

I'll write “ E,A” to mean that for everg,, vg FA.
Forn = 0 we have (b) as noted above sirg®,=t. The proof that (a) holds
at stage 0 is the same as for classical predicate logic with non-referring names except
that universal instantiation for non-nil terms is used instead of universal instantiation.
That is possible by virtue of (*).
Suppose (a) and (b) are true for all stagas
To show (b) at stage+ 1, the only new cases are when ttigek A(X)”
where A is a wif of staga and not of any earlier stage.
Suppose thattie x A(x) =thex A(x)) 0 Z. Then by Axiom 13 and PC,
(RXA(X) O PxA(X)) O %Z. This wff is of stage. Hence by induction,
MERX A(X) O PxA(X). Hence by Lemma 2 of the chaptehéx A(X)” is
referring or pseudo-referring.
Now suppose thattex A(X)” is referring or pseudo-referring. Then by
Lemma 2 of the chapter=Rx A(x) 0 Px A(X) and by inductionx A(x) [J
PxA(X)) 0%~. Hence by Axiom 11 and PCiz(z=thexA(X)) 01 0z (z=
thex A(X)) 0 Z. Hence by Axiom 5* and PCihlex A(X) = thex A(x)) O .
So (b) holds at stage+ 1.
We can use (b) to show something more:

(c) If ops1(thexB(x)) = d or d is the pseudo-reference thfeé’x B(x)”,
then (d=thexB(X)) O Z.

If on+1(thex B(X)) = d then d is the unique object satisfying)B(So by (¥),
EnB(d|x). If dis the pseudo-reference dhéx B(x))”, then=,B(d|X). In
both cases-,,UUx Oy (B(X) ! By) - (x=y)). So by induction, B{|x) U
> andOx Oy (B(x) O B(y) - (x=y))DUXZ. By Axiom 12, Bthex B(x))
0%, and by (b)thex B(X) =thexB(X)) 0 X. So by Axiom 3, (d=thex
B(x)) 0 ~. Hence, (c) holds at stage+ 1.
We now show (a) at staget 1 by induction on the length of A.
Suppose that Ag, . . . ,v,;) is atomic. Since A is closed, eaglis closed.
If =n+ 1AV, - .. V), then every; is referring or pseudo-referring then
Y1,Fn+ 1A(U1|Vv1, - . . ,UplVm Whee if v; is an atomic name thenisv;,
ifv; is a pseudo-referring term, thanis its pseudo-reference, and;ifstreferring,
To(y;) = the reference of;. Hence by ($)FgA(uy” |vq, - - . Uy Vi) Where for
referring terms;tv;” is the reference of, and in the other cases isu;. Hence
by (c) and Axiom 6* (extensionality), &{, . .. ,v,) OZ.
Now suppose thaA(vy, . . . ,v,,) 0Z. By Axiom 10 (falsity is the default),
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for everyi, (v =v;) 0 X . Hence by Axiom 13, for eveiy eitheri is an atomic
name or a referring or pseudo-referririge”-term. Hence by (c) and Axiom 6%,
A(uy’, . ..,u,) OZ, where if fis an atomic name thesy isv;, and ify; is a
“the-term, theny;” is its reference or pseudo-reference. SinagA(. . Uy, ) is
a wff of stage 0, we have by inductienA(u,, . . . ,u,). By (¥), we then have
FoA(uy, . . . ,Uy), where they; are as in the definition of satisfaction for

A(vq, ... V. Hencelp 4 1A(vy, ... Vy)- Hence, (a) is true at stage- 1

for atomic wffs.

Suppose now that the lemma is true for all wifs of letkgtnd let A be a wff
of lengthk + 1. I'll leave to you the cases when AR, B- C, BOIC, and B1C.

Suppose that A isk B andF, + 1[X B(X). Then for some, . 1,

Yo+ 1|=B(x). Take one such, wheog + 1(X) =d. By (;t),vc,n +1F B(d| x).

Since d is in the universe, for somely (y=d)0Z. Since B(dx) is closed,
Fn+1B(d]|x), so B(dx)JZ. Hence, using Axiom 9 (existential generalization
for referring terms)[ X B(x) X .

Suppose that A iBx B andix B(x) (] Z. SinceX satisfies condition (c) of
Theorem 28, for some, B(w,|X) UZ. Hence by inductions, + 1 B(w,|X).

We also have that ywOU. So by (), for ang, 4 1, if o34 1(X) = Wy, then
Yoy + 1I:B(x). SokEp + 1 X B(X).

Suppose that A i8lx B and, + 10x B. Then by (1), for eadh
Fn+ 1 B(wj|x). Hence by induction, for eachB(w; |X)[J%. SinceX satisfies
condition (e) of Theorem 28)x BOX .

Finally, suppose that A iSx B andOx BOX. Then by universal
instantiation for non-nil terms and (*), for every d, B . Hence by induction,
Fn+1B(d|x). Hence, for alb,, ; 1, for all d,uon . 1I:B(d|x) as B(dx) is
closed. So by (%), for eadh + 1, Yo 4 1F B(X), SOFp + 1 B(X).

The modeM* satisfies the restrictions on the equality predicate except that it
need not be the identity on the universe. To create a Ndbat validates the same
wffs asM* and in which the equality predicate is evaluated as the identity on the
universe we can proceed as in the proof of Theorem 22. Though we do not have the
identity axiom[x (x = X) to prove Lemma 19, that formula is trueMh and hence
isinX. [

The strong completeness theorem (Theorem 18) then follows in the usual way.
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VIII PC with Termporal Connectives Assuming TimeisLinear
(TL-PC)

Theorem 30 If =D, then there is a complete and consistent collection offwffs
suchthat OJT .

Proof The proof is the same as for Lemma 6. [

Theorem 31 T is complete and consistent iff there is some madel, S> such
that AOT iff v(A) =T.

Proof The direction from right to left I'll leave to you.
Let v be the valuation such that for every variable p,

v(p)=Tiffpadr
LetR={p : pis propositional variable}. Define:

p=q iff (p=0)0T
I'll let you show using axiom schema (a)—(c) thas an equivalence relation.
Denote byp the equivalence class of p.

LetS ={ p : p is propositional variable}. Define én

p<q iff (p<q Ol
Using axiom schema (d)—(g) I'll let you show tkas a linear order ofi that, by
schema (h) and (i), does not depend on the choice of representative for the

equivalence class.
Define the time assignment:

t(p) = {p}

This completes the definition of the model. The valuatiemextended to all wffs of
L by the standard evaluations of the connectives for this logic.

We need to show that for every A(A) =T iff A O . This can be proved by
induction. If A has length 1, this is immediate from the definition.ofThe
following inductive cases can be proved as for classical propositional logic
(Lemma 5):

vO A)=TIffAOTl

v(A - B)=TIiff(A - B)OT
v(AOB)=TIff(ADOB)OT
v(AOB)=TIiff(ADOB)OT

It then remains to show the inductive step:
v(A<B)=T iff A<B)OT
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I'll first show that (A< B) O I iff for every p that appears in A and q that
appears in B, (g q) O I'. The proof is by induction, first on the length of B and
then on the length of A. It is immediate if B is of length 1. Suppose now that it is
true for all wffs shorter than B. Then if B is of the fon@, we have the proof by
schema (j) and induction. If B is of the form{©), we have the proof by schema
() and induction. If B is of the form£C D), we have the proof by schema (n) and
induction. The proof inducting on the lengthfois similar, using schema (k), (m),
and (o).

So by (*) we now have:

t(A)<t(B) iff forallpinA,qinB,p <q
iff forallpinA,qinB, (p<q)Or
iff (A<B)Or

Finally,

v(A<B)=Tiff y(A) =v(B) =T andt(A) < t(B)
iff A,BOTI and (A<xB)OT
iff  AOB)OrI and (A<B)OT by axiom schema (3)—(5)
iff A<B)OTl by axiom schema (n)

We then have that for every A(A) =T iff A OT by the usual proof for classical
propositional logic. [

I'll let you show that the axiomatization is soundf if A, thenl” EA.
Then strong completeness follows in the usual way from what we have shown.

Theorem 32 For every collection of wff§ and wff Ain L, A iff T EA.
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IX CPL with Temporal Connectives

In the proof for CPL (Section Il), replace “PC” with “TL-PC” everywhere and
everything in that section follows as before except for Theorem 17.

Theorem 33 Every consistent collection of closed wffs in L has a countable model.

Proof Letl" be a consistent collection of closed wffs of LetZ (I T in

L(Wq, Wy, . . . ) be as in Theorem 16 for this logic. We define a nida|

L(wq, Wy, .. .), taking the formal language to be the semi-formal language, too. Let
P, Q stand for any predicate symbols.

U={w;,c:i=0}
For everyo, o(c;) = ¢; anda(w;) = w;.
ugFEP(Vy, ...y iff P(a(vy), ... 0(v,)) OZ

LetR = {<a, A>: Ais an atomic wff and is an assignment of references}.
Define

<o, P(vq, ... V) > =<1, QU .. . ,uy) >
iff (P(a(vy),...,0(v,)=Q(t(up,...,1(uy)))0OT

By Axioms (a)—(c) of LT-PCs is an equivalence relation. Denotedyy, A> the
equivalence class efa, A>.

LetS = {<o, A> : Ais an atomic wff and is an assignment of references}.
Define onS :

<o, P(vy, ... V) > < <1,Q(uy, . .. ,Uy) > iff
(P(a(vy), - . .,0(v) = Q(t(uy), ..., t(uy)))OT

By Axioms (d)—(g) of TL-PCx is a linear order of that, by Axioms (h) and (i),
does not depend on the choice of representative for the equivalence class.
Define the time assignment:

tg(A) =<0, A>

This completes the definition of the model. The time assignments are extended to all
wffs by the standard conditions (p. 256) and the valuatisrthen extended to all
wffs of L by the standard evaluations (p. 257).

The rest of the proof follows as for Theorem 17 except for the proof by
induction on the length of wffs that for every closed wff A in k(w,, . ..),MEA
iff AOZ, to which we must add the case when A<is 8. The proof for that
follows as in the proof of Theorem 31 for TL-PC. [ ]



Appendix 4
Events as a Foundation for
Predicate Logic

It is difficult if not impossible to specify exactly what we mean by “an individual
thing”. We start with an intuition, develop our logic, and then, at best, we can say
that an individual thing is whatever we can reason about in predicaté logic.

Some people believe that events are things: the burning of a flame in a fireplace
or Juney barking. They say that by recognizing that events are things we can
formalize a great deal more in predicate logic. Consider, for example:

Juney is barking loudly
This would be formalized as:
dx (xis a barkinga xis by Juneya xis loud)

Formalizing in this manner there is no need for an analysis of advereed,

there is no need for an analysis of verbs or recognizing the possibility that processes
are not things. Every verb is replaced by a gerund acting as a noun (or in some
languages, like Latin, with an infinitive), so the only verb left is the copula of being:
“to be” declined in all tenses. Terence Parsons wiites:

The basic assumption is that a sentence such as
Caesar died
says something like the following:
For some event e,
e is a dyingand
the object of e is Caesand
e culminates before now.

If we formalize along these lines then propositions we previously viewed as
atomic in predicate logic will be parsed as compound, requiring quantification with a
variable that ranges over events. A two-sorted logic will be essential to distinguish
the use of such variables from variables used to refer to other kinds of things that
would normally comprise the universe of a realization. Thus, though “Juney barks”
would seem to be atomic, we should understand it as having a hidden variable and

1 see the discussion Rredicate Logic and Chapter 45 here.

2 Event-talk accounts for adverbs by converting them into adjectives. But without a theory of
relative adjectives the formalizations will be wrong.

3 Eventsin the Semantics of English, p. 6.
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guantifier: ‘e (e is a barking of Juney)”. Advocates of this view have to argue that
this is how we should understand such propositions, for there is no good evidence
that we actually do understand them this Wayhey are giving a prescriptive
theory of how to reason.

By excising verbs from their reasoning, the advocates of this view are
implicitly, if not explicitly adopting a much stronger versionToings, the world,
and propositions.®

Only things, the world, and propositions The world is made up of individual
things only; propositions are about individual things only.

The reason they give for adopting such a view is that it allows us to formalize a
great deal more in predicate logic than we could béfoféat is, they argue for
their theory in terms of it having good consequences, which, as | discussed in
Chapter 3, is not an adequate reason for adopting a theory. Most certainly, it is not
reason enough to adopt such a metaphysical view.

There are many problems with adopting events as basic to our metaghysics.
One, however, is so great that there seems to be no way to proceed in using events as
things in predicate logic: we have no way to distinguish events. We have no way to
pick out one event rather than another when we wish to give a reference to a
variable, and this is essential for the semantics of any predicaté [alen we
say that X" is to refer to the stabbing of Caesar, is that the same event as the

4 When | asked Donald Davidson why we should take events as basic and formalize in this way in
predicate logic he replied that it's because we talk that way. Yes, we do talk about events sometimes,
but not in the way that such a theory requires.

Roberto Casati and Achille Varzi explain that view more carefully and review contemporary
debates about the nature of events as things in “Events”. In Davidson’s comments and Casati and
Varzi's article there is no acknowledgement that the talk they are considering is in English. At best,
then, they could be said to be discussing the implicit metaphysics of English-language speakers.

5 Henry Laycock in “Theories of matter” gives a good survey of works in which this stronger
assumption is made. The most explicit formulation | know is in “The fundamental ideas of
pansomatism” by Tadeusz Kotarbin"ski:

Since every object is a thing, and since, therefore, only things exist... p. 489
The whole of reality consists entirely of bodies. p. 495

5 From Parsongvents in the Semantics of English, p. 146:

| don'’t cite these results as evidence for the theory, or even as philosophically
desirable consequences. The evidence for the theory lies in its ability to explain a
wide range of data better than other existing theories. The existence and nature of
events and states are by-products, in the same way that the symmetry of space and
time are by-products of investigations in physics.

This also misconstrues the work of physicists; see my “On models and theories”.

A general critique can be found in E. J. Borowski, “Adverbials in action sentences”.

8 SeePredicate Logic and Chapter 45 here.
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stabbing of Caesar with a knife? Is it the same event as the stabbing of Caesar with a
knife by Brutus? When did the event start: with Brutus conceiving of the action?

with Brutus lifting his hand? with Brutus pushing the knife into Caesar? If the last,
how far into Caesar did the knife go in that event?

The one and only way anyone has been able to individuate events is by
invoking propositions that are meant to describe them. Thus, each of the above is a
different event because each of the following is a different proposition: “Caesar was
stabbed”, “Caesar was stabbed with a knife”, “Caesar was stabbed with a knife by
Brutus”, “Caesar was stabbed with a knife by Brutus only when Brutus lifted his
hand with the knife”, . . .9. No other way has been presented that is clear enough
to use as the basis of naming in our models. Thus, to understand how to reason with
events, we already need to know how to parse and hence how to reason with the
propositions that were supposed to be explicated by rewriting them by appeal to
hidden variables ranging over eveh?s.

° From Parsongventsin the Semantics of English, pp. 145-146:

Most events and states are concrete entities, not abstract ones. First, they are located
in space. Since Brutus stabbed Caesar in the marketplace, the theory tells us that
there was a stabbing, by Brutus, of Caesar, and the stabbing was in the marketplace.

10 Nicholas Unwin in “The individuation of events” presents a survey of this problem. Arthur Prior
in Past, Present and Future, p. 18 paraphrases talk of events in favor of talk of propositions.

Donald Davidson in “Causal relations” says events are needed to clarify and to give the truth
conditions of causal claims, since we apparently talk of events in our ordinary speech. He says that
we need events as things, because otherwise we wouldn't be able to give the logical form of causal
claims, meaning a predicate-logic form. But after surveying all the possibilities for criteria of individ-
uating events, Davidson in “The individuation of events” comes to the conclusion that the best criter-
ion we can muster is that events are different if and only if they differ in their causes and/or effects.
That is, we need events to explain cause and effect, but we first need to understand causes and effects
to be able to distinguish events. However, if we cast talk of events as talk of propositions we can
analyze cause and effect quite well, as | sholiwe Ways of Saying “ Therefore” and describe
briefly in Chapter 13X here.

Davidson’s dilemma is part of a general problem of specifying entities that correspond to
propositions. Gottlob Frege in “Negation” takes propositions to be expressions of thoughts and says:

How, indeed, could a thought be dissolved? How could the interconnexion of its parts
be split up? The world of thoughts has a model in the world of sentences, expressions,
words, signs. To the structure of the thought there corresponds the compounding of
words into a sentence; and here the order is in general not indifferent. To the dissolution
or destruction of the thought there must accordingly correspond a tearing apart of the
words, such as happens, e.g., if a sentence written on paper is cut up with scissors, so
that on each scrap of paper there stands the expression for a part of a thought. p. 123

To distinguish one thought from another we have to point to the sentences which are said to express
them. It is precisely because of this problem that | take sentences as used in such a way that we can
agree that they are either true or false as primitive in our studies of reasoning, for it is these that we
have clear standards for individuating. See “Language, thought, and meaning” for a richer analysis of
thoughts that does not identify them with sentences.
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Some people disagree. Robin Le Poidevin in “Relatonism and temporal
topology” says:

Not only are events, on the face of it, less mysterious entities than instants, they
are clearly things with which we can causally interact. p. 152

But instants are no more mysterious than points in geometry: we arrive at them
through a process of abstraction. In any application of a theory of time in which
instants play a role, we take as instants intervals of time so short that their duration is
negligible relative to the rest of what we are paying attentiéh tBvents, on the
other hand, are not obviously entities at all. As Benson Mates pointed out to me,
“The cat is on the mat” is supposed to be made true by or describe an event. But
what is included in that event? The cat is touching the mat? The cat is upon the
mat? The earth, because up and down can only be determined relative to that?
Where do we stop? Probably only at the entire universe. But simply, the event is
that the cat is on the mat. We use “that” to restate the claim.

One further problem arises that | have not seen discussed elsewhere. Consider:

(*) Juneyis a dog.

If events are used in the foundations of predicate logic, then this should be converted
into event talk as something like:

There is an event and it is a dogging and it is by Juney.

But that is to convert “is a dog” into a process, and then to convert that back to a
thing. I've never seen anything like this. Rather, what is assumed is that (*) is
already in primitive form. But then we have a huge assumption that verbs of

“activity” and verbs of classification are quite distinct metaphysically, so that every
use of a non-copula verb is an implicit quantification while every use of a copula

verb isn’t. As | discuss in Chapter 116, there seems to be no justification for this
metaphysical distinction other than following the implicit metaphysics of some
particular language, in this case English, which doesn’t seem to be based on anything
like an understanding of the nature of the world, just accreted habits of speech.

It might seem that I, too, am committed to events and actions as things. In Example 16 of
Chapter 21 | say “She (Juney) is doing something”. But that kind of speech is an artefact of English,
which seems to reify much that on reflection neither you nor | would consider to be a thing, e.g., a
huff, a snit, a hurry. When | say “Juney is doing something” | can be understood as meaning nothing
more than “There is some verb such that “Juney is (verb)img™There is some predicaiesuch
thatP(Juney)”.

11 see the discussion of points and lines in geometry in my “On mathematics”



Appendix 5
Collections and Qualities

A fundamental agreement concerning formalizations into predicate logic says that
when we encounter a collective common noun in a proposition, such as “dogs”, we
convert it into a predicate, such as “— is a dbgActually, the reverse conversion

is often more straightforward:

Predicate or open wif Collective noun (phrase)

a. —isadog dogs

b. —is a father fathers

C. (—is human)X) human males who have a child

A (—is male) K)
A 3y (— is the child of —) ¥, X)

d. (—is a sheep)x the flock of sheep in Alan’s corral
A (—isin Alan’s corral) X)

e. (—=Ralph) & Ralph, canaries, and the Eiffel Tower
v (—is a canary)x)
v (—is the Eiffel tower) X)

f. (—is a king of a country in kings of countries in North America
North America)X)
g. (—is a natural numberx) natual numbers between 1 and 2

ALl<SXAX<?2

We convert a predicate into a collective noun (phrase). Or, if you like, we correlate
predicates with collections of things. Thus, “—is a dog” is correlated to the
collection of all dogs; “— is Ralply — is a canarw — is the Eiffel Tower” is
correlated to the collection consisting of Ralph, all canaries, and the Eiffel Tower.

If the correlation is between linguistic predicates and collections, rather than between
linguistic predicates and other parts of speech, we should say that (b) and (c) are
correlated to the same collection, namely all fathers, and (f) and (g) are correlated to
the same collection, the collection with nothing in it. The platonist does not believe
that every collection can be represented by a predicate. But in predicate logic we use
linguistic representations of propositions, and hence we are concerned with specific
collections only as they appear via specific noun (phrases).

1 see the criterion of formalization “Nouns into predicates” in Appendix 1.
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In English we often correlate an adjective to a word for a property or quality.
For example:

Predicate Quality or property word or phrase
wise wisdom

intelligent intelligence

blue blueness, blue

beautiful beauty

This suggests or leads to viewing predicates generally as denoting or corresponding
to properties. For example:

Predicate Property word or phrase

—isadog doggieness, the property of being a dog
— is a domestic canine the property of being a domestic canine
— is a father fatherhood

— is running the property of running, runningness

— is taller than — the property of being taller than

To take the words or phrases on the right-hand side of these lists as denoting things is
to accept that there are abstract objects, for they are neither parts of a language nor
things of time and space. More, to take adjectives as correlated to quality words is to
take them to be absolute, not relative: if there is a quality of wisdom it is only
because “— is wise” is a predicate.

Those more linguistically oriented believe that talk of properties can and should
be reduced to talk about objects via predicates. But there is no straightforward way
to convert “property talk” or “quality talk” into “object talk”. Consider:

(1) Fatherhood is good

This is not equivalent to:
Vx ( (—is a father)X)— (—is good) &) )

It may be that fatherhood is good, though some fathers are bad. Rewrite (1) as:
Fatherhood is a good thing

It then becomes clearer that “fatherhood” is being used to designate a thing: the word
is being used as a name. It may be possible to reduce (1) or the more problematical
“Blue is a color” to talk about objects satisfying “— is a father” or “— is blumit
the conversion is hardly obvious.

Whether we take “fatherhood”, “blue”, and other property or quality words as
names depends on what we believe exists. For platonists these denote things, and the
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naming is by directing our intellects to those abstract objects: “blue” does not denote
something blue, it is the color, beyond our world of sensation and becoming. But if
we take “fatherhood” as a name of something, it must be primitive, and logic alone
will yield no connection between “fatherhood” and “— is a father”.

The same problem arises for talk about collections. Consider:

(2) The flock of sheep in Alan’s corral is more homogeneous than
the collection consisting of Ralph, all canaries, and the Eiffel Tower.

There is no obvious way to reduce this to talk about objects satisfying predicates
such as “— is a sheep” arftd- is a canary”. The predicate “— is homogeneous”
applies to collections, not to objects in the collections. In (2) we are using “the flock
of sheep in Alan’s corral” to denote a single thimge are using it as a name. In that
case it is atomic, so our logic recognizes no connection between that name and the
predicate"— is a sheep”.

Perhaps we can recognize such connections by adding meaning axioms:

Vx ( (— belongs to the flock of sheep in Alan’s corral) (
— (—is a sheep)¥) )

Vx ((— possesses intelligence) (<= (— is intelligent) &) )
But this creates a problem. Consider:

(3) The collection of all things that do not belong to themselves belongs to itself.
(4) The property of not being possessed by itself is possessed by itself.

Possesses, belongs to are recastings @ppliesto andsatisfies in terms of
properties and collections; (3) and (4) are recastings of the liar paradox. Seen in this
light, we must exclude these words from realizations according to the self-reference
exclusion principle.

With some artifice we might be able to transform a particular proposition
involving collections or qualities and what belongs to or is possessed by them into
a semi-formal proposition. For example, we might formalize:

The flock of sheep in Alan’s corral has a leader.

dy Vx ((—is a sheep)y) A (— is in Alan’s corral) §) A
(— isasheep)) A (— isin Alan’s corral) X) — y leadsx) (y, X)

But in generalwe cannot formalize talk of properties or collectionsin predicate
logic along with talk of the objects that possess or belong to them. We cannot
formalize, for example:

Every pack of dogs has a leader.
Marilyn Monroe had all the qualities of a great actress.
Ralph has some quality that distinguishes him from every other thing.
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This is a significant restriction on the scope of predicate logic. Not only in colloquial
language, but in mathematics and science, reasoning about collections and the things
in the collections is important.
Extensions of predicate logic have been devised for formalizing such
reasoning. What is callesgcond-order predicate logic is discussed generally in
Chapter X ofPredicate Logic, and formal systems of classical second-order logic
are presented in Chapter XIV Gfassical Mathematical Logic. In both those
places | discuss the inadequacy of formal theories of collections, what issetlled
theory, to formalize such reasoning.



Appendix 6
A M athematical Abstraction of the
Semantics

The nature of formal semantics

Semantics is the study of meaning. We have given semantics for the system of
classical predicate logic with predicate modifiers and internal conjunctions in
Chapter 30. Those take as given the truth or falsity of each atomic predication and
then use an inductive definition of truth in a model. The relation of truth-values of
some atomic predications to others, as codified in the semantic conditions on the
model, are also part of those semantics. We arrived at those conditions by reflection
on what we mean in asserting propositions of certain kinds, reflecting on what
follows from certain kinds of assertions involving various parts of language. This is
the notion of meaning we have incorporated in our models.

We did not give an analysis of the meaning of each part of speech, such as
predicates or restrictors, independently of that. We can't, if we wish our semantics
to be generally acceptable to people who hold very different views of the nature of
language, truth, and the world. A platonist, a pragmatist, an idealist all can adopt our
formal system, each giving a different explanation of the meaning of those parts of
language. They need only agree that we will reason about things, that a name is used
to pick out one thing, and that an atomic predicate is true or false of each thing or
sequence of things under discussion.

Some would say we have not given semantics for a formal system until we
have supplemented what we have given with a fuller analysis or explanation of what
it means for an atomic predicate to apply to an object or objects. That is part of a
larger project, a metaphysics beyond that of assuming the world is made up at least
in part of things. It can be a descriptive project for which the logician looks to the
linguist and anthropologist: this is what people take as the meaning of such
assertions. It can be a descriptive project for which the logician looks to the
metaphysician: this is the underlying reality of the world that makes such assertions
true or false. Or it can be a prescriptive project: this is what people should believe or
mean when they make such assertions.

It has become common in modern formal logic to take one particular approach
to giving a fuller analysis of meaning in formal semantics. Some variant of set-
theory is used as giving the meaning of atomic predications. In classical predicate
logic a predicate is identified with its extension, those things of oraetgules of
things of which it is true. That extension is considered to be a set. A predicate is
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true of a thing or an-tuple iff that thing on-tuple is in the set that is the extension
of the predicate.

This can be viewed as giving a fuller account of the meaning of the parts of
speech and propositions of the formal system only if we accept that sets have an
independent existence as abstract objects. Such semantics then would either be
prescriptive for how we should understand our assertions, or descriptive of an
underlying reality of the nature of the world, language, and truth that give meaning to
our assertions, a distinctly platonic reality. Those semantics are certainly not
descriptive of how we actually do ascribe meaning to the various parts of speech.

The underlying reality of those sets is explicated in a formal set-theory, a
theory that is itself given in classical predicate logic. A circle of meaning
dependence is present in such analyses, though it is not clearly vicious. Different
set-theories are proposed, some inconsistent with others, that are supposed to give
the meaning of atomic predications, leading to a proliferation of possible platonic
interpretations of the world.

There is a very different view of the role of set-theory in formal semantics.
Set-theory is an abstraction of our notion of a predicate applying to an object or
objects! We devise it in the same way we devise other mathematics, through a
process of abstractioh.lt is useful to take it as a supplement to the “informal”
semantics we have given so that we can apply the methods of mathematics to derive
structural analyses of our formal system. This is especially useful for applications of
classical logic to analyses of mathematical reasoning.

A mathematical abstraction of the semantics

I will present here a mathematical abstraction of the semantics of classical predicate
logic with predicate modifiers and internal conjunctions of Chapter 30, based on an
informal set-theory. | will leave to you to decide what role this has in giving

meaning to the formal language.

The universe

We view the universe of the realization as diseiWhat this means depends on what
mathematical theory of sets you wish to adopt, whether constructive or nonconstruc-
tive, allowing for only finite sets or infinite ones too, with strong cardinality axioms

or not.

Assignments of references
An assignment of referencess a function:
o:{u:uis aterm of the semi-formal language} U

The collection of such functions is a set, and together they satisfy the condition:

1 see Chapter X1V, “Second-order classical predicate logi€lassical Mathematical Logic.
2 See “On mathematics”.
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If ais a name of the semi-formal language antlare assignments of
references, thes(a) = t(a)

We assume that in whatever set theory we are employing the set of assignments of
references is complete (p. 28).

I'll first present the mathematical abstraction for the system without conjunc-
tions of terms. Then I'll show how to modify that abstraction to allow for those. I'll
give only the conditions on the extensions of atomic predicates, for the extension to
all wffs is given in the usual way for classical predicate logic.

Smple predicates

To each simpla-ary predicatd® of the semi-formal language we associate & set
called theextension of P such thaP € UN. This set is meant to be all those things
in the universe that satisB. That is, for every assignment of referenges

usF(P)(Y1, - - . .Yn) Whereo(y;) =b; iff <bq,... b>EP

| use the convention that predicates are notated in ifgl, C, . . . and their
extensions in scripf,8,C,0 ... .

The predicate conjoiner
For the predicate conjoinerthere is a functio- such that:

+:{ (A B) : AandB are unary atomic predicates+ subsets ot
+((A/B)SANB
+((AB+C))=+((A+B,Q))

The sett ((A, B)) is the extension oA + B and is meant to be all those things in
the universe that satisf+ B. That is,

vsF (A + B) (X) whereo(x) =b iff b€E+ ((A B))
Since this function is on unordered pairs, we hayéA, B)) = + ((B, A)).

Non-variable restrictors
To each simple non-variable restric®we associate a functidghsuch that:

R: Un{ <A, A >:Ais ann-ary atomic predicate aifdis its extension}
— subsets of,un

R(<A,A>)C A

The seR (<A, A >) is the extension oA/R and is meant to be all those things in
the universe that satis#y/R. That is,

v (AIR) Yy, - - . V) Whereo(y;) = b iff
<by,...,bp> ER(<A A >)
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Variablerestrictors
For eachk-ary variable restrictdR we associate a functighsuch that:

R: Un{<A, A > : Ais ann-ary atomic predicate afis its extensionk Uk
— subsets of,un

R(<<A/A><bq,...,b>>)CA

The seR (<A, A >,<b4, ..., by >)) is the extension oA/R(y, - - . ,Yk)
wheno(y;) = b; and is meant to be all those things in the universe that satisfy
A/R(yy, - - .,y for that assignment. That is,

usE(AIRY1, - - - W) (@, - - - ,Zy) whereo(z) = c; iff
<Ccq, ..., EL(K<AA> <by,...,b>>)
Negators
For each negatd¥ we associate a functidfsuch that:

N:U{ <A A>:Ais ann-ary atomic predicate afidis its extension}
— subsets of,un

N(<A, A>)NA =

The seN(<A, A >) is the extension oA/N and is meant to be all those things in
the universe that satisf/N. That is,

usF (AIN) (Y1, - . . ,Yn) Whereo(y;) = b; iff
<bq,...,bp>EN(<A A >)
Modifiers of modifiers

For pairs of modifier®, N the functionf associated with the restrictB/ N
satisfies in addition to the conditions above:

F(KALA>)NR(<AA>) =0

For pairs of negatond, N” the functionf associated with the restrictiy N’
satisfies:

F(SAVR>)NN(<AA>) =0
For any restrictoR the functiorf associated with the restrictoR-satisfies:
K(<A,A>) = AN the complement &} (<A, A >)
The restrictor conjoiner
For the restrictor conjoiner & there is a funct&rsuch that:
& (R, R) = the function associated with the restridor R~
& ((Ry, Ry +Rg)) =+ ((Ry + Ry, Rg))
Since this function is on unordered pairs, we lavgR, R)) = + ((R,R)).
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This concludes the presentation of the mathematical abstraction of the
semantics. I'll let you show that relative to the set-theory you adopt all the semantic
assumptions of the original theory are satisfied.

The abstraction of the extensions of atomic predicates can be given in an
inductive definition as in the aside in Chapter 14, which may be more compatible
with an abstraction given within a constructivist set-theory.

Conjunctions of terms

Allowing for conjunctions of terms complicates the extensions of all unary atomic
predicates. IAis a unary atomic predicate, we assign toA§,f,, ... Ay, ... >
where for eachn, A, & UN. We writeA for A;. We say thaf is theextension of

A, andfy is then-ary extension of A. For an atomic wffA(d) where the terms
appearing ird are, in order reading from the left with repetitioms,. . . , Uy,

okEA(d) iff <o(uy), ..., o(uy)>€E A,
The extensions satisfy:

If <a4,...,ay> € AL, then any permutation of that sequence is also
an element ofi,.

If <aq,...,a,>E A, then for every, o; EA.

The conditions for the functions associated with restrictors, negat@sd & must
be modified, too, and | will leave those to you.
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Function-Names in Classical Predicate
Logic with Descriptive Functions

Syntax

The base language L is that of classical predicate logic with equality and function-
names. For the full language we gain need an induction on stages of languages, but
now within each of those stages we now need an inductive definition of “term” to
allow for all function-name terms.

SageO
The terms and wffs of stage O are those of L. Call this language L

Sagen+1
Terms
Depth O
a. Everyterm of stageis a term of stage + 1 of depth 0.
It is closed iff it is closed at stage.

b. If Ais a wiff of stagen and not of stage for anym < n, andx is free
in A, then thex A” is a term of stage + 1. Every occurrence &fin
“thex A(X)" is bound All free occurrences of other variables in A are
freein “thex A”. The term thex A” is closed if there is no variable
free in it; otherwise it i®pen. Thescope of the operatorthe x” is A(X).

Depthk + 1
Ifuq, ..., y,are terms of stage+ 1 of depth< k, and at least one of
them has deptk, and f is aim-ary function symbol, then(d, . . ., y,)

is a term of deptk + 1. It isclosed iff each { is closed.

A concatenation of symbols is a term of stageliff it is a term of stage
n+ 1 of depthk for somek.

Wifs Given this definition of “term” the definition of wffs at stages the same
as for classical predicate logic (p. 18).

Semantics

When we considered names for partial functions in Chapter 39 we treated all non-
referring terms as nil. To extend the semantics to non-referring function-name terms
we will treat those as nil, too.
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Sage 0

We start with a modé of classical predicate logic with partial functions feyin

which every atomic name refers. To summarize that, we have a realization, semi-
formal language, and universe. We also have a complete collection of assignments
of referencesy, 1q, vo, - - . satisfying:

For allx, o(x)! .

For every atomic name o(c)!

For each closed term for all 6 andt, o(u) = 1(u).
Non-referring is the default application for compound terms.

The collection of such assignments satisfies the extensionality condition
for function terms (p. 164).

The collection of such assignments is complete.

Valuations of the atomic wffs are given based on these assignments satisfying the
extensionality condition for atomic predications as well:

vgFU=V iff o(t)l =o(u)!.
From this and the extensionality condition for function terms we have:

ii—functions. If for every variabl& appearing inu orv, o(x) =1 (X),
thenvgFu= v iff ufEFU=V.

We also have:
iv—referring. For alu, o(u)! iff vgEU=u.
Falsity is taken as the default truth-value for atomic predications:

If A(uy, . . . ,U,) is an atomic wff and for someo(u;) 7,
thenvgEA(Uy, . . . ,Up).

The extension of the valuations on atomic wffs to all wffs is by the usual definition
of classical predicate logic (p. 29).

Sagen+ 1

Assignments of references
We extend each assignment of referergesf stagen to all terms of stage + 1,
denoting the new assignment®s 1.

Terms of depth O:
If uis aterm of stage 0, thesy,;1(u) = an(U).

If uis a term of the formthe x A(X)” whereA(X) is a wff of stagen:
on+1 (thex A(x)) = aif for everyt,, such thaty, ~, oy,
Vrn':A iff T4(X) = a.
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In this case we say thahtx A(X)” is referring with respect to
(the assignments made lay), 1, and that its reference as
on+1(the A(x) )¢ otherwise.

In this case we say thahtx A(X)” is nil with respect t@,+1,
or thatop4+1 assigns no value tatex A(x)”.

Termsof depth k + 1:

Givenf(uy, . . . ,uy) of depthk + 1 and an assignment of references
On+1, If for somei, 041 (W) ¢, thenon1(f(uq, . . . ,uy))¢. Inthat
case we say th#u,, . . . ,uy,) is nil with respect t@;1.

Otherwise, let, . . .,z , be the first variables not appearing in

f(uq, . . . ,uy) andrg an assignment of references that differs from

on+1 ONly in thattg(z) = op+1(U;). Thenope(fug, ... up)) =

1o(f(zq, - - - .2Zn)).
For this to be an adequate definition we need that for everyutefratagen + 1 of
depth< k and every assignment of referenogs;, o,+1(U) is given, subject to

the collections of such assignments satisfying the extensionality condition and non-
referring is the default application, which I'll let you prove.

Valuations We extend all valuations; of stagen to all atomic wffs
A(uy, . . . Uy of stagen + 1, including the equality predicate:
If for somei, y; is nil, thenu(jn +1I¢A(u1, oo Uy
Otherwise, proceeding from= 1 tom, definey; by:
If u; is a variable or atomic name, igtbeu;.

If u; is a ‘the”-term ands,41 (Uj)! , lety; be the least variable
that does not appear A{uy, . . . ,up) and is not; for anyj <i.

Let 1y be an assignment of references such that forieagtv;) = o+1(U;)
andt agrees witlo,,;.1 on all other variables. Then:

oy 41 FAUL - Uy ff vTOI=A(v1|u1, 5 Vmlum)

These valuations are extended to all wffs of stagel by the usual definition for
classical predicate logic.

The proof that references and truth-values are stable is as before (p. 188).
The modeM* is then defined via:

o*(u) = ay(u) for the leash such that is defined at stage
vg* (A) = ucn(A) for the leash such tha® is defined at stage
For every closed WA, v(A) =T iff for all o*, ugx (A) =T.
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Axiomatization
We add to the axiomatization of classical predicate logic with descriptive names and
descriptive functions the axioms for partial functions.

I.  Propositional axioms
The axiom schema of classical propositional lagic(, - , [0, O0), where
A, B, C are replaced by wffs of L and the universal closure is taken.

IIl.  Axioms governing O

1. a. ... (x(A- B) - (OxA - [IxB)) distribution of]
if xis free in both A and B

b. O0...(Ox(A- B) - (OXxA - B))
if xis free in A and not free in B

c. 0...x(A- B) - (A - [OxB))
if xis free in B and not free in A

2. O...(OxOyA - OyOxA) commutativity of(]
3*.a. O...OxAX) O Ox(x=u))- A(u|x)) universal instantiation
when u is free for in A for referring terms

[ll.  Axioms governing the relation betweenl] and [J
4. a. ... (XA - 10x7A)
b. O...00Ox7A - [IXA)

Axioms for equality

5. Ox(X=X) identity (for referring terms)
b.* Ox (x=c) for every atomic name c atomic names are referring

6.5 [} (4=v) - (AU, ..., ) - AlVy ..., ) extensionality of

for n-ary atomic wffs A atomic predications

Axioms for partial functions

7ra. U ([ (w=Ev) > (Flug ..o, @) =f(vy, .00 )

for n-ary function symbols f extensionality of functions
7*b. O...0XX=U) > 7" yy=sf(u,...,u,...,8))
for n-ary function symbols f non-referring is the default application

Axioms for non-referring terms
8. O...(Oy(1 (Ox(x=y)O A(y|x)) - 1OxA(X))
wherey is free forxin A
9. ... (Aulx) O X(x=u)) - IXA(X) existential generalization
for referring terms
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10.0...00x(X=u) - 7A(U, ..., U, ..., 8) nil terms use
forn-ary atomic wifs A and terms,t. . ., t, ... 4 falsity as default

Axioms for “the"-terms
11.00 .. [OxAX) O Ox Oy (AX) O AY|X) - (x=Y))]
o z(z=thexA(X))
wherey is the least variable not appearing in A referring descriptions
create referring terms

12.0... Oz(z=thexA(X) ) - A(thexA(X)) referring descriptive
terms satisfy their own description

Rule modus ponens for closed wifs

The proof that this axiomatization is strongly complete is a modification of the
proof in Appendix 3 that classical predicate logic with descriptive functions is
strongly complete, taking into account the more complex terms as in the proof in
Appendix 3 that classical predicate logic with non-referring terms treated as nil is
strongly complete.



Appendix 8
Modifying a Partially-Filled Relation

In the language of classical predicate logic presented in Chapter 4 there is only one
way to formalize “Helga and Leopold are twins”, namely:

(1) (— and — are twins) (Helga, Leopoldo)

But we could fill the blanks differently:
(2) (— and Leopoldo are twins) (Helga)
(3) (Helga and — are twins) (Leopoldo)

Each of these is true if and only if the informal “Helga and Leopoldo are twins” is
true. There seems to be no point in allowing for (2) and (3). But with modifiers
there are distinctions we can make that do depend on having all three of these
available as well-formed formulas.

The best example | can give of this is with a ternary predicate. Consider:

(4) Alex and Betty and Clara are a ménage a trois.

We could say that these people are in a passionate ménage a trois with:
4) ((—,—,— are a ménage a traippssionate) (Alex, Betty, Clara)
This is to say that each of them is passionate. But how do we formalize:

(5) Within the relation of being in a ménage a trois both Alex and Betty are
passionate and Clara is not passionate.

We can do this with:

(6) ((Alex and Betty and — are a ménage a trigigssionate) (Clara)
71 ((— and — and Clara are a ménage a tigisissionate)Alex, Betty)

By allowing for modifiers to be applied to predicates in which some but not all
blanks are filled, we allow for formalizations that would otherwise be outside the
scope of our formal systems. We caodify some but not all terms within the
relation. | can see no other way to formalize a proposition like (5), yet it is
straightforward in (6).

So we will allow for all of (1), (2), and (3) as well-formed formulas. And these
are equivalent. I'll let you write out the seven different wff we get by replacing none
or some but not all of the blanks in “(— and — and — are a ménage a trois)” with
the names “Roger”, “Clara,” “Betty” in that order and using the remaining names in
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the usual way. Those wffs, too, when there is no modifier, are equivalent. To state
this in a general way for all relations we need some notation.

Partially filled smple predicates Let P be am-ary atomic predicate symbol with
n=2. Letu be a sequencgu . ., y, of terms. Lew be a subsequence

Uiy - oo 4 of u, wherg <k. Letu—v be the sequeneewith U, deleted from
thei " place inu for eachr. Let P|v | be P with, for each thei ! blank

reading from the left filled withju.

A predicate symbol is realized bysianple atomic predicate: one that contains
no restrictor symbol or name. Aatomic predicateis a simple atomic predicate in
which not all blanks are filled and which may or may not be modified. Thus,
“(Helga and — are twins)” and “( (— are twins +#aternal)” are atomic predicates
but not simple atomic. Aatomic proposition is, as before, an atomic predicate
with all the blanks filled with terms.

We said that (1), (2), and (3) are equivalent. Generally, all the following are
equivalent, for each is true or each is false according to whether the informal
P(a, b) is true:

P(— —) @D)
P(—.b) ()
Pla, —) ()

And the same equivalence holds for ternary, and quaternarm;anydelations
generally. With our new notation we can state that.

Equivalence of partially filled smple predicates If P is a simple atomic predicate:
P(d) is semantically equivalent @v| (b—v)

That is, a sequence of objeots . . .o, assigned to the terms wsatisfyP() iff
those same objects assigned to the same terwenidu— v satisfyP|y| (b— V).

Now consider:

(7) ((Alex, Betty, — are a ménage a trdipassionate) (Clara)
((—, —, Clara are a ménage a tréipassionate]Alex, Betty)

This asserts that within the relation of being in a ménage a trois with Clara, Alex and
Betty are passionate, and also within the relation of being in a ménage a trois with
Alex and Betty, Clara is passionate. But this is just to say that all three are
passionate within that relation of being in a ménage a trois. And that’s all there is to
saying that the ménage a trois is passionate for those three. That s, (7) is true iff the
following is true:



A-58 APPENDIX 8

((Alex and — and — are a ménage a trbgssionate) (Betty, Clara)
((— and Betty — are a ménage a troigassionate) (Alex, Clard)
((—, —, Clara are a ménage a tréipassionate]Alex, Betty)

For binary predicates it's simple to state the semantic principle of such equivalences:
[(P@ —)/L) ()T P(—b/L)@] « P(— —)/L)(a b)

The equivalences comparable to this for ternary relations are more complicated.
Roughly, if a restrictor applies to each term within a predicate, then it applies to the
predicate when applied to all the terms, and vice-versa.

Equivalence of modified predicates cov ering all terms GivenP a simple atomic
predicate and with subsequencaes, . . ., ofu such that each term n
appears in at least one of those subsequences, then:

(P/L)(u) is semantically equivalent to
(Phva| /L) (o=vp) O .. .00 (Piwd /L) (w0




Appendix 9
The Tapestry of Time

There is a view of time that does not take it to flow, to be a mass, in which time is
pointillistic and static but not linearly ordered. It provides a contrast to the views
that are explored in the main text, and also shows how a conception of time is linked
to issues of free will and theologyAt the end of Chapter 49 | discuss how it may

be possible to base a tense logic on such a view without invoking modal notions.

Let us suppose: Some of what we do we choose freely to do.
Consider, then, the following picture:

At every moment at which a free choice is made, the world branches. So there is a
split at the moment at which | chose to sit down to type: in one branch | sit down to
type, in another | do not. But that branching is not just a single splitting: on one
branch | sit down to type, on the other | don’t. Rather, there is a different path
according to any of the choices | might have made: go for a walk, play with the dog,
go inspect the sheep corral, stick my head under a faucet to ease my allergies, . .. .

Similarly, the world branches depending on whether this electron moves to this
or that energy level in this atom, if such movements are random. Particular random
happenings and particular free choices in any combination lead each to a different
branch.

At each “moment” there is a multiplicity of branchings, beyond our ability to
comprehend except one branch in comparison to another specific branch. These
branchings continue on. What we call “a branch” is just a particular path through all
such moments at which a free choice and/or random happening occurs. We do not
have any reason to believe that any branch ever stops; nor do we have any reason to
think that any branch does not stop. Nor do we have any reason to believe that each
point on each branch has a unique path to it: there might have been many ways to
arrive at the same point. If we count memory as part of our path, though, then a
conscious free choice creates a branching that cannot be reached by any other
branch. But a random act of an electron could lead to a point that could be reached
by other random physical happenings. This is a way in which the internal world
could differ from the external world.

Laws of nature, if there be any, give the substratum of all these branchings.
When | choose to sit down and type, | do not have any choice in how the chemical
reactions in my blood continue. Given this particular disintegration of the radon
atom, the Geiger counter will make a sound.

1 | do not claim that the ideas here are new, but | have not found a concise exposition of them.
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Each branch is real, as real as any other. These are not “alternate worlds”,
“alternate possibilities” compared to the world | am in. They are all real, equally
real. At a branching, the “I” up to that point continues in a multiplicity of branches,
and in each one it is reasonable to say it is the same “I”, for they all come from the
same branching. Thus, the “I” of this branch is the same “I” as the one in which |
chose to go for a walk instead of typing because they can be traced back to that
moment at which the “I”s branched apart due to a free choice. If we had the ability
to see all these branches, we could say “That is one way | might have been had |
done that instead of this”.

The world, then, is a tapestry of branchings so multitudinous as to be beyond
comprehension in their details: only the general form is conceivable to us. The
tapestry is not flowing; there is no movement in the tapestry, only threads that make
up the whole. What we call “time” is a branch: the tapestry is oriented, and that
orientation is what we call the arrow from the past to the future. What we call “now”
is the consciousness we have of being right here on this branch. Every point on
every branch is as real as any other: the unreality of the past and of the future, for
me, is that they are not at the point that | call “now” on this branch where | am.

We, each of us, choose which branch we follow, though equally, another
person, exactly the same “I” up to a particular branching point, chooses a different
branch, and then a different branch, and a different branch again forever. There are
some branchings in which the “I” of when | was seventeen chose to be mean to her,
and one branch, followed through all its multiple branchings, in which “I” from
seventeen on lived a blameless life, good to the point of being saintly.

In this conception, free will is fully compatible with the assumption that there
is an omniscient God who knows the future as well as the past. God would be the
only intelligence that could comprehend all branches at once. He can see the point
on the branch of Jesus’ life at which Judas betrayed him and see a branching where
Judas did not betray Jesus: in all the branchings that followed the one choice, Judas
is damned; in all the branchings that followed the other choice, Judas is saved. Or
perhaps not: in some of those branchings he may have repented and been saved; in
some of those branchings he could have betrayed Jesus also. Only God knows.

Now all we need is some empirical evidence to support this view.
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“Water is H 50"

Philosophers have been discussing for a long time the status of the sentence:
(1) Wateris HO.

They say that it is an identity, but differ on whether it is an essential or a contingent
one. ltis neither.

If taken at face-value, it is too vague to be a proposition. A mass term,
“water”, is said to pick out the same part of the world as the woy®*HBut
“H,0" is a descriptive term for identifying molecules: two hydrogen atoms joined
with one oxygen atom. It doesn’t pick out anything at all in the world, though it
distinguishes some molecules from others, as in “That'sy@nhrkblecule”. If
“H-0” is meant to pick out some part of the world, it must mean some molecule
or molecules of that kind. The purported identity then is:

(2) Any quantity of water is a collection o, molecules.

On the face of it, however, (2) is a category mistake: a mass is identified with a
collection of things. Like saying a horse is a number or an idea jumps, it's nonsense.
To hold that it is not nonsense but true we have to accept that a mass is a collection
of things. This is part of the general program of trying to reduce ontological
categories such as masses and processes and events to the linguistic and logical
paradigm of Western thought: the world is made up of things, and propositions are
about things. Actually, a much stronger assumption is usually taken as the basis of
that view: the world is made up ofily thingsi

Suppose, though, that (2) is true: any quantity of water is a collectiogOpf H
molecules. Then we have to reject almost every way we have of learning what
“water” means. We point to a river and say “That’s water”, yet it isn’t a collection
of H,O molecules: it's a mixture, with sand, and dirt, and minerals. We never
encounter collections of just;@ molecules. No one, on this account, has ever seen
or experienced or drunk water, except perhaps for a few chemists in a laboratory.

If (1) is an identity, then the reverse of it is, too. That is, from (1) we have:

H-0 is water.
For this to be a proposition we have to understand it as:

(3) Any collection of HO molecules is a quantity of water.

1 Harry C. Bunt ifMass Terms and Model Theoretic Semantics gives a good survey and history
of this reductionism and stronger assumption.
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Itis (3) that Quine assumes in his defense of the principle that each mass has least
parts. In particular, he asserts that a least part of any mass of waten® an H
molecule? A single HO molecule is water.

To accept (3) as true we have to reject almost every claim we believe is true
about water: “Water flows”, “Water freezes”, “Water gives rise to a sensation of
wetness”, “Water evaporates”. None of those are true of a single molecule, not even
of four molecules of water. To rescue those claims we have to modify both (2) and
(3) to give a lower limit for the number of molecules gfCHhat can count as a
quantity of water. Perhaps such a number could be established: to do so would be to
substitute a precise notion for an imprecise one, avoiding thereby a sorites paradox
but, as with all such solutions, leading to anomalous classifications. In any case, we
would need a notion of water that is independent of any chemical theory before we
could establish such a minimal bound. We would be giving an analysis of water in
chemical terms, but water as a mass would be primary. We would be attempting to
reduce the notion of a mass, in this case water, to a collection of things, in this case
molecules of HO, as part of the larger reductive program.

Still, everyday people talk of water as if it were the stuff that is basic in the
liquids we encounter. We talk of dirty water, alkaline water, acidic water, salt water.
But compare: a brown dog, a white dog, a tiny dog. Just as each of those is a dog,
S0, too, alkaline water is water. Yet we also talk of pure water, as if we could
eliminate what's not really water in a muddy river or a cup of salt water, while we
don’t talk of a pure dog. This is the first step in science: we take some part of our
experience and choose to ignore all but one aspect, to say that dissolved minerals and
suspended bits of earth are not what we’re interested in, are not important to our
discussion of this liquid. Until chemists isolated and namgd Molecules, to
assume that there was a pure substance which was the substratum, the key ingredient
in all the liquids we call “water” was a hope, a conjecture, but not something one had
good reason to believe.

Chemists have now isolated that key ingredient. They will tell us, as one told a
colleague of mine who asked him if water igH

To answer the question simply, water is0H In general, a material is defined by
its chemical formula and an atom is defined by the number of protons it contains.

2 Willard Van Orman Quine says Word and Object:

In general a mass term in predicative position may be viewed as a general term which is
true of each portion of the stuff in question, excluding only the parts too small to count.
Thus “water” and “sugar”, in the role of general terms, are true of each part of the world’s
water or sugar, down to single molecules but not to atoms; and “furniture”, in the role of
general term, is true of each part of the world’s furniture down to single chairs but not to
legs and spindles. pp. 97-98

3 For a reduction of masses to collections of things generally we would need a notion of pure

honey, and pure butter, and pure mud. Platonists have no problem with this; they even say there

is a pure dog.
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But this can’t be right, for it takes “Water iS@" to be a definition. No one, then,
could have discovered that water is(H

Rather, “Water is KO” is an abstraction from experience, as are all scientific
laws. Like “Force = massacceleration” it is not true. Neither is it false. A
scientific law tells us that if we abstract from our experience in this way, ignoring
this, paying attention to that, then the claim is tfu@r rather, it is true enough.

| told my coleague to go to the chemistry professor, take a glass and fill it with
water from a tap in front of him, and ask him if that’s water. If he says “yes”, he’s
wrong by his definition. If he says “no” then ask him what good are his theories and
analysis of water as4®. He’'ll start backtracking and meandering until he ends up
at the view that “Water is $D” is an abstraction that is not true or false until we say
what we are paying attention to in our experience.

“Water is HO” is not an identity in the sense that philosophers think, not a
discovery that what we call water is, for any particular quantity, a collectiop@f H
molecules. Yet it is meaningful. It shows us how to use chemical and physical
theories. We can use those theories to analyze water and how water is in the world
so long as what those theories take into account is what we want to take into account
and so long as what those theories ignore is what we are willing to ignore. For
example, a chemical theory will not say “water freezes”, because “water” is not a
term of the theory. What it will say is that given a large enough quantity®f H
molecules, and only $D molecules, they will freeze at 0 degrees centigPatiée
then use that information to find our way in the world. Actually, though, we knew
long before there were any theories of molecules that water—certainly not “pure”
water—freezes at some temperature that we designate as 0 degrees centigrade. It
was for the chemical theory to explain that. And it does, if we agree to use the
theory correctly in applying it to experience: we only use it to talk about water if we
have a large enough quantity of§® molecules with few enough “impurities”.

In doing philosophy of science it's good to talk to scientists to see if your
theory is compatible with what they do. But it need not be compatible with what
they say. Many chemists have forgotten that theirs is a science of the natural world.
They retreat to chemical formulas in place of thought about the world just as many
mathematicians retreat to platonism when first asked if their theorems are true. My
colleague’s chemist friend is a naive platonist as much as most mathematicians,
thinking that abstractions are true, for there is no other way for an abstraction to be
true, rather than a guide to experience.

We know how to use the word “water” quite well. The chemists’ analyses have
not changed how we use it, nor should they. Water is a mass, not a collection of
things.

4 This is a view of science that | develop in “On models and theories”.

5 “Cluster physics” is the study of the minimal number of molecules of a particular kind that is
necessary for a collection of those molecules to have the macroscopic properties we associate with
the substance.
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