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Chapter 1

Propositional Logic

The intent of this book is to familiarize the computer science students with the
concepts and the methods of logic. Logic studies reasoning, i.e. the rules of
inferring new statements from an existing set of statements. We use it in our
daily routine, many times without being aware of it. We use logic when we
make plans, set goals, and solve problems. If John wants a college degree, then
he must go to college. If he plans to get married, he must find a wife. If Mary
has financial problems, then she must reduce the expenses, get extra money, or
both. In the preceding 3 sentences, the second clause is inferred from the first.

This book deals with symbolic logic, also called mathematical or formal logic,
that formalizes reasoning by using mathematical concepts. The advantage of
this approach is increased precision; the disadvantage is that it requires some
knowledge of mathematics. At this point, the skeptics may wonder about the
benefits of studying symbolic logic or any logic for that matter. They may say
“I can reason without studying logic, so why should I learn it?”, or more to
the point “Is this book going to make me a better programmer?”. We answer
the first question with “We hope that by studying it, you will sharpen your
reasoning. That is not to imply that your reasoning is faulty, but that you
will become more precise and efficient in making assertions and in drawing
conclusions.”

The answer to the second question is more complex. First of all, program-
mers must write correct programs. But how do we define correctness? In most
cases, correctness means that the program satisfies a given set of requirements.
These requirements are specified as a set of statements. We can use logic, par-
ticularly symbolic logic, to write down these statements. This way we make the
requirements more precise, and check them for redundancies and inconsisten-
cies. Logic also provides a methodology, called program verification, for checking
program correctness. A program is correct if it terminates and, when finished,
it accomplishes the task it was expected to perform. Program verification guar-
antees correctness. Many of the algorithms given in this book are accompanied
by correctness proofs.

Second, many large programs include a reasoning component. Expert sys-
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4 CHAPTER 1. PROPOSITIONAL LOGIC

tems that diagnose diseases, find mineral deposits, or analyze newspaper articles
must draw conclusions from the input data. Reasoning components also occur
in many game and problem solving programs. The symbolic logic is needed
both for designing and understanding such programs.

Logic programming is a growing field of computer science and its purpose is to
design and implement systems that process logical assertions. The best known
of these systems is prolog, one of the main languages of artificial intelligence.
We provide a prolog description in Chapter 3. Logic programs tell the computer
what to do rather than how to do it. So, a logic program provides a description
of the task rather than an algorithm for doing it.

Logic is also useful in understanding and designing query languages for
databases, particularly for relational databases. In fact, prolog is frequently
used for databases.

Many persons associate mathematics with long, boring and tedious proofs.
For this reason, computer science tries to automate proofs. Just like the com-
puters freed the man from the boring task of performing arithmetic operations,
the goal of automatic theorem proving is to have the computers do the proofs.
For this field of computer science, symbolic logic is a must.

We hope that we convinced the skeptic to keep reading. Now, we must point
out that humans have several methods of reasoning. One method is by analogy.
By analogy, the sentence If I study hard, I will pass the exam is a consequence
of the statement John studied hard; he passed the exam. Our purpose is not to
describe how humans think, but to present a formal method of reasoning. This
method is used in mathematics and sciences; it is rarely used in everyday life.
Mark may say “I will marry Becky next summer.” . He will not do a formal
reasoning unless he is wrong. Then he will check which ones of his assumptions
and inference rules did not work. He presumes that both he and Becky will be
alive next summer, be willing to marry each other, and the marriage require-
ments will be satisfied. He also assumes that there will be a place where they
can get married and an authorized person willing to do it. All these hidden
assumptions are ignored in everyday reasoning unless the conclusion is false.

This book presents the classical boolean logic. It is called boolean because
each sentence has only 2 truth values, true or false. Moreover, every sentence
must be either true or false, a law known in logic as the excluded middle. There
are formal logics that remove these restrictions, but they are more complicated
and harder to use. In any case, after mastering this book, the reader should
have no problem learning them. We recommend Nerode and Shore for modal
and intuitionistic logic.

The book presents propositional logic, first order logic, and prolog. First
order logic is a generalization of propositional logic, and prolog is a computer
language that uses first order logic.

This chapter presents the propositional logic, the simplest of the logics de-
scribed in the book. Many of the concepts and the methods introduced here are
used in other logics, no matter how complex. The basic entity of these logics is
the formula. We use the term formula instead of statement or sentence, because
we define it in precise, mathematical way. Every logic, no matter how complex,
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has a syntax that defines the formulas, and a semantics that assigns meanings to
the formulas. In all logics we are interested in finding methods that determine
the meanings of formulas.

The chapter has 10 sections, each one dealing with a different topic from
propositional logic. The first section presents the syntax of the formulas. Section
2 formalizes the structural induction, a method for verifying formula properties.
The next section introduces the notion of truth assignment. The truth assign-
ment gives meaning to the formulas. Since there are many truth assignments,
the formulas may have different meanings. In Section 4 we identify formulas
that are always true, sometimes true and sometimes false, and always false.
The next section introduces the notion of semantic equivalence. Two formulas
are semantically equivalent if they have the same meaning. The section shows
an algorithm for determining if two formulas are semantically equivalent and
presents two applications. The remaining sections serves to study the resolution
method. This procedure is used to determine if a formula is always false, i.e.
every truth assignment gives it the value false. The method is used by many
automatic theorem provers, like ITP (). Section 6 deals with the properties of
two special classes of formulas, called conjunctions and disjunctions. In Sec-
tion 7 we define a set of formulas, formed from disjunctions and conjunctions,
called conjunctive normal forms. The section shows that every formula has an
equivalent conjunctive normal form and gives an algorithm for finding it. The
next section introduces the notion of resolution. This method tells us whether a
conjunctive normal form is unsatisfiable or not. Section 9 discusses the compu-
tational complexity of the resolution method and presents several improvements
of the method. The last section defines the SLD resolution, that will be used in
the chapter on prolog. It also shows that this resolution is complete for Horn
clauses.

1.1 Formulas

This section presents the syntaz of the propositional logic. It starts with the
fundamental principle of any logic, the separation of the object language from
the meta-language. Next, we use the analogy with English to give a feeling
for the notions of syntax and semantics. Then, we present the alphabet of the
language and the syntax of the formulas. We follow it with an algorithm that
recognizes formulas. Next, we introduce the notion of subformula, and present
an algorithm that finds the subformulas of a formula. Later, we give the tree
representations of formulas and algorithms that convert formulas to trees and
trees to formulas.

It is useful to think of propositional logic (or any other logic for that matter)
as a language. We call the language that we study the object language. We talk
about the object language in another language, called the meta-language. For
example, we may study the French grammar in English. In this case, the object
language is French and the meta-language is English. Or, we may talk about the
programming language Java in English. Here the object language is Java and
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the meta-language English. So, the object language is the observed language
and the meta-language is the observer’ s language.

To avoid confusion, we require that the object language and the meta-
language are distinct, i.e. at all times we know whether a string or a sentence
belongs to the object language or to the meta-language. The task is easy when
the two languages use different alphabets, but is poses a problem when we study
English grammar in English. In this case we can use quotation marks, or a dif-
ferent script, to differentiate between the two languages. The journalists employ
similar techniques to separate their statements from those of the persons they
interview or cite. We make the distinction easier by using the mathematical
script over a reduced alphabet for the object language. Most of the time, the
meta-language uses a different script. If a meta-language string is written in
the mathematical script, then it contains characters that are not in the object
language, like brackets.

The propositional logic deals with the relations between the larger formulas
and the smaller formulas that are their components. For a better understanding
of the scope of this language, let us compare it to English, a spoken language.
In English we use sentences to assert facts, ask questions, or express sentiments.
A sentence is formed with clauses. The simple sentences are clauses, while the
complex or compound sentences' have more than one clause.

The 3 sentences below are simple because they are clauses.

e Bill has false teeth.
e Mark is bald.
e Mike curses.

A clause cannot be broken down into smaller units without loosing its mean-
ing. The complex sentences are formed by joining several clauses. The three
statements below are complex or compound.

e Jay likes money and Mary likes Jay.
o If Mike works hard, Mike’s wife is happy.
e Susan is smart or Bob is a monkey’s uncle.

The first sentence is obtained by joining the clauses Jay likes money and
Mary likes Jay with the conjunction and. The compound sentence, If Mike
works hard, Mike’s wife is happy, is formed by joining the simple sentences
Mike works hard and Mike’s wife is happy with the conjunction if. We add a
comma after hard to separate the two simple sentences. We get the last complex
sentence by joining the clauses Susan is smart and Bob is a monkey’s uncle with
the conjunction or.

Propositional logic studies sentences. It is not concerned with the grammati-
cal structure of the clauses and regards them as symbols over a simple alphabet.

IThe linguists distinguish them according to the number of independent clauses.
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It investigates how we build sentences from clauses and how we determine the
meaning of a sentence from the meaning of its component clauses.

In this section we discuss the syntaz of the language. Its semantics is pre-
sented in the third section, and it is important to distinguish the two notions.
The syntax consists of grammar rules. These rules operate on strings and are
not concerned with the meaning of the strings. Syntactically, cat is a 3 letter
string. It is the English semantics that associates with cat the small mammal
that eats mice.

In English there are many syntactic rules for forming complex sentences
from simpler sentences. One such rule is the and rule. It joins two sentences by
inserting the word and between them. So, the sentence Bill has false teeth and
Mark is bald is obtained by applying the and rule to the sentences Bill has false
teeth and Mark is bald.

In propositional logic we call sentences formulas, because their syntax and
semantics are defined by rigorous, unambiguous rules. This makes the object
language precise and easy to manage.

Definition 1.1.1 (the alphabet) The alphabet of the propositional language
consists of:
1. An infinite set of symbols Py, P1,..., Py,.... We call these symbols, atomic
formulas

2. The symbols =, V, A\, —, and «<——. These characters are called connec-
tives; = is the negation sign, V the or sign, A the and sign, — the if sign, and
«—— the if and only if sign.

3. The left and the right parentheses, ( and ).

Some people might object to infinite alphabets. After all, all spoken languages
use only a finite number of symbols. We can easily overcome this objection
by representing the symbols P; by the letter P followed by the decimal rep-
resentation of 7. So, each formula is written as a string using the symbols
P,0,1,2,3,4,5,6,7,8,9. Then the alphabet of the language is finite. However,
for the purpose of our study, it is convenient to look at these strings as symbols.

In the meta-language we will try to avoid the use of the round parentheses
(and ). Instead, we shall use the square brackets [ and | and the curly brackets
{ and }.

Now, that we have the alphabet, we can start building formulas. Just like
the English sentences are formed from clauses by means of connectives (conjunc-
tions, relative pronouns, conjunctive adverbs), the formulas are formed from
atomic formulas and connectives.

Definition 1.1.2 (formulas) 1. The atomic formulas are formulas.

2. If F is a formula, so is =F; =F is called the negation of F'.

3. If F and G are formulas then (F'V G) is a formula, called F or G.

4. If F and G are formulas then (F A G) is a formula, called F and G.

5. If F and G are formulas then (F — G) is a formula, called if F' then
G.
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6. If F and G are formulas then (F «—— G) is a formula, called F if and
only if G.

The formulas are the strings of the object language that are produced by the
above grammar. These rules are a generative grammar because they tell us
how to produce complex formulas from simpler formulas. The parentheses tell
us how to parse the formula, i.e. how to break it down into atomic formulas.
For example, the formula (P} — —P7) is obtained by applying rule 5 of Def-
inition 1.1.2 to the formulas P; and —P;. We will prove, in the next section,
that the parsing can be done in one and only one way. So, we do not have the
ambiguity of parsing the string big man eating tiger where we do not know if
the tiger is big, or just eats big men.

The strings generated by the rules 1-6 of Definition 1.1.2 have the following
3 properties:

1. If a string —F is a formula then F' is a formula.

2. If (S) is a formula then there are formulas F' and G such that at least one
of the equalities S = FAG, S = FVG,S=F — G, S = F «—— G holds.
We abbreviate this sentence by saying that whenever (.5) is formula, there
are formulas F' and G and connective C' in {A,V,—,<—} such that
S = FCG. We remember that FCG is the string obtained by appending
C at the end of the string F' and then appending G at the end the resulting
string.

3. Every formula F is either atomic, the negation of a formula, or has the
form (F'CG) where F' and G are formulas and C' is one of the connectives

N, V, —, .

The symbols F' and G are meta-language variables (meta-variables) that denote
formulas in the object language. The meta-variable C' stands for one of the
connectives A, V, —, «— and the meta-variable S is a string, that may or
may not be a formula.

Since this book deals with formulas, it is important to determine whether a
string is or is not a formula. So, let us now use Definition 1.1.2 to construct a
formula recognition algorithm. The algorithm? keeps scanning the input string
underlining more and more symbols until one of the following conditions is met:
the whole string is underlined, the last scan produced no lines, or a collision
occurred. A collision occurs when two underlined strings run into each other.
We say that a character is unmarked if it is not underlined.

Step 1 of Figure 1.1 implements the first rule of the definition of formulas,
while the body of the loop takes care of the (inductive) rules 2, 3, 4, 5, and 6.
We have 4 stop with failure conditions at Steps 1,2, and 3. The first 3 are due
to collisions and the last one occurs because S has unmarked symbols. In the
next section we will prove the correctness of the algorithm. For now, let us run
it for three strings, a formula and two non-formula.

2There are faster algorithms, but they require formal language knowledge, and we do not
cover this subject.
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Step 1. while [scanning S from left to right] do
if [the scanned symbol is an atomic formula] then
if [the preceding symbol is underlined] then
stop with failure;
else
underline the atomic formula;
Step 2. while [ [S is not fully underlined] and [the previous scan produced new
underlines]] do
while [scanning S from left to right] do
{
if [the scanned symbol is an unmarked negation succeeded
by an underlined string] then
if [the symbol preceding — is underlined| then
stop with failure;
else
underline — ;
if [the scanned symbol is an unmarked ( succeeded, in this order,
by an underlined string GG, an unmarked binary connective C,
an underlined string H, and an unmarked ) | then
if [the symbol that precedes ( or the one that succeeds ) is
underlined] then
stop with failure;
else
underline (, C, and );

Step 3. if [S is fully underlined] then stop with success;
else stop with failure;

Figure 1.1: The Formula Recognition Algorithm
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Examples 1.1.3 1. Let S = ~(Py A ((P» — P3)V (P1 «— P5))). At Step 1
we underline all atomic formulas in S and get the string below.

(LA (Py — Bs) V (Py —— P5)))

After Step 1 we have new underlines and no collisions. Since S is not un-
derlined, we execute the loop.

(PLA (P — P3) V (Py «— P5)))

Step 2 produced new underlines, no collisions, and the string S is not (fully)
underlined, so we repeat the loop.

(LA (P — P) V(P «—— B5)))

Again, Step 2 underlined new symbols, caused no collisions, and S is not
underlined. So, we execute the loop.

“(PLA (P — P3)V (Py «— P5)))

Once more Step 2 underlined more symbols, had no collisions, and S is not
underlined, so we repeat the loop.

—(PL A ((Py — P3) V (Py «— P5)))

At this point the loop repetition test fails because S is fully underlined. We
go to step 3. There, the algorithm accepts S since S is (fully) underlined.
2. Now let us trace the algorithm for the string S = (P, V(Ps — Py)) «— Pp).

We apply Step 1 and underline all atomic formulas.

(PyV (Ps — Py)) «— Py)

Step 1 produced new underlines and had no collisions, so we execute the
body of the loop.

(P, V (Ps — Py)) «— P1)

Step 2 underlined new symbols, caused no collisions, and S is not fully
underlined, so we repeat the loop.

(P2 V (Ps — Py)) «— P1)

Again, Step 2 produced new underlines, had no collisions, and S is not fully
underlined. Hence, we execute the loop.

(P2 V (Ps — Py)) «— P1)

Now Step 2 produced no collisions and no underlines. So, we go to Step 3.
Since S is not fully underlined, we reject the string.
3. Let the input string be S = P, P;. At Step 1, we underline P, and then we
scan P;. Here we have a collision, so we reject the string.

Definition 1.1.4 (subformula) A subformula of F is a substring of F that is
also a formula.

For example, the subformulas of ((—=Py V P) «— (P35 A FPg)) are:
Py, Py, P3, Ps, =Py, (P3 /\Pg)7 (—|P4 \/Pg), and ((—‘P4 \/Pg) — (P3 /\Pﬁ)).

Observation 1.1.5 1. F is a subformula of itself.
2. A subformula can occur multiple times in the formula. For example, Py
occurs twice in the formula (P2 V —Py), at position (index) 1 and at index 4.

Now let us modify the algorithm from Figure 1.1 to generate a list of all
substrings of F' that are formulas. We assume that F' is a formula, so we delete
the collision and blank symbol tests. Since the list Inst contains all occurrences
of subformulas, it may have duplications.
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Step 1. Initialize Inst to empty; scan S from left to right, underline
each atomic formula, and add it at the end of Inst;
Step 2. while [F' is not fully underlined] do

while [scanning F] do
{
if [~G is a substring of F', G is underlined, and — is not| then
{ underline —; add -G at the end of Inst; }
if [(GCH) is a substring of F', G and H are underlined,
Ce{V,A\,—,«—} ,and (, C, ) are unmarked| then
{ underline (, C, ); add (GCH) at the end of Inst; }

Figure 1.2: The algorithm for listing subformulas

Example 1.1.6 Let us apply this algorithm to find the subformulas of F =
(=Pr — (2P V Py)) A (2Py «— P1)).

Initially Inst = []. We execute Step 1 and get the underlines

(P, — (=P V Py)) A (=Py — Py)

and Inst = [Py, P3, Py, Py, P1]. We listed Py and P; twice because they
occur twice in F. Since F' is not underlined we execute the body of the while
loop and get the markings

(5P, — (=P V Py)) A (2Py — Py)

and Inst = [Py, P3, Py, Py, P1, 7Py, ~P3, =P4]. We pass the repetition test
because F' is not underlined. We repeat the loop body and obtain the string

(0P — (0P VR)) A (P — P1))

and Inst = [Py, Ps, Py, Py, P1, 2P, =P, =Py, (=P3V Py), (=P «— P1)].
We go to Step 2 again and check if F' is underlined. It is not, so we repeat the
loop and have the markings

(0P — (0P VR)) A (2P — 1))

and Inst = [Py, P3, Py, Py, P1, =Py, =P3, =Py, (2P3 V Py), (=Py «— P1),
(=Py — (=P3V Py))]. The repetition test is true again, so we execute the loop
and get the underlines

(0P — (0P VR)) A (P —— P1))

and Inst = [P1, P3, Py, Py, P, =Py, =P3, 2Py, (~P3V Py), (wPy < Py),
(mPL — (2P V Py)), (0Pr — (2P V Py)) A (~Py < Pr))].

Now we fail the repetition test because F' is fully underlined.

The list of subformulas of F is Inst = [Pl, Pg, P4, P4, Pl, _‘Pl, _\Pg, _‘P4,
(_\P3VP4), (_\P4 — Pl), (_‘Pl i (_‘P3VP4)), ((_\P1 i (_‘P3VP4))/\
(—Py —— P1))].

We can find the set of subformulas Set of F' by deleting the duplicate elements
from Inst. We get Set :{Pl, P, Py, Py, - P3, Py, (—‘P3\/P4), (—‘P4 — Pl),
(mPr — (2P V Py)), (0Pr — (2P V Py)) A (~Py < Pr))}.

Sometimes it is more convenient to represent formulas as trees.
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Step 1. Scan F and underline all atomic formulas of F'; For each underlined
atom create a leaf labeled with that atom;
Step 2. while [F' is not fully underlined] do

while [scanning F'] do
{
if [-G is a substring of F, G is underlined, and — is not] then
{ underline — ; create a new node labeled —; Make —
the root of the tree with left child G; }
if [(GCH) is a substring of F' having G, H underlined,
C e {V,A,—,«—1}, and (, C, ) are unmarked | then
{ underline (GCH); Create a new node labeled C' ; Make
the new node the root of a tree with left child G
and right child H;}

Figure 1.3: The Formula-to-Tree Algorithm

Figure 1.4: The leaves of the tree from Example 1.1.8

Definition 1.1.7 (formula tree) A formula tree is a labeled binary tree where
1. the leaves are labeled with atomic formulas, and
2. the branches are labeled with the connectives =, V, A, V. If the label is =
the tree has one child; otherwise it has two.
The set of the labels of the leaves is called the support of the tree.

We modify the algorithm from Figure 1.2 to transform a formula into a tree.

Example 1.1.8 Let us apply the algorithm from Figure 1.3 to the formula
F = (P, — —P3;) V =Ps). At Step 1 we underline the atomic formulas and
construct the leaves of the tree. We get the underlines (P, — —P3) V —F)
and the trees from Figure 1.4. At Step 2 we underline —P5 and —FP; and get
the markings ((P, — —P3) V ~F) and the trees from Figure 1.5. We repeat
the loop body and get the underlines ((P, — —P3) V ~F) and the trees from
Figure 1.6. The string is not completely underlined, so we repeat the loop. Now
the whole string is underlined ((P» — —P3) V —Fs) and we have the tree from
Figure 1.7.

We can also go from formula trees to strings by using the algorithm from
Figure 1.8. The procedure convert is a recursive top-down algorithm that starts
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T i

Figure 1.5: The trees from Example 1.1.8 after one run

b l ®

Figure 1.6: The trees from Example 1.1.8 after two runs

P2 - e

Figure 1.7: The formula tree for Example 1.1.8
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procedure convert[Root]

if [label[Root] is an atomic formula] then
write[label[Root]];
else if [label[Root] € {V, A, —, «<—}] then

write[(]; convert[Root.0]; write[label[Root]];
convert[Root.1]; write[)];

}

else /* the label of the node is = */
{ write[-]; convert[Root.0]; }

Figure 1.8: The tree to formula algorithm

0.0 0.1 e 1.0

Figure 1.9: The input to Example 1.1.9

with Root, the address of the root. First, convert examines the label of Root
and performs one of the following 3 actions:

If the label is an atomic formula, then it writes the label and returns.

If the label is one of the connectives V, A, —, or «—— then convert writes,
in this order, a left parenthesis, converts the subtree Root.0, writes the label of
Root, converts the subtree Root.1, and writes a right parenthesis.

If the label is — then convert writes — and processes the subtree Root.0.

Example 1.1.9 Let us apply this algorithm to the formula tree from Figure 1.9.
The domain of the tree contains the addresses A, 0, 1, 0.0, and 0.1. Now, let us
trace the algorithm for Root=A. The call convert[\] produces the string

convert[A] = (convert[0]—convert[1])

where convert[0] is the output of the first recursive call, — is the label of
A, and convert[1] is the string produced by the second call.

The label of 0 is V, and its children are 0.0 and 0.1. So,
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convert[0] = (convert[0.0]Vconvert[0.1]).

The labels of 0.0 and 0.1 are P3 and Py, so convert[0.0] = P3 and convert[0.1]
=P5. Then the above formula becomes

convert[0]= (Ps V Ps).

Now let’s find convert[1]. The label of 1 is = and its child is 1.0, so we get
the relation

convert[l]=-convert[1.0].

The label of 1.0 is the atomic formula P; so, convert[1.0]= P,. We replace
convert[1.0] in the above formula and get convert[1] = —P;.

Now we substitute the values of convert[0] and convert[1] in the equation of
convert[A] and get

convert[A] = ((Ps V Ps) — —Py).

In this book we talk about the object language strings called formulas. We
talk about them in the meta-language. The meta-language must be rich enough
to describe the entities from the object language. It must be able to characterize
the set of formulas as well as many of its subsets. For this reason we need the
notion of meta-formula.

Definition 1.1.10 (meta-formula) 1. The meta-variables A, B, F, G, H,
I, J, K, L,Q, R, with or without subscripts, are formulas.

2. The atomic formulas P; are meta-formulas.

3. If U is a meta-formula, then =U is a meta-formula.

4. If U and V' are meta-formulas, and C' is one of the binary connectives
{V,\,—, <}, then (UCV) is a meta-formula.

Now let us compare the rules that define the meta-formulas with those of the
formulas. Rules 1 and 2 of Definition 1.1.2 are the same as the rules 2 and
3 listed above. The remaining 4 rules of Definition 1.1.2 are covered by the
rule 4 above. So, every string generated by Definition 1.1.2 is also produced by
Definition 1.1.10. So, every formula is a meta-formula.

On the other side, not all meta-formulas are formulas. The strings (F'V G),
—(F A Pp) are not formulas because the letter F' is not in the object language.

The meta-formulas are useful in characterizing classes of formulas. We notice
that the only difference between the formulas and the meta-formulas is that
the meta-formulas contain meta-variables. If we replace all meta-variables of
a meta-formula by formulas, then we obtain a formula. For example, let us
replace F' by —P5 in the meta-formula U = (F' — P;). We get the formula
(-P3 — Py). If we replace F by the formula (P A—=(Py «— P*)), U becomes
(P11 A ~(Py «—— P;)) — P1). We say that the formulas (-P3; — P;) and
(P11 A—(Py «— P7)) — Py) are instances of the meta-formula U. The set of
all instances of U is a subset of the set of formulas.

In the next sections we will be using the notations F' = -G, F = (G V H),
F=(GANH),F=(G— H), F = (G <« H), and in general F' =some meta-
formula. The meaning of these statements is that F' is a formula belonging to
the class defined by the meta-formula to the right of the equal sign.
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Now, the attentive reader may ask in what language we wrote Definition 1.1.10.
Recall that we describe the object language in the meta-language. This defi-
nition characterizes a meta-language concept, so it must be in the meta-meta-
language. By the same reasoning the characters U and V of the definition
must be meta-meta-variables, belonging to meta-meta-language. By analogy,
we talk about the meta-meta-language in meta-meta-meta-language, and so on.
This careful approach to logic was taken by A. Tarsky(). For our purpose, we
will not differentiate among these languages; we will include all of them in the
meta-language.

Now we will make several notational conventions that will simplify our pre-
sentation.

1. We will omit the outer parentheses of the expressions.

So, we will write (P, V P3) as Py V Ps.

2. Let Fy,..., F, be formulas and m > 0. We define A" F; , called big
and from m to n, as

n (PO\/_LPQ) ifm>n
F, =< Fp, ifm=n
i=m (N FAFE) iftm<n

For example, let us compute /\3’:1 F;.
/\?:1F1’ = A?:lFi/\F«%

= (Aizy FiNF2) A Py

= (Fy A F3) A F.

The formulas are always parenthesized to the left, i.e. all left parentheses
occur before the first F.

3. Let Fpy,..., F,, be formulas and m be a whole number. We define the
formula \/!_  F;, called big or from m to n, as

n (P()/\_\P()) ifm>n
=7 F, ifm=n
i=m Vo EVE,) ifm<n

For example, \/Zl:3 F;, = \/fz3 F; Vv Fy = F3V Fy. The big or formulas are
also parenthesized to the left.

Exercises

Exercise 1.1.1 Show that the set of formulas is countably infinite.
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Exercise 1.1.2 Use the algorithm from Figure 1.1 to find out if the strings
below are formulas in the object language.
1. ((—|P1 V P7) — —|(P6 A\ —|P2))

(‘!PG — —|P5) A Py
(QAN—P2)

—|—‘(P,1 V Pg)

(Pg vV (P3 — —|P9))
(—|Pg — —\Pg)—\

(‘!PG A (F V P4))

(P1 \Y Pg)) A P4)

(P1 V —‘Pg)(Pl —_— P7)

© %0 NS G oo

Exercise 1.1.3 Use the algorithm from Figure 1.3 to draw the tree representa-
tions of the formulas below.

1. =((=Py — P») A —P3)

2. ((Pl V —|P3) — —|—\(P2 V Pﬁ))

3. ((P4 — (—‘Pg AN P7)) — (Pg A\ Pg))

Exercise 1.1.4 Use the algorithm from Figure 1.2 to find the set of subformulas
of the following formulas:

1. (=(PL — P) AN=(—P5 — Py))

2. —|(—‘(P4 — Pg) A\ —‘—|(P4 \Y —‘Pl))

3. (P5 — ((P7 \Y —‘Pg) A P3))

Exercise 1.1.5 Find meta-formulas that characterize the following sets of for-
mulas:

1. The set of all formulas.

2. The set of formulas whose trees have the root labeled A.

3. The set of formulas whose trees have the root labeled = and the node at
address 0 labeled —.

Exercise 1.1.6 Define a meta-formula whose instances have at least 5 atoms.

Exercise 1.1.7 For each of the following lines, determine if the formula F is
an instance of the meta-formula U. So, find the values of the meta-variables
of U that make U = F, or show that this is not possible. For example, F =
((Py — Py) A —Ps) belongs to U = (G A H) because for G = (P, — Pp)
and H = =P3, U = F. At the same F' = (P, V (Py A P5) does not belong to
U = (G A H) because the tree representation of F has the root labeled V' while
the tree U has the root labeled N\. So, it does not matter what value we give to
the meta-variables of U, the root will always be A.

1. F=(PV-P),U=(PVG)

2. F=(PLANP),U=(GANH)

3. F=(-P,— P;),U=(GVH).
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Figure 1.10: Tree for Exercise 1.1.9

Exercise 1.1.8 Write the object language formulas that correspond to the fol-
lowing notations

/\?11;
i=10 171
3 B
1 Bi
10P1

9

~
Il ol

1
7

<

1
7
1
q

RS

2
3.
4
5
6.

<><><

6
=

Exercise 1.1.9 Use the algorithm from Figure 1.8 to find the formulas that
correspond to the trees from Figures 1.10 and 1.11.

1.2 Structural Induction

The main topic of this section is the structural induction, a formal method for
proving statements about formulas. The structural induction is so widely used
in logic and algebra that it is hard to imagine a rigorous presentation of the
subject without using it. The method also goes by the name of induction on
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Figure 1.11: Tree for Exercise 1.1.9
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1. P[0] is true.
2. if P[n] is true then P[n + 1] is also true.

Figure 1.12: The induction rules

Step 1. P[0] is true by rule 1.
Step 2. In rule 2 we make n = 0 and get the instance
if P[0] is true then P[1] is true.
Step 3. From Steps 1 and 2 we deduce that P[1] is true.
Step 4. In rule 2 we make n = 1 and we get the instance
if P[1] is true then P[2] is true.
Step 5. We deduce that P[2] is true from Steps 3 and 4.

Figure 1.13: A proof for P[2]

formulas, induction on the complexity of the formulas, and induction on terms.
As the names implies, it is an extension of the induction on natural numbers.

The section revisits the induction on the set of natural numbers N and then
extends it to the set of formulas. Then it proves several lemmas that lead to
The Unique Readability Theorem, which says that every non-atomic formula
can be decomposed into smaller formulas in a unique way. The reader who is
not interested in proof techniques can stop there, because the rest of the section
proves many of the assertions made in the preceding section.

Let us remember the induction on the set of natural numbers, N = {0, 1,2, ...}.
The induction is a formal method for verifying that a statement P, called cal-
ligraphic P, is true on the set N. We write P[n] to emphasize that n is a meta-
variable in the statement P. The induction tells us that P is true for all n if and
only if the meta-rules 1 and 2 of Figure 1.12 hold. The second line of Figure 1.12
is an implication. Its condition, P[n] is true, is called the induction hypothesis.
It also contains the meta-variable n that denotes a natural number. But which
one? The answer is that n can take any value from the set N = {0,1,2,...}.

If we replace n by 0 we get the rule
2.0. if P[0] is true then P[1] is true.

If we replace n by 1 we obtain the rule
2.1 if P[1] is true then P[2] is true.

If we replace n by 1000 we get the rule
2.1000 if P[1000] is true then P[1001] is true.

So, meta-rule 2 is shorthand for an infinity of rules obtained by replacing n
by the numbers 0,1,2, etc. When we replace n by 0 we get rule 2.0. When we
replace n by 1 we get rule 2.1 and so on. The rules 2.0, 2.1, 2.1000, are called
instances of meta-rule 2.

The two meta-rules of Figure 1.12 are sufficient to prove that P is true for
any given number n. Figure 1.13 presents a proof that P[2] is true.

We can skip the details and present the proof as the sequence from Fig-
ure 1.14.
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1. P[0] by meta-rule 1.
2. P[1], from line 1, by meta-rule 2.
3. P[2], from line 2, by meta-rule 2.

Figure 1.14: A shorter proof for P[2]

Here we abbreviated P[n] is true to P[n]. We can even skip the words line
and meta-rule and write the proof as
1. P[0] by 1.
2. P[1], from 1, by 2.
3. P[2], from 2, by 2.

The induction theorem says that we need not bother with proofs like Fig-
ure 1.14.

Theorem 1.2.1 (induction on N) If P satisfies conditions 1 and 2 of Fig-
ure 1.12 then P is true for any natural number n.

Proof: We use the fact that N is well ordered by the relation >. This means
that every nonempty subset of N has a smallest number. We use this property
to get a contradiction.

So, assume that P satisfies conditions 1 and 2 of Figure 1.12 but P[n] is false
for some n’s. Then, by the well ordering of N, there is a smallest number m
that makes P false. Since P satisfies condition 1, m cannot be 0. Then m — 1
is a whole number. Now we ask if P[m — 1] is true.

Case 1: P[m — 1] is true. Then, by meta-rule 2, P[m] is true, contradicting
the assumption that P[m] is false.

Case 2: P[m — 1] is false. Then, the number m — 1 is smaller than m and
makes P false. This contradicts our assumption that m is the smallest number
that makes P false.

In both cases we get a contradiction. So, our assumption that P is false for
some natural numbers is false.Q.E.D.

Theorem 1.2.1 gives us a method for showing that P is true; it suggests that
we prove that P satisfies the conditions listed in Figure 1.12.

Example 1.2.2 Let us show that for every natural number n, P[n] : n? > n.
First, we check that P satisfies condition 1. So, we replace n by 0, and get

P[0]: 02 > 0.

We evaluate 02 and get 0 > 0 which is true. So, P satisfies condition 1.
Now, let’s see if P satisfies condition 2. The second condition is the implication

if P[n] then P[n + 1].

So, we assume P[n], i.e.

(1) n?>n

and we need to prove

(2) (n+1)2 > (n+1).

Now we remember that

(3) (n+1)2 =n?+2n+1.
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We also know that
(4) 2n >0,
and
(5)1>1.
So, we add the inequalities (1), (4) and (5) and get
6) n®+2n+1>n+0+1.
We use (3) to evaluate (6) and obtain
(n+1)?>(n+1)
which is exactly the formula (2) that we needed to prove.

Example 1.2.3 Let us recall that the power set of a set A is the set of all
subsets of A. For example, the power set of the empty set ¢ is {¢} because the
only subset of ¢ is ¢. We write | X| for the number of elements in the finite set
X, and P(X) for the power set of X. We will prove that whenever A has n
elements, its power set has 2™ elements. So, our proposition P is

if |A| = n then |P(A4)| = 2"

Proof: We'll first check that P[0] is true.

If |A| = 0 then A= ¢, since A has no elements. Then the set of subsets of ¢
is {¢}, so |[P(A)] = 1. But, 2° =1, so |P(A)| = 2°.

Now let us assume that P is true for all sets with n-elements, i.e. if |4| = n,
|P(A)| =2™. Let B ={b1,ba,....;0n,bst1} be a set with n + 1 elements. Now,
let’s look at the subsets of B. They fall into two disjoint categories.

Category 1: The subset does not contain by, 1.

Then, the subset is also a subset of A = {by,...,b,} , a set with n elements.
By the induction hypothesis A has 2™ subsets, so B has 2™ subsets that do not
contain by,y1.

Category 2: The subset contains the element b, 1.

How many subsets do we have in this category? We can answer this question
by noticing that every subset in this category is obtained by adding b,,4+; to a
subset of A = {by,...,b,}. For example, {b,41} is obtained by adding b, 11 to
@, {b1,bn11} is obtained by adding b,4+1 to {b1} , and so on. Moreover, when
added b, 11, different subsets of A yield different subsets of B. So, this category
has as many subsets as A. But we know from the induction hypothesis that A
has 2™ subsets. So, |P(B)| = |Categoryl| + |Category2| = 2™ +2" =2.2" =
2"+l Q.E.D.

Since the book deals with formulas, it is useful to have a set of rules, like the
ones in Figure 1.12, for verifying assertions about formulas. The induction on
natural numbers is not always satisfactory, since it is not clear how the integer
is tied to the formula. We can do induction on the number of atomic formulas,
on the number of connectives (-, V, A, —, «—), on the length of the formula,
on the height of the tree representation of the formula, and so on. Of course, a
math genius will (almost) always know how to attach numbers to formulas, but
what about the rest of us?

Fortunately, there is a natural way to do it. First of all, let’s look at the way
we defined the natural numbers N. The sequence 0, 1, ..., n, ...starts with 0
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—_

. 0isin N.
2. if nisin N, then n + 1 is in N.

Figure 1.15: The set N

P[F] is true when F is an atomic formula.
If P[F] is true then so is P[-F].
. If P[F] and P[G] are true, so is P[(F V G)].
If P[F] and P[G] are true, so is P[(F A G)].
. If P[F] and P[G] are true, so is P[(F — G)].
. If P[F] and P[G] are true, so is P[(F «— G)].

QW%wNE
QQ

Figure 1.16: The rules for structural induction

and every other number is obtained by adding 1 to its predecessor. So, N is
generated by the inductive rules from Figure 1.15. Rule 1 gives us a starting
number and rule 2 generates new numbers from the existing ones. The statement
P is true if it is true for the starting number and the generating rule preserves
the truth value, i.e. if P[n] is true so is P[n + 1]. This way, the generating
rules from Figure 1.15 give us the inductive rules from Figure 1.12. Now, let us
look at Definition 1.1.2 that defines the formulas. Rule 1, that states that an
atomic formula is a formula, is a starting (base) rule; the other 5 are generative
rules. Now let us rewrite these 6 rules, such that that P is true for the base
rules, and the truth is preserved by the generating rules. We get the rules from
Figure 1.16.
Let us see how these rules operate by looking at an example.

Example 1.2.4 Assume that P is a statement satisfying the 6 rules from Fig-
ure 1.16. We will show that P[(((Py V P2) — —P3) «— (P2 A —Py))] true. For
a better illustration of what is going on, we represent the formula as a tree.

Now let’s apply the structural induction rules to the tree from Figure 1.17.
We can use rule 1 only, since all the others require that P is already true for
some subformula. Rule 1 makes all atomic formulas, represented by circles, true.
So, we write P to the right of these nodes to show that the assertion holds for
these nodes. We get the tree from Figure 1.18. Now we can apply rules 2 and 3,
since all children of the nodes labeled V and — have the P label. We obtain the
tree from Figure 1.19. Next, we can apply rules 4 and 5 because all children of
the nodes labeled A and — have the P label. We get the tree from Figure 1.20.
Finally, we apply rule 6 to the Figure 1.20 tree to mark the root. Now we have
the fully marked tree from Figure 1.21. Since the root is labeled the formula is
true for P.

Let us assume that the statement P satisfies the rules from Figure 1.16. Then,
Example 1.2.4 gives us a procedure for verifying that P satisfies a formula tree
F'. This procedure works bottom-up, i.e. it starts by assigning the P label to
the leaves of the tree and then it propagates the P label towards the root by
using the meta-rules 2 - 6. Figure 1.22 displays the meta-rules 1-6 as rewrite
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\/ : @ :

Figure 1.17: The tree from Example 1.2.4

rules that advance the P label towards the root. The left-hand-sides of the
rules tell us that the node is either a leaf or all its children are labeled. We
apply the meta-rule and get the labeling shown at the right of the rule. Now
the top node of the left-hand-side is labeled. We did not bother writing P next
to the children because they are irrelevant to the further advancement of P.
For the meta-rules 2-6, the children can be either leaves or branches. Now, a
short observation: the order in which we apply these rewrites does not affect
the end result. All these rewrites require is that we evaluate the children before
we evaluate the parent, and the label inside the parent box determines which
rewrite applies.

Theorem 1.2.5 (The Structural Induction Theorem) If the statement P
satisfies the rules listed in Figure 1.16, then P is true for any formula F.

Proof: We assume that the theorem is false. Then, we use the fact that
every non-empty set of formulas has a formula of minimum length, to derive a
contradiction.

So, let us assume that P satisfies the 6 conditions of Figure 1.16, but it
is false for some formulas. Among these formulas there are some of minimal
length. Let F' be one of them. Definition 1.1.2 tells us that F' has one of the
following 6 syntactic forms: FF = P;, F' = -G, FF = (GV H), F = (G N H),
F=(G— H), F=(G+«— H). We will show that in all 6 cases we get a
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P P P P 73 7>

Figure 1.18: The Example 1.2.4 tree with marked leaves

contradiction.

Case 1: F = P; for some atom P;. By condition 1 all atoms have the property
P. So, F cannot be an atom.

Case 2: F = =G. Now we look at P[G].

If P[G] is true then P[F] must be true by condition 2. Contradiction!

If P[G] is false then we have a formula shorter than F' that makes P false.
This contradicts the fact that F' has minimal length.

So, F' cannot be of the form F' = —G.

Cases F=(GVH),F=(GANH),F=(G— H),F=(G+— H):

If P[G] and P[H] are both true then P[F] is true by one of the conditions 3
- 6 ( condition 3 for Vv, 4 for A, 5 for — and 6 for —). Contradiction!

If P is false for at least one of the subformulas G, H then we get a formula
shorter than F' that makes P false. This contradicts the fact that F’ has minimal
length.

So, F' cannot have one of forms F = (GVH), F=(GANH), F=(G — H),
F=(G+— H).

Since F' cannot fit into any of the 6 cases, we conclude that there is no such
F'. This means that our assumption that there are formulas that make P false
is wrong. Q.E.D.

Remark 1.2.6 When we prove the implications
1. if P[G] is true then P[-G] is true, and
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PP P\ P P 77

Figure 1.19: The Example 1.2.4 tree with more marked nodes

2. if P[G] and P[H] are true then P[GCH] is true, with C' € {V, A, —, «—

2
we call the statements P[G] and P[H] induction hypotheses and we label
them with the letters IH.

The Structural Induction Theorem provides a powerful method for proving for-
mula properties. All we have to do is to show that P satisfies the 6 conditions
from Figure 1.16. Before we apply this theorem, let us introduce the notation
n[s, S]. This expression is the number of times the symbol s occurs in the string
S. For example, nla,babaca(] = 3, because the string babaca( has 3 a’s. We
write n[atom, F] to represent the number of atomic formula occurrences in F'
and n[con, F] for the number of binary connectives (V, A, —, «—) occurrences
in F.

Lemma 1.2.7 Let F be a formula and S a prefiz of F. Then n[), S] < ncon, S] <
n[(,S], i.e. every prefix of a formula has at least as many left parentheses as bi-
nary connectives, and at least as many binary connectives as right parentheses.

Proof: We use The Structural Induction Theorem.

Case 1: F is an atomic formula. Then F' = P;, where i is one of the numbers 0,
1,2, .... The only prefixes of P; are A\ and P;. Both strings have no parentheses
and no binary connectives, so the lemma is true for atomic formulas.
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P\ P P P 7> 7>

Figure 1.20: Almost all nodes of the Example 1.2.4 tree are marked

Case 2: F' = -G. We assume that the lemma is true for G. We need to show
that it is also true for F. We have a little problem here because the induction
hypothesis tells us about the prefixes of G but we have to show the double
inequality for the prefixes of F'. But how do we relate the prefixes of F' to the
prefixes of G?7
Let’s look at the example F' = =—P;. Here G = —P;. The prefixes of F
are A\, -, =0, and -—P;. We notice one thing. Except for the prefix A, all the
other prefixes of F' contain the first — followed by a prefix, possibly empty, of G
Il So, the prefix = of F' is the symbol — followed by the prefix A of G, == is =
followed by the prefix = of G, and —=—P; is — followed by the prefix =P of G!
Now let’s return to the proof. Let S be a prefix of F'. Then either S is empty
or S is of the form —I, where [ is a prefix of G.
The empty string poses no problems since it has no symbols, so n[),\] =
nlcon, A = n[(, \] = 0.
Now let’s solve the case S = —I, with I is a prefix of G.
By induction hypothesis,
(IH) nl), I] < nfcon, I] < n|(, I].
All the parentheses and the binary connectives that occur in S must be in I, so
TL[(, S] = TL[(, I],
nlcon, S| = nfcon, I], and

n)), 8] = nl), 1].
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P P P P 73 7>

Figure 1.21: The Example 1.2.4 tree with marked root

We use these equations to replace n[(, I], nfcon, I], and n[), I] in the induction
hypothesis and we get

n[), S| < nfcon, S] < n[(, 5],
i.e. S satisfies the lemma.
Cases 3,4,5,6: F = (GCH), where C' is one of the symbols V, A, —, «—_ and
G and H are formulas. Let S be a prefix of F. We look at the position (index)
of the last character of S. That index can be -1 if S is the empty string, on the
first left parentheses or somewhere inside GG, on the connective C' or somewhere
inside H, or on the last parenthesis of F. These 4 categories are displayed in
Figure 1.23. We need to show that the lemma holds for each category.
Category 1:5 = A\. We already showed, in Case 2, that A satisfies the lemma.
Category 2: S = (I where I is a prefix of G. Here we use the induction
hypothesis for G, i.e.

(IH) n[), I] < nlcon, I] < n[(, I].
All the right parentheses and all the connectives of S must be in I; the left
parentheses can either be in I or the parenthesis in front 1.

(1) n[), 5] = n[), 1]

(2) n[con, S] = nlcon, I]

(3) TL[(, S] = TL[(,I] +1
Now we use (1), (2), and (3) to replace nl), I], n[con, I], and n|[(,I] in (IH) and
get
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Rule 1
oL

Rule 2 D
P
Rule 3 g:lpﬁ

Rule 4 P

Rule 5 gjpﬁ

1L ©

A
'

7N
.
I\
!

g L IP
Rule 6 73
] P gjﬁ
Figure 1.22: The rewrite rules for structural induction
T( G C H )
Position -1 0 length(G)+1 length(G)+length(H)+2

T ﬁ

End of S Category 1~ Category 2 Category 3 Category 4

Figure 1.23: The 4 categories of Cases 3-6 of Lemma 1.2.7
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(4) n[), S] < nfecon, S] <n[(,S] -1

From (4) we get that n[), S] < n[con, S] < n[(, S] i.e. S satisfies the lemma.
Category 3:5 = (GCI, where I is a prefix of H

In this case we have 2 induction hypotheses, one that applies to G (Recall
that G is a prefix of G !) and one that applies to I.

(IH1) n]), G] < nlcon,G] < n](,G]

(IH2) n]), I] < nf[con,I] < n|(, ]
Now let us express n[(, S] as an expression with n[(, G] and n[(, I]. We see that
all the left parentheses of S are either the first parenthesis, are in G, or are in
1. So,

(5) TL[(, S] =1+ n[(? G] + n[(? I]'
The binary connectives of S are either in G, or in I, or the C' separating G from
1. So,

(6) n[con, S] = nlcon, G] + 1 + nfcon, I].

The right parentheses of S are either in G or in I, so

(7) n[), 51 = nl), Gl +n), 1.
We add (IH1) and (IH2) and get

(8) n[), G] + n[), I] < nlcon, G] + n[con, I| < n[(,G] + n[(, 1],

Now we use the equations (5)-(7) to replace the sums in (8) by the S counts.

9) n[(, S] < nfcon, S] -1 <n[(,S] -1
By adding 1 to the last 2 expressions we get

(10) n[(, S] < n[con, S] < n[(, 5], i.e.

S satisfies the proposition.
Category 4:F = S This case is left as exercise. Q.E.D.

As expected, if S is a suffix of a formula, the inequalities from Lemma 1.2.7
are reversed.

Lemma 1.2.8 Let F be a formula and S be a suffix of S. Then n|[(,S] <
nlcon, S| < n[), S].

The proof of this lemma is left as exercise. (Exercise 1.2.14)
There are some important corollaries to these 2 lemmas.

Corollary 1.2.9 For every formula F, n[(, F] = n[con, F] = n|), F].

Proof: Since F is a prefix of itself,

(1) n)), F] < nfcon, F] < n|(, F].

The formula F' is also a suffix of itself, so

(2) n|[(, F] < nfcon, F] < n|), F].

From n|[(, F| < n[con, F| and n[con, F| < n[(, F] we get n[(, F] = n[con, F].
From n[), F] < n[con, F| and n[con, F] < n[), F] we get n[con, F] = n[), F].
Q.E.D.

Corollary 1.2.10 Let G, H be two formulas, I a suffix G, J a prefix of H and
C a binary connective. Then, the string K = IC'J is not a formula.
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Proof: Assume that K = ICJ is a formula. By Lemma 1.2.7,

(1) n)), I] < nfcon, I] < n|(, I].

At the same time, [ is a suffix of G, so by Lemma 1.2.8,

(2) n[(,I] < nlcon, I] < n[),I].

From (1) and (2) we get

(3)n]), I] = ncon, I| = n[(, I].

The string J is both a prefix of the formula H and a suffix of the formula
K, so we have

(4) n|), J] = nfcon, J] = n[(, J].

Now we count the (binary) connectives of K. They are either in I, or in J,
or the middle C. So,

(5) nfcon, K] = n[con, I| + 1 + n[con, J].

The left parentheses of K are either in I or in J.

(6) n[(, K] = n[(, 1] +n[(, J]

But, then

n[con, K] = nlcon, I| + 1 + n[con, J] by (5)

=n[(,I]+1+n[(,J] by (3) and (4)
=n[,I]+n[,J]+1
—n[(K]+1 by (6)
> n[(, K.

The inequality nf[con, K| > n|(, K] contradicts Corollary 1.2.9 that says that
a formula must have the same number of left parentheses and binary connectives.
Q.E.D.

Lemma 1.2.11 If S is a prefix of a formula F and S is a formula, then S = F'.

Proof: We do it by structural induction on F'.
Case 1: F'is an atomic formula. Then, the prefixes of F' are S = X and S = F.
Since A is not a formula, we are left with S = F, and F is a formula.
Case 2: F' = =G. Again the prefixes of F' are S = X and S = —I, where [ is a
prefix of G. We discard S = A, so let S = —=I. If S is a formula, so is I. But I
is a prefix of G, so we can apply the induction hypothesis to G and I and get
that I =G. Then S=-1=-G=F.
Cases 3,4,5,6: F = (GCH). We have the 4 categories from Figure 1.23. We
discard S = A since A is not a formula.
Category 2: S = (I, where I is a prefix of G. We count the left and the right
parenthesis of S.

n[(,S] =1+ n[(,I] because S = (I

>1+4n|(,]] by Lemma 1.2.7, n[(, I] > n[), I]

> nf(, 1]

=n[(, 5] because S = (I

So, S has more left parentheses than right parentheses, contradicting Corol-
lary 1.2.9.
Category 3: S = (GCJ, here J is a prefix of H. We count the number of
parentheses of S and get that it has more left parentheses than right parentheses,
contradicting Corollary 1.2.9.
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n[(,S] =1+ n[(, G] + n[(, J] because S = (GCJ
(,J] by Corollary 1.2.10, n[(, G] = n]), G|

> 1+nl),G] +n),J] by Lemma 1.2.7, n[(, I] > n[), I]

> n[(, Gl +nl(, J]

=n|(, 5] because S = (GCJ
For the last category we have nothing to prove since S = F.

So, the only prefixes that are formulas are in Category 4, and those are the
formula itself. Q.E.D.

This lemma has two important consequences, The Unique Readability Theo-
rem, and Corollary 1.2.13. The Unique Readability Theorem states a key result,
that our language contains no ambiguity.

Theorem 1.2.12 (The Unique Readability Theorem) FEvery formula F' be-
longs to only one of the following 6 categories: atoms, =1, (IV J), (I A J),
(I — J), (I <« J) and the decomposition of F is unique.

Proof: Let us assume that a formula has two decompositions, F' and G. The
strings F' and G are equal, but they may be decomposed into non-equal subfor-
mulas.

If F' is an atom, then it has length 1. So, G has also length 1, and is equal
to F.

Assume now that F' = —I. Since F' = G, G must also start with —, i.e.
G = —J for some string J. From the equality =1 = —J we get that [ = J.
Again, the decomposition is unique.

Now let F' = (ICJ). Since G = F, the first symbol of G must also be a
left parenthesis, i.e. G = (KCyL) for some formulas K and L and some binary
connective Cyj. Now, I and K are both substrings of ' = G that start at
position 1. We claim that I = K. Assume that I # K. Then one of them
must be a (proper) substring of the other. Since both I and K are formulas, we
apply Lemma 1.2.11 and get that I = K, contradicting our assumption. Since
I =K and (ICJ) = (KC:iL) we get that C.J) = C1L). The last equality yields
C = C1 and L = J. So, the connective C and the subformulas I and J are
uniquely defined. Q.E.D.

Corollary 1.2.13 1. The subformulas of =G are =G and the subformulas of
G.

2. The subformulas of (GCH) are (GCH), the subformulas of G, and the
subformulas of H.

Proof: The subformulas are substrings that are also formulas. They are non-
empty so, they have an index ¢ that points to the first symbol and an index j
that points to the last symbol.

1. Let S be a subformula of =G. The index i can be 0 or greater than 0, as
shown in Figure 1.24. If i = 0, S is prefix of =G. Then S = F by Lemma 1.2.11.

If ¢ > 0 then S is a substring of G, so S is a subformula of G.

2. Let S be a subformula of (GCH). Then we have the following 5 cases:
i=0,0< i < length(G) + 1, i = length(G) + 1, length(G) +1 < i <
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G
F ==
? ?
Position 0 length(G)
?
1=20 >0
Figure 1.24: The subformulas of =G from Corollary 1.2.13
F=f ‘ ¢ = )
N T
Position -1 0 length(G) + 1 length(G) + length(H) + 2
1-position T
Case 1  Case 2 Case 3  Case 4 Case 5

Figure 1.25: The subformulas of (GCH) from Corollary 1.2.13

length(G) + length(H) + 2, and i = length(G) + length(H) + 2. Figure 1.25
shows the 5 cases. We can discard Cases 3 and 5 because no formula starts with
a binary connective or a right parenthesis.

Case 1: 4 =0. Then S is a prefix of (GCH), so S = (GCH) by Lemma 1.2.11.
Case 2: 0 < i < length(G) + 1. Then S starts in G. We have 4 subcases
according to the position of j (Figure 1.26).

We can discard Subcase 2.2 because no formula ends with a binary connec-
tive.

Subcase 2.1: j < length(G) + 1. Then S is a substring of G, hence a
subformula of G.

Subcase 2.3: length(G)+1 < j < length(G) + length(H) + 2 i.e. S ends in
H. Then S = ICJ with I a suffix of G and J a prefix of H. Then S is not a
formula by Corollary 1.2.10.

Subcase 2.4: j = length(G)+length(H)+2. Then S = JCH) with J a suffix
of G. We will show that S has more right parentheses than left parentheses, so
it is not a formula.

n[),S] =n[), J] +n[),H] + 1 because S = JCH)

>n[(,J]+n[(,H|+1  we apply Lemma 1.2.11 to J and H

> n[(, J] +n[(, H]
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G H
FT: ( e )
Position -1 (T length(G) + 1 length(G) + length(H) + 2
1-position
J-position Subcase 2.1 Subcase 2.2 Subcase 2.3 Subcase 2.4
Figure 1.26: Case 2 of Corollary 1.2.13
G H
F¢:T( C
Position -1 0 length(G) + 1 length(G) + length(H) + 2
1-position
j-position Subcase 4.1  Subcase 4.2

Figure 1.27: Case 4 of Corollary 1.2.13

=n|[(,S] because S = JCH)

Case 4: length(G) + 1 < i < length(G) + length(H) + 2. Then S starts in H.
We have 2 subcases, depending on whether S ends in H or on the last symbol
of (GCH) (Figure 1.27).

Subcase 4.1: S ends in H. Then S is a subformula of H.

Subcase 4.2: S ends in H on the last symbol of (GCH). Then S = J)
with J a suffix of H. We will show that S has more right parentheses than left
parentheses, so it cannot be a formula.

n[),S] =n[),J] +1 because S = J)

>n[(,JJ]+1 we apply Lemma 1.2.11 to J

> n|(; J]
=n|[(,S] because S =J)
Q.E.D.

Now let us prove that the algorithm from Figure 1.1 is correct, i.e. it termi-
nates, and accepts a string if and only if the string is a formula.

Lemma 1.2.14 The algorithm from Figure 1.1 terminates.

Proof: Assume that it does not terminate for some input. Since the scanning
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G

-G

Figure 1.28: What happens when we underline a negation

loops terminate, the while loop at Step 2 must run forever. This means that
at each iteration, the algorithm underlines additional input symbols. This is
impossible, since the input has finitely many characters. Q.E.D.

During the execution of the algorithm, the symbols of the input S are either
underlined or unmarked. We say that the occurrence T' that begins at ¢ is a
mazx-occurrence if it is fully underlined and the symbols that precede T and
succeed T do not exist or are unmarked. So, the max-occurrences are the
largest underlined occurrences of S. For example, the max-occurrences of S =
(=PLV Py) A (PL — (P «— P3))) are the occurrence of —P; at position 2,
the occurrence of P at 5, the occurrence of P; at 9, and the occurrence of
(P2 <« P3) at 11.

Every time we underline a symbol we change the set of max-occurrences.

Lemma 1.2.15 The max-occurrences are always formulas.

Proof: We need to show that whenever the algorithm underlines a new sym-
bol, the newly created max-occurrences are formulas. We prove the lemma by
induction n, the number of underline statements executed so far.

Basis: n = 0. Since there are no occurrences, we have nothing to prove.

Inductive Step: n > 0. Assume that the statement is true for the first n
executions. Let us assume that we underline a new symbol. This can be done
by at Step 1, or by the two underline statements from Step 2.

If the underlining is done in Step 1, the marked symbol is an atomic for-
mula and the symbol that precedes it, if it exists, is unmarked. Moreover, the
character succeeding the underlined symbol, if it exists, is unmarked because
the algorithm hasn’t processed it yet. So, the underlining produces only one
new max-occurrence, the marked symbol. Since that is an atomic formula, the
max-occurrence is a formula.

Now let us assume that we underline a negation. We can do this only
when — is succeeded by an underlined string and the symbol in front of the
negation is either non-existent or unmarked. The underlined string is part
of a max-occurrence, say G, as shown at the top of Figure 1.28. There, the
max-occurrences are represented by arrow ended segments and the unmarked
substrings by the usual segments. The effect of the underline is that the max-
occurrence G disappears, and we get a new max-occurrence, =G. All the other
max-occurrences of S remain the same. By IH, G is a formula. Then, so is =G.
The new max occurrences are shown at the bottom of Figure 1.28.
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G H

( C )

(GCH)

Figure 1.29: What happens when we underline (GCH)

Assume that we underline a left parenthesis at Step 2. Before we do it,
we have the situation shown at the top of Figure 1.29 where C' € {V,A,—
,<—1}, and G, H are max-occurrences. We underline the parentheses and the
connective C only when the symbol in front of ( and the symbol that succeeds )
are unmarked, so the effect of the underline is that the max-occurrences G and
H disappear and we get a new max occurrence, (GCH), as shown at the bottom
of Figure 1.29. All the other max-occurrences stay the same. The new max-
occurrence is also a formula because we assumed that G and H are formulas.
Q.E.D.

Corollary 1.2.16 The formula recognition algorithm from Figure 1.1 accepts
only formulas.

Proof: Assume that S is accepted by the algorithm. Then it stops when S is
fully underlined. But this means that S is a max-occurrence. By Lemma 1.2.15,
S is formula.Q.E.D.

Lemma 1.2.17 If the algorithm accepts F', the first symbol of F is underlined
last.

Proof: We prove it by contradiction. Assume that an underline statement
marks position 0 but leaves some positions unmarked. Let I be the max-
occurrence generated by the underline. By Lemma 1.2.15, I is a formula. At
the same time, I is a prefix of F' and I is not equal to F. This contradicts
Lemma 1.2.11. Q.E.D.

Lemma 1.2.18 The Formula Recognition Algorithm accepts all formulas.

Proof: The proof is by structural induction on F'.

Case 1: F is an atom. Then it is underlined at Step 1, it fails the loop test and
is accepted at Step 3.

Case 2: F = —=G. By IH, the algorithm accepts G. Let us run the algorithm
with input F'. We claim that the first negation is not underlined until the whole
string G is underlined. Assume that this is not true, i.e. at some time during the
execution, the algorithm underlines the negation while G is not fuly marked. In
order to underline — there must be a max-occurrence I that succeeds it. This
means that I is a prefix of G. By Lemma 1.2.15, I is a formula. Then, by
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Lemma 1.2.11, I = G, i.e. G is fully underlined. So, we get a contradiction,
thus proving our claim.

The claim tells us that the algorithm ignores the negation as long as G is

not underlined. Since — does not interfere with the underlining of G, we can
apply the induction hypothesis that says that G will be fully underlined. Then,
at the next execution of Step 2, so will be F'.
Cases 3,4,5,6: F = (GCH), where C is a binary connective. We assume that
G and H are accepted and we run the algorithm with input (GCH). We claim
that the algorithm will not underline the end parentheses and the connective
until both G and H are underlined. Assume that this is not the case and, at
some time during the execution, there is a max-occurrence J # F' that contains
one of these 3 symbols. By Lemma 1.2.15, J is a formula. By Corollary 1.2.13,
J must be equal to either F', a subformula of G, or a subformula of H. The
only subformula that contains any of these 3 symbols is F', so J = F. But this
contradicts the hypothesis that J # F', thus proving our claim.

The claim tells us that the algorithm will keep the underlines inside G and
inside H, as long as either one of them has unmarked symbols. So, it will ignore
the 3 symbols. Since the connective C' is unmarked, the underlinings of G and H
do not interfere with each other. Then we can apply the induction hypothesis,
that says that G and H will eventually be marked. At the next step, F' will also
be underlined. Q.E.D.

Figure 1.3 presents an algorithm that converts a formula into a formula tree.
The loop of the algorithm is controlled by the same underline mechanism as the
formula recognition algorithm from Figure 1.1. We showed, in Lemma 1.2.14,
that the recognition algorithm terminates for all formulas. Then, the algorithm
from Figure 1.3 also terminates for all formulas. Let o be the function computed
by this algorithm?. The procedure convert, from Figure 1.8, also terminates for
all input trees, the reason being that it makes at most two recursive calls,
and every call decreases the height of the input tree*. We will show that the
functions « and convert are inverses, i.e. afconvert[t]] =t for all formula trees
t, and convert[a[F]] = F for all formulas F.

Lemma 1.2.19 For all formulas F, convert[a[F]] = F and for all formulas
trees t, afconvert[t]] = t.
Proof: First, we show that convert[a[F]] = F. The proof is by structural

induction on F'

Case 1: If F is an atom, the algorithm underlines F', and creates a leaf with
label F'. It does not go through the loop and outputs the tree ¢t having the leaf
as its root. Then convert[t] outputs the label of the root, i.e. F.

Case 2: F = —=G. From Lemma 1.2.17 we know that the algorithm does not
underline — until G is fully underlined. The tree t = a[-G] has the root labeled
= that has one child, a[G]. When convert transforms ¢, it outputs the label of the
root and then converts the subtree at address 0. So, convert[t] = —convert|[a[G]].
By IH, convert[a|[G]] = G. So, convert[a[F]] = F.

3The interested reader can prove, by structural induction on F, that o[F] is a formula tree.
4The reader can prove, by induction on the height of the tree, that convert][t] is a formula.
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Cases 34, 5, 6: F'=(GCH). Lemma 1.2.18 tells us that the algorithm accepts
F, so Fis in the domain of . From Lemma 1.2.17, we know that the leftmost
( of F is underlined during the last sweep. At that time F' = (G1C; H1) with
the parentheses and C unmarked and Gy, H; underlined. By Lemma 1.2.15,
G, and H; are formulas. By The Unique Readability Theorem, G = Gy,
C = Cy and H = H;. So, the tree t generated by the algorithm has the
root labeled C, t/0 = «[G] and ¢/1 = a[H]. The procedure convert[t] writes
a left parenthesis, converts ¢/0, writes the label of the root, converts ¢/1,
and writes a right parenthesis. So, convert[t] = (convert[t/0]Cconvert[t/1]) =
(convert[a|G]]Cconvert[aH]).

By IH, convert[a[G]] = G and convert[a[H] = H, so

convert[t] = (convert[a|G]|Cconvert[a[H]]) = (GCH) = F.

Now let us show the second part, that aconvert[t]] = ¢ for all formula trees
t. The proof is by induction on the height of the tree.
Basis: The height is 0. Then the tree is a leaf and its label is an atomic formula,
say P;. Then convert[t] = P; and a[P;] is a tree having one node with the label
P,. So, afconvert[t]] = t.
Inductive Step: The height is greater than 0. Then the root of ¢ is labeled
with the negation symbol or a binary connective. We will prove the latter
case and leave the other one to the reader. Let C be the label of the root.
Then convert[t] = (convert[t/0]Cconvert[t/1])]. The strings convert[¢t/0] and
convert[t/1] are formulas, so « will first build formula trees for them and
then will create a root labeled C' that has aconvert[t/0] as its first child and
afconvert[t/1] as the second. The trees t/0 and ¢/1 have smaller heights than ¢,
so we apply the IH and get that afconvert[t/0] = t/0 and «[convert[t/1] = t/1.
So, afconvert[t]], has t/0 as its first child, the root labeled C, and t/1 as its
second child. Then afconvert[t]] =¢. Q.E.D.
Exercises

Exercise 1.2.1 Prove by induction on n that 2™ > n.

Exercise 1.2.2 Prove by induction that 3|n(n + 1)(n + 2) i.e. that 3 divides
evenly the expression n(n + 1)(n + 2).

Exercise 1.2.3 Prove by structural induction that n[(, F] = nl), F|, i.e. every
formula F' has the same number of (’s and )’s.

Exercise 1.2.4 Prove, by structural induction, that n[con, F| = n[atom, F]—1.

Exercise 1.2.5 In the proof of The Structural Induction Theorem we assumed
that F' is a formula of minimal length that makes P false. Would the proof work
if we take F to be a formula with the minimal number of atoms? Would it work
if we take F' to be a formula with the minimal number of connectives?

Exercise 1.2.6 Look at the proof of Lemma 1.2.7. In what categories fall the
prefizes (G, (GC, (GCH ? In all 8 cases specify the value of the prefiz I.
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Exercise 1.2.7 Finish the proof of Lemma 1.2.7 by taking care of Category 4.

Exercise 1.2.8 Let |S| be the length (the number of symbols) of the string
S. Prove by structural induction that for every formula F, |F| = n[-, F] +
dn[con, F| + 1. Remember that n[con, F| is the number of occurrences of the
binary connectives, V, \, —, <.

Exercise 1.2.9 Let F be a formula that contains occurrences of = and G the
string obtained by deleting one occurrence of = from F. Prove, by structural
induction on F, that G is a formula.

Exercise 1.2.10 Show that there are no strings X andY such that both X and
Y are non-empty and both XY and Y X are formulas.

Exercise 1.2.11 Let F, G,H be 3 formulas such that H contains occurrences
of F. Let I be the result of replacing one occurrence of F in H by G. Prove, by
structural induction on H, that I is a formula.

Exercise 1.2.12 Show that there do not exist non-empty string X,Y,Z such
that both XY and Y Z are formulas.

Exercise 1.2.13 Prove by structural induction on F that every non-empty suf-
fix S of F with n[(,S] =n[),S] is a formula.

Exercise 1.2.14 Prove Lemma 1.2.8.

Exercise 1.2.15 Prove that the functions o and convert are one to one and
onto.

Exercise 1.2.16 Use the fact that « is one-to-one to prove The Unique Read-
ability Lemmoa.

Exercise 1.2.17 Show that the algorithm below accepts all formulas, and some
strings that are not formulas.

Step 1. Scan S from left to right and underline all symbols in it that are atomic
formulas.

Step 2. while [[S is not fully underlined] and [the previous scan produced new
underlines|| do

while [scanning S from left to right] do

1. if [-F is a substring of S and F is underlined] then underline
2. if [FCQG) is a substring of S, F and G are underlined and
C e {V,A,—,«—}] then

underline (FCG);
}
}

Step 3. Stop with success if S is (fully) underlined and stop with failure if it is
not.
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Exercise 1.2.18 We define the formulas by the following rules:

1. the symbols Py, Py, ... Py, ... are formulas,

2. if F is a formula, so is -F),

3. if F and G are formulas, so is FV G.

Show that the language defined by these rules does not have the unique read-
ability property.

Exercise 1.2.19 Write The Structural Induction Theorem for meta-formulas.

Exercise 1.2.20 Prove that the meta-formulas have the unique readability prop-
erty

1.3 Truth Assignments

Up until now we have viewed formulas as strings and characterized them in terms
of their substrings. In this section we introduce the semantics of formulas, i.e.
we give meanings to formulas. We define truth assignments, that attach to
each atomic formula a truth value. In keeping up with the computer science
tradition we use 1 and 0 instead of true and false. Then, we use The Unique
Readability Theorem to extend the truth assignment to the set of all formulas.
Next, we give a procedure for finding the truth value of a formula. The section
ends with The Agreement Theorem that says that the truth value of a formula
is determined by the truth values of its atoms.

Before we go on to the truth assignments, let us make clear the difference
between syntax and semantics by looking at some English sentences.

Syntactically, the English sentence Michelle loves Mark and Mark loves Mary
is formed by joining the clauses Michelle loves Mark and Mark loves Mary with
the conjunction and.

The syntax looks at sentences as strings that can be used to form larger
sentences using well defined string operations. One such operation is the and
rule that takes two sentences SI1 and S2 and forms the sentence S1 and S2.

The semantics is concerned with the truth of the sentences. So, Mike likes
bananas is true if Mike likes bananas, and it is false if Mike is not fond of this
fruit. The semantics assigns to the sentence one of the two truth values, true or
false.

In this chapter clauses like Mike likes bananas are regarded as atomic for-
mulas, so we are not going to get into their gramatical structure. Instead, the
focus is on how we determine the truth value of a complex sentence from the
truth values of its component sentences.

The sentence Mary likes cheese balls and Mark likes Mary consists of two
clauses, Mary likes cheese balls and Mark likes Mary, formed with the and rule.
The complex sentence is true if both clauses, Mary likes cheese balls and Mark
likes Mary, are true.

We are also interested in semantic equivalences, i.e. sentences that have the
same meaning. In English, the sentence Bill likes apples and Mike likes pasta
has the same meaning as Mike likes pasta and Bill likes apples.
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Now, that we have a feel for what we are going to do, let us return to defining
a formal semantics for formulas.

Definition 1.3.1 (truth assignments) A truth assignment is a function that
assigns to each atomic formula P; a truth value, i.e. a 0 or a 1.

We will use the calligraphic capital letters A, B, C, ..., Z for truth assignments.
If these are not sufficient then we will add subscripts to these symbols. Now
let’s look at some truth assignments.

Examples 1.3.2
0 if7is odd
1 if ¢ is even
0 if 4> 1,000,000
B[P = { 1 if i< 1,000,000
0 if 7 is prime
1 if ¢ is not prime

We say that 4 is prime if ¢ > 1 and 4 is divisible only by 1 and itself.
D[P;] =1 for all i.
E[P;] = 0 for all 4.

A truth assignment 7" gives values to atomic formulas. We can it to a function
T read 7 extension, that assigns values to all formulas.

Definition 1.3.3 (Interpretation of formulas) Rule I. If F is an atomic
formula then T¢*'[F] = T[F].
Rule 2. If F = =G, then

extr _ J 0 if TG] =1
T t[F]_{ 1 if TGl =0

Rule 3. If F = (G V H) then

Tt ] = 0 if both T°"'[G] =0 and T**'[H] =0
1 if TGl =1 or T*[H] =1

Rule 4. If F = (G A H) then

Tert[p] = 0 if at least one of T***[G], T***[H] is equal to 0
Tl 1 if both T"'[G]) =1 and T***[H] =1

Rule 5. If F = (G — H) then

0 if T¢[G] = 1 and T¢[H] =0
1 if TG = 0 or T*[H] =

Rule 6. If F = (G «—— H)

ext _ 0 Zf Tewt[G] 7& Tea:t [H]
T [F] - { 1 Zf Tezt[G] — Temt[H]

Tert[F] —
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Figure 1.30: The — rewrite rules

The function 7*** is well defined because The Unique Readability Theorem from
Section 1.2 tells us that only one of the 6 rules apply and the main subformulas,
G and H, are unique.

Let us compute A [(=P3 A Py)], C®[((Ps — P5) «— Pi7)], D'[(=P5 V
P;)], where A, C and D are the truth assignments from Examples 1.3.2.
1. A°*'[P3] = A[Ps] = 0, because 3 is odd. So,

At [=P3] = 1, by rule 2. Also,

At [Py] = A[Py] = 1, because 4 is even. Then,

A [(=P3 A Py)] = 1, by rule 4.
2. C"'[Ps] = C[P3] = 0 because 3 is prime. Then

Cé'[(P3 — Ps)] = 1 by rule 5. Now

Ce"'[Pi7] = C[Pi7] = 0, because 17 is prime. So,
Cé[((P3 — Ps) «— Py7)] = 0 by rule 6, because
Cezt[(Pg N P5)] 7& Cezt[P17].

3. Dewt P7] = D[P7] = 1, SO
Dt[(—Py V Py)] = 1 by rule 3.

We see that the process of finding the truth value of a formula is a bottom
up process, starting atomic formulas and computing truth values for larger and
larger subformulas. For this reason, it is easier to work with formula trees. Then,
the rules 2-6 of Definition 1.3.3, become the rewrite rules from Figures 1.30-1.34.

Some nodes of the left-hand-side trees of Figures 1.30-1.34 have no labels
because their truth values are irrelevant to the evaluation of the root. For the
same reason, the children of right-hand-side trees are left unlabeled. These rules
allow us to do a lazy evaluation of a formula, by computing only some truth
assignments.

Example 1.3.4 Let’s find the value of the formula from Figure 1.35 for the
truth assignment A from Examples 1.3.2.

Since we need to specify where the rules are applied, we inserted the Dewey
addresses to the left of the nodes. First, A assigns values to the atomic formulas,
0 if the index is odd and 1 if the index is even. We get the tree from Figure 1.36,
with the truth value to the right of the node.



1.3. TRUTH ASSIGNMENTS

vV 1
1
vV 1
1
v 0
0 0
Figure 1.31: The V rewrite rules
A 0
0
A 0
0
A 1
1 1

Figure 1.32: The A rewrite rules
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— 1 —
0
— 1 —
1
— 0 —
1 0
Figure 1.33: The — rewrite rules
— 1 —
\ \
0 0
— 0 —
\ \
0 1
— 0 —
\ \
1 0
— 1 —
\
1 1

Figure 1.34: The «— rewrite rules
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Figure 1.35: The formula tree for Example 1.3.4

Figure 1.36: The atoms of the Tree 1.3.4 with truth values
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Figure 1.37: The Tree 1.3.4 after evaluating 0.0.0

Now let us apply rule 2, to address 0.0.0. We get the tree from Figure 1.37.
Figure 1.38 shows the tree after we used rule 3 (the V rule) at address 0.0.

Now we apply rule 2,the — rule, at address 0.1 and get Figure 1.39. Further
on, we use rule 6, the «— rule, to obtain Figure 1.40. Finally, we apply the
negation rule, 2, at A and we label the root, as shown in Figure 1.41. The truth
value of this formula for A is 1. We did a lazy evaluation since we did not
compute the truth values of all nodes.

What happens if we want to compute the truth value of a formula without
converting it to a tree? The examples that followed Definition 1.3.3, showed
that the evaluation process is cumbersome, so we need a better tool. For this
reason we introduce the operations [—], , , [—] that define the
semantics of the connectives =, V, A, —, «—. We box the connectives to show
that they are operations on the set {0,1}. We use Definition 1.3.3 to construct
the tables for the box operations.

The table for
HEEMIENIEEAETE
0

010 0 1 1
011 1 0 1 0
110 1 0 0 0
111 1 1 1 1

The tables for ,m, [—] and [+—]

Now we rewrite Definition 1.3.5 using the box operations.
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Figure 1.38: The Tree 1.3.4 after evaluating 0.0

Figure 1.39: The Tree 1.3.4 after evaluating 0.1
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Figure 1.40: The Tree 1.3.4 after evaluating 0

Figure 1.41: The Tree 1.3.4 after evaluating A
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Figure 1.42: The alternation of marked and unmarked substrings

Definition 1.3.5 (the truth assignment extension) Let 7 be a truth as-
signment. Then Tt s defined as follows:

1. If F is an atomic formula then T¢"'[F]| = T[F].

2. If F = =G then T*"'[F] =[= T *""[G].

3. If F = GCH where C is one of the connectives V, \, —, «—, then

Tewt [F] — Tewt [G] Tewt [H]

Definition 1.3.6 (agreement on F') We say that the truth assignments A
and B agree on a formula F , if for all atoms P in F, A[P] = B[P].

Theorem 1.3.7 (The Agreement Theorem) If A and B agree on F then
Aeact [F] = Rext [F]

Proof: The theorem says that this property is true for all truth values and for
all formulas. So, we’ll prove it by structural induction.

Case 1: F is an atom, say Q. Let A and B be two truth assignments that
agree on F. Then A[Q] = B[Q)] since A and B agree on the atoms of F. Since
At[Q] = A[Q] and B[Q] = B[Q], we get A“![F] = B*[F].

Case 2: F' = =G. Let A and B be truth assignments that agree on F. Then
they agree on G, since G has the same atoms as F'. By the induction hypothesis,
Aemt[G] — Bext[G] Then Aemt[ ] [Aezt[ ]] — [Bemt[GH — Bemt[F].
Cases 3, 4, 5, 6: FF = GCH, where G, H are formulas and C is one of the
connectives V, A\, —, .

Let A, B be two truth assignments that agree on F'. Then, they agree on both
G and H. By induction hypothesis, A***[G] = B*![G] and A**![H] = B***[H].

But,

Aewt[ ]
= At [G].A”t [H] by the interpretation of C

= B« [G] .Bewt [H] by the induction hypotheses

= B*“'[F] by the interpretation of C. Q.E.D.

Figure 1.43 shows an algorithm for finding 7°**[F|. It is based on Algo-
rithm 1.1 that recognizes formulas. However, instead of underlining the symbols
of F', we mark them with underlines, 0, 1, underlined 0, and underlined 1. Only
the atoms and the connectives are marked with 0’s and 1’s; the parentheses are
only underlined. Now, let us explain why some truth values are underlined.

During the execution of the algorithm, the formula F' consists of an alterna-
tion of marked and unmarked substrings, as shown in Figure 1.42. There the
marked substrings are represented by arrow ended segments.

In the preceding section we called the marked substrings max-occurrences
and we showed that they are formulas. A max-occurrence can have several
symbols marked with 0’s and 1’s, but only one of them is underlined. That
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Step 1. Make a table having as headers the symbols of F. Under each atom P
insert the underlined value of the atom.
Step 2. loop until F is fully marked

for each index ¢ in {0, ...,|S| — 1} do

{
if ( S[i] = = and S[i + 1] is marked) then

find V, the first underlined truth value to the right of —;
erase the underline under V;
write the underlined value [—][V] under —;

if ( (GCH) is an occurrence at i, G and H are marked and
the parentheses and C are unmarked) then
{
find U, the underlined value that precedes C;
erase the U-underline;
find V, the underlined value that succeeds C;
erase the V-underline;
underline the end parentheses of (GCH);

write Ul V under C' and underline it;

Figure 1.43: Truth table for one assignment

number is the value of the max-occurrence. When the algorithm underlines
a negation or a binary connective, the max-occurrences change as shown in
Figure 1.28 and Figure 1.29. The value of =G is computed from the value of
G using the table. It is put under — and underlined, while the value of
G looses its underline. The value of (GCH) is computed from the underlined
values of G and H. It is put under C' and underlined while the values of G
and H loose their underlines. This way we ensure that every max-occurrence
has one and only one underlined truth value. In the end the whole formula is
marked and its value is the underlined truth value. Let’s apply Algorithm 1.43
to find A““[(=(P; — Py) «— (Ps A (P1 V Py)))], where A is the assignment
from Examples 1.3.2.

At Step 1 we put the truth values under the atoms, 0 if the index is odd and
1 if the index if even, and we underline them.

- Jdna] =D [UB[A[(A]V][A])

|
L[ [ Jof Jif[ [ [ Jof [ o] [1] |

) [)
|

The next scan assigns values to the connectives — and V:

Lo Jn] =B D[—[UB[A(A]V]A])]

L[ [-Jof s Jvf. [ | Jof[ [.JoJif[t ] |

) )
|

The formula is not marked, so we repeat Step 2. We assign values to the
subformulas with root — and A.
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LA =D [B[A(A[VIAD]])

Lol Jofl v i ] | [ JoJo[ JoJuiJut] [ [ ]
Next, we assign a truth value to «—-.

L -T(A[—TRD[—(UBIA[PA[VIPAD]) )]

fol ol v 1] [ 1 [ JoJof JoJuJt] [ [ ]

Now the whole string is underlined. The truth value of the formula is the
underlined number, in our case 1.
Exercises

Exercise 1.3.1 Show that the set of truth assignments is not countable. This
means that no procedure can enumerate all truth assignments.

Exercise 1.3.2 Compute the following truth values:
1. Aert[(Pg — P3) V (P5 A\ Pg)]
2. B“"*[ P1ogoooo <— (P1oooooooo A Ps)]
3. Cemt[(—!P5 A Pg) — Pll]
4. D[Py «—— —Py3]
5. Sezt[_‘(Pg — P5)]
where A, B, C, D, £ are the truth assignments from Examples 1.5.2.

Exercise 1.3.3 Construct the tree representation for the formulas listed below.
Then use the rewrite rules described in this section to find their truth value
under the truth assignment A from Examples 1.3.2.

1. _\(Pg <—>P2) A — (Pg\/(PlO/\Pg))

2. _\(Plg/\((P3<—>P5)—> (Pg\/Pll)))

3. (((PIO — Pg) — (PG A\ P7)) A\ (Pg — Pll))

Exercise 1.3.4 Prove, by structural induction on I, that Definitions 1.3.3 and 1.3.5

define the same function.

Exercise 1.3.5 Use the operations [], , , —] to evaluate the

following truth values:
1. Aewt[(Pll \Y P14) — (Plg A\ (P3 — Plg))]
2. Cewt[—'(Plg — P3) — (Plg V —|P4)]
5). Cezt[(P4 — —\(P4 \/P5)) — (P4 \/P7)]
Here, A and C are the truth assignments defined in Ezamples 1.3.2.

Exercise 1.3.6 Let F' be a formula. On the set of truth assignments we define
the relation =p as

A =p B iff A[F] = B[F].

a. Show that =p is an equivalence relation.

b. Prove that if A= B then A =_r B.

c. Prove that if A=¢ B and A =g B then A =comy B, where C' is one of
the connectives V, N, —, .

Exercise 1.3.7 Redo Exercise 1.3.3 using truth tables.
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1.4 Models, Satisfiability, Tautology, Consequence

This section deals with the behaviour of a formula in the set of all truth as-
signments. Some formulas are always true (the tautologies), some formulas are
sometimes true and sometimes false, and some formulas are always false (the
unsatisfiable formulas). The section gives algorithms for testing the properties
of satisfiability, tautology, and unsatisfiability. It also presents the notion of
consequence and relates this notion to tautologies.

Starting with this section we will not differentiate between the truth assign-
ment 7 and its extension 7**. So, we will simplify the notation and write 7 [F]]
instead of 7 [F].

Definition 1.4.1 (model, countermodel, contradiction, tautology) 1. Let
T be a truth assignment. If T[F]| = 1 then we say that T is a model of/for F,
and write =7 F. If T[F] = 0 then we say that T is a countermodel of/for F
and we write L F.

2. If F has a model, we say that F is satisfiable.

8. If F has no model, F is called a contradiction or an unsatisfiable formula.
We write = F to show that F is unsatisfiable.

4. If every truth assignment is a model for F, we say that F' is a tautology.
We write = F to indicate that F is a tautology.

How can we find out if a formula F' is satisfiable?

The off-the-cuff answer is to try the first truth assignment. If it is a model for
the formula then we stop. If not, we try the second truth assignment and check
if it is a model. If yes, we stop with success. Otherwise we get the next truth
assignment and repeat the checking. If we go through all truth assignments and
none is a model, the formula is unsatisfiable.

This algorithm has more holes than a colander. First of all, each truth
assignment is a function with an infinite domain (the set of all atomic formulas),
so we have the problem of specifying the truth assignments. Then, the set of
truth assignments is infinite, so we have the second problem, of listing the truth
assignments.

However, we are rescued by The Agreement Theorem. This theorem says
that we can find the value of the formula F' when we know the values of its
atoms. So, all that we need are the restrictions of the truth assignments to the
set of atoms. But how many different restrictions do we have?

The answer is simple. If F' has n atoms, there are 2" restrictions because
each atom can be either 0 or 1. So, all truth assignments fall into one of these
2" cases, according to the restriction of the truth assignment to the atoms of F'.

This observation leads us to the algorithm shown in Figure 1.44. Now let’s
do an example.

Example 1.4.2 Let’s see if F'= (P; A P,) is satisfiable.
At Step 1 we form the header.
(AR ([A][A][P])]
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Step 1. identify the atoms of F', say P, ..., P,; put each atom as a column
head; insert a double bar, ||, after the last atom and write the formula F' the
way we did it in Section 1.3;
Step 2. initialize row-number to 0;
Step 3. while (row-number < 2™) do
{

write row-number in binary under the columns Py, Ps, ...., Py;

find the value of F' using the algorithm given in Section 1.3;

if (F' has the value 1) then exit with success;

else increase row-number by 1;

}

Step 4. exit with failure;

Figure 1.44: The Satisfiability Algorithm

At Step 2 we initialize row-number to 0.

At Step 3 we test if 0 is less than 22 = 4. It is, so we execute the loop body. We
write 0 in binary as 00. So both P; and P» get the truth value 0. We evaluate
P; A P, using the truth table and get the table below.

PR (|P|A]|P])
O] O0f_]10]0] 0]|._
F evaluates to 0, so we increase row-number to 1 and check if it is less than
22 = 4. It is, so we repeat the loop. We write 1 in binary as 01. Then P, gets
the first digit of 01, and P, gets the second digit of 01. We evaluate F' for this

truth assignment and get the second line of the table.

PR (|P|AN]|P])
OJ0f_]10]0]0]_
0 1] _]10]0] 1 |_
Again I evaluates to 0. So, we increase row-number to 2 and check if it is less
than 4. It is, so we write 2 in binary. We get 10. Then P; gets 1 and P, 0. We
construct the 3rd line of the truth table.
PP (|P]|A|P
O] O0f_]10]0] 0]|._
0 1] _]10]0] 1 |_
1 Of(_[1 0|0 ]._
Again the truth value of F' is 0, so we increase row-number to 3. 3 is less than
4 so we execute the loop body. We get the last line of the table below.
P | P ( PN P )
OO0} _]10]0]0]._
0 1]_]10]0] 1 |_
1 Off_[1 10| 0]._
1 1 1111

At this time F evaluates to 1, so we stop with success. F' is satisfiable and any
truth assignment 7 with 7[P;] =1 and 7[P2] =1 is a model for F.

Note 1.4.3 Since the parentheses will always be marked with underscores, we
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Step 1. identify the atoms of F, say P, ..., P,; put each atom as a column
head; insert a double bar, ||, after the last atom and write the formula F' the
way we did it in Section 1.3;
Step 2. initialize row-number to 0;
Step 3. while (row-number < 2™) do
{

write row-number in binary under the columns Py, Ps, ...., Py;

find the value of F' using the algorithm given in Section 1.3;

if (F' has the value 1) then increase row-number by 1;

else exit with failure;

}

Step 4. exit with success;

Figure 1.45: The Tautology Recognizer

will not write them in separate columns. We will also omit the outer parentheses.
The (’s will be in the column of the first atom or connective that succeeds them
and the )’s will be joined to the preceding atom. This way we can focus on
the way the truth values of the components determine the truth value of the
formula.

We can modify Algorithm 1.44 to get the tautology recognizing procedure from
Figure 1.45. Let us do an example.

Example 1.4.4 We want to check if P, V =P, is a tautology. We follow the
conventions from Note 1.4.3 and omit the outer parentheses.
At Step 1 we form the header.

EAEATANEE:
At Step 2 we initialize row-number to 0.
At step 3 we check if row number is < 22 = 4. It is, so we execute the loop
body. We write 0 in binary as 00. Then, both P; and P, get the value 0. We
evaluate P; V =P, and get the table below.
P | P PV || B
010 0|1]1]0
F evaluates to 1, so we increase row-number to 1 and go to Step 3. Since row-
number is less than 4, we execute the loop body. We write the row number 1
in binary as 01. So, P; gets 0 and P> gets 1. We evaluate P, V =P, and enter
its value in the second row of the table.
P PP - | P
010 0|1]1]0
0 1 0(0|0] 1
Now F' evaluates to 0, so we stop with failure. F' is not a tautology and any
truth assignment 7 with 7[P;] =0 and 7[P2] = 1 is a countermodel of F.

<

We can go a step further and modify Algorithm 1.44 to get an unsatisfiability
testing procedure. All we have to do is to exchange the words success and failure
in Algorithm 1.44 and we get Figure 1.46.
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Step 1. identify the atoms of F', say P, ..., P,; put each atom as a column
head; insert a double bar, ||, after the last atom and write the formula F' the
way we did it in Section 1.3;
Step 2. initialize row-number to 0;
Step 3. while (row-number < 2™) do
{
write the binary digits of row-number under the columns Py, P, ...., Py;
find the value of F' using the algorithm given in Section 1.3;
if (F has the value 1) then exit with failure;
else increase row-number by 1;

}

Step 4. exit with success;

Figure 1.46: The Unsatisfiability Algorithm

Definition 1.4.5 (consequence) 1. We say that a truth assignment T satis-
fies a set of formulas if it satisfies every formula in the set.

2. We say that a formula G is a consequence of a set of formulas S, written
S E G, if every model of S is a model of G. If S is the finite set {F,...,F,}
we omit the braces and write Fy ... F, = G instead of {F1,...,F,} EG.

Note 1.4.6 The symbol = can mean both tautology and consequence. If there
is no symbol in front of the sign then its meaning is tautology; otherwise it reads
consequence.

Examples 1.4.7 1. Let S = {P),P, — Py,PyV -P1} and A be a truth
assignment with A[Py] = 1. Then A is a model of the set S, because it assigns
1 to every formula in the set.

2. Let us check that F'V G is a consequence of F. Assume that the truth
assignment 7 is model of F. Then 7[F] = 1. Let us find 7[F' Vv G].

T[F VG =T[F|V]T[G] = 1| V|T[G] = 1.

So, 7 is a model for F'V G.

Then, by Definition 1.4.5, F' |= (F'V G).

Definition 1.4.8 (Con[S],Mod[S]) Let S be a set of formulas. Con[S] is the
set of consequences of S, and Mod|S] is the set of models of S.

Theorem 1.4.9 1. If S C T then Con[S] CCon|[T].
If S C T then Mod[T] CMod[S].

S CCon|S]

If T is a tautology, T € Con|S].

Con|Con[S]] =ConlS].

Mod[S] =Mod[Con|S]].

NS Gvds o o

Proof: We will prove 7 and leave the rest as exercises. Since 7 is an if and only
if statement we will prove the two implications,
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it i,...,F, E Fthen = (FyA...ANF,) — F, and

if = (Fy A...AF,) — F then Fy,..., F, = F.
=—> Assume that F' is a consequence of Fi, F>,..., F,. Let 7 be a truth as-
signment. We need to show that 7|\, F; — F] = 1. We do a proof by
cases.

Case 1: T[\!_, F;] = 0. Then

TN, Fs — FI| =TI\, F][—=T|F]=—]T[F]=1.

Case 2: T[\_, F;] = 1. We recall that A\]_, F; stands for (... ((Fy A F2) A
F5) A...F,). We can prove by induction on n that T[(...((F1 A F2) A F3) A

LB =1t T[F] =1 for every 1 <i<n.

So, 7 is a model of Fi,..., F,. Since F' is a consequence of I, Fs, ..., F,,
7 is amodel of F, i. e. T[F] =1. Then T[A\_, F; — F] =1 from the truth
table of [ —].

Since in both cases we got T [\, F; — F] =1 we are done.
<= Assume that = A\]_, F; — F. We need to show that Fi,...,F, = F.

Let 7 be a model of {Fi,...,F,}. Then T[Fi] = ... =T[F,] = 1. By the
previous discussion,

(1) TIN, Fil = 1.

Since A;_; F; — F'is a tautology,

(2) TN Fio — Fl = 1.

Now, 1 =T[\_, Fi — F)]

=T\, F][—]T[F] by the interpretation of —

=TT by ()

=T[F] from the table of —

So, T[F] = 1. Since T is any truth assignment, Fi,..., F, £ F. Q.E.D.
Part 7 of Theorem 1.4.9 provides a method for checking consequences; all we
have to do is to check that A|_, F; — F is a tautology.

Example 1.4.10 Let us check that FF — G, F — -G = —F.

We have to check that ((FF — G)A(F — —=G)) — —F is a tautology. We
apply Algorithm 1.45 and treat the meta-variables ' and G as atomic formulas.
We go through the algorithm and get the table below.

FIGI|((F|— |G |AN|F|—|-|G)|—|~|F
010 0 1 0|10 1 1 0 1 110
011 0 1 1 111] 0 1 0 1 1 110
110 1 0 0 |0 1 1 1 0 1 011
1]1 1 1 1 10| 1 0 0 1 1 011
For all truth assignments, the truth value of the formula is 1, so, the impli-

cation is a tautology. Then F' — G, F — -G = —F.

Now, let us see if the properties satisfiability, tautology, and unsatisfiability
are preserved by the connectives.

Example 1.4.11 Let us check whether the following statements are true or
false:

1. If F and G are tautologies, then so is F' A G.

2. If F and G are satisfiable, then F' A GG is satisfiable.
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3. If F and G are unsatisfiable, then F'V G is unsatisfiable.

Solution: The general idea is to give a proof if the statement is true and a
counter-example when the statement is false.
1. The statement 1 is true.

Let T be a truth assignment. We need to show that 7[F A G] is true.

Since F and G are tautologies, 7 [F] = T[G] = 1. So, T[FAG] = T[F|A|T[G]
AL=1.

2. The statement 2 is false.

Let’s choose F' = P; and G = —P;. Both F and G are satisfiable because
every truth assignment A with A[P;] = 1 is a model for F, and any truth
assignment B with B[P1] = 0 is a model for G.

But let us look at the truth table for P; A —=P;.
P P AN~ P
0 0O(0|1]0
1 1101071
We see that the values of P; A =P ( the underlined numbers in the table)
are all 0’s, so P, A =Py is a contradiction.
3. The statement 3 is true.

Let T be a truth assignment. We need to show that 7[F V G] = 0.

We know that T[F Vv G] = T[F|[V|T[G]. Since F and G are unsatisfiable,
T[F] =TI|G] = 0. So,

TIF|[VITIG] = Vv]p=o0.

Exercises

Exercise 1.4.1 Use the algorithms given in this section to clasify the formulas
below as tautologies, unsatisfiable, and satisfiable but not tautologies.

1. (P, V—Py)

2. (PLV Py) V(P ANPy)

5 (P — (P — P3)) — (Ph — ) — (PL— B3))

4. (P1<—>P2)/\(P1<%_\P2)

5 (—\P1 vV _‘PQ) A (Pl V —\PQ)

Exercise 1.4.2 Prove that if F' is a tautology then —F is unsatisfiable.
Exercise 1.4.3 Provide proofs for the first 6 parts of Theorem 1.4.9.

Exercise 1.4.4 Using Example 1.4.7 as a model, prove the following conse-
quences:

1. F—GG—HEF —H)

2. FVG,-GEF

3. F—GFEG

Exercise 1.4.5 We define the new connectives |, T, and | as follows:
F|G=~(FVGQ)
F1G=-(FAG)
FI]G=-FAG
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Use the , , tables, to construct tables , , , The connective

1 is called nor (not or) and the connective 7 is called nand (not and).

Exercise 1.4.6 Prove that if F is a consequence of \;—, F; then N\, F; A=F
1s unsatisfiable.

Exercise 1.4.7 Prove that if F and G are satisfiable and F and G have no
atoms in common then F' A G is satisfiable.

Exercise 1.4.8 Let S be a set of formulas and F be a formula such that both
SU{F} and SU{—F} are unsatisfiable. Show that S is unsatisfiable.

Exercise 1.4.9 If FF — G is unsatisfiable what can you say about F and G ¥

Exercise 1.4.10 Prove, by induction on n, that A[\;_, Fi] = 1 implies that
foralll <i<n A[F;]=1.

Exercise 1.4.11 Prove or disprove: If FF — G and G — H are tautologies
then F — H s a tautology.

Exercise 1.4.12 Prove or disprove: If ' — G and G — H are satisfiable,
F — H is satisfiable.

Exercise 1.4.13 Prove or disprove: If I — G is a tautology and H is a
formula then (F AN H) — (G AN H) is a tautology.

Exercise 1.4.14 Prove or disprove: If ' — G and H — I are satisfiable
then (FFANH) — (G A1) is satisfiable.

Exercise 1.4.15 Prove or disprove: If F — G is satisfiable, then (FVH) —
(G V H) is satisfiable.

Exercise 1.4.16 Prove or disprove: If FV G is a tautology and F and G have
no atoms in common, at least one of them must be a tautology.

Exercise 1.4.17 Prove or disprove: If FAG, GANH, and HAF are satisfiable,
then F'A (G A H) is satisfiable.

Exercise 1.4.18 Prove or disprove: If F'V G and =G are tautologies, then F
is tautology.

Exercise 1.4.19 Prove or disprove: If FN G and -G are satisfiable and F and
G have no atoms in common, then F is satisfiable.

Exercise 1.4.20 Prove or disprove: Let F,G,H,I be j formulas such that F' A
(GNH), FANGANI), FANHANI), and G N (H A1) are satisfiable. Then
(FANG)N(H AT) is satisfiable.

Exercise 1.4.21 Prove or disprove: If F — H and G — H are satisfiable,
then (FV G) — H s satisfiable.
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Exercise 1.4.22 Prove or disprove: If F — H and G — H are tautologies,
then (F'V G) — H s a tautology.

Exercise 1.4.23 If F is unsatisfiable, what are Con[{ F'}] and Mod[{F'}]? Prove
your answer.

Exercise 1.4.24 Show that for every truth assignment T there is an infinite
set of formulas St such that Mod[St] = {T}.

1.5 Semantic Equivalences

This section deals with equivalent formulas, i.e. formulas that have the same
meaning. It begins with the definition of the equivalence, followed by an equiv-
alence table, and an algorithm for deciding the equivalence of two formulas.
Then we prove The Substitution Theorem, which says that the meaning does
not change when we replace a subformula by an equivalent subformula. The
theorem allows us to treat formulas as algebraic expressions. Then, we intro-
duce the notion of adequate systems of connectives, and we present two such
systems.

Definition 1.5.1 (semantic equivalence) Two formulas F and G are (se-
mantically) equivalent, written F = G, if for every truth assignment T, T[F] =

T|G).
Table 1.47 presents a list of equivalences.

Note 1.5.2 (FORM) We write FORM for the set of all formulas of the propo-
sitional logic.

Note 1.5.3 Each line of Table 1.47 consists of a meta-formula, the equivalence
sign, and another meta-formula. The meaning of the equivalences is the follow-
ing: if we assign a formula to each meta-variable of the equivalence, the left side
instance is equivalent to the right side instance. For example, line 3a contains
the meta-variable F', that can take any value in the set of formulas FORM. If
F = Ps3, we get the equivalence P3V P3; = Ps; if F' = P; V- P, we get the equiv-
alence (Py V —Py)V (P V—Py) = Py V—Py, and so on. Since FORM is infinite,
each line represents an infinite set of equivalences. So, the lines of Table 1.47
are actually meta-equivalences, that describe an infinite set of equivalences.

The next proposition characterizes the equivalences in terms of tautologies.
Proposition 1.5.4 F =G iff = (F «— G).

Proof: We need to show the implications

F = G implies | (F «— G), and

E (F «— Q) implies F = G.
—: Assume that F' = G. Let 7 be a truth assignment. Then 7[F] = 7[G].
Then , from the table of [, we get that 7[F «— G] = 1. Since the truth
assignment 7 is arbitrary, (F' «— @) is a tautology.
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Fe—G=F —GNG—F)

F—G=-FVG

FV F = F (idempotency of V)

. FANF =F (idempotency of A)

Fv G =GV F (commutativity of V)

FANG=GAF (commutativity of A)
(FVG)VH=FV(GV H) (associativity of V)

(F ANG)ANH =F A (G A H) (associativity of A)
V(GANH)=(FVG)A(FV H) (distributivity of V over A)
NGV H)= (F ANG)V (F A H) (distributivity of A over V)
F \/ F AG) = F (absorption)

. FA(FVG) =F (absorption)

. == F = F (double negation elimination)

9. a. °(FVG)=-FA-G (DeMorgan’s law)

9. b. =(FAG)=-FV-G (DeMorgan’s law)

10. a. FV G = F if F is tautology

10. b. F v G =G if F is a contradiction

11. a. FAG =G if F is a tautology

11. b. FAG = F if F is a contradiction

U?’.O“?’.U?’.O“?’O“?’

e B B A Al o il o
e~~~

Figure 1.47: An equivalence table

<=: Assume = (F <« G). Now, let T be a truth assignment. Since F' «—— G
is a tautology, 7[F «— G] = 1. We also know, from the interpretation of «——,
that T[F «— G] = 1 iff T[F] = T[G]. So, T[F] = T|G]. Since T is any
assignment, F' = G by Definition 1.5.1. Q.E.D.

Proposition 1.5.4 reduces equivalences to tautologies. So, we can modify the
tautology recognition algorithm from Figure 1.45 to obtain the Algorithm from
Figure 1.48.

Example 1.5.5 Now let’s apply the algorithm from Figure 1.48 to verify equiv-

alence 7.b. of Table 1.47.

Step 1. We have only two atoms, F' and G. So, we form the header below®.
(FIGLFIA L VIO F]

Step 2. We initialize row-number to 0.

Step 3. Since row-number is less than 2" = 4, we execute the loop body. We

write 0 in binary as 00 and we assign the truth value 0 to both F' and G. We

evaluate the formulas for these truth values.
FIG|F|IAN|WF|VI|IG|F

0]0|O0|0]O0]0] O 0
The truth values for the two formulas (the underlined values) are the same,

S0, we increase row-number to 1.

Step 3. Because row-number is still less than 4, we repeat the loop body. We

write the row number 1 as 01 and we assign 0 to " and 1 to G. Then we evaluate

5We follow Note 1.4.3 by omitting the outer parenthesis and lumping the other ones with
connectives and atoms.
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Step 1. We first gather all the atoms of the formulas (we treat the meta-variables
as atoms) and put them as column headers. We write the double bar || after
the last atom, and then the two formulas, making a column for each symbol
and separating the formulas by a double bar. Let Py, ..., P, be the atoms of the
two formulas.

Step 2. initialize row-number to 0;

Step 3. while ( row-number < 2" ) do

{

write row-number in binary and assign its digits as truth values to
P, ..., P,

evaluate F' and G for these values, as done in Section 1.3;

if the truth-values of F' and G differ then exit with failure;

else increase row-number by 1;

}

Step 4. exit with success;

Figure 1.48: An equivalence recognizer

the two formulas. We get the table below.

FIG[FIA|F[V]IGF
0JofoJojlo]0[o0 o0
ol1oflolo|1[1]oO

The two formulas have the same Vauh_le7 so we increase row-number to 2.
Step 3. The value of row-number is still less than 4, so we repeat the loop body.
The number 2 is written in binary as 10, so we assign 1 to ' and 0 to G. Then

we evaluate the formulas.
FIG|F|AN|F|VI|IG|F
0J]0]JOj0O|O0O]|O0O| O] O
O(1}0j0|0|1]11]0
Tlof1 (2] 1101

The formulas have the same value, so we increase row-number to 3.

Step 3. Since row-number is less than 4, we repeat the loop body. The binary
representation of 3 is 11, so we give the value 1 to both F' and G. Then we do
the evaluation.

FIGFIAJF[VI]IG]F
olojfo]olo]o[oO0]oO
ol1foJolo 1|10
T{offt[2] 1101
T 11 (1] 1111

The formulas are the same, so we increase the row number to 4.
Step 3. Now row-number is not less than 4. We go to step 4.
Step 4. We exit with success. The two formulas are equivalent.

Lemma 1.5.6 (The Congruence Lemma) The semantic equivalence is a con-

gruence for the operations -, V, N\, —, «——, i.e. the equivalences below hold
for all formulas F,G, H.
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1. F = G implies -F = -G

2a. F =G implies FVH=GVH

2b. =G implies HVF=HVG

Sa. F =G implies FANH=GANH

3b. F=G implies HANF=HAMAG

4a. F =G implies F — H=G — H
4b. F =G implies H— F=H — G
ja. F =G implies F +— H=G +—— H
5b. F =G implies H+— F=H «— G

Proof: All 9 implications are easy to show. We will show 5a and leave the rest
as exercises. Assume that FF = G and let 7 be a truth assignment. Then

T[F «—— H]

=T[F[~—]TH] by the interpretation of «—

=T[G[«—=]T[H] since F =G, T[F]=T[G]

=T[G «— H] by the interpretation of «—.

Since 7 is any assignment, F «—— H = G «—— H. Q.E.D.

Theorem 1.5.7 (The Substitution Theorem) Let F', G and H be three
formulas such that F contains occurrences of G and G = H. Let I be the
formula obtained from F by replacing an occurrence of G by H. Then F = 1.

Before we go on to prove the theorem let us figure out what it says. Let F =
(BVA)VC)AN(BVA)V-C),G=BVAand H=AV B.
We know, from equivalence 4.a of Table 1.47, that G = H. We underline
the two occurrences of G in F.
(BVA)VC)A((BVA)V-C). We replace the first occurrence by H and
get
I=(AVvB)VC)A((BV A)V-0).
The theorem tells us that F' is equivalent to I, i.e.
(BVAVO)YAN(BVA)V-C=((AVB)VC)AN((BVA)V-C).
If we replace the second occurrence of G by H, the theorem generates the
equivalence
(BVAVC)AN(BVA)V-C=(BVAVC)AN((AVB)V-C).
Proof: The proof is by structural induction on F. We assume that G occurs
in F and that G = H.
Case 1: F'is an atom. Then G = F, since I has a single subformula. Replacing
Gby Hin F yields I = H. Since G=H, F = 1.
Case 2: F' = —J. The induction hypothesis says that the theorem holds for
J. The occurrence of G that is being replaced is a subformula of . By Corol-
lary 1.2.13 the occurrence is either F itself, or an occurrence of G in J.
Subcase 2.1: G = F. This is the situation described in Case 1, so F = I.
Subcase 2.2: The occurrence is in J. Let K be the result of replacing G
in J by H. Then I = =K. By the induction hypothesis, J = K, and by The
Congruence Lemma, -J = -K. So, F = I.
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Case 3: F = (JCK) where C is one of the connectives V,A,—,«—. By
Corollary 1.2.13, the occurrence that is being replaced is either F' itself, an
occurrence of J, or an occurrence of K.

Subcase 3.1: F' = G. This is the situation described in Case 1, so F = I.

Subcase 3.2: The occurrence is in J. Let L be formula obtained by replacing
the occurrence of G in J by H. By the induction hypothesis on J, J = L. By
The Congruence Lemma, (JCK) = (LCK). Since [ = (LCK), F = 1.

Subcase 3.3: G occurs in K. This subcase, similar to Subcase 3.2, is left as
exercise. Q.E.D.

For many applications, we need to enlarge the notion of connective. So, let U
be a meta-formula that contains the meta-variables F1, ..., F,,. Then U defines
a function FORM x ... x FORM — FORM by mapping every n-tuple of

ntimes

formulas < Gy, ...,G, > into the formula U[Gq,...,G,], obtained from U by
replacing Fy by G1, F» by Ga, ..., F, by G,,. We call U a connective of arity
n. For example, the functions G | H = -(GV H), and G | H = -(G AN H)
are the connectives of arity 2 that map every pair of formulas < I,J > into
the formula —(I Vv J), respectively =(I A J). These two connectives are called
nor, respectively nand. We notice that the meta-formulas -G, GV H, G A H,
G — H, G «—— H define the connectives -, V, A, —, and «—.

A 0-ary connective has no meta-variables. For example, O = Py A =P,
and T= Py V =P, are 0-ary connectives. The first formula, called the boz is an
unsatisfiable formula, and the second is a tautology.

Definition 1.5.8 (S-formulas) Let S be a set of connectives. The S-formulas
are inductively defined below.

1. The atomic formulas are S-formulas.

2. The 0-ary connectives of S are S-formulas.

3. If F € S has arity n > 0 and F,...F, are S-formulas, then F[Fy,... F,]
is an S-formula.

Example 1.5.9 Let us take S = {—,V}. The S-formulas are generated by the
3 rules, one for the atoms and one for each connective.

1. The atomic formulas are S-formulas.

2. If F' is an S-formula, so is =F'.

3. If F and G are S-formulas, so is (F'V G).

So, the S-formulas contain only atoms and the connectives = and V.

Definition 1.5.10 (adequate set of connectives) The set of connectives S
is said to be adequate if every formula has an equivalent S-formula.

The engineers implement formulas as networks that consists of wires and gates.
The wires represent formulas and the gates are the connectives of arity greater
than 0. A connective of arity n is a gate with n input wires and one output
wire. For example, the formula (F'AG)V —H is represented by the network from
Figure 1.49. The shape of the gate identifies the connective. The top-left box is
an and gate, the bottom left is a not and box at the right is an or. The value of
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FNG

/D(F/\G)vﬁH
=

Figure 1.49: The network for (FFAG)V —-H

the formula is determined by the presence or the absence of the current in the
wire; 1 when it is conducting and 0 when not. The connective O is implemented
as a cold wire, that never has current. The tautology T is a hot wire, that
always conducts.

The engineers are not interested in implementing a particular formula, but
an equivalent one that optimizes such parameters as the number of gates, the
maximum number of gates that the current must pass before the formula is eval-
uated (for our example the number is 2), the maximum arity of the connectives,
and so on.

If a set of connectives is adequate, then every formula can be implemented
using only the gate types that belong to the set. The adequacy of the set is also
important in computing the S-normal forms.

Proposition 1.5.11 tells us that S is adequate when it can implement the
connectives -, V, A, —, and «——.

Proposition 1.5.11 If there are S-formulas, o-[F], oy [F, G],on|F, G|, o—[F, G],
o [F,G] such that

1. =F =0 [F],

2. (FVQG)=oy|F,G)

3. (FAG)=o0,AF,G]

4. (F — G)=0_[F,G

5. (F+«— Q) =0_.[F,G

then S is adequate.

Proof: We show that G has an equivalent S-formula by structural induction
on G.
Case 1: G is an atom. Then G is an S-formula.
Case 2. G = —-H. By IH, H has an S-normal form, H;. Then
G=-H
—H; by the IH and The Substitution Theorem
=o.[Hi] Dbyl
Since o [H;] is an S-formula, we are done.
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Cases 3,4,5,6: G = (HCI), where C is one of the connectives V, A, —,
«——. By IH, there are S-formulas H; and I; such that H = H; and I = I;. We
have the derivation

G = (HCI)

= (H:CL) by The Substitution Theorem and the IH

= o¢[H1, I1] by the connective rule that corresponds to C'

The last formula is an S-formula. So, G has an S-equivalent formula.
Q.E.D.

We will use Proposition 1.5.11 to show that several sets of connectives are
adequate.

Proposition 1.5.12 The sets S1 = {—,V,A}, S2 = {—,V}, S5 ={—,A}, Sy =
{=,—1}, S5 ={1}, Se ={l}, Sz = {0, —} are adequate.

Proof: We will show that the sets Sa, S5, and S7 are adequate and leave the
rest as exercises. By Proposition 1.5.11 it suffices to show that the operations
-, V, A, —, «— can be implemented by the connectives that belong to the sets.
The Substitution Theorem will be applied in almost all steps of the derivation,
so we will not bother mentioning it.
1. Since — and V are already in So, we need to implement A, —, and «—.

1.1. FAG

=--(FAQG) by equivalence 8 of Table 1.47

= (=F Vv -G) by equivalence 9b of Table 1.47

The connectives of the last formula are in S, so we implemented A.

12. F — G

=-FVG by equivalence 2 of Table 1.47

Again, this formula has only S, connectives.

1.3 F «— G

=(F — G)N(G— F) by equivalence 1 of Table 1.47

At this point we can stop, since we have formulas that implement A and
—. We will continue for the sake of displaying the S formula.
(mFVG)AN(-GVF) by 1.2
= —\(—\(—\F\/G)\/_‘(—\G\/F)) by 1.1
2. We will show that all connectives can be implemented with T, where F'
G=-(FAG).

2.1. "F =—=(FAF) by 3bof Table 1.47

=F 1 F Dby the definition of 1

22. FVG=-—~(FVGQG) by equivalence 8 of Table 1.47

= (=F A G) by equivalence 9a of Table 1.47

=-F 1-G by the definition of T

—(F1F)1(G1G) by2l

23 FANG=-~(FAG) by equivalence 8 of Table 1.47

=-(F1G) by the definition of |

=FT1G) 1 (F1G) by2l

24. F —G=-FVG by equivalence 2 of Table 1.47

Now we can apply 2.3 and 2.2, in this order, to obtain a J-formula.
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=(-F1-F)7 (G G) by 2.2

=((F1F)T(F1F)1(G1G) byl

25.F «— G

=(F —GANG—F) by equivalence 1 of Table 1.47

Since we know how to implement — and A with T, «— has a | formula
equivalent to it.
3. We will show that -, V, A and «<— can be implemented with O and —, O
being an unsatisfiable formula (a contradiction).

3.1. -F=0V-F by equivalence 10b of Table 1.47

=-FvO by equivalence 4a of Table 1.47

=F —0O by equivalence 2 of Table 1.47

32. FVG=—--FVG by equivalence 8 of Table 1.47

=(-F —G) by equivalence 2 of Table 1.47

=(F—0 —G) by 3.1

33. FAG=-~(FAG) by equivalence 10b of Table 1.47

=-(-GV-H) by equivalence 9b of Table 1.47

Since we know how to implement — and V we have an S7 formula for A.

34 F— G=(F —GANG—F) equivalence 9b of Table 1.47

Now we can apply the formula from 3.3 to get an S7 formula for ' — G.

In the preceding proofs we used both the equivalence sign = and the equality
=. F' = G means that the formulas represented by F’ and G are equivalent while
F = G signifies that the meta-formulas F' and G denote the same formula. For
example, ' T G = —(F A G) means that F' | G represents the same formula as
—(F A G). Since every equivalence contains the equality, it is not a mistake to
replace =’s by =’s, but we try to be as precise as possible. Q.E.D.

Note 1.5.13 We apply the equivalences from Table 1.47 by rewriting an in-
stance of the left-hand-side of an equivalence by the corresponding instance of
the right-hand-side, or vice versa. We give special names to these rewrites.
When use the name «—-elimination when we apply equivalence 1 from left to
right and «——-introduction when we apply it from right to left.

The applications of the second equivalence are called —-eliminations when
we replace the left-hand-side and —-introduction when they replace the right-
hand-side.

Equivalence 8 is called double negation elimination when it is applied left to
right and double negation introduction when applied right to left.

The rest of the equivalences will be identified by their names, without spec-
ifying the direction. So, we will write

AVB=BVA Dby the commutativity of V

or simply,

AVB=BVA by commutativity.

These notations will free us from remembering the order in which the equiv-
alences are listed in the table.

Exercises
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Exercise 1.5.1 Use the truth tables to wverify the equivalences given in Ta-
ble 1.47.

Exercise 1.5.2 Show that each line of Table 1.47 describes a countably infinite
set of formula equivalences.

Exercise 1.5.3 Use truth tables to verify the equivalence F — G = (-G —
-F).

Exercise 1.5.4 We say that two sets S and T are equivalent when they have
the same set of models. Let S and T be two equivalent sets. Show that Con[S] =
Con|[T].

Exercise 1.5.5 Check whether the connectives — and «—— are associative,
commutative, idempotent. Remember that a binary connective C' is associative
when (FCG)CH = FC(GCH), commutative when FCH = GCF, and idem-
potent when FCF = F.

Exercise 1.5.6 Prove the remaining implications of Lemma 1.5.6.

Exercise 1.5.7 Check whether the connective T defined by (F 1 G) = -(F AG)
18 associative, commutative, idempotent.

Exercise 1.5.8 Write the structural induction theorem that corresponds to the
inductive definition of the T-formulas. Then, prove it.

Exercise 1.5.9 Write the object language formulas that correspond to the meta-
language expressions: (—mPy T (P3s — P2)) 1 (P 1 Ps) 1 P3), (P2 T (P31
P)) 1T (P21 Ps) T Pr).

Exercise 1.5.10 Prove that the sets S1,53,54, S¢ of Proposition 1.5.12 are
adequate.

Exercise 1.5.11 Let S = {—}. Write and prove The Structural Induction
Theorem for S.

Exercise 1.5.12 Show that the S = {—} is not adequate. Hint: Show that
all S-formulas are satisfiable.

Exercise 1.5.13 We define the operation o by FoG = =FAG and let S = {¢}.
a. Prove that there is no tautology among the S-formulas.
b. Show that S = {o, T}, where T is a tautology, is adequate.
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1.6 Disjunctions and Conjunctions

This section takes a closer look at two special classes of formulas, the disjunc-
tions and the conjunctions that will be widely used in the remainder of the book.
First, we define them using meta-formulas and then we prove several theorems
that relate the satisfiability and the equivalence of these formulas to their sets
of components. Later on, we focus on conjunctions and disjunctions of literals
and characterize their semantics in terms of their sets of literals.

Definition 1.6.1 (disjunctive form) Let Fy, Fs,..., F, be n distinct meta-
variables. A disjunctive form of Fy, Fs, ..., Fy, is a meta-formula U that satisfies
the following conditions:

1. U contains exactly one occurrence of each of Fi, Fs, ..., Fy.

2. If1<i<j<mn, F; precedes F; in U.

3. U contains only the meta-variables F1,. .., F,, the connective V, left and
right parentheses.

If n =0 then U = O, the unsatisfiable formula.

Example 1.6.2 1. Let us find all disjunctive forms of Fy, Fy, Fj.

We have only tWO, ((Fl \Y FQ) \ Fg) and (Fl vV (FQ \ Fg))

2. Let us find all disjunctive forms of Fy, Fy, F3, Fy. We have 5 meta-
formulas,

(((Fl V Fg) V F3) V F4),

((Fl V (F2 V F3)) \Y F4),

(F1V F2) V (F3V Fy)),

(F1V ((F2V F3) V Fy)),

(F1 V (Fy V (F5V Fy))).

Definition 1.6.3 (disjunction) Let U be a disjunctive form of Fy, ..., F, and
G1,...,G, ben formulas, not necessarily distinct. A disjunction of Gy, ...,Gp
is the instance U[Gy,...,Gy] obtained from U by replacing F1 by G1, F» by
Go,... ,F, by G,,. The sequence G1,...,G,, is called the support of the disjunc-
tion and the formulas G;, the disjuncts.

Example 1.6.4 Let us find all disjunctions with support Py, =P, (P V P).
The sequence has 3 formulas, so we generate all disjunctive forms of Fy, F, F3.
They are U = ((F1 V F3) V F3) and V = (Fy V (F2 V F3)). We compute the
instances U[Py, =Py, (P1V Py)] and V[P, = Pa, (P V P2)] and get the disjunctions
((Pl\/_‘Pz)\/(Pl\/PQ)) and (Pl\/(_\PQ\/(Pl \/Pz)))

Observation 1.6.5 1. The same disjunction can be generated by several dis-
junctive forms. The formula ((P1 V (P2 A =P3)) V = Py) is generated by
the disjunctive form F; with support (P V (P2 A =P3)) V =Py,
the disjunctive form (Fy V F») with support (P V (P A =Ps)), =Py, and
the disjunctive form ((Fy V Fz) V F3) with support Py, (P, A —P3), =P;.

We will prove, in Theorem 1.6.8, that two disjunctions with the same support
are equivalent.
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Definition 1.6.6 (the prefix form for disjunctions) We call the formula
Vv, F; the prefiz form of F, Fyiq,..., Fn.

Lemma 1.6.7 relates the prefix form of Fy, ..., Fy,, ..., Fj+m to the prefix forms
of the sequences Fi,..., F, and Fiq1,..., Fim.

Lemma 1.6.7 (\/[_, F; V \/?tﬁl 3 = \/?jlm F;.

Proof: By induction on m.
Basis: m = 0. Then,

(Vi) BV VIS )

=(V_,F;vO) sincen+1>n+m, V" F=0
(OV V.., Fi) Dby the commutativity of \V, 4a of Table 1.47

=V, F, by the contradiction law 10b of Table 1.47.
Inductive Step: Assume that the equivalence holds for m. We will prove it for
m-+1. Due to the definition of \/:Z:tﬁtl F;, we need to consider two cases, m = 0
and m > 0.

Subcase 2.1: m = 0.

(Vi Fi v VIS )

. 1
= (Vi , F;V Fyy1) since m =0, \/ZLJF;T{ F,=F,
= \/"4_1 F; from the definition of \/"er+1 F,
=\ since m = 0.

Subcase 2.2: m > (1)
(Viei B v VS F)
= (Vi BV (V2" FiV Fypmy1))  from the definition of \/72 "4

1=n—+1 1=n+1
=V, EV \/:Ztﬁl 5)V Foime1)  from the associativity of Vv

(V2™ F;V Foymy1) by the induction hypothesis
=\ F; from the definition of \/77" "' F;. Q.E.D.

Theorem 1.6.8 (The Prefix Form Theorem for Disjunctions) All disjunc-
tions with support G1,Gs,Gs, ..., G, are equivalent to \/?:1 G;.

Proof: By induction on n, the size of the support sequence.

Basis: n = 0. Then the disjunctive form is the box, and so is the disjunction.
The prefix form of the empty sequence is also \/?:1 F; = 0.

Inductive Step: We need to treat the subcases n =1 and n > 1.

Subcase 2.1: n = 1. Let G be a formula. By Exercise 1.6.1, the disjunctive
form of the meta-variable F' is F'. So, the disjunction with support G is G itself.
The prefix form of the sequence G is also G. So, again, we have equality.

Subcase 2.2: Let us assume that the theorem is true for all sequences of
length k, where n > 1 and 0 < k < n. Let H be a disjunction with sup-
port Gi,...,Gp,Gpi1. By Exercise 1.6.3, H = (I V J), and there is some
l,1>1< n+1, such that the support of I is G1,...,G; and the support
of J is Giy1,...,Gn41. By the induction hypotheses for I and for J, we get
equivalences (1) and (2).

() I=Vi,Gi
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n+1
( )J \/z l+1

Now we can show that F' is equivalent to the prefix form of its sequences.

H=(IVvJ)=(\\_ FEV \/fﬂrl ;) from (1) and (2) by substitution
=V"'"F, by Lemma 1.6.7 Q.E.D.

Theorem 1.6.8 tells us that two formulas with the same support are equiv-
alent, because both are equivalent to \/!__; F;. However, many formulas with
different supports are equivalent. For example, the formula F' = P, V P; with
support Pj, P; is equivalent to G = P; with support P;. We want a theorem
that requires a weaker condition®, than Theorem 1.6.8. For this purpose we
define the element-wise equivalence of two sets of formulas.

Definition 1.6.9 (element-wise equivalence) We say that two sets of for-
mulas S and T are element-wise equivalent when
1. for every formula F € S there is a formula G € T such that G = F, and
2. For every formula G € T there is a formula F € S such that FF = G.

Examples 1.6.10 1. The sets of formulas {Ps, P, Py, P3, P>} and { Py, P», P}
are element-wise equivalent because they satisfy Definition 1.6.9.

e All members of {Ps, P, Ps, P3, P,} are in the second set, { Py, Py, P3}.
e All members of { Py, Py, P3} are also in {P3, P, P, P3, P2 }.

2. The sets { Py, (P2V P)} and {(PiA(P1V P2)), P2} are element-wise equivalent
because P, = (Py A (P1V P2)) and (P, V Py) = Ps.

Theorem 1.6.11 Let F be a disjunction with support Fy,Fs,... . F, and G a
disjunction with support G, Ga, ..., G, If the sets {Fy, ..., F,} and {G1,... G}
are element-wise equivalent, the formulas F' and G are equivalent.

The proof of the theorem relies on Lemma 1.6.12.
Lemma 1.6.12 =, \/!" | F; iff there exists some j, 1 < j < n, such that = 4 F);

Proof: The proof is by induction on n.
Basis: n = 0. Then \/?:1 F; = O has no model and there is no j between 1 and
0. So both statements, |=,0 and for some j, 1 < j < n, = 4F}, are false and
the iff holds.
Inductive Step: Again we have the subcases n =1 and n > 1.

Subcase 2.1: n = 1. Then \/;;1 F; = F; and the lemma becomes

=41 iff there exists some j, 1 < j <1, such that = ,FJ.

Since the only j greater than or equal to 1 and less than or equal to 1 is 1
itself, the above statement reduces to the assertion

=l i = P

which is always true.

Subcase 2.2: Assume that the lemma is true for n > 1. Then \/”Jrl F;, =

(\/1:1 FiV Epi).
6 F is weaker than G if G = F but F [~ G.




1.6. DISJUNCTIONS AND CONJUNCTIONS 71

Assume that = /7 F. Since ANV F] = AV, EVJA[Fot1), either
Ea Vi, Fi, or = 4 Foqq, or both. If =, \/i”| F;, we apply the TH and get that
there is some j, 1 < j < n, such that A = F;. So, in all 3 cases, |= 4F; for some
1<j<n+1.

Now let us go the other way and assume that = 4 F; for some 1 < j <n+1.
fji=n+1,

AV FILVAIF ) = AN IV =1

Ifjgnthen,byIHA ] =1. So,

AV B VAF, 4] = 1i,4 Fpp] =1

In cither case =, \/7,' F;.Q.E.D.

Corollary 1.6.13 Let F' be a disjunction with support Fy, ..., F,. Then = F
iff EAF; for some 1 <i<mn.

Proof: By Theorem 1.6.8, F = \/;" | F}, so = F iff =, \/;_, F;.Q.E.D.

Corollary 1.6.14 Let F be a disjunction with support Fy, ..., F,. Then (£ F
iff for alli, 1 <i<n, E,F

Now we can prove Theorem 1.6.11.
Proof: Let us assume that the support sets {Fi,..., F,,} and {G1,...,Gpn} of
F, respectively GG, are element-wise equivalent. Let A be a truth assignment.
We’ll show that

A[F] =1iff A[G] =

= Fiff

EaVi,Fi by Theorem 1.6.8

iff for some 1 < j <n, | 4 F} by Lemma 1.6.12

iff for some 1 <i <m, = ,G; by Definition 1.6.9

iff =,Vi-yGi Dby Lemma 1.6.12

iff =,G by Theorem 1.6.8 Q.E.D.

Observation 1.6.15 1. The converse of Theorem 1.6.11 is false. We can check,
by truth tables, that P; V Py = ((PL A P2) V (=P1 A P2)) V (P1 A —=P), but the
support sets of the two disjunctions, {P1, P} and {P;1 A Py, =Py A Ps, P, A—Ps}
are not elementwise equivalent because neither Py APy, nor =P; APs, nor Py A—P;
is equivalent to P;.

2. Theorem 1.6.11 tells us that the truth value of a disjunction depends
on the set of disjuncts, and not on the support sequence. If the disjunctions
F and G have the same support set, i.e. {G1,...,Gn} = {Fi,...,F,} then
F = @. So, from now on, we will talk about sets of disjuncts instead of support
sequences.

We are particularly interested in the sets of disjuncts that contain only atoms
and negations of atoms.

Definition 1.6.16 (literal, complement, clause) 1. A literal is an atom or
the negation of an atom. B
2. The complement of the literal L , written L, is defined as
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F_[ P L=P
"\ A ifL=-P

8. A clause is a disjunction of literals.

We notice that the complement of a literal is also a literal. We will prove
that two clauses that are not tautologies are equivalent iff they have the same
set of disjuncts. But first we give a syntactic characterization of the tautology
clauses.

Lemma 1.6.17 A clause is a tautology iff, for some atom Q, both Q and —Q
are among its disjuncts.

Proof: Let C be a clause.

<—=: Assume that both @ and =@ are among the disjuncts of C' and let A be
a truth assignment. Then either = ,Q or = ,—-@Q, so A models a disjunct of C.
By Corollary 1.6.13, = ,4C. .

=—: Assume that the disjuncts do not include a pair @, Q). We will show that
C is not a tautology. Let A be the truth assignment defined below.

AP = 0 if P; is a disjunct of C
Y71 1 if P;is not a disjunct of C'

Now we will show that A is a countermodel for all literals L of C. The literal
L is either an atom or the negation of an atom. If L is an atom, then A[L] = 0
from the definition of A.

Now let L be the negation of an atom, i.e. L = —P; for some index j. Since
L = P; is not in C, A[P;] = 1. This means that A[L] = A[=P;] = 0.

So, A is a countermodel to all disjuncts of C. By the second corollary to
Lemma 1.6.12, = ,C, i.e. C'is not a tautology. Q.E.D.

Theorem 1.6.18 Let F' and G be two clauses that are not tautologies. Then
F = G iff their sets of disjuncts are equal.

Proof: < If the sets of disjuncts of F’ and G are equal, they are element-wise
equivalent. So, by Theorem 1.6.11, F' = G.
=—: We will show that when the sets of disjuncts are not equal, F' #Z G.

Let {F1,...,F,} and {Gq, ..., Gy} be the sets of disjuncts of F', respectively
G. Let us assume that they are not equal. Then, there is an element that
belongs to one set, but not to the other. Let’s assume that Fj is not a disjunct
of G. Since F} is a literal, there is some j such that Fy = P; or F1 = —F;.
Because G is not a tautology, it has a countermodel, say A. We define the truth
assignment B that is exactly like A, except that B[F;] = 1.

ifi=jand F} = P,
ifi:jandFlz—\Pi

1
Bp]=4 0
A[P) ifi#j
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Now we will show that A and B agree on the atoms of GG. The only place
where they may disagree is P;.

If neither P; nor —P; is a literal of G, then A and B agree on G.

If one of P;, =F; is in G, then it must be Fi, because F} is not in G. Then,
from the construction of B, B[F}| = 0. Since A is a counter-model of G and Iy
is a disjunct of G, A[F1] must also be 0. So, both A and B assign 0 to F;. Since
they also agree on all the other atoms of G, they agree on G.

In both cases, A and B agree on G. Since A is a countermodel of G, so is B.

However, =3 F1, so = 4F. Then B[G] = A[G] = 0 and B[F]| = 1 which tells
us that F' #Z G. Q.E.D.

Example 1.6.19 (the number of non-equivalent clauses with n atoms)
Let us find out how many different, i.e. non-equivalent clauses, can be formed
with n atoms, Py, Ps, ...,P,. By Theorem 1.6.18, a clause that is not a tau-
tology is identified by its set of literals. Since duplications do not count in
sets, let us take only the sets that have no repetitions of literals. There are
only 2n possible disjuncts, P, =Py, Ps, = P5,..., P,, =P, so, the sets can con-
tain at most 2n elements. Moreover, every set that has more than n elements
must have a pair @, -Q for some @ in {P;, P5,...,P,}. By Lemma 1.6.17, all
these sets are tautologies. So, all non-tautologies have at most n literals. For
each Q € {Py, P,..., P,} the non-tautology clause offers the following distinct
choices:

1. @ is in the set,

2. (@ is in the set,

3. neither @) nor =@ are in the set.

The fourth choice, both @@ and —(@Q are in the set, is not possible since
the clause is not a tautology. Since for each @) we have 3 choices, we have n
different @’s, and the choices are independent, we get 3™ different sets. By
Theorem 1.6.18, the clauses that correspond to these sets are not equivalent.
So, we have 3" such clauses. We add the tautology for a total of 3™ + 1 clauses.

Now we will study the properties of conjunctions. The presentation parallels
the one we made for disjunctions.

Definition 1.6.20 (conjunctive form) Let Fy, Fs, ..., F, ben distinct meta-
variables. A conjunctive form of Fy, Fs, ..., F, is a meta-formula U that satis-
fies the following conditions:

1. U contains exactly one occurrence of each of Fi, Fs, ..., Fy.

2. If 1 <i<j<mn, F; precedes F}.

3. U contains only the meta-variables F1, ..., Fy, the connective A\, left and
right parentheses.

If n =0 then U =T, a tautology.

Examples 1.6.21 1. Let us find the conjunctive forms of F, Fy, F5, Fy.
We have 5 meta-formulas,
1. (((F1 A F2) A F3) A Fy),
2. (FL A (F2 A F3)) A Fy),
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3. ((Fl /\F‘g)/\(F‘;g/\.F4))7

4. (F1 A\ ((F2 A\ F3) A\ F4)),

5. (F1 AN ((F2 A (F3 A\ F4)))

The conjunctive forms are almost identical to the 5 disjunctive forms pre-
sented in Example 1.6.2, except that the V’s are replaced by A’s.

Definition 1.6.22 (conjunction) Let U be a conjunctive form of Fi,..., F,
and Gy, ..., G, ben formulas, not necessarily distinct. A conjunction of Gy, ...,Gy
is the instance U[Gy,...,Gy] obtained from U by replacing F1 by G1, F» by
Ga,. .. ,F, by Gy. The sequence Gy, ...,G,, is called the support of the conjunc-
tion and the formulas G;, the conjuncts.

Observation 1.6.23 We make the same observation for conjunctions that we
did for disjunctions, that a conjunction can be generated by several conjunctive
forms. The formula ((P; A—Ps) A (—Py A Ps)) can be generated by the following
conjunctive forms:

1. UZFl, with F1 = ((P1 /\_‘Pg)/\(_\P4/\P5)),

2.U=(VAW) with V= (P1A=Ps;) and W = (=P; A Ps),

B U=(XAY)AW)with X =P, Y =-P;, W= (=P, A\ P5),

4. U=VAXAY)withV =P A-P;), X =-P4, Y = P5, and

5. U=(XAY)AN(ZAV)with X =P, Y =-P;, Z=-P;, V =DF;.
We will show that, just like the disjunctions, all formulas with the same support
are equivalent.

Definition 1.6.24 (prefix forms for conjunctions) The formula \!*, G; is
the prefiz form for a conjunction with support Gy, ..., Gpn,.
Lemma 1.6.25 (A, G; A /\;:rﬁl Gi) = /\?jlm G;.
The proof is by induction on m. It is similar to the proof of Lemma 1.6.7 and
is left as exercise.

Now we can state the analogue of Theorem 1.6.8, which states that two
conjunctions with the same support are equivalent.

Theorem 1.6.26 [The Prefic Normal Form Theorem for Conjunctions] All
conjunctions with support G1,Gs, ..., Gy are equivalent to /\?:1 G;.

Proof: By induction on n. Since the definition of /\?:1 G; has 3 cases, our
proof will also have 3 cases, n = 0, n = 1 and the inductive step.

Basis: n = 0. The conjunctive form for the empty sequence of meta-variables is
T, so the conjunction of the empty sequence of formulas is also T. At the same
time Ay_, G; = T. So both formulas are equal to T.

Basis: n = 1. The conjunctive form of F} is F}, and the conjunction with
support (1 is obtained by replacing F' by Gy. So, the conjunction is G;. At
the same time, /\;.L:1 G; = G;. Again, the two formulas are equal.

Inductive Step: We assume that the theorem is true for all supports of length less
than or equal to n > 1. Let G be a conjunction with support Gy, ...,Gyn,Gpi1-
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The property listed in Exercise 1.6.3 is also valid for conjunctions, so G =
(I AJ), and the supports of I and J are the sequences Gy, ..., Gy, respectively
Gi41,...,Gpy1, for some [ between 1 and n. We can apply the induction hy-
pothesis to I and to J, since both of them have n conjuncts or less. We get the
equivalences (1) and (2).

(1) I =Ny Gi

(2) J = N2 Gi

Then

G=INJ)

= (Aizy Gi AN Gi) - from (1) and (2)

=AS'G: by Lemma 1.6.25 Q.E.D.

We will prove a stronger result” than Theorem 1.6.26, that two conjunctions
with element-wise equivalent sets of conjuncts are equivalent. First, we will
prove the analogue of Lemma 1.6.12.

Lemma 1.6.27 =, A\i", G; iff for alli, 1 <i<n, | ,G;.

Proof: By induction on n, the length of the support. Since the definition of
/\?:1 G; has 3 cases, we also have 3 cases, n = 0, n = 1, and the inductive case.
Basis: n = 0. Then the conjunction is the tautology T, and it has no conjuncts.
So, the statement

foralli, 1<i<n, A[F;]=1

is vacuously true. Since A is a model of T, the iff holds.
Basis: n = 1. Then the conjunction is G = G; and the theorem statement
becomes

Gy iff for all 4, 1 <i < 1, = 4G.

Since the inequality 1 < 4 < 1 has only one solution, ¢ = 1, the above
statement reduces to

G iff = 4Gy

which is true.
Inductive Step: Assume that the lemma is true for n > 1. Then,

(1) NIy Gi = N2y Gi A G

from the definition of /\n+1 G,. Now we have the derivation below.

':A /\n—‘_1 i

iff =4 (Ai=y Gi AGnya) by (1)

iff =4 A\izy Gi and |= 4Gry1 by the interpretation of A

iff for all 1 <14 <n, ,4G; and = Gy by the IH

iff for all 1 <i <n+1, F,G; Q.E.D.

Corollary 1.6.28 Let G be a conjunction with support G, . ..,Gyn. Then = G
iff for alli, 1 <i<n, F,G;.

Proof: By Theorem 1.6.26, G = A\|_, G;. Q.E.D.

Corollary 1.6.29 Let G be a conjunction with support G, . ..,Gyn. Then [ G
iff there exists some i, 1 < i <mn, such that I;éAG

"The condition of the new result is weaker than that of the theorem.
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Now we can prove that two conjunctions with element-wise sets of conjuncts are
equivalent.

Theorem 1.6.30 Let F' and G be conjunctions with the sets of conjuncts {Fy, . ..
respectively {G1,...,Gn}. If the sets of conjuncts are element-wise equivalent,
then F = Q.

Proof: We will show that A is countermodel of F' iff it is a countermodel of G.
- uF
iff there is some i, 1 < i < n, such that %AFi by Corollary 1.6.29
iff there is some j, 1 < j < n, such that = ,G; the disjunct sets are
element-wise equivalent
iff = 4G by Corollary 1.6.29 Q.E.D.

Observation 1.6.31 1. Theorem 1.6.30 allows us to talk about sets of con-
juncts, because whenever the conjunct sets are equal, they are element-wise
equivalent and the conjunctions are equivalent.

2. At this point we might ask: if F' and G are conjunctions and F' = G, are
the conjunct sets of F' and G element-wise equivalent?

The answer is no. The conjunctions F = P| A ~P; and G = P, A =P, are
equivalent because both are unsatisfiable. However, the conjunct sets { Py, —P; },
and { P2, 7Py} are not element-wise equivalent.

Now let us concern ourselves with conjunctions of literals. For them we can
prove a statement similar to Lemma 1.6.17.

Lemma 1.6.32 Let F be conjunction of literals. Then F is unsatisfiable iff F
contains both a literal and its complement.

Proof: <=. Assume that F' contains both P, and —P;. Let A be a truth
assignment. Then A assigns 0 to one of them. By Corollary 1.6.29, A[F] = 0.
=—>: We will show that whenever the conjunct set of F' does not contain
pairs P;, - P;, F is satisfiable. Let F' be such a set. We define A as
A[P] = { 1 if P; is a conjunct of F
! 0 if P; is not a conjunct of F

We will show that A models every conjunct L € F. If L = P; is in F', then
= 4L from the construction of A. If L = —=P;, P; is not a conjunct because F
does not contain the pair P;, =P;. So, A[P;] =0, and A[L] = 1. In either case
= 4L. So, by Corollary 1.6.28, = ,F. Q.E.D.

The next theorem tells us that two satisfiable conjunctions of literals are
equivalent if and only if they have the same set of conjuncts.

Theorem 1.6.33 Let F' and G be two conjunctions of literals that do not con-
tain a pair Q, ~Q. Then F = G if and only if their sets of conjuncts are
equal.
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Proof: <=If the sets of conjuncts are equal then they are element-wise equiv-
alent, so F' = G by Theorem 1.6.30.

=—>: Now we will prove that whenever the conjunct sets are not equal,
F # G. If the conjunct sets of F' and G are different, one set must contain a
literal that is not in the other. Let us assume, without loss of generality, that
the literal F from the first set is not a conjunct of G. Since F} is a literal, there
is some index j such that either 'y = P; or | = —P;.

The formula G does not contain pairs @, =@, so it is satisfiable by Lemma 1.6.32.
Let A be a model of G. We will construct a truth assignment B that models G
but is a countermodel of F'.

0 1fz:jandF1:PJ
B[R]: 1 ifi:jandFlz—\Pj
A[P] ifi#

The above construction tells us that B[Fi] = 0, so jczF. Now let L be a
conjunct of G. If the atom of L is different from P;, then 4 and B agree on L,
so [=gL. If the atom of L is P;, then L = I, because F is not in G. Since
B[F1] =0, = 4L.

Then, B is a model for all conjuncts of G, so, it is a model of G. Since it is
not a model of F, F' # G.Q.E.D.
Exercises

Exercise 1.6.1 Prove that the only disjunctive form of F' is F itself.
Hint: Use exercises 1.2.3, 1.2.4.

Exercise 1.6.2 Let U be a disjunctive form of F, ..., Fx andV be a disjunctive
form of Fyy1,...,Fy, where 1 <k <mn. Then (UV V) is a disjunctive form of
... F,.

Exercise 1.6.3 Let U be a disjunctive form of Fy,...,F,, for some n > 2.

Prove that U = (V VW), and there is an integer k such that 1 <k <mn, V is a

disjunctive form of Fy ..., Fy, and W is a disjunctive form of Fyy1,...F,.
Hint: Represent the meta-formula U as a tree.

Exercise 1.6.4 (Hard) Use the preceding exercise to compute the number of
disjunctive forms of Fy,..., F,.

Exercise 1.6.5 Letn > 1 and let Fy, Fs, ..., F, ben meta-variables. Show that
any disjunctive form of Fy, Fs, ..., F, is a string of the form SoF1S1F5 ... Sn_1F,Sp,
where Sy is a non-empty string of left parentheses, Sy, is a non-empty string of
right parentheses, and the other S;’s (1 <1i <n —1 consist of (possibly empty)
string of right parentheses, a V sign and a (possibly empty) string of left paren-
theses.

Exercise 1.6.6 List all disjunctions with support G1,G1,G2,G1.



78 CHAPTER 1. PROPOSITIONAL LOGIC

Exercise 1.6.7 List all disjunctive forms that generate the disjunction ((P1 A
—|P2) V ((—|P3 V Pg) V P4))

Exercise 1.6.8 A clause is said to be Horn if it contains at most one positive
literal , i.e. literal that is an atom. For example, Py, =Py V P, V - Py, Pg
are Horn clauses. Py V Py is not a Horn clause because it contains two positive
literals, P, and P,. How many nonequivalent Horn clauses can be defined with
n atoms?

Exercise 1.6.9 For each of the following pairs of clauses, find a truth assign-
ment that is a model for one and a counter-model for the other.

1. 01:(—\P\/Q)\/ﬂRanngz(P\/Q)\/ﬂR.

2. Clz(P\/—‘Q)\/—‘Ra’I’LdCQZP\/—‘R,

3. Clz(P\/Q)\/_‘PandOQZ(P\/Q)\/_‘R.

Exercise 1.6.10 List all conjunctions with support Py, Ps, Ps, Py, Ps.

Exercise 1.6.11 List all possible supports of the conjunction ((PyAPs)A((P3 —
—|P4) A\ (P1 A\ —‘P3)))

Exercise 1.6.12 Prove Lemma 1.6.25.

Exercise 1.6.13 How many nonequivalent conjunctions of literals can we form
with n atoms (and their complements)?

Exercise 1.6.14 Let Cy and Cs be two conjunctions. Prove that if the conjunct
set of C1 is a subset of the conjunct set of Cy, C1V Co = Cf.

Exercise 1.6.15 Let Dy and Do be two disjunctions. Prove that if the set of
disjuncts of D1 is a subset of the set of disjuncts of Dy then D1 A Do = D1.

1.7 Normal Forms

One of the most important problems of logic is deciding if a formula is or is
not a tautology. Since F' is a tautology iff —F is unsatisfiable, this question
reduces to the decision problem, i.e. determining if a formula is unsatisfiable.
For propositional logic, we have an algorithm that solves the decision problem:
we construct a truth table and look at the column that stores the values of the
formula. If all of them are 0, the formula is unsatisfiable, otherwise it is not.
There are several problems with this approach. First of all it is inefficient since
the entries in the table increase exponentially in the number of atoms. Second,
and, more important, it does not carry over to higher order logics.

For this reason, we introduce another method, the resolution method, that
also works for first order logic. This method will be discussed in the next
section. The resolution method applies only to a special set of formulas, called
conjunctive normal forms (CNF’s).
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In this section we define the CNF’s as well as the related class of disjunctive
normal forms (DNF’s). We prove that for every formula there are CNF’s and
DNF’s equivalent to it, by constructing algorithms that compute the normal
forms and then proving that the algorithms are correct. The section ends with
a theorem that relates the DNF’s and the CNF’s.

Definition 1.7.1 (conjunctive normal forms) 1. A conjunctive normal form,
abbreviated CNF, is a formula F = A]_; \/;“:1 Li; where L;jj, 1 < i < n,
1 < j <mny, are literals. If n =0, F is a tautology.

2. A conjunctive normal form of the formula G is a conjunctive normal form
equivalent to G.

Definition 1.7.1 tells us that a CNF is a conjunction of clauses, and both the
conjunction and the clauses are in prefix form. The formula has n conjuncts,
the i-th clause has n; literals and L;; is the j-th disjunct of the i-th conjunct.
If n; = 0, the i-th conjunct is the unsatisfiable clause O.

Example 1.7.2 The formula ((((Py V —P2) V P3) A (=P3 V P3)) A P3) is a con-
junctive normal form.

It has n = 3 conjuncts, ((P1V—-FP2)V Ps), (-P;V P,), and P3. Each conjunct
is a disjunction of literals, more precisely a clause in prefix form. The clause
((Pl \/—‘Pg) \/P3) has ny = 3 literals, L11 = Py, L1 = =P, and L13 = P3. The
second clause, (—P; V Py), has ny = 2 literals, Loy = —P3 and Logs = P5. The
last clause, P3, has ng = 1 literals, L3; = Ps.

We can characterize the normal forms better if we understand the notion of
scope of a connective.

Definition 1.7.3 (the scope of a connective occurrence) Let G be a for-
mula occurrence in F'. If G = ~H, the scope of the connective — is the occur-
rence of H.

If G = (HCI) where C is one of the connectives V, A\, —, «—, the scope
of C is the occurrences of G and H.

Remark 1.7.4 We remember that an occurrence is a substring plus the starting
address of the substring. The scopes are defined for occurrences of connectives,
not for connectives. For example, the formula F' = (=P, V =P,) has two occur-
rences of -, at addresses 1 and 4. The scope of the first occurrence of — is the
substring P; and the scope of the second, Ps.
Address |0 1| 2 | 3|4 | 5 |6
F Symbol ( | P |V || P )
The scope is also one or two occurrences. For example, the formula G =
((Py A Py) V (P A P2)) has two occurrences of A, at addresses 3 and 9. Both
occurrences have as scope the same 2 subformulas, P; and P,. However, the
scope of the first are the occurrence of P; at 2 and the occurrence of P» at 4,
while the scope of the second connective occurrence consists of the occurrence
of P; at 8 and the occurrence of P, at 10.
Address |0 | 1] 2 3 41516 8 91011112
G Symbol ( ( P | APy ) \Y ( P | AN| P ) )
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When the scope has only one occurrence, we will not specify the address at
which it occurs.

Example 1.7.5 Let us find the scopes of the connectives from the formula
F = ((Pl V —‘Pg) V —‘(P4 A\ P5))

The scope of the first negation is Ps, and the scope of the second is (P A Ps).
The scope of the first V consists of the strings P, =P5, and the scope of the
second, the strings (P; V —P3) and —(Py A Ps)). The scope of A consists of the
sets Py and P5;. We notice that the first occurrence of V is within the scope of
the second occurrence of V.

Now we can introduce the notion of dominance.

Definition 1.7.6 (the dominance relation) Let C' and D be two occurrences
of the operators =, V, \, —, «— in the formula F'. We say that the operator
occurrence C' dominates the operator occurrence D if D is within the scope of

C.

Examples 1.7.7 1. In the formula F' = (=(Py A—P2)V—Py) the first occurrence
of = dominates the occurrence of A as well as the second occurrence of —, because
its scope, (P1 A —P), includes these occurrences.

2. In the formula (F'V =G) A H, the scope of A consists of the formulas
(FV-@G) and H. The scope includes the V and the — connectives, so A dominates
them.

3. In the formula (F'V G) A (F'V H) the scope of the first V consists of the
first occurrence of F' and G. The scope of the second V consists of the second
occurrence of F' and H. Neither scope includes the other operator, so neither
V dominates the other. On the other side, A dominates both occurrences of V
because its scope is (F'V G) and (F'V H).

Example 1.7.8 It is easy to see the dominance relation on formula trees. Let
us find the dominance relation on the set of connectives of the formula F =
=((=Py V (=P A Py)) <« —P;). Figure 1.50 shows the tree of this formula.
The first — of F' has address A, the second one 0.0.0, the third 0.0.1.0 and the
fourth 0.1.

Now the scope of the operator at address A consists of the descendents of A.
Since A is a prefix of all its descendent addresses, the operator at A dominates
the operator at B iff A is a prefix of B and A # B!

In Figure 1.50 the first occurrence of = dominates all other connective oc-
currences; «— dominates V, A, and the second, the third and fourth occurrence
of —. The occurrence of V dominates the second and the third occurrence of
= and the occurrence of A. Finally, the occurrence of A dominates the third
occurrence of —.

We will use the dominance relation to characterize the conjunctive normal forms.
First, let us draw the formula tree for A;_; \/?;1 L;j. We can verify that the
tree from Figure 1.51 satisfies the 5 conditions listed in Figure 1.52. We will
prove that any formula that satisfies the conditions listed in Figure 1.52 is a
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Figure 1.50: The formula tree for Example 1.7.8
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Figure 1.51: The formula tree for a CNF
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The formula has no «— connectives.

The formula has no — connectives.

No — occurrence dominates a V, a A or another — occurrence.
No V occurrence dominates a A occurrence.

All conjunctions and disjunctions are in prefix form.

Crks e

Figure 1.52: The properties of a CNF

conjunctive normal form. First we need some preliminary lemmas (or lemmata
if one follows the Greek grammar).

Lemma 1.7.9 Let F be a formula that satisfies the conditions given in Fig-
ure 1.52. If n[A,F] > 0 then F = G AN H, G and H satisfy the conditions of
Figure 1.52 and n|A, H] = 0.

Proof: Since F' contains a A sign, it is not an atom. Then it has one of the
following 5 forms: F ==, F=IVJ, F=INJ, F=1+«— J F=1—J.
Case 1: F' = —I. Since F has A connectives, they must be inside I. This means
that a = dominates a A, a contradiction to condition 3.
Case 2: F' =1 «— J. This case contradicts condition 1.
Case 3: F' =1 — J. This case contradicts condition 2.
Case 4: F = IV J. Since F contains A symbols, then at least one of the
subformulas I and J must have some. In either case, V dominates a A, a
contradiction to condition 4.

So, F'= G A H for some G and H. Since F satisfies the conditions listed in
Figure 1.52, so do its subformulas. So, G and H satisfy the conditions.

If n[A,H] > 0 then, by an analysis similar to the one we made for F,
H = I A J for some formulas I and J. But then F = G A (I AJ) is no
longer a prefix form, contradicting condition 5. Q.E.D.

Now let us look at the formulas F' that satisfy the properties of a CNF and
have no A’s, i.e. n[A, F] = 0. These formulas contain only the connectives V
and —. The next lemma characterizes them.

Lemma 1.7.10 If F satisfies Figure 1.52 and n[A\,F] = 0, F is a clause in
prefix form.

Proof: We prove it by induction on the number of V’s in F.

Basis: n[V,F] = 0. Then F has only — connectives and atoms. Since an
occurrence of — cannot dominate another occurrence of —, we can have at most
one — in front of the atoms. Since F' is either an atom or the negation of an
atom, F is a literal. Then F is a prefix form.

Inductive Step: Assume that the statement is true for all formulas with n or
fewer V connectives. Let G be a clause with n + 1 V’s. If G = —H then -
dominates a V, contrary to condition 3 of the CNF properties. So, G = H V I.
If n[v,I] > 0, reasoning the same way we did with G, we get that [ = JV K.
But then G = H V (J V K) is no longer a prefix form, contradicting condition 5
of the CNF properties.
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So, G = H V I where H and I satisfy the conditions of the lemma, H has n
V’s and I has none. By the induction hypothesis, G is a clause in prefix form.
By the basis of the proof, I is literal. Then G = H VI is a clause in prefix form.
Q.E.D.

Theorem 1.7.11 If F satisfies the CNF properties (Figure 1.52), then it is a
CNF.

Proof: We prove the proposition by induction on n, the number of A’s in the
formula.
Basis: n = 0. Since F satisfies Lemma 1.7.10, F' is a clause in prefix form. Then
F is a CNF of the type /\;.L:1 Vit Fij, 1< <ni.
Inductive Step: Assume that the theorem holds for all formulas F' with n A’s.
Let G be a formula with n +1 A’s. By Lemma 1.7.9, G = H A I, H and 1
satisfy the CNF-properties and n[A, I] = 0. From the basis of the theorem, I is
a clause in prefix form, i.e. I = \/2:1 Ni. The formula H has n A’s so, by IH,
H = /\;;1 \/?;1 LU Then

G=HANI= /\?:1 V’“ 1 Lij A Vﬁc:l N

j:
The above formula can be written as

?:11 \/?;1 Lij,
where n,y1 =land forall1 <j <[, L,y1; = N;. So, G is a CNF. Q.E.D.
Theorem 1.7.11 and the observation that all CNF’s satisfy the CNF prop-
erties tell us that the CNF’s are precisely the formulas that satisfy the CNF-
properties. We will use the CNF properties to construct an algorithm that takes
as input a formula and computes a CNF for the formula.

Algorithm 1.7.12 (The CNF Algorithm) Step 1. Eliminate «—.

We keep applying the simplification

G— H=— (G— H)NH —G)

to the formulas G «— H that have no «—’s inside, until we cannot do it.
Step 2. Eliminate —.

We simplify G — H to =G V H, as long as we have occurrences of —.
Step 3. Push the negation all the way inward until it rests on atoms.

We keep applying the 3 simplifications below until there are no more occur-
rences of the left-hand-side of the rules.

1. -(GVH) = -GAN-H

2. -(GANH)= -GV -H

3. —mH = H.
Step 4. Distribute V over A.

We use the simplifications below as long as we have occurrences of the left-
hand-sides of the rules.

GV(HAMNI) = (GVH)AN(GVI)

(GANH)VI = (GVI)AN(HVI)
Step 5. Simplify.

We use the following simplifications:

1. If a conjunction contains an atom @ and its negation —Q, or if it has O
as a conjunct, the conjunction reduces to O.
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2. Eliminate tautology clauses.
3. If a conjunction contains the clauses C' and C'V D, eliminate C'V D.
Step 6. Put the formula in prefix form.

Before we go on to prove the correctness of The CNF Algorithm, let us use it
to compute the CNF of a formula.

Example 1.7.13 Let us compute a CNF of F' = -((AA B) «— (BV ().
Step 1. Eliminate «—.

We replace (AAB) «— (BVC) by ((AANB) — (BVCO))A((BVC) —
(AN B)). We get

F,=-(((AANB)— (BVC)A(BVC)— (AN B))).

Step 2. Eliminate —.

In Fy we replace (AAB) — (BVC) by =(AAB)V(BVC(C) and (BVC) —
(AAB) by ~(BVC)V (ANAB).

We get Fo = ~((m(AAB)V(BVC)A(—(BVC)V(AAB))).

Step 3. Push the negation inward.

“(m(AAB)V(BVC)A(=(BVC)V(AANB)))
=-(=(AAB)V(BV(Q))V(~(BVC)V(AA B)) by DeMorgan’s law
(=——(AANB)A=(BVC))V (-—~(BVC)AN—-(AAB)) DeMorgan’s twice
(ANB)A=(BVC)V(BVC)AN=(AAB)) ——-elimination

=(AANB)AN(-BA-C)) Vv ((BVC)A(mAV-B)) = F3, DeMorgan’s twice
Step 4. Distribute V over A.

In the formula F3 = ((AA B) A (=B A -C))V((BV C)A(—A V —B)) the
underlined V dominates the underlined A. So let us apply the distributivity
equivalence GV (HAI)=(GV H)AN(GV I). We get

((AANB)AN(=BA-C))V(BVC)A((AANB)N(-BA-C))V (mAV -B))

But the underlined occurrences of V still dominate the underlined occur-
rences of A.

(AN B)A(=B A=C)Y(BV C)) A (AN B)A(=B A ~C))Y(~A v ~B))

So, let us apply the distributivity equivalence again and get

((AANB)V(BVCO)A(-BA-C)V(BVC)A((AAB)V (mAV —B)) A
((=BA-C)V (-AV -B))).

The underlined V’s still dominate the underlined A’s.

(((AAB)¥(BVO)A(=BA=C)V(BVC)))M((AAB)Y.(~AV=B))A((=BA=C)

V(=4 A\ =B)))

We apply the distributivity 4 times and get

Fy=(((AV(BVC)A(BV(BVC)A((=BV(BVC)A(—CV(BVC))))A
(((AV (mAV-B))A(BV(=AV-B)))A((wBV (=AV-B))A(=CV (-AV-DB)))).
Step 5. Simplify.

Let us look at the conjuncts of Fy. We will write the clauses as sets of
literals.

C, ={A,B,C},Cy ={B,B,C},C3 = {-B,B,C},Cy = {-C,B,C},C5 =
{A,-A,-B},Cs = {B,—~A,-B},C; = {-B,-A},Cs = {-C,-A,-B}.

It is good practice to list the atoms of the sets in alphabetical order, so A is
before = A, A is before B, B is before =B and so on. This way we do not list
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the same element twice and it is easier to check if two clauses are equal, or if
one clause absorbs the other. We do not change the sets since listing the same
element several times and changing the order of the elements do not change the
set. So, our clauses are

C, = {A,B,C},Cy = {B,C},C3 = {B,-B,C},Cy = {B,C,~C},C5 =
{A,-A,-B},Cs = {—A, B,-B},C; = {-A,-B},Cs = {=A,-~B,~C}.

First we remove the tautologies. We remember from Section 1.6 that a clause
is a tautology if and only if it contains both an atom and its negation. Since the
elements of the set are ordered, we need only to check if an atom of the set is
immediately followed by its negation. We see that Cs, Cy, C5, Cg are tautologies,
so we remove them and we are left with C, = {4, B,C},Cy = {B,C},C7 =
{—A,-B},Cs = {—-A,-B,~C}.

Next we use the absorption properties to delete the clauses that are proper
supersets of other clauses. We say that a clause C'is a proper superset of clause
D if every literal of D is in C, but some literals of C' are not in D. Since the
clauses are ordered we need only to check that D are embedded in F, i.e. the
atoms of D occur in C in the same order in which they occur D.

Since (1 is a proper superset of Cs, we eliminate C7; Cy is a proper superset
of C7 so we eliminate Cs.

We are left with the clauses Cy = {B,C} and C7 = {—A, ~B}.

Step 6. Compute the prefix form.

We use left parenthesization for clauses and for the conjunction. We get the
conjunctive normal form

Fs=(BVC)A(-AV-B).

Note 1.7.14 We could have used a simplification at step 4, by observing that

((AANB) A (=B A=C)) is unsatisfiable. Then F5 = (BVC)A(-=AV-B) a CNF.
This way we avoid doing a lot of unnecessary work. The moral is that we

should apply the simplifications whenever we can, not only in the last step.

Theorem 1.7.15 (The CNF Theorem) Algorithm 1.7.12 is correct, i.e. ev-
ery formula has a CNF.

Proof: For any input F, the algorithm computes the output as a sequence

Stepl Step2 Step3 Stepd Stepb Step6
F=F =22 =2, 22 p, 2=, =2 5, =2’ F,.

We will show that each step terminates, F satisfies the first condition of the
CNF properties, Fy the first 2, F5 the first 3, F, the first 4, and Fg all 5.
Step 1 is correct.

If G and H contain no «—’s, the simplification

G—— H=— (G— H)ANH — G)

decreases the number of «—’s, since the right-hand-side has no «—"’s. So,
Step 1 terminates. Now let us show that the output F; has no «—’s. Assume
that it does. Then, it has a Gy «— Hj subformula of minimal length. If Gy or
Hj, contain «—’s then F} has a shorter subformula G «— H, than Gy «— Hy,
contradicting the fact that Gy «— Hp has minimal length. So, Gy «+— Hg has
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. Path of length n — 1

\
N
\
\
N
\

5 (1)
Figure 1.53: The formula tree for the claim of Theorem 1.7.15

no «—’s, and will be reduced. This contradicts the fact that Fj is the output
of Step 1. Since all simplifications are equivalences, F} = Fy.
Step 2 is correct.

The simplification G — H = =G V H decreases the number of —’s of
Fy, so Step 2 terminates and its output F5 has no —’s. It has no «—’s because
F1 has none and the step did not introduce any. The simplification is derived
from an equivalence, so Fy = F}.

Step 3 is correct.

The termination of the step will be proved later on, when we discuss the
complexity functions. Since F» has «—’s and no —’s neither does F3. Now
let us assume that a — occurrence of F3 dominates another connective. Then,
F3 has a subformula =G that contains one of the connectives —, V, or A. Since
G cannot be an atom, it must be equal, for some I and J, to =J, (I V J), or
(IANJ). Then, -G = ——I, or -G = ~(I V J), or -G = —~(I A J). But these
formulas can be simplified by the step reductions, contradicting the fact that
F3 is the output of Step 3.

Step 4 is correct.

Again, the termination of the simplification will be proved with complexity
functions. Let us show that in F4 no V dominates a A. Assume that it does.
Then, in the tree representation of Fy, the address A of V is a prefix of the
address B of A. We claim that there is a pair of addresses C, D such that D is
a child of C, the label of C is V and the label of D is A.

The proof of the claim is by induction on the length of the path from A to
B. If the length is 1, then C' = A and D = B.

If the length is n > 1, we have the situation shown in Figure 1.53. Let E be
the address of the child of A that is on the path to B. The label of E cannot
be — because — would dominate the A at B. So, it must be V or A. If it is A,
then the pair A, E satisfies the claim. If not, the length of the path from F to
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B is n — 1 and the IH tells us that we can find a pair C, D that satisfies the
claim. Q.E.D. claim

The claim tells us that the subformula of Fy at address C' has the form
IV(JAK)or (JAK)VI, depending on whether D = C.0 or D = C'1. In either
case, it can be simplified, contradicting the assumption that Fj is the output of
Step 4.

The Step 4 simplifications rearrange the V and the A connectives; if the left-
hand-side has no «—’s, no —, and the negation does not dominate another
connective then neither does the right-hand-side. So, Fy satisfies conditions 1-4
of the CNF properties.

Again, the simplifications of this step are oriented equivalences, so Fy = F3.
Step 5 is correct.

The termination is easy because every simplification reduces the length of
the formula. At the same time, the reductions are eliminating clauses, so they
do not modify the dominance relations between the remaining connectives, nor
do they reintroduce «—’s or —’s. So, Fy also satisfies the first 4 conditions
of Figure 1.52.

All simplifications of this step are equivalences, so F5 = Fj.

Step 6 is correct®.

We will show that the simplification

INJANK)= IANJ)ANK

computes the prefix form of the conjunction and the simplification

IV(IJVK)= (IVJ)VK

does the same thing for disjunctions. We apply these simplifications, in any
order, until we cannot do anymore. The termination of these reductions will be
proved with complexity functions. For now, let us show that the output of this
step is correct. These simplifications change only the dominance between V’s
and between A’s, so Fg satisfies the first 4 conditions of the CNF properties.

Now let us assume that the output of these reductions is not a CNF. Then
either a disjunct, or the conjunction are not in prefix form. Assume that the
clause C' of Fy is not in prefix form. Let Lq,..., L, be the literals of C' in the
order in which they occurs in C. If n =1 or n = 2 then C' is a prefix form, so n
must be greater than 2. Let C = D,_1V E. If E = M V N then we can apply
the simplification

D,VvV(MVN)— (DVM)VN

to Fg, contradicting the fact that Fg is the output of these 2 reductions. So,
E=1L,. If D, is a prefix form, so is D, _1 V L,. Since we assumed that C
is not a prefix form, D,,_1 must not be a prefix form. The literals of D,,_1 are
Li,...,L,—1. Now we apply the same reasoning to D,,_; as we did to C, and
get that D,,_1 = Dy,_oV L,,_1, Do is a disjunction of Ly ..., L,,_o, and D,,_o
is not a prefix form. We repeat this procedure until we get to Ds. Then Dy is
a prefix form, because it has only two literals. So, we have a contradiction.

8We can also prove the correctness by using the results from the preceding section, that
tells us that the conjunctions and the disjunctions have prefix forms.
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The formulas have no «— connectives.

The formulas have no — connectives.

No = occurrence dominates an occurrence of V, A or —.

No A occurrence dominates a \V occurrence.

All the conjunctions and the disjunctions are in prefix form.

Crks e

Figure 1.54: The properties of a DNF

The proof that the conjunction is a prefix form is proved the same way. The
2 simplifications are equivalences, so Fy = F5. Then F} = Fy, = F3 = Fy =
F5 = F@.Q.E.D.

Observation 1.7.16 We will show that every formula has a countably infinite
set of CNF’s. Let G = (... ((C1 A C2) A ... ANCp_1) A Cy,, be a CNF of F.
Now let @ be an atom that is not in C. We can check, by truth tables, that
C=(CVQ)AN(CV-Q). This equivalence implies that Gg = ((... ((C1 A Ca) A
A Cp) AN (Cr vV Q) A (Cr V Q) s equivalent to G. Since C' is in prefix
form, so are C'V Q and C' V —@Q. So all clauses of G are in prefix form. The
conjunction is also in prefix form, so Gg is a CNF of F. Since the number of
@’s is countably infinite, the set of CNF’s of F' is at least countably infinite. We
recall that the set of all formulas, FORM, is countably infinite, so the number
of CNF’s of F' is countably infinite by the Cantor-Bernstein Theorem.

The development of the disjunctive normal forms is almost identical to that of
the conjunctive forms. The only difference is that we switch the places of V’s
and A’s, O and T. For this reason, we will not repeat the proofs, nor state the
lemmas. We will give only the definitions, the main results, and the examples.

Definition 1.7.17 (DNF) A disjunctive normal form, abbreviated DNF, is a
formula F = \/?:1 /\;L:1 L;; where L;j, 1 < i <mn, 1<j<n,, are literals. If
n =0 then F' = 0O, the unsatisfiable formula.

A disjunctive normal form of G is a disjunctive normal form equivalent to

G.

In Definition 1.7.17, n is the number of disjuncts, n; is the number of literals
of the i-th disjunct, and L;; is the j-th conjunct of disjunct ¢. If n; = 0 then the
disjunct ¢ is the tautology T. The normal forms use the prefix forms for both
conjunctions and disjunctions.

Example 1.7.18 The formula ((PsV((—=PiA=P3)APy))V(Po A=Ps))V(—~P1 APy)
is a disjunctive normal form with n =4, ny =1, ny = 3, n3 = 2, ng = 2 and

Ly = P3, Loy = ~P1, Lag = P53, Loz = Py, L3y = P2, L3z = —F3,
Ly =Py, Lyp =Py .

We can verify that the DNF’s \/;_; AL, L;; satisfy the 5 DNF properties listed
in Figure 1.54. So, we state the analogue of Theorem 1.7.11.

Theorem 1.7.19 If F satisfies the conditions listed in Figure 1.5/, then it is
a DNF.
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We use the DNF properties to generate Algorithm 1.7.20.

Algorithm 1.7.20 (The DNF algorithm) Step 1: Eliminate «—.

We keep applying the simplification

G— H=— (G— H)NH —G)

to the formulas G «— H that have no «—’s inside, until we cannot do it.
Step 2: Eliminate —.

We simplify G — H to =G V H, as long as we have occurrences of —.
Step 3: Push the negation all the way inward until it rests on atoms.

We keep applying the 3 simplifications below until there are no more occur-
rences of the left-hand-side of the rules.

1. -(GVH) = -GAN-H

2. -(GANH)= -GV -H

3. —-H—=—H.
Step 4: Distribute A over V.

Apply the two simplifications below while there are occurrences of the left-
hand-sides of the rules.

GANHVI)= (GANH)V (GAI)

(GANH)VI = (GANI)V(HANI)
Step 5: Simplify.

We use the following reductions:

1. Reduce to T any disjunction that contains a formula G and its negation
=G and any disjunction that contains T.

2. Eliminate the conjuncts that are unsatisfiable, i.e. they contain both an
atom () and its negation —Q.

3. If the set of disjuncts contains both C' and C' A D, then eliminate C' A D.
Step 6: Put the formula in prefix form.

Example 1.7.21 Let us apply Algorithm 1.7.20 to compute a disjunctive nor-
mal form for F' = (A — B) «— (B Vv C).
Step 1: Eliminate «—.
We replace (A — B) «— —(BV C) by
(A — B) — ~(BV C) A(~(BV C) — (A — B))
and get
F=(A—B)—~(BVC))AN(~(BVC) — (A— B)).
Step 2: Eliminate —.
In F; we replace A — B by -AV B and get
((—\A V B) — —\(B \Y C)) A (_‘—\(B \ O) — (—\A V B))
Now we replace (mAV B) — —(BV C) by =(-AV B) Vv ~(BV () and
-(BvC)— (mAV B) by -=(BVC)V (-AV B).
We get Fo = (7(mAVB)V(BVC))A(—(BVC)V (-AV B)).
Step 3: Push — inward.
We replace =(-AV B) by -——AA-B, =(BV C) by =B A —=C,
-=(BVC) by (BVC) and we get
((——AA-B)V(-BA-C)AN((BVC)V(-AV B)).
Now we eliminate the double negation and we get



90 CHAPTER 1. PROPOSITIONAL LOGIC

F3=((AN-B)V(-BA-C)AN(BVC)V(-AV B)).
Step 4: Distribute A over V.

In F3 the underlined A dominates the underlined V.

Fy = ((AA-B)V (=B A=C)A((BV C)Y(-AV B))

We apply the distributivity and get

((AN=-B)V(-BA-C))AN(BVC))V(AAN-B)V (=-BA-C))A(=AV B)).

Now the underlined A’s still dominate the underlined V’s in

(AA=B)Y(~B A-C)ABV C)) V (A A=B)Y(~B A-C))A(-AV B)),

so we apply the distributivity twice to get

((AAN=-B)A(BVC)V((=BA-C)N(BVC))V(((AN-B)A(-AV B))V
((=BA-C) A (-AV B))).

The underlined A’s still dominate the underlined V’s in

(AA-B)A(BVO))V (=B A~C)A(BVC))V (AN~B)A(=AVE))V (=B A
~C)A(-AVB))),

so we apply the distributivity 4 times and get

Fy = ((AN-B)AB)V(AAN-B)AC) V(=B A-C)AB)V ((wB A—=C) A
ON)V((((AN-B)A-A)WV((AA=B)AB))V(((-BA-C)A-A)V((-BA-C)AB))).
Step 5: Simplify.

The disjunction Fy has the disjuncts D1 = (AA-B)AB,Ds = (AAN—-B) A
C,D3 = (-BA-C)ANB,Dy = (-BA-C)NC,Ds = (AAN—-B)A—-A,Dg =
(AN-B)ANB,D7 = (-BA-C)AN—-A,Dg =(-BA-C)AB

The conjunctions D1, Ds, D4, Ds, Dg, Dg contain both an atom and its
complement, hence they are unsatisfiable. The remaining conjunctions have the
sets of literals {A,-~B,C} and {-A,-B,-C}.

We get Fs = DoV D7y =((AAN-B)AC)V ((-AA-B)-C)

Step 6. Find the prefix form Fg of Fj.

Fs = F5 because Fj is a prefix from.

The proof of the correctness of Algorithm 1.7.20 is similar to that of Algo-
rithm 1.7.12.

We can also find a disjunctive normal form of the formula F' from the truth
tables. For this we need the notion of min-term.

Definition 1.7.22 (min-term, the r min-term of Py,...,P,) 1. A min-term
of P1,..., P, is a conjunction /\;;1 L;, where L; is either P; or =P;.

2. Let Py,..., P, be n atoms and r an integer that satisfies the inequalities
0<r<2®—1. Letry...7T, be the binary digits of r. The min-term of r has
the support L1 ... L,, with the literals L; defined below.

. Pi ifTizl
LZ_{ _‘P¢ Zf’/’Z:O

Examples 1.7.23 1. The min-terms of Py, Py, P3 are (P; A Py) A P3, (P A
Po)A—Ps, (PLA-Py)APs, (PLA=Py)A—Ps, (mPy AP2) AP, =(Py AP2) A—Ps,
(—|P1 A\ —|P2) A Ps, (—|P1 A\ —|P2) A —Ps.

2. Let Py, P>, P3, P, be a sequence of 4 atoms. Let us find the Py, Py, P3, Py
min-term of 13. First we write 13 in binary as 1101. So, ry = 1,79 = 1,73 =
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0,74 = 1. Now we apply Definition 1.7.22. We get Ly = Py, Ly = P5, L3 = —Ps,
Ly = Py. The min-term of 13 is ((P1 A P2) A =P3) A Py.

Now we present the second algorithm for finding a DNF of a formula.

Algorithm 1.7.24 Step 1. Identify the atoms of F. Let’s assume that the
atoms are Py, ..., P,.

Step 2. Form a table with n 4+ 1 columns labeled Py, ..., P,, F. Make 2" rows
and label the rows with the numbers 0 — (2" — 1).

Step 3. Fill in the first n columns of each row (under the headers Py, ..., P,)
with the digits of the row number written in binary. The first binary digit is
put under the header P;, the second under P», and so on until the n-th digit is
put under P,.

Step 4. Evaluate F for each row.

Step 5. We form the min-terms of all rows that have 1 in the F' column. These
are the min-terms of F.

Step 6. Form a disjunction with the min-terms of F' listed in the increasing
order of the row. If there are no min-terms, the DNF is O, else put it in the
prefix form.

Example 1.7.25 Let us use Algorithm 1.7.24 to find a disjunctive normal form
fOI‘FZ(Pl /\P2)<—> (_‘Pg\/PQ).

Steps 1,2, 3. We form the table below.
row || P | Py | Ps || (Pl /\Pg) — (—‘P3\/P2) ||

0 0]01]O0

| O OY x| W o] =
e e R Rl K==l K] N )

== OOl == O
[« R Neal Tl Nan) BT

1

Step 4. Now we evaluate F' for each row.

row | PL[ P, | Ps | (PLAP) «— (=P3V Py) |
0 0]07]O 0
1 0o[o]1 1
2 o] 170 0
3 0111 0
4 11o]o 0
5 101 1
6 1 1]0 1
7 111 1

Step 5. We form the min-terms for the rows where F' is 1.
For row 1 we get =P A =Py A P3, for row 5 we get Py A =Py A P3, for row 6
we get Py A P, A = P5, and for row 7 we get P, A Py A Ps.
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Step 6. We form the disjunction of min-terms and we use the prefix form.
We get ((((“Pl /\‘!Pg) /\P3) \Y ((Pl /\—‘Pg) /\P3)) \Y ((Pl /\Pg) /\—‘P3)) V ((Pl A\
Pg) A\ P3)

We will prove that Algorithm 1.7.24 is correct, by showing that it terminates,
produces a DNF, and the DNF is equivalent to F'. For this we need Lemma 1.7.26.
It states that there is one-to-one correspondence between the entries in the truth
tables and the set of min-terms.

Lemma 1.7.26 Let A be a truth assignment and m be a min-term of Py ... P,.
Then, A is a model of m iff m has the row number r = A[P1] ... A[P,].

Proof: Let ¢ = ¢1...¢q, be the row number of m, written in binary. Then,
Definition 1.7.22 gives us the literals L; of m.

o Pl ifqi:].
Li‘{ P, ifg =0

We use this definition to compute A[L;].

AP]  ifg =1
AL = { A[-P)] if Z =0

From this definition we get
AlL;] =1
if AIP]=1and ¢ =1,0or A[P]=0and ¢ =0
it A[P] = g;.
Now A[m] =1
iff foralll <i<n, A[P;]=4¢; by the preceding equality
iff r=¢q because r = A[P]... AP, and ¢=¢1...¢,. Q.E.D.

Theorem 1.7.27 Algorithm 1.7.24 is correct.

Proof: All steps of Algorithm 1.7.24 terminate, and the output is a DNF.
We need to show that the input is equivalent to the output. Let G be the
output of the algorithm and A a truth assignment. Let r be the row number
A[Py]... A[P,] of A. We will show that A[F] =1 iff A[G] =1.

= Assume that A[F] = 1. Then F has value 1 in row 7. By the construc-
tion of the DNF, the min-term of r is a disjunct of G. By Lemma 1.7.26, A
satisfies the r min-term of P; ... P,. So, A[G] = 1 because it satisfies a disjunct
of G.

<=: Assume that A[G] = 1. Since G is a disjunction, A satisfies a disjunct
of G. That disjunct is the min-term of some row ¢, 0 < 2" — 1. We know,
from the construction of the DNF, that F' is 1 for row q. We also know, from
Lemma 1.7.26, that A satisfies the min-term iff r = ¢. So, F' has value 1 for
row r, i.e. A[F]=1. Q.E.D.
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Observation 1.7.28 The DNF’s computed by Algorithm 1.7.24 have property
(1).

(1) Let F and G be two formulas, and Py, ..., P, be a sequence that includes
all atoms of F' and of G. Let F; and G; be the DNF’s for F, respectively G,
computed by the algorithm. Then F' = G if and only if F; = G;.

This means that F' and G are equivalent if and only if they have the same
normal form. If F} and G; are computed using different sequences of atoms,
the DNF’s are not the same, as proved by this example.

We know, from Table 1.47, that ' = A= G = AN (AV B). Let us compute
the DNF of F using only the atom A. We get F; = A. We need to compute
the DNF of G using both A and B. We get G; = (AA —-B) V (AA B). We see
that Fy} # G1. However, if when we compute the DNF of F' with the sequence
A, B, we obtain F; = (AA—-B) V (A A B). So, the normal forms are identical.

Observation 1.7.29 Algorithm 1.7.24 provides us with a method for testing
equivalence.

Step 1. Build a sequence of all atoms that occur in at least one of the formulas.
Step 2. Use Algorithm 1.7.24 to compute the DNFs F; and G; of F respectively
G.

Step 3. Check if Fy = G;. If they are, then F' = G, otherwise F # G.

Next, we will show that we can easily transform DNF’s into CNF’s and vice
versa. So, if we know how to compute one form, we can find the other. The
next lemma is a generalization of Demorgan’s laws from Table 1.47.

Lemma 1.7.30 (Generalized DeMorgan’s Laws) 1. =\/" | F; = \!_; -F;.
2. _|/\;Z:1 Fi = \/;Z:1 ﬁFi.

The proof is by induction on n and is left as exercise.
Now we give the theorem that allows us to go from DNF’s to CNF’s and
back.

Theorem 1.7.31 1. If ~F =\/{_; \J%, Lij then F = N, /2, Li;.
2. If -F = /\ZL:]_ ;'711 Lij then F' = \/?:1 /\;'L;1 Z”
Here L is the complement of L, and L;;’s are literals, for 1 < i < n, and

Proof: We’ll prove 1 and leave 2 as exercise.
F =-—-F by the double negation introduction
=-Vi, /\7;1 L;; by hypothesis
= Aizi ~AjLi Lij by part 1 of Lemma 1.7.30
=AL, \/7;1 —L;; by part 2 of Lemma 1.7.30
=A—, Vi, L because =L =L. Q.E.D.

Jj=1

Example 1.7.32 Let us use Theorem 1.7.31 to find a CNF from the truth table
below.
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[row [A[B[C| F |

0 00|01
1 0101} 1
2 0]1]0}] 0
3 0]1]1]0
4 11000
) 11011
6 111100
7 111111

We first compute the DNF of =F. We get the table of —=F from the table of
F, by replacing in the last column, 0’s by 1’s and 1’s by 0’s.
Lrow[A]B[C] ~F]

0 0]0]0 0
1 01011 0
2 0]1]0 1
3 0111 1
4 11010 1
) 1101 0
6 11110 1
7 1111 0

We apply Algorithm 1.7.24. We form the min-terms for the lines 2, 3, 4, and
6 and we get (FAAB)A=C, (FAANB)ANC, (AAN-B)A-C, and (AAB)A—=C.

The DNF of —=F is ((mFAAB)A-C)V ((wAANB)AC))V((AN=B)A-C))V
((ANB)A-C).

Theorem 1.7.31 tells us that we get a CNF of F' by replacing, at the same
time, V’s by A’s, A’s by V’s and all literals by their complements. We remember
that P = —-P and -P = P. So,

F=((((Av-B)VC)AN((AV-B)V-C)AN(mAVB)VC) A ((RAV-B)VC).

Now we will prove the termination of Steps 3 and 4 of Algorithms 1.7.12 and
1.7.20. The termination of Step 6 of these algorithms in done in the same way.
The method requires a little explaining, so the uninterested reader can skip the
rest of the section and go on to the resolution.

The complexity functions are used to prove the termination of a set of sim-
plifications. A simplification is a pair of formulas F' = G. If a formula H
contains an instance? of F then we can replace it by the corresponding instance
of G and get the formula I. We say that H was reduced or simplified to I, and
write H = I.

The idea of the complexity functions is to attach to every formula a whole
number in such a way that every time we do a simplication F' = G the G
number is less than the F-number.

Definition 1.7.33 (complexity function) We say that f : FORM — N s
a complexity function if for all formulas F,G, H,

9F and G are meta-formulas, so they may contain meta-variables. An instance is obtained
by replacing the meta-variables by formulas.
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1. fIF] > fIG] implies f[-F] > ]G],

2a. f|F]> f|G] implies f[F VvV H] > f[GV H],

2b. f[F] > f[G] implies f{[HV F] > f[HVG],

3a. fIF] > fIG] implies f[F N H] > f[G A H],

3b. f[F] > f[G] implies f[H A F] > f[H AG],

4a. fIF] > f(G] implies f[F — H] > f|G — H],
4. F[F) > 1G] implies f[H — F] > f[H — G,
Sa. f[F]> f|G] implies f[F «—— H| > f|G «— H],
5b. f[F] > fIG] implies f|H «— F| > f[H «— G],

Examples 1.7.34 1. The function g below is a complexity function.
L g[P] =1
2. g[~F] =2g[F]
3. g[FCG] = g[F] + ¢g|G] + 1 when C'is one of the binary connectives.
We can easily verify the 11 conditions above.

If g[F] > g|G] then 2¢[F] > 2¢[G], i.e. g[~F] > g[-G].
If g[F] > g[G] then g[F]|+g[H]+1 > ¢g|G]+g[H]+1, so, g[FCH| > g|GCH].
If g[F] > g|G] then g[H|+g[F|+1 > g[H])+g[F]+1, so, g]HCF] > g[HCG].

2. The function h defined beneath is also a complexity function.

1. h[P] =2

2. h[=F]=h[F]+1

3. h[F V G] = h[F] % h[G]

4. h[FCG] = h[F] + h[G] + 1 when C is one of the connectives A, —, or
—.

We leave the verification of the 11 conditions of the definition of the com-
plexity function to the reader.

Proposition 1.7.35 Let f be a complexity function and F,G,H be formulas
such that G occurs in F' and f(G) > f(H). Let I is the formula obtained from
F by replacing an occurrence of G by H. Then f(F) > f(I).

Proof: The proof is by structural induction on F. It is left as exercise.

Definition 1.7.36 Let S be a set of simplifications L = R, finite or infinite.
We say that a complezity function satisfies S if for all simplifications L —> R,

fIL] > fIR].

Lemma 1.7.37 g satisfies the set of simplifications S; = {-—F = F,—~(F V
G) = (F A -G),~(F ANG) = (-F V —=G)}, and h satisfies the set Sy =
{FV(GANH)= (FVG)AN(FVH)),(FVG)ANH = ((FVH)AN(GV H))}.

Proof: We will prove that

(1) g[=—F] > g[F]

and

(2) g[~(FCG] > g[-FC1—G]

for any binary connectives C' and C;. The first inequality takes care of
——F = F and the second one handles the last two simplifications.



96 CHAPTER 1. PROPOSITIONAL LOGIC

First we notice that for all formulas F', g(F') > 1 because the atoms receive
1 and g grows as the formula becomes more complex.

g[=—F] = 29[~ F) = 4g[F) > g[F]|

g[=(FCH)| = 2g[FCH] = 2[g[F] + ¢g[G] + 1] = 2g9[F] + 29[G] + 2

> 2g[F] +29[G] + 1 = g[-F] 4 g[~G] + 1 = g[-F (1G]

So, g satisfies the set of simplifications S1 = {—-—F = F,~(F VG) =
(-FA-Q),~(FAG) = (-FV-G)}.

Now we will show that A satisfies S5. We will show that

fIFEV(GAH)] >h[(FVG)A(FVH)]

and leave the other one to the reader. First we notice that for all formulas
F, h[F] > 2. Then,

R[EV (GANH)] = h[F]*h[G A H] = h[F] x [h|G] + h[H] + 1] = h[F] * h[G] +
h[F| « h[H] + h[F]

> h[F] % h[G) + h[F] * h[H] + 1 because h[F] > 2

>hFVG|+hFVH+1=h[(FVG)A(FV H).Q.E.D.

Lemma 1.7.38 If a complezity function satisfies a set of simplifications S, then
any sequence of simplifications Fy — Fy = ... F,, = ... terminates.

Proof: For every simplification step F; = F;41, there is simplification L —>
R in S such that L occurs in F; and F;41 is obtained from F; by replacing L
by R. Since f satisfies the simplification, f[L] > f[R]. By Proposition 1.7.35
fIF:] > flFit1]. Then f[Fo] > f[F1] > ... f[Fn] > ... is a descending sequence
of whole numbers. Since N does not have infinite descending sequences, the
sequence is finite. Then, so is the sequence of simplifications. Q.E.D.

Corollary 1.7.39 Steps 3 and 4 of the CNF algorithms terminate.

Proof: This is a consequence of the 2 preceding lemmas.
Exercises

Exercise 1.7.1 Identify n, the n;’s and the L;;’s for the conjunctive normal
form ((((P3 \Y P4) AN —‘P4) AN (((Pl \Y Pg) \Y —‘Pg) \Y P4)) A (—|P1 \Y —‘Pg)).

Exercise 1.7.2 Which ones of these formulas are conjunctive normal forms?
(Py V —P3)
((Pl A\ —|P3) A\ P4)
(P1 A (P2 A P3))
—|(P3 A\ P4)

Exercise 1.7.3 Let’s look at the dominance relation on the set of operator oc-
currences of a formula. Check if that relation is reflexive, irreflexive, symmetric,
antisymmetric, transitive.

Exercise 1.7.4 Find all dominance relations among the connective occurrences
of the formula ((PyV (PsV =(Py A —Py))) — (P2 A P)).
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Exercise 1.7.5 Which ones of these clauses is a prefix form?
1. (P1 vV PQ) V P3
2. PV (—~P3V Py)

Exercise 1.7.6 Let G = \/%_, M}, and H = \/]_, N; be two clauses. Then
GAH is a conjunctive normal form of the form GANH = N\, \/?;1 L;j. Identify
n, the n;’s and the L;;’s based on p, q, the My ’s and the N;’s.

Exercise 1.7.7 Use the equivalences from Figure 1.47 and The Substitution
Theorem to show that (GANH)VI=(GVI)A(HVI).

Exercise 1.7.8 Compute a CNF form for each of the following formulas:
1. =-(mAV B) «— (C A—D)
2. =(~(AvB)VC)+— (-BAD))
3. ~(A— (-BVC(C)) «— (CV-D)
4. (A— B) «— (BAC)

Exercise 1.7.9 Apply the construction from Observation 1.7.16 to get infinitely
many CNF’s for F = ((PLV Ps) A —FPs) and G = ((PLV —P;7)V Py).

Exercise 1.7.10 What happens if the CNF G from Observation 1.7.16 has no
conjuncts? Is the statement still true?

Exercise 1.7.11 Find a complezity function that satisfies the simplification
{FA(GNH) = (FANG)ANH}.

Exercise 1.7.12 Prove that the function m defined below is a bijection from
the set of rows {0,...,2" — 1} to the set of min-terms formed with the atoms
Pi,..., P,.

mlrow] = s1P1 AsaPy A ... A s, P,, where

s; = A\ (the empty string) if r;, =0, and

S§; = T Zf T, = 1.

Here, r; is the i-th digit of row written in binary.

Exercise 1.7.13 Prove Observation 1.7.28.
Exercise 1.7.14 Prove Lemma 1.7.30.
Exercise 1.7.15 Prove part 2 of Theorem 1.7.31.
Exercise 1.7.16 Compute disjunctive normal forms for the two formulas be-
low, using the two methods given in this section.
1. (A— =-B)A((CV B) «— -A)
2. (AV-B) «—— ~(BAC)

Exercise 1.7.17 Give 3 different DNF’s for AN (BV C).
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Exercise 1.7.18 Use Theorem 1.7.31 to find a CNF for F' when —F takes the
values listed below.

1. -F=((mAAN-B)AC)V ((AANB)A-C)

2. -F=((-AAN-B)V((~AAB)A-C))V B

Exercise 1.7.19 Use Theorem 1.7.31 to find a DNF for F' when —F takes the
values listed below.

1. -F=((AVv-B)VC)A((mAV B) VvV -C)

2. - F=((AVB)A-C)AN((mAV-B)V D))A(-AV D)

Exercise 1.7.20 Prove the Generalized Distributive Equivalences.
(1) FV N Gi= Ny (FV Gy)
(2) FAV,Z1 Gi =V, (FAG)

Exercise 1.7.21 Prove, by structural induction, that every formula F has a
DNF and a CNF. Use ony the Generalized DeMorgan’s Laws, the Generalized
Distributivity, the eliminations of —’s and <——’s, and the properties of V’s
and N’s.

Exercise 1.7.22 Two sets of formulas are equivalent if they have the same set
of models. Show that every set of formulas (finite or infinite) is equivalent to a
set of clauses.

1.8 Resolution

From the preceding section we know that every formula has a conjunctive normal
form, so it is equivalent to a set of clauses. In this section we present the
resolution, a method for proving that a set of clauses is unsatisfiable. We begin
by defining resolvents, first for two clauses, and then for a set of clauses. Then we
extend the set of resolvents of S, Res[S], to the set Res*[S] that contains S, the
resolvents of S, the resolvents of the resolvents of S, and so on. The high point
of the section is The Resolution Theorem, which states that S is unsatisfiable
iff O € Res*[S]. Along the way we introduce the notions of derivation sequence
and derivation tree, that help us to understand the method and to implement
it.

We know, from Theorem 1.6.18, that a non-tautology clause is identified
with its set of literals. So, from now on, we will represent clauses as sets of
literals.

Definition 1.8.1 (resolvent of two clauses, unifiable clauses) 1. Let C;
and Cy be two clauses and P an atom such that P € Cy and -P € Cy. Then
the clause R = (C1 — P)U (Cy — {—P}) is called the resolvent of C1 and Cy on
P. The clauses C1 and Cy are called the parents of R, and P is the unifying
atom.

2. We say that R is a resolvent of C1 and Cy if for some atom P, R is the
resolvent of C1 and Cy on P, or R is the resolvent of Cy and Cy on P.
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3. We say that the clauses Cy and Co are unifiable if there is some atom P
such that P belongs to one of the two clauses and =P to the other.

So, we compute the resolvent of C; and Cs on A by deleting the atom A from
C1, the literal = A from Cs and then joining the reduced sets.

Examples 1.8.2 1. The resolvent of C; = {A, B,C} and Cy = {B,~D,~C}
on Cis R={A,B,~-D}.

2. The resolvent of C1 = {A} and Cy = {-A} on A is R = {}, the empty
clause. We will write O instead of {}. We recall that the empty clause is
unsatisfiable.

3. The clauses C; = {A,B} and Cy = {—A,~B} have two resolvents:
Ry, = {B,-B}, and Ry = {A,~A}. We get R; when we do the resolution on A
and Ry when we do the resolution on B. R = {} is not a resolvent of C; and
Cs since we do the resolution on either A or B, but not on both.

Observations 1.8.3 1. When we say that R is the resolvent of Cy and Cy
on P, we mean that the unifying atom is in the first clause and its negation is
in the second. So, B is the resolvent of C; = {A, B} and Cy; = {-A} on A,
because the unifying atom A is in the first clause and its negation in the second.
We cannot say that B is the resolvent of Co and C; on A because A does not
belong to Cs.

2. In the relation R is a resolvent of C; and Cs we can interchange the
places of C7 and C5 because the unifying atom P can be in C or in Cs. So,
R = {A, B} is both a resolvent of C; = {A, B,C} and Cy = {A, B,~C} and of
OQ and Cl.

At this point we can ask ourselves two questions: Is it possible for a clause to
be unified with itself ?, and, What happens when two clauses have more than one
resolvent?.

If C' can be unified with itself, then it must contain an atom, say A, and its
negation ~A. So, C is a tautology. Let us compute the resolvent of C and C'
on A.

R=(C—-{A})U(C —{-4}) from the definition of the resolvent

— (C = {A, A} U{-A}) U ((C —{A,-A})U{4}) A-AeC

= (C—{4,-A} u{-A} U {4}

=(C since A,mAeC

So, whenever we unify a tautology with itself we do not get new clauses.
This result is useful when we will compute the resolvents of a set of clauses.

Sometimes two clauses have more than one resolvent. For example, the
resolvents of C1 = {A,-B} and Cy = {—A, B} are Ry = {B,~B} and Ry =
{A4,-A}. We will show that whenever C; and C have more than one resolvent,
then the resolvents are tautologies.

Proposition 1.8.4 If two clauses have more than one resolvent, the resolvents
are tautologies.
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Proof: Let C; and C5 be two clauses that have two distinct resolvents, Ry
and Ry. Let L and M be the literals of C involved in the computation of Ry,
rspectively Ry. Then L and M are in Cs.

Since Ry # R, L # M. When we compute R; we delete L from C; but we
do not delete M because M # L. We also delete L from Cy but not M, since
L # M. Since R; contains all literals of C; and Cs that are not deleted, both
M and M are in R;. So, R; is a tautology.

A similar argument shows that L, L are in Ry. Q.E.D.

Now we will show that the resolvents are consequences of the parents.

Proposition 1.8.5 (resolvents are consequences of the parents) Let Cy
and Cy be two clauses and R a resolvent of Cy and Cs. Then C; A Co =
(Cl A\ CQ) A R.

Proof: Let A be a truth assignment. We have to show that A[Cy; A C] =1 if
and only if A[(Cl A 02) AN R] =1.

<=: Assume that A[(Cy; A C2) A R] = 1. Then, from the interpretation of A,
A[C1 A Co) =1.

=: Assume that A[Cy A C2] = 1. From the interpretation of A, both A[CY]
and A[C3] = 1. We need to show that A[R] = 1.

Since R is a resolvent of C; and Cs, then there is an atom P such that R is
the resolvent of Cy and Cs on P, or the resolvent of Cy and C7 on P. In both
cases, there is a literal @ € C; such that its complement Q is in Cs.

From Definition 1.8.1, R = (C; — {Q}) U (Ca — {Q}). We have two cases,
depending on whether A[Q] =0 or A[Q] = 1.

Case 1: A[Q] =0.

Since A[C1] =1, A[Ch —{Q}] =1. But (C; — {Q}) C R, so A[R] =1.

Case 2: A[Q] = 1.

Then A[Q] = 0. Since A[C] =1, A[C> —{Q}] = 1. But (C> — {Q}) C R,
so A[R] = 1.

In either case A[R] = 1. Since A[C}] and A[C,] are already 1, A[(Cy ACa) A
R]=1. Q.E.D.

We can extend the notion of resolvent of two clauses to the set of resol-
vents.

Definition 1.8.6 (Res[S]) Let S be a set of clauses. We define Res[S] , the
set of resolvents of S, as
Res[S] = SU{R|R is a resolvent of two clauses Cy and Co from S}.

Example 1.8.7 Let us find Res[S] when S = {{A4, B},{A,-~B},{—A, B}{—-A,-B}}.
First of all we list the clauses in S.

1. {A, B}

2. {A,-B}

3. {—-A, B}

4. {=A,-B}.

Next we take all possible pairs of clauses and find all their resolvents. So, we
compute the resolvents of the pairs of clauses 1 and 2, 1 and 3, 1 and 4, 2 and
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3, 2 and 4, 3 and 4. We don’t worry about unifying a clause with itself since
the resolvents, if they exist, are identical to the parent clause.

We get the 6 clauses below.

5. {A} from 1 and 2 on B.

6. {B} from 1 and 3 on A.

7. {B,~B} from 1 and 4 on A.

8. {A,~A} from 1 and 4 on B.

9. {-B} from 2 and 4 on A.

10. {=A} from 3 and 4 on B.

Clauses 7 and 8 are also the resolvents of clauses 2 and 3. So, Res[S] is the
set of clauses 1 to 10.

We notice that both 7 and 8 are tautologies.

Definition 1.8.8 (semantically equivalent sets) We say that two sets of
formulas S and T are semantically equivalent, written S =T, if for every truth
assignment A, |= 45 if and only if = ,T.

Proposition 1.8.9 Let S be a set of clauses. Then S = Res[S].

Proof: We need to show that for all truth assignments A, = ;S if and only if
= 4 Res[S].
<=: This is easy. Since S is a subset of Res[S] and A models every clause in
Res[S], then A is a model for every clause in S.
—: Assume that |=,S. We will show that A models every clause in Res[S].
Let F be a clause in Res[S]. Then either F' is in S or F is a resolvent of two
clauses C7 and Cs of S. If F'is a clause in S, then |= 4 F', because |= 4 S. If F'is a
resolvent of Cy and Cs, then {F,Cy,Cy} = {C4, C2} by Proposition 1.8.5. Since
A is a model of {C1, Cy},the semantic equivalence tells us that = . Q.E.D.
We can extend the notion of resolvent to include resolvents of resolvents,
resolvents of resolvents of resolvents, and so on.

Definition 1.8.10 (Res™[S],Res*[S]) Let S be a set of clauses.

1. We define Res™[S], the set of all resolvents of height < n of S, as

1.1. Res®[S] =S

1.2. Res"t1[S] = Res[Res"[9]].

2. We define the set of all resolvents of finite height of S as Res*[S] =
UiZo Res'[S].

Let us find Res*[S] where S contains the 3 clauses below.

1. {4,B,C}

2. {-B,C}

3. {=C}

We first find Res![S] = Res[S]. We do this by computing all resolvents of
all pairs of clauses in S. We get the following new clauses.

4. {A,C} from 1 and 2 on B

5. {A4,B} from 1 and 3 on C

6. {-B} from 2 and 3 on C



102 CHAPTER 1. PROPOSITIONAL LOGIC

So, Res'[S] is the set of clauses 1-6.

Now let us find Res?[S], the set of resolvents of S of height < 2.

We must compute Res[Res![9]], i.e. add to Res![S] all resolvents of all pairs
of clauses numbered 1-6 that are not already in. We do not want to recompute
the resolvents of Res![S], so, we will work only with the pairs C7, Cz, that have
Cs in Res'[S] — S. Thus, we find all resolvents of the clauses 1 and 4, 1 and 5,
1 and 6, 2 and 4, 2 and 5, 2 and 6,... , 4 and 5, 4 and 6, 5 and 6. We get one
new clause.

7. {A} from 4 and 3 on C

Next we compute Res®[S] but we do not get any new clauses. So, Res®[S] =
Res?[S]. We can apply the next proposition, and conclude that Res*[S] =
Res?[S].

Proposition 1.8.11 If Res"T![S] = Res"[S] then Res*[S] = Res™[9].

Proof: We will show, by induction on m, that for all m > n, Res™[S] C
Res™[S].

Basis: m = n + 1. Since Res""1[S] = Res"[S], Res"t1[S] C Res"[S]

Inductive Step: Assume that Res™[S] C Res™[S] and m > n + 1. Let F
be a clause in Res™T![S]. Since Res™T1[S] = Res[Res™[S]], F is a clause in
Res™][S] or a resolvent of two clauses in Res™[S]. If S is a clause in Res™[5]
then F' € Res™[S] from the induction hypothesis.

Assume that F is a resolvent of two clauses in Res™[S]. By induction
hypothesis, the parents of F are in Res™[S]. Then their resolvents are in
Res"t1[S]. So, F € Res"T![S]. Since Res""1[S] C Res"[S], F € Res"[S)].

In either case F' € Res™[S], so Res™T![S] C Res™[S].

From Definition 1.8.10 we know that whenever n < m, Res"[S] C Res™[S5].
Then

Res*[S] = Uiy Res'[S] € Ui, Res'[S] U ;2,1 Res'[S] € Res™[S] U
Uiz, 1 Res™[S] = Res™[S].

So, Res*[S] C Res™[S]. Since Res"[S] C Res*[S], Res*[S] = Res"[S].
Q.E.D.

Now we will show that for all clause sets S, S = Res*[S].

Proposition 1.8.12 (S = Res*[S]) S = Res*[5], i.e. S is semantically equiv-
alent to the set of its resolvents.

Proof: We'll show, by induction on n, that S = Res™[S5].
Basis: n = 0. Then Res’[S] =S and S = S.
Inductive Step: Assume that Res"[S] = S. Then, Res""![S] = Res[Res"[S]]
and Res[Res"[S]] = Res™[S] by Proposition 1.8.9. Since = is an equivalence
relation, Res"t1[S] = S.

Now let us show that Res*[S] = S. We'll show that for every truth assign-
ment A, =, iff =, Res*[S].
<=: Assume that |= ,Res*[S]. Since S is a subset of Res*[S], = 45.
= Assume that |=,S. Let C be a clause in Res*[S]. Then, there is some n
such that C' € Res™[S]. Since Res"[S] = S, = 4 Res"[S]. So, = ,C. Since C is
arbitrary in Res*[S] we conclude that |= 4 Res*[S]. Q.E.D.
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Before we go on to the next two theorems let us define the concept of deriva-
tion sequence.

Definition 1.8.13 (derivation sequence) A derivation of C from the clause
set S is a sequence C1, ..., Cy, satisfying the following conditions:

1. every C; , 1 < i < m, is either a clause in S , or a resolvent of two
preceding clauses, and

2. Cn=0C.

The number of clauses in the derivation is called the length of the derivation.

Examples 1.8.14 Let us look at three derivation sequences.
1. The sequence C1, Cs, C3, Cy, Cs , Cg, C7, Cs shown below is a derivation
of O from the clause set S = {{A, B},{A4,-B},{-A, B},{-A,-B}}.
Cy ={A,B} clausein S
Cy={A,-B} clausein S
C3 ={A} from C; and C3 on B
Cy={-A,B} clausein S
Cs ={-A,-B} clausein S
Cs ={-A} from C4 and C5 on B
C;=0 from C3 and Cg on A.

Let us check that the sequence satisfies the conditions listed in Defini-
tion 1.8.13.

la. The clauses C1, Co, Cy4, C5 belong to S.

1b. The clause Cj3 is a resolvent of Cy and Cs, Cj is a resolvent of Cy and
C5, and C7 is a resolvent of C5 and Cg. In all 4 cases the parent clauses
precede the resolvent.

2. The last clause of the sequence is O.

So, the sequence is a derivation of O from S.

2. Let us verify that the sequence below is another derivation of O from S.
C; ={A,B} clausein S
Cy={A,-B} clausein S
C3 ={A} from C; and C3 on B
Cy={-A,B} clausein S
Cs ={B} from C3 and Cy on A
Cs ={-A,-B} clausein S
C7; ={-A} from C4 and Cs on B
Cs ={-B} from C3 and Cs on A
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Cy=0 from C3 and C7 on A

1. The clauses Cy, Ca, Cy, Cs are members of S, and the other ones (Cs,
Cs, Cr, Cs, Cg) are obtained from preceding clauses by resolution, and

2. The last clause in the sequence is O.

This derivation is almost the same as the preceding one, except that we
inserted clauses C5 and Cg.

3. We can verify that the sequence below is a derivation of {A} from S =

{{B}.{4,-B,C},{A,~B,=C}}.

Cy ={B} clausein S
Cy={A,-B,C} clausein S

C3; ={A,C} from C; and C5 on B
Cy={A,-B,-C} clausein S

Cs ={A,~C} from C; and Cy on B
Cs ={A} from C5 and C5 on C.

In this derivation we use clause 1 for more than 1 resolution step.

Observation 1.8.15 1. A derivation sequence is just a list of clauses. For
example,

Cy = {~A}, Co = {4, B}, Cs = {A, =B}, Cy = {A}, C5 = D

is a derivation of O from {{-A}, {4, B},{A,-B}}.

2. A non-empty prefix of a derivation sequence is also a derivation sequence.
More precisely, if Cq,..., Cy is a derivation of C,, from S, and m < n, then the
sequence C1,...,Cy, is a derivation of C,, from S.

3. In the preceding examples we did more than just list clauses. We gave
derivation analyses. An analysis of a derivation Ci,..., C, has the same num-
ber of steps as the derivation, but each step contains both the clause and the
explanation of how it was derived. The step specifies if the clause is in S. If it
not, the step lists the parent clauses and the resolution atom.

Since the analysis contains more information, it is preferable to work with them.
We can transform a derivation sequence into an analysis, but we have to do some
work. Figure 1.55 shows an algorithm that accomplishes this transformation.
The input to the algorithm is a derivation sequence C1,...,C,, from the clause
set S.

Let’s apply the algorithm from Figure 1.55 to find an analysis for the deriva-
tion sequence

C, = {A,B,C}, C; = {A,B,~C}, C3 = {A,-B}, Cy = {-A,C}, C5 =
{_‘Av _‘C}v Ces = {_‘A}v Cr = {A’B}v Cs = {A}v Co =0

that computes O from the set S = {{A, B,C},{A, B,-C},{A,-B},{-A,C},

{-A,=C}}.

We see that C is a clause in S, so we write

C; ={A,B,C} isaclausein S.
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for (i=1 to n) do

if (C; € S) then
write on a new line that C; is a clause in S.
else

{
for (j=1 to i-1) do
for (k=1 to i-1) do
if (C; is a resolvent of C; and Cj on P) then

{

write C; from C; and Cy, on P
exit the double loop;

Figure 1.55: Algorithm for generating analyses

We go to the next clause in the sequence. This one is also in S, so we write

Cy={A,B,-C} isaclausein S.

The next 3 clauses, C3, Cy and C5 are also in S, so we write

C3 ={A,-~B} isaclausein S

Cy={-A,C} isaclausein S

Cs ={-A,-C} isaclausein S.

The next clause, Cg, is not in S. So, we look for a pair of clauses from
{C1, Cq,C5,Cy, Cs} that produces it. We get that Cg is the resolvent of Cy and
Cs on C. So, we write

Cs ={-A} from C4 and C5 on C.

Clause C7 is not in S either, so we have to find its parents in the set
{C1,C5,C3,C4,C5,Cs}. We find the resolvents of all pairs C;, C; in the set,
including the ones with ¢ = j. If one of the resolvents is C7, then those clauses
are its parents. By doing this, we discover that C7 is the resolvent of C; and
C5 on C. We write

C7; ={A,B} from C; and C3 on C.

Clause Cy is not in S, so we have to search the set {Cy, Cs, C3,Cy, Cs, Cs, Cr }
for its parents. When we unify C7 and C5 on B we get Cs. We append the new
line

Cs ={A} from C; and C5 on B.

The last clause, Cg is not in S. So, we have to locate its parents in the set
{C1,C4,C5,C4,C5,Cs,C7,Cg}. After some searching we discover that it is the
resolvent of Cg and Cg on A. We have the last line of the analysis.

Cy = O from Cs and Cg on A.

So, the analysis of



106 CHAPTER 1. PROPOSITIONAL LOGIC

C, = {A,B,C}, Cy = {A,B,~C}, C3 = {A,-B}, Cy = {-A,C}, C5 =
{_'A7 _'0}7 Ces = {_'A}a Cr = {A7 B}a Cs = {A}7 Cy =10

is the step sequence below.

Ci ={A,B,C} isaclausein S

Cy ={A,B,-C} isaclausein S

C3; ={A,-B} isaclausein S

Cy={-A,C} isaclausein S

Cs ={-A,-C} isaclausein S

Cs ={-A} from Cy and C5 on C

C7 ={A,B} from C; and C3 on C

Cs ={A} from C7 and C5 on B

Co=0 from Cg and Cg on A

Remark 1.8.16 In most cases we will not identify the formulas of the sequence
by the labels Cy,...,C,. So, we will write

{A7 B, C}v {A, B, _'C}v {A7 ﬁB}ﬂ {—|A, C}, {ﬁAv _‘C}, {—|A}, {A7 B}v {A}v
O

instead of

C, = {A,B,C}, Cy = {A,B,~C}, C3 = {A,-B}, Cy = {-A,C}, C5 =
{—\A, —\C}, Ce = {—\A}, Cr; = {A,B}, Cg = {A}, Cy = 0.

Now we can state the fact that we can always construct an analysis from a
derivation sequence.

Proposition 1.8.17 Algorithm 1.55 is correct, i.e. it attaches to every deriva-
tion sequence A, an analysis A*, that provides, for each clause in A, an expla-
nation of how the clause was derived.

Proof: Let A = Cq,...,C, be a derivation sequence. For each clause C;,
1 <4 < n, the algorithm checks if C; is in S. If so, it writes that the clause is
in S. If not, it looks for a pair of clauses C; and Cy, j,! < i, that has C; as a
resolvent. Such a pair exists by Definition 1.8.13. Since the algorithm searches
all possible pairs, it is bound to find one. Q.E.D.

Remark 1.8.18 The explanations generated by Algorithm 1.55 may not coin-
cide with those of the original sequence. For example, the sequence {A}, {—A4, B}, { B}
is a derivation of B from S = {{A},{—A, B},{B}}. Here, the clause B is ob-
tained from the preceding clauses by resolution. However, the algorithm will
generate the analysis,

1. {A} clausein S

2. {~A,B} clausein S

3. {B} clausein S.

This situation can occur when a clause is both in S and can be derived from
2 preceding clauses, or it can be derived in more than one way.

Many times it is convenient to represent derivations as trees.
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{4, B} {A, B} {—-A, B} {-A,-B}

{A} {-4}

Figure 1.56: A tree for the first sequence of Example 1.8.14

{B} {A,-B,C} {B} {4,-B,-C}

{A,C} {A,-C}

{4}

Figure 1.57: A tree for the third sequence of Example 1.8.14

Definition 1.8.19 (derivation tree) A derivation tree'® of a clause C' from
a clause set S is a labeled binary tree where

1. the leaves are labeled with clauses from S,

2. the label of the root is C,

3. the label of each branch is a resolvent of the labels of its children. We
require that the left child contains the unification atom.

Examples 1.8.20 Figures 1.56 and 1.57 show the derivation trees of the first
and the third sequence of Examples 1.8.14.

We will show that we can transform derivation sequences into derivation trees
and vice versa.

Proposition 1.8.21 We can always construct a derivation sequence from a
derivation tree.

We will construct an algorithm, that performs exactly this. The algorithm is
based on the observation that every derivation sequence must list the parents
before the resolvent. In the resolution tree, the parents of the address u are

10S0ome resolution books call them refutation trees.
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B A,-B,C
0.0 (B} 0.1 { }
0 {A’C} {Avﬁc}
A
N
Figure 1.58: A derivation tree
B A,-B,C
0.0 (B} 0 0.1 { } 0
A C A,-C
| ) 1 w-a ],
A
A 4 2

Figure 1.59: The ranked nodes of the tree from Figure 1.58

1.0 and u.1. The algorithm assigns to each node of the tree a natural number,
called its rank. The rank is the length of the longest path from the node to a
leaf.

rank(u) = 0 if u is a leaf
| max(rank(u.0),rank(u.1)) +1 if u is a branch

Figure 1.59 attaches ranks to the nodes of the tree from Figure 1.58. The ranks
are the bold numbers to the right of the nodes. Now, we list the nodes of the
derivation tree in the increasing order of the rank. First we list all nodes of rank
0, then the nodes of rank 1, and so on. Within the same rank we can list the
nodes in any order we like.

So, all six listing shown below are derivation sequences for Figure 1.58.

{B}, {A7 -B, C}, {A7 _‘C}, {A7 C}v {A}

{B}, {A7 _‘C}, {A7 -B, C}, {A7 C}v {A}

{A7 -B, C}, {B}, {A7 _‘C}, {A7 C}v {A}

{A7 -B, C}, {A7 _‘C}, {B}, {A7 C}v {A}

{A7 _‘C}, {B}, {A7 -B, C}, {A7 C}v {A}

{Av ﬁO}v {Av -B, O}v {B}v {Av C}v {A}
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%) {4,B,C} s {-A4} . {A,-B} e {A,B,-C?}
ol Ba | | B o | B0
ol 1o .| @ |, [ o |,
]
C112

Figure 1.60: The node graph

The procedure works because each resolvent has higher rank than its parents,
so it is listed after them. Also, the root, having the highest rank, is listed last.

Now we will give a procedure for generating trees from resolution sequences.
Since Proposition 1.8.17 tells us that we can always transform a derivation into
an analysis, the algorithm will take as input an analysis. We will illustrate the
steps of the algorithm with an example, by constructing a derivation tree for
the analysis below.

Ci ={A,B,C} clausein S

Cy ={A,B,~C} clausein S

C3 ={-A} clausein S

Cy={A,-~B} clausein S

05 = {B,C} from Cl, 03 on A

06 = {B, _‘O} from 02,03 on A

C7; ={-B} fromCy, C30n A

Cg = {A, O} from Cl, 07 on B

Cy ={A,-C} from Cy, C7 on B

Cio={C} from Cs, C7 on B

Cy1 ={-C} from Cs, C7 on B

Clg =0 from Clo, Cll on C.

Step 1: Represent all clauses as nodes labeled with that clause. We get the
graph from Figure 1.60. The labels C; are to the left of the nodes.

Step 2: Draw arrows from the parent clauses to the resolvents. We label with p
the arrow from the positive parent (the clause that has the unification atom) and
with n the negative parent (the one that has the complement of the unification
atom). We get the graph from Figure 1.61.

Step 3: Remove all nodes that do not have a path to the root.
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A,B,C -A A,-B A, B,-C
. {A4,B,C} Cs {—-A} . {A,-B} 02{,,}
p n n P N‘ p
B,C -B B,-C
ol o {B.C} c {-B} Co { }
n n n
A,C C -C A,-C
Ce {A,C} Cio {C} i {=C} Co { }
p n
O
C112

Figure 1.61: The graph with arrows

The nodes Cg and Cy have no path to C12, so we remove them together with
the connecting arrows. We get the reduced graph from Figure 1.62.
Step 4: The graph generated by Step 3 has no cycles because every arrow
C; — Cj has i < j. At the same time, every node has a path to the root. But
this graph may not be a tree because there may be more than one path from
the node to the root. For example, C3 from Figure 1.62 has 3 paths to the root,
Cs,Cs5, Chg, Ch2, Cs,C7,Chg, C12, and C3, Cg, Cq1, C12. We have multiple paths
because some nodes have out-degree greater than 1. We call the arrows that
have C; as source out-arrows of C;. For each extra arrow of C; we will make a
copy of the tree with root C; and will make the new root point to the target of
the extra arrow. But we have to be careful about the way we do it. So, let T’
be the set of clauses with more than one out-arrow. We sort T in the increasing
order of the index and we process the nodes according to this order. Since the
descendents of C; have smaller indices than j, they are processed first. By the
time we process C, they form a tree with root Cj.

Figure 1.62 has 2 nodes of out-degree greater than 1, C5 and C7. Since
3 < 7, we process Cj3 first. This node has 2 extra out-arrows, so we make two
copies of the tree with root C5. We make them point to Cg and C7. We get the
graph from Figure 1.63. Now we process C7. We make a copy of the tree with
root C; that points to C11, and we get the tree from Figure 1.64.

We label the newly created nodes with C13 through Cj7 and get the binary
tree from Figure 1.65. The left child has label p and the right child has label n.

The algorithm for generating trees from sequences consists of the 4 steps
described above. The algorithm does not implement a one-to-one mapping
since the first two sequences of Examples 1.8.14, though distinct, generate the
same tree, the graph shown in Figure 1.56.

However, the mapping is onto since every derivation tree is generated by at
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A B,C -A A,-B A, B,-C
ol aBa || o | | - || B0
D n n \ P
p
B,C -B B,-C
ol ma | on o | B0
p n n p
C -C
Cio {c} i {=C}
D n
O
Ci2
Figure 1.62: The reduced graph
Cl C3 C4 CQ
{A,B,C} {-4} {-A} {A,-B} {-A}| | {4,B,=C}
p n n p n p
B,C -B B,-C
ol ma | 8 o | B0)
P n n p
C -C
Cio {c} Cu {=C}
D n
O
Ci2

Figure 1.63: The graph after processing Cs
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Cl C3 C4 C2
{A,B,C} {=A}| [{-4} [{A-B} [{-4}| {4 -B} |[{-A}| | {4.B,~C}
p n n p n p n p
B,C -B -B B,-C
clma | L. o8 |, [0
p n n p
C -C
Cio {c} Cu {=C}
P n
O
Ci2
Figure 1.64: The resolution tree
Cq C3 C13 Cy Clq Cis Cie Cy
{4, B,C} ||{~A}| [{~4}] {A, =B} |{-A}| |{A,-B} {=4}] | {4, B,~C}
P n P p n p
B,C -B -B B,-C
T S S A
P n n p
C -C
Cio {c} Cu {=C}
P n
O
Ci2

Figure 1.65: The labeled resolution tree
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least one sequence.

Proposition 1.8.22 The function computed by the sequence-to-tree algorithm
s onto, i.e. every derivation tree is the image of some sequence.

Proof: Let T be a tree and let C1,...,C,, be the sequence generated by the
tree-to-sequence algorithm. We transform this sequence into an analysis that
preserves the structure of T'. So, C; is a resolvent of C; and C on A in the
sequence iff C; is a resolvent of C; and C on A in T.

Now let us apply the 4 steps of the algorithm. At Step 1 we draw the nodes
for the n clauses. At Step 2 we draw arrows from the parents to the resolvents.
Since the analysis mirrors 7', we have an arrow from C; to Cj iff we have an
arrow from Cj to Cy in T'. Moreover, the label of the arrow is the same.

So, the graph obtained at Step 2 is the same as the tree T. Then at Steps
3, and 4 we do not do anything because every node has a path to the root, and
there are no extra out-arrows. Q.E.D.

Remark 1.8.23 Since the fourth step of the algorithm is straightforward, the
book presents many resolution trees as acyclic graphs where every node has a
path to the root. In many cases we will not even write p and n on the arrows
since they can be determined by looking at the resolution step.

Examples 1.8.14 displayed two derivations of O from S = {{A, B}, {A, B},

{—A, B},{—A, ~B}}, the first being shorter than the second.

Let C be a clause and S be a set of clause. We write Deriv(C,S) for the
set of all derivations of C from S. If Deriv(C,S) is not empty, then it contains
derivations of minimal length. These are called minimal derivations. Since
every derivation can be transformed into a tree, there are derivations trees of
C from S. Among those trees are trees of minimal height. Those are called
minimal (derivation) trees.

Proposition 1.8.24 1. Deriv(C,S) is either empty or countably infinite.

2. If Cy,...,C, = C is a minimal derivation, then no clause is repeated and
every index 1 < i < n has a path ton, i.e. there are indices i = jo < j1 < ... <
Jr =n such that for all l, 0 <1<k, Cj,_, is a parent of C,.

3. If t is a minimal tree of height n+1, one of its main subtrees is a minimal
tree of height n.

Proof: 1. Since there are countably many formulas, Derive(C,S) is at most
countably infinite. So, all we have to show is that the set is either empty
or infinite. Let us assume that Derive(C,S) is not empty. Then there is a
derivation C1,...,C, = C of C from S. At the same time, S cannot be empty.
Let D be a clause in S. Then all sequences

D,... ,D,Cy... ,Cy
——
ntimes

are derivations of C' from S. Since we have infinitely many such sequences, the
set Deriv(C, S) is infinite.
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2. We will first show that the sequence Seq = C1, ... C, has no duplications.
Assume that for some 1 <¢ < j <n, C; = Cj.

If j = nthen C; = C. By the second part of Observations 1.8.15, Cy,... ,C; =
C is a derivation of C from S. The length of this sequence is ¢ and ¢ is less than
n. This contradicts the assumption that C; ... ,C, is a minimal sequence.

If j < n, we delete C; from the sequence. We will show that Seqt =
Ci,...,Cj—1,Cjt1,... ,Cy is a derivation sequence. We need to show that
every clause in Seq' is either in S or a resolvent of two clauses that precede it
in Seqt.

Let Cy, be a clause in Seq'. Since C}, € Seq, C, is either in S, or a resolvent
of two clauses, C}, and Cy, that precede it in Seq. If C} belongs to S we have
no problem. If C} is a resolvent of C}, and Cy, and both are different of C},
then C), and C, are in Seqf, and precede Cj,. Again there is no problem. If C,,
Cy, or both, are equal to C}, then k > j, hence k > 7. We define the clauses D,
and D, as follows:

_ Cp if p#j
DP‘{ C; ifp=j

_ ) Cq ifg#]
Dq_{Oi ifq:j

Now Cy is a resolvent of D,, and D, and these clauses precede Cy, in Seq'.

Now let us show that every clause of a minimal sequence has a path to the
last clauses of the sequence. We prove it by contradiction. Assume that there
is a minimal derivation Seq = C4,...,C, with clauses that have no paths to
C,,. Since the sequence is finite, there is a largest m, such that m has no path
to C,. From the definition of a path to n, m < n. If C}, has a resolvent in Seq,
then the resolvent has an index higher than m, and has no path to C),. This
contradicts the assumption that C,, is the last such clause with no path to C,,.
So, C,,, has no resolvents in Seq.

Then let Seq’ be the sequence obtained from Ci,...,C,,,...,Cy, by deleting
Cp,. This sequence is a derivation sequence, since no clause uses C,,. At the
same time the end clause C,, is the same. This contradicts the fact that Seq is
a minimal derivation.

3. Let t be a minimal derivation tree of C' from S and n + 1 be its height,
as shown in Figure 1.66. Let C be the label of A, Cy the label of the address 0
and C; the label of the address 1. Let tg and t; be the main subtrees of ¢. Let
us assume that all subtrees of ¢ of height n are not minimal. Let us define the
derivation trees t'g and t'; as follows:

oo t; if the height of ¢; is less than n
"7 | T; if T;is a minimal derivation tree of C; from S

Then the tree t[0 < ¢/o][1 « ¢'1] is a derivation tree of C' from S. Since both
t'1 and t'5 have height less than n, ¢[1 « t/1][2 < ¢'3] has height n or less. This
contradicts the fact that ¢ is a minimal tree. Q.E.D.
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Leaves in S Leaves in S

t t[0 «— t/o][1 « t/4]

Figure 1.66: The trees from the proof of Proposition 1.8.24

The derivation trees give meaning to the sets Res™[S| from Definition 1.8.10.

1.Res™[S] is the set of all clauses that have an S derivation tree of height
<n.
2. Res*[S] is the set of all clauses derivable from S.

3. Res"t1[S] — Res™[S] is the set of clauses derivable from S that have
minimal derivation trees of height n + 1.

4. The condition Res"™1[S] = Res™[S] of Proposition 1.8.11 tells us that
there are no minimal trees of height n + 1.

5. The conclusion Res*[S] = Res™[S] of Proposition 1.8.11 says that all
minimal trees have height less than or equal to n.

Now we will present a key result, The Compactness Theorem for the
propositional calculus.

Theorem 1.8.25 (The Compactness Theorem) Let S be set of formulas.
Then S has a model if and only if every finite subset of S has a model.

Proof: —: Assume that = 4S. Then, for every subset T" of S, |= ,7'. Since
the finite subsets of S are subsets of S, A is a model for every finite subset.

<=: Assume that every finite subset of S has a model. If the whole set S is
finite then S also has a model, since it is a finite subset of itself.

So, let us assume that S is infinite. We define the subset S; of S to be the
set of all formulas of S with atoms in the set { Py, Py, ..., P;}. We notice that all
formulas of S; are also in Si;1, Siye, etc. So, for all 4, j, ¢ < j implies S; C Sj.

The sets S; can be infinite because we can form infinitely many formulas
with only ¢ atoms. However, S; contains only a finite number of non-equivalent
formulas (see Exercise 1.8.11 below). From each equivalence class of S; we select
a representative and form the representative set M;. The sets M; are finite and
semantically equivalent to S;. We require consistency in the selection of the
representatives. This means that whenever an equivalence class of S;1; has a
member in M;, that member is the representative of the class in M.

For example, let us assume that P is in My and C is the equivalence class
of S3 that contains F' = Py A (P2 V Ps). The formula F is not in Sy because it
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A=¢; I1=1{0,1,2,...,n,...}; n=0;
loop

if ({¢ € I|A;[P,]) =1 } is infinite ) then

{A=AUu{< P, 1>} I =1-{ilA[P] =0} }
else

{A=AU{< P,,0>}; I =1-{ilA;][P,]=1};}
n=n+1

Figure 1.67: The Compactness Theorem Algorithm

contains the atom P3. However, F' = P,, so C' contains a member of M5. Then,
the representative of C'in M3 is P,. This way,

() MyCM CM,C...CM,C...

Since M; is finite, it has a model, say A;. From (1) we get that for all ¢ < j,
Aj; is a model of M;.

We need to construct a model A of S from the truth assignments 4;. We
will construct A inductively, by first assigning a truth value to Py, then to P,
and so on. The problem is that the models 4; may assign different values to
the same atom. For example, Py has value 1 in Ag, 0 in Ay, 1 in A, and the
value keeps flip-flopping between 1 and 0. So, what value should A assign to
Py?

We divide the models A; into two categories: in the first category Py receives
1 and in the second it gets 0. If the first category has infinitely many indices,
then A[Py] = 1 and we discard all indices that are in the second category, i.e.
all ¢ that have A;[Py] = 0. If the first category is finite then A[Py] = 0 and we
discard all indices ¢ that have A;[Py] = 1.

Let I be the reduced set of indices. For all models M;, with i € I, A;[Py] =
A[Py]. Now we worry about the value of P;. We split I into two categories
according to whether A;[P;] = 1 or A;[P;] = 0. If the first category is infinite
then A[P;] = 1 and we remove from I all the indices that are in the second
category. If the first category is finite then we set A;[P;] = 0 and we remove
from I the indices from the first category. This way, the indices left in I agree
on both Py and P;. We continue this way, according to the algorithm from
Figure 1.67.

Now let us show that the above algorithm is correct, i.e. it produces a
model of S. Let F' be a formula in S. Since F is finite, it has a finite number
of atoms. Then, there is a number n such that all atoms of F' are in the set
{Po,P1,...,P,}. So, F € S,. Since M, contains a representative of each =
class of S,,, there is a formula G € M,, such that G = F.

Let us look what happens after we go n 4+ 1 times through the loop of The
Compactness Theorem Algorithm. The set [ is infinite and for all indices ¢ in
I, A; agrees with A on {Py, P1,..., P,}. Let us take the smallest index &k in T
that is greater than or equal to n. Then Ay is a model of M,, since k > n. So,
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n=0;5={¢(0)}
loop
{
if (S is unsatisfiable) then
{ write(“The set is unsatisfiable”); exit; }
else

fn=n+1;8 = SU{o(n)};

Figure 1.68: The Unsatisfiability Procedure

Ay is a model of G. Since A agrees with Ay on the atoms of G, A is a model
of G. But F' = G, so A is a model Q.E.D.

The Compactness Theorem gives us a procedure for deciding the unsatisfi-
ability of a set of formulas. Let U = {Fpy, F1,...,F, ...} be a set of formulas
that can be be enumerated, i.e. we have an algorithm ¢ such that ¢(i) = Fi.

Then, the procedure from Figure 1.68 will stop iff S is unsatisfiable. Let us
see why. If U is unsatisfiable, then it has a finite subset of formulas, say T =
{Fi,,..., F;_} that is unsatisfiable. Let m be the largest of the indices iy, ..., ij.
When n = m, the procedure will test the satisfiability of S = {Fp,..., Fn}, a
set that includes T'. So, S is unsatisfiable and the procedure stops.

The procedure goes only half-way, because it stops only when U is unsatis-
fiable. When U is satisfiable, the procedure loops forever. For this reason we
call it a semi-decision procedure.

Before we go on to prove The Resolution Theorem, we need to define the
sets Sp—o and Sp—; that will occur in many proofs.

Definition 1.8.26 (Sp—1, Sp—0) Let S be a set of clauses and L be a literal in
S. The set Sp—1 is obtained from S by deleting the clauses that contain L, and
removing L from the remaining clauses. Formally, S —1 = {C—{L}|C € S and
L¢C}.

The set Sp—¢ is S obtained by deleting the clauses that contain L, and then
deleting L from the leftover clauses. Formally, Sp—o = {C' — {L}|C € S and
L¢C}.

Semantically, Sp—1 is the set of S clauses that are left unsatisfied by the truth
assignment A[L] = 1, and Sp—¢ contains the clauses left unsatisfiable by the
assignment A[L] = 0. The two sets, Sp—1 and Sp—o, have fewer atoms than S
since they do not contain neither L nor L.

Example 1.8.27 Let S = {{A4, B,C},{4, B,~-C},{A,-B},{-A4, B},{—A,-B}}.
We get Sa—1 by deleting all clauses of S that contain A, i.e. the clauses
{A,B,C} , {A,B,-C} , {A,-B}. We are left with {-A, B} and {-A,-B}.
From these clauses we delete =A. We obtain Sa—; = {{ B}, {-B}}.

We get Sa—o by deleting all clauses of S that contain —A4, i.e. {=A, B} and
{—=A,-B}. We are left with {4, B,C} , {4, B,~C} , and {A,—~B}. From these
clauses we delete A and obtain Sp—¢ = {{B,C},{B,~C},{—-B}}.
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Now, let us verify that the clauses of S left unsatisfied by the truth-assignment
A[A] =1 is exactly Sa=1. The disjunctions that contain A are satisfied since A
satisfies A. We left with {-A, B} and {—A,-B}. Since A is interpreted as 1,
A satisfies {—A, B} iff is a model for {B}. The same goes for {—~A,-B}. Then

satisfies S iff A is a model for {{B},{-B}} = Sa=1.

Lemma 1.8.28 Let S be a set of clauses and L a literal in S. Then S is
unsatisfiable iff both Sp—1 and Sp—o are unsatisfiable.

Proof: The above statement is equivalent to

S is satisfiable iff at least one of S;—1 and Sy—q is satisfiable.
<—: We will show that whenever Sy _; is satisfiable, so is S. The other part,
that S is satisfiable whenever S;—g has a model, is left as exercise.

Assume that A is a model of S;—;. Let B be the truth assignment identical
to A except that B[L] = 1. Then A and B agree on Sp—1, because neither L
nor L occur in S;_;. Then B is a model for all clauses of Sy_;.

Now let C be a clause in S. We have the following 3 cases: C' contains L, C
contains L, but not L, and neither L nor L are in C.

If C' contains L then =4zC, because B[L] = 1. If L is not in C' but L is,
C —{L}isin Sp—;. Since E=5zC — {L}, =xC. If neither L nor L are in C, then
Cisin Sp—1, so FzC. So, for all three cases, |=5C. We conclude that [=,S.
= Assume that |=,S. Then, either A[L] = 0 or A[L] = 1. Assume that
A[L] = 0. Now let C be a clause in Sp—g. Then either C' € S or C U {L} is in
S. In the first case, |= 4C. In the second case, = ,C'U{L}. Since A[L] = 0, the
preceding relation implies that = ,C. In both cases |= 4,C, so A is a model for
St—o. In a similar fashion we can show that A[L] = 1 implies that |= ,Sr—;.
Q.E.D.

We will use The Compactness Theorem to prove The Resolution Theorem.

Theorem 1.8.29 (The Resolution Theorem) A set of clauses S is unsat-
isfiable if and only if O € Res*[S].

Proof: <= Assume that O € Res*[S]. By Proposition 1.8.12, S = Res*[S].
So, S is also unsatisfiable.
—> Assume that S is unsatisfiable. By The Compactness Theorem, it has a
finite subset T' that is unsatisfiable. So, our proof reduces to proving that

whenever T is an unsatisfiable finite set of clauses, O € Res*[T].

The proof is by induction on n, the number of atoms in T'.
Basis (n = 0): Then T' = {O}, and O is unsatisfiable.
Inductive Step: Assume that for all unsatisfiable sets with n or fewer atoms,
OcRes*[S]. Let T be an unsatisfiable set with n+1 atoms and let P be an atom
in T'. We know, from Lemma 1.8.28, that Tp—; and Tp—( are both unsatisfiable.
Neither one contains P, so they have at most n atoms. By induction hypothe-
sis, both Res*[Tp=1] and Res*[T’p—¢] have derivations trees of O, as shown in
Figure 1.69.

The tree ty has leaves in Tp—y and ¢; has leaves in Tp—;. If either one of
these trees is in S, then we are done. If not, some leaves in ¢y are missing the P
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Leaves in Tpr—g Leaves in Tp—;
D D
to 131

Figure 1.69: The resolution trees for Tp_¢ and Tp—1

CuU{P}

Figure 1.70: The resolution tree for T

literal and some leaves in t; are lacking —=P. We add P to all leaves of ¢y that
are not in 71" and to all clauses that lie on the path from these leaves to the root,
including the root. This way we obtain a derivation tree ¢, of P from T.

We do the same thing to ¢; and obtain a derivation tree ¢} of =P from T.
Now we apply one more resolution step, to the roots of the two trees. We get
the resolution tree from Figure 1.70. So, O € Res*[T]. Q.E.D.

The next example illustrates the construction used in the inductive step of
the proof.

Example 1.8.30 Let us eliminate Py from T = {{ P, Py, Py }{P1, Py}, {-P1},

{P3, Py},{—Ps, P, }}.

We get Tp,—o = {{~P1},{Ps},{~Ps}} and Tp,—1 = {{ 1}, {-P1}}.

We apply the induction hypothesis to Tp,—9 and to Tp,—o and get the trees
to and t; from Figure 1.71.

None of these trees is a derivation of O from T because the leaves {Ps} and
{P1} are not in T. So we add P, to {P3} and —P4 to {P;}. We also have to
add Py to all ancestors of {Ps} and =P, to all ancestors of P;. We get the trees
tll and tIQ from Figure 1.72. These trees have all leaves in 7.

Now we derive O from {P;} and {—P,} and get a derivation tree of O from
T, as shown in Figure 1.73.
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{Ps}

{=Ps}

{P1}

{=P1}

ty

Figure 1.71: The trees ty and ¢; from Example 1.8.30

{Ps, Py}

{=Ps}

{Py,~Py}

{=P1}

{ P}

{=Pu}

t

Figure 1.72: The trees té and tll from Example 1.8.30

{Ps, Py}

{=Ps}

{P1,~Py}

{=P1}

{Pa}

{=Py}

Figure 1.73: The derivation tree of O for Example 1.8.30
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T = ¢;
while (O €T and T # S) do

T = 85;5 = Res|S];
}

if (O € S) then success else failure;

Figure 1.74: A resolution algorithm

The Resolution Theorem gives us an algorithm for proving that a finite set of

clauses is unsatisfiable (Figure 1.74). The algorithm keeps computing Res![S], Res?[9], . ..

until it encounters O or it finds some n such that Res"[S] = Res"T![S]. Since
S is finite, Res*[S] is also finite, and the algorithm terminates.
Exercises

Exercise 1.8.1 Find all resolvents of the following pairs of clauses:
1. C1 ={A,-B,C}, Cy ={-A}
2. Cy ={A,-B}, Cy = {-A, B}
3. C1 ={A,B,-C}, C; ={-B}
4. C1 = {-A}, Cy = {A}

Remember that the positive literal can occur in either Cy or Cs.

Exercise 1.8.2 In Section 1.6 we defined the element-wise equivalence of two
sets of formulas as

S and T are element-wise equivalent iff every formula of S has an equivalent
formula in T and every formula of T has an equivalent formula in S.

How does this equivalence relation compare with the semantic equivalence of
sets?

Exercise 1.8.3 Find Res[S] for the following sets of clauses:

1. S={{A,B,C},{A,B,~-C},{A,-B,C},{A,-B,~C},{-A,B,C},{-A, B,~C},
{-A,-B,C},{—-A,-B,-C}}

2. S={{A},{-A,B,C},{-A,B,-C},{-A,-B,C},{-A,-B,~C}}

3. S={{A,B},{A,-B,C},{A,-B,-C},{-A,B},{-A,-B,C},{—-A,-B,-C}}

Exercise 1.8.4 Let F,G, be two formulas in T such that F = G. Show that
T=T-{G}.

Exercise 1.8.5 Prove that the relation semantic equivalence of sets is an equiv-
alence relation. Do the set operations intersection, union, and difference pre-
serve the equivalence?

Exercise 1.8.6 Show that every set of formulas, finite or infinite, is semanti-
cally equivalent to a countable set of clauses.

Exercise 1.8.7 Compute Res*[S] for the following sets of clauses:
1.8 ={{-A,-B,C} {A},{-A, B}, {-A,-B,~C}}
2. S={{A,B},{A,-B},{-A4,B},{-A,-B}}.
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{4, B,C} {4, B,-C}

{A, B} {A,-B}

{4}

Figure 1.75: The first derivation tree

Exercise 1.8.8 Specify Res™[S] and Res*[S] for the following sets:
1.8 = {Po} U{{~PF;, Pi1}|i €{0,1,...}}
2. S ={Py, P} U{{=P;, Piyo}li € {0,1,.. }}.

Exercise 1.8.9 Let U be the set of all clauses that can be formed with the atoms
Py, ..., P,. Show that Res* is a closure operation on S, i.e. the 4 relations below
hold for all S,T CU.

1. S C Res*[S],

2. S CT implies Res*[S] C Res*[T],

3. Res*[S] = Res*[Res*[5]],

4. Res*[U]=U.

Exercise 1.8.10 Res"T![S] = Res"[S] means that there are no S-resolution
trees of minimal height n + 1. Use this fact to give another proof of Proposi-
tion 1.8.11.

Exercise 1.8.11 Show that we can form only 22" nonequivalent formulas
with the atoms Py, ..., P,.

Exercise 1.8.12 Construct a derivation of A from S = {{-B},{B,C},{A,-C,-D},
{4,-C,D}}

Exercise 1.8.13 Construct 2 different derivations of { B, C} from S = {{A, B,C,-D},
{A,B,C,D},{-A, B},{-A,-B}}

Exercise 1.8.14 Construct an analysis for the derivation of —=A from S =

{{—-4,B,C},{-D,-C},{D,-C},{—-A,-~B,D},{-A,-B,=D}} shown below.
C, ={-A,B,C},Cy ={D,-C},C5 = {-D,-C},Cy = {-A,-B,D},C5 =

{=C},Cs = {—A,B},Cr = {—=A,-B,~D},Cs = {=A,-~B},Cy = {-A}.

Exercise 1.8.15 Apply the Tree-to-sequence Algorithm to generate all possible
derivations of the trees from Figures 1.75 and 1.76.
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{A, B,-D} {A,~B,-D}

{A, D} {A,-D}

{4}

Figure 1.76: The second derivation tree

Exercise 1.8.16 Apply the Sequence-to-tree Algorithm to get a derivation tree

for the analysis below.
Cy = {-A} clause from S
Cy = {A, B,C} clause from S
Cs3 = {A, B, D} clause from S
Cy = {—-B, D} clause from S
Cs = {A,~D} clause from S
Cs = {B,C} from C3, Cy on A
C7 = {B, D} from C3, Cy on A
Cs = {-D} from Cs, C1 on A
Cy ={A, D} from C5, Cy on B
Cy0 = {B} from C7, Cs on D
Cy1 = {D} from Cyg, Cy on B
012 =0 fT’O’ITL 011, Cg on D.

Exercise 1.8.17 Give an example that shows that the trees-to-sequence algo-
rithm does not always transforms a minimal derivation tree into a minimal
derivation sequence.

Exercise 1.8.18 The trees-to-sequence algorithm does not always transform
minimal derivation trees into minimal derivation sequences. Give a condition
that guarantees that all minimal derivation trees satisfying it will generate min-
imal sequences.

Exercise 1.8.19 Let C1,Cs,...C,, = 0O be a minimal derivation sequence.
Show that

1. None of the clauses C1 ...Cy,_1 is a tautology.

2. There there are no indices 0 < i < j < n such that C; C Cj.

Exercise 1.8.20 Prove that a set of formulas S is unsatisfiable iff there is a
formula F such that S = F and S |= —F.

Exercise 1.8.21 Let A be a truth assignments and K be the set of all atoms
modeled by A. Characterize the set of all clauses modeled by A in terms of K.
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Exercise 1.8.22 Find a model of S when Sp—y = ¢.

Exercise 1.8.23 Prove Koenig’s Infinity Lemma: If the tree t has an infinite
number of nodes, and each node has a finite number of children, then t has an
infinite path.

Exercise 1.8.24 Let S be an infinite set of formulas. Show that F is a conse-
quence of S iff F' is a consequence of a finite subset of S.

Exercise 1.8.25 LetT = {{Pl, P3, —‘P3}, {‘!Pl}, {Pl, P3}, {Pl, Pg, —|P3}, {Pl, —‘Pg, —|P3}},
Construct the sets Tp,—1 and Tp,—¢.

Exercise 1.8.26 Let S and T be two unsatisfiable sets of clauses and @ be
an atom such that {Q,-Q} NS = {Q,-Q}NT = ¢. We define the set R =
{CU{Q}IC e S}U{CU—~{Q}|C € T}, i.e. we add Q to all clauses of S and
=@ to all clauses of T. Show that R is unsatisfiable.

Exercise 1.8.27 (Nerode and Shore) Show that the set of unsatisfiable clauses
is the set U inductively defined by the rules

1. if0 € S then S € U, and

2. if Sp—o € U and Sp—1 € U, then S € U.

Do not use The Compactness Theorem.

Exercise 1.8.28 Use Ezxercise 1.8.27 to prove The Compactness Theorem.

Exercise 1.8.29 Let S be a finitely satisfiable set, i.e. every finite subset of S
is satisfiable. Let F be any formula. Show that at least one of the sets SU{F},
S U{=S} is finitely satisfiable.

Exercise 1.8.30 Use the preceding exercise to give another proof of The Com-
pactness Theorem.

Exercise 1.8.31 Show that the statement below is not always true.
If S is minimally unsatisfiable and L is a literal in S, then Sp—1 and Sp—o
are minimally unsatisfiable.

1.9 Restrictions of Resolution

This section shows that Algorithm 1.74 from Section 1.8 is inefficient and offers
several methods for speeding it up. These methods are strategies and restrictions
of resolution. We discuss the P-resolution, the N-resolution, the subsumption,
and the unit-resolution restrictions. We show that the first three are resolution
complete, while the fourth is complete only for the Horn clauses.

Let us give an example that shows how inefficient Algorithm 1.74 is. Let S7 =
{Po} {=Po, P} A~Pr} AP} { P, P3} {=P3, Pa} { =Py, P}, {Ps, Ps},
{_‘P67 P7}) {_‘P7a P8}}
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{Fo} {=F, P}

T~ _—

(P {~P}

O

Figure 1.77: A derivation of O from S

First, the algorithm computes Res'[S1] = SiU{{ P}, {=FPo}, { P}, {=Ps, Pu},

{=Ps, Ps}, {~Py, Pe}, {=P5, P}, {~Fs, Ps}}.

Since Res!'[S1] # S1 and O ¢ S, the algorithm computes Res?[S;]. We get
the set

Resl[Sl]U{D, {P4}, {P5}, {_\PQ, P5}, {_‘Pz, Pﬁ}, {_‘Pg, Pﬁ}, {_\Pg, P7}7 {_‘P4, P7},

{—P1, Ps}, {~Ps, Ps}}.

This time the algorithm finds O and stops. Let us count the clauses in
Res?[S1]=S1 = {{P1}, {=Po}, {P3}, {~ P2, Pa}, {=Ps, Ps}, {~Ps, Ps}, {= D5, Pr},

{=Ps, P3}, O, {Pa} A L5}, {~ P, Ps}, { =P, P}, {—Ps, Po}, {~Ps, Pr}, {=P4, Pr},

{=Py, Ps},{—Ps5, Ps}}. We get 17 new clauses. However, Figure 1.77 shows
that we needed only 2 extra clauses, {P;} and O.

So, Algorithm 1.74 computed 15 extra clauses. Let us now add the clauses
{=Ps, Po},{-Py, Pro},...,{=Pn_1,Pp}, to S;, where n = 1000. The minimal
derivation tree is the same, but Res'[S] will contain all clauses {~P;, Pijo}
where i is any number between 2 and 998. The set Res?[S;] would also contain
all clauses {—P;, Pj13} with 2 < j < 997 and {—Py, Piya} with 2 < k < 996.
So, we will have to compute more than 3000 useless clauses.

There are two main reasons for the inefficiency of Algorithm 1.74.

1. First, the algorithm computes Res*[S;], instead of concentrating on a small
unsatisfiable subset of S;. Ideally, we would like to find a subset 7T; that is
minimally unsatisfiable, i.e. an unsatisfiable set whose proper subsets'! are
satisfiable. Then, the algorithm can look for the empty clause in Res*[T1],
instead of Res*[S1]. The set S; from the example above has such a subset,
Ty = {{Po},{~Po, P}, {~P1}}.

2. The second problem is that, even if T} is minimally unsatisfiable, Res*[T}] is
not a minimal derivation of O from Th. T = {{4, B},{-A4, B},{A,-B},{—-A,-B}}
is a minimally unsatisfiable set with resolvents Res*[T'] = TU{O, {A}, {B}, {-A},

{-B},{A,-A},{B,~B}}. However,

{A7 B},{A, _'B}v{ﬁAv B}v{ﬁAv ﬁB}ﬂ{A}v{ﬁA}v o

is a derivation of O from T that uses only 7 of the 11 clauses of T'. The dif-
ference may not seem much, but let us remember that 7" has only 2 atoms. The
difference between the size of Res*[T] and the length of the minimal sequence
increases exponentially in the number of atoms. (Exercise 1.9.4).

11 A proper subset of A is a subset that is different from ¢ and the set itself.
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So, our purpose is to improve Algorithm 1.74 to generate shorter derivations
of O. We have two choices.

1. We can give criterias for selecting the two clauses that are going to be
unified, called the given clauses.

2. We can restrict the set of given clauses. For example, we may require
that one of the parents must contain only positive literals (i.e. atoms).

The first choice produces strategies of resolution. In general, they are heuris-
tics that speed up the resolution. The term heuristics describes methods that
serve to solve problems, but are not guaranteed to work in all cases. For exam-
ple, a heuristic might require that one of the parent clauses be a literal. While
intuitively this argument makes sense, there are cases where this strategy may
cause more harm than good. (Exercise 1.9.5).

The second choice produces restrictions of resolution and this is the main
thrust of this section. We are particularly interested in methods that cut down
the number of generated clauses while allowing the program to find the box.

Definition 1.9.1 (completeness of a restriction of resolution) A restric-
tion of resolution is complete when every unsatisfiable set of clauses has a deriva-
tion of the box that obeys the restriction.

We will show that the both the P and the N-resolution defined below are com-
plete.

Definition 1.9.2 (positive and negative clauses) A non-empty clause is pos-
itive if all its literals are positive, i.e. they are atoms.

A non-empty clause is negative if all its literals are megative, i.e. they are
complements of atoms.

The clauses {A} and {B, C} are positive, {—A} and {=A, -B, ~C} are negative,
O and {A, ~B} are neither.

Definition 1.9.3 (P-resolution, N-resolution) The P-resolution requires ev-
ery resolvent to have as parent a positive clause.
The N-resolution requires every resolvent to have as parent a negative clause.

Let us show that the clause set S = {{A, B}, {A,-B},{-A4, B},{-A,-B}} is
unsatisfiable using only P-resolution. First let us look at a derivation of O from
S that uses unrestricted resolution.
1. {A, B} clause in S
. {A,-B} clause in S
. {A} from 1,2 on B
. {~A, B} clause in S
. {7A,-B} clause in S
{-A} from 4,5 on B
O from 3,6 on A
This sequence is not a P-derivation because clause 6 does not have a positive
parent. Now let us construct a P-derivation of O from S. Since S contains only

N O U A W N
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one positive clause, {A, B}, we unify it with the two clauses, {A,—-B} and
{—A, B}. We get the derivation below.

*1. {4,B} clausein S

2. {A,-B} clausein S

*3. {A} from1,2o0n B

4. {-A,B} clausein S

*5. {B} from1l,40nA

6. {~A,-B} clausein S

7. {-B} from3,6o0n A

8. O from 5, 7on B

In this sequence we marked the positive clauses with *. Now, all resolvents
have a positive parent: clauses 3 and 5 are obtained from clause 1, 3 is the
parent of 7, and 5 is the parent of 8. So, we got a P-derivation of 0. At this
point one might ask: How is this restriction an improvement, when the second
derivation is longer than the first?

The answer is that we are comparing minimal derivations, and seldom do
we get minimal derivations. Let us apply the unrestricted derivation to the
set S1, shown at the beginning of the section, by first listing the clauses of
S, followed by the clauses of Res'[S1] — S1, and, after that, by the clauses of
Res?[S1] — Res'[S1], stopping at the box. We get the sequence

Cl = {P()},CQ = {_\P(),Pl}, 03 = {_‘Pl},C4 = {PQ},C5 = {_\PQ,Pg}, 06 =
{=Ps3, P,},C7 = {—Py, P5},Cs = {=P5,Ps},Co = {—Ps, P },Cio = {—~Pr, s}, Ci1=
{P1},Ci2 = {-P},Ci3 = {P3},Cia = {~P,Ps},Ci5 = {-P3,P5},Ci6 =
{=Py, Ps},Ci7 = {—P5, Pr},Ci7 = {—Fs, Ps},Cig = O.

Now, let us apply the same method, but using the P-resolution. First, we
list the clauses of S;. We apply the P-resolution to all clauses of S; and write
their resolvents. Next, we apply the P-resolution to the sequence obtained so
far, and we append the resolvents at the end of the sequence. We stop as soon
as we get the box. We derive the sequence

Dy ={Py},Ds = {-Py, P}, D3 ={-P1},Dy = {P2},Ds = {-P, P3},Dg =
{=Ps, Py}, D7 = {—~Py, Ps},Dg = {—P5, Ps}, Dy = {—~Fs, Pr}, D19 = {—~Pr, Ps}, D11 =
{P1}, D12 = {P3}, D13 = 0.

This example shows that, in some cases, the P-restriction generates shorter
sequences than the unrestricted resolution.

Theorem 1.9.4 (The Completeness of the P-resolution) The P-resolution
is complete.

Proof:

The proof of this theorem is similar to the proof of The Resolution Theorem.
We will prove that

(*) If S is an unsatisfiable set of clauses with n atoms, then there is a P-
derivation tree of O from S.

The proof is by induction on n.
Basis: n = 0. Then S must contain O.
Inductive Step: Assume that (*) is true for all S with n or fewer atoms. Let
T be an unsatisfiable set of clauses that has n + 1 atoms. Let P be an atom
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Leaves in Tp—g Leaves in Tp—1
O O
Tree tg Tree t1

Figure 1.78: The P-trees tp and ¢;

C

Cy
Cs
| O3

O
Tree tg

Figure 1.79: The trees ¢y and ¢}

in T and Tp—g and Tp—; be the sets from Definition 1.8.26. We know, from
Lemma 1.8.28, that both sets are unsatisfiable. Moreover, they have at most
n atoms since P does not occur in either one. So, we can apply the induction
hypothesis to Tp—¢ and Tp—1. We get the P-resolution trees, ty and t¢1, of
Figure 1.78.

Any leaf of Tp— is either a T clause or is obtained from a T clause by
deleting the atom P. Also, for any leaf C' in Tp—1, either C or C' U {=P} is in
T. If all leaves of £y or all leaves of ¢; are in T', then we have a P-derivation of
O from T.

But what happens when both trees have labels that are not in 77 Then, we
take a leaf C of tg that is not in 7" and add P to the leaf and to all its ancestors
including the root, as shown in Figure 1.79.

We notice that this addition of labels transforms the P-resolution tree tg
into the P-resolution tree t}. If some of t} leaves are not in T, we repeat the
procedure, until all leaves are in 7. We obtain the P-resolution tree ¢{, from
Figure 1.80 whose leaves are in T'. Since t; is not a tree in 7', some of its
leaves are missing the literal =P. Figure 1.81 shows that we cannot add —P
to the leaves of ¢; without endangering the P-resolution. At the left we have a
P-tree. The tree at the right is obtained by adding —C to the leaf {A, B} and
to its parent. This resolution tree is no longer a P-tree because the root has no
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The leaves are in T'

P
!/
Tree ¢,

Figure 1.80: The P-tree to’

{4, B} {A,-B} {4, B,-C} {A,-B}

{A} {4,-C}

Figure 1.81: Adding —C' destroys the P-resolution

positive parent.

So, we need to find another way of converting ¢; into a P-tree with leaves
in T. But we already have the P-tree t{, with root P and leaves in T'. So, we
build a copy of t{, for each leaf C1,...,Cy of t1 that is not in 7. Then we unify
the clauses C1 U {—=P}, Co U{=P},...,CqyU{=P} of T with the root of a copy.
We get the P-resolution tree from Figure 1.82. This tree is a P-tree because t{
and t; are P-trees and the intermediate steps of unifying { P} with the clauses
Ci1 U{=P},..., CqU{~P} are also P-resolutions. Q.E.D.

Example 1.9.5 Let us illustrate the inductive step of the proof of Theorem 1.9.4.
Let T be the set {{A, B,C},{A4,-B,C},{-A,C},{B,~C},{-B,~C}} and let
us eliminate the atom C. We get the sets Te—o = {{A4, B},{A,-~B},{-A4}}
and Te—1 = {{B}, {-B}}. By the induction hypothesis we get the P-trees from
Figure 1.83. Neither ¢ty nor ¢; are resolution trees in 7' because some of their
leaves are not in 7. So we add C to all leaves of ty that are not in T and
to all their ancestors. We get the positive resolution tree ¢ from Figure 1.84.
Now, we need to take care of the clauses of ¢; that are not in T, i.e. {B} and
{—=B}. These clauses are missing the literal =C. For these clauses we need to
unify {B,-C} and {B,—~C} with the root {C} of t{. We get the P-tree from
Figure 1.85.

We marked the positive clauses with an asterisk, so we can check that the
tree is indeed a P-tree.
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to | cyu{-P} to | Cyu{-P} ty” | C,Uu{~P}
P P P
{ . { . { .
1
O
The tree t
Figure 1.82: A P-derivation of O from T
{A, B} {A,-B}
{A} {-4} {B} {-B}
O O
Tree tg Tree t1
Figure 1.83: The trees tg and t; of Example 1.9.5
{A7 B7 C} {A7 _‘B7 C}
{A.C} {-4,C}
{C}
Tree t,

Figure 1.84: The tree ¢}, of Example 1.9.5
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{4, B, C}x {A,-B,C} {4, B, C}x {A,-B,C}

{4, C}x {-4,C} {4, C}x {-4,C}

{C}+ {B,~C} {C}+ {=B,-C}

{B}* {=B}

Tree ¢t

Figure 1.85: The P-tree from Example 1.9.5

We can also prove the completeness of negative resolution.

Theorem 1.9.6 (The Completeness of the N-Resolution) The N-resolution
is complete.

Proof: It is similar to the proof of the completeness of the P-resolution, except
for the construction of ¢ from ¢}, and ¢;. Instead of adding P to the leaves of
to, we add =P to the leaves of ¢; and get a N-resolution tree of {—P} from T.
Then we use {—P} to generate the clauses of ¢ that are not 7.Q.E.D.

Definition 1.9.7 (T-resolution) In T-resolution no resolvent has a tautology
as parent.

Theorem 1.9.8 The T-resolution is complete.

Proof: The proof is almost identical to the proof of the completeness of the
unrestricted resolution (Theorem 1.8.29). We will not go through the details of
the proof; we will just pinpoint the differences.

<=: Assume that there is a T-resolution tree of O from S. This tree is a
resolution tree, so S is unsatisfiable by The Resolution Theorem.

=—>: We need to show that for every unsatisfiable set S we can find a T-
derivation tree of O from S. Just like in the proof of The Resolution Theorem,
we restrict ourselves to the finite sets and we do the proof by induction on the
number of atoms in S.

Basis: n =0. Then = {0}, and O is T-tree.

Inductive Step: Assume that the theorem holds for n. Let S be an unsatis-
fiable set with n + 1 atoms. Just like in The Resolution Theorem, we form the
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sets Sp—g and Sp—; and the induction hypothesis gives us the T-trees t;, and
t1. If both trees have leaves that are not in S, we form the trees té) and tll, just
like we did in The Resolution Theorem. We will show that these trees are also
T-trees. The clauses of tb are in ¢ty or are obtained from a ty-clause by adding
P. Since ty has no tautologies and P is not a member of any ¢y-clause, té) has
no tautologies. A similar argument establishes that t/l is a T-tree. Then the
tree ¢t obtained by unifying the roots of té) and tll is a T-tree. Q.E.D

The completeness of the T-resolution tells us that in any derivation of the
box, we can discard the tautologies.

We can combine the T-restriction with other restrictions. In the P+4+T-
resolution every resolvent has a positive parent and no parent is a tautology.
In the N+T-resolution every resolvent has a negative parent, and none of the
parents is a tautology.

Theorem 1.9.9 (The Completeness of the P+T-resolution) The P+T-
resolution is complete.

Proof: The proof is similar to the completeness of the P-resolution. We just
have to show that whenever the two trees from Figure 1.78 have no tautologies,
the tree from Figure 1.82 is also tautology free. So, let us assume that the
trees tg and ¢; have no tautologies. The tree té from Figure 1.80 is obtained by
adding P to some clauses of ty. Since ¢y has no tautologies, and =P does not
occur in any of the ¢y clauses, té) is also tautology free. The clauses C1,...,C,
of Figure 1.82 are in ¢1, so they are not tautologies and do not contain P. So,
the clauses C1 U {—P},...,C, U{—P} are not tautologies. Then, ¢ is tautology
free. Q.E.D.
Another useful restriction is the subsumption.

Definition 1.9.10 (subsumption) We say that a clause Cy subsumes a clause

Cs if C1 # Csy and Cy C Cs.

For example, C1 = {A,—~C, E} subsumes Co = {A, B,~C,—-D, E}, because Cy
is a subset of Cy and Cy # Cs.

Definition 1.9.11 We call the tree from Figure 1.86 a derivation tree of C,
with base clause C and side clauses B, Bo, ..., B,.

Lemma 1.9.12 (The Subsumption Lemma) Let ¢ be a derivation tree of
O with base clause C and side clauses By1,Bs> ... By, and D be a clause that
subsumes C. Then there is a derivation tree t' of O with base clause D and side
clauses E1, ... Ey, k <n, such that E1, ... Ey is a subsequence of By, Bs ... B,,.
Moreover, if t is a P-tree, so is t'; if t is an N-tree, so is t'.

Proof: Let us assume that the tree ¢ from Figure 1.86 has C,, = O. Let Cy = C,
and L; be the literal of C; that is unified with B;y;. Now we define a sequence
of clauses Do, D1 ..., D,.

Do =D
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C By

Cy "~
2 \\\ Bn—l
/ B,
On—l\/
Ch

Figure 1.86: The side clauses of a derivation tree

Dy = { the resolvent of D; and B;11 %f L, e D;
Di if Ll ¢ Dl

We will show, by induction on 4, that for all 0 < ¢ < n, D; subsumes C;.

Basis: n =0. Dy = D, Cy = C, and we assumed that D subsumes C.

Inductive Step: Assume that D; subsumes C;. If L; is in D;, then

Dit1 = (D; —{Li}) U(Biy1 — {Li})

- (Cz - {Ll}) @] (Bi+1 — {Ll}) because D; C C;

=Cim by the construction of C;14

Cit1 = (C; —{Li}) U (Bit1 — {L:})

D) (Dl - {Ll}) @] (Bi+1 - {Ll}) because D; C C;

=D;U (Bz — {El}) because L; g D;, D; — {Ll} =D

D D;.

=D from the construction of D,

In both cases D;11 C Ciy1, so we conclude the proof of D; C C;.

The inclusion D; C C; tells us that D, = O. From the sequence Dy =
D,Dy,Ds,..., D, = O we delete all clauses that are equal to the preceding
clause. We get the sequence Dy = D, D;,,D;,,...D;,, where 1 < i < iy <
...1x < n. Each of these clause is unified with B;,, while the deleted clauses
are not. Now let ¢’ be the tree from Figure 1.87. This is a derivation tree of O
from D with side clauses £y = By, , ..., Ex = B;,.

Now, let us assume that the tree t from Figure 1.86 is a P-tree. Then, every
Ci, 1 < i < n, has a positive parent. The clause D;; of ¢’ has parents B;,
and D; ,_, , as shown in Figure 1.88. Since we removed all duplicate D-clauses,
D = D;;—1)- Now, let us look at the clause C;; of ¢. If the positive parent

i(j—1)
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D, =D E, =B,
E2 Big
D;,
D;, . Ep1 = Bij_,,
/ B = B,
Di s /
Dik =04
Figure 1.87: The tree ¢/
Di(j—l) = D(ij_l) Bij C(ij_l) Bij
D, Ci;
The ¢’ step The corresponding t step

Figure 1.88: A step of ¢

is Bj;, then B;; is a positive parent of D;,. If the positive parent is C(;; 1)
then so is D;,_,, = D(;; 1), because D(;, 1y € C(;; 1. So, t' is a P-tree. In a
similar way we prove that ¢ is an N-tree whenever t is. We also note that if ¢
has no tautologies, neither does t'. Q.E.D.

Let us illustrate the construction of ¢’ from Figure 1.87 with an example.

Example 1.9.13 Let t be the tree from Figure 1.89 and D = {B,C}. The
clause D subsumes C' = Cy because {B,C} C {A,B,C}. Cp is unified with
By on Ly = A, C; and By on Ly = =D, Cy and Bz on Ly = B, C3 and
By on Ly = C, C4y and Bs on Ly = F. Now let us form the D; clauses.
Dy =D = {B,C}. Since Ly = A is not in Dy, D1y = Dqy. The literal L; is
not in Dy, so Dy = Dy = Dy = {B,C}. The next literal, Ly = B, is in Do,
so D3 is the resolvent of B3 and Dy on B. We get D3 = {C,F}. The next
literal, Ly = C is in D3, so Dy is the resolvent {F} of D3 and By. Finally,
Ly = F is in Dy, so Ds is the resolvent O of D4 and Bs. We get the sequence
Dy = {B,C},Dl = {B,C},Dg = {B,C},Dg = {C,F},D4 = {F},D5 = 0.

We delete all clauses that equal to the preceding clause and get the sequence
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Co={A,B,C} /B1 — {-A,-D}
\ B, ={D,C}
Cy ={B,C,~D} \ / By — {-B, F)

Cy = {B,C} \/ By = {~C,F}
Cy = {C, F} \/ Bs = {-F}
Cy={F} \/

Cs=0
Figure 1.89: The tree ¢t from Example 1.9.13

Do = {B,C} By = By = {~B,F}

DgZ{C,F} \ E3:B5:{—|F}

Figure 1.90: The tree ¢’ from Example 1.9.13

Dy = {B,C},D3s = {C,F},Dy = {F},Ds = O. Now we take the parents
E, = B3, E; = By, E3 = Bs of D3, Dy and D5 and get the tree t' from
Figure 1.90. Since ¢t is a P-tree, so is t'.

Lemma 1.9.14 Let S be a set of unsatisfiable clauses that does not contain O.
Then Res[S] — S contains a clause that is not subsumed by any clause in S.

Proof: We assume that the assertion is false. So, let S be a set that does not
include 0. Then, there are derivation trees of O from S. Let ¢ be one of these
trees that has minimal height. Since O is not in 5, t has height n > 0. Now, let
us assume that all clauses of Res[S] — S are subsumed by clauses in S. The left
tree of Figure 1.91 shows a path of length n in ¢t. By our assumption, there is
a clause D in S that subsumes or is equal to C;. We apply The Subsumption
Lemma and get the tree ¢’ shown to the right. The paths from the root to Cy
and to C have been replaced by the shorter path from the root to D. Now let
us see what happens to the paths of length n of ¢ that connect the root with
a leaf of B;. The path disappears if B; is not in the sequence B;,,..., B;, . If
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Figure 1.91: The trees from Lemma 1.9.14

B; is in the sequence, the path has the same length in both tree ¢ and ¢’. Now
we can apply The Subsumption Lemma again to a path of length n of ¢/, and
continue this way until all paths of length n are reduced. We get a tree t"°? of
O from S that has height less than n. But this contradicts the assumption that
t has minimal length. Q.E.D.

The next lemma says that we can delete the subsumed clauses.

Lemma 1.9.15 Let Cy and Cs be two clauses of S. If Cy subsumes Cy, then
S=5-— {CQ}

Proof: Let A be a truth assignment. We will show that = , S iff |= 4 (S —{Ca}).
If = 45 then = (S — {C2}) because S — {C>} is a subset of S. If = ;5 — {Cs}
then |:A01. Since Cl g 02, ':AOQ. Then ':.A((S — {CQ}) U {02}),i.e. ':AS
Q.E.D.

Now we can define the subsumption restriction.

Definition 1.9.16 (subsumption free derivation) A derivation sequence C1,
Co,...,C, = 0O is subsumption free if no clause is equal to or subsumed by
a preceding clause.

Example 1.9.17 The sequence

Cy ={A},Cy ={A,-B},C3 ={-A,-B},Cy ={-B},Cy, ={B},C; =0

is not subsumption free because Cs is subsumed by C;. The sequence

Cy ={A,B},Cy ={A,~B},C3 ={A},Cy ={A},Cs = {-A},Cs = O

is not subsumption free because Cy = Cs3. The sequence

Cy ={A,B},Cy ={A,~B},C3 ={A},Cy ={-A,B},Cs = {—=A,~B},Cs =
{—|A}, Cr=0

is subsumption free because no clause is equal to or subsumed by a preceding
clause.
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n = 0;
S, ={C|C € S and C is not subsumed by a clause in S};
list the clauses of S, in any desired order;
loop
{
if (O € S,) then
exit with success;
else if (S,, has a resolvent C' ¢ S,, that is not subsumed by a clause
in S,,) then
{
write C;
n=n-+1;
Sn =OSp-1U {0}7
¥
else
exit with failure;

Figure 1.92: The Subsumption Algorithm

Theorem 1.9.18 (The Subsumption Theorem) The Subsumption Algorithm
is correct for finite sets, i.e. it terminates and produces the correct answer.

Proof: First of all, we make the following observations about the algorithm.

1. The sequences S,, are subsumption free.

2. 5, =65.

3. The algorithm keeps looping as long as S, grows, i.e. a new clause is
added to S,,.

4. The algorithm finishes with either success or failure. It terminates with
success iff O € 5, and it ends with failure iff Box ¢ S,, and S,, stops growing.

5. Sp C Res*[S].

The get the first property from the construction of S, the 3rd and the 4th
from the construction of the algorithm. We have the second property because
So = 5 by Lemma 1.9.15 and Sy C S,,. The 5th property holds because S, is a
derivation sequence over S.

Now let us show that the algorithm terminates. The number of clauses that
can be formed with the atoms of S is finite, so S,, cannot grow indefinitely.
Since the loop continues only when S,, grows, the algorithm terminates.

Now let us show its correctness. We will show that the algorithm finishes
with success iff S is unsatisfiable. Then, by the 4th observation, we conclude
that it stops with failure iff S is satisfiable.

=—>: Assume that the algorithm stops with success. Then there is some m
such that O € S,,,. Since S, C Res*[S], S is unsatisfiable by The Resolution
Theorem.

<=: Assume that S is unsatisfiable. The algorithm terminates, so the loop
exits with the sequence S,,. Let us assume that it terminates with failure. Then,
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n = 0;
Sp, = {C|C € S,, C is not a tautology, and C' is not subsumed by a clause in
St
list the clauses of S;, in any desired order;
loop
{

if (O € S,,) then

exit with success;
else if (S,, has a resolvent C' ¢ S,, that has a positive parent, is not
a tautology, and is not subsumed by a clause in S,;) then
{

write C;
n=n+1;
S, ={D|D € S,—1 and D is not subsumed by C} U {C};

else
exit with failure;

Figure 1.93: The P+T+Subsumption Algorithm

O ¢ Sy, and all clauses in Res[S,,] — Sy, are subsumed by clauses in S,,. Since
S = So, it is unsatisfiable. So, S,, is unsatisfiable and does not contain the
box. By Lemma 1.9.14, it contains a clause C' that is not in S,,,. But then, the
algorithm does not stop with S,,; it adds C' to S;, and continues. So, we got a
contradiction. Q.E.D.

But how do we find the resolvent C' € Res[S] — S that is not subsumed by
any clause in S? The inefficient way is to generate Res[S]. A better way is to
discard tautologies and all clauses that are subsumed by other clauses of S. Let
So be the reduced set. We compute all resolvents of Sy that have a positive
parent, and are not tautologies. We get the algorithm from Figure 1.93.

Theorem 1.9.19 The P+ T+Subsumption Algorithm is correct for finite in-
puts.

Proof: First of all let us prove that the algorithm terminates. The sets S,
can both grow and shrink, so we cannot use the argument employed in the
termination of The Subsumption Algorithm. Instead we will show that the
algorithm generates a subsumption-free, tautology free derivation where every
resolvent has a positive parent.

Lemma 1.9.20 If m < n, every clause D € S, belongs to S, or is subsumed
by a clause in S, .

Proof: We prove it by induction on n.
Basis: n = 0. Since there are no whole numbers less that 0, the lemma is
true by default.
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Inductive Step: Assume that the lemma is true for n and let D be a clause
in the set S,,, m < n. We have 2 cases.

Case 1: m = n. Then, from the construction of the set S, 1, either D is in
the set or is subsumed by the memeber C' of the set.

Case 2: m < n. We apply the induction hypothesis and get that D is either
in S, or is subsumed by a clause E in S,. Case 1 deals with D € S, so let
assume that D is subsumed by E. From Case 1, E is in S,,41 or is is subsumed
by C. If E isin S,,4+1 then D is subsumed by a clause in S,,41. If E is subsumed
by C, then D is subsumed by C since the subsumption is transitive. Again, D
is subsumed by a clause in S, 1.

Since the two cases cover all clauses D € S,,,, we conclude the inductive step.
Q.E.D. lemma

Lemma 1.9.21 If C € (S,41 — Sp) and m < n, then C € S,, and C is not
subsumed by any clause in Sy, .

Proof: Assume that for some m < n, there is a clause D € S,, such that
D C C. If Disnot in S,, we apply Lemma 1.9.20 to D and S,, and get a clause
E € S, that subsumes D. Again, we find a clause of S,, that is equal to or
subsumes C. Then C' does not satisfy the second if statement, so C' &€ S, 41.
Contradiction! Q.E.D. lemma

Lemma 1.9.22 The derivation produced by the algorithm from Figure 1.93 is
subsumption and tautology free and every resolvent has a positive parent.

Proof: First of all, the output list contains only clauses from the sets S,,. None
of these sets contain tautologies, so neither does the list. The printed clauses
belong to Sy or are the C clauses of the S,’s, n > 0. In the first case, the
clauses are members of S ; in the second they have a positive parent from the
construction of S,,.

Now, let us show that the list C1,Cs, ..., Cy,..., produced by the algorithm,
has no pair of indices ¢ < j such that C; € C;. Assume that there are. Then
either they are printed within the same write statement, or not.

Let us assume that both are written in the same print statement. Then they
are both in Sy, because the other print statement outputs only one clause. But
this is impossible, since no clause in Sy subsumes another clause of Sy, and all
clauses of Sy are listed once.

Now, let us assume that C; and C; are printed in different steps. Then,
there are indices m < n such that C; € S, and C; € §,. But this means
that C; either belongs to Sy, or is subsumed by a clause in S,,, contradicting
Lemma 1.9.21. So, the sequence Cy,Co,...,C,, ... is subsumption free. Q.E.D.
lemma

Corollary 1.9.23 The algorithm from Figure 1.93 terminates.

Proof: The sequence Ci,Cy,...,Cy,... produced by the algorithm has no
duplications. Since the number of clauses that can be formed with the atoms of
S is finite, the sequence is finite. Q.E.D. corollary



140 CHAPTER 1. PROPOSITIONAL LOGIC

Now we are left with the correctness proof. First we give another version of
Lemma 1.9.14.

Lemma 1.9.24 If S is unsatisfiable and O ¢ S, then there is a clause C' €
Res[S] — S, that is not a tautology, has a positive parent, and is not subsumed
by any clause in S.

Proof: The proof is just like the proof of Lemma 1.9.14. The only difference
is that the tree t comes from the completeness of the P4+T-resolution, and not
from The Resolution Theorem. The Subsumption Lemma does not introduce
any tautologies and carries P-trees into P-trees, so t"¢ is also a P-tree with no
tautologies. Q.E.D. lemma

We can also prove a stronger version of Lemma 1.9.15.

Lemma 1.9.25 S = S — {C|C is a tautology or C is subsumed by another
clause in S}.

The proof of this lemma is left as exercise.
Lemma 1.9.26 For alln, S=S,.

Proof: By induction on n.

Basis: Sp =S by Lemma 1.9.25.

Inductive Step: Assume that S, = S. Since C is a resolvent of S,, S, U
{C} = S,, by Proposition 1.8.5. By Lemma 1.9.15 S,,41 = S, U {C}. Since =
is transitive, S,11 = 5. Q.E.D. lemma

Now let us show that the algorithm produces the correct answer.

The algorithm terminates, so let .S,, be the last set computed by it. Assume
that it stopped because O € S,,. Then S, is unsatisfiable. Lemma 1.9.26 tells
us that S = 5,,, so S is also unsatisfiable.

Now assume that the algorithm terminates because the box is not in S;, and
we cannot find a C' to compute S,+1. By Lemma 1.9.24, S, is satisfiable, or
O e S,. Since O ¢ S, S, is satisfiable. By Lemma 1.9.26, S = S,,, so S is also
satisfiable. Q.E.D. theorem

Example 1.9.27 Let us show that the set S = {{A, B,C},{-A4,-B,-C},

{4,B,-C},{A,-B,~C},{-A, B},{—-B,C}} is unsatisfiable using

The P+T+Subsumption Algorithm.

None of the clauses of S is subsumed by another and the set has no tautolo-
gies, so Sp = S. We list the clauses of Sy.

Cy ={A,B,C},Cy ={=A,-B,~C},C3 ={A,B,-C},Cy = {A,-~B,~C}, Cjs=
{—-A,B},Cs = {-B,C}.

Since O is not in Sy, we look for a resolvent that has a positive parent, is
not a tautology, and is not subsumed by any clause in Sy. The set has only
one positive clause, C7, so we compute its resolvents. The unification with Cy
produces tautologies, but the resolvent C7 = {A, B} of C; and Cj satisfies the
requirements. So, we write C7 at the end of the list.

Cy ={A,B,C},Cy ={-A,-B,~C},C3 ={A,B,~C},Cy = {A,-~B,-C},



1.9. RESTRICTIONS OF RESOLUTION 141

Cs = {ﬁAvB}ch = {_‘370}707 = {AvB}

We compute S7 by adding C7 to Sy and deleting all clauses subsumed by
C7. So, we delete C; and C3 to get S; = {Cq, Cy, C5, Cg, C7}.

Since O is not in S7, we unify the positive clause C7 with the other clauses
of the set and look for a resolvent that is not a tautology and is not subsumed
by any clause in S;. The first such clause is Cg = {A, =C'}, the child of C; and
C4. We write it.

Cy ={A,B,C},Cy ={-A,-B,~C},C3 ={A,B,~C},Cy = {A,-B,~C},

Cs ={-A,B},Cs ={-B,C},C7; = {A,B},Cs = {A,-C}

The new clause subsumes Cy, so we delete it and get Sy = {C3, C5, Cs, C7, Cs }.
The box is still not in Ss, so we find the next clause that has a positive parent,
is not a tautology, and is not subsumed by any clause in Ss. The only positive
clause in Sy is C7, and the first resolvent that satisfies these conditions is the
child Cy = {B} of C7 and Cs. We write it at the end of the list.

Cy ={A,B,C},Cy ={-A,-B,~C},C3 ={A,B,~C},Cy = {A,—~B,-C},

Cs ={-A,B},Cs ={-B,C},C7 ={A,B},Cs = {A,~C},Cy = {B}

The new clause subsumes Cs and Cr, so S5 = {C3,Cg,Cs,Cy}. The box is
not in Ss, so we find a resolvent of S5 that meets the requirements. The only
positive clause in S3 is Cy, so we unify it with the other clauses of the set. The
first acceptable resolvent is Cg = {—A4, —~C'}, the child of Cy and C3. We write
it at the end of the list.

Cy ={A,B,C},Cy ={-A,-B,~C},C3 ={A,B,~C},Cy = {A,-B,~C},

Cs = {=A,B},Cs = {~B,C},C7 = {A,B},Cs = {A,~C},Cy = {B},Cyo =
{-4,-C}

The new clause subsumes Cs, so Sy = {Cs, Cs, Cy, C10}. The box is not in
S4 and we compute an admissible resolvent of Sy. The first one is C13 = {C},
the child of Cg and Cy. We write it.

Cy ={A,B,C},Cy ={-A,-B,~C},C3 ={A,B,~C},Cy = {A,-B,~C},

Cs ={-A,B},Cs ={-B,C},C; ={A,B},Cs = {A,-C},Cy = {B},

Cio = {-4,-C},C; = {C}.

The new clause subsumes Cg, so S5 = {Cs, Cy, C19,C11}. The box is not in
Se, so we search for an acceptable resolvent of Ss. The first one is C12 = {A},
the child of Cs and C7;. We write C12, and so far the output is the one below.

Cy ={A,B,C},Cy ={-A,-B,~C},C3 ={A,B,~C},Cy = {A,-B,~C},

Cs ={-A,B},Cs ={-B,C},C; ={A,B},Cs = {A,-C},Cy = {B},

Cio = {-A4,-C},C1 = {C},Cr2 = {A}

The new clause subsumes Cg, so Sg = {Cy, C19,C11,C12}. The box is not
in S, so we look for an admissible resolvent. The first one is C15 = {—=C}, the
child of C15 and Cig. We write C13.

Cy ={A,B,C},Cy ={-A,-B,~C},C3 ={A,B,~C},Cy = {A,-B,~C},

Cs ={-A,B},Cs ={-B,C},C7; ={A,B},Cs = {A,~C},Cy = {B},

Cio ={-A4,-C},C11 = {C},Cra = {A},C13 = {=C}

The clause Cyg is subsumed by Cis, so S7 = {Cy, Cy1,C12,C13}. This set
does not contain the empty clause, so we look for another admissible clause.
That clause is C14 = O, the child of Cy1 and C;3. We write it.

Cy ={A,B,C},Cy ={-A,-B,~C},C3 ={A,B,~C},Cy = {A,-~B,-C},
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Figure 1.94: Unit resolution

C\15 = {_‘AaB}a 06 = {_‘Ba O}a 07 = {AvB}ch = {A,_‘O}, CY9 = {B}7

Cio = {-A,-C},C11 = {C},Cr2 = {A},C13 = {=C},C1y =0

The empty clause subsumes all clauses, so Ss = {O}. Now the box is in Sg
and the algorithm finishes with success.

The N+T+Subsumption algorithm is almost identical to the P+T+Subsumption

one, except that we change the word positive to negative. Its correctness proof
is identical, except for changing positive to negative. Both algorithms are im-
provements over the resolution algorithm from the preceding section, but they
are inefficient because seldom produce the shortest derivations. Their objective
is to reduce the number of useless clauses produced in the search for the box,
and not in finding a shortest derivation.

Now let us talk about another restriction of resolution, the unit resolution.

Definition 1.9.28 (unit clause, unit resolution) A wunit clause consists of
single literal.

A derivation tree is a unit resolution tree if each resolvent has as parent a
unit clause.

Example 1.9.29 The tree from Figure 1.94 is a unit resolution tree of D from
T = {{4,B,C},{—-A},{A,-~B},{A,~C,D}}, because every resolvent has a
unit clause as parent. For illustration purposes we marked the unit clauses
with a *.

It is easy to show that the unit resolution is not complete. The sequence

C1 ={A B},Cy ={A,-B},C3 = {-A,B},Cs = {~A,-B}, 05 = {A}, G =
{—\A}, C;=0

is a derivation of O from T = {{A, B},{A,-B},{-A, B},{—-A,-B}}. So,
T is unsatisfiable. However, we cannot derive the box from 7' using only unit
resolution because the set does not contain any unit clause.
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We can show that the unit resolution is complete for Horn clauses.

Definition 1.9.30 (Horn clause, Horn set) A clause C is Horn if it con-
tains at most one positive literal.
A set of clauses is Horn if every clause in the set is Horn.

Example 1.9.31 The clauses {4, -B,-C}, {-A,-B}, O, {-A}, {B} are Horn
because they contain at most one positive literal. The clause {4, B} is not Horn
because it has 2 positive literals.

Observation 1.9.32 The resolvent of two Horn clauses is also Horn.
Theorem 1.9.33 The unit resolution is complete for Horn-clauses.

Proof: We know that the P-resolution is complete for all sets of clauses. In
the case of the Horn clauses, the P-clauses are unit clauses, so the P-resolution
is unit resolution. Q.E.D.

1.9.1 Exercices

Exercise 1.9.1 Let T be a minimally unsatisfiable set. Prove that a derivation
tree of O from T must contain all clauses in T'.

Exercise 1.9.2 Let T be a minimally unsatisfiable set with n clauses, and t a
minimal derivation tree of O from T. Give a lower bound for the number of
nodes of t as a function of n.

Exercise 1.9.3 Let S be a minimally unsatisfiable set. Prove that T has no
tautologies, and for every literal L in S, L is also in S.

Exercise 1.9.4 Let S = {Py, P2,...,P,} be a set of atoms. A maz-term of
this set is a disjunction D = {s1P1,s2Ps,...,8, P} where the s;’s are either
the empty string or the negation sign.

a. Prove that there are 2" non-equivalent max-terms.

b. Prove that every formula whose set of atoms is a subset of S is equivalent
to a conjunction of max-terms.

c. Prove that the set of all max-terms, T, is minimally unsatisfiable.

d. Find the sizes of Res'[T], Res*[T], ...,Res"[T], Res*[T|, where T is the
set of all max-terms.

e. Find the length of a minimal derivation sequence of O from T .

The size is the number of non-equivalent clauses in the set.

Exercise 1.9.5 Find a derivation of O from S = {{A}, {-A4, B}, {-B,C},{-C, D},
{-D,E}{-E,F},{-F G},{H,I},{—-H,I},{H,~I},{-H,~I}} by comput-

ing first the resolvents of the unit clauses. Then find a minimal derivation

sequence and compare the lengths.
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Exercise 1.9.6 Show that the sets S = {{A, B,C},{A,B,~C},{A,-B,C},
{4,-B,~C},{-A,B,C},{—-A,B,~C},{-A,-B,C},{-A,-B,~C}} and T =
{{4,B,C},{A,B,-C},{A,-B,C},{A,-B,~C},{-A,B,C},{-A, B,-C},
{—A,-B}} are unsatisfiable using unrestricted resolution, P-resolution and
N-resolution.

Exercise 1.9.7 Show that the set S = {{A, B,C, D},{A, B,C,-D},{-A,~C},{-A,C},
{-B,-D},{-B,D},{—~C}} is unsatisfiable using P-resolution and N-resolution.

Exercise 1.9.8 (Nerode and Shore) We say that a set of literals S is an
assignment if it does not contain a pair, L, L, where L is the complement of L.
For example, {Po,~Ps}, {P;|i € N}, {P;|i > 100} are assignments. The set of
literals { Ps, = P7, Pr} is not an assignment because it contains a literal, Pr, and
its megation ,—Pr.

Now, let A be an assignment. The clause C is a A-clause if CN A= ¢. A
resolution tree is a A-tree if every resolvent has one or two A-clauses as parents.

Show that the unrestricted resolution, the P-resolution, and the N-resolution
are special cases of A resolution. Identify the assignments that characterize
these resolutions.

Exercise 1.9.9 Show that the A-resolution is complete, i.e. the clause set S is
unsatisfiable iff there is a A-tree tree of O from S.
Hint: The proof is almost identical to the completeness of the P-resolution.

Exercise 1.9.10 How many nonequivalent Horn clauses can be defined with n
atoms? Prove your answer.

Exercise 1.9.11 Apply The P+T+Subsumption Algorithm to the sets
S={{4,B,C},{A,B,~-C},{A,-B,C},{A,-B,~C},{-A4,B,C},{-A,B,-C},
{=A,-B,C},{-A,-B,-C}} and
T ={A,-B,C},{A,-B,D},{-D,E},{A, B},{B,~E}{—-A,~FE}}.

Exercise 1.9.12 Apply the N+ T+Subsumption Algorithm to the sets from the
preceding exercise.

Exercise 1.9.13 Prove Observation 1.9.32.

Exercise 1.9.14 Prove that every Horn set that has no positive clauses is sat-
isfiable.

Exercise 1.9.15 Show that the following sets are unsatisfiable using unit reso-
lution:

a. {{-A,-B,~C},{-A,-B,C},{B},{-B, E},{-E,A}}

b. {{—|A, -B, C}v {ﬁAv -B, E}7 {A}, {B}a {—|E, —|F}, {_\07 F}}

Exercise 1.9.16 (Schoning) The algorithm from Figure 1.95 tests the satis-
fiablility of the Horn clause set S. Trace it for the three sets below.

a. {{-A,B},{-A,-B,~C},{A},{-D,-E,C},{-D,E,D}}

b. {{—A,-B,C},{-A,-B, E},{A},{-A, B},{—-C,-A}}

c. {{_‘Aa B, O}a {_‘Aa _‘E}a {A}v {Dv ﬁF}a {F}}
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T =25,
while (7" has clauses that are atoms) do
{
pick an atom clause, say A, from T';
remove from T all clauses that contain A;
remove from the remaining clauses the literal —A;
if ( the empty clause is in T') then
{ write(’S is unsatisfiable’); halt; }
}
write(’S is satisfiable’);
The model is obtained by assigning 1 to all removed atoms and 0 to the the
atoms that are still in T7;

Figure 1.95: A satifiability algorithm for Horn sets

Exercise 1.9.17 Prove that algorithm from Figure 1.95 is correct, i.e. it always
finishes and produces the correct answer.

Exercise 1.9.18 A clause is Krom if it has at most 2 literals. Is the resolvent
of two Krom clauses Krom?

Exercise 1.9.19 How many non-equivalent Krom clauses can de defined with
n atoms? Prove your answer.

1.10 The Linear Resolution

This section presents several key concepts that will be used in the chapter on
prolog. It defines the linear resolution and proves that this restriction is com-
plete. After that, it defines the SLD resolution and shows that it is complete
for the Horn sets.

Definition 1.10.1 (linear resolution) The clause C is linearly resolvable from
the clause set S based on the clause Cy € S, if there is a sequence Cy,C1,...,Cy =
C, such that for alli=1,...,n, C; is a resolvent of the clauses C;_1 and B;_1
where B;_1 is either a clause in S, or Bi_1 = Cj for some j <1i. We call Cy the
base and the disjunctions B;_1 the side clauses of the resolution. The clauses
i S are called input clauses.

Figure 1.96 shows the graph of a linear resolution sequence. The graph is not al-
ways a tree because some of the side clauses B; may be in the set {Cy, ..., C;_1}.
So, some nodes can have an out-degree greater than 1.

Example 1.10.2 Figure 1.97 shows a linear derivation of O from S = {{ A, B},

{A,-B},{-A,C},{—A,~C}}, based on {4, B}. Let us verify that the tree
is linear. First, each of the clauses C;, 1 < i < 4, has C;_1 as a parent. The
base clause, Cp, is in S, and the last clause, Cjy, is the box. The side clauses of
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C,=0C

Figure 1.96: A linear resolution tree

Co={A, B} By = {A,~B}
S~
C'1 = {A} B, = {_'A7 C}

Cy ={C} By = {-4,-C}

o

Cs = {-A}

C, =0

Figure 1.97: The linear tree from Example 1.10.2
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{A, B} {A,-B} {—A,C} {—A,-C}

\\\\\§ %/////

{A} {=4}
—_

Figure 1.98: A non-linear derivation tree

C1,Cs, C3, Cy are respectively, By = {A,—B} , By = {—=A,C}, By = {—A,-C},
and Bs = C;. They are either input clauses, or preceding C; clauses. So, the
tree from Figure 1.97 is a linear derivation.

Not all resolution trees are linear. One such tree is the derivation of O from
S ={{4,B},{A,-~B},{—A, B},{—A,~B}} shown in Figure 1.98. Let us show
that we cannot find a sequence Cy, ..., C, that satisfies Definition 1.10.1. First
of all, Cp must be an input clause. If it is {4, B} or {A,-B}, C1 = {4} and
Cy = O. Then, the side clause of Cy, By = {=A}, is neither an input clause,
nor any of the clauses Cy, C1, contradicting Definition 1.10.1.

If the base clause is either {-A, B} or {-A,-B}, then C; = {-A} and
Cy = O. Again, the side clause By = {A} is neither an input clause, nor one of
the C; clauses that precede Cy, contradicting Definition 1.10.1. So, the tree in
Figure 1.98 is not linear.

Next, we will prove that the linear resolution is complete. But first we need
three lemmas that characterize the minimally unsatisfiable sets.

Lemma 1.10.3 FEvery minimally unsatisfiable set is finite.

Proof: We prove it by contradiction. Let S be an infinite set that is minimally
unsatisfiable. By The Compactness Theorem it has a finite unsatisfiable subset
S’. Since S’ is finite, S’ # S. So, S has a proper subset that is unsatisfiable,
contradicting the assumption that S is minimally unsatisfiable. Q.E.D.

Lemma 1.10.4 FEvery unsatisfiable set contains a subset that is minimally un-
satisfiable.

Proof: Every unsatisfiable set contains a finite unsatisfiable subset, so it is
sufficient to prove the lemma for finite, unsatisfiable sets. The proof is by
induction on n, the number of clauses in the unsatisfiable set S.
Basis: n = 0. Then S = {} is satisfiable, so the lemma is true by default.
Inductive Step: Assume that every set with less than or equal to n clauses
contains a minimally unsatisfiable set. Let S be an unsatisfiable set with n + 1
clauses. We have two cases:

Case 1: S is minimally unsatisfiable. Then we are done.
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DO =" EO

D, =0

Figure 1.99: The IH tree from Case 1, Lemma 1.10.5

Case 2. S is not minimally unsatisfiable. Then, it has a proper subset S’ # S
that is unsatisfiable. Since S’ has n or fewer clauses, it contains a minimally
unsatisfiable set S”. Because S” is also a subset of S, the lemma is true for S.
Q.E.D.

Lemma 1.10.5 Let S’ be a minimally unsatisfiable set and C be a clause in
S’. Then there is a linear resolution of O from S’ with base C.

Proof: By induction on the number of atoms of S’.

Basis: n =0. Then S’ = {0}, so C = 0.

Inductive Step: Assume that for every minimally unsatisfiable set 7' with n or
fewer atoms and for any C € T, there is a linear derivation of O with base C' .
Let S’ be a minimally unsatisfiable set with n + 1 atoms and C be a clause in
S.

Case 1: C'is a unit clause, {L}. Then S} _, is unsatisfiable, and contains only n
atoms. Let S” be a minimally unsatisfiable subset of S7 _. If S” is included in
S’, then S” is a proper subset of S’ since C' € (5" —S5"). But this contradicts the
fact that S’ is minimally unsatisfiable. So, S” is not a subset of S’. Then there
is some C” € " such that C” U {L} is a clause in S’. Since S” has fewer than
n + 1 atoms, we apply the induction hypothesis to S” and get the derivation
from Figure 1.99. There are two problems with this derivation. First, the base
clause is not C, and second, some of the side clauses F; may not be in S’. We
construct a derivation tree t of O from S’ by simulating the resolutions from
Figure 1.99. We start the tree with the resolution from Figure 1.100. Then, for
every resolution D; — D;1 «— E; of Figure 1.99, we append resolutions to
the last D; node of t. If E; is S’, we add the resolution D; — D;1q «— E;. If
E; is not in S, then it is obtained by deleting L from an S’ clause. So, E; U{L}
is a clause in S’. In this case we append the tree 7 from Figure 1.101. We claim
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C={L} " U {L}

DO - C”
Figure 1.100: The base of the tree from Case 1, Lemma 1.10.5

D; E;U{L}

D U{L Cy={L
w__e-w

Dz’—i—l

Figure 1.101: The tree 7 from Lemma 1.10.5

that ¢ is a linear derivation tree of O from S’ based on C' = {L}. The sequence
of Cy,C4,...,Cy, is the path from C = {L} to D,, = O. The side clauses are
C" U{L}, the E; clauses that are in S’, the E; U{L} clauses with E; ¢ S’, and
Co = {L}. All these clauses are in S’, so t is linear derivation of O from S’.
Case 2: C is not a literal. Then C = C’ U {L} where L is a literal and C’
is a clause that does not contain L. Since S’ is unsatisfiable, so is S';—g. By
Lemma 1.10.4, S’;—¢ contains a minimally unsatisfiable subset S”. We leave
the proof that C” is a clause in S” to the reader. (Exercise 1.10.2) Now we apply
the induction hypothesis to S” and get the linear resolution tree displayed in
Figure 1.102. Some of the clauses in this tree are not in S’, so we add L to all
disjunctions that are not in S’ and get the derivation shown in Figure 1.103.
This tree is a linear derivation of L from S’ based on C. Now let us show that
(8" —{C})U{L} is unsatisfiable. We do it by contradiction. Let us assume that
FA(8"={C})U{L}. Then A is a model of S’ — {C'} and a model of L. Since L
is a disjunct of C, = 4,C. So, = 4(S" = {C})U{C} = S’. But this is impossible
since S’ is unsatisfiable.

Co=C'@®
Ch

Cn =01

Figure 1.102: The IH tree for Case 2, Lemma 1.10.5
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Co=C'U{L} @
CyU{L}
CoU{L} O\\

N
N
N
N
N

Com ={L}
Figure 1.103: Linear derivation of {L} from S’

The other leaves are in S — {C'}

Dy = {L}
D,

Figure 1.104: Linear derivation of O from (S — {C}) U{L}

By Lemma 1.10.4, (S’ — {C}) U {L} has a minimally unsatisfiable subset
T'. It {L} ¢ T', T' is a proper subset of S’ because C ¢ T'. Then S’ has a
proper unsatisfiable subset, contradicting the assumption that S’ is minimally
unsatisfiable. So, {L} € T".

Now we apply Case 1 to 7' and we get a linear derivation of O from T’ C
(S —{C})U{L} based on L. Finally we join the trees from Figures 1.103 and
1.104 and we get the linear derivation tree from Figure 1.105. Q.E.D.

Now, let us give 2 examples that illustrate the constructs from Lemma 1.10.5.

Example 1.10.6 Let us illustrate the construction from Case 1 of Lemma 1.10.5.
So, let 8" = {{R},{P,Q,-R},{P,-Q,—-R},{—-P}}. The reader can check,
by using a truth table, that S’ is unsatisfiable and all the subsets with 3-
elements are satisfiable. So, S’ is minimally unsatisfiable. We want to build
a linear resolution of O from S’ based on C = {R}. First we form the set
Sp=1 = {{P,Q}.{P,—Q,},{—~P}} by deleting the S’ clauses that contain R
and removing —R from the remaining ones. This set is minimally unsatisfiable,
so S = Sp=1. Now, we choose a clause C” € S”, such that C"” U {-R} is in
S’. Let us choose C" = {P,Q}. Now, the induction hypothesis gives a linear
derivation of O from S” based on C”. Let us assume that we get the tree from
Figure 1.106. We modify this tree to get a linear derivation of O from S’ based
on C' = {R}. We start with the resolution from Figure 1.107, that computes the
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01 - C/ U {L} .
CyU{L}
C;U{L} ®_

D,=0

Figure 1.105: The linear derivation of Case 2, Lemma 1.10.5

C" =Dy = {P,Q} Ey ={P,~Q}
\ /
D, = {P} By = {-P}

Figure 1.106: The IH tree from Example 1.10.6
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O ={R} DoU{=R} = C"U{=R} = {P,Q,-R}

T

DOZ{P7Q}

Figure 1.107: The top of the output tree of Example 1.10.6

B={EQ)  BUIRL= (R0

{Pv_'R COZ{R}
D, ={Pr}

Figure 1.108: The middle of the output tree of Example 1.10.6

resolvent Dy of C = {R} and C"U{-R} = {P,Q,~R}. Next, we look at the res-
olution step Dy — Dy «— Ej of Figure 1.106. The side clause Ey = {P,=Q}
is not in S”, so we must add the derivations from Figure 1.108. Now, we process
the step D1 = {P} — O «— E; = {-P} of Figure 1.106. The side clause
E; is in S”, so we add the resolution D; = {P} — O «— F; = {=P} at the
bottom of the tree. We get the tree from Figure 1.109.

The reader is invited to verify that this is a linear derivation tree of O from
S’ based on C' = {R}.

Example 1.10.7 Now let us apply the construction from Case 2 of Lemma 1.10.5
to theset 8" = {{R},{P,Q,~R},{P,-Q,~R},{—~P}} from Example 1.10.6. We
select the clause C' = {P,—Q, R} as the base clause. Next, we choose one lit-
eral, say L = =@, of C and we set C’ = C — {L} = {P,—~R}. We compute
S’ =0 = 5'g=1. We delete all S’ clauses that contain @), we remove =) from
the remaining clauses, and get S'g=1 = {{R}, {P,~R}, {—~P}}. This set is min-
imally unsatisfiable, so S” = S’g=1. Since S” has fewer atoms than S’, we
apply the lemma to S” and C’ and get the tree from Figure 1.110. We add
L = =Q to all leaves that are not in S’ and to all their ancestors. We get the
S’-tree from Figure 1.111. Now we find a minimally unsatisfiable subset 7" of
(8" —={C}H U{L} = {{R},{P,Q,-R},{-P},{~Q}}. The last set is minimally
unsatisfiable, so TV = (S' — {C}) U{L}. We apply Case 1 of the lemma to find
a linear resolution of O from 7" based on {L} = {-Q}. We get the tree from
Figure 1.112. Finally, we join the trees from Figures 1.111 and 1.112 at {—-Q}
and get the linear resolution from Figure 1.113.

Now we can state the completeness of the linear resolution.
Theorem 1.10.8 The linear resolution restriction is complete.

Proof: We need to show that every unsatisfiable set S has a linear deriva-
tion of 0. The Compactness Theorem tells us that S has a finite unsatisfiable
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¢ ={R} C"U{=R} ={P,Q,~R}

EgU{=R} = {P,~Q,~R}
Dy = {P,

Ey ={-P}

Figure 1.109: The linear derivation tree from Example 1.10.6

C'={P,—-R} {-P}

{R}
{=R}

O

Figure 1.110: The IH tree for Example 1.10.7

C={P-R-Q}  {-P}

{R}
{-R,-Q}

{=CQ}

Figure 1.111: The derivation of =Q from S’



154 CHAPTER 1. PROPOSITIONAL LOGIC

{-Q} {P,Q,~R}

O

Figure 1.112: The derivation of O from 7"

C={P-R-Q)  {-P}

O

Figure 1.113: A linear derivation of O from S’ based on {P,-Q, —~R}
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subset S’. Lemma 1.10.4 provides a minimally unsatisfiable subset, S”, of S’.
Lemma 1.10.5 guarantees that there is a linear derivation of O from S”. Since
S is a subset of S, O is linearly derivable from S.Q.E.D.

Now we will present another restriction of resolution, the input resolution.

Definition 1.10.9 (input resolution) A derivation sequence C1,...,Cy, is
an input resolution of C,, from S if every clause in the sequence is either an
input clause, or has at least one parent that is an input clause.

Example 1.10.10 The sequence C1 = {4, B,C}, C; = {-A}, C5 = {B,C},
Cy = {_‘B}, Cs = {—\C,D}, Cs = {O}, C7 = {D}, Cs = {—\D}, Cy = 0is
an input resolution of O from S = {{4, B,C},{-A},{-B},{-C,D},{-D}}
because the clauses Cy, Cs, C4, Cs, Cg are input clauses and C3, Cg, C7, Cg
have input clauses as parents (respectively C1, Cy, Cs, Cs).

Proposition 1.10.11 The input resolution is a special case of linear resolution.

Proof: Let s = C1,C5,...,C, be an input derivation of C from S. We con-
struct a sequence Dy, D1, ... as follows:

We start with Dy = C. If Dy is an input clause, we stop. Otherwise we
look at Dg’s parents. Since s is an input derivation, at least one of them is an
input clause. Let By be a parent labeled with an input clause and D; be the
other parent. Now we do the same thing for D;. If D is an input clause we
stop; otherwise let By be a parent that is an input clause and Dy be the other

parent. We continue this way and get two sequences Dgy, Di,...,D;,... and
By,By,...,B;,....

Now let us look at the positions of the clauses Dy, Dy, ...,D; in the s-
sequence. The clause D precedes Dy, Do precedes D; and so on. So, all
clauses Ds,...,D; are distinct predecessors of Dy. Since Dy has only n — 1
predecessors, the sequence Dg, D1,...,D;,... is finite. Hence, there is an m

such that D,, is an input clause. Now let ¢’ be the tree from Figure 1.114. This
tree is an input derivation of Dy = C' from S because all B;’s are input clauses.
At the same time it is a linear derivation of C from S because D,, is an input
clause and every D;_1, 1 <1i < m, is a resolvent of D;. Q.E.D.

Unlike the linear resolution, the input resolution is not complete. Let us try
to derive O from the set of input clauses S = {{A, B}, {A, ~B},{-A4,C},{-A4,-C}}.
We can start with any clause from the S and unify it with any input clause.
The resolvent will have either one or two literals, depending on whether the two
clauses have a common literal or not. We can unify the resolvent with an input
clause and again we get a one or a two literal resolvent. This continues forever,
since we cannot derive O by unifying any resolvent with a two literal clause.
This situation is illustrated in Figure 1.115.

For the rest of the section we will deal only with sets of Horn clauses. We
remember that a Horn clause contains at most one atom. We classify the Horn
clauses according to the number of atoms. The negative clauses are called goals,
and the non-negative ones, definite or program clauses. The atom clauses are
also called facts.
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DOZC

Figure 1.114: The linear derivation from Proposition 1.10.11

{A, B} {A,-B}

Figure 1.115: The input resolution is not complete
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Cy ={-A,-B,~C} By ={A,-D}

B, = {B}
By ={C}

Cy ={-B,~C,—-D}

Cs = {=C,-D}

Cy= {ﬁD}

Figure 1.116: An SLD resolution

Definition 1.10.12 (SLD resolution) A linear resolution Ci,...,C, is an
SLD resolution if the base is a negative clause and, at each step, the side clause
is a non-negative input clause.

The name SLD resolution stands for linear resolution with selection function
for definite clauses. We notice that the SLD resolution is both linear and input
resolution.

Example 1.10.13 Figure 1.116 is an SLD resolution of =D from S = {{-A4,-B,-C?},
{A7 ﬁD}ﬂ {B}, {C}}

Theorem 1.10.14 (The completeness of the SLD resolution for Horn sets)
The SLD resolution is complete for Horn sets.

Proof: We use the completeness of the linear resolution. So, let S be an
unsatisfiable set of Horn clauses. By Lemma 1.10.4, S contains a minimally un-
satisfiable set S’. If S’ contains no negative (goal) clause, the truth assignment
that assigns 1 to all the atoms is a model of S’ contradicting the fact that S’
is unsatisfiable. So, S’ has a goal clause. By Lemma 1.10.5 there is a linear
derivation of O from S/, based on the goal clause Cj, as shown in Figure 1.117.
All we have to do is to show that the clauses By,...,B,_1 are program clauses.
Since Cy and By are unifiable and Cj is negative, By must contain a positive
literal. At the same time By is a Horn clause, so it cannot have more than one
positive literal. Then, the resolvent C; of Cy and By is a negative clause. We

continue this reasoning and get that all clauses Cy,C1,...,C,_1 are negative
and the clauses By, ..., B,_1 contain positive atoms.
Since Figure 1.117 is a linear tree, the clause By, ..., B,_1 are either input

clauses or preceding C; clauses. But we cannot have B; = Cj, i < j, because
the C; clauses are negative, and the B;’s contain positive literals. So, the side
clauses are non-negative input clauses, i.e. program clauses. So, Figure 1.117 is
an SLD tree. Q.E.D.

Corollary 1.10.15 Every minimally unsatisfiable set of Horn clauses contains
only one goal clause.
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C, By

Ch

C, =0

Figure 1.117: The linear tree from Theorem 1.10.14

Proof: Let S be a minimally unsatisfiable Horn set. By the completeness of the
SLD resolution for Horn sets, S has a derivation tree like the one in Figure 1.117.
The leaves of the tree are in S and they form an unsatisfiable set. Since S is
minimally unsatisfiable, it is equal to the set of leaves of the tree. Since the tree
has only one negative leaf, S has only one goal clause. Q.E.D.

Exercises

Exercise 1.10.1 Construct a linear derivation of O based on {—A,—~B} from

S ={{A,B},{A,~B},{—A, B}, {-A,-B}}.

Exercise 1.10.2 Prove the following assertion:

Let S’ be a minimally unsatisfiable set of clauses and C a clause of S’ and
L qa literal of C. Let S” be a minimally unsatisfiable subset of S7_,. Then
C'=C —{L} is a clause of S”.

Exercise 1.10.3 True or false?
If S is a minimally unsatisfiable set of clauses and L is a literal that occurs
in a clause of S, then Sp—1 is minimally unsatisfiable.

Exercise 1.10.4 Find a minimally unsatisfiable set S’ that contains a clause
C = C'"V L such that the set (S — {C})U{L} is not minimally unsatisfiable.

Exercise 1.10.5 Use the SLD resolution to show that the set S = {{—A, -B,-C},
{A},{-A,D},{-A, E},{-D, B},{—FE,C}} is unsatisfiable.

Exercise 1.10.6 Assume that the algorithm from Figure 1.95 is correct for
Horn clauses, i.e. it halts and produces the right answer. Prove that the cor-
rectness of this algorithm implies that every minimally unsatisfiable Horn set
has only goal clause.
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Exercise 1.10.7 Let S be a minimally unsatisfiable set of Horn clauses and B
an atom of S. Show that B belongs to only one clause of S.

Exercise 1.10.8 Let S be a minimally unsatisfiable set of Horn clauses, and
let {=Ay,...,— A} be the goal of S. Prove that there is some index i, 1 < i <k,
such that A; belongs to a program clause of S, but —A; is not in any definite
clause.

Exercise 1.10.9 Show that the correctness of the algorithm from Figure 1.95
implies that the SLD resolution is complete for Horn clauses.
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Chapter 2

First Order Logic

While the propositional logic is useful for many applications, it has drawbacks.
One of them is that it cannot adequately represent the sentences of a natural
language. For example, the sentences Politicians love power, The governments
love tazes, Mark loves money, have something in common, namely the verb love.
All three sentences describe a relation, denoted by the verb love, between the
first and the second noun of the sentence. However, in propositional logic the
three sentences are just symbols P;, P;, P} in the alphabet of the language.

Also, the propositional language cannot capture the natural language infer-
ences if x is older than y and y is older than z then x is older than z and if z is
married to y then y is married to z.

The other problem with the propositional logic is that it is next to useless
in expressing and handling mathematical statements. The propositional logic
is not even capable of making the inference f has a domain and a codomain
from the two statements every function has a domain and a codomain and f is
a function because it does not contain the symbol every and does not have the
necessary inference rule.

One of the differences between first order logic and propositional logic is that
the atomic formulas have a well defined structure. Each atomic formula consists
of a relation (predicate) symbol followed by a list of arguments. For example,
the sentence Michael loves Zelda is represented as loves(Michael, Zelda), where
loves is the name of the relation, Michael is its first argument and Zelda is its
second argument.

In first order logic we differentiate between constants and variables. In the
statement Mark is rich, Mark is a constant while in Some men are rich, men is
a variable. The first order logic has two quantifiers, for all and there exists. So,
we can say All men are mortal and There are dishonest politicians.

The first order logic can describe a sizable part of English and it can be
used for natural language understanding. Also, it is adequate for presenting
many mathematical theories, like set theory. Moreover, first order logic has
applications in artificial intelligence and in databases.

The first order logic is not a complement of the propositional logic, but an

161
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extension. Many of the concepts and the results shown here are extensions of
the ones presented in the preceding chapter. The chapter layout mirrors the
organization of the propositional logic chapter.

2.1 FOL Formulas

Let us start by describing the alphabet of the first order logic , abbreviated
FOL. The symbols of the alphabet are:

1. A set of symbols P/* called predicate symbols. Here i and n are numbers
in the set N = {0,1,...,n,...}. We call n the arity (the number of arguments)
and i the index of P. If the arity of P* is 0 then P is called a predicate
constant.

2. A set of symbols f]* called function symbols. Just like in the previous set,
1 and n are natural numbers representing the indez, respectively the arity, of
the function symbol. If n =0, f* is called an individual constant.

3. A set of symbols x; named individual variables. The natural number i is
called the index of the variable.

4. The left parenthesis (, the right parenthesis ), and the comma ,.

5. The connectives =, A, V, —, «—. We use the same terminology as in
the propositional calculus: = is called the negation symbol, A is the and symbol,
— is the if symbol, and «— is called the if and only if symbol.

6. The equality predicate E. This predicate has arity 2.

7. The quantifiers ¥V and 3. The symbol V is the universal quantifier and 3
is the existential quantifier.

This is the alphabet of the full predicate calculus. If we take away both the
equality predicate and the function symbols, we have the pure predicate calculus.
In the pure predicate calculus we have only variables, predicate symbols, the
connectives, the parentheses, the comma and the quantifiers.

If we remove only the equality predicate then we get the predicate calculus
with functions. In the predicate calculus with functions, we have variables, func-
tion symbols, predicate symbols, the connectives, the parentheses, the comma
and the quantifiers.

The predicate calculus with equality has all symbols of the full predicate
calculus minus the function symbols. So, we have variables, predicate symbols,
the equality predicate, the parentheses, the comma, the connectives and the
quantifiers.

The relations among these calculi will be discussed in Section 2.7.

Now we are going to define the terms. Intuitively, terms are used to identify
objects, just like the nouns and the pronouns do in the spoken languages. In
English, the strings John, a man, the man’s father, my neighbor’s maternal
grandmother represent objects!; the first is a constant, the second is a variable,
and the last two are more complex nouns. In FOL, the terms can also be

IThese strings are called noun phrases
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constants, variables, or complex terms, formed by applying function symbols to
constants and/or variables.

Definition 2.1.1 (terms) 1. The individual variables are terms.

2. The individual constants are terms.

3. Ifty, ta,. .., t, are terms and f] is a function symbol of arity n > 0 then
fl(t1, ta, ... ty) s a term.

Examples 2.1.2 1. z4 is a term by rule 1 of Definition 2.1.1.

2. f9 is a term by rule 2 of Definition 2.1.1.

3. [ (x4, £9) is a term by rule 3 because x4 and f9 are terms and f3 is a
function symbol of arity 2. So, fZ (x4, f3) is a term by rule 3 of Definition 2.1.1.

4. xp is a term by rule 1 of Definition 2.1.1.

5. f3(f9, fA (x4, f9),70) is a term because f3 is a function symbol of arity
3and f9, f (x4, f9) and z¢ are terms.

Observation 2.1.3 The only terms that occur in the pure predicate calculus
and in the predicate calculus with equality are the variables.

Definition 2.1.1 gives us an algorithm for recognizing terms. The algorithm
from Figure 2.1 starts by underlining the constants and the variables of the
input string S. Then it enters a loop that keeps sweeping S and underlines
bigger and bigger substrings. It stops when S is fully underlined, the last sweep
produced no underlines, or there is a collision. A collision occurs when one
forgets to separate the terms t1,...,t, of f(t1,...,tn).

Example 2.1.4 Let us apply Algorithm 2.1 to the strings S = f3(f2(z2, f2), 22, f3)
and T = f2(f§(z1,22) f{ (23)).

After Step 1 is finished, S has the underlines f3(f£(z2, f7), z2, f2)

The algorithm produced new underlines, so we execute Step 2. We get the
underlines S = f3(f2(za, [1), x2, f2).

Step 2 produced new underlines and S is not fully underlined, so we exe-
cute Step 2. We get the underlines S = f3(f2(z2, fY), 22, f9). Now S is fully
underlined and we stop with success.

Now let us apply the algorithm to 7T'. After Step 1 is finished we have the
underlines, T' = f3(f§ (21, z2) fi (23))-

The algorithm produced new underlines, and 7' is not fully marked, so we
execute Step 2. We underline fZ(z1,22) but when we try to underline f(x3)
we have a collision. So, we stop with failure; T is not a term.

Now let us define atomic formulas. Intuitively, atomic formulas correspond to
natural language clauses because they describe a simple relationship and cannot
be broken down into smaller sentences.

Definition 2.1.5 (atomic formulas) 1. The predicate constants PY are atomic
formulas.

2. If t1 and to are terms then E(t1,t2) is an atomic formula. We read
E(t1,t2) as ty is identical to ts.
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Step 1: while [scanning S from left to right] do
if [the scanned symbol is a variable or a constant] then
if [the preceding symbol is underlined] then
stop with failure;
else
underline the symbol;
Step 2: while [ [S is not fully underlined] and [the last sweep produced new
underlines]] do
while [scanning S from left to right] do
if [ [the scanned symbol is the head of the substring f(71,...,Ty)]
and [the substrings T1,...,T, are underlined] and
[the arity of f is n > 1] and
[the other symbols of f(T4,...,T,) are not underlined | | then
if ( the symbol preceding f is underlined) then
stop with failure;
else
underline f(71,...,T,);
Step 3: if (S is fully underlined)
stop with success;
else
stop with failure;

Figure 2.1: The Term Recognition Algorithm

3. If P is a predicate symbol of arity n > 1 and t1, ta,..., t, are terms
then P*(t1,ta,...,t,) is an atomic formula. We read it P* of t1, ta, ..., ty.
Examples 2.1.6 Let us show some atomic formulas.

1. P{ is an atomic formula by rule 1 of Definition 2.1.5.

2. E(f}(z2), f2) is an atomic formula by rule 2 because fi(x2) and f9 are
terms.

3. PP (xs, f9, f3(f9), f3(xs, f2), ) is an atomic formula since P} has arity
5and x3, £, fA(fY), f3(xs, f7) and f{, are terms.

The formulas are formed from atomic formulas by repeatingly applying the
connectives and the quantifier operators.

Definition 2.1.7 (Formulas) 1. The atomic formulas are formulas.
2. If F is a formula then =F is a formula, called the negation of F.
3. If F and G are formulas then (F'V G) is also a formula, called F or G.
4. If F and G are formulas then (F AN G) is also a formula, called F' and G.
5. If F and G are formulas then (F — Q) is also a formula, called if F
then G.
6. If F and G are formulas then (F «—— Q) is also a formula, called F if
and only if G.
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7. If F is a formula and x is a variable then YxF is also a formula, called
for all x F. We say that x is the argument of the operator Yz, and that x is
universally quantified.

8. If F is a formula and x is a variable then 3xF is a formula, called for
some x F or there exists © such that F. Again we say that x is the argument
of operator Iz and that x is existentially quantified.

Remark 2.1.8 We will treat the strings Vo and dz as unary connectives,
just like =. These connectives are formed from a quantifier (V or 3) and an
argument, which is a variable.

Examples 2.1.9 Let us show some formulas.

1. Pi(w3, fY), Pi(fs(x2)) and E(z3, f3(x2)) are formulas because they are
atomic formulas.

2. Since P?(z3, f3) is a formula, ~PZ(x3, fJ) is also a formula by rule 2.

3. Since P?(xs3, f9) and Pj(f(x2)) are formulas, (P?(x3, f9) A Pi(fi(x2)))
is a formula by rule 4.

4. We can apply rule 4 to the formulas =P?(x3, f) and E(z3, f1(x2)) get
the formula (~P2(x3, f3) V E(x3, fi(x2))).

5. Since P} (f3(x2)) and E(x3, fi(z2)) are formulas, (P3 (fi(z2)) — E(xs3, fi(x2)))
is a formula by rule 5.

6. We get the formula (PZ(zs, f9) «— Pi(fi(z2))) by applying rule 6 to
the formulas P?(z3, f9) and Pi(f4(x2)).

7. The formula Va3 E(z3, f1(z2)) is created by applying rule 7 to E(z3, fi(x2)).

8. We get the formula Jz2(Ps (f1(z2)) — E(z3, f4(22))) by applying rule
8 to the formula (P (fi(x2)) — E(z3, f1(z2)))

Now let us define subterms and subformulas.

Definition 2.1.10 (subterm) Lett be a term. A subterm of t is a substring
t1 of t that is also a term.

Example 2.1.11 Let us find the subterms of f3(f3(xs, fi(fY)), fa(x3), f).
They are f23(f22($37f11(f39))7f21($3)7fg)7 f22($37f11(f§)))7 T3, fll(fBO)a f307 f21(x3)7
and f9. We also notice that the subterm z3 has two occurrences in the term.
We distinguish these occurrences by calling them the first occurrence and the
second occurrence.

Definition 2.1.12 (subformula) Let F be a formula. A subformula of F is
a substring of F that is also a formula.

Example 2.1.13 Let us find the subformulas of F = (Va3(Ps(z3) A P)) —
(PZ(xa, fO)V—3w4P}(24))). They are F itself, Va3 (Py (x3) APY), (P} (z3) APY),
P21($3)a P£7 (P42($2a fg) v _‘33:4P3‘1($4))a P42($2a fg)v _‘33:4]33}(3:4)7 E|x4P31 (3:4)7
Pg ({E4)

In many applications it is convenient to represent terms and formulas as trees.
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Sweep through ¢ and underline all variables z; and constants f?;
For each underlined symbol create a node with that symbol as its label;
while [ ¢ is not fully underlined | do

{

Sweep through ¢ and underline each substring f7*(t1,...,¢,) that has
t1,..., tn, underlined and the rest of the symbols unmarked;

Create a new node labeled f;* and make ¢; its first child,

t9 its second child,. .., and t, its nth child.

Figure 2.2: The Term to Tree Algorithm

CRCRCRCRACRORE

Figure 2.3: The trees from Example 2.1.15 after 1 sweep

Definition 2.1.14 (term tree) A term tree is a labeled tree satisfying these
conditions:

1. The leaves are labeled with variables or constants.

2. The branches are labeled with functions of arity greater than 0; if the
function has arity n, then it has n children.

Figure 2.2 shows an algorithm that converts a term t into a tree.

Example 2.1.15 Let us apply the algorithm from Figure 2.2 tot = f3(f3(f0, z3, f3),

fg(figva)v f42(f£, 6)).
After the first sweep through the string we get the underlines

FEC3 (D s, 19), f3(f2, 22), f2([2, w6)) the trees from Figure 2.3.

After the second sweep through ¢ we get the underlines LS, w3, 1),

F2(f9,2a), f2(f9,26)) and the trees from Figure 2.4.

After the third sweep the whole string ¢ is underlined and we get the tree
from Figure 2.5.

At times it is beneficial to represent formulas as trees.

13 f2

T B OO

Figure 2.4: The trees from Example 2.1.15 after 2 sweeps
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/\

f3 13 f2

CRCRCRCRE

Figure 2.5: The Example 2.1.15 trees after 3 sweeps

Definition 2.1.16 (formula tree) A formula tree is a labeled binary tree that
satisfies the following conditions:

1. Every leaf is labeled with an atomic formula.

2. If a branch has only one child, then it is labeled with a unary connective
=, VY, or dx; if it has two children, its label is V, A\, —, or «—— .

We can modify the algorithm from Figure 1.3 to generate formula trees from
FOL formulas.

Example 2.1.17 Let us apply the algorithm from Figure 2.6 to find a tree
representation of F' = Vao(—E(xa, f) V Jz3(P2 (23, 12) — —Pi(13,22))).

After the first sweep we have the underlines Vo (= E (2o, f9)V3xs (P2 (23, 12) —
—=PZ(x3,72))) and the trees below.

After the second sweep through F' we get the underlines Voo (—E(z2, f9) V
Jw3(P? (23, 72) — —PZ(x3,72))) and the 3 trees beneath.

@ @ PBQ(Q:B, m2)
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Sweep through the string F' and underline each atomic formula. For each oc-
currence of a formula create a node with that formula as its label.
while ( F is not fully underlined ) do
{
Sweep through ¢ and
1. underline each substring =G that has G underlined
and — unmarked.
Create a new node labeled — and make it point to the root of G.
2. underline each substring (G V H) that has G and H underlined,
the end parentheses and V unmarked.
Create a new node labeled A and make G its first child and
H its second child.
3. underline each substring (G A H) that has G and H underlined,
the end parentheses and A unmarked.
Create a new node labeled A and make G its first child and
H its second child.
4. underline each substring (G — H) that has G and H underlined,
the end parentheses and — unmarked.
Create a new node labeled — and make G its first child and
H its second child.
5. underline each substring (G «— H) that has G and H underlined,
the end parentheses and «— unmarked.
Create a new node labeled «— and make G its first child and
H its second child.
6. underline each substring VxG that has G underlined and
Vx unmarked.
Create a new node labeled Yz and make it point to the root of G.
7. underline each substring 3xG that has G underlined and
Jx unmarked.
Create a new node labeled dz and make it point to the root of G.

Figure 2.6: An algorithm that converts FOL formulas to trees



2.1. FOL FORMULAS 169

After the third sweep we have the underlines Vo (= E(xa, f9)VIzs (P (23, 22) — —Pi(z3,72)))
and the 2 trees below.

E(x2, f3) PP (x3,22) P§ (3, 12)

After the fourth sweep we get the underlines Voo (—E(za, f9)VIzs (P2 (23, 12) — —Pi(13,22)))
and the trees beneath.

3333

E(z2, f3) P?(x3,32) P3 (x5, x2)

After the fifth sweep we get the underlines

Vao(=E(xa, )V (Jz3(PE (23, 12) — —P§(x3,22))) and only one tree.
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3%3

E(z2, 9) PP (23, x2) P3(x3,22)

After the sixth step the whole F' is underlined and we obtain the formula
tree.
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VQJQ

3(E3

E(x2, f3) P} (x3,22) P§ (3, 12)

We can modify the algorithm from Figure 1.8 to convert FOL formula trees
to strings. All we have to do is to change the statement write(—); of the else
case to write(label(Root));.

Now let us introduce some notational conventions that will greatly simplify
the notation.

Convention 2.1.18 1. We will use the lowercase letters x, y, z, u, v, w, z with
or without subscript for individual variables.

2. We will use the lowercase letter a, b, ¢, d, e with or without subscripts to
denote individual constants.

3. We will use the lowercase letters f, g, h with or without subscripts for
function symbols. We will not write the arity when it can be deduced from the
context.

4. We will use the uppercase letters F',G, H, I, J, with or without subscripts,
for formulas.

5. We will use the uppercase letters P, ), R S, with or without subscripts,
for predicate symbols. We will skip the arity when it can be determined from
the context.

6. We will use the conventions from Section 1.1 regarding the omission of
the outer parentheses and the use of A" F; and /[, F}.

Now we will present the notions of the scope of a quantifier, free and bound
occurrences, free and bound variables. Intuitively, the scope of a quantifier Vz
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VY

Qz,y, f(z))

Figure 2.7: The scope of the quantifier ¥

or Jx is the set of subformulas where the quantifier operates. In a tree formula,
the scope of the quantifier at address A is the set of all subtrees whose roots
are the children of A. For example, the scope of the quantifier Vz of Figure 2.7
is the subtree with the root labeled A.

Definition 2.1.19 (bound and free occurrences) We say that an occurrence
of the variable x in a formula tree F is bound if it is under the scope of a quan-
tifier Vx or Jx.

An occurrence is free when it is not bound.

Note 2.1.20 By variable occurrence we mean an individual variable that occurs
in an atomic formula. The variable that follows the quantifier is the argument of
the quantifier. So, the strings YV and Jz are operators composed of a quantifier
and an argument.

Example 2.1.21 Let us find whether the variable occurrences of the formula
below are free or bound.
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YV

Qz,y, f(z))

We recall that the scopes of the quantifiers Vx and Jz are the subtrees of
their children and the variable occurrences are in the leaves of the tree. So, the
variable occurrence x is free if that leaf has no ancestor node labeled 3z or Vz.
By inspecting the tree we see that the underlined occurrences are free while the
overlined occurrences are bound.
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YV

P(f(z),a)

Definition 2.1.22 (free variable, closed formula) We say that a variable
x s free in the formula tree F' if it has free occurrences.
A formula that has no free variables is called a closed formula.

Example 2.1.23 1. The variable z in Figure 2.8 is free because it has a free
occurrence in Q(z). The variable y is bound because all its occurrences are
bound.

2. The formula tree from Figure 2.9 is closed because it has no free variables.

Exercises

Exercise 2.1.1 Write an algorithm that takes as input a string and writes
atomic formula if the string is an atomic formula and not an atomic formula if
the string is not an atomic formula.

Exercise 2.1.2 List the subterms of fi(fiy (za, f1 (%), 3, a), fA(f3(z3, f9)), 75).

Exercise 2.1.3 List all subformulas of (—=(P§(z3, fO)AE(z3, f9)) — Voo Jzs(E(zs, 72)V

(P§ (x2) «— P3(f), w8, 72))))-

Exercise 2.1.4 Apply the algorithm from Figure 2.2 to generate the tree rep-
resentation of f5(f3(x2, f§(f3, 3 (s, f9), 5), f5(f3 (2o, [9)), 24)).
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/ %\vy
Va:/ \ \L

Q(z) 4
)
i/ P(z,y)
E(x,y)

Figure 2.8: A formula tree with free variables

Jdy

!
) / v \vx
$

T P(y, )

T

T YV
P(y,2) E(i, Y)

Figure 2.9: A closed formula tree

175
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Exercise 2.1.5 Write an algorithm that takes as input the tree representation
of a term and outputs its string representation. Test it on the tree below.
fi

- 1\
fz@ [ 1
. O

3 f?

ey

Exercise 2.1.6 Define the scope of a quantifier for formulas. Then, specify if
the variable occurrences of the formulas

1. F=~(Vz(P(z,y) — Jy=P(y,z)) A yP(y,z))

2. G =Vy(FzP(z, f(y)) — (Vy~P(z,y) vV P(g(y, 2),2)))

are free or bound.

Exercise 2.1.7 Specify if the variable occurrences in the tree below are free or
bound.

Vy
Y
/
— dx
— A -

E(xvf(y)) Q(a:,a,z) P(bvg(y)) R(g(x)vca Z) Q(x’c’f(y))
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Exercise 2.1.8 Translate the following English statements into FOL formulas:

1. All students are smart.

2. Some students are smart.

3. The pairing axiom from set theory: For every two sets there is a set that
contains exactly these sets as members.

4. The extensionality aziom from set theory: Two sets are equal iff they have
the same members.

5. The following theorem from number theory: Fvery non-zero number is
the successor of some number.

6. Every person has a mother.

7. Every woman is loved by some man.

Use the predicates student(z) for x is a student, smart(z) for © is smart, €
for belongs to, E for the equality, person(z) for x is a person, mother(z,y) for
x is the mother of y, woman(z) for x is a woman, man(z) for x is a man. Also
use the function Sx for the successor of x.

2.2 Structural Induction in First Order Logic

In this section we will learn to do inductive proofs in first order logic. We
suggest a review of Sections 1.2 and 2.1 for the description of the method and
the definitions of terms and formulas. Just like we did in Section 1.2, we will
state the structural induction theorems and then we will work our way towards
The Unique Readability Theorem, needed to define the semantics of formulas.

In first order logic we have two kinds of strings, terms and formulas. So, we
should be able to do induction on term structure as well as on formula structure.

Theorem 2.2.1 (The Structural Induction on Terms) A proposition P|t]
is true for all terms t if and only if

1. Plt] is true when t is a variable.

2. Plt] is true when t is an individual constant.

3. If f is a function of arityn > 0, t1,. .., t, are terms, and P[t1],. .., P[t,]
are true then P[f(t1,...,tn)] is true.

Example 2.2.2 Before we go on to prove the theorem let us see how it works.
Assume that P is some property that satisfies the 3 conditions listed in Theo-
rem 2.2.1. Let us see how these 3 rules enable P to satisfy i(f(a, x,b), g(c,y), h(d, 2)),
shown in Figure 2.10. The first rule tells us that P is true for all variables. So,
we put a P to the right of every circle labeled with a variable, as shown in
Figure 2.11.

Next we apply rule 2 that tells us to label with P all individual constants,
i.e. all circles that contain a, b, ¢, and d. We get the tree from Figure 2.12.

Now we can apply rule 3 of Theorem 2.2.1, that tells us that whenever all
children of a branch have the P label, we can label the branch. So, we can put
P to the right of the boxes that contain the function symbols f, g, and h as
shown in Figure 2.13. Figure 2.14 shows the term after the next application of
rule 3. This example shows us that the rules 1 and 2 label the leaves, and that
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9 h

FOO OO OO

Figure 2.10: The term from Example 2.2.2

9 h

O B Gy O

Figure 2.11: We label the variable of the term from Example 2.2.2

/\

9 h

T (O O (o O

Figure 2.12: We label the constants of the term from Example 2.2.2
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/\

T p 7 P " lp

@p P @p @p @p @p @p

Figure 2.13: We label some branches of the term from Example 2.2.2

T p ) " p

@p P @p @p @p @p @p

Figure 2.14: We label the root of the term from Example 2.2.2
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rule 3 labels the branches.

Now let us return to the proof of Theorem 2.2.1.
Proof: We have to show that

(1) if P[t] is true for all terms ¢ then the conditions (rules) of Theorem 2.2.1
hold, and

(2) if the rules in Theorem 2.2.1 hold, then P[t] is true for all ¢.

(1) is easy. Since P[t] is true for all ¢ then it is true for the cases when
-t is a variable, so we have condition 1.

-t is an individual constant, so we have condition 2.

-t = f(t1,...,tn), so we have condition 3.

We will prove (2) by contradiction. Assume that P satisfies the conditions
1, 2, and 3, but there are terms ¢ for which P[t] is false. Let ¢ty be one of these
terms that has minimal length, i.e. has the fewest number of symbols. Let’s
look at the structure of tg.

to cannot be variable since P satisfies condition 1.

tp cannot be an individual constant since P satisfies condition 2.

to has the form to = f(t1,...,t,). If P is true for all the terms ¢1,..., t,,
then P is true for tg by condition 3. So, P must be false for at least one of
the terms tq, ..., t,. But then that term has smaller length than ¢y, which
contradicts our hypothesis. Q.E.D.

Now let us prove two lemmas that characterize the substrings of terms.

Lemma 2.2.3 Let S be a prefiz of a term 7 and n[fun, S] the number of func-
tion symbols of arity greater than 0 that occur in S. Then n[fun,S] > n[(,S] >
nf), s].

Proof: We use structural induction on terms. If 7 is a constant or a variable,
then it has a single symbol and that character is neither a function of arity
greater than 0, nor a parenthesis. So, n[fun, S| = n[(, S] = n[),S] = 0.

Nowlet 7 = f(m1,...,7). Wehavedcases, S=\,S=f,S=f(r,...,7-1,5i
with S; aprefix of 7;, and S = 7. If § = A, then n[fun, S] = n[(,S] = n[),S] =0,
so the double inequality holds.

If S = f then n[fun,S] = 1 and n[(,S] = n),S] = 0, so the inequality is
true.

If S=f(m,...,7i—1,5i, we have the derivations below.

n[fun, S] = 1+n[fun, 71)+. . +n[fun, _1+n[fun, S]] S = f(r,...,7-1,5

> 1+n[(,m]+...+n[fun, 71 +n[fun, S, by IH applied to 7,...,7i_1,

y ] S:f(Tl,...,Ti_l,Si

n[(,S] = 14+n[(, 7] +...+n[fun, 71 +n[fun,S;]  S= f(r,...,7i-1,5
+ ...+ n[(, o1+ n[(, S

,7'1] + ...+ n[),n,l + n[), Sl] by TH applied to T1ye3Ti—1, Si
:TLD,S] S:f(Tl,...7Ti,1,Si

From these two inequalities we get that n[fun, S] > n[(, S] > n[), S].
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The fourth case, S = 7, is proved in the same fashion, by applying the
induction hypothesis to the prefixes 7,...,7, of 7,...,7,. It is left as exercise.
Q.E.D.

We can state a similar result for suffixes.

Lemma 2.2.4 If S is a suffi of a term, then n[(, S] > nl), S] > n[fun, S].
The proof of this lemma is left as exercise.
Corollary 2.2.5 For every term 7, n[fun, 7] = n[(, 7] = n[), 7].

Proof: The term 7 is both a prefix and a suffix of 7. So,
(1) n[fun, 7] = n[(,7] = n[), 7]
by Lemma 2.2.3 and
(2) n[), 7] 2 n[(,7] = n[fun, 7]
by Lemma 2.2.4. From (1) and (2) we get the desired equality. Q.E.D.

Lemma 2.2.6 Let S be a prefiz of a term 7. If S is also a term, then S = 7.

Proof: We use induction on terms. If 7 is a variable or an individual constant,
then it has a single symbol. So, S = A or S = 7. Since A is not a term we are
left with S = 7.

Now let us assume that 7 = f(71,...,7,) for some n > 0. Let S be a prefix
of 7. We have cases, S = X\, S = f, S = f(m,...,7i—1,5; with S; a prefix
Ti, and S = 7. We reject S = X because every term has length greater than
0. We also turn down S = f, because f is not a 0-ary function, so S is not
a term. We will also show that S = f(m,...,7i—1,5;, with S; a prefix of 7;,
is not a formula because it has more left parentheses than right parentheses,
contradicting Corollary 2.2.5.

n[(, S] = 14+n[(, 7]+. . .+n[(, ri=1]+n[(, Si] because S = f(m,...,Ti—1,5:

>n[(, 7]+ ... 4 n[(, ica] + n(, Si]

>n[), ] +...+n[),7-1] +n[),S;] by Lemma 2.2.3

=n[(,S] because S = f(r1,...,7-1,5;

So, we are left with S = 7, i.e. S is the whole term. Q.E.D.

We can now prove the unique readability of terms.

Theorem 2.2.7 (The Unique Readability of Terms Theorem) Ewvery term
is either a constant, a variable, or it has the form f(t1,...,t,) with n > 0 and
the subterms ty..., t, uniquely defined.

Proof: First of all the 3 categories, constant, variable, and composed term
are distinct since they start with different characters. Let us assume that
flt1,...;tn) = g(m1,...,7m). The two strings are equal, so their first char-
acter is the same. This means that f = g, and m = n because the symbol f has
a unique arity. Now, let us assume that for some indices 1 <i < n, t; # 7;. Let
j be the smallest such index. Then

f(tl, . .tjfl,tj, . .,tn) = f(tl, . .tjfl,’rj, NN ,Tn)

The strings t; and 7; start in the same position, so either ¢; is a prefix of 7;
or 75 is a prefix of ¢;. Since both are terms, Lemma 2.2.6 tells us that they are
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If P[F] is true then P[VzF] is true.
If P[F] is true then P[3zF] is true.

1. P[F] is true when P is an atomic formula.

2. If P[F] is true then P[—F] is true.

3. If P[F] and P[G] are true then P[F'V G] is true.

4. If P[F] and P[G] are true then P[F' A G] is true.

5. If P[F] and P|G] are true then P[F — @] is true.
6. If P[F] and P[G] are true then P[F «— G] is true.
7.1 P[F]

8.1t P[F]

Figure 2.15: The structural induction rules for formulas

equal. So, we got a contradiction, and we conclude that t; = 7; forall 1 < ¢ < n.
Q.E.D.
The unique readability of atomic formulas is proved in the same fashion.

Lemma 2.2.8 (The Unique Readability of Atomic Formulas Lemma)
Every atomic formula is either a predicate constant, an equality E(t1,t2) with
t1 and ty uniquely defined, or a formula P(ty,...,t,) withn >0 and t1,...,t,
uniquely defined.

The proof is similar to the one for Theorem 2.2.7. It is left as exercise.

Now let us present the structural induction for formulas. Just like we did for
the terms, we need a rule that takes care of each the 8 cases of Definition 2.1.7.
We get the rules from Figure 2.15.

Rule 1 tells us that P must take care of the atomic formulas, i.e. the leaves
of the formula tree. The next 7 rules tell us that whenever P is true for all
children of a branch, it is also true for the branch. We have 7 cases because
the label of the branch belongs to one of the 7 categories =, A, V, —, +—,
Vax, 3z). The last seven rules are propagation rules since they propagate the
property P towards the root of the tree.

Example 2.2.9 Let us assume that property P satisfies the 8 rules of Fig-
ure 2.15 and let us prove that P holds for the formula Vy(((E(zx, f(x)) «—
Q(,a,2) — (P(b.g(y)) A Rlg(x),c,2)) V 30-Q(x.c, f(y))) shown in Fig-
ure 2.16. We apply rule 1 of Figure 2.15 that tells us that P is true for all
atomic formulas and get Figure 2.17. We use rules 6, 4 and 2, to label the «+—,
A, and — nodes. We can do this because all their children have the P label.
We obtain the marked tree from Figure 2.18. Further on, we apply rule 5 to
— and rule 8 to Jx, and we get Figure 2.19. Next, we mark the V node and
obtain Figure 2.20. Finally, we apply rule 7 to label the Vy node, as shown in
Figure 2.21.

We notice that this labeling process starts from the leaves and moves up,
level by level, towards the root. We recall that a P attached to a node signifies
that P is true for the subformula rooted at that node. So, the labeling is a
bottom-up procedure because it starts with the leaves and works its way up
towards the root.
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— dx
—> /\ —_
E(x, f(y)) Q(,a,z) S(b,9(y)) R(g(z),c, 2) Q(w,c, f(y))

Figure 2.16: The formula from Example 2.2.9
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E(z, f(y)) Q(,a,z) S(b,9(y)) R(g(z),c, 2) Q(w,c, f(y))

Figure 2.17: We label the leaves of the tree from Example 2.2.9

dz

P
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— dx
—lp " lp Cp
E(x, f(y)) Q(z,a,z) S(b,9(y)) R(g(z),c, 2) Q(z,c, f(y) |P

Figure 2.18: We label some branches of the tree from Example 2.2.9
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vy
\%
/ \
—p * |p
—lp M p " lp
E(z, f(y)) Q(z,a,z) S(b,9(y)) R(g(x),c,2) |AQ(z,c, f(y)) |P

Figure 2.19: We label more branches of the tree from Example 2.2.9
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Vy
v \
— \ |,
—lp " p " lp
E(z, f(y)) Q(z,a,z) S(b,9(y)) R(g(x),c,2) |P|Q(z,c, f(y)) |P

Figure 2.20: The tree from Example 2.2.9 after we label the V node
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E(z, f(y)) Q(,a,z) S(b,9(y)) R(g(z),c, 2) Q(w,c, f(y))

Figure 2.21: All nodes of the tree from Example 2.2.9 are labeled

dz

P
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Theorem 2.2.10 (The Structural Induction Theorem) Let P[F] be a prop-
erty of the formulas of first order logic. Then P[F] is true for all F if and only
if it satisfies the 8 conditions from Figure 2.15.

Proof: The theorem says that P[F] is true for all F' if and only if P satisfies
the 8 conditions of Figure 2.15, we need to prove the two implications

(1) if P[F] is true for all F' then P satisfies the conditions of the table,

and

(2) if P[F] satisfies the conditions of the table then P[F] is true for all
formulas F'.

(1) is automatic. If P[F] is true for all formulas F then it is true for all
formulas of the type

atomic, -G, GVH,GANH, G — H, G «—— H, VxG and JdxG. This tells
us the 8 conditions of Figure 2.15 are fulfilled. For example, condition 4,

4. If P[F] and P|[G] are true then P[F V G] is true.

is satisfied because P is true for all formulas of the type P[F' V G], so the
implication

Any condition then P[F V G| is true

is true.

Now let us prove the second part. Assume that P satisfies the conditions
listed in Figure 2.15. The proof is by contradiction.

Let us assume that P[F] is false for some formulas F. Then among these
formulas there is one that has the smallest length, i.e. the fewest number of
symbols. Let Fy be such a formula (it may not be unique since there are many
formulas with the same length).

Then Fpy, belongs to one of the 8 syntactic categories listed in Definition 2.1.7,
i.e. Iy iseither atomic or has one of the forms =Gy, GoVHy, GoAHy, Go — Hy,
Gy «—— Hy, VG, 3xGy. We will show that the 8 rules from Figure 2.15 prevent
Fp from being in any of these categories.

For example, F{y cannot be atomic since condition 1 tells us that P is true
for atomic formulas.

If Fy = —=Gp then condition 2 tells us that P[Gg] must be false. But
this contradicts the fact that Fy is a shortest formula that falsifies P, since
length|Go| < length(Fp).

The other cases (FQ = GoV Hy, Fy = Gog N Hy, Fy = Gy — Hy, Fy =
Gy «—— Hy, Fy = VzGy, Fy = J2Gy) are treated the same way. They are left
as exercise.Q.E.D.

Now let us characterize the formulas in terms of their prefixes.

Lemma 2.2.11 If S is a prefiz of a formula F, then n[(,S] > n[), S].

Proof: We use structural induction.
Case 1: F' is an atomic formula. Then we have 3 subcases.

Subcase 1.1: F' = P, a predicate constant. Then its prefixes are S = A and
S = P. For both categories n[(, S] = n[), S] = 0, so the lemma holds.
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Subcase 1.2: F' = P(t1,...,t,). Then the prefixes of F' fall into one of the
categories S = A, S = P, S = P(t1,...,t;—1, 7, where 7; is a prefix of ¢;, and
S = F. For the first 2 categories we have n[(,S] = n[), S] = 0, so the lemma
holds. For the next two we apply Lemma 2.2.3 that tells us that every prefix of
a term has at least as many left parentheses as right parentheses. For the first
category we have the derivation below.

Tl[(, S] =14 Tl[(, tl] + ...+ Tl[(, ti—l] + Tl[(, Ti] since S = P(tl, ceytio1, T

>n[(ta] + ...+ n[(tioa] + n[( 7]

>n[),t1]+...+n[),ti—1]+nf),n] by Lemma 2.2.3

=n[),S] since S = P(t1,...,ti—1,7;

The next derivation shows that the lemma holds for S = F.

n[(,S]=1+n[(,ti] + ... +n[( ty] since S = P(t1,...,tn)

>1+n]),t1]+...+n]),t,] by Lemma 2.2.3

=n[),S] since S = P(t1,...,tpn)

Subcase 1.3: F = E(t1,t2). This subcase is similar to the preceding one. It
is left as exercise.

Cases 2,3,4,5,6 are proved the same way as the corresponding cases of Lemma 1.2.7.
Cases 7, 8: F = QzG where Q € {V,3} and x is a variable. The prefixes of F
fall into one of the following categories: S =\, S = @, S = QxI with [ a prefix
of G. For the first 2 categories, n[(,G] = n[),G] = 0. For the third one, the
inequality is established by the derivation below.

n[(,S] =n[(,I] since S = Qzl

> n[), 1] by the IH applied to the prefix I of G

=n[),S] since S = QzI Q.E.D.

The next lemma characterizes the suffixes of a formula.

Lemma 2.2.12 For all suffizes S of F, n[),S] > n](,S].

Proof: We use structural induction on F'.
Case 1: F' is an atomic formula. We have 3 subcases.

Subcase 1.1:F = P. The suffixes of F are S = A and S = P. In both cases
n[(, S] =n[(,S] = 0.

Subcase 1.2:F = P(t1,...,t,). Then, the suffixes of F fall into one of the
categories S = A\, S = S;,...,t,) with S; a suffix of ¢;, S = (¢1,...,t,), and
S = F. For the empty string, n[),A] = n[(;A] = 0. The derivation below
establishes the inequality for the second category.

n[),S] =n[), S|+ ... +n[),tn] +1 because S = S;, ..., tn)

>n[(, S+ ... +n[(, ]

>n[(, S+ ... +n[(,tn] by Lemma 2.2.4

=n[(,S] because S =5;,...,tn)

The proof for the 3rd category, S = (t1,...,t,) is similar.
n[),S] =n[), S|+ ... +n[),ts] +1 because S = (t1,...,tn)
>n[(,S;])+...+n[(tn,] +1 by Lemma 2.2.4

=n[(,S] because S = (t1,...,tn)

The proof for S = F' is the same as the above.
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G H
F :T( CT )
Position 0 length(G) + 1| length(G) + length(H) H 2
1-position T
Subcase 3.4 Subcase 3.3 Subcase 3.2 Subcase 3.1

Figure 2.22: The subcases of Case 3 of Lemma 2.2.12

Subcase 1.3: F' = E(t1,t2). The suffixes of F fall into one of the categories
S = /\, S = SQ) with SQ a suffix of tQ, S = Sl,tg) with Sl a suffix of tl,
S = (t1,t2) and S = F. We leave the proof to the reader.
Case 2: F' = ~G. Here we have two subcases.

Subcase 2.1: S is a suffix of G. Then we apply the induction hypothesis to
the suffix S of G. So, n[), S| > n|(, S].

Subcase 2.2: S = —G. Then

n[), S] = n[), G] since S = -G

> n[(,G] by the IH on the suffix G of G

=n|(, G| since S = -G
Cases 3,4,5,6: F' = (GCH) where C is one of the connectives V, A, —, «—.
Figure 2.22 shows the 4 subcases by displaying the first position of S. They are
S =\ S=J)with J asuffix of H, S = ICH) with I a suffix of G, and S = F'.
The subcase S = \ was treated before, so we will deal with the other three. All
three proofs are similar, so we will prove only the subcase S = ICG).

n[),S] =n[), Il +n[),H] +1 since S = ICH)

> nl), 1] +nl), H]

>n[(,I]+n[,H] byIHonG and H

=n[(, 9] since S = ICH)
Cases 7,8: F = QzG with Q € {V,3}. The suffixes of F' are the suffixes of G, 2G,
and QzG. By applying the induction hypothesis, we get that n[),S] > n[(, S].
The other two cases are of the form S = TG where T' = z or T' = Qz. Let us
show that the lemma is also true for them.

n[),S] =n[),G]  since S = T'G and there are no parentheses in T’

>n[(,G] by IH on the suffix G of G

=n[(,S] since S = TG and there are no parentheses in T Q.E.D.

Corollary 2.2.13 For all formulas F, n[(, F| = n|), F].

Proof: F is both a prefix and a suffix of F. So,
(1) n[(, F] = n[), F]
by Lemma 2.2.11 and
(2) nl), F] = n[(, F]
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by Lemma 2.2.12. From (1) and (2) we get

(3)nl(, F] = nl), Fl.

Q.E.D.

Now we can prove that no proper prefix of a formula is a formula.

Lemma 2.2.14 If S is a prefix of F and S is a formula, then S = F.

Proof: The proof is by induction on F'.
Case 1: F' is an atomic formula.

Subcase 1.1: F = P. In this case the only prefixes of F' are S = X\ and
S = F. Since A is not a formula, we are left with S = F.

Subcase 1.2: F' = P(t1,...,ty) and P has arity m > 0. The prefixes of F
are S =\ S=P,S=P(t,...,5 with S; a prefix of ¢;, and S = F. Both A
and P are not formulas because all formulas have length greater than 0 and the
only formulas of length 1 are the predicate symbols of arity greater than 0. For
S = P(t1,...,S; we will show that the string has more left parentheses than
right parentheses.

n[(,S]=1+n[(,t1] + ... +n[(,tiz1] + n[(, 8]  since S = P(t1,...,S5;

> TL[(, tl] +...+ TL[(, tifl] + TL[(, Sl]

>nl),t1]+ ... +n]),tic1] +n)),S:] by Lemma 2.2.3

=n[),S] since S = P(t1,...,S;

So, we discard these prefixes and we are left with S = F.

Subcase 1.3: S = E(t1,t2). The prefixes are S = A, S = E, S = E(S; with
S; a prefix of t1, S = E(t1,S52 with Sy a prefix of o, and S = F. The equality
predicate has arity 2, so we reject S = E. The empty string is rejected for the
reasons stated in Subcase 1.2. For S = E(S; and S = E(t1,52 we count the
left and the right parentheses and find that there are more left parentheses than
right parentheses. By Corollary 2.2.13, they are not formulas. Again, we are
left with S = F.
Cases 2,3,4,5,6 have the same proof as in Lemma 1.2.11.
Cases 7,8: F = QzG. The prefixes of S = A\, § = @, and S = Qzl with
I a prefix of G. We discard @ because the only formulas of length 1 are the
predicate constants. S = A is not a formula, so we are left with S = QzI. If S
is a formula, so is I. But [ is a prefix of GG, so we apply the induction hypothesis
and get that I = G. Then S = Qzl = QzG = F. Q.E.D.

Finally, we can prove the unique readability of FOL formulas.

Theorem 2.2.15 (The Unique Readability Theorem) FEvery formula be-
longs to one and only one of the 8 categories. Moreover, the decomposition of the
atomic formulas into terms and of the other formulas into the main subformulas
1S unique.

Proof: The 8 categories are atomic formulas, ' = -G, F' = (GV H), F =
(GANH), F=(G— H),F=(G+— H), F =VYzG, and F = 3zG.

The atomic formulas, F' = -G, F = VaG, and F' = 3zG can be recognized
by looking at the first symbol of the string. So, the formulas that start with P,F,
-, V, and 3 belong to only one category. Let us prove the unique readability.
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Lemma 2.2.8 establishes the unique decomposition of atomic formulas. For the
rest, the unique decomposition follows from the equality of the strings. For
example, if F' =VaG =VyH, x = y because both = and y denote the symbol at
address 1 of F'. Both G and H represent the suffix of F' that starts at position
2,s0 G=H.

Now we need to distinguish the categories F' = (G V H), F' = (G A H),
F = (G — H), F = (G +«— H). Let us assume that ' = (GCH) and
F = (ICyJ) where C, C; are binary connectives. Both the formula I and the
formula G start at position 1 of F'. So, either they have equal length, or one
is shorter than the other. Let us assume that I is shorter than G. Then [ is a
prefix of G that is a formula, so I = G by Lemma 2.2.14. So, I is not shorter
than G. By a similar reasoning we show that G is not shorter than I. Then the
only possibility is that I and G have the same length. Then I and J are equal
since they start at the same position of F' and have equal length. Then C = C}
since they both denote the symbol of F' at address 14+length(G). Finally, H = J
because both are the suffix of F' that starts at position length(G) + 2. Q.E.D.
Exercises

Exercise 2.2.1 Prove the fourth case of Lemma 2.2.3.

Exercise 2.2.2 Prove Lemma 2.2.4.

Hint: For a variable, or a constant, the suffives are A and the term itself.
If’T = f(’Tl,...,’Tn), S = )\, S = Si,Ti+1,...7Tn) with Si a suﬁ% Of’TZ‘, S =
(T1,...,Tn), and S =T.

Exercise 2.2.3 We define the arity of the string S, written nlarity, S| to be
the sum of the arities of all function symbols in S. For example, the arity of
S = f(f3(z1 is 3+2=5.

Show, by structural induction on terms, that for every prefiz P of t,

nlarity, P] > n[(, P] + n[commas, P]

where n[commas, P] is the number of commas in P.

Exercise 2.2.4 Prove, by structural induction on t, that for every suffix S of
t,
nlarity, S] < n[), S] + n[commas, S].

Exercise 2.2.5 Let t1 and ts be two different terms and let p be the leftmost
position where they differ. Prove, by structural induction on t1, that both t1 and
to have subterms that start at position p.

Exercise 2.2.6 Prove that every non-empty prefiz of the term t that satisfies
the equality n[fun,S] =n[(,S] =n[),S] is equal to t.

Hint: By structural induction on t. If t is a variable or a constant, then
it has only one non-empty prefix and that is t itself. If t = f(t1,...,t,), then
the non-empty prefizes fall into one of the following categories: S = f, S =
flta, ... tic1, % with 7; a (possibly empty) prefix of t;, and S = t. In the first
case, we have more function symbols than left parentheses, and in the second,
more left parentheses than right parentheses.
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Exercise 2.2.7 Use the preceding exercise to show that the subterms of f(t1,...,t,)
are t and the subterms of t1, ... tn.

Hint: A subterm of t = f(t1,...,t,) cannot start on (, a comma, or on ).
So, it must start either with on f, or in one of the t;’s. Lemma 2.2.6 takes care
of the first case. For the second case, we have 2 subcases:

2.1. 8§ = s, tig1,..., 05 with a; a suffiz of t; and B; a prefiz of t;, 7 >4

2.2. 8 =a,...,t,), with a; a suffix of t;.

Apply the preceding exercise to Subcase 2.1 and show that S has more right
parentheses than left parentheses in the second subcase.

Exercise 2.2.8 Prove Lemma 2.2.8.
Exercise 2.2.9 Prove Subcase 1.8 of Lemma 2.2.11.
Exercise 2.2.10 Prove Subcase 1.3 of Lemma 2.2.12.

Exercise 2.2.11 Let F be a formula and F* be the string obtained from F by
deleting all occurrences of =, Vx, and Jx, where x is any variable. Prove, by
structural induction on F, that F* is a formula.

Exercise 2.2.12 Prove, by structural induction on F', that whenever a prefix
of F' ends with a binary connective, the prefix has more left parentheses than
right parentheses.

Exercise 2.2.13 Use the preceding exercise to prove that the subformulas of
F = (GCH) are F, the subformulas of G and the subformulas of H. Also show
that the subformulas of F = -G, F =VxG, F = 3G are F and the subformulas
of G.

Exercise 2.2.14 Prove that the algorithm from Figure 2.1 is correct. You must
show that it terminates, and accepts a string iff the string is a term.

Hint: Imitate the correctness proof from Section 1.2. The termination is
easy and then show that all maz-occurrences are terms. Then use the fact that
the subterms of t = f(t1,...,tm) are t and the subterms of t1,... ty, to show
that every term is accepted.

Exercise 2.2.15 Combine the algorithms from Figures 2.1 and Figure 1.1 to
obtain a formula recognition algorithm. Then prove its correctness.

Hint: Use Algorithm 2.1 as a first step, but stop with failure if the input is
fully underlined. For the second step, write the instructions that underline the
atomic formulas. As the third step, use Algorithm 1.1, modified to include the
quantified formulas. The preceding exercise provides the correctness of the first
step, and the correctness of the first step is easy.

Exercise 2.2.16 Show that the algorithm from Figure 2.6 computes a one-to-
one function, i.e. it produces different trees for different formulas.

Hint: We define a top-down recursive function that converts a formula tree
into a string. Then we show that convert[ tree [F[|=F for all formulas F and
tree[convert[r [[=T for all formula trees 7.
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2.3 Semantics of Formulas

The Unique Readability Theorem tells us that every term and every formula can
be decomposed into simpler substructures in a unique way. This allows us to
define the semantics in a simple and precise way, starting with the symbols and
ending with complex formulas. The meaning of the terms is determined by the
interpretation of the function symbols and of the variables that occur in them.
The interpretation of the atomic formulas depends on the interpretation of the
predicate symbols and of the terms, and the meaning of the complex formulas
depends on the meaning of atomic formulas.

So, let us first define a structure. The structure gives meaning to all symbols
in the language, not only to the symbols that occur in a particular formula.

Definition 2.3.1 (structure) A structure is a 4-tuple A =< |A|, Af, AP, AV >
that satisfies the following conditions:
1. |A] is a non-empty set called the universe of the structure,
2. AT assigns to each function symbol g a function Af[g];
2.1. if g has arity 0, Af[g] € |A],
2.2. if g has arityn > 0, then Af[g] : |A]" — |A],
3. AP assigns to each predicate symbol P a function AP[P] with codomain {0,1};
3.1 if P has arity 0, AP[P] € {0,1},
3.2. if P has arity n greater than 0, then AP[P]: |A|" — {0,1}, and
4. AV assigns to each variable x an element in |A|.

Examples 2.3.2 Let us define three structures, B,C, and &.
The components of the structure B =< |B|, Bf, B?, B > are defined below.
1. |B| = {3,4,5}.

2.1. We assign meaning to the individual constants.

3 if i divided by 3 gives remainder 0
B[] ={ 4 ifi divided by 3 gives remainder 1
5 if ¢ divided by 3 gives remainder 2

2.2. The next formula defines B/[f"] : {3,4,5}" — {3,4,5}.

3 if the remainder of s; + s3 + ... + s, divided by 3 is 0
BI[f"[s1,...,80) =4 4 if the remainder of s; + s3 + ... + s, divided by 3 is 1
5 if the remainder of s; + s2 + ... + s, divided by 3 is 2

3.1. Now we define the meaning of the predicate constants.
BP[PY] = 0 1fz is lelSl].Z)l? ]oy 3
v 1 if 7 is not divisible by 3
3.2. The next formula characterizes the functions BP[P] : {3,4,5}" —
{0,1}.

BP[PM[s on] = 0 if the remainder of s; + s2 + ... + s, divided by 3 is 1
PPl =N 1 i the remainder of s1 + s3 + ... + s, divided by 3 is 0 or 2
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4. Finally we define the meaning of the variables.

3 if i divided by 3 gives remainder 2
B°[z;] =< 4 ifidivided by 3 gives remainder 1
5 if ¢ divided by 3 gives remainder 0

Next, we define the structure is C =< |C|,C/,CP,CV >.
1. The universe is |C| = {3,4}.
2.1. Now, we define the meaning of the function constants.

3 ifiisodd
freo7 _
C[fi]_{él if ¢ is even

2.2. The next formula gives meaning to the function symbols of arity n > 0.
CIfIM[s1,- -y 8n] = 51
3.1. Further on, we define the define C? for the predicate constants.

0 if7is odd
p 0 =
Crlp] { 1 if71is even

3.2. Now, we give meaning to the predicate symbols of arity greater than 0.

p[pn
CPLE [s1, - - 1 if s, is odd

{ 0 if s, is even
75n] -
4. Finaly, we define C".

CVlai] = 3 if ¢ is prime (0 and 1 are not prime)
“7 1 4 ifiis not prime

The last structure, & =< [€],EF,EP, £ > has an infinite universe.
1. |€] = N, where N = {0,1,2,...,n,...} is the set of natural numbers.

2.1. EF[f0) =i
2.2. For n > 0, EF[fM[s1,. .., sn] = maz(s1,...,5,), where maz(s1,...,5,)
is the largest of s1,..., sp.

3.1. Next, we give meaning to the predicate constants.

0 if4is even
p[p0]
S[H]_{l if ¢ is odd

3.2. Then, we define EP for the predicate symbols of arity greater than 0.

1 ifsg>89>583...>5
y4 :’L — pi - - n
EPIP 51, 8] { 0 if the sequence s1,...,s;, is not in descending order

4. &) =1i.

Now we are ready to interpret the terms.
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Definition 2.3.3 (Interpretation of terms) Let A =< |A|, Af, AP, AV > be
a structure and t be a term. Then, the A interpretation of t, written A[t], is
defined by the rules below.

1. If t is an individual variable then Alt] = A°[t].

2. If t is an individual constant then A[t] = A'[t].

3 Ift = f(tr,...,tn) then Alt] = AT [fP[A[t1], ..., Alta]]-

Example 2.3.4 Let us use Definition 2.3.3 to compute Blxs], C[f3(z4, £, f9)],
and E[f3(f3(z1), £, x5, £2)] where B, C and £ are the structures defined in
Examples 2.3.2.

Blzs] = B[x3] by rule 1 of Definition 2.3.3

=5 by the definition of B

CIfi (xa, f3, f3)] = CT[fF][Cla], C[£3],C[f5]] by rule 3

= CI[f3)[C"[wa],CLf3),CI£3]] Dy rule 1

=CT[fil[4,Clf9),Clf]] from the definition of C*

=4 from the definition of C*

g[fél(f%(xl)a 3L 7f )] :gf[fQ][ [fgl(xl)],g[fg],5[x5],5[fg]] from rule 3
= ENBIEL]E ], ELfS], Elas], E[fF]]  from rule 3

= EIRENfNE [xa]), €7 [f8], €9 [ws), €7 [fF]]  from rules 1 and 2

= &IfAIEIf4]1),3,5,5] from the definitions of £/, £¥

= ‘c"f[fé][1735575]

=5

Next, we give the interpretation of the atomic formulas.

Definition 2.3.5 (the interpretation of atomic formulas) Let A =< |A|, Af, AP, AV >
be a structure. Then
1. A[Pio] = Ap[Pio]
2. A[PI'(t1,...,tn)] = AP[PP][Alt1], - .., Atn]]
3.
_ [ 1 if Al = Al
AlE(t t2)] = { 0 if Afta] # Alto]

So, part 1 of Definition 2.3.5 gives meaning to the individual predicate symbols,
part 2 interprets the atomic formulas with predicates of arity greater than 0,
and part 3 defines the equality formulas.

Now let us compute the interpretation of several atomic formulas using
the structures Examples 2.3.2. Let us find B[PY], C[P3(f3, fi(x2), f{)] and
S[E(ff(x%fg)vxﬁ)]

1. B[P)] = BP[PJ] by rule 1 of Definition 2.3.5

=0 by the definition of B?[P]]

2. CIPR(f9, f (), )] = CPIPFIICI/S). CLAL (@) CLAY] by rule 2 of Defini-
tion 2.3.5

= CP[PJ)[CIf9], Cf1(z2)],CP[f?]] by rule 3 of Definition 2.3.3

= CP[PJ[C[f9],C[f1(x2)],4] by the definition of Cf

=0 by the definition of C[P}]
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3. ELB(f2 (w2, f9), w6)] = EIEVELS3 (22, S, Ele]
= E[E)E[FA)[E]xa), E[fY)), EV|w6]]  from the rules 3, 1 of Definition 2.3.3
= E[E|[ET[fR[E [x2], ET[fJ]], 6]  from Definition 2.3.3 and E¥[zg] = 6
= E[E)EY[f3[2,6],6] compute E¥[z2] and E[fY)
= E[E][6,6]  compute EF[f?][2, 6]
=1 the two arguments of [E] are equal.

Before we go on to discuss the semantics of formulas we need to define the
structures A[,.q), that are identical to A except for the interpretation of z.

Definition 2.3.6 (A with = interpreted as d) Let A =< | A|, Af, AP, A" >
be a structure, x be a variable, and d be an element in |A|. Aj_q is the
structure < |A|,Af,Ap,A[”Ihd] > with

v _ A ity #a

We call Ajp—q), A with x interpreted as d.

We define Ay 4,][y—d,] as the structure [Aj4,1][y—d,) Obtained from A by
first assigning d; to x and then assigning ds to y.

Proposition 2.3.7 If v # y, Ajpd))ly—ds) = Aly—ds]fw—di]-

Proof: The two structures have the same domain, | 4|, the same interpretations
for functions and predicates. Let us show that Ap—q,)y—ds)” = Aly—ds)jw—di]"
Let z be a variable. We have 3 cases.
Case 1: z # z and z # y. Then

Alp—dyly—ds] [2] = Ajz—a,)"[2]  because z # y

= A"[z] since z #x

A[y«—d2][z<—d1]v[z] = A[y«—d2]v[z] since z 7& z

= A"[z]  because z # x
Case 2: z = .

A[IHdl][dez]v[m] = A[wgdl]v[x] since x 75 Yy

= dl
Aly—do][w—dy) " ] = d1
Case 3: z=y.

Ay [y] = d2

Ay —do)fz—ar) " [Y] = Ay—dy)"[y]  because z #y

= dy

Q.E.D.

Proposition 2.3.7 tells us that when the variables are different, the order of
the assignments is irrevelant. For this reason we write Ay, —d, vy ds,....zp—d,]
to denote the structure obtained from A by assigning d; to z1, dz to x3,..., and
d,, to z,,.

Now we are ready to define the interpretation of the formulas that contain
the operators -, A, V, —, «—, Yz and Jz.
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Definition 2.3.8 (interpretation of formulas) Let A be a structure with uni-
verse D, F and G be formulas and x be a variable. Then,

1. [ -A

2. A[F/\G [F][AJA[G]

3. A[FV G] = A[F][V]A[G]

gl AT 1-A[ J

5. A[F «— G] = A[F|[—A[G

6. A[VxF]—lzjj‘for alld € D, Ay_d[ =1
7. A[3zF] =1 for somed € D, A q[F] =1

Here, [ ], . . [— ], [«—] are the operations defined in Section 1.3.

Example 2.3.9 Let us compute B[Vz3P}(z3,23,73)]. According to Defini-
tion 2.3.8,

BVx3P}(x3, 73, 23)] = 1if and only if for all d in the universe of B, Bz, —q) [P} (23,73, 23)] =
1.

Since |B| = {3,4,5} we compute B, 3 [P{ (23, 23, 3)], Bloy—a [P (23, T3, 23)],
and By, 5 [P} (w3, 23, 23)].

B[mHB] [P13 (3,23, 333)]

= Bloy3)[PP][Bluy—3) 3], Biuy—3) [¥3], Biuy—3) 23]

= B[Plg] [B[ngB] [xg], B[Meg] [333], 6[903%3] [xg]] because B[wSHg]p = BP

= B[P}][3,3,3] because By, 3" [xs] =3

=1 Dbecause the sum 3+343 is divisible by 3.

Now, we compute B, q[P{(x3, x3,23)).

B[w394] [P13 (z3, 23, 333)]

= Bjyy ) [P7[Blzy—)[w3], Blaoy—ay [3], Bluy—ay[23]]

= B[Pl?’] [B{z3«_4] [CC3], B[rg«—4] [z3]> 8[13‘_4] [:Eg]] because B[I3<_4]p =BP

= B[P}][4,4,4]  because By, 4" [x3] =4

=1 because the sum 4+4+44 is divisible by 3.

Finally we compute B, s [P (w3, 23, 23)].

B[mHS] [P13 (3,23, 333)]

= By 5)[P}][Blzy —s5) 23], Bag—s) [23], Bzg —s) (23]

= B[P}][Blyy—5)[%3], Blug—s) [@3], Boy—s)[zs]]  because By, 5" = BF

= B[P}][5,5,5] because By, 5" [xs] =5

=1 because the sum 5+5+5 is divisible by 3

Since Bz, 3 [P (23, 23, 23)], Bz, 4 [P} (w3, 23,23)], and By, —s] [P} (w3, 23, 23)]
are all 1, B[Vz3 PP (x3, 23, 23)] = 1.

Example 2.3.10 Let us evaluate £[3x1 P#(z1, 20)].
Definition 2.3.8 tells us that £[Jz1 PZ(x1, 220)] = 1 if and only if for some d in
the universe of &, &, —q[P5 (21, 220)] = 1. Let us compute &, g [P (21, 220)]-
Elor—a)[P3 (21, 20)]
= v B1Ee, —a[71], €y -t 20]]

= S[PB][S[aled] [331] S[Il&d] [3320]] since EP = S[Il&d]p

= E[Pg][d g —d)T20]]  because £, g [x1] = d
[P32] [d, E[wa0]]  since £, . q) changes only x;
(P3|

P2][d, 20]
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From Example 2.3.2 we know that £[P#][d,20] = 1 only when d > 20. Since
the universe of £ is N, we pick d = 20 and get that £[P%][20,20] = 1. So,
there is some d € N, such that &, 4[P3(z1,220)] = 1. By Definition 2.3.8
S[Elmng,Q(xl,xgo)] =1.

Example 2.3.11 Let us compute C[Va13wa PE (22, 21)].

Here we have two quantifiers, V1 and Jxs.

The universe of C is |C| = {3,4}, so C[Va13x2P?(22,21)] = 1 if and only if
both Cp,, —5)[Fz2 PP (22, 21)] and Cly, —g[Fzo PE (w2, x1)] are 1.

We compute Cpy,g)[Fw2 P (22, 21)]. This value is 1 iff at least one of the
expressions Clg, 3]z, —3)[Pf (22, 21)] and Cly, g)[zy—a) [PL (22, 21)] is 1.

C[$1‘*3] [x2-3] [P12 (x27 xl)]

= Cloy —3][22 3] [PT][Clas —3)[023) 2], Cloy 31 s —37 1]

= C[PY[Cly, —3)[w3—3] [T2], Clzry —3)[w—g] [T1]]  since Clg,—3)[z5)® = CP
=C[P?][3,3]  since Cj;,3)[z,-3) assigns 3 to both z; and 25

=1 because the last argument of C[PZ], i.e. 3, is odd.

So, Cly,—3)[Fwa PE (22, 1)] = 1. Now we compute Cpy, —qj[Fao PE (22, 1)].

The universe of C is {3,4}, so, Cy,—4j[FxaPE(22,21)] = 1 if and only if at
least one of C[w194”wzg3] [Plz(mz, x1)] and C[w194”wzg4} [P12 (x2,21)] is 1.

We evaluate these interpretations.

C[I1‘—4]2[12<—3] [P12 (x% xl)]

= CP[][Cla) —4)(ws —3)[72]; Clo) — )05 51 [71]]

= C[P?][3,4]

=0 because the last argument of C[P?], 4, is even.

In the same way, Cly, 4|z, 4] [P (22, 21)] = 0.

Since both Cjy, 4z, —3)[PE(%2, 1)] and Cly, —gjjw,—a][PF (22, 21)] are 0,
C[w194]5|$2P12(332, 331)] =0.

Then, Cj;, —q)[Fz2 PE (22, 21)] = 0, makes C[VayJxo PP (22, 21)] equal to 0.

Observation 2.3.12 1. The universal quantifier V works like A. If A is a

structure with universe D = {dy,...,d,} and F is a formula then
AWaF) = Ay a[FIA) - [A] A a [P
We can do a lazy evaluation of Ap,_ 4] [F] s+ oy Apay)[F] and stop at the

first assignment of = that evaluates F' to 0.

2. The universal quantifier 3 works like a V. So, for the structure A with
universe D = {di,...,d,} and the formula F

We can do a lazy evaluation of A,_g4,1[F], ..., Ajz—q,][F] by stopping at
the first assignment of x that makes F' equal to 1.

Example 2.3.13 Let us compute B[FzVyPZ(z,y)]. Since the universe of B is
the finite set {3,4,5} we apply Observation 2.3.12. We do a lazy evaluation,
meaning that we stop as soon as we have the answer for the formula, even if
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some subformulas are not evaluated. We recall that B[PZ][m,n] = 0 if and only
if the sum m + n divided by 3 gives remainder 1.

B[32VyPf (z, y)]

= Blos)[Vy P (2, 9)][V] Bl Wy PE (2, 9)[[V] Baws)[Vy P (,y)] by Ob-
servation 2.3.12

= [Bas)ty—3[PE (@, )[[A] Blasjtyea [PF (@, 9)[[A] Bosjpyesy [PF (2, )] V]
By q[VyPE(z,y)| V] Bloes VyPE(z,y)] by Observation 2.3.12

= [B[P?][Blz—s,y—s)[7], Biz—s ys W] [A ] Blo—sjiy—a [PE (@, ) A ] Bloesjy—s [PE(, »)]] V]
Bly—q [VyPE(z,y)] . Bzs) VyP2 (z,y)] we interpret the first disjunct

= [B[PP1[3, 3][A] Bia s,y W]] [A] Bo sy [PF (2, 9) A Blo sy ) [PF (2, ) V]

Bloa[Vy P (2, y)[ V] Blzs Vypl (z,9)]

= (A BIP?)Blaes.yea[2], Bz s,y [W]] [A] Biogjiys) [P (@, Y[V Bo g [y PE (2, )]V
Bip—s) VyPZ(x,y)] we interpret the second dlsJunct
cause the sum 3+4 divided by 3 gives remainder 1

= 0 V] Bioeqy[VyP2(2,y)|[ V] Bos) [VyPE(z,y)] by the lazy evaluation

= Boayty—3[PE (@, )[[A] Bia sty [PF (@, 9)[[A] Boayfyes] [PF (2, 9) ][ V]
Bi,—5[VyPE(x,y)]  evaluate the second conjunct

= [BIPP[4, 3] [A] Biaaypy—ay [PF (2, YI[A] Bio—aytyes) [PF (@, )1V ] Bpo s ¥y PE (2, )]
because the sum 4 + 3 divided by 3 gives remainder 1

= Bly—5)[VyPE (2, y)] by the lazy evaluation

= B[Plg] [57 3] B[x«—f’)] ly—4] [P12 (CE, y)] B[x«—f’)] [y—5] [P12 (CE, y)] compute the
first conjunct

= 1A Bl s)ya [P, ) A] Blosjiy—s) [PE(z,y)]  because the remainder
of 5+3 divided by 3 is 2

= B[PA[5, 4] A ] Bizs)y—s)[P2(z,y)]  compute the second conjunct

= 1A Blospy—5P?(2,y)]  because the remainder of 5+4 divided by 3 is
0

=B [z5][y<5] [Pl (33 y)]
= B[Pl][5 5]  compute the third conjunct
= because the remainder of 545 divided by 3 is 1

The preceding example shows that the interpretation of a formula in a finite
structure reduces to a chain of equalities.

Convention 2.3.14 We will simplify the notation for structures, just like we
did for formulas.
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1. We will not specify the components Af, AP, AV of the structure unless
we really need to. So we will write A[P] instead of AP[P], Alg] for Af[g], and
Alz] for A”[x].

2. We will denote the interpretation of a symbol in a structure by puting
the name of the structure as the superscript of the symbol. So, we will write
fA instead of A[f], PA instead of A[P], and 2 instead of A[z]. This way we
avoid loading the formulas with parentheses.

The structures give meaning to all formulas of the language. However, the
meaning of a term depends only on the symbols that occur in the term. The
same thing goes for a formula; its meaning is determined by the functions,
predicates, and the free variables that are part of the formula. In the next
paragraphs we will prove these assertions.

Definition 2.3.15 (agreement on a term) Let A and B be two structures
with the same universe D. We say that A and B agree on a term t if the two
structures give the same meaning to all individual constants, function symbols,
and variables that occur in t, i.e.
for every function symbol f of arity n > 0 that occurs in t, fA = B, and
for every variable = that occurs in t, x* = zB.

Example 2.3.16 Let A and B be two structures having the same universe
{1,2,3}. Let 2 =28 =2, a* =aB =3, b4 =3, b8 = 1, and fA = fB, where
Alf] - {1,2,3} — {1,2,3} is defined by:

FAL) = 2, FA2] =3, F4[3) = 1.

Now, A and B agree on f(z) and on f(f(a)) because they agree on f, a and
x. However, they do not agree on f(b) because they do not give the same value
to b.

Theorem 2.3.17 (The Agreement Theorem for Terms) Let A and B be
two structures and t be a term. If A and B agree on t then Alt] = Blt].

Proof: We prove it by structural induction on ¢.
Case 1. t is a variable.

Then t = x; for some i € N. So, A[z;] = B[z;] because A and B agree on ¢.
Case 2. t is a constant.

Then ¢t = f? for some i € N. So, A[f'] = B[f""] since A and B agree on t.
Case 3. t = fI'(t1,...,tn). Then

Alt]

= Alfl'(t1, ... tn)] =

= A[fI"|[A[t1], ..., A[t,]] from the A interpretation of fI*(t1,...,t,)

= A[f][B[t1], . - ., Blts]] from the induction hypothesis applied to ti,...,t,
= B[fP[B[t1], - - ., B[ts]] since A and B agree on f

= B[fI"(t1,...,tn)] from the B interpretation of f(t1,...,t,)

= BJt].
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Definition 2.3.18 (agreement on a formula) Let A and B be two struc-
tures with the same universe D, and F be a formula. We say that A and B
agree on F if they satisfy the conditions below.

1. For all free variables x that occur in F, x* = 8.

2. For all function symbols f that occur in F, fA = fB.

3. For all predicate symbols P in F, PA = PB.

Observation 2.3.19 1. The second condition tells us that A and B must agree
on the function symbols of arity 0 (the constants) and on the function symbols
of arity greater than 0, i.e. the proper functions.

2. The third condition tells us that A4 and B must agree on the predicate
symbols of arity 0 (the predicate constants) and on the predicate symbols of
arity greater than 0, i.e. the proper predicates.

3. The structures A and B can differ on the variables that are not free in
F. These are the variables that do not occur in F' or they have only bound
occurrences.

Now let us prove that whenever two structures agree on a formula, they
interpret it the same way.

Theorem 2.3.20 (The Agreement Theorem) Let A and B be two struc-
tures with the same universe D. If F and G agree on F' then A[F| = B[F].

Proof: The proof is by structural induction on F'.
Case 1: F' is an atomic formula. According to Definition 2.1.5 we have 3 sub-
cases.

Subcase 1.1: F is a predicate constant, i.e. a predicate symbol of arity 0.
Let F = P. Then

A[P] = A?[P]
= BP[P]  because A and B agree on F' = P
= B[P].

Subcase 1.2: F = P(t1,...,t,). Then, all variables in the terms, if there
are any, are free. Since .4 and B agree on F' they agree on the terms of F. By

Theorem 2.3.17 they give the same meaning to the terms, i.e. for all 1 <i < n,
A[ti] = B[ti]. Then

A[P(t1,...,tn)

= A[P][Alt1],..., Altn])] Dby the interpretation of P(t1,...,t,)
= B[P][A[t1], ..., Altn]]  since A and B agree on P

= B[P|[B]t1],...,B[ts]] by Theorem 2.3.17

= B[P(t1,...,t,)  from the interpretation of P(t1,...,tn).

Subcase 1.3. F' = E(t1,t2)

Since A and B agree on F', they agree on t; and t3. So, by Theorem 2.3.17,
they give the same value to ¢; and ¢3. Then

A[E(t1,t2)] =1

iff Alt1] = Afte] from the A interpretation of E(t1,t2)

iff Blt1] = Blte] by Theorem 2.3.17 applied to ¢; and to

ift B[E(t1,t2)]-
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Case 2: F' = —~G. Since A and B agree on F' then they agree on G. So, we can
apply the induction hypothesis to G and get that A[G] = B[G]. Then

A[-G]

=[-]JA[G] from the interpretation of —

=[-]B[G] by the induction hypothesis

= B[-G] from the interpretation of —.
Case 3. F=GVH

Since A and B agree on F', they agree on both G and H. So we can apply
the induction hypothesis to these two formulas and get that A[G] = B[H]| and
A[H] = B[H]. Now,

A[G V H]

= A[G][VJA[H] from the A interpretation of G V H

= B[G][V|B[H]  from the induction hypothesis

= B[GV H] from the B interpretation of G V H.
Cases4. F=GANH,5. F=G — H,and 6. F=G+«— H

are similar to Case 3. They are left as exercises.
Case 7. F =VzG

Here we have a little problem since A and B agreeing on F' does not guarantee
that they agree on G. The reason is that x is not free in F' but it may be free
after we remove the quantifier V. So, while the agreement on F allows x4 # x5,
the agreement on G does not. However, we can say with certainty that for all
d € D, Ajpq and Bjq agree on G. Then, by the induction hypothesis,
Apza)[G] = Bjg—q)[G]. Now, we can show that A[F] = 1 iff B[F] = 1.

A[vzG] =1

iff

foralld e D, Aj,g[G] =1 from the A interpretation of VaG

iff

forall d € D, Bj,g[G] =1  from the induction hypothesis

iff

B[VzG] =1  from the B interpretation of VG
Case 8. F' = 322G

This case is similar to Case 7. It is left as exercise. Q.E.D.

Observation 2.3.21 The proof for Case 7, F = Vx(G, contained a sequence of
the type:

Statement 1

iff Statement 2

iff ...

iff Statement n

where Statement 1,. .., Statement n are some statements in the meta-language,
and iff stands for if and only if. So, iff works like a two way street: if Statement
1 is true then Statement 2 is true (the if part) and if Statement 2 is true then
Statement 1 is true (the only if part).

Then the sequence

Statement 1 iff Statement 2 iff .. .iff Statement n

is a proof of Statement 1 iff Statement 2.
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This is easy to show. If Statement 1 is true then we can go in the if direction
and prove successively that Statement 2 is true from Statement 1 iff Statement
2,

Statement 3 is true from Statement 2 iff Statement 3,

and so on until

Statement n is true from Statement (n-1) iff Statement n

This is the proof of if Statement I then Statement n. For the proof of if
Statement n then Statement 1 we use the other side of the street, i.e. the only
if part. So, assume that Statement n is true then

Statement (n-1) is true from Statement (n-1) iff Statement n

Statement (n-2) is true from Statement (n-2) iff Statement (n-1)

and so on until

Statement 1 is true from Statement 1 iff Statement 2

So, here is the proof of if Statement n then Statement 1.

We will see more of this type of proofs in the next sections. Most of them
will have the property that establishes iff written next to the second statement.
So, we will write

Statement 1

iff

Statement 2 the reason for the iff

Now, let us recall the semantic equivalence of Section 1.5. We said that two
formulas F' and G are equivalent if for all truth assignments A, A[F]| = A[G].
We can also define the semantic equivalence of the FOL formulas.

Definition 2.3.22 (semantic equivalence) We say that two formulas F and
G are semantically equivalent if for all structures A, A[F] = A|G]. We write
F=G.

The = relation is an equivalence on the set of FOL formulas. The next

lemma shows that = is a congruence for the operations —, V, A,—, «—, Vz,
du.

Lemma 2.3.23 (= is a congruence) The implications below hold for all for-
mulas F', G, H, and variable x.
1. F = G implies -F = -G.
2a. F =G implies FVH=GV H.
2b. F =G implies HVF=HVAQG.
Sa. F =G implies FANH =G ANH.
3b. F =G implies HNF =HANG.
4a. F =G implies F — H=G — H.
4b. F =G implies H — F =H — G.
da. F =G implies F +—— H =G «—— H.
5b. F =G implies H — F=H «—— G.
6. F =G implies Ve F =VaG.
7. F =G implies 3z F = JxG.
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Proof: We will prove only 1, 3b, and 7 and leave the rest as exercises. So, let
us assume that F' = G and let A be a structure. Then,

A[-F] =[-]JA[F] by the interpretation of -

=[-JA[G]  since A[F] = A[G]

= A[-G] Dby the interpretation of —

Since A is any structure, we conclude that =F = -G.

Now let us prove 3b.

A[H A F] = A[H|[AJA[F] by the interpretation of A

= A[H[AJA[G]  since A[F] = A[G]

= A[H AG] by the interpretation of A

Again, since the structure A is arbitrary, HA F = H A G.

Finally, let us show 7.

A[FzF] =1

iff there is some d € |A| such that A,_4[F] =1 by the interpretation of
Jx

iff there is some d € |A| such that A, q[G] =1 since F' = G, Ap—q)[F] =

iff A[3zG)=1 Dby the interpretation of 3z

Since A is arbitrary, zF = JzG. Q.E.D.

Now we can prove the substitution theorem for first order logic.

Theorem 2.3.24 (The Substitution Theorem) Let F = G and let H be a
formula that has one or more occurrences of F. Let Hy be the formula obtained
by replacing an occurrence of F in H by G. Then H = H;.

Before we go on to prove the theorem, let us look at an example. We will
prove, in the next section, that VaVyl = VyVal. So, let F be VaVyl and G
be VyVal. Let H = VaVyl — VaVyl. We can replace the second occurrence
of F =VaVyl in H by G = VyVzI, and we get H; = VaVyl — VyVal. The
theorem tells us that

H =VaVyl — VaVyl = VaVyl — VyVal = Hj.

Now let us prove The Substitution Theorem.

Proof: First of all, we notice that whenever H = F, H; = G, so H = H;. This
tells us that we have to look at the case when the occurrence of F' that is being
replaced is inside H, i.e. a proper subformula of H. The proof is by structural
induction on H.

Case 1: H is an atomic formula. Then H has a single subformula, namely itself.
So F'= G and H = H; by the remark above.

Case 2: H = —I. If F # H then F must be an occurrence in I. Let I; be the
result of replacing the occurrence of F' in I by GG. Then Hy = —I;. By induction
hypothesis, I = I;. Then —~I = —I;, by part 1 of the Lemma 2.3.23.

Case 3: H =1V J. If F # H then the occurrence of F' that is being replaced
is a subformula of I or of J. We will prove the subcase when the replacement
takes place in J and leave the other subcase as exercise. Let J; be the result
of replacing that occurrence of F by G. Then H; = I A J;. By the induction
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hypothesis, J = J;. From Lemma 2.3.23, part 2b, we get that IV J =1V Jj,
i.e. H=H,.

Cases4: H=INJ,5:H=1— J,and 6: H = I «— J are similar to Case 3.
They are left as exercises.

Case 7: H = Val. If the occurrence of F' that is being replaced is not H itself
then F' is a subformula of I. Let I; be the result of replacing that occurrence
of F'in I. By the induction hypothesis, I = I;. From Lemma 2.3.23, part 6, we
get that Vol =Valy, i.e. H= H;.

Case 8. H = JxI. The proof for this case is similar to the one for case 7. It is
left as exercise. Q.E.D.

Exercises

Exercise 2.3.1 Find the following interpretations of terms:
1. Bf[xgl]
2. Cf[fg(fll(fg)v fé(f{?a Ty, f2037 xl))]
3. Ef35(fa1(we), f3 (wo, xa), f3(fS4, 27))]

where B, C, € are the structures from Examples 2.3.2.

Exercise 2.3.2 Find the following interpretations of atomic formulas:
1. B[ng(xg,ff,fg)]
2. CIE(f5(w7), f3)]
3. ELP5(f8h, x21)]
4. B[Py
where B, C, £ are the structures from Examples 2.3.2.

Exercise 2.3.3 Find the following interpretations of formulas:
1.B[Py — P3(f35)]
2.C[Py (f33) A P (w5, x2)]
3. E[PS(fL(fD),a) V PJ]
4. E[PS(f3,n, [Q) = E(ar, f7)]
where B, C, € are the structures from Examples 2.3.2.

Exercise 2.3.4 Let A be a structure with universe D, di,ds be elements in D,
x, y be variables and F be a formula. Prove that Ay —q,)iz—d,)[F] = Afp—ds) [F]

Exercise 2.3.5 Find the following interpretations of formulas:
1. B[ngpél(xg, To, X2, xg)]
2. B[Elleg(xl, ZTo, xl)]
3. S[Vl‘g(Pé (33‘3) A P32(x3, xlo))]
4. E[Fx2P3 (20, f{(22,23))]
where B, C, £ are the structures from Examples 2.3.2.

Exercise 2.3.6 Find the following interpretations of formulas:
1. 5[Vx15|x2P12(x1, xg)]
2. B[Elx1Vx2P23(x1, o, xg)]
3. E[Elx1Vx2P12(x1, xg)]
where B, C, € are the structures from Examples 2.3.2.
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v v
u | fAu] W N3 | 45 U 3| 4/ 5
3 3 3 3| 4 31100
d 41 5 0] 1] 1
4 5 3 0 1,0
g4, 0] PAu, 0]

Figure 2.23: Tables for Exercise 2.3.8

Exercise 2.3.7 Use the method employed in Example 2.3.13 to compute the
following interpretations:

1. B[3aVyP3(z,y, )]

2. CEa¥y(PY(x) V <P} (x,y))

3. B[VaVy3zP(x,y, 2)].

The structures B and C are defined in Examples 2.3.2.

Exercise 2.3.8 The structure A has universe D = {3,4,5}, 24 =5, y* =
and a® = 4. The interpretations of the unary function f, binary function g,
and binary predicate P are shown in Figure 2.3.8.

Find the interpretation of the terms and formulas below.

Alg(f (), 2)] =

- Alf(9(a,y))] =

- AlP(z,y)] =

- ANVeP(z, f(x)) =
- APy P(f(x),y)] =

Grds Lo o~

Exercise 2.3.9 The universe of the structure A is {3,4,5}. The A interpreta-
tions of a, x, and y are a* = 4, x* =5, y* = 3. The tables for the functions
fA and g and the predicates PA and QA are shown in Figure 2.24. Evaluate
the terms and formulas below.

1. A[f(z)] =
(z,z)] =
(9 ( )

(9(y,
P(z, f (a
E(f(z), 9
F2Q(f(z))
8. (x) — P(y,a)] =
9. ANVz3yP(y,x)] =
10. A[ByvVzP(y,z)] =

N ,\_/\.

2
3.
4.
5
6.
7.

Alg
lg
@
[
[
[
@

LLLLLL

Exercise 2.3.10 Show that the relation agreeing on F is reflexive, symmetric
and transitive.
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x| fAa] x 3| 4] 5 x 3| 4] 5

3] 4 3| 3] 4] 5 3/ 1100

413 41 5| 3 of 1] 1

513 5/ 3| 4 0 110
fA gA pA

Figure 2.24: Tables for Exercise 2.3.9

Exercise 2.3.11 Prove/disprove the following statements:
1. If A and B agree on a term t they agree on all the subterms of t.
2. If A and B agree on a formula F' they agree on all the subformulas of F'.

Exercise 2.3.12 Let A and B be two structures with the same universe that
agree on YxF. Let d be an element of their common universe. Prove that
Alz—q) and Biy—q agree on G.

Exercise 2.3.13 Do cases 4, 5, and 6 of the proof of The Agreement Theorem.
Exercise 2.3.14 Do case 8 of the proof of the Agreement Theorem.

Exercise 2.3.15 Prove that = is an equivalence relation on the set of first order
formulas.

Exercise 2.3.16 On the set of structures we define the relation ~ by A ~ B iff
for all predicate constants P, PA = PB.

1. Show that ~ is reflexive, symmetric, and transitive.

2. Show that the equivalence classes of this relation correpond to the truth
assignments from the propositional logic.

Exercise 2.3.17 Complete the proof of Lemma 2.5.23.

Exercise 2.3.18 Complete the proof of The Substitution Theorem.

2.4 FOL Semantic Equivalences

The preceding section introduced the notion of semantic equivalence. Here, we
present the equivalences needed for computing normal forms, the topic of the
next section.

First of all, the semantic equivalences from Table 1.47 are also true for the
first order predicate calculus. In Section 1.5 we used truth tables to prove
them. Do the truth tables work here? We claim that they do. We will explain

Bl il
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F
0
0
1
1

oo Q

F
0
0
1
1

—
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Figure 2.25: The truth table for F A (FVG) = F

1. VaVyF = VyVaF
2. dx3yF = JyFzF

Figure 2.26: Swapping quantifiers

the reasoning by following an example. Let us look at the truth table of the
equivalence F' A (F'V G) = F, shown in Figure 2.25. In propositional logic we
have an infinite number of truth assignments. However, we are only interested
in their behavior with regard to F and to G, and all truth assignments are
partitioned into 4 classes according to the values they give to F' and to G. Each
class corresponds to one of the lines shown in Figure 2.25. The equivalence
holds if for all 4 lines the values of F'A (F'V G) and F are the same.

Now, let us assume that F and G are formulas in first order logic. Here we
have structures, which are much more complicated than the truth assignments.
However, as far as I’ and G are concerned, every structure assigns them a 0 or
a 1. So, again, each structure falls into one of the 4 rows of Figure 2.25. The
connectives A and V are interpreted the same way, so Table 2.25 is also a valid
proof in first order logic.

However, there are many useful equivalences that cannot be proven with
truth tables, because the truth tables are unable to capture the meaning of the
quantifiers. Let us look at the equivalences from Figure 2.26.

We give the proof of the first equivalence and leave the second proof as
exercise.

Proof: If x = y, then the two formulas are identical?, so they are equivalent.
So, let us assume that x # y. Let A be a structure with universe D. Then
AVaVyF) =1
iff for all d € D, Ajpg[VyF] =1 from the interpretation of Va
iff for all d € D, for all eeD, Ap—ajjy—e[F] =1 by the interpretation of

Vy
iff for all d € D, for all e € D, ApygzalF] = 1 x # y implies

A —ay—alF] = Ay —ejiz—a[F]
iff for all e € D, for all d € D, Ay jjgeq[F] = 1
iff for all e € D, Ay g[VzF] =1 by the interpretation of Vx
iff AVyvzF]=1 by the interpretation of Vy.

2z and y are meta-variables that denote the variables of the language. As such they can

be equal or different.
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is.

1. =V F = Jz—-F
2. ~daF =Va—-F

Figure 2.27: Pushing the negation inside

If z is not free in G then

1. VeFANG =Vz(F AG)
2. VaF VG =Vz(F VG)
3. IxFANG=3(FAG)
4. J2FV G =32(FVG)

Figure 2.28: Equivalences for advancing quantifiers

Now, let us provide a proof that the step

forall d € D, for all e € D, Ajyojjp—q[F] =1

iff for all e € D, for all d € D, Ay ojjpeq[F] = 1.

is correct. We will show that the first statement is false iff the second one

The first statement is false iff

(1) for some pair d,e € D, A[yHe][de] [F]=0.

The second statement is false iff

(2) for some pair e, f € D, Apy—ejz—a)[F] = 0.

Since (1) and (2) are the same condition, the step is correct.

Q.E.D.

The two equivalences from Figure 2.27 push the negation inside a quantified

formula. Let us prove the second equivalence and leave the first one as exercise.
Proof: Let A be structure with universe D. Then

A[-JzF) =1

iff A[3zF]=0 from the interpretation of -

iff for all d € D, Aj,g[F] =0 from the interpretation of 3z
iff for all d € D, Aj,g[-F] =1 from the interpretation of -
iff AWVz—F]=1 from the interpretation of Vz.

Since A is an arbitrary structure we conclude that -3z F = Vz—F. Q.E.D.
The equivalences of Figure 2.28, advance the quantifiers past and’s and or’s.
Let us prove the first equivalence and let us leave the rest as exercises.

Proof: Let A be a structure with universe D. Then

ANzF ANG] =1

iff AVzF]=1and A[G]=1 from the interpretation of A

iff for all d € D Ap—q[F] =1, and A[G] =1 by the interpretation of Vx
iff for all d € D, Aj,g[F] =1 and A[G] =1

iff for all d € D, Appq[F] =1 and A q[G] =1 since A[G] = Ay q[G]
iff forall d € D A q)[F AG] =1 from the interpretation of A

iff AVz(FAG)=1 from the interpretation of V.
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If z is not free in F' then
1. FAVzG =Vz(F AG)
2. FVV2G =Vz(F VvV G)
3. FAJzG =32(F AG)
4. FV 32G = 3x(F V G)

Figure 2.29: More equivalences for advancing quantifiers

1Vz(F A G) =VaF AVzG
2.3z(FVG) =3zF Vv G

Figure 2.30: Equivalences for distributing quantifiers

Here, we want to provide two explanations. The first is the proof that the
step

foralld € D A q[F] =1, and A[G] =1 by the interpretation of Vx

iff for all d € D, Ajpg[F] =1 and A[G] =1

is correct. The difference between the two statements is that, in the first
A[G] =1 is outside the loop

for all d € D

while in the second it is inside.

We will show that the first statement is true iff the second is.

==: Assume that the first statement is true and let d € D. Then Ap,q[F] =
1, A[G] = 1, 50 Ajpq[F] = 1 and A[G] = 1 is also true. Since d is arbitrary,
the second statement is true.

<=: Assume that the second statement is true. Then, for all d € D,
App—a[F] = 1 and A[G] = 1 is true. So,

foralld e D, A, g[F] =1

and A[G] =1 are both true. So, the first statement is true.

The second explanation concerns A[G] = A, q[G]. Since z is not free in
G, A and Ap,_4 agree on all function symbols, predicate symbols, and free
variables of G. By The Agreement Theorem, A[G] = A[,.q[G]. Q.E.D.

Let us switch the roles of the formulas F' and G from Table 2.28, i.e. let G
be the formula that is quantified by . We get the (conditional) equivalences
from Figure 2.29. These equivalences are easy to prove. Let’s show 3.

Proof: Assume that z is not free in F'.

FA3zG

=dxG A F  from the commutativity of A

=3Jx(GAF) from part 3 of Table 2.28

=Jz(F AG) from the commutativity of A

We did not use a semantic proof involving structures. Instead, we used the
equivalences already established, and the properties of the equivalence relation.
Q.E.D.

The equivalences from Figure 2.30 distribute the quantifiers over connectives.
Let us prove the first equivalence and leave the second one as exercise.

Proof: Let A be a structure with universe D. Then
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1.JaVyF = Vy3aF
2.3x(F AG) = 3axF A TG
3Vz(FV G) =VzF V VG

Figure 2.31: Equivalences that are not always true

ANVz(FAG) =1

iff foralld € D, Aj,g[FFAG] =1 from the interpretation of Vx

iff for all d € D, Ajpg[F] =1 and A,g[G] =1 by the interpretation
of A

iff for all d € D, Apyq[F] =1 and for all d € D, A, q[G] =1

ifft A[VzF] =1 and for all d € D, Aj,.q[G] =1 by the interpretation of
YV

iff AVzF]=1and AVzG] =1 Dby the interpretation of Vz

iff AVzF AVxG] =1 by the interpretation of A.

We will now give an explanation for the step
forall d € D, Ajpg[F] =1 and A q[G] =1 by the interpretation of

iff for all d € D, Ay q)[F] =1 and for d € D, A, q)[G] = 1.

The difference between them is that the first statement has only one for loop,
while the second has two. Let us show that whenever one statement is false, so
is the second.

The first statement is false

iff
there is some d € D, such that at least one of Aj,_g[F] , Ap—q[G] is 0

iff
at least one of the 2 loops,

foralld € D, Aj,q[F] =1,

forde D, A q[G] =1

is false

iff the second statement is false. Q.E.D.

So, far we presented methods for showing equivalences. But how do we show
that an equivalence does not hold?

For example, the equivalences? from Figure 2.31 are not always true. Before
we disprove them, let us introduce the concepts of model and countermodel.

Definition 2.4.1 (model, countermodel, satisfiability, tautology, unsatisfiability)
Let A be a structure with universe D and F be a formula. We say that A is a

model of ', or A satisfies F' and write |= 4F, when A[F] = 1. If D is finite we

say that A is a finite model of F'.

3Recall that both sides of the = sign are meta-formulas that contain meta-variables. The
formulas are obtained by assigning values to the meta-variables. The resulting equivalence
may hold or not, depending on the values of the meta-variables.
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When A[F] = 0, we say that A is a countermodel of F or A does not satisfy
F, and we write [ 4 F. If D is finite we say that A is a finite countermodel of
F.

A formula is satisfiable when it has a model; it is unsatisfiable when it does
not. We write £ F to show that F is unsatisfiable.

A formula F is a tautology when every structure is a model of F. We write
E F to show that F is a tautology.

We are ready to disprove the equivalences from Figure 2.31. We will do the
second one, and leave the other two as exercises.
Proof: We will find a structure that is a model for the right hand side and a
countermodel for the left hand side of the equivalence.

Let A be a structure with universe D = {3,4} and P be a unary predicate
defined by PA[3] = 1 and PA[4] =0, F = P(z) and G = —~P(z). Then

A[Fz(F A G)]

= A[Fz(P(z) A —P(z))]

= A[Fz0]  because P(z) A =P(z) is unsatisfiable

=A[d]  contradiction law

=0 since O is unsatisfiable.

At the same time,

A[ZzF A 3zG]

= A[FzP(z) A Jx—P(x)]

= ABzP(z) A JA[3z—P(x)] by the interpretation of A

= [PA 3] v PA 4[AJABz~P(z)]  because D = {3,4}

=1V PA[4]]A[396—|P(;U)] from the definition of P4

= [AJA[3z~P(z)] by lazy evaluation

= A[3z~P(z)] a property of [A]

= Ajpg[~P(x ..A zq)["P(x)]  since D = {3,4}

== -P““
:10 from the definition of P4

=0Vv]1

=1. Q.E.D.

Observation 2.4.2 At this point one might ask: How do I know to look for
a structure that is a model for the right-hand-side and a countermodel for the
left-hand-side and not the other way, i.e. A satisfies the left-side and does not
satisfy the right one?

The intuitive answer is that when 3z(F A G) is satisfied, the same value of x
must make both F' and G true, while 3z F A 3xG is true when F is satisfied by
a value of x and G is satisfied by a value of x, but the two values do not have to
be the same. So, the first formula has a stronger requirement than the second.

We have the same situation in English where the statements,

Susan has a boyfriend who is rich and handsome

does not have the same meaning as

Susan has a rich boyfriend and a handsome one,

because the rich one may not be the same person as the handsome one.
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Definition 2.4.3 (satisfaction of a set of formulas, consequence) 1. Let
S be a set of formulas. We say that a structure A satisfies S if A satisfies every
formula in the set. We also say that A is a model of S, and write |= 4S.

2. We say that a formula G is a consequence of a set of formulas S if every
structure that satisfies S is also a model for G. We write S |E G to show that
G is a consequence of S. When S is finite, say S = {Fi,..., F,}, we omit the
braces and write Fy,..., F, = G.

Example 2.4.4 Let us show that 32(F A G) | (JzF A J2G)

Let A be a model for 3z(F AG) and let D be the universe of A. Then there
is some d € D such that

-A[gc«—d] [F/\ G] =1.

This in turn implies that

A[de] [F] =1 and A[w%d] [G] =1.

From the last two equalities we infer that

A[FzF] =1 and A[FzG] =1,

which leads us to

A[FzG A Fz2G] = 1.

Example 2.4.5 Let us show that for © # y, JaVyF = Vy3aF.
Let A be a structure with universe D that models JzVyF.
Then, for some d € D, Aj,q[VyF] = 1.

From the interpretation of VyF', we get

forall e € D, A[de][yge] [F] =1.

Since = # vy ,

Al —a)ly—e][F] = Ayejlza) [F]-

So, the statement

forall e € D, A[yHe][de] [F]=1

is also true. From the interpretation of 3z, we get
forall e € D, Apyg[F2F] = 1.

Finally, we use the interpretation of Vy to get
AVy3zF] = 1.

Now a final observation.

Observation 2.4.6 There are many nonequivalences in which no side is a con-
sequence of the other. For example, P} # PY, and neither P} | P, nor
PO = PO,

Exercises

Exercise 2.4.1 Prove equivalence 2 of Figure 2.26.
Exercise 2.4.2 Prove equivalence 1 of Figure 2.27.
Exercise 2.4.3 Prove equivalences 2,3, 4 of Figure 2.28.

Exercise 2.4.4 Prove equivalence 2 of Figure 2.30.
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Exercise 2.4.5 Prove the statements below.
1. If F is a tautology then YxF is also a tautology.
2. If F is unsatisfiable then xF is also unsatisfiable.

Exercise 2.4.6 Disprove the first and the last equivalence of Figure 2.51.

Exercise 2.4.7 Display structures that disprove the following equivalences:
1. JxF =VaF
2. aF =F

Exercise 2.4.8 Show that the set of connectives S = {F — G,3zF,0} is
adequate. The meta-variables F' and G denote formulas and x variables.

Exercise 2.4.9 Show that the set of connectives S = {=F A G,VzF'} is ade-
quate.

Exercise 2.4.10 Show the following consequences:
1. VaF = JaF
2. JxF Ya2G = 3z(F A G)
3. Vx(F V Q),3z-F = 32G.

2.5 Skolem Normal Forms

In this section we give an algorithm for computing Skolem normal forms for first
order formulas. Along the way we present the definitions and the propositions
that assure the correctness of our algorithm. We start by showing how to
eliminate redundant quantifiers and how to rectify formulas. Then we compute
a prenex form and later on we close it. After that we Skolemize the formula
and we compute the clause form of the matriz. At the end we put together all
this steps to form the algorithm and we apply it to compute 2 Skolem normal
forms.

Definition 2.5.1 (redundant quantifier) We say that Qx is redundant in
F = QxG if x is not free in G.

Examples 2.5.2 1. The first Vo quantifier is redundant in F = VaVax P(z,y, x)
because z is not free in G =V P(x,y, x).

2. The quantifier 3z is redundant in F' = JzP(a,y, f(z)) because z is not
free (actually it does not occur) in G = P(a,y, f(2)).

The next proposition tells us that we can remove the redundant quantifiers
without changing the meaning of the formula.

Proposition 2.5.3 (removal of the redundant quantifiers) IfQx is redun-
dant in QxF, then QzF = F.
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Proof: We will prove the equivalence for @ = V and leave the case ) = 3 as
exercise. Assume that F' = VzG and z is not free in G. Let A be a structure
with universe D and d be an element of D. Since z is not free in G, A, 4 and
A agree on G. By The Agreement Theorem, A, 4[G] = A[G]. Now,

A[F] =1

iff for all d € D, Ay 4[G] =1  from the interpretation of V

iff for all d € D, A[G] =1 from A, q[G] = A[G]

iff A[G]=1 from the interpretation of V.

Q.E.D.

Next, we present a key concept in the semantics of FOL logic.

Definition 2.5.4 (rectified formula) The formula F is rectified if it has no
redundant quantifiers, no variable occurs both free and bound and no variable is
quantified more than once.

Examples 2.5.5 1. The formula G = 3z P(z) V Q(x, y) is not rectified because
x occurs both free and bound; the first occurrence of = is bound by Jz while
the second one is free.

2. The formula H = JzP(z) V VzQ(y, x) is not rectified because z is quan-
tified twice, once by 3z and a second time by V.

3. The formula I = VzQ(y, z) V JuP(u,v) is not rectified because it has the
redundant quantifier Vz.

4. The formula J = Vz3y(P(x) A (Q(x,y) V ~P(z)) is rectified since no
variable occurs both bound and free. The variables x and y have only bound
occurrences, z has only one (free) occurrence, and different quantifier occur-
rences have different variables.

We notice that rectified formulas can have free variables.

We will show that every formula can be rectified. In order to prove it, we
introduce the notations 7[z/t] and F[x/t] and the notion of a term is free for a
variable in a formula.

Note 2.5.6 ( 7[xz/t], F[z/t]) 1. Let 7 and t be terms and x be a variable.
Then 7[x/t] is the term obtained from 7 by replacing every occurrence of = by
t.

2. Let F be a formula, z a variable and ¢ a term. F[z/t] is the formula
obtained from F' be replacing every free occurrence of x by .

Examples 2.5.7 1. Let 7 = f(z,¢9(z,2)) and t = h(y). We replace both z’s of
r by hly) and get 7lz/t] = F(h(y), 9(z. h(y))).

2. Let F = (VaP(z,y) — Q(z,y)) «— —-Q(x,2) and t = f(a). The
x’s that occur in the @) predicates are free, so we replace them by t. We get
Flo/t] = (¥2P(r,y) — Q(f(a),y)) — ~Q(f(a), 2).

We did not change the first occurrence of z, in VzP(z,y), because it is not
free.

Definition 2.5.8 (a term is free for a variable) Let z be a variable, t a
term, and F a formula. Then t free for x in F if, F[z/t] contains no extra
bindings, i.e. mo variable from t is bound by a quantifier from F.
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Examples 2.5.9 1. Let F' = VaP(z,y). Then, f(x) is not free for y because
Fly/f(z)] =VzP(x, f(x)) introduces a new binding; the second z in Fly/f(z)]
is bound by Vz.

2. Let F =VaP(z,y)VQ(z). Here, x is free for z since Flx/z] = Ve P(z,y)V
Q(x) has no extra bindings.

Observation 2.5.10 The property a term is free for a variable in a formula is
hereditary. This means that whenever ¢ is free for x in F), it is free for = in any
subformula of F'.

The next lemma establishes a link between semantic substitutions, more
precisely the assignment of values to the variables, and the syntactic (string)
substitutions. It tells us that we can find the meaning of the term 7[z/t] in two
ways. We can either substitute every x in 7 by ¢ and then interpret 7[z/¢], or
we can first interpret ¢, assign the value of ¢ to z, and finally interpret 7 in the
new structure.

Lemma 2.5.11 (The Translation Lemma for Terms) Let T andt be terms,
and A be a structure. Then A ap[7] = Alr[z/t]].

Proof: We prove it by structural induction on 7.
Case 1: 7 is a variable. Here we have two subcases, depending on whether 7 is
Z or not.

Subcase 1.1: 7 = z. Then Ay 4 [z] = Alt].

The term x[z/t] is obtained from z by replacing = by ¢, so we get t. Then
Alz[z/t]] = A[t].

So, both Ap, aj[7] and A[r[z/t]] are equal to At].

Subcase 1.2: 7 # z. Let 7 = y. Then, Aly[z/t] = Aly].

At the same time,

Ap—aply] = Aly]

because A[,. 4;1) and A agree on y.

So, both A, aj[7] and A[r[z/t]] are equal to Afy].
Case 2: 7 is an individual constant. Let 7 = a. Then

Al lal

= Ala] since A and A, 4 agree on constants

= Ala[z/t] since a[z/t] = a.

So, the equality holds.
Case 3:7 = f(t1,...,t,). In this case

A[r«—A[t]] [f(tla cee 7tn]

= fA[A[IHA[tH [t1],. .., Ajp—apltn] by the interpretation of 7
= fA[A[t1[z/t]], ..., A[tn[z/t]] by the IH applied to t1,. .., t,
= A[f(t1[z/t], ..., tn[z/t])] Dby the interpretation of T

= A[f(t1,...,tn)[z/t]] since x occurs only in the terms.

So, again, the equality holds. Q.E.D.
Now we can extend the lemma to formulas.
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Lemma 2.5.12 (The Translation Lemma) Let x be a variable, t a term,
and F a formula. If t is free for x in F then
Az a[F] = AlF[z/t].

Before we go on to prove the lemma, let us see what it says. The lemma
gives us two different paths for computing the truth value of F[x/t]. One path
changes all free occurrences of x to ¢, and then interprets F[x/¢]. The other
path interprets t, assign that value to x, and then interprets F' in the new
structure. The substitution in the first path is syntactic because it is just
string replacement. In the second path, the substitution is semantic because it
modifies the structure. The lemma “translates” term substitutions to structure
substitutions.

Now, let us prove Lemma 2.5.12.

Proof: The proof is by structural induction on F.
Case 1: F'is an atomic formula. Here we have 3 subcases.

Subcase 1.1: F' = P?. Then

Az are [F7]
= A[P/] since A and Ap,_ 4 agree on predicate symbols
= A[P?[z/t]] since P?[z/t] = P? because there are no z’s in P).

Subcase 1.2 F = P(t1,...,t,)

Then

Apzeape) [F]

= A ay [Pt ... ta)]

= PA[.A[wHA[tH [t1], ..., Az—apltn]] by the interpretation of F

= PA[A[t1[z/t]],. .., Altn[z/t]]] by The Translation Lemma for Terms

= A[P(t1]x /1), ... talz/t))]
= A[P(t1,. .. tn)[z/1]
= A[F[z/1).

Subcase 1.3 F' = E(t1,t2)

Then

Alpap [E(t1, 2)] =1

iff Az ap[t1] = Ajp—apy[te] by the interpretation of £

iff Aft1[z/t]] = Alta[z/t]] by The Translation Lemma for Terms
iff A[E(t1[2/t], t2[2/t])] =1

iff A[E(tq,t2)[z/t]] =1

This concludes the proof of Case 1.
Case 2. F =G
Then
Ale i) [F]
= A[r«—A[t]] [_‘G]
=[] Ajp—apg[G]  from the interpretation of —
=[=] A[G[z/t]] by the induction hypothesis on G
= A[-G[z/t]] from the interpretation of —
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= A[F[z/t]].
Case3. F=GVH

Then

A[r«—A[t] [ ]
Az a) |GV H]

= A[x«—A[t] [G].A s Alt

Glz/t] Hlz/t]] by the TH applied to G and H

[ [x/t] v [x/t]] from the interpretation of V
{( 5 H)[z/t]]

Cases 4 (F=GANH),5(F =G — H)and 6 (F =G «— H) are left as
exercises.
Case 7. F =VYyG

If y = = then we have no problem since

= Al ap) [V2G]

= A[VzG] since z is not free in VaG

= A[[VzG][z/t]] [VzG][z/t] = VG, since x is not free in VzG

= AlF[z/t]

So let us assume that y # x. Since t is free for x in F, y is not a variable
in t. Let D be the universe of A. Then

iff for all d € D A[wHA[t]][de] [G] =1

iff for all d € D Apy—ajjz—ap)[G] =1  because y is not in ¢

iff for all d € D Apyq[G[z/t]] =1 by IHon G

iff AVyGlz/t]=1 from the interpretation of Vx

ift A[F[z/t]] =1
Case 8. F' = JyG

This case is similar to case 7 and is left as exercise. Q.E.D.

The Relabeling Lemma tells us that we can change the name of a quantified
variable without changing the meaning of the formula.

Lemma 2.5.13 (The Relabeling Lemma) Lety # x be a variable that does
not occur in F' neither free nor as an argument to a quantifier. Then QrF =
QyF[z/y], where Q 1is one of the quantifiers ¥V or 3.

Proof: First of all, y is free for x in F' because there is no Qy to bind the
occurrences of y. Let A be a structure with universe D. Then

AlQyF[z/y]] =1

iff for all/some d € D A, _q[Flz/y]] =1 write all for V, some for 3

iff for all/some d € D Ay gyzea;,_yw[F] by The Translation Lemma
applied to Ap,_q[F[z/y]]

iff for all/some d € D Ay gjz—a)[F] =1 since Ap,_qly] =d
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iff for all/some d € D Ay gy—a)[F] =1 because x # y

iff for all/some d € D A, g[F] =1 since y is not free in F
iff A[QzF])=1 by the interpretation of Q. Q.E.D.

Let us look at some applications of The Relabeling Lemma.

Examples 2.5.14 1. The variable z does not occur in P(x, z), so Ve P(x, z) =
YyP(y, z).

2. The variable z does not occur in F = VyP(z,y) V —-Q(y) so, we can
apply The Relabeling Lemma and get the equivalence Jy(VyP(z,y) VvV -Q(y)) =
F2(VyP(z,y) vV ~Q(2)).

We replaced only the second occurrence of y by z because the first occurrence,
in P(z,y), is bound by Vy.

3. The variable y occurs in F' = E(x,y), and we cannot apply The Relabeling
Lemma to VzF. In fact the equivalence VaF = VyF[z/y] is false. Let us see
why. The formula VyF[z/y] = VyE(y,y) is a tautology, while VzE(x,y) is false
for all structures with more than 1 element. We notice that y is free for x in F,
so this is not a sufficient condition for the lemma.

The Relabeling Lemma allows us to rectify formulas.

Lemma 2.5.15 (The Rectification Lemma) FEvery formula F has an equiv-
alent formula G that has no occurrences of — and «— and is rectified.

Proof: Let F' be a FOL formula. We perform the 4 steps below.
Step 1: Eliminate the redundant quantifiers.

We keep applying the reduction

if  is not free in I then Qxl =TI

to every occurrence QxI of F.

This simplification preserves the equivalence, since whenever x is not free in
I, Qxl=1.

So, we get a formula F, equivalent to F', that has no redundant quantifiers.
Step 2: Eliminate «—.

We repeatedly apply the rewrite

I—J=I—JANJ—1I)

to the subformulas that have only one «+—.

This way, each rewrite decreases the number of +—’s, so the algorithm
terminates. Since I «— J = (I — J) A (J — I), the rewrites preserve
equivalences and we obtain a formula F3, equivalent to Fj, that has no «—
connectives. We will show that F, has no redundant quantifiers by proving that
every application of the rewrite rule does not introduce redundant quantifiers.
So, let Hy = H> be the rewrite shown in Figure 2.32 and let us assume that
H, has no redundant quantifier. Let v be the address of a quantifier, say Qz,
of Hy. We have 2 cases, depending on the position of v relative to u.

Case 1: u is a prefix of v. Then v is inside one of the occurrences of I or
J. Assume that it is located in an [-occurrence. If Qz is redundant in Ha,
then it is redundant in I. Since I is a subformula of H; it is redundant in Hq,
contradicting our assumption.
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Figure 2.32: The reduction [ «— J =1 — J) A (J — 1)

Case 2: u is not a prefix of v. Then, the label of v in H; is also Qx. Since
H; has no redundant quantifiers, there is a path P = wy, ..., w,, from v.0 to
a leaf of H; such that the label of w,, contains the variable z and there is no
quantifier Q'x on the path. We have 2 subcases, depending on whether P passes
through u or not.

Subcase 2.1: the path does not pass through u. Then we have the situation
shown in Figure 2.33. Here P, represented by the thick line, is also a path in
Hs, so Qz is not redundant.

Subcase 2.2: the path passes through uw. Then the path ends up in either I or
in J. We construct a path P’ in Hs that starts from v.0 passes through u.0 and
then follows P, i.e. if P goes left so does P’. If P goes right, so does P’. For-
mally, P has the property that wy; = u for some k, 0 < k < m, and for all [ > k,
wy = u.8;. Let us look at the labels of P/ = wy, . . ., wg, u.0,4.0.8k11, . . ., ©.0.8p,.

The labels of wy, . .. wi_1 are the same as in Hy, the label of wy, is A, the label
of u.0 is —, and the labels of w.0.sk41,...,u.0.5,, are respectively the labels
of U.Sk11 = Wki1,. .. U8 = Wp,. S0, the labels of P’ are the labels of P minus
one occurrence of «— and plus one — and one A. Then P’ has no quantifier
@'z and the leaf contains x. Then, the quantifier at v is not redundant. This
situation is illustrated in Figure 2.34.

Step 3: Eliminate —.

We keep replacing the occurrences G — H of Fy by =G V H until we
have no more —’s. Each rewrite reduces the number of —’s, so the step
terminates. Since G — H = -GV H, these rewrites preserve equivalences. So,
we get a formula F3, equivalent to Fy that does not contain —’s. Since the
simplification does not contain «—’s, neither does F3. The proof that F5 does
not have redundant quantifiers is similar to the one done in Step 2.

Step 4: Rectify the formula.
We keep applying the following two rules until the formula is rectified.
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Figure 2.33: The path P does not pass through u

Figure 2.34: The path P does passes through u
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Rule 1: if Q12G; and Q2xGs are two distinct occurrences, then choose a
variable y that is not in the formula and change Q12G; to Q1yGi[z/y].

Rule 2: if there is an occurrence QxG and =z is also occurs free, then replace
QxG by QyGlz/y|, where y is a variable that is not in the formula.

In these rules, @, @1, Q2 are any of the quantifiers V and 3.

We can easily show that this step also terminates. For this, let m[I] be the
sum, for all variables x, of how many times x is quantified in the formula I. Each
application of the rule decreases m. Since m/[F3] is finite, the step terminates.

The relabelings preserve equivalences, so the output of the step is a formula
F, = F3, that is rectified and contains no «—’s or —’s. A proof similar to
the one in Step 2, shows that Fy has no redundant quantifiers.

Then G = Fy = F from the transitivity of =. Q.E.D.

Example 2.5.16 Let us rectify F' = 32Vz(VyP(z,y) «— Ya-P(y,z)).

We apply the algorithm given in the proof of The Rectification Lemma.
Step 1: Eliminate the redundant quantifiers.

The quantifier Vz is redundant, so we eliminate it. We get

Fy = 3x(VyP(x,y) «— Vz—-P(y,x)).

Step 2: Eliminate «—’s.

We replace (VyP(z,y) «— Vz—P(y,x)) by

(VyP(z,y) — Va-P(y,x)) A (Ve-P(y,z) — VyP(z,y)).

We get the formula

Fy = 3x((VyP(x,y) — Va-P(y,z)) A (Vo-P(y, x) — VyP(z,y))),

equivalent to Fi, that contains neither redundant quantifiers, nor «—’s.
Step 3: Eliminate —.

In F» we replace VyP(z,y) — VYz-P(y,x) by “VyP(z,y) VVz-P(y,x) and
Ve-P(y,x) — YyP(x,y) by -Vz-P(y,x) VVyP(z,y).

We get the formula

Fs = 3x((-VyP(z,y) VVa-P(y,x)) A (-Va=P(y,z) vV VyP(z,y)))

, equivalent to Fy, that has no redundant quantifiers, no «—’s and no —’s.
Step 3. Rectify the formula.

The formula Fj3 is not rectified because both variables are quantified more
than once, and y has both free and bound occurrences. We will first take care
of z, and then of y. The variable x is quantified three times, once by 3 and
twice by V’s. We apply rule 1 twice to relabel the first two = quantifiers.

We choose the variable z, that does not occur in Fj, replace the first quan-
tifier 3z by 3z and substitute z for all free occurrences of z in (=VyP(z,y) V
Va—P(y,x)) A (-Vz—-P(y,x) VVyP(x,y)).

We get the formula

F2((=VyP(z,y) VVz-P(y,z)) A (=Va-P(y,z) V VyP(z,y)))

that is equivalent to Hs.

Next, we relabel the subformula Vz—P(y,x). We replace x by v and we get
the formula

F2((=VyP(z,y) V Vo-P(y,v)) A (=Vz=P(y,z) V VyP(z,y))).
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The above formula is not rectified since y occurs both free and bound. So
we must apply rule 2 to relabel the two subformulas VyP(z,y). In the first
subformula we relabel y by w and we get the formula

Fz((=VwP(z,w) VVo-P(y,v)) A (=Vz—P(y,z) VVyP(z,y))).

Now we replace the y in the subformula VyP(z,y) by y1. We get the formula

G = Fy = 3z((-VwP(z,w) V Yv=P(y,v)) A (=Va-P(y,z) V Vy1 P(z,91))).

The formula G is equivalent to F', is rectified, and does not have «—’s and

—’s.
After we rectify the formula we can find a prenex form.

Definition 2.5.17 (prenex form) We say that F is a prenex form if F =
Q111Q2x3 ... Qnr,G where Q1,...Q, are quantifiers and G contains no quan-
tifiers. The formula G is called the matriz of F, and written FM.

Examples 2.5.18 1. F = Va3yVz(P(z,y) A =Q(2)) is a prenex form because
all quantifiers are in front.

2. F =Vx(3yP(z,y) — Q(z)) is not a prenex form because Jy is dominated
by —. Notice that the ( in front of Jy tells us that the formula is not a prenex
form.

3. F = 3zVyP(x,y,z) is a prenex form.

The last example shows that a prenex form can have free variables.

Now we will show that every formula has a prenex form.

Lemma 2.5.19 (The Prenex Form Lemma) Every formula H has a prenex
form that does not contain redundant quantifiers, <——’s and —’s.

Proof: From The Rectification Lemma we know that H has an equivalent
formula I that is rectified and does not contain neither «—— nor —. The only
connectives of I are -, A, V and the quantifiers.

We have to find a prenex form of I. For this we transform the semantic
equivalences from Tables 2.27, 2.28, 2.29 into rewrites by orienting them towards
the formula that has the quantifier in front. We get the simplifications shown in
Figure 2.35. The first two come from Table 2.27 and the rest from Tables 2.28
and 2.29. We will show that whenever we apply a rewrite from Figure 2.35 to
a rectified formula J , the result is a rectified formula K equivalent to J.

First let us show that K = J. If we apply the first two rewrites, then I = J
from Table 2.27. Let us assume that we apply one of the other 8. We will show
that x is not free in G. Since J has no redundant quantifiers, there is a free
occurrence of x in F'. Now assume that x occurs in G. Then, that occurrence
of = is either free or is bound somewhere else in J. In the first case, x has
both free (in G) and bound (in F') occurrences. In the second case we have two
quantifiers with the same argument x. In either case, J is not rectified.

So, x does not occur in G fulfilling the condition of Tables 2.28 and 2.29.
So, K =J.

It remains to show that K is rectified.

First we notice that J is rectified iff it satisfies the following properties:
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1. =VoF = Jz—F

2. ~J2F = VzF
3. VeF NG = Va(F ANG)
4. VoF VG = Vz(F VG)
5. IaF NG = Jx(F AG)
6. 2F VG = Jz(FVG)
7. GAVzF = V2(G A F)
8. GVVzF = V(G V F)
9. GATzF = Jx(GAF)
10. GV 32 F = Jx(G V F)

Figure 2.35: Rewrites for computing a prenex form

(1) if x occurs free in J, there is no quantifier Qx

(2) for every x there is at most one quantifier Q.

(3) if QzG is a subformula of J, then G has occurrences of z.

The rewrites change the position and/or the type of one quantifier while pre-
serving its argument. For each each variable x and each rewrite in Figure 2.35,
the number of quantifiers Qx on the left is equal to the number of quantifiers
Q'z on the right. So, the rules preserve properties (1) and (2). Moreover, the
scope of Qx on the right hand side includes the scope of @’z on the left hand
side. So, the rules preserve property (3).

Since J satisfies conditions (1)-(3), and the rewrites preserve them, K is
rectified.

Now we apply the rewrites from Table 2.35 until all quantifiers are in front
of the formula. We need to show that

(4) if the formula is not in prenex form we can apply one of the 10 rewrites,
and

(5) we can find a prenex form after a finite number of applications of the
rewrites.

The proof of (4) is easy. If J is not in prenex form then some occurrence of
a quantifier Qx is dominated by an occurrence of one of the connectors -, A, V
(Exercise 2.5.9).

Let ¢ be the tree representation of J, A the address of Qx and B the address
of the connective. For example, in Figure 2.36, the quantifier at address 0.1.0
is dominated by the — at address .

Let us look at the ancestors of A that are labeled with one of the connectives
-, V and A. The set is not empty because it contains B. Let C' be the address
of the ancestor labeled with one of these 3 connectives that is closest to A. In
Figure 2.36 that ancestor is C' = 0. Now one, or both, of the children of C' is
labeled with a quantifier. The subtree at address C' has one of the 10 forms
shown on the left-hand sides of the rewrites from Figure 2.35.

Now let us show that the rewrite rules terminate. For each rewrite I = J, I
and J have the same number of quantifiers. Moreover, the sum of the distances
of the quantifiers from the root decreases with each application of =>. So, the
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Yy 0.1
P(f(z),a) | 0.0
Vo 0.1.0
A 0.1.0.0
- 0.1.0.0.0
P(z,b) 0.1.0.0.1
Q(u,a,y) 0.1.0.0.0.0

Figure 2.36: The negation dominates the quantifiers
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sequence of rewrites
11:>12:>13$...:>In
must terminate. Q.E.D.

The next transformations do not preserve semantic equivalences, but this is
no problem since we are interested only in the preservation of the satisfiability.
So, we define the s-equivalence, =;.

Definition 2.5.20 (satisfiably equivalent) Let F' and G be formulas. We
say that F' is s-equivalent to G, and write F =5 G, if both are satisfiable or both
are unsatisfiable.

Proposition 2.5.21 The relation =g is an equivalence relation on the set of
FOL formulas. It is weaker than the semantic equivalence =, because F' = G
implies F =45 G but F =4 G does not always imply F = G.

Proof: The proof of the first part is left as exercise (Exercise 2.5.12).

Let us show the second part, that two formulas can be satisfiably equivalent
without being equivalent. Let ' = P and G = PY. Then P =; PY because
both are satisfiable. However, Pf # P because any structure A with AP[P)] =
1 and AP[PY] = 0 is a model for F and a countermodel for G.

Since F' = G implies F' =, G but not vice versa we conclude that = is finer
than =;. Q.E.D.

The next step in the computation of a formula is to close the formula, i.e.
to bind each free variable with an existential quantifier inserted in front of the
formula. We call the result the closure of the formula.

For example, the closure of G = VzP(x, f(y), 2) is JyF=VaP(x, f(y),z). The
formula Jx32VyP(x, f(y), 2) is also a closure of G. We refer to these formulas
as the closure because the closures are semantically equivalent ( the relation
Jx3yF = Jy3aF of Figure 2.26 allows us to change the order within a sequence
of existential quantifiers).

Lemma 2.5.22 (The Closure Lemma) For every formula F there a closed
formula G that is satisfiably equivalent to it.

Proof: We will prove that the s-equivalence H =, 3xH holds for all z and H.

Then the lemma follows because every time we add an existential quantifier
we preserve the s-equivalence.

If z is not free in H then H = dxH, because dz is redundant. So, let us
assume that H has free occurrences of x.

We need to show that

(1) if H has a model, so does JzH, and

(2) if 3zH has a model, so does H.

We prove (1) first. Assume that A[H] = 1. Since Ajy_za) = A, Ajpga)[H] =
1. Then A[3zH] =1 from the interpretation of Jz.
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(2) Assume that A is a model of 3z H. Then, from the interpretation of Iz,
there are some d in the universe of A such that Ap,_q[H] =1. So, Ap—q is a
model of H. Q.E.D.

Observation 2.5.23 Every model of G is a model of 3zG, but not vice versa.
For example, let G = P(z) and A be a structure with universe D = {3,4}. Let
PA[3] =0, PA[4] = 1, and 2 = 3. Then

A[P(x)] = PA[zA] = PA3] = 0.

At the same time,

ABzP(z)] = Ay g [P(@)][ V] Ay [P(2)]

= PABLV] PAY]

=0 Vvji=1

The difference between the interpretations of G and JzG is that G works with
a single value of x while 322G searches the universe for a value of x that would
satisfy G.

So, G =, JzG is always true, but G = JxG is sometimes false.

For the next step we need the notion of the matriz of a formula.

Definition 2.5.24 (matrix of a formula) Let F be a formula. The matriz

of F is the formula obtained by removing all quantifiers (and their arguments)
from F. We denote the matriz of F by FM.

Examples 2.5.25 1. The matrix of F = Vz(3yP(z,y) A Q(z)) is FM =
(P(z,y) A Q).
2. The matrix of F = VaIy(P(z,y) — Q(x)) is FM = (P(x,y) — Q(z)).

The next step in the computation of the normal form is to Skolemize the for-
mula. Skolemization means to replace the existentially quantified variables by
functions having as arguments the universally quantified variables that are in
front of the existential variables. The input to this algorithm is a closed prenex
formula, that is, a formula F = Qi1 ... Qnz,F™ with no free variables. We
start with the leftmost existential quantifier. Assume that Q;x; = Jx; is the
leftmost existential quantifier. This means that @1 = Q2 =... =Q;,—1 =V. We
create a new function symbol, f, that does not occur in F™, and replace every
occurrence of z; in F™ by f(x1,...,2,_1). If i = 1, i.e. the leftmost quantifier
of F' is existential, we replace x by a constant.

We get a formula G = Q121 ... Qi 12— 1Qir1Tiv1 - - Qurn FM[x;/ f(21,. . .,

xi—1)]. We repeat the elimination until the formula has no more existential
quantifiers.

Examples 2.5.26 1. Let us Skolemize the formula H = JzVy3zP(a, z, f(y), 2)-

The leftmost existential quantifier is 3x, so we eliminate it first. There are
no universal quantifiers in front of it, so we replace x by a constant that is not
in the formula. Since a occurs in H, we replace x by b. We get the formula

Hy =Vy3zP(a,x, f(y), z)[x/b] = VyIzP(a,b, f(y), 2).



230 CHAPTER 2. FIRST ORDER LOGIC

Next we remove the leftmost existential quantifier from H;. The quantifier
dz is preceded by Vy, so z will be replace by a function of argument y. Since f
already occurs in the formula, we replace z by g(y). We get the formula

Hy =VyP(a,b, f(y),2)[z/9(y)] = VyP(a,b, f(y), 9(y))-

The formula Hs does not have any existential quantifiers, so the algorithm
stops.

2. Let us Skolemize the formula I = Vz3yVz3u(P(z, f(y),u) A Q(u, 2, a)).

We eliminate the leftmost existential quantifier first. Jy is preceded by Vz,
so we replace y by g(x). We cannot use f because f is already in I*. We get

Iy = ¥z 3u(P(a, £(y),u) A Q(u, 2, a))y/g(x)

= VaVz3u(P(z, f(g(x)),u) A Qu, z,a)).

Next we eliminate the leftmost existential quantifier of I;. We replace u by
the function h(x, z) because the quantifiers Vz and Vz are in front of Ju. We
get

I = ¥av=(P(a, f(g(2)), u) A Q(u, 2, a))u — h(z, 2)

= VaVz(P(x, f(g(x)), h(zx, 2)) A Q(h(x, 2), 2, a).

The last formula has no more existential quantifiers, so the algorithm stops.

Lemma 2.5.27 (The Skolemization Lemma) Let F' = Vi1 Vys ... Vy,IzG
be a rectified formula and let f be a function symbol that is not in F. Then

F =, H=YyYy2.. VynGlz/f(y1, -, yn)]

Proof: We need to show that

(1) if F has a model, so does H, and

(2) if H has a model, so does F.

We prove (1) first. Let A be a structure with universe D. Since A is a model
of FF =Vy1Yys ... Vy,3zG,

for all dq,...,d, € D there are some d € D such that

(3) Ay —di)...lyn —dn]lo—a)|G] = 1.

Now let B be the structure that is identical to A except for the interpretation
of f.

We define fB[dy,...,d,] to be one of the d’s that satisfy relation (3). So,

for all dy,...,d, € D,

(4) Apys ] fyn—dnllo—rBldr,....da) [G] = 1.

Since f does not occur in G, A[y1<~d1]-..[yann][waB[dh...,dn]] and B[y1<—d1]...[yw—dn][waB[dh..qdn]]
agree on G, so

(5) Afyy—di)...fyn —dnllz— 5 (dr,.sdall (Gl = Blyy—d)...lyn —dnlz—rB(ds, ... dn)) [C]-

Now,

BVy1Vy2 .. YynGlz/f(y1,. - yn)]] =1

iff for all dl, ey d, € D, B[Vyu—dﬂ...[yn*—dn][W—fs[dl,m,dn] [G[J?/f(yl, Ce ,yn)]] =
1 from the interpretation of ¥

iff foralldy,...,d, € D, B[VylHdl]-»»[yann][wHB[Vylhdl]...[yn_dn][f(y1,...7fn)]] [G] =
1 from The Translation Lemma

iff for all dy,...,d, € D, B[Vyl<—d1]...[ynedn][waB[dh...,dn]] [G] =1 from the
evaluation of Blyy, —d,]...[yn—d, ] [f (W1, fn)]

iff dy,...,d, €D,
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Biyy, —di)...[yn—dulfw—5ds....a,)) [G] =1 from (5)
The last statement is exactly (4) which is true.

Now we prove (2). We will show that every model of H is also a model of

Let A be a model of H. Then

A[H] =1

iff for all dy,...,d, € D, A[yledl]...[yngdn][G[x/f(yh coyn)]] =1

by the interpretation of the universal quantifiers

iff for all dy,...,d, € D, A[ylgdl],,,[yngdn][wHA[f(yhmyn)]][G] =1 Dby The
Translation Lemma

The last relation yields

foralldy,...,d, € D therearesome d € D such that Ay, . q,1.. 1y, —dn]fz—a] [G] =

iff for all dy,...,d, € D Ay, —q,]..[y,—d,][37G] =1  interpretation of 3z

iff A[Vy;...Vy,3zG] =1  interpretation of the V’s

iff A[F] = 1.

We can apply The Translation Lemma to G because Vy; ... Vy,3xG is rec-
tified. So, G has no occurrences Q1y1, ..., Qnyn. Then f(y1,...,yn) is free for
zin G. Q.E.D.

Observation 2.5.28 The proof of The Skolemization Lemma tels us that every
model of H is a model of F' (part 2 of the proof), but not every model of F' is
a model of H.

The notions of literal and clause are the same as in propositional logic.

Definition 2.5.29 (literal, positive literal, negative literal, clause) 1. A
literal is either an atomic formula or the negation of an atomic formula. If the
literal contains the negation it is called a negative literal; otherwise it is called
a positive literal.

2. A clause is a (possibly empty) disjunction of literals.

The Skolemization Lemma allows us to get rid of the existential quantifiers. The
next step is to put the matrix of the formula in clause form. The matrix does
not contain any quantifiers, so we can apply Algorithm 1.7.12 from Section 1.7.
The result is a Skolem normal form.

Definition 2.5.30 (Skolem normal form) 1. Skolem normal forms or Skolem
forms are closed formulas of the type Vy1Vys ... Yy, Nivey Ci, where C;, 1 < i <
m, are clauses.

2. A Skolem normal form of F is a Skolem form that is s-equivalent to F.

Now let us combine all the little transformations presented so far into an algo-
rithm that computes Skolem forms.
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Algorithm 2.5.31 (The Skolem Form Algorithm) Step 1. Eliminate re-
dundant quantifiers.

We apply the reduction

if z is not free in G, replace QxG by G

until there are no more redundant quantifiers. We get a formula F; equiva-
lent to Fy = F.

Step 2. Eliminate the «—’s from Fj.

We replace every occurrence of G «— H by (G — H) AN (H — G). We
can minimize the number of reductions by applying this simplification to the
formulas G «— H that do not have «—’s in neither G nor H. This way we
eliminate all —’s in n[«—, F}] steps. We get a formula F; equivalent to Fj.
Step 3. Eliminate the —’s from F.

We replace every subformula G — H in Fy by =GV H. We get a formula
F3 equivalent to F, whose only connectives are =, A, V and the quantifiers.
Step 4. Rectify the formula Fj.

We use The Relabeling lemma to rename the variables that are quantified
more than once and the ones that occur both free and bound. We get a rec-
tified formula Fy equivalent to F3 whose only connectives are =, A, V and the
quantifiers.

Step 5. Find the prenex form of Fj.

We pull out all quantifiers of Fy using the rewrites from Figure 2.35. We
obtain a formula Fy equivalent to Fy, that is in prenex form and contains only
the connectives -, A, V and the quantifiers.

Step 6. Close F5.

We bound all free variables of F5 with existential quantifiers inserted in front
of the formula. We get a formula Fg, that is s-equivalent to F5. Then Fj is a
closed prenex form whose only connectives are =, A, V and the quantifiers.
Step 7. Skolemize Fg.

We replace every existential quantifier by a new function having as argu-
ments the universal quantifiers that precede it. We obtain a prenex form Fr
whose only connectives are =, A, V and the universal quantifiers.

Step 8. Put the matrix of F7 in clause form.

Here we treat the matrix of F; as a formula in propositional logic and apply
Algorithm 1.7.12 from Section 1.7. Since the matrix does not contain neither
«——’s nor —’s, we can skip the first two steps of the algoritm. So, we start by
pushing the negation inward.

Step 8.1. Push the negation inward until it disappears or it rests in front of an
atomic formula.

We apply the rewrites

1. =G

2. -(GANH)= (-G V —H)

3. 2(GVH)= (-G A-H)

until all remaining negations rest on atomic formulas.

Step 8.2. We distribute V over the A.

We apply the rewrites

1. GANH)VI= (GVI)AN(HVI)
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2.IV(GANH) — (IVG)AN(IV H)

until the formula is a conjunction of clauses.
Step 8.3. We simplify the matrix by applying the tautology, unsatisfiablity and
absorption laws from Table 1.47.

The clause form is equivalent to the original matrix, so the output of step
8, Fy, is equivalent to F7.

Theorem 2.5.32 (The Skolem Form Theorem) FEvery formula is satisfi-
ably equivalent to a set universally quantified clauses.

Proof: We will show that Algorithm 2.5.31 correct. The Rectification Lemma
proves that the first 4 steps terminates and Fj is equivalent to F', is rectified and
nl«—, F4] = n[—, F4] = 0. The Prenex Form Lemma proves the termination
and the correctness of the fifth step. The termination and the correctness of
Steps 6, and 7 are established by The Closure Lemma and The Skolemization
Lemma, in this order. The correctness of the last step, that the matrix is
equivalent to a set of clauses, is assured by The CNF Theorem from Section 1.7.
Q.E.D.

Now let us apply the algorithm to compute CNF’s for two formulas. For
clarity, we will replace the outermost parentheses of the formulas by braces and
brackets.

Example 2.5.33 Let us compute a Skolem form for F = —{[Vz(P(z) —
Q(2) AV2Va(P(z) — (Q(x) — R(z)))] — Va(P(x) — R(2))}.
Step 1. Eliminate redundant quantifiers.
The quantifier Vz is redundant in VzVz(P(x) — (Q(x) — R(z))) because
z is not free in Vo (P(x) — (Q(x) — R(x))). So we remove it and get
Fy = ~|{[Va(P(z) — Qz))\Vz(P(z) — (Q(z) — R(z)))] — Va(P(z) —
R())}.
Step 2. Eliminate «—’s from Fj.
We do not have «+—’s in Fy, so Fy, = F}.
Step 3. Eliminate —’s from F5.
We replace the —’s from left to right by using the rewrites G — H —
-GV H.
R 1;)2}= ~{[Va(P(z) — Qx))\Vz(P(x) — (Q(z) — R(z)))] — Va(P(z) —
x
2 V(0P Q) AY(PlE) — (@) — R — Vo(Pe) —

~—

R(x
R T {Vz(=P(z) vV Q(x)) AVz(=P(z) V (Q(z) — R(z)))] — Va(P(z) —
R mE

()

{Va(=P(z) vV Q(z)) ANVz(=P(x) V (=Q(z) V R(x)))] — Va(P(z) —

{=lVa(=P(z)vQ(z))A\Va(~P(z)V(-Q(z)VR(2)))|VVz(P(z) — R(z))}
~{=[Va(=P(z) V Q(z)) A Vz(=P(z) V (=Q(z) V R(z)))] V Va(~P(z) V
R(z))} = F3

Step 4. Rectify Fj3.

~—
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The variable x is quantified 3 times, so we replace the 2’s in Va (=P (z)VQ(x))
by y and the 2’s in Vz(=P(z) V (-Q(z) V R(z))) by z. We get the formula

Fy = ~{~[¥y(~P(y) V Q) A V2(~P(2) V (~Q(2) V R(2)))] V ¥a(~P(z) v
R(2))}.
Step 5. We find the prenex form of Fj.

We underline the quantifiers that we pull out.

Fy = ={=[Vy(=P(y)VQ(y))A\Vz(~P(2)V(-Q(2)VR(2)))]V¥z (=P (z)VR(x))}
= Wa{=[Vy(=P(y) VQ(Y)) AVz(=P(2) V (=Q(2) V R(2)))]V (=P (2) vV R(x)) }
= Je={=[Vy(=P(y) VQ(Y)) AVz(=P(2) V (=Q(2) V RB(2)))]V (=P (2) vV R(x)) }
= J={Vy[(=P(y) VQ(Y)) AV2(=P(2) V (=Q(2) V R(2)))]V (=P (2) v R(x)) }
= Je-{3y-[(=P(y) VQ(Y)) AV2(=P(2) V (-Q(2) V R(2)))]V (=P (2) V R(x)) }
= =3y {-[(=P(y) VQ(Y)) AVz(=P(2) V (=Q(2) V B(2)))]V (=P (2) v R(x)) }
= Javy—~{=[(=P(y) VQ(y)) A\Yz(=P(2) V (-Q(2) V R(2)))]V (=P (2) V R(x)) }
= JaVy—~{-Vz[(=P(y) V QW) N (=P (2) V (-Q(2) V R(2)))]V (=P (2) V R(x)) }
= JaVy—~{3z=[(=P(y) VRW) N (=P (2) V (=Q(2) V R(2)))]V (=P (2) V R(x)) }
= JaVy-Iz{=[(=P(y) VQW) N (=P (2) V (=Q(2) V R(2)))]V (=P (2) V R(x))}
= JavyVa—{=[(=P(y)VQ(y) AN (=P (2)V(-Q(2)VR(2)))]V(~P(x)VR(x))} =

Fs
Step 6. Close F5.
F5 has no free variables, so, the closure of Fy is Fg = F5.
Step 7. Skolemize Fg.
We replace x by a.
Fr = WyYz—{~[(~P(y)VQ) A (~P(:)V (~Q(2) VR())]V (~P(a)V R(a))}
Step 8. Put the matrix of F7 in conjunctive normal form.
We first push the negation inward. At each step we underline the negations

that are rewritten.
Fr = VyVeo{-[(-Py) VQY) A (=P (2)V (-Q(2) V R(2)))]V (= P(a) V R(a))}
= VyVz{=o[(=P(y) V Q) A (=P (2) V (=Q(2) V R(2)))] A= (=P(a) V R(a)) }
= VyvV2{[(=P(y) V Q(y)) A (=P(2) V (=Q(2) V R(2)))] A (2=P(a )/\ﬁR(a))}
= VyvVz{[(=P(y) VQ(y)) A (=P (2) V (=Q(2) V R(2)))] A (P(a) A =R(a))}.
At this point we are done since Fz = VyVz{[(=P(y) V Q(y)) A (—|P(z)
(—Q(2) V R(2)))] A (P(a) A =R(a))} is a CNF. The set of clauses of Fy is

{=P(y),QW)}, {=P(2), ~Q(2), R(2)}, {P(a)}, {~R(a)} }.

Example 2.5.34 Let us find a Skolem form for F = —{[VaVy(P(z,y) —
Py, 2)) \Yavg ¥z ((Pla, y)AP(Y, ) — P, 2))] — (Ye3yP(e,y) — YaP(z,2))}.
Step 1. Eliminate redundant quantifiers.

We do not have redundant quantifiers here, so F; = F.
Step 2. Eliminate «—’s.

We get

Iy = ~{[VaVy(P(z,y) — P(y, 2))\VaVy¥Vz((P(z, y)AP(y, 2)) — P(x,2))] —
[(V23yP(z,y) — VaP(x,x)) A (VzP(x,x) — YaIyP(z,y))]}.
Step 3. Eliminate —’s.

We eliminate them from left to right

Iy = A{[VaVy(=P(x, y)VP(y, 2)) A\VaVyVz((P(z, y) AP (y, 2)) — P(z,2))] —
[(VzIyP(z,y) — YaP(x,x)) AN VeP(z,z) — VaIyP(z,y))]}
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= ~{[VaVy(=P(z,y) vV P(y,x)) A\VaVyVz(~(P(z,y) A P(y, 2)) V P(z, 2))] —
(Va3yP(z,y) — VaP(x,x)) A (VeP(z,x) — YazIyP(z,y))|}

= —{-[VaVy(=P(z,y) V P(y, z)) AVaVyVz(~(P(z,y) A P(y,z))V P(z,2))] V
[(VzIyP(z,y) — YaP(z,x)) AN VeP(z,z) — VaIyP(z,y))]}

= ~{-[VaVy(=P(z,y) V P(y, z)) AVaVy¥z(~(P(z,y) N P(
[(=VzIyP(x,y) VVeP(z,x)) A (VeP(z,x) — VzIyP(x,y))]}

= ~{~[VaVy(=P(z,y) V P(y,z)) A\VaVyVz(=(P(z,y) A P(y,2))V P(z,2))] v
[(=VaTyP(x,y) VVaxP(x,z)) A (-VaP(x,z) VVrIyP(z,y))]} = F3
Step 4. Rectify Fj3.

We relabel = and y in VaVy(—P(z,y) V P(y,x)) by u respectively v. We get

F5 = —~{=[VuVo(=P(u,v)VP(v,u)) \VeVyVz(-(P(z, y) APy, z)) VP(x, 2))]V
[(=VaIyP(x,y) VVaP(x,z)) A (=VaP(x,z) VVeIyP(z,y))]}.

Next, we relabel the z and the y in VaVyVz(—(P(z,y) A P(y, 2)) V P(x, 2))
by w, respectively y;. We get

F; = ~{-[Vuvv(=P(u,v) V P(v,u)) A YwvVy1Vz(-(P(w,y1) A P(y1,2)) V
P(w, 2))] V [(-VzIyP(z,y) VVeP(x,x)) A (=VeP(x,x) VVrIyP(z,y))]}.

Futher on, we relabel x and y in the first Va3yP(x,y) by x1, respectively yo.

F; = ~{-[Vuvv(=P(u,v) V P(v,u)) A YwvVy1Vz(-(P(w,y1) A P(y1,2)) V
P(w,2))] V [(-Vz13y2 P(z1,y2) V Ve Pz, x)) A (-VzP(z,z) VVzIyP(z,y))]}

We relabel with x5 the z’s in the first occurrence of the subformula Va P(x, x)
and get

F; = ~{-[Vuvv(=P(u,v) V P(v,u)) A YuvVy1Vz(-(P(w,y1) A P(y1,2)) V
P(w,2))] V [(=Vz13y2 P(z1,y2) VVra P(za, x2)) A (-VeP(z,x) VVzIyP(z,y))]}.

Finally we change the z in the subformula VzP(z, z) to x3 and get

Fy, = ~{-[VuVv(=P(u,v) V P(v,u)) A VuVy Vz(=(P(w,y1) A P(y1,2)) V
P(w, 2))|]V[(=Vx13y2 P(x1, y2) VVT2 P(22, 22) )N (—Vs P(x3, 3)VVrIy P(z,y))] }.
Step 5. Find a prenex formula for Fy.

We advance the quantifiers u, v, w, y; and z passed the A.

Fy, = ~{-VuVoVwvyVz[(-P(u,v) V P(v,u)) A (=(P(w,y1) A P(y1,2)) V
P(w, 2))]V[(-Va13y2 P(x1, y2) VVa2 P22, 2) ) A (Vs P(z3, 3) VVLIYy P(z, y))]}

Next we advance the quantifiers x1, y2, x3 passed the negations in front of
them.

Fy, = ~{-VuVoVwvyVz[(-P(u,v) V P(v,u)) A (=(P(w,y1) A P(y1,2)) V
P(w, 2))]V[(Zz1Vy2—P(x1,y2) VVae P(x2, 2) ) A (23— P(z3, 3) VVLIY P(2, y))]}

We pass the quantifiers za, 21, y2 and z, y, x3 over the V’s that dominate
them.

Fy, = ~{-VuVoVwvyVz[(-P(u,v) V P(v,u)) A (=(P(w,y1) A P(y1,2)) V
P(w, 2))]V[VeeIz1Vy2 (P (21, y2) V P(x2, 22) ) AV2IyTrs (—~P(zs, 3)VP(z,y))] }

Now we pass the quantifiers u, v, w, y; z over the first negation.

Fy, = ~{FuFvIwIy;3Iz=[(=P(u,v) V P(v,u)) A (=(P(w,y1) A P(y1,2)) V
P(w, 2))]V[Vee3z1Vy2 (P (21, y2) V P(x2, 22) ) AV2IyTzs (—~P(zs, 3)VP(z,y))] }

We advance z, 2, x1, y2, y, T3 passed the A.

Fy, = ~{FuvIwIy;3Iz=[(=P(u,v) V P(v,u)) A (=(P(w,y1) A P(y1,2)) V
P(w, 2))|VVaVxe3r1 Yy JyIas[(—P (21, y2)V P (22, x2) ) A (- P (23, 23) VP (2, 9))]}

We advance z, x2, x1, y2, ¥y, T3, U, U, W, Y1, 2, in this order, passed the V.

y2)V Pz, 2))] v
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Fy = —VaVzo3xq Vya JyTrz FuvIwIy Iz {-[(—~P(u, v) VP (v, u))A(-(P(w, y1 )A
Py1,2)) V Pw, )]V [(~P(21,92) V P(r3,72)) A (~P(23,25) v Pz, )]}

Finally, we move all quantifiers ahead of = and get the prenex form

Fs = Jx3xoVry Jya VyVas VuvovwVy Ve—{=[ (=P (u, v)VP (v, u) )A(—~(P(w, y1)A
P(y1, )V P(w, )]V [(~P(a1,2) V Plas, 22)) A (~P(as,3) v Pz, )]}
Step 6. Close the formula.

Fy is closed, so Fg = F5.
Step 7. Skolemize Fg.

We replace z by a, xo by b, and y2 by f(z1).

F; = Vo VyVasVuvovwVy, Vz—{=[(=P(u, v)VP (v, u))A(~(P(w, y1)AP(y1, 2))V
P(w, 2))] V [(=P(x1, f(z1)) V P(b,b)) A (=P(x3,23) V P(a,y))]}
Step 8. Put the matrix of F7 in conjunctive normal form.

First we push the negation inward. We will do a leftmost computation, i.e.
we will push the leftmost negation inside until it rests on an atomic formula or
it is eliminated.

Fr; = Vo VyVasVuvovwVy Vz{—-=[(=P(u, v) VP (v, u) )A(~(P(w, y1)AP(y1, 2))V
P(w, )] A-[(~P(a1, (21)) V P(b,5)) A (~P(z3,35) v Pla, )]}

= Va1 VyVasVuvoVwYy Vz{[(-P(u,v) V P(v,u)) A (=P (w,y1) V- P(y1,2)) V

P(w, )] A [H(~P(as, £(21)) V P(b,5) V ~(~P(zs, z5) V Pla,y))]}
= VmVnygVquVwale{[(—\ (u,v)V P(v,u)) A((=P(w,y1)V—-P(y1,2)) V
P(w, )] A [(=P(a, (21)) A ~P(b,)) V (~~P(z5,25) A ~P(a, )]}

= Vx1Vny3VquVwa1Vz{[(—| (u,v)VP(v,u)) A((=P(w,y1)V-P(y1,2)) V
P(w, )] A (P(a1, £(21)) A P(b,5)) V (P(zs,75) A ~Pla, )]}

Now we distribute V over A. We underline the V and the A that are involved
in the rewrite.

= Vo VyVasVuVovwVy Vz{[(=P(u, v) V P(v,u)) A ((=P(w,y1) V-P(y1,2)) V
P(w, 2))] A(P(z1, f(21))A=P(b, b)) V(P(x3, 23) A ~P(a,y))]

= YV VyVasVuVoVwVy Vz{[(=P(u, v) V P(v,u)) A ((=P(w, y1
P(w, 2))|N[(P(z1, f(21)) V(P (x5, 23) A~ P(a, y)))A(=P(b, b) v (P(

= Vo VyVasVuVovwVy Vz{[(=P(u, v) V P(v,u)) A ((=P(w, y1
P(w, 2)IN[((P(z1, f(21))V P23, 23)) A(P(1, f(21))V-P(a,y)
P(x3,x3)) A (—P(b,b) V ~P(a,y)))]} = F.

The last formula is a Skolem normal form. Its clause set is {{—P(u, v), P(v,u)},

{=P(w,y1), =P (y1, 2), P(w, 2)}, { P(x1, f(21)), P(x3,23)}, { P(21, f(21)), ~P(a,y)},

{=P(b,b), P(z3,23)},{—~P(b,b), 7 P(a,y)}}.

Exercises

V

NN

V
V

)V —P(y1,2)
x3,x3) /\“P(
)) _‘P(ylv

)
z))
)A((=P(b;b)

Exercise 2.5.1 Prove cases 4, 5, 6, and 8 of The Translation Lemma.

Exercise 2.5.2 Prove the second part of the redundant quantifier elimination
proposition:
if x is not free in F then dxF = F.

Exercise 2.5.3 Show that if t is free for x in F then VaF |= Flz/t].

Exercise 2.5.4 Give a example that shows the above statement is not true when
t is not free for x in F.
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Exercise 2.5.5 Prove the consequence Yx(F V G),~F[z/a] = J2G.
Hint: Use the Translation Lemma.

Exercise 2.5.6 Prove the consequence Vz(F — G),3x(F V G) |= 32G.

Exercise 2.5.7 Let u and v two variables that do not occur in VxVyF'. Prove
that VaVyF = VYuVoF[z/ f (u,v)][y/g(u,v)]

Exercise 2.5.8 In the proof of The Rectification Lemma we eliminated the con-
nective «—— before we performed the rectification. Why?

Exercise 2.5.9 Prove that F is a prenex form iff no instance of an operator
=, A, V, dominates an instance of a quantifier.

Exercise 2.5.10 Prove or disprove:
F is a prenex form iff its matriz is a subformula of F.

Exercise 2.5.11 Prove that the property of being a prenex form is hereditary,
i.e. if F' is a prenex form, every subformula of F' is a prenex form.

Exercise 2.5.12 Prove that =5 is an equivalence relation on the set of first
order formulas.

Exercise 2.5.13 Show that F = G implies F =5 G.

Exercise 2.5.14 Which one of this consequences holds, G = JzG, or 3zG =
G? Prove or disprove.

Exercise 2.5.15 Prove by structural induction that the matriz of formula is a
formula.

Exercise 2.5.16 Prove that every set of FOL sentences is satisfiably equivalent
to a set of clauses. Hint: Add an infinite set of function formulas g} that allow
us to find the Skolem form of each formula.

Exercise 2.5.17 Apply the Skolem normal form algorithm to the formula F =
=(FaVyP(x,y) — YyIz3xP(x,y)).

Exercise 2.5.18 Apply the Skolem normal form algorithm to the formula F =
~((Va(P(x) — Q(z)) A Jx(P(z) — —Q(x))) — Fz—=P(x)).

Exercise 2.5.19 The following algorithm generates better Skolem forms.

Step 1: Eliminate redundant quantifiers.

Step 2: Eliminate «——'s.

Step 3: Eliminate —’s.

Step 4: Rectify the formula.

Step 5: Close the formula.

Step 6: Push the negation inside until it disappears or rests on atomic for-
mulas.
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Step 7: Push the quantifiers inside as far as possible using the rewrite below:

If x is not free in G then

1. Qe(FANG) = QzF NG

2. Qrx(GANF) = G NQuzF

3. Qr(FVG) = QzF VG

4. Qx(GVF)= GV QzF

If need be we can also use the rewrites 5 and 6 to pass a quantifier over a V
or a A.

5. VaVyG = YyVzG

6. JxIyG = Fy32G

Step 8: Skolemize the formula by replacing every existentially quantified vari-
able by a new function of the universally quantified variables that dominate it.

Step 9: Compute the prenex form.

Step 10. Find the CNF of the matriz by applying the distributivity.

In many cases this algorithm generates Skolem functions of smaller arity
than our algorithm, as shown below.

The prenex forms of F' = VaIyP(z,y) AVudv—P(u,v) are equivalent to one
of the following 3 formulas:

Ve3yVudv(P(z,y) A —P(u,v)),

VuFoVaeIy(P(x,y) A =P(u,v)), and

VaVuTuIv(P(z,y) A —~P(u,v)).

These prenex forms generate the Skolem forms

Fy = VavVu(P(z, f(x)) A —P(u, g(x,u)),

Fy = VuVx(P(z, f(u,z)) A =P(u,g(u)), and

Fy =VaVu(P(x, f(x,u)) A =P(u, g(x,u)).

The above algorithm generates G = VaVu(P(x, f(x)) A =P(u, g(w))), so the
arity of at least one of the functions is reduced.

Prove that the new procedure is correct.

2.6 First Order Theories

In this section we look at the relation between formulas and models. For exam-
ple, are there formulas that have only finite models? Are there formulas that
have only infinite models? What properties encountered in mathematics can be
specified in first order logic? Also, what relation is there between structures?

This section will provide examples of formulas that have only finite or only
infinite models, and will present several algebraic structures as formulas in first
order logic.

Definition 2.6.1 (finite and infinite models) Let A be a structure and let
D be its universe. We say that A is finite if D is finite and we say that A is
infinite when D is infinite.

We say that a formula F' has a finite model if there is a finite structure A
such that A[F| = 1. We say that F has an infinite model if there is an infinite
structure A such that A[F] = 1.



2.6. FIRST ORDER THEORIES 239

Example 2.6.2 Every model A of F' = Vx(E(z,a) V E(z,b) V E(x,c)) must
contain interpretations for the constants a, b, and c. At the same time F
requires that every element of the universe must be equal to a*, b4, or ¢. So,
the universe of A is {a, b4, cC}, a set with at most 3 elements.

The universe has 3 elements if at, b4, ¢ are distinct, 2 elements when 2 of
them are equal, and 1 element when a* = b4 = ¢A.

At the same time, every set with 1, 2, or 3 elements is the universe of a
model of F. The set {1} is the universe of a model B with a® = t% = € = 1.
The set {1,2} is the universe of a model C with a® = b = 1 and ¢ = 2. The
set {1,2,3} is the universe of a model £ with a® =1, b =2, ¢& = 3.

Example 2.6.3 The models of G = Vz(E(z,a)V E(x,b)V E(x, ¢)) A\—E(a, b) A
—FE(a,c) AN —E(b,c) have exactly 3 elements. Let’s see why. The formula G is a
conjunction of F, =E(a,b), ~E(a,c), and ~F(a,c). Every model of G must be
a model of F', so the models of G cannot have more than 3 elements. However,
the conditions = E(a, b), ~E(a,c), ~E(b,c) tell us that for every model A of G,
a?t # bA, ot # A, and bA # ¢A. So, the elements a, b4, ¢ of the universe
of A must be distinct, i.e. A4 has exactly 3 elements.

At the same time all sets with 3 elements are the universe of some model of
G. For example {1,2,3} is the universe of the model of G that interprets a as
1,bas 2 and c as 3.

Example 2.6.4 The formula H = Vz—P(x, 2)AVzP(x, f(2))A\VaVyVz ((P(z, y)A
P(y,z)) — P(z,z)) has only infinite models. First we will prove that H has
an infinite model and then we will show that it has no finite model.

Let A be a structure with universe N = {0,1,2,...}, P the ordering <,
and fA the successor function f“4[n] = n + 1. The structure A satisfies the
first conjunct of H, Vz—P(x,z), because for all natural numbers n, n £ n.
It also models the second conjunct of H, because for all natural numbers n,
n < fA[n] =n + 1. Finally, A satisfies the third conjunct of H because for all
natural numbers m, n, and p, n < m and m < p imply n < p. So, A models H
since it satisfies all 3 conjuncts.

Now, let us assume that H has a finite model B. Let dy be an element of
the universe of B. Let’s look at the set

di = fB[do],d> = fBldy],ds = fB[da],.. ..

This set is finite, since it is a subset of the universe of B. So, there must
be some repetitions in the above sequence. Let d; be the first element that is
repeated. Then, there is some 0 < i < 7, such that

(1) d; = d;.
From the second conjunct of H, VxP(x, f(x)), we have
(2) PB[di7di+1:| = PB[diJr]_,diJrQ] =...= PB[djfl,dj] =1

Now we apply the 3rd conjunct of H, VaVyVz((P(x,y)AP(y,2)) — P(x, 2))
to this sequence.

If we assign d; to x, d;y1 to y, and d;ys to z, the 3-rd conjunct tells us
that PB[di,diJrl]PB[diJrl,diJrg]]PB[di,diJrg] is true. But PB[di7di+l],
and PB[d;;1,d; 2], listed in the sequence (2) above, are true. So,
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(3) PB[d;,diya] =1

Now we apply the third conjunct again, this time assigning d;tox,diyo toy
and d1+3 to z. We get that PB [di, dHQFPB Hg, dis)]][—PB[d;, diy3] = 1.
Since PB [dl, dita] =1 from ) and PP[d;y2,d;13] = 1 from (1) we get

(4) PB[d;,d;y3) = 1.

Next we apply the third conjunct assigning d; to x, d;+3 to y and d; 14 to z
and get

(5) PB[d;, d;iy4].

By repeatingly applying the 3rd conjunct we get that

(6) PP[d;, dj] =1

Now we apply the first conjunct, Vz—P(x,z). If we assign d; to x we get

(7) [IPB[disdi] = 1

or

(8) PB[d;,d;] = 0.

Since d; = d; by (1), (8) contradicts (6). So, H has no infinite models.

The first two examples displayed formulas that have only finite models, and
both formulas contained the equality predicate E. Is this by chance, or there is
something more to it? We will show that our intuition is correct, because every
satisfiable formula that does not contain E has infinite models. Moreover, we
will develop tools for proving many other properties of the models.

Definition 2.6.5 (structure homomorphism) Let A and B be two struc-
tures with universes D 4, respectively Di. A function ¢ : Do — Dg is a
homomorphism, if it satisfies the 5 conditions below.

1. For all constants a, a® = ¢[a?].

2. For all variables x, x5 = ¢[zA].

3. For all functions symbols f of arity ¢ > 0 and all g—tuples < ey, eg, ..., eq >
of Dy,

FEoler]. ... dleal] = LfAler, . eqll.

4. For all predicate symbols P of arity 0, PB = PA.

5. For all predicate symbols P of arity g > 0, and all g—tuples < e1, eg, ...,eq >
of Da,

PBgler],. .., dleq]] = PAle, ..., eq).

The homomorphism s called monomorphism when ¢ is one-to-one, epimor-
phism when ¢ is onto and isomorphism when ¢ is a bijection.

Examples 2.6.6 1. Let A be any structure with domain D 4 = {ag,...,an—_1}
and a, be an element that is not in D 4. Let Dg = {ao,...,an-1,an}. We will
extend A to a structure 5 with domain Dg by making a,, mimic a,_1.

So let us define ¢ : Dg — D 4 with the formula below.

d)[ai]:{ & 1fl§én

an-1 Hi=n

The structure B is specified by the following 5 rules:

1. For all constants a, a® = a*.
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2. For all variables z, 28 = 2.

3. For all functions symbols f of arity ¢ > 0 and all g—tuples < dy,da, ..., dq >
of DB,

[Blds, . dy) = FAIGL, . 61d,]).

4. For all predicate symbols P of arity 0, P% = PA,

5. For all predicate symbols P of arity ¢ > 0, and all g—tuples < dy,da, ... ,dq >
of DB,

PBldy,...,d,] = PA[gld1], ..., dld,]]-

We notice that for all d € D 4,

(6) old) = d.

We claim that ¢ is an epimorphism from B to A. Let us show that ¢ satisfies
the 5 conditions of the homomorphism.
Condition 1: for all constants a,

¢la®] = ¢la] by 1, a® =at

=a* by (6)
Condition 2: for all variables x,

¢[z"] = ¢[z] by 2, af = a?t

=a* by (6)
Condition 3: let f be a function of arity ¢ > 0 and eq,...,eq, € DB.
¢[f8[617 R eq]]

= ¢[fA[¢[d1]77¢[dq]]] by 3

= fABld1],. .., p[d,]] Dby (6), since fA[p[d1],...,¢d,]]] € Da.
Condition 4: let P be a predicate constant. Then Pz = P4 by rule 4.
Condition 5: let P be a predicate symbol of arity ¢ > 0 and dy,...,dq be a
g-tuple from Dg. Then

PA[d], .., §ld,]

= PB[dy,...,d,] by rule5.

So, the last homomorphism condition is also satisfied, and ¢ is a homomor-
phism. Since ¢ is onto, it is an epimorphism.

2. Let A be a structure with universe D4 = {ao,...,an—1}. Let S =
{@n,@nt1s- -, Gngm, ...} be a countable set disjoint from D 4. Let De = D4 U
S ={ag,...,an-1,an,...}. The relation below defines a function ¢ : Dg —
Da.

¢[a']:{ a; ifi<n

an_1 ifi>n

The rules for the structure C are same as for B, except that ¢ is replaced by
1. Then we show, just like we did for ¢, that v is an epimorphism from C to A.

The next two lemmas state two properties of the homomorphism that will be
used in the proof of The Homomorphism Theorem.

Lemma 2.6.7 If ¢ is a homomorphism from A to B, and d € universe(A),
then ¢ is also a homomorphism from Ap,—q) to Bly—g[a)-
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Proof: Let ¢ is a homomorphism from A to B and d an element of the domain
of A. Then ¢ satisfies the 5 conditions of Definition 2.6.5. The structures A
and A, g differ only on the interpretation of y and the same is true for the
pair B, Ap,—g[a]- So, conditions 1, 3, 4, 5 are also true when we replace A by
Aly—q) and B by B gjgd,[d] It remains to verify 2. If x # y, then

By—opgle] =

=¢lz?]  by?2

= ¢[Apy—qlz]] A and Ap,. g agree on x

If = y then

Bly—glaplz] = 0ld]

So, condition 2 also holds. Q.E.D.

The next lemma tells us that the homomorphism ¢ : A — B maps the A
interpretation of a term into the B interpretation of the term.

Lemma 2.6.8 (The Homomorphism Lemma for Terms) Let ¢ be a ho-
momorphism from A to B and t a term. Then ¢[A[t]] = Bt].

Proof: The proof is by structural induction on ¢. If ¢ is a constant or a variable,
the equality holds by the homomorphism conditions 1 and 2.

Ift = f(t1,...,t,) then

Blt] = B[f(t1,. .., tn)]

= fP[B[t1],- .., Blta]] by the interpretation of f(t1,...,t,)
= fB[g[Alt ]] ,0[A[tn]]] by the induction hypothesis

= [fA[A[t1], - ,A[tn]]] by condition (3) of Definition 2.6.5
= o[A[f (1, .. 7tn)]] by the interpretation of f(¢1,...,%,)

= o[ Alt]

Q.E.D.

Theorem 2.6.9 (The Homomorphism Theorem) Let ¢ be a homomorphism
from A to B. 1. If ' is a formula without E and without quantifiers, then A is
a model of F iff B is a model of F.

2. If ¢ is a monomorphism and F is a formula without quantifiers, then A
is a model of F iff B is a model of F'.

8. If ¢ is a epimorphism and F is a formula without equality, then A is a
model of F iff B is a model of F.

Proof: Part 1. The proof is by structural induction on F'.
Case 1: F is an atomic formula. Then F = P or F = P(ty,...,t,). If
F = P, then PB = P4 tells us that A is a model for P iff B is a model for P.

Let us now assume that F' = P(t1,...,t,). Then

B[P(t1,...,t,)]

= PB[B[t1],...,B[ts])] by the interpretation of P(t1,...,t,)

= PB[p[A[t1]],...,A[t1]]] by The Homomorphism Lemma for Terms
= PA[A[t1],...,Alts]] by the homomorphism condition (3)

= A[P(t1,...,tn)] by the interpretation of P(t1,...,t,).
Again, A is a model for P iff B is a model for P.
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Case 2: F' = —G. Then

B[-G] =[=]|[B[G]] by the interpretation of =

=[-]lA[G]] by the induction hypothesis

= B[-G] by the interpretation of —

Cases 3,4,5,6: F=GVH,F=GANH,G— H,F =G «— H are similar
to Case 2.
Part 2: ¢ is a monomorphism. The proof is the same except that we need to
show that ’:AE(tl,tg) iff ’:BE(tl,tg).

A[E(t1,t2)] =1

iff Alt;] = Altz] by the interpretation of £

iff ¢[A[t1]] = ¢[A[t2]] because ¢ is one-to-one

iff Blt1] = Blte] by The Homomorphism Lemma for Terms

iff B[E(t1,t2)] =1 by the interpretation of E
Part 3: ¢ is an epimorphism. The proof is identical to Part 1, except that we
need to add proofs for Cases 7 and 8.

Case 7: F =VzG.

BVxG] =0

iff for some e € universe(B), By q[G] = 0 by the interpretation of Vx

iff for some d € universe(A),Bpy— g [G] = since ¢ is onto, e = ¢[d] for
some d € universe(A)

iff for some d € universe(A), Ap—qlG] = 0 by the TH applied the
homomorphism ¢ : Ajyq) — Blz—ga)]

iff AlVzG] =0 by the interpretation of Vz

Case 8: F' = JzG is similar to Case 7. It is left as exercise. Q.E.D.

Corollary 2.6.10 Let F be a formula without the equality predicate.
1. If F has a model with n elements, then it has a model with n+1 elements.
2. If F has a finite model, it has an infinite model.

Proof: 1. Let A be a model of F' with n-elements, ag,...,a,_1. Let a,
be an element distinct from ay,...,a,—1. We recall that the function ¢ from
Examples 2.6.6 is an epimorphism. By The Homomorphism Theorem, Part 3,
A satisfies F' iff B satisfies F. So, B is a model of F. Since the universe of C is
has n + 1, F' has a model with n + 1 elements.

2. We use the function ¥ from Examples 2.6.6. Using the same reasoning
from Part 1 we get that C is a model of F. Q.E.D.

In many cases we do not need all functions and predicates of the full predicate
calculus. The pure predicate calculus does uses neither functions nor equality
and group theory, presented below, employs only the binary function +, the
unary function —, the constant 0 and the equality predicate. Set theory also
uses only two predicates, € and F, and no function symbols of arity greater than
0. However, all of them use a countable subset of variables. We can extend the
concepts and the theorems of the full predicate calculus to the languages that
use a restricted alphabet. So let L be the alphabet that contains all variables of
the full calculus, a possibly empty subset of function symbols, and a non-empty
subset of predicate letters.
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We can modify the definitions from Section 2.1 to define L-terms, L-atomic
formulas, L-formulas. We just make sure that all symbols of these strings are
in L.

Definition 2.6.11 (L-terms) 1. The individual variables are L-terms.

2. If a is a constant of L, then a is an L-term.

8. Ifty, to,..., t, are L-terms and f € L is function symbol of arity n > 0,
then f(ti,ta,...,t,) is a L-term.

Definition 2.6.12 (L-atomic formulas) 1. The predicate constants P are
atomic formulas.

2. Ift; and ty are terms and E € L, then E(t1,t2) is an atomic formula.
The formula E(t1,t2) is read t1 is identical to ts.

8. If P is a predicate symbol of arity n > 1 and t1, ta,..., t, are terms,
then P(t1,ta,...,t,) is an atomic formula. We read it P of t1, ta,..., ty.

Definition 2.6.13 (L-Formulas) 1. The L atomic formulas are formulas.

2. If F is an L-formula then =F is an L-formula, called the negation of F.

3. If F and G are L-formulas then (F V G) is also an L-formula, called F
or G.

4. If F and G are L-formulas then (F' A G) is also an L-formula, called F
and G.

5. If F and G are L-formulas then (F — G) is also an L-formula, called
if F then G.

6. If F and G are L-formulas then (F «—— G) is also an L-formula, called
F if and only if G.

7. If F is an L-formula and x is a variable, then YT F is also an L-formula,
called for all xF. We say that x is the argument of the operator Vx, and that x
is universally quantified.

8. If F is an L-formula and x is a variable then 3xF is an L-formula, called
for some xF' or there exists x such that F. Again we say that x is the argument
of operator 3z and that x is existentially quantified.

Example 2.6.14 We recall that the language of group theory contains only
the binary function +, the unary function —, the constant 0, and the equality
E. For readability purposes we will use the infix notation and eliminate the
parentheses whenever possible. We will also use the more familiar symbol =
instead of the cumbersome E. We will not use = because this symbol belongs
to the meta-language. So, we will write  + y instead of +(z,y) and u = v
instead of F(u,v).

Then 0, z, —y, x +y, —(x + y) are terms of the theory. The strings = = 0,
—(z+y) = —y+—=x are atomic formulas, and Vz3y(x+y) = (y+x) is a formula.

The definitions of subterm and subformula are the same as for full predicate
calculus. A subterm of the L-term t is a substring of ¢ that is an L-term. A
subformula of the L-formula F' is a substring of F' that is an L-formula.

We can also prove the structural induction theorem for the L-terms and for
L-formulas.
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Theorem 2.6.15 (The L-Structural Induction Theorem for Terms) A propo-
sition P[t] is true for all L-terms t if and only if

1. PIt] is true when t is a variable.

2. Plt] is true when t is an L-constant.

3. If f is an L-function of arityn > 0, t1,...,t, are L-terms, and P[t1],. . .,
Plt,] are true then P[f(t1,...,tn)] is true.

Theorem 2.6.16 (The L-Structural Induction Theorem) A proposition P|t]
1s true for all L-formulas F if and only if the following 8 conditions are satisfied.
P[F] is true when F is an atomic formula.
If P[F] is true then P[=F] is true.
If P[F] and P[G] are true then P[FV G] is true.
If P[F] and P[G] are true then P[F A G] is true.
If P[F] and P[G] are true then P[F — G] is true.
[F]
[F]
[F]

If P[F] and P[G] are true then P|F «— G| is true.
If P[F] is true then PNz F] is true.
If P[F] is true then P[3xF] is true.

0 NS G oo~

The proofs of these theorems are identical to the ones from Section 2.2. The
L-structures assign meaning to the symbols of L. They are defined the same
way as the structures from Section 2.3.

Definition 2.6.17 (L-structure) An L- structure is a 4-tuple A =< |A|, AT, AP, AV >
that satisfies the following conditions:
1. |A] is a non-empty set called the universe of the structure,
2. AT assigns to each function symbol g € L a function A7 |g];
2.1. if g has arity 0, Af[g] € |A],
2.2. if g has arity n > 0, then Af[g] : |A|" — |A|,
3. AP assigns to each predicate symbol P € L a function AP[P] with codomain
{0,1};
3.1 if P has arity 0, AP[P] € {0,1},
3.2. if P has arity n > 0, then AP[P]:|A|" — {0,1}, and
4. AV assigns to each variable x an element in |A|.

Observations 2.6.18 1. If L does not have any function symbols, then Af
is undefined; if it does not have any predicate symbols, A? is undefined. For
example, the group theory presented in Example 2.6.14 has no predicate symbol
besides E.

2. If we are only interested in the truth value of the closed formulas, we can
ignore A".

The Unique Readability Theorem holds for the terms and the formulas of
L, so we can define the semantics of the L-terms and L-formulas according to
Definitions 2.3.3, 2.3.5, and 2.3.8. Since L-formulas are formulas in the full
predicate calculus, The Agreement Theorem is also valid for L.

We define L-homomorphisms by modifying Definition 2.6.5.
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Figure 2.37: The group axioms

Definition 2.6.19 (L-structure homomorphism) Let A and B be two struc-
tures with universes D4, respectively Dy. A function ¢ : Dgp — Dpg is a
homomorphism, if it satisfies the 5 conditions below.

1. For all constants a € L, a® = ¢[a*].

2. For all variables =, 5 = ¢[z*].

8. For all functions symbols f € L of arity ¢ > 0 and all g — tuples <
€1,€2,....,eq > 0of D4,

FE0ler].- . dleql] = LFAlers . el

4. For all predicate symbols P € L of arity 0, PB = PA,

5. For all predicate symbols P € L of arity ¢ > 0, and all ¢ — tuples
< ey,€2,...,69 > of Dy,

PBgler],. .., dleq]] = PAle, ..., eq).

The Homomorphism Theorem is also valid for the L-formulas. The proof
is identical to the preceding one, except that we prefix the words function,
predicate, constant, term and formula by the letter L.

Now, let us talk about first order theories. A first order theory, or theory for
short, consists of an alphabet L as defined above together with a set of formulas
called azioms. A model of a theory is an L-structure that is a model for all the
axioms.

Example 2.6.20 Let us define the theory of groups. We already know the
alphabet L; it consist of variables, the function symbols +, —, and 0 and the
equality symbol E. The axioms of the theory, are displayed in Figure 2.37. The
first formula states that the operation + is associative, the second that 0 is a
left zero, the third that 0 is right zero, the fourth that — is a left inverse for +,
and the fifth that — is right inverse for +. We use the notation introduced in
Example 2.6.14.

Let us look at some models of this theory. The universe of the first model is
the set of real numbers R. The symbols 4+, —, 0 are interpreted as the +, the
opposite, and the 0 of the real numbers.

The second model has as universe the set of real numbers minus zero. The

symbols +, —, 0 of L are the multiplication, the inverse, and the 1 of the real
numbers.

A third model has as universe the permutations of the set {0,1,2}. The
symbols +, —, 0 are the composition, the inverse permutation and the identity

permutation.
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(1) VzR(z, x) (reflexivity)

(2) Ve R(z, ) (irreflexivity)

(3) Vavy(R(z,y) — R(y,z)) (symmetry)

(4) VaVy((R(z,y) AN R(y,x)) — = =1y) (antisymmetry)
(5) Ve3yR(y,x)  (left connectiveness)

(6) Ve3yR(z,y)  (right connectiveness)

(7) VaVyVz((R(z,y) A R(y, z)) — R(x,z))  (transitivity)
(8) VaVy(R(z,y) Vo =y V R(y, z)) (linearity)

Figure 2.38: Relation properties

In all three models we did not specify the interpretations of the variables
because the axioms are closed formulas, so the truth value of the axiom does
not depend on the particular interpretations of the variables.

Now let us use first order theories to describe relations on a set. The alphabet
consists of a binary predicate R and the identity =. There is no need to specify
the domain of the relation because every model A of R has a universe and R4
is a relation on the universe.

Figure 2.38 shows the formulas that correspond to reflexivity, irreflexivity,
symmetry, antisymmetry, left and right connectiveness, transitivity, and linear-
ity. Properties like R is a well ordering and R is a well founded ordering cannot
be formalized in this theory. Let us see why. We recall that a relation R is a
well ordering on the set A if all non-empty subsets of A have a least element.
Similarly, R is a well-founded ordering on the set A if all nonempty subsets of A
have a minimal element. But how do we describe the fact that S is a subset of
A? This is not hard since every unary predicate P is interpreted as a subset of
the universe. That subset is the set of all elements d of the universe that satisfy
PA[d] = 1.

So, the statement that a non-empty subset has a least element is written as
(5).

() FeP(x) — Fy(Ply) AV=(P(z) Ay = 2) — R(z,1)).

The formula JzP(x) tells us that the subset defined by P is not empty,
and Jy(P(y) AVz((P(z) A~y = 2) — R(z,y))) tells us that the subset has a
minimal element (namely y).

However, if we want to say that every non-empty subset has a least element
we must write

(1) VP(FzP(z) — Jy(P(y) AVz((P(2) A -y = 2) — R(z,y))).

But what have we done? We quantified a predicate symboll This is allowed
in second order logic, but not in first order logic. So, formula () is not in the
first order logic?.

The theorems of a theory are the formulas that can be obtained from its
axioms by some well defined inference rules, like the resolution, that will be

4The formula R is well-founded is a FOL formula in set theory. There well-founded(R) is
irre flexive(R) A transitive(R) AVz((x # ¢ Az C domain(R)) — Jy(y € zAVz((z € z Ay #
z) — R(y,2))))-
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discussed in Section 2.11. The inference rules are said to be sound when the
theorems are valid in every model of the theory. If every consequence of the
axioms is a theorem, we say that the set of the inference rules is complete.
Exercises

Exercise 2.6.1 Find a formula whose models have at most 4 elements.
Exercise 2.6.2 Find a formula whose models have at least 4 elements.
Exercise 2.6.3 Find a formula whose models have exactly 4 elements.
Exercise 2.6.4 Write a formula F that is satisfied by all structures of size n.
Exercise 2.6.5 Prove Case 8 of Part 8 of The Homomorphism Teorem.

Exercise 2.6.6 Let ¢ be an isomomorphism from A to B and F be a formula.
Prove that =, F iff EgF

Exercise 2.6.7 We say that two structures A and B are elementarily equiv-
alent, written A = B, if they satisfy the same set of formulas. Prove that
whenever B is elementarily equivalent to a structure with n elements, B must
also have n elements.

Exercise 2.6.8 Find two countably infinite structure A and B such that A = B,
but the universe of A is a proper subset of the universe of A.

Exercise 2.6.9 Define a group homomorphism.

Exercise 2.6.10 The theory of semigroups has an operation + that is asso-
ciative. Show that the structure with universe {a,b}" and the concatenation
operation is a semigroup.

Exercise 2.6.11 Write the formulas that define the algebraic structure named
ring. A ring has two operations, * and +. The operation + is associative,
commutative, has an identity written 0, and every element has an inverse (with
regard to +). The operation * is associative. Moreover the operation * dis-
tributes over +, i.e. the equalities

xx(y+z)=(zxy)+(x*xz) and (y+2)xx=(y*2)+ (x*2)

are valid for all x, vy, z.

Exercise 2.6.12 Write a formula that states that a monempty subset has a
minimal element.

Exercise 2.6.13 Write the axioms of the set theory listed in the appendiz as
first order formulas.
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2.7 The equivalence of the 4 types of predicate
calculus

In Section 2.1 we defined 4 types of predicate calculi: the pure predicate calculus
that has no function symbols and no equality predicate, the predicate calculus
with equality that has no function symbols but contains the equality , the predi-
cate calculus with functions that has function symbols but does not contain the
equality predicate, and the full predicate calculus that contains function symbols
as well as the equality. In this section we will show that these 4 calculi (the
plural of calculus) are equivalent in the following sense: there are procedures
that convert formulas from any of the 4 calculi into s-equivalent formulas in any
of the other calculi.

From the definition of the 4 calculi we know that

(1) the formulas of the pure predicate calculus are included in all the 4
calculi, and

(2) the formulas of all 4 predicate calculi are included in the full predicate
calculus.

So, all what we need is a procedure that takes as input a formula F' in the
full calculus and computes a formula G s-equivalent to F' in the pure predicate
calculus.

This procedure will establish not only the equivalence of the full calculus
with the pure calculus, but the equivalence of all 4 calculi. For example, let us
show that the calculus with equality is equivalent to the predicate calculus with
functions.

We need to show that

(3) every formula in the predicate calculus with equality has an s-equivalent
formula in the predicate calculus with functions, and

(4) every formula in the predicate calculus with functions has an s-equivalent
formula in the predicate calculus with equality.

Let us prove (3). Let F' be a formula in the predicate calculus with equality.
Then F belongs to the full calculus. We apply the procedure to F' and get a
formula G, s-equivalent to F', in the pure calculus. Since the pure calculus is
included in the calculus with functions, G belongs to the predicate calculus with
functions.

The proof of 4 is identical to the proof of 3, except that we replace predi-
cate calculus with functions by predicate calculus with equality and we replace
predicate calculus with equality by predicate calculus with functions.

Definition 2.7.1 (pure form) A pure form of the formula F' is a formula G,
s-equivalent to F', that does not contain neither functions, nor equality.

Figure 2.39 sketches an algorithm that computes pure forms. We will de-
scribe each step and accompanied by an example and a correctness proof.
Step 1 finds a prenex form of F.
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Input: Formula F of the full predicate calculus.
Output: A pure form of F'.

Step 1: Compute a prenex form of F.

Step 2: Eliminate the constants from the prenex form.

Step 3: Eliminate the function of arity greater than 0, from the
output of Step 2.

Step 4: Eliminate F from the ouput of Step 3.

Figure 2.39: Algorithm for computing a pure form

Input: A prenex form H = Qqz1 ... Qe HM.
Output: A prenex form I, s-equivalent to H, that has no constants.
n=20; 1, =H,;
while [ I,, contains constants] do
{
choose a constant a from I,,;
find a variable z that is not in I,;
n=n+1;
I, =3zI,1[a/z];
¥
I=1,;

Figure 2.40: Algorithm for removing constants

We already know how to do this from Section 2.5. The correctness of
this step is provided by The Prenex Form Lemma. We get the formula H =
Qiz1 ... QmrmHM, where HM is the matrix of H.

Step 2 replaces the constants of H by existentially quantified variables. We
do a reverse Skolemization by replacing constants with existential variables, as
shown in Figure 2.40.

Let us trace this algorithm for H = Va3y((P(z,a) V Q(f(x))) A (=P (y,b) V
Q()))-

Since Iy = H has constants, we execute the loop body. We replace a by a new
variable, say z. We obtain I} = 32Vx3Iy((P(x, z) VQ(f(x))) A (=P (y,b)VQ(x))).

The formula I; has constants, so we replace b by the new variable u. We get
Iy = JudzVady((P(z, 2) vV Q(f(z))) A (=P(y,u) V Q(x))).

Since I has no more constants, I = I.

Lemma 2.7.2 The algorithm for removing constants is correct.

Proof: The formula H has finitely many constants and each step eliminates one
constant. So, the algorithm terminates. At the same time, I; = 3z1;_1[a/z]
means that I;_; is a Skolemization of I;. So, they are s-equivalent by The
Skolemization Lemma. Q. E. D.

Step 3 eliminate the function symbols of arity greater than 0 from I.
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Input: A function symbol f of arity » > 0 and a formula K =
Q121Q2xs ... Quz; KM, where K™ is the matrix of K.
Output: A formula L, s-equivalent to F', that has no occurrences of f.
pick a predicate letter Py of arity n + 1 that does not occur in K;
m=0; K,, = K;
while [K,,, has occurrences of f] do
{
pick a term f(t1,...,tn) of Ky = Q121Q272 ... Qy,, w1, FM that
has only one occurrence of f;
choose a variable z that does not occur in F,,, ; m =m + 1;
F,=Q111Q2xs ... lemlmﬂz(Pf(tl, ey tn, Z) /\Fé\ffl[f(th e ,tn)/z]),
where FM | [f(t1,...,t,)/z] is the result of replacing
every occurrence of f(t1,...,t,) in FM | by z;

}

L=UAV AK,, where U and V are the formulas (7),respectively (8);

Figure 2.41: The function removal algorithm

The idea is to capture the meaning of the function f of arity n > 0 by a
relation (predicate) Py of arity n+1. We remember that a function is a relation
that is

(5) defined for all elements of its domain, and

(6) for any given element of the domain the function has at most one value.

In first order logic these properties are written as

(1) U =VYyiVy2 ... Yyn 3z Pr(y1,92, - - -, Yn, &), and

(8) V =VuyiVya .. Yy, YuVu(=Pr(y1,y2, - - -, Yns 1) V 2 Pr(y1, Y2, . ., Yn, 0) V
E(u,v)).

The formula (7) tells us that f(yi,...,yn) has values, and (8) states that
f(y1,...,yn) has at most one value. Together they say that f(y1,...,yn)

has a unique value. Then z = f(y1,...,yn) is represented by the formula
ElZPf(yla sy Yny Z)
With this definition in mind we replace f(t1,...,t,) by a new variable z

that satisfies the formula 3zP¢(t1,...,t,, 2).

The formula may have several f-terms occurrences, so we replace them one at
a time, starting with the terms that do not have f-occurrences in their subterms.
This is done by The Function Removal Algorithm from Figure 2.41.

Example 2.7.3 Let us eliminate the function symbol f from the formula K =
Vady(P(z, f(y)) A —~P(g(a, f (), f(g(f(x),))))-

First we choose a binary predicate Py that is not in K. Then we make the
assignments m = 0 and Ky = K. We search K for f-terms and encounter f(y),
f(x), and f(g(f(x),y)). The last term, f(g(f(z),y)), has 2 occurrences of f,
so we first eliminate f(y). We choose the variable z; and substitute it for every
occurrence of f(y). From Ko = Va3y(P(z, f(y)) A\~P(g(a, f(y)), f(9(f(x),9))))
we get Ky = Vady3z1(Pr(y, z1) A (P(x,21) A =P(g(a, 21), f(9(f(x),9)))))-
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Now we go back to the loop repetition test and find out that K; contains
occurrences of f. So, we repeat the loop. We choose the new variable zo to
replace the term f(z). In Kj, we insert the quantifier 320 after 321, and we
replace every f(z) in the matrix of K; by z3. We obtain

Ko = Va3y3z1320( Py (w, 21) A FM[f(2)/2])

= Vady3z1322(Pr(w, 22) AN(Py (y, 21) A(P (@, 21) A= P(g(a, 21), f(9(22,9))))))-

We go back to the loop repetition test. The formula K5 has occurrences of f
so we execute the loop. We choose the variable z3 to replace f(g(z2,y)). In K»
we insert 3z after 3z, and we replace the matrix of Ko by (Pr(g(22,v), 23) A
KM[f(g(22,v))/23]), where KM[f(g(z2,v))/23] is the result of substituting 23
for every f(g(z2,y)) in K31

We get the formula

F3 = Vady3z132323(Pr(9(22, ), 23) A (Pr(@, 22) A (Py(y, 21) A (P, 21) A
~P(g(a,z1),23)))))-

We go to the repetition test and discover that K3 has no occurrences of f.
So, we end the loop and have we the have

L = Vy3zPs(y, z) AV Yuvo(—Pr(y1,u) A = Pr(yi,v) V E(u,v)) A K3

= Vy3x Py (y, x) A VyVuVo(—Py(y, u) A —Ps(y,v)) V E(u,v))A

Vady3z1320323(Pr(9(22, ), 238) NPy (2, 22)N(Pr (y, 21)A(P (@, 21) A—P(g(a, 21), 23)))))-

Observation 2.7.4 1. In general, the formula L is significantly longer than
the formula K.
2. All the formulas K,, are in prenex form.

Now let us prove that G =; F.
Lemma 2.7.5 The Function Removal Algorithm is correct.

Proof: We need to show that the procedure terminates and K=,L. The ter-
mination is easy; at each step we eliminate an f-term. Since K is finite, the
algorithm terminates.

Now we show the s-equivalence. We define the formulas N; = U AV A K.
Since the algorithm terminates, we have a sequence of formulas Ny, ..., N, =L
such that Ny has no Py predicates, and N, has no f functions. We prove (1)
and (2).

(1) If K is satisfiable, then so are Ny, ..., N,.

(2) If L is satisfiable, so are N,, ..., Ny.

The proof of (1).

Let A be a model of K and let D be the universe of A. Let us define the
model B that differ from A only on the interpretation of P;. The predicate Py
is interpreted as

for all dyi,ds,...,d,,d € D,

(3) PPldy,...,dn,d) = 1iff fAld, ... dn] = d.

First of all, we prove that B[U] =1 and B[V] = 1.

B[U] =1 iff for all dy,ds,...,d, € D, there is a d € D such that

(4) PP[dy, .. dp,d] =1

From (3) we get that that fA[dy,...,d,] satisfies (4).
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So, B[U] = 1. Now, B[V] =1 iff for all dy,da,...,d,,d,e € D,

PfB[dl,...,dn,d] =1 and Pf[dl,...,dn,e] =1imply d =e.

Again we use (3).

From (3) and PF[dy, ..., dy,d] = 1 we get

(5) fAldy, ..., dn) = d.

From (3) and PF[dy, ..., dn, €] =1 we get

(6) fAdy,...,dy] =¢

Since f4 is a function, d = e. So, B[V] = 1.

We will show that B is a model of N; by finite induction on .

Basis: =5zNo.

The structures .4 and B agree on Ko = K because Py is not in K. So,
B[K] = A[K] = 1. It remains to show that =,U and =5V

BlU] =1

iff B[Yyi1Yys2 ... Yyn3zPs(y1,92,. .., Un,x)] =1

iff for all dy,...,dn € D, By, —a,,... yp—do)[F2Pr (Y1, Y2, -+ Yn, )] = 1

iff for all dy,...,d, € D, there is some d € D such that

B[?JlHdh...,yanmm—d] [Pf (y17 Y2,y Yn, Z‘)] =1

iff for all dy,...,d, € D, there is some d € D such that PJ?[dl, conydp,d] = 1.

Now let dy,....d, € Dandletd = fA[dy, ..., dy). Then, by (3), PPldy,...,dy,d] =
1. Since d,...,d, € D are arbitrary we conclude that

for all di,...,d, € D, there is some d € D such that Pj?[dl, oy, d] =1,
ie. BU]=1.

Next we show that B satisfies V = Vy1Vys . . . Yy VUV (= Pr (Y1, Y2, - - - Yn, ¥)V
=Pr(y1,Y2, - Yn,v) V E(u,v)).

All we need to show is that (7) is true.

(7) for all dy,...,d,,d,e € D,
Blyi — di,....Yn «— dp,u — d,v — €][=Ps(y1,Y2, - - - s Yn, W)V Pr(Y1,y2, . . ., Yn, 0)V
E(u,v)).

The statement (7) reduces to (8).

(8) for all dy,...,d,,d,e € D,

if Blyr —di,...,yn — dp,u— d,v — €][Pr(y1,vy2, ..., yn,u)] =1

and Blyr < di,...,yn — dp,u — d,v — €][Pr(y1,¥2, ..., Yn,u)] =1, then

Blyr — di,...,yn — dp,u —d,v —e][u] = Blyr < d1,...,Yn — dn,u — d,v — e€][v].

So, let us assume that Blyr < d1,...,yn « dn,u — d,v < €][Pr(y1,Y2,. .., Yn,u)| =
1and Blyr < di,...,Yn < dn,u — d,v — €][Pr(y1,%2, - -, Yn,u)] = L.

We know that Bly; < di,...,yn < dp,u — d,v — €][u] = d and

Blyr — di,...,yn «— dp,u — d,v — e][v] =e.

Since Blyir <= di,...,yn «— dp,u — d,v — €][Pt(y1,v2, - ., Yn,u)] = 1 reduces
to PF[d,...,dn,d] = 1, the relation (3) implies that d = f4[dy, ..., dy].

By the same reason, Bly, < di,...,Yn < dn,u — d,v < €][Pr(y1,Y2,...,Yn, )] =

1 implies that e = fA[dy, ..., d,]. Since both d and e are values of the function
fAat <dy,...,d, > d=e.
So, EzV.

Inductive Step: =5z N; implies =5z Niq1.
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Let us assume that B is a model of N; = U AV A K; and let K; be the
prenex form Qixy . ..lelKiM. Then Njv1 = UAV A K41, where K;1 =
Quwr .. Qur3z(Pr(te, .. tn, 2) NKM[F(t1, . 1)/ 2]).

We know, from the basis, that B satisfies U and V', so we need only to show
that B is a model of N, ;.

Let dy,...,d; be [ elements of D, the universe of B. In order to simplify the
notation we will write

(9) B* instead of By _a,,....2,—d,-

Let

(10) B*[t1] = e, ..., B*[tn] = en, and

(11) fAler,...,en] = e.

Let us show that

(12) Bf,_ g[Pr(ts, .. tn, 2)] = 1.

Bi,_ g[Pr(ty,... tn,2)] =1

iff PE(Br._[ti],. .. Bl glta]. B, gl2]l = 1 by the interpretation of
Pf(tl, cee ,tn,z)

iff PB[B*[t1],...,B*[tn],e] =1  because z is not in ty,...,t,

iff PBley,...,en,e] =1 by (10)

iff f4er,...,en] =€ by (3)

The last assertion is exactly (11), so it is true.
Now let us show that

(].-?))BEk ][KlM[f(tl,,tn)/Z]] = B*[KZM]

Brzge] [KiM[f(tlv e 7tn)/z]]

— BE‘%B*U(MM%)H[KiM[f(tl, ...,tn)/2]] by (10) and (11)

= B [KM[f(t1,...,tn)/2)[2/f(t1,...,tn)]] by The Translation Lemma

= B*[K;™]  because the occurrences of f(t1,...,t,) we changed to z and
then back to f(t1,...tn).

(12) and (13) tells us that

(14) Bf;—e] [Pf(tl, ey tbn, Z) A KiM[f(tl, - ,tn)/z]] = B*[KlM]

From (14) we get that

(15) BIK;] = B[K;+1].

Now let us prove (2), that whenever L = N, is satisfiable, so is K.

Let C be a model of L and let D be its domain. Since L has no occurrence
of f we define a structure £ that is exactly like C except for the interpretation
of f. We define f¢ as

(16) for all dy, . ..,d,,e € D, f€[dy,...,d,] = e iff Pf[dl, vyl e] =1,

Now let us show that f¢ is indeed a function, i.e. that for all dy,...,dn,e €
D, f€[dy,...,d,] has one and only one value. Since C models L =U AV A K.,
it models U and V. From U we get that there is some e € D such that

(17) PsC[dy,. .., dn, €] = 1.

So, f€[dy,...,d,] has a value. If it has two values, e; and ez, then we have
(18) Pfc[dl, SN ,dn,el] =1
and

(19) Pfc[dl,. ..,dn,eg] =1.
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Since C satisfies V', we get

(20) C[y1<—d1,...7yn<—dn,u<—e17v<—62] [_‘Pf (ylv Y2,y Yn, u)\/_‘Pf(ylv Y2, Yn, U))\/
E(u,v)] = 1.

From (18), (19), and (20) we get

(21) EC [61762] = 1,

or e; = ey. So, the function f€ is well defined.

Since f is not in N,., E[N,] =C[N,] = 1.

Now we will show that

(22) ':5N1'+1 implies ':gNz

Let us assume that K; = Q121 ... lelKlvM, where KiM is the matrix of K.
Since Nij1 = UAV AQux1 ... Quu32(Pr(ty, ... tn, 2) NKM[f(t1, ... t0)/2]),

(23) U =€V] =1

and

(24) 5[Q1x1 R QlHZ(Pf(tl, R Z) VAN KiM[f(tl, Ce. ,tn)/z])] =1.

Let dy,...,d; € D, and £&* = 5[w1<~d17-~,1z<*d1]'

We will show that

(25) E*B2(Pr(ty, .-y tn, 2) ANKM (.. t0)/2])] = E[KM).

5*[[Q1x1 .. lelﬂz(Pf(tl, ceaytn, z) AN KiM[f(tl, - ,tn)/z])] =1

iff for some e € D, 5*[z<—e] [Pf(tl, .oy tn, Z)] = 1and 8*[z<—e] [K@M[f(tl, e ,tn)/z]] =
1 by the interpretation of 3z

iff for some e € D, Pf‘g[g*[zﬁe] [t E pgltnl €] = Land E* [, [ [f(t1, ... 1) /2] =

1 by the interpretation of P¢(t1,...,tn, 2)
iff for some e € D, PrE[E*[t],...,E[tn],e] = 1 and E¥ e [KMf(tr, ... tn)/)2] =

1 because z does not occur in tq,...,%,
iff 5*[ZHfg[5*[t1],...75*[tn]]] [KiM[f(tl, N ,tn)/z]] =1 Dbecause Pfg[g*[tl], ce ,5*[@1], 6] =
1 is the same as e = fE[E*[t1], ..., E*[tn]]

iff E4[KM[f (... tn)/2][2/f(t1, ... tn)]] =1 by The Translation Lemma

iff £4[K;M]  because KM [f(t1,...,tn)/2][z/f(t1,. .. tn)] = K™

We leave the task of showing that (25) implies f=cN; (Exercise 2.7.1).

So, by finite induction, £ satisfies every N;. Since Ny = U AV A Ky, and
Ky = K, & satisfies K. This concludes the proof of (2). Q.E.D.

We remove the function symbols of arity greater than 0 from I by applying
the algorithm from Figure 2.41 for each of such symbols. We get a formula J
s-equivalent to I that has no function symbols.

Step 4: Eliminate the equality from J.

At this point, J does not have any function symbols. However, we give
an algorithm that eliminates the equality predicate from any formula, not just
those of the predicate calculus with equality. This generalized algorithm will be
used in the next section, when we prove the Skolem-L&wenheim Theorem.

The idea is to replace E by a binary predicate ) that has the essential
properties of E. Namely, () must be reflexive, symmetric, transitive and must
be congruent for all functions and predicates of I.



256 CHAPTER 2. FIRST ORDER LOGIC

Input: A formula J.

Output: A formula G s-equivalent to J that does not contain F.

The formula G is the conjunction of the following predicates:

1. the formula J[E/Q] obtained by replacing every occurrence of E in J by Q,
2. the predicates U, V and W above,

3. a predicate @), for each function symbol g of arity greater than 0 that occurs
in J.

3. a predicate Qp for each predicate symbol P of arity n > 0 that occur in J.

Figure 2.42: Algorithm for eliminating the equality

We know, from Section 2.6, how to express the properties of reflexivity,
symmetry and transitivity.

(Reflexivity) U = VzQ(z, x)

(Symmetry) V' = VaVy(Q(z,y) — Q(y,))

(Transitivity) W = VaVyVz((Q(z,y) A Qy, 2)) — Q(z, 2))

We recall that the congruence properties tell us that in any function and
predicate we can replace a term by an equivalent term. So, @ is congruent for
the function g of arity n > 0 when the predicate @4 holds.

Qg = V1 Vy2 . .. Yypn_1Vuvo(Q(u,v) —

Q(Q(U/, Yi, -y yn—l)ag(vvyla s ,yn—l))/\

Q9(y1,w Y2, -+ Yn—1), 9(Y1, U, Y2, - Yn—1)) A - ..

/\Q(g(yla Y253 Yn—1, U), g(yla Y2,y Yn—1, U)))

Basically, Qg, tells us that when Q(u, v) holds we can replace u by v at any
position ¢, 1 < i < n, of g. So, Q(g(u,y1,---,Yn-1),9(V,y1,--.,Yn—1)) says that
we can do the replacement at position 1, Q(g(y1, u, y2, - - -, Yn—1), 9(Y1,V, Y2, - -, Yn—1))
states the same for position 2, ..., and Q(g(y1,v2, - -, Yn—1,1), (Y1, Y2, - - -, Yn—1,0))
for position n. We notice that in all the @ formula we replace only one term
and keep the rest unchanged.

We define the congruence property for the predicates in a similar fashion.
@ is congruent for the predicate symbol P of arity n > 0 when the formula Qp
holds.

Qp =Yy1Vya ... Vyn_1Vuvo(Q(u,v) —

((P(U, Yi,- .- 7yn71) — P(U7yl7 s 7yn71))/\

(P(y1,u, 92, -« -y Yn—1) <— P(y1,u,y2, ..., Yn—1)) A ...

/\(P(yla Y2,y Yn—1, u) — P(ylv Y2, .- 7y7l—1vv))))

The formula Qp tells us that whenever Q(u,v) holds, we can replace u by
v at any position in the predicate without changing the truth value of P. We
notice that for the equality of predicates we used the connective «— while for
the equality of terms we used ). The reason is that the predicates can have
only two values, 0 or 1, while the terms can have any value in the universe of
the structure.

Figure 2.42 shows an algorithm that eliminates E from J. Now let us give
an example.



2.7. THE EQUIVALENCE OF THE 4 TYPES OF PREDICATE CALCULUS257

Example 2.7.6 Let us construct G for the formula J = JxVu(E(f(z), g(u, v))A
(P(u, f(v)) A =R(2))).

G=JE/QNUANVAWAQfANQyNQpAQRr

= F2vVu(Q(f (), g(u, v)) A (P(u, f(v)) A =R(x)))

AVzQ(x, x)

AVaVy(Q(z,y) — Q(y, z))

AV2VYYz((Q(,y) A Q(y, 2)) — Q(w,2))

AVuVo(Q(u, v) — Q(f(u), f(v)))

AVVuYo(Q(u, v) — (Q(g(u, ), g(v, ) A Qg(z, u), g(z,v))))
AV2VYYz(Q(z,y) — (P(z,2) «— P(yv z)) A (P(z,2) «— P(2,y)))
AVuv(Q (va) (R(u) «— R(v))).

Before we go on to prove that G =4 F, we show that whenever B interprets
Q as the equality predicate, we can substitute @ for E.

Lemma 2.7.7 If =,VaVy(Q(z,y) <« E(x,y)) then
FplFIQ/E] «— FI.

Proof: By structural induction on J.
Assume that
(1) EpVaVy(Q(z,y) «— E(z,y).
Formula (1) is true iff
(2) for all dy,ds € universe(B),Q[d1,ds] = 1 iff dy = do.
Case 1: F' is an atomic formula.
Subcase 1.1: The predicate symbol of F' is not E.
Then F[Q/E] = F, so E»x(F[Q/E] «— F) reduces to
Eg(F «— F) , which is true because (F' «— F) is a tautology.
Subcase 1.2: F = E(t1,t2).
Then B[Q(tl,tg)] =1
iff QB[B[t1],B[ta]] =1 by the interpretation of Q
iff B[t1] = B[tz] by (2)
iff BE(t1,t2)] =1 by the interpretation of E.
Case 2: F' = ~G.
By induction hypothesis =5(G[Q/E] «— G).
We can show, by truth tables, that
(GIQ/E] «— G) E ~G[Q/E] «— —G.
So, Fy(F[Q/E] «— F).
Cases 3,4,5,6.
In all these cases F' = (GCH), C being one of the connectives V, A, —,
«——. By induction hypotheses
(3) Ea(GIQ/E] — G)
and
(4) Fp(HIQ/E] «— H).
We can show, by truth tables, that
(5) (GIQ/E) «— G), (HIQ/E] — H) k= (GIQ/E|CHIQ/E]) — (GCH)).
From (3), (4), and (5) we get that
F(FlQ/E] «— F).
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Case 7: F = VzG.

Let d € universe(B). Since B satisfies (1), so does Bj,_g4) because they give
the same interpretation to Q). So, we get

(6) g, (GIQ/E] — G).

s (FIQ/E] — F)

iff B[F|Q/E]] = B[F]

Now we show that B[F[Q/E]] = B[F].

BIFIQ/E] =1

iff BV2G[Q/E]| =1

iff for all d € universe(B), B,—q[G[Q/E]] =1

B[m—d

iff for all d € universe(B), 1[Gl =1 by (6)
iff BV2G] =1
iff B[F]=1.

Case 8: F' = Fz2G.
This case is similar to Case 7. It is left as exercise. Q.E.D.

Theorem 2.7.8 The algorithm for removing the equality is correct.

Proof: We need to show that G has a model if and only if J has a model.
<= Let us assume that J has a model A with universe D. Let B be structure
identical to A except for the interpretation of ) which is interpreted as the
equality predicate. Then

1 ifd, =d
QB[dl’d2]:{ 0 1fd17édz

We claim that B is a model of G. Since B interprets () as the equality
predicate it satisfies the properties of reflexivity, symmetry, transitivity, and
congruence. At the same time B[F[Q/E]] = B[F] by Lemma 2.7.7. So, B is a
model of G.

—

Let us assume that G has a model A with universe D. We will construct a
model B of J. Since the relation Q4 is reflexive, symmetric and transitive, Q-
is an equivalence on D.

So, let the domain of B be the equivalence classes of Q4, i.e. Ds = {d*|d €
D}, where d* is the Q* equivalence class of d. Let us define the B interpretations
of the function, predicate and variable symbols of G.

If a is a constant then

(1) a® = [aA]*.

If f is a function of arity n > 0, then

(2) fBldi*, ..., dn"] = [fAda, ..., dn)]"

If P is a predicate constant then

(3) PB = pA.

If P is predicate symbol of arity n > 0, then

(4) PBd,",...,d,"] = PA[dy, ..., dy).
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We need to show that the values of f5[d:*,...,d,*] and PB[d*,...,d,"]
do not depend on the choice of the representatives d,...,d,. The proof that
fBld,*,...,d,*] is independent of the representatives is found in Section ??.

We have to show that PP[d;", ..., d,"] does not depend on the choice of the
representatives dy,. . .,d,.

We present the proof for the case n = 3 and leave the proof for the general
case as exercise.

We need to show that for all values dy, ds,ds, e1,es,e3 € D,

(10) if QA[dl,el] = 1, Q'A[dg,eg] = 1, and Q‘A[dg,eg] =1 then

P'A[dl, dQ, dg]P‘A[el, €2, 63] =1.

So let us assume that

(11) QAd1, e1] = 1, Q4[d2, e2] = 1, and Q*[ds, e3] = 1.

We need to show that

(12) P‘A[dl, dg, d3]P‘A[61, €2, 63] =1.

The conjunct Qp of G is

(13) Vi1 Vo Vuo(Q(u, v) — ((P(u, y1,42) < P(v,y1,42))A

(P(ylauva) A P(ylvvva)) A (P(y17y27u) — P(y17y27v)))'

This conjunct is interpreted by A as

for all a, 8,7,0 in D

(14) Q4la, =] [[P*[ex, 7. S =—]P[8,7, ]|

[AJPAD, a, =P, 8, 8]] [A NP, 6, =] P[7. 6, 8)]] = 1.

(14) is equivalent to the conjunction of (15), (16), and (17) (see Exercise 2.7.8
below).

For all o, 3,76 in D,

(15) Q*[a, 8] = 1 implies PA[a,’y,(S]PA[ﬁ,’y,cS] =1,
(16) QA[oz,ﬁ] = 1 implies PA[’y,oz,(S]PA[’y,ﬁ,cS] =1,
(17) @*[a, B] = 1 implies PA[y, 8, Bl==1P*[7,6, 0] = L.

Now we go on to prove (12).

In (15) we replace « by di, 8 by e1, v by da, and ¢ by ds and get

(18) QA[dl,el] =1 implies PA[dl,dQ,dg]P‘A[el,dQ,dg] =1.

From the first equality of (11) and (18) we get

(19)P"4[d1, dg, d3]P‘A[61, dg, d3] =1.

In (16) we replace « by ds, 8 by e2, v by e1, and § by ds and get

(20) Q'A[dg, 62] =1 implies PA[el, dg, d3]PA[61, €2, d3] =1.

From the second equality of (11) and (20) we get

(21) PA[el, dg, d3]PA[€1, €9, d3] =1.

In (17) we replace « by ds, 8 by es, v by e1, and J by es in and get

(22) QA[ds, e3] = 1 implies PA[eq, ez, ds][—— [PA[e1, e2, €3] = 1.

From the third equality of (11) and (22) we get

(23) PA[el, €2, d3]PA[€1, €9, 63] =1.

Now we apply the transitivity of Q* to the formulas (19), (21), and (23)
and get

(24)P“A[d1, dg, d3]P“A[61, €2, 63] =1.

which is exactly the formula (12) that we wanted to prove.

So, the relations PB : Dg" — {0, 1} defined by (2) are functions.
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Now we need to give the B interpretation for the free variables. The structure
B interprets x as the equivalence class of x.

(5) «® = [zA]*

Now let L be the set of all function and predicate symbols that occur in G
to which we add E. Then G is an L formula and ¢ and L-homomorphism. At
the same time, equations (1)-(5) tell us that ¢ : D — Dp is a homomorphism
from A to B. Moreover, ¢ is an epimorphism because every equivalence class in
Dg is the image of some d € D. By The L-homomorphism Theorem from the
preceding section, =5zG. Since J[Q/E] is a conjunct of G, =3 J[Q/E].

Now let us show that for all

(6) QB[d1*,do*] = 1 iff d1* = do*.

We have

QBld,",dy*] = 1

iff QA[dy,da] =1 #[d] = d* is a homomorphism

iff di* =dy* from Section 2.6

So, (6) holds and we can apply Lemma 2.7.7 and get that B is a model of J.
Q.E.D.

Corollary 2.7.9 If either one of G and J has a countable model, so does the
other.

Proof: From the preceding proof we know that for every model of J there is a
model of G with the same universe. So, whenever .J has a countable model, so
does G.

Now assume that A4 is a countable model of G. Then J has a model having as
elements the Q“ equivalence classes of the universe of A. Since the equivalence
classes are not empty we can, by The Axiom of Choice, assign to each equivalence
class a representative in the universe of A. Since distinct equivalence classes do
not intersect, the representative function is one-to-one. By the Cantor-Bernstein
Theorem, the set of equivalence classes is countable. Q.E.D.

Exercises

Exercise 2.7.1 Let £ be a structure with universe D. Show that (1) and (2)

imply (3).
(1) £[QuF] =1
(2) f07’ alld e D, E[wgd] [F] = S[aﬂ—d] [G]
(3) £lQxG] =1

Exercise 2.7.2 Apply the algorithm for removing constants to eliminate a and
b from the formula H = Vx3y(Q(x,a) A (-Q(b,y) V -Q(f(x),x)).

Exercise 2.7.3 Use the algorithm for removing a function of arity greater
than 0 to eliminate g from K = VaVy(Q(x,g(x,y)) N (-Q(g9(9(z,z),y),y) V
Qlg(z,y),x))).-
Exercise 2.7.4 Eliminate the equality from the formulas
F=(E(y)VE(u,v))
G =VaVyVz(—P(z) V R(y, 2) V - E(x,y) V E(x, 2)).
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Exercise 2.7.5 Provide truth table proofs for the consequences shown in the
proof of Lemma 2.7.7.

Exercise 2.7.6 Prove Case 8 of Lemma 2.7.7.

Exercise 2.7.7 Let Q4 be a congruence on the universe of A for the predicate
P of arity greater than 0. Let [d] be the Q equivalence class of d € universe(A).
Then

PB([d4],...,[dn]) = PAldy, ..., dn]

1s well defined, i.e. it does not depend on the choice of dy,...,d,.

Hint: All you have to do is to show that for all dy,... ,dy,e1,...,en in D,

QAldr,e1] = 1,...,.Q4dn, €x) = 1L imply QA[dy, ..., dy[—— ] QAe1, ..., €n].
Look at the proof for n = 3 as a guide.

Exercise 2.7.8 Show that F — (GAHAI) = (F — G)AN(F — H)A(F —
I).

2.8 Herbrand Structures

In this section we present a method for determining the unsatisfiability of the
Skolem forms that do not contain E. The procedure starts by constructing the
Herbrand universe of the formula, built from the function symbols that occur
in it. Then, the procedure develops the Herbrand expansion by interpreting the
variables of the matrix in that universe. Both the universe and the expansion
have no variables, and the expansion becomes a set of formulas in the proposi-
tional logic. So, we can apply the techniques developed in the first chapter to
determine the unsatisfiability of the set. The bad news is that in all but the
most trivial cases the Herbrand expansion is infinite, so the procedure may not
terminate.

The correctness of the procedure is assured by The Herbrand Theorem that
states that the formula is unsatisfiable iff the expansion is unsatisfiable.

We recall, from Section 2.7, that every formula F is satisfiably equivalent to
a formula G that does not contain the equality predicate . From Section 2.5 we
know that G has a Skolem normal form H. Moreover, since G has no occurrences
of E, neither does H. So, every formula is satisfiably equivalent to a formula
V...V, (Ci A...Cp,) where Cq,...,Cy, are clauses with variables in the set

{331, - .,Z‘n}.

Definition 2.8.1 (Herbrand universe) Let F' be a Skolem normal form. The
Herbrand universe of F', written D(F), is the set of terms defined below.

1. All constants of F are in D(F). If F has no constants then we put a
constant, say a, into D(F).

2. For every function symbol f of arity n > 0 that occurs in F, and for all
n-tuples t1, ..., t, in D(F), f(t1,...,tn) is also in D(F).
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Example 2.8.2 Let us find the Herbrand Universe of the formula F' = VaVy(P(z, f(y))
AP (f(x),y) V =P(y,y)))-
F has no constants, so we put the constant a into D(F'). Now we apply the
second rule of the defintion of the Herbrand universe.
Since a € D and f is a unary function of F, f(a) € D. We apply the same
rule to f(a) and f, and get f(f(a)) € D(F'). By repeatingly applying the func-
tion f to the last entry in D(F) we obtain the set D(F) = {a, f(a), f*(a), f3(a),
.., f™(a),...}, where f™(a) is the result of applying f to a n-times.

Example 2.8.3 Let us find the Herbrand universe of the formula G = VaVyVz((
~P(z,9(a,)) V=R(f(2))) A (P(f(b), g(z, 2)) V R(2))).
The formula F' has two constants, a and b. So, we put them into D(G).
Now we apply rule 2. The formula G has two functions of arity greater than
0, f and g. We apply them to the terms in D(G) and get f(a), f(b), g(a,a),
9(a,b), g(b,a), g(b,b).
Now we apply f and g to the terms of the terms a, b, f(a), f(b), g(a,a),
g(a,b), g(b,a), g(b,b) and get the new terms,

f(f(a)), F(£(B)), f(g(a,a)), f(g(a,D)), f(g(b,a)), f(g(b,D)), g(a, f(a)), g(a, f(D)),
g(a, g(a,a)), g(a, g(a, b)),g( g(b,a)), g(a, g(b,b)), g(b, f(a)), g(b, f(b)), g(b, g(a,a)),
g(b, g(a,b) g(b,g(b,a)), g(b,g(b,b)), g(f(a),a), g(f(a),b), g(f(a), f(a)), g(f(a), f(b)),

9(f(a),g(a,a)), g(f(a),g(a,b)), g(f(a),g(b,a)), g(f(a),g(b,b)), g(f(b),a),
g(f(b),b),

g(f(b), f(a)), g(f(b), f(b)), g(f(b),g(a,a)), g(f(b),g(a,b)), g(f(b),g(b,a)),
g(f(b),g(b,b)),

9(g(a,a),a), g(g(a,a),b), g(g(a,a), f(a)), g(g(a,a), f(b)), g(g(a,a),g(a,a)),
g(g(a,a),g(a,b) s

g(g(a,a),g(b,a)), g(g(a,a),g(b,b)), g(g(a,b),a), g(g(a,b),b), g(g(a,b), f(a)),
g(g(a,b), f(b)),

g(g(a,b),g(a,a)), g(g(a,b), g(a,b)), g(g(a,b), g(b,a)), g(g(a,b), g(b,b)), g(g(b, a), a),

g(g(b,a),b), g(g(b,a), f(a)), g(g(b,a), f(b)), g(g(b,a), g(a,a)), g(g(b,a), g(a, b)),

g(g(b,a), g(b,a)), g(g(b,a),g(b,b)), g(g(b,b),a), g(g(b,b),b), g(g(b,b), f(a)),
g(g(b,b), f(b)),

g(g(b,b), g(a,a)), g(g(b,b), g(a,b)), g(g(b,b), g(b,a)), g(g(b,b), g(b,b)).

We can keep going and apply the functions f and g to the existing set.

Observations 2.8.4 1. The Herbrand universe contains at least one constant.
2. If F contains function symbols of arity greater than 0, then D(F) is
countably infinite; otherwise D(F) is finite.

Definition 2.8.5 (D(F,n)) We write D(F,n) for the set of Herbrand terms of
height < n.

Example 2.8.6 Let us find D(F,n) for the formula F' from Example 2.8.2.
D(F,0) is the set of constants of F', so D(F,0) = {a}.
D(F,1) is the set of terms of height 0 or 1, so D(F,1) = {a, f(a)}.
In general, D(F,n), the set of Herbrand terms of height less than or equal

to n, is D(F,n) = {a, f(a),..., f"(a)}.
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Definition 2.8.7 (Herbrand structure) H =< D(F),H/,H?,H" > is a
Herbrand structure of F if it satisfies the following conditions:

1. for every constant a in D(F), f"[a] = a, and

2. for every function symbol g in F of arity n > 0 and for all terms t4,. ..,
tn in D(F), g"[t1,.. . ta] = g(t1, ..., tn).

Observations 2.8.8 1. All Herbrand structures of F' have the same universe,
D(F), and they agree on the function symbols of F.

2. The interpretation of variables, H", is irrelevant since F' has no free
variables.

3. The Herbrand interpretations may differ on the interpretation of the
predicate symbols of F.

4. Our definition of structure requires that all symbols in the language be
interpreted, not just the symbols of the formula. However, we do not care about
the interpretation of the symbols that are not in F. Hence, we will deal with
the restriction of the structure to the symbols of F'.

We can prove a stronger version of the first part of Observations 2.8.8.

Lemma 2.8.9 Let F be a Skolem normal form without equality and D(F') be
the Herbrand universe of F. Let 'H be a Herbrand structure and t an element
of D(F). Then HJt] =t.

Proof: The proof is done by structural induction on ¢. It is left as exercise.
Q.E.D.

Now let us show that every Skolem form without equality has a model iff it
has a Herbrand model.

Theorem 2.8.10 (The Herbrand Theorem) Let F be a Skolem normal form
that does mot contain the equality symbol. Then F has a model iff it has a Her-
brand model.

Proof: <: If F has a Herbrand model, then it has a model.

=—: We will prove that whenever F' has a model, it also has a Herbrand model.
Let A =< D, A, AP, A’ > be a model of F. We will construct a Herbrand
model H of F, by imitating the behavior of A.

We define the mapping « : D(F) — D as follows:

1. if a is a constant in F, then afa] = a*;

2. if @ is in D(F) but not in F, we choose any element of D as a* and set
ala) = a*;

3. if g has arity n > 0 and ¢4, ..., t, are terms in D(F'), then

alg(ty, ... )] = galt1], . .., alta]].

Now we define the H interpretation of the predicates P of F'.

4. If P has arity 0, then Pt = P4,

5. If P hasarityn > Oand t1,...,t, are terms in D(F), then P*[t1,... t,] =
PAlaft], ..., alts]].

Now we prove that o maps every term ¢ into the A-interpretation of ¢.
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Lemma 2.8.11 For all terms t € D(F), aft] = At].

Proof: Case 1: t is a constant, say a. Then afa] = a”* from Parts 1 and 2 of
the definition of a.
Case 2: t =g(t1,...,tn). Then

a[g(tl, ey tn)]
= g Alalt1],...,aft,]]  from part 3 of the definition of
= gA[A[t1],..., Altn]]  from the induction hypotheses

= Alg(t1,...,tn)] from the interpretation of g(t1,...,t,).
Q.E.D. lemma

Now let F = Vi1 Vs . .. Yy M, where F'M is the matrix of F. Let 71,...,7m
be m terms in D(F'). We will show, by structural induction on the subformulas
I of FM | that

Hiys—r1ecem—rml U] = Ayr —alnil,.oym—alrall ]

For simplicity, we abbreviate Hiyy 1,y —tm] by H* and .A[ylga[ﬁ]wqymHa[-,-m]]
by A*.
Case 1: I = P(t1,...,t,) or I = P. The subcase F' = E(t1,t) is missing
because F' does not contain the equality. The subcase I = P is easy because

H[P)

= pH because H* and H agree on P

= PA  from the construction of H

= A*[P]  because A and A* agree on P.

Now let us treat the subcase I = P(t1,...,1,).

H*[P(t1, .- tm)]

=H[P(t1,. .- tn)[y1/T1s- -, Ym/Tm]] by The Translation Lemma

= pH [E1[y/T1, s Ym/Tmls - s tnlyn/Tas o oy Ym /T from the interpre-
tation of P(t1,...,tn)[Y1/T1s- s Ym/Tml]

= PA[oz[tl Wi/71s s Ym/Tmlls - s ltnlyr/Ts - Ym/Tm]]]  from the con-
struction of P™

= PA Aty /71, Ym/Tm]s o Altnly1 /71, - - s Ym/Tm]]]  from Lemma 2.8.11

= PAAy, —am)cgm—aimal (1] Ay gy almay [tnll - by The
Translation Lemma for Terms

= A*[P(t1,...,tn)]-
Case 2: I = —J.

H*[-J]

=[=JH*[J] by the interpretation of -
=[-]A*[J] by the induction hypothesis
= A*[=J] by the interpretation of —.J.
Cases 3,4,5,6: I = JCK, where C is one of the connectives V, A, —, «—.
H*[JCK]
=H*[J .H* by the interpretation of C'
= A*[J . A K by the induction hypotheses
=A* [JC'K] by the interpretation of C'.
Cases 7 and 8 do not apply since F™ has no quantifiers.
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So, H*[FM] = A*[FM]. Since, A[F] = 1, we get that A*[FM] = 1 for all
assignments A*. Then H*[FM] = 1 for all assignments [y1 < T1,. .., Ym < Tm]-
So, AVry ... Vz,, FM] = 1. Q.E.D.

Since the Herbrand models are countable, The Herbrand Theorem tells us
that for every formula F' we can find an s-equivalent formula G such that G is
satisfiable iff it has a countable model. Now we can ask the question If G has a
countable model, does F have a countable model?

The answer to this question is yes.

Theorem 2.8.12 (Skolem-Léwenheim Theorem) Every FOL F is satisfi-
able iff it has a countable model.

Proof: We need only to show that every satisfiable F' has a countable model.
Assume that F' is satisfiable. First we apply the E-elimination algorithm from
Section 2.7 and get a formula G, satisfiably equivalent to F', that has no E-
predicates. We apply the Skolem Form Algorithm from Section 2.5 to G and
obtain a Skolem normal form H that has no equality and is satisfiably equivalent
to G. By Herbrand’s Theorem, H has a Herbrand model, which is countable.

Now let us look at the steps that transform G into H. The 8 steps the
Skolem form algorithm are

1. eliminate redundant quantifiers,

2. eliminate the «—’s,

3. eliminate the —’s,

4. rectify the formula,

5. find the prenex form,

6. close the formula,

7. Skolemize the formula, and

8. compute the CNF of the matrix.

The input of each step is the output of the previous step. So,

Stepl Step2 Step3 Step4 Step5 Step6 Step7 Step8
G=G 2 G GLEBGERGEGG2RGGERGG=Gs=
H Steni
We will show that for every step i, G;_1 X G; , G;_1 has a countable

model whenever G; does.

The steps 1, 2, 3, 4, 5, and 8 are equivalences, so every model of G; is a
model of G;_1. Now let us look at the steps 6 and 7 that are only s-equivalences.

The proof of the Closure Lemma tells us for every model of G5 is a model
of Gg. Moreover, for every model of Gg, we can find a model of G5, with the
same universe, that differ only on the interpretation of a finite number of free
variables.

From the proof of the Skolemization Lemma we know that every model of
G is a model of Gg. Moreover, for every model of Gg we can find a model of
G7, with the same universe, that differ from G7 on the interpretation of a finite
number of function symbols.

We put all these facts together and get that H = Gg has a model with
universe D iff G has a model with universe D. It follows that G has a countable
model. Then, by Corollary 2.7.9, F' has a countable model. Q.E.D.
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Corollary 2.8.13 Let T be a FOL theory with a finite number of axioms. Then
T has a model iff it has a countable model.

Proof: Let Ai,...,A, be the axioms of T. The theory has a model iff the
conjunction A; AAsA...AA, has a model. By the Skolem-Léwenheim Theorem,
Ay NAs A ... AN A, has a model iff it has a countable model. Q.E.D.

Now let us use the Herbrand Theorem to find out if the formula is unsatis-
fiable. For this we need the notion of Herbrand Ezpansion.

Definition 2.8.14 (The Herbrand Expansion) Let F = Vzq...Yz,FM be
a Skolem normal form without equality and D(F) be the Herbrand universe of F.
Then E(F), the Herbrand expansion of F, is the set {F™M[xq /t1, ..., 20 /t0]|t1, - ..
D(F)}.

So, the Herbrand expansion is obtained by replacing all variables in the
matrix of F' by terms in the Herbrand universe.

Example 2.8.15 Let F = Va((P(a) V P(z)) A —~P(f(z))). The Herbrand uni-

verse of F'is D(F) = {a, f(a), f*(a), ..., f"(a),...}, where f"(a) = f(f(... f(a)...

has n occurrences of f. The Herbrand expansion of F is
E(F) ={F"[z/a], FM[z/f(a)], ..., FM[z/f"(a)],...}
= {(P(a) V P(a)) A=P(f(a)), (P(a) V P(f(a))) A =~P(f*(a))), .-,
(P(a) V P(f™(a))) A=P(f"*(a)), .. .}.

Since the formulas of E(F') contain no variables, they are treated as formulas in
propositional logic. The atoms of E(F’) are the predicate constants @) and the
formulas P(t1,...,ty,), where P is a predicate symbol of F' of arity m > 0 and
t1,. .. tm are terms in D(F).

For example, the atomic formulas of the expansion E(F) from the above
example are P(a) and all formulas P(f™(a)), where n is any integer greater
than 0.

Definition 2.8.16 (E(F,n)) Let F =V ...Vz,F'™ be a Skolem normal form
without equality and D(F') be the Herbrand universe of F. Then E(F,n), the
Herbrand expansion of F of height n, is the set {FM[zy /t1, ... 20 /to]lt1, ... tn €
D(F,n)}.

The set E(F,n) is obtained by replacing the variables of F'* by terms of height
less than or equal to n, that is, by terms in D(F,n).

Example 2.8.17 Let us find E(F,2) for the function F' = VaVy(P(z, f(y)) A
(=P(f(x),y)V-P(y,y))) from Example 2.8.2. The Herbrand universe of height 2
is D(F,2) = {a, f(a), f?(a)}. The Herbrand expansion of height 2 is obtained by
replacing the z and the y variables in FM = P(x, f(y))A(=P(f(z),y)V-P(y,))
by terms in D(F,2). Since D(F,2) has 3 terms and F has 2 variables, F(F,2)
has 32 formulas. We can list them by row, by column, or by diagonal.

If we list them by row we get

E(F,2) = {FM[z/a,y/a], FM[z/a,y/ f(a)], FM[z/a,y/ *(a)], FM [z/ f(a), y/a],
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FMz/f(a),y/f(a)], FM[z/ f(a),y/f*(a)], FM[z/f*(a),y/al,
FM[z/f*(a),y/f(a)], F¥[2/f*(a),y/ f*(a)l}
= {P(a, f(a)) A (=P(f(a),a) V ~P(a,a)),

P(a, f2(a)) A (=P(f(a), f(a) V ~P(f(a), f(a))),

P(a, f*(a)) A (=P(f(a), f*(a)) vV =P(f*(a), f*(a))),
P(f(a), f(a)) A (~P(f*(a),a) V ~P(a,a)),

P(f(a), f2(a)) A (=P(f2(a), f(a)) V ~P(f(a), f(a))),
P(f(a), f*(a)) A (=P(f(a), f*(a)) V =P(f*(a), f*(a))),
P(f*(a), f(a)) A (=P(f*(a),a) V =P(a, a)),

P(f*(a), f2(a)) A (=P(f3(a), f(a)) V =P(f(a), f(a))),
P(f*(a), f*(a)) A (=P(f*(a), f2(a)) V ~P(f*(a), f*(a)))}-

If we list E(F,2) by column or by diagonal, we get the same set, but the
order of the elements in the set is different.

Now let us show that F' has a model iff the Herbrand expansion of F' is satisfiable.

Proposition 2.8.18 Let F =Vz1...Vr,, FM be a Skolem normal form without
equality. Then F is satisfiable iff E(F) has a model.

Proof: Let F = Vz;...Vx,, F™M be a Skolem normal form without equality. By
The Herbrand Theorem, F' has a model iff it has a Herbrand model. So, it is
sufficient to show that F' has a Herbrand model iff E(F) is satisfiable.
=—>: Assume that H is a Herbrand model of F'. Then for all t1,. .. ,t,, in D(F),

1 =Hgty,...on—t,,][FM] by the interpretation of ¥

= H[wlHH[t1]7...,zmHH[tm]] [FM] by Lemma 2.8.9

=H[FM[zy/t1, ..., 20 /tm]] by The Translation Lemma.

So, H models every formula of E(F). It follows that =y E(F).
<=: Now let us assume that there is a truth assignment 7 that satisfies E(F").
We construct a structure H =< D(F), H!, HP ,H? > with the rules below.

(1) If a is a constant in D(F), a™ = a.

(2) If g is a function symbol of arity n > 0 that occurs in F, g7t [t1,...,t,] =
g[H[t1], - .., H[tn]]-

(3) If P is a predicate constant, P = T[P].

(4) If P is a predicate symbol of arity n > 0 that occurs in F, and t1,...,t,
are terms in D(F), then P™[ty, ... t,] = Liff T[P(t1,...,t,)] = 1.

The first 2 conditions tell us that H is a Herbrand structure.

The next task is to show that H is a model of F.

Let t1,. ..ty be m terms in D(F'). We will show, by structural induction on
FM_ that for all subformulas I of FM,

'H[I[xl/tl, NN 7{Em/tm]] = T[I[xl/tl, .. .,xm/tm]].

We leave the details of the proof as exercise. For Case 1 we use the relations
(3) and (4), and for the remaining 3 cases (Cases 3,4,5), we use the induction
hypotheses and the truth tables of the connectives =, V and A. The cases 5,6,7,8
do not arise since F™ does not contain —’s, «—’s and quantifiers. Q.E.D.

Now we can apply The Compactness Theorem from Section 1.8 to E(F).
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n = 0;
while [E(F,n) is satisfiable] do
n=n-+1;

write (“F is unsatisfiable”);

Figure 2.43: An algorithm for testing the unsatisfiability of a Skolem form

Proposition 2.8.19 E(F) is unsatisfiable iff for some n, E(F,n) is unsatisfi-
able.

The proof of this proposition is left as exercise.

The next result is a consequence of Propositions 2.8.18 and 2.8.19.

Corollary 2.8.20 Let F be a Skolem normal from without equality. Then F is
unsatisfiable iff there is some n such that E(F,n) is unsatisfiable.

We use this corollary to generate the algorithm from Figure 2.43. The theorem
prover built by Gilmore [] in 1959, is based on this algorithm.

Its correctness is assured by Corollary 2.8.20. However, the algorithm halts
only when F' is unsatisfiable. If F'is satisfiable, then the procedure loops forever.

Exercises

Exercise 2.8.1 Let S be a infinite set of universally quantified clausesVxy ...V, C
where C' does not contain the equality symbol and all its variables are in the set
{z1,...,2n}. Show that

1. the Herbrand universe of S is countable, and

2. S is satisfiable iff it has a Herbrand model.

Exercise 2.8.2 Generalize Corollary 2.8.13 to formulas that have an infinite
set of axioms.

Hint: Exercise 2.5.16 tells us that every set of formulas is satisfiably equiv-
alent to a set of S of formulas Vxy ...Vx,C where all variables of the clause C
are in the set {x1,...,zn}. Then eliminate the equality from S, and apply the
preceding exercise.

Exercise 2.8.3 Find the Herbrand universe for the formula F' = VaVy(R(z, f(y))A
(S(g(x)) vV =R(y,x)) A =S5(y))-

Exercise 2.8.4 Find D(F,2) for the formula F = VaVy((P(z, g(y,x))V-P(g(y,y), x))A
P(g(z,y)y)).

Exercise 2.8.5 Prove Lemma 2.8.9.

Exercise 2.8.6 Complete the proof of Proposition 2.8.18.
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Exercise 2.8.7 Prove Proposition 2.8.19.

Exercise 2.8.8 Modify the algorithm from Figure 2.43 to halt with failure when
E(F,n+1)=E(F,n).

Exercise 2.8.9 Let F = Va1Vas ... Ve, FM be a Skolem form without E and
let D(F) and E(F) be the Herbrand universe and the Herbrand expansion of F.
Give an algorithm for obtaining L(F), the set of atoms of E(F).

Exercise 2.8.10 Let S be a set of universally closed, equality free clauses. This
means that the elements of S are formulas Vxy ... Vx,,,C that have no free vari-
ables, no equality predicate, and the matriz C is a clause. Show that S is unsat-
isfiable iff for some finite subset T of S and for some finite integer n, E(T,n)
is unsatisfiable.

Exercise 2.8.11 The algorithm from Figure 2.43 does not always work when
the input is an infinite set of Skolem forms S = {Go,G1,...,Gn,}. For these
sets, E(S,n) may be infinite. Modify the algorithm to handle sets of Skolem
forms. Assume that there is an algorithm g that takes as input a number m €
{0,1,2...} and outputs the Skolem form G,.

Exercise 2.8.12 Prove the correctness of the algorithm from the preceding ex-
ercise. You must show that it stops with success iff S is unsatisfiable.

2.9 FOL Unlification

The following two sections present the first order resolution. We recall, from
Section 1.8, that the resolution is a method for proving the unsatisfibility of
a set of clauses. In propositional logic we defined the resolvent of two clauses
C, = AvC and Cy = -AV D to be the clause R = C V D, obtained by
removing the atom A from the first clause and its complement —A from the
second. We said that two clauses C7 and Cy are unifiable if C; contains an
atom A and Cj contains its negation —A. In first order logic the things get a
little more complicated since the atomic formula A can have variables. So, two
atomic formulas can be unified without being identical. This section deals with
the unification problem for first order logic. It presents an unification algorithm
and proves its correctness. The theoretically minded reader will find many
interesting concepts throughout this section. The more practically oriented
reader should master the unification algorithm and go on to the next section.

Let V be the set of variables {xq,...,2n,...} and T be the set of terms
defined in Section 2.1.

Definition 2.9.1 (substitution) A substitution is a finite set of pairs s =
{yl/tla cee 7yn/tn}, where

(1) y1,...,Yn are variables from V,

(2) t1,...,tn are terms in T,
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(3) for all pairs y;/ti,y;/t; € s, y;i =y, implies t; =t;, and
(4) for all pairs y;/t; in s, y; # t;.

Since s is a set of ordered pairs, it is a relation. Its domain is the set of variables
{Y1,--.,Yn}, and its range is the set of terms {t1,...,¢,}. The third condition
tells us that s does not contain 2 pairs, /7 and x/7 with 71 # 5. This means
that s is a function. Then, the terms ¢1,... %, are, respectively, the values of s
at Y1y - ,tn.

So, a substitution is a function s from a finite subset of V' into 7" that does
not contain any identity pairs x/z.

Examples 2.9.2 1. The set s = {z/f(z,v),y/a,z/u} is a substitution be-
cause it is a function from {z,y,z} into T and does not contain any identity
pairs.

2. The relation so = {x/g(x),y/y,z/g(a),z/g(x)} is not a substitution
because it contains the identity pair y/y.

3. The relation s3 = {x/y,x/z,y/u} is not a substitution because it is not
a function; the variable x has two values, y and z.

4. The relation s4 = {xo/z1,21/%2,...,Zn/Tnt1,.-.} iS nOt a substitution
because its domain {xg,z1,..., Ty, ..., } is infinite.

5. The function s5 = {a/z,y/f(x)} is not a substitution because its domain
contains an element, a, that is not a variable.

Definition 2.9.3 (empty, relabeling, ground, away substitutions) The sub-
stitution {} is called the empty substitution, or the identity.

A substitution s = {y1/t1,...,Yn/tn} is a relabeling (rename) when its range
contains only variables and s is a one-to-one function.

A substitution s = {y1/t1, ..., Yn/tn} is a ground substitution when the terms
t1,...,t, do not contain variables.

A substitution s = {y1/t1,...,yn/tn} is away from a set of variables U,
when none of the terms ty,...,t, have variables in U.

Example 2.9.4 1. The substitution s; = {z/y,y/z,u/v} is a relabeling be-
cause the range contains only variables and the values at x,y, z are distinct.

2. The set s2 = {z/f(a,b),y/a,z/g(b)} is a ground substitution because the
terms f(a,b),a,g(b) have no variables.

3. The substitution sg = {x/g(u),y/f(u,v),z/f(v,w)} is away from U =
{z,y, z} because the terms g(u), f(u,v), f(v, w) do not have variables in U.

We recall that the substitution {y1/t1,...,yn/tn} is a function from {y1,...,yn}
to the set of terms. For our purposes, it is useful to extend the function s to
the set V. So, we define the function below.

s*[z] = t; ifforsomei, 1 <i<mn,z=1y;
"1 =z otherwise

Now we can characterize the extensions.
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Proposition 2.9.5 A function ¢ : V. — T is a substitution extension iff
olz] # x for a finite number of variables.

Proof: = If s = {y1/t1,...,yn/tn}, then s*[z] # = for z = y1, x = yo,
. T =Yp. S0, s[z] # x for a finite number of variables.

<=: Now let 0 : V. — T be such that o[z] # x for a finite number of vari-
ables. Let y1,...,yn be those variables and define s = {y1/o[v1],- .., yn/0[yn]}-
Since s is a subset of o, it is a function. Moreover, we selected only the pairs
x/olz] with = # olz], so s does not contain any identity pairs. So, s is a
substitution. We compute the function s*.

s*[z] = oly;] if for some i, 1 <i<n,z=1y;
Tl =z otherwise

Since ofz] =z for & {y1, ..., Yn}s

“la] = oly;] if for some i, 1 <i<n,z=y;
s olz] otherwise

The last formula states that the function s* is equal to 0. Q.E.D.
It is easy to prove that different substitutions have different extensions.

Proposition 2.9.6 Let s1, so be two substitutions. Then, s1 # so implies s1* #

82*.

Proof: Let us assume that s; # sa. Then there is a pair z/t that belongs to
one substitution but not to the other. Let us assume, without loss of generality
(wlog), that =/t is in s1, but not in s3. Then s;*[z] = t. We have 2 subcases.

Subcase 1: z is in the domain of sy. Then, there is a pair /7 € sy and
so*[x] = 7. Since x/t &€ sa, T #t, s0 s1*[x] # s2*[x].

Subcase 2. z is not in the domain of s;. Then so*[z] = . We know
that t # x because no substitution contains a pair of identical variables, so
s1%[x] # s2*[z].

In both subcases, s1*[z] # s2*[x], s0 51* # s2*. Q.E.D.

[the support of an extension|Let o : V. — T be a substitution extension.
The substitution s that satisfies the equality s* = o is called the support of o.

We can go a step further and extend s = y1/¢1,. .., yn/tn to the set of terms
T. The extension 5 is defined as

E[t] = t[yl/tla RN yn/tn]v

where the term 3[t] is computed by simultaneously replacing all occurrences
of Y1 by t1, of Yo by to,. .., of Yn by tn.

Example 2.9.7 Let s = {z/f(x,y),y/g(z)} and t = f(x, h(y, z, f(u,a))). Then
] = slf(z, h(y, 2, f(u,a)))]

(@, h(y, 2, f (u, ) [/ f(2,y),y/9(2)]
(f(z,y), h(g(2), 2, f (u,a))).

vl

= f
= f
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Notation 2.9.8 Since we have already used the notation [y1/t1,...,yn/ts] for
substitutions, we will also write s = [y1/t1,...,yn/ts] instead of the set theo-
retical notation s = {y1/t1,...,Yn/tn}

Observation 2.9.9 It is easy to check that 5 is an extension of s*. Let s =
[Y1/t1, s yn/tn].

Then 5[y;] = yi[y1/t1, ... Yn/tn] = ti = s*[yi).

If o & {yi,...,yn}, then 3[z] = zy1/t1,...,yn/tn] = x = s*[x].

So, the restriction of § to V is s*.

Next, we define the composition of substitutions.
Let s1, s2 be two substitutions and o : V. — T, be the function defined by

oly] = s2[s1”[y]l.
Proposition 2.9.10 The function o defined above is a substitution extension.

Proof: Let s; = {y1/t1,...,yn/tn} and s1 = {z1/71,..., 2m/Tm} be the two
substitutions. Let « & {y1,...,Yn, 21,...,2m}. Then
olz] = 53[s1[x]]

= 5[] because = & {y1,...,Yn}
= s9[z] since x is a variable, S3[x] = s2[z]
=z because x & {z1,...,2m}-

So, olx] = z for all but a finite number of variables, so it is a substitution
extension, by Proposition 2.9.5. Q.E.D.

Since o is a substitution extension, it has a unique support, by Proposi-
tion 2.9.6. We call that support the composition of s1 and sz and write it
S9 ¢ S81.

Example 2.9.11 Let us find the composition sy¢ s for s1 = [x/y,y/f(2),u/a]
and s2 = [z/h(u,z),y/z,v/w]. The proof of Proposition 2.9.10 tells us that
(s2 ¢ s1)*[x] = « for all x that are not in domain(sy) U domain(sz). So, we
need to compute (s2¢s1)* for domain(s1) Udomain(sz) = {z,y,u} U{z,y,v} =
{z,y,u,v}. We use the formula from the definition of composition.
(s2 0 51)*[x] =32[s1*[z]] by the definition of composition
=33ly] because z/y € 51
= ylz/h(u,z),y/x,v/w] by the definition of 53
because y/x € s9
(s2¢51)*[y] =32[s1*[y]] Dby the definition of composition
=33[f(2)] Decause z/f(z) € 51
= f(2)[x/h(u,z),y/z,v/w] by the definition of 53
= f(z) since z is not in the domain of sy
(s2 ¢ s51)*[u] =3z[s1*[u]] Dby the definition of composition
=33]a] because x/a € $1
= alz/h(u,z),y/x,v/w] by the definition of 53
=a the constants remain unchanged
(s2051)"[v] = 53[s1"[v]]
=33[v] because v is not in the domain of s;
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=vlz/h(u,z),y/x,v/w] by the definition of 53

=w  since v/w € s9

Now, s2 ¢ s1 contains all non-identical pairs of (s2 ¢ s1)*. We eliminate z/x
and are left with [y/f(2),u/a,v/w].

Observation 2.9.12 We must be careful to distinguish the compositions sz 082
and s90s1. The first is the composition of s; and so as functions and the second is
obtained by applying ss to the range of s1. In many cases the two compositions
yield different results, as shown below.

Let s1 = [z/y, z/x] and s3 = [z/u,v/w]. Then s30s1 = [z/u] while sp 051 =
[2/y, z/u, v/w].

Proposition 2.9.13 relates the composition of substitutions to the composi-
tion of functions.
Proposition 2.9.13 53051 =3530757.

Proof: By structural induction on terms.
Case 1. t is a variable, say y.

Then
535 51[y] = (820 51)*[y] because y is variable
= 352[s1*[y]] by the definition of substitution composition
= 53[51(y]] because 37 is an extension of s;*
= (S53037)[y] definition of function composition
Case 2. t is a constant, say a.
Then

539 51[a]l = a and
(52 0 51] = 52[51]a]]

=33lal =a

because the substitutions do not modify constants.
Case 3. t = f(t1,...,tn), where t1,...,t, are terms.

Then

52051 f(t1,. .. tn)] = f(52951[t1],--.,52051[tn]) definition of the ~
extension

= f((Szo3s1)[t1],...,(520351)[tn]) by induction hypothesis

= f((sz[s1[t1]] - - -, 52[51[tn]])  definition of composition

=353/ (51[t1], - - -, 51[tn])] by the definition of substitution

[t
=33[51[f(t1,...,tn)]] by the definition of substitution
= (Sz051)[f(t1,...,tn)] Dby the definition of the composition

We will use Proposition 2.9.13 to show that the composition of substitutions
is associative.

Proposition 2.9.14 The composition of substitutions is associative, i.e.
(83 & 52) & 81 =839 (SQ <& 81).
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Proof: Let y be a variable.

((s3 © s2) ¢ 81)*[y] = ((s30s2)[s5[v]] by the definition of substitution
composition

= (53 0352)[s5[y]] by Proposition 2.9.13

= 3s3[52[s7[W]])- by the definition of function composition

At the same time,

(s3 0 (s2081))*[y] = 53[(s2 ¢ s1)*[v]] from the definition of substitution
composition

=33[52[s7[y]]] by the definition of substitution composition

SO, ((83 <& 82) & 81)* = (83 & (SQ <& 81))*.
By Proposition 2.9.6, the above equality yields (s3¢ $2) ¢ 51 = 830 (82¢ 81).
Q.E.D.

The associativity allows us to skip the parentheses around the operands of
the expressions that contain the composition operator ¢.

Notation 2.9.15 In order to simplify the notation, we will always omit the
star on top of the substitution. Many times we will also omit the bar on top
of the substitutions. We will use them only when we want to emphasize the
application of a proposition or to add clarity to the presentation. So, we will
write s[t] instead of 3[t], s[y] instead of s*[y].

Definition 2.9.16 (unifier) LetS = {P(t1,...,t1), P(t3,...,t2),..., P(t7, ...

be a set of atomic formulas. A unifier of S is a substitution s such that
s[P(t], ..., th)] = s[P(t3,...,2)] =... = s[P(tT, ..., t™)].

)

'

This definition tells us that s is a unifier of S = {P(¢},..., 1), P(t3,...,t2),..., P(tT, ...

if and only if

o] = o] = . = ol

s[td] = slig] = ... = sleg).

sftl] = s[t?] = ... = s[t™].

So, s[S] contains only one formula, P(s[t1],...,s[tL]). This formula is also

called a unifier of S. When the meaning of the word unifier is not clear from
the context, we use unifying substitution or unifying term (formula). If S has a
unifying substitution we say that the set S is unifiable.

Examples 2.9.17 1. The substitution s = [z/g(u),y/g(v),z/f(g(u)),v/g(u)]
is a unifier for S = {P(z, f(v)), P(y, 2), P(g(u), f(v))} because it makes all 3
formulas identical.

s[P(x, f ()] = P(sla], f(s[y])) = P(g(u), f(g(w)))

s[P(y; 2)] = P(slyl, s[z]) = P(g(u), f(g(u))),

s[P(g(u), f(v)] = P(g(s[ul), f(s[v])) = P(g(u), f(g(u)))

2. The substitution o = [xz/g(a),y/g(a), z/f(g(a)),v/g(a)] is also a unifier

for the set .S, since

s[P(z, f(y)] = s[P(y, 2)] = s[P(g(u), f(v))] = P(g(a), f(9(a)))-
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Figure 2.44: The factoring property

Definition 2.9.18 (most general unifier, factoring property) A most gen-
eral unifier, abbreviated mgu, of

S={Pt},...,t)),P(3,...,t2),..., P(t7,....t™)}

is a unifier o of S such that all unifiers of S factor through o.

We say that s factors through o when there is a substitution si that satisfies
the equality s = s1 ¢ 0.

The factoring property is shown in Figure 2.44.

Definition 2.9.19 (Var[S]) 1. Ift is a term, then Var[t] is the set of variables
that occur in t.

2. If S is a set of terms, Var[S] is the set of variables that occur in at least
one term of S.

3. If F is a formula, Var[F] is the set of variables that occur in the terms
of the formula.

4. If S is a set of formulas, Var[S] is the set of variables that occur in the
elements of S.

Examples 2.9.20 1. Var[f(z,y)] = {z,y}.
2. Var[{g(u,a),z, h(b,2)}] = {u,x, z}.
3. Var[P(f(z,y),b,9(z,0))] = {=z,y, 2}
4. Var[{Q(f(z,y),a), ~R(2), E(z, f(u))}] ={z,y, z,u}.

Let us show that whenever o1 and o9 are two mgu’s of the same set, they
are relabelings of each other. This means that there are renames s; and ss such
that 01 = 51 009 and o9 = 55 ¢ 07.

Lemma 2.9.21 Let t and 7 be two terms and s, o be two substitutions such
that t = s[t] and 7 = ol[t]. Then, there is a relabeling r = [x1/a1, ..., Tn/cn]
that satisfies 1-4.

1.rCo

2. r~1 Cs, where r=! = [aq /21, ... an/20],

3. t=r[7]

4. T=r"11.

Proof: First of all, let us represent t as a tree, and let z1,...,x, be the
variables of ¢ that are also in the domain of o. Let uq,...,u;,, m > n, be the
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o e U, Uy Uy U,
o 0O L
t
oly] oYl
o[ys]
T =7t]
Figure 2.45: The tree o[t] from Lemma 2.9.21
Dewey addresses where these variables are found. Since uyq, ..., u,, are labeled
with variables, they are leaves of ¢t. Let y1,...,ys, be the labels of uy,... tuy,.

Then 7 = o[t] is the tree from Figure 2.45. From the picture we see that

(1) the address set of ¢ is a subset of the address set of 7, and

(2) the labels of all addresses of ¢, save u1, ..., un, are the same in ¢ as in 7.

We do the same thing for 7. Let z1,..., 2, be the variables of T that occur
in the domain of s and vy,...,v; the addresses where they are found. When we
do the substitution, each v; is replaced by the tree s[w;], w; being the label of
V;.

The tree ¢t = 3[7] is shown in Figure 2.46. From the equality ¢ = 3[7] we
deduce (3) and (4).

(3) the address set of 7 is a subset of the address set of ¢, and

(4) the labels of all addresses of 7, save the leaves vy, ...,vq, are the same
in 7 and t.

From (1) and (3) we get that ¢ and 7 have the same set of addresses. If
[x1/c1, ..., 20 /] is the restriction of o to the variables of ¢, then the terms
ai,...,0Qn, must be either variables or constants. Otherwise, some of the a’s
have height greater than 0 and the tree 7 has more addresses than t.

Let us assume that o is a constant, say a, and that z; occurs at address u;
of t. Then the labels at address u; are z; in ¢ and a in 7. But then the equality
t = 3[7] cannot hold since no substitution can change a constant into a variable.
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U1 V2

Figure 2.46: The tree o[t] from Lemma 2.9.21

So, all the a;’s are variables. It remains to show that x; # x; requires that
o # aj. Again we assume that for some ¢ and j, z; # x; and «; = «;. Let
u, v be the addresses of x;, respectively x; in t. Since 7 is the result of the
substitution, 7 has the same label at v and v while ¢ has different labels. But
then no substitution s can transform 7 into ¢, since all will give the same label
to both w and v. Contradiction!

So, o restricted to ¢ is a relabeling r = [z1/0q,...,2n /). Now let A be
an address where the labels of ¢ and 7 differ. Since 7[t] = 7, t must be labeled
with one of the variables x1,...,x,, say ;. Then 7 has label «; at A. When
we apply the relabeling r—! = [a1 /21, ..., an/2y] to 7, the label at A becomes
z;. So, r=1[r] =t. Q.E.D.

Lemma 2.9.22 Let 01,02, 81, 82 be 4 substitutions such that

dom(s1) C dom(o1) Udom(oz) and

dom(s2) C dom(o1) U dom(oz).

Let {x1,...,x,} = dom(o1) Udom(oz) and let f be a function of arity n.
Lett = f(x1,...,2,), t1 = 71[t] and t2 = T3]t].

Then

01 = 81009 and o9 = S92 ¢ 01 iff

t1 = E[tz] and to = E[tl]

Proof: Let {x1,...,2,} = dom(o1) Udom(oz) and let f be a function of arity
n. Let t = f(x1,...,2,), t1 = 71[t] and t2 = F3[t].
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=—: Assume that o1 = s1 ¢ 09 and 09 = s9 ¢ o1. Then

31ta]

= 51[032t]] because to = 73]t]

= (S1003)[t] by the composition of substitutions

= 310032t the composition of the extensions is the extension of the
composition

=o1]t] since o1 = 51 ¢ 09

=1 by the definition of ¢;.

In a similar fashion we show that ty = 53[t1].
=—: Assume that t; = 37[t2] and t3 = 53[t1]. We will show that o1 = $1 ¢ 09.
If y & dom(o1) U dom(os),

oyl =y

and

(s1 0 02)[y] =3S1[o2[y]]  definition of composition
=31ly]  Dbecause y is not in the domain of oy
=s1ly]  since y is a variable

=y  y is not in the domain of s;.

So, when y & dom(o1) U dom(oz), o1[y] = (51 ¢ 02)[y].

Now let us assume that y € dom(o1) Udom(oz). Then y is a leaf of the tree
t = f(x1,...,2,). Let us assume that y occurs at address i—1, i.e. y = z;. Since
t1 = S1[t2] they have the same subtree at address i — 1. But ¢1[i — 1] = o1[z;]
while

(s1lte])li — 1] = sa[[t2][i — 1]]

= E[UQ[f(xlv ) afn)][Z - 1]]
=351[[o2[x;]] t2 at address i — 1 is og[x;]
= (s1002)[z;] by the definition of compositions of substitutions

So, a1[y] = (s1 0 02)[y].
In both cases, o1[y] = (s1 ¢ 02)[y]. So,
01 = 81 09. Q.E.D.

Theorem 2.9.23 If o1 = s1 ¢ 09 and 01 = s1 ¢ 02, there is a relabeling v such
that o1 =r ooy and oo =1 1 00y,

Proof: Since o1 = s1 ¢ g2, dom(s1) C dom(o1) U dom(oz). At the same time,

o9 = $3 ¢ 01, implies dom(sz) C dom(o1) U dom(oz). Let {x1,...,2,} be the
variables of dom(o1) U dom(oz). We choose f to be a function of arity n and
set t = f(x1,...,2p), t1 = 71[t] and t2 = T3[t].

By Lemma 2.9.22, t] = ﬁ[tg] and to = S_Q[tl].

By Lemma 2.9.21, there is a relabeling © C s; such that 7= C sq, t; = [t2],
and t; = r—L[ty] Since r is subset of s; and r~' a subset of sy, dom(r) C
dom(o1) U dom(oz) and dom(r—1) C dom(c1) U dom(oz). This means that the
substitutions oy, o3, 7, 7! satisfy the conditions of Lemma 2.9.22. Then,

o1 =roog and o1 = r1 OUQ.Q.E.D.

Corollary 2.9.24 The mgu’s are unique up to a relabeling.
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Proof: If both o1 and o9 are mgu’s they factor though each other, i.e. o1 =
s$1¢ 09 and o3 = s9 ¢ 01. By the preceding theorem there are relabelings r; and
ro such that o1 =71 009 and g9 = 29 0 01. Q.E.D.

We will frequently talk about the mgu instead of an mgu since the differences
between the mgu are just relabelings.

Before we continue our discussion about unifiers let us introduce the concept
of commutative diagrams, figures that will occur in the following sections. Com-
mutative diagrams are labeled directed graphs. The vertices are sets and the
arrows are functions. If two paths start at the same vertex and end in the same
vertex, then the compositions of the functions along the two paths are equal.

In Figure 2.44 we have two paths from V to T,V 5 T and V% T 5 T . The
compositions of the functions along the two paths are equal, i.e. s =S700. We
must remember that the order of the functions in the composition is the reverse

of their occurrence in the path. So, if the path is

AgDA, oAy, A, 5 a, v a,

we must write f, o f,_10...0 fyo fi.

Now let us return to our discusion of mgu’s. We will give an algorithm for
finding the mgu of a set of atomic formulas. For this we need the notion of
disagreement set. Before we do that, let us recall, from Exercise 2.2.5, that
the leftmost position where two terms differ is the beginning of two diferent
subterms.

Definition 2.9.25 (disagreement set) Let S = {A1,..., A}, be the set of
atoms Ay = P(t}, ... t}), Ay = P(t3,...,t2),..., Ay = P, ..., t™). The
disagreement set of S is the set of the terms of A1,...,A,, that begin at the
leftmost position at which Ay,... A, have different symbols.

Example 2.9.26 Let S = {P(z, f(x),y), P(x,u,y), P(z, f(g(v)),2)}. The left-
most position where the strings P(z, f(z),y), P(x,u y), P(z, f(g(v)), z) differ
is the 5-th. So, we take the terms of P(x, f(x),y), (x,u,y), Pz, f(g(v)),2)
that start at position 5. We get the set D = {f(z),u, f(g(v))}.

The unification algorithm shown in Figure 2.47 computes the mgu of a set
S, of atomic formulas that have the same predicate symbol. Before we go on to
prove the correctness of The Unification Algorithm, let us see how it works.

Example 2.9.27 Let us find the mgu for S = {P(f(z,y),v, 9(2)), P(u, h(v), g(v)),

P(f(z,y),h(v),w)}. First we set o9 = [| and find the disagreement set
Dgy of o¢[S]. The empty substitution [| leaves S unchanged , so og[S] =
{P(f(z,9),y,9(2)), P(u, h(v), g(v)), P(f(2,y), h(v),w)}.

The smallest position where the 3 formulas of o¢[S] differ is 3. So, the
disagreement set Dy is the set of terms that start at this position. We get
Do = {f(z,y),u, f(z,y)}.

The set Dy is not empty, so we execute the loop. Dy contains a variable
and a term that does not have that variable as a subterm, so we define the
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n =0; o, = [|; compute D,,, the disagreement set of 0,,[S];
while [D,, # ¢]

if [D,, contains a variable z and a term ¢ that does not have x as a
proper subterm| then

n=n+1; 0, =[z/t]o0n_1;
find D,,, the disagreement set of o,[S];

}
else
exit with failure;
¥
mgu = oy;
Figure 2.47: The Unification Algorithm
substitution o1 = [u/f(x,y)] ¢ o0 = [u/f(z,y)] ¢ [ = [u/f(x,y)]. Then we

compute the set 01[5] as

[u/ f(x, y)][oa[S]]

= [u/f(z,»)[{P(f (2, 9),y,9(2)), P(u, h(v), g(v)), P(f (z,y), h(v), w)}]

={P(f(z,y),y,9(2 ))[U/f(x )l Pu, h(v), g(v)[u/f(z, )],

P(f(z,y), h(v ) w)lu/ f(z,y)]}

={P(f(z,9),y.9(2)), P(f (2, 9), h(v), 9(v)), P(f (z, y), h(v),w)}.

The leftmost position where the formulas of o1[S] differ is 10. We get the
disagreement set D1 = {y, h(v)}.

We go to the loop repetition test. D; is not empty, so we execute the loop
body. D; contains both the variable y and the term g(v) that does not have y
as a subterm. So, we set o2 = [y/h(v)] ¢ o1, and we compute o3[S].

o2[S] = [y/h(v)][o1[S]]

— [y/h@IHPF (@ 1), 9, 9(2)), P(F(,9). h(v), 9(0)), P(F (), hv),w)}]

— {P(f(2,9), 9, 9()) /()] P(F (. 9), h(v), g(v))[y/h(v)],

P(f(z,y), h(v),w)ly/h(v)]}

— {P(f(w, h(0)), h(v), 9(2)), P(F (., g(0)), h(v), g(0)), P(f(, h(v)), h(v), w)}

The formulas of 03[S] differ at position 18, and we get the disagreement set
Dy ={g(2), 9(v), w}.

We go back to the loop test. Since Dy is not empty, we repeat the loop. In
D5 we encounter a variable, w, and two terms that do not contain the variable.
So, we choose one of the terms g(z) and g(v) to be part of the substitution o3.
The next theorem will show that it does not matter which one we choose, so let
o3 = [w/g(z)] © o2. We compute the set 03[S] = [w/g(2)][o2[S5]]-

[w/g(2)][o2]5]]

= {P(f(z, h(v)), h(v), 9(2))[w/g(2)], P(f (x; h(v)), h(v), g(v))[w/g(2)],
P(f (2, h(v)), h(v), w)[w/g(z)]}
= {P(f(x;h(v)), h(v),9(2)), P(f (2, h(v)), h(v), g(v)), P(f (; h(v)), h(v), 9(2))}
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The disagreement set of 03[S] is the set of terms that start at position 20,
so D3 = {v,z}. We go back to the loop test. D3 is not empty, so we repeat
the loop. Since both elements of D3 are variables, we can choose between the
substitutions [v/z] or [z/v]. The Unification Theorem will tell us that both
choices are valid, i.e. if the set is unifiable they will lead to an mgu. So, let us
choose o4 = [z/v] © 03. We compute 04[S] = [z/v][o3[S]] and get

[2/v]os[S]]

— (P(f(x, h(0)), h(v), 9(=)) /], P(F (. h(v)), h(v), g(0))[=/],
P (&, h(v)), h(v), 9(2))[=/]}

— {P(f(. h()), h(v), g(v)

— {P(f(. h(v)), h(v), g(0)}.

The disagreement set of 04[S] is Dy = ¢.

We go back to the loop test. Since Dy is empty, we exit. There we compute
04,

mgu = oy = [z/v]o[w/g(2)]oly/h(v)]o[u/ f(x, y)] = [z/v,w/g(v),y/h(v),u/ f(x, h(v))].
Now let us give an example of a set of formulas that is not unifiable.

Example 2.9.28 Let us find an mgu for the set S = {P(f(z),y), P(z, ), P(u, g(v))}.
First we initialize o to [] and find the disagreement set of 0o[S] = S. The left-
most where the formulas differ is 3, so Dg is the set of terms that start at that
position. We get Doy = {f(z), z,u}. We go to the loop repetition test.

The disagreement set is not empty, so we execute the loop. The set Dy
contains a variable and a term that does not have that variable as a subterm. So,
we pick one of the substitutions [z/u], [u/z], [z/f(x)], [u/f(2)]. If S is unifiable,
all four substitutions will lead to an mgu. So, let us choose o1 = [z/f(x)] © 9.
We compute the set of formulas o1[S] = [z/f(z)][o1[S]-

01[S] = [/ F@{P(f (), y), P(=.2), P(u, g(v))}

— (P(f(2), I/ F@)], Pz, 2)[2/ £ ()], Plus g(0))=/ F@)]}

— {P(f(),y), P(f(2), f (@), Pu, g(v))}

The leftmost position where the formulas of 01[S] differ is 3. We get the
disagreement set Dy = {u, f(z)}and we go to the loop repetition test.

Since Dy is not empty we execute the loop. D; contains a variable and a term
that does not have that variable as a subterm. So, we define the substitution
o2 = [u/f(x)] o o1 and we compute the set o2[S] = [u/f(x)][o1[5]-

0218) = [u/ F@){P(F (@), ), P(f(x), F(2)), Plu, g(v))}

— {P(f (@), y)lu/ F@)), P(f(2), F())uf F@)), Plu. g(v))lu/ f(2)]}

={P(f(2),y), P(f(x), f(x)), P(f(x),9(v))}

The formulas of o3[S] differ at position 8. The set of terms that begin at
that position is D3 = {y, f(x), g(v)}. We go back to the loop repetition test.

Since Ds is not empty, we execute the loop. Here we test if D3 has a variable
and a term that does not contain that variable as a subterm. It does, so we define
the substitution oy = [y/ f(z)]o0os. We compute the set 04[S] = [y/f(x)][o3][S]]-

04lS) = ly/ F@HP(F(2),9) P(F(@), (2)), P(f(2), 9(v))}

— {P(f (). y)ly/ F@)), P(F (@), F@)ly/ £ ()], P(F (). g(v))ly/ £ ()]}

— {P(f(a), f(@)), P(f(@), F(@)), P(f(x), g(v))}
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— {P(f(@), f(x)), P(f(x). 9(v))}

The formulas of o4[S] differ at position 8, so Dy = {f(z),g(v)}. We go to
the loop repetition test.

The set D, is not empty, so we repeat the loop. We first ask if Dy has
a variable and a term that does not contain that variable. Since D4 has no
variables, the algorithm exits with failure. The set S is not unifiable.

Before we go on to prove the correctness of the unification algorithm, let us
make some observations that will help us in the proofs.

Observations 2.9.29 1. If the terms ¢; and to start with distinct function
symbols then they cannot be unified.

This is easy to see. Let s be a substitution.

If t1 = f(u1,...,un) and to = g(v1,...,vy) then s[t1] = f(s[t1], ..., s[tn])
and s[ta] = g(s[v1],..., s[vm]). So, s[t1] and s[tz] cannot be equal since they
start with different letters.

The same thing occurs when one or both terms are constants.

So, if t; and t9 start with distinct symbols and are unifiable, at least one of
them must be a variable.

2. A variable cannot be unified with a term that contains it as a proper
subterm.

Let us show that. Let z be a variable, and ¢t = f(¢1,...,t,) be a term that
contains one or more occurrences of x. Let s be a substitution. Then s[z] is a
substring of s[t] = f(s[t1],. .., s[tn]). The string s[t] is longer than the string s[t]
since it contains s[t] plus the symbol f and two parentheses. Then, the strings
s[t] and s[t] cannot be equal no matter what s is.

Lemma 2.9.30 The substitutions o, have the form

On = [Yn/tn] © [Yn—1/tn—1] 0 ... o [y1/t1],

where y1,...,yn are distinct variables, and t1,...,t, are terms that satisfy
the condition

for alli, 1 <i<mn,t; does not contain any of the variables vy, ...y;.

At the same time, o,[S] does not contain any of the variables y1,. .., Yn.

Proof: We prove the lemma by induction on n.
Basis: n = 1.

o1 is defined as a pair y1 /t1 where t; is a term that does not contain y;. At
the same time, o1[S] is obtained by replacing every y; in S by ¢1. Since t; does
not contain occurrences of y1, neither does o1[S] = S[y1/t1].

Inductive step: Assume that

On = [Yn/tn] © [Yn—1/tn-1] o ... o [y1/t1],

where t1,...,y, are distinct variables,
for all 7, 1 <4 < n, the terms ¢; do not contain any of the variables y1,. .. ,y;,
and 0,[S] does not contain any of the variables y1, ..., yn.

The substitution o, is defined as op41 = [Yn41/tn+1] © on. We apply the
induction hypothesis and get that
On+1 = [yn—i—l/tn+1] < [Z/n/tn] < [yn—l/tn—l] C... 0 [yl/tl]-



2.9. FOL UNIFICATION 283

This substitution is defined only when D,, is not empty and contains a pair
Yn+1,tnt1, such that ¢, 41 does not have y,41 as a subterm. Since o,[S] does

not contain any of the variables y1, ..., yn, neither does its disagreement set D,,.
So, the variable vy, 41 is distinct from the variables y1, ..., y,. Since y1,...,Yn
are distinct by hypothesis,

Yl,--.,Ynt+1 are distinct variables.

Now, t,,41 does not contain any the variables y1, .. .y, since t,1 is a term of
on[S] and 0,[S] has no occurrences of these variables. Moreover, by the choice
of t;11, th+1 does not contain y,y1. So, the term t, 41 satisfies the condition
that it is free of occurrences of y1,. .., yn+1. By adding this fact to the induction
hypothesis we get that

for all i, 1 < ¢ < n + 1, the terms ¢; do not contain any of the variables

Y1se oo 3Yi-

Finally, 0,4+1[S] = [yn+1/tns1]lonlS]] = on[S][Yn+1/tnt1], ie. 0ni1[S] is
obtained by replacing every occurrence of y,+1 by a term that does not contain
any of the variables y1,...,Yn,Ynt1. Since 0,[S] does not have occurrences of
Yty Yn,

on+1[S] has no occurrences of y1,. .. ,Yn, Ynt1-

Q.E.D.

Corollary 2.9.31 The Unification Algorithm terminates.

Proof: If the algorithm does not terminate then it keeps computing the substi-
tutions o,,. By Lemma 2.9.30, the domain of o,, has n distinct variables from S.
Since S has a finite number of variables, n cannot be greater than the number
of variables in S. Q.E.D.

The next theorem is due to Robinson ([]).

Theorem 2.9.32 (The Unification Theorem) If S is a unifiable set, then
The Unification Algorithm produces an mgu.

Proof: Let S = {A;, As,..., Ay} and s be a unifier for S. Since the algorithm
terminates, it is sufficient to show that s factors through all o,,, i.e. for every n
there is a substitution 7, such that s = 7, ¢ o,,.

The proof is by induction on n.

Basis: n = 0. Then o9 =[], and s = s ¢ []. So, s factors through op.
Inductive Step: Assume that s = 7, © 0,. Let D,, be the disagreement set of
on[S]. If D, is empty we are done, since o, is a unifier of S and s = 7, ¢ 0.

Assume that D, is not empty. Then D,, = {t1,t2,...,t}, 2 < k < n. Since
s unifies S,

(1) s[t1] = s[ta] = ... = s[tx].

By Observations 2.9.29.1, D,, must contain a variable, say ¢;. By Obser-
vations 2.9.29.2, S must have an element, say to, that does not contain ¢; as
subterm.

Case 1: t; is in the domain of s.
Then there is some t3 such that ¢1/t3 € s, i.e.



284 CHAPTER 2. FIRST ORDER LOGIC

(2) S[tl] = t3
From (1) and (2) we get that
(3) S[tQ] = tg

By Lemma 2.9.30, neither ¢; nor the variables of ¢5 are in the domain of o,,.
We apply the equality s = 7, © 0, to t2 and get

slta] = Talon[te]] = Tlte], ie.

(4) S[tg] = Tn[tg].

From (3) and (4) we have

(5) Talte] =t3

Let

(6) Tn+l = Tn — {tl/tg,}.
Now,

Tn+1 < [tl/tg] =Tp+1 U {tl/Tn+1[t2]} by the definition of ¢
= (Tn — {tl/t3}) U {t1/7'n+1[t2]} by (6)
(Tn — {tl/tg}) @] {tl/Tn[tQ]} because tl in not in tz
(7n — {t1/ts}) U{t1/t3} by (5)
= Tp.
So,
(7) Tn+1 < [tl/tQ] = Tn.
From (7) we get that
Tn+1 © On+1
= Thy1 © [t1/t2] 0 oy by the construction of o,
=T1,00, by (7)
=s by induction hypothesis
So, 041 is defined and 0,41 = [t1/t2] © op.
Case 2: t1 is not in the domain of s.
Then s[t1] = t1. Since s[t1] = s[ta], t2 must be a variable and s must contain
the pair to/s[t1] = ta2/t1.
Since t9 is not in the domain of oy, t2/t; must be in 7,.
Now let
(8) Tn+1 = Tn-
Then
Tn41 © [t1/t2]
=Tp < [tl/tg] by (8)
=7, U{t1/7n[t2]} by the definition of ¢
o U{t1/t1}  because T,[t2] = t1
= Tp.
Then the proof that 7,41 ¢ 0,41 = s is identical to the one provided in Case

1.
Q.E.D.

Let us illustrate the proof of The Unification Theorem with an example.

Example 2.9.33 Let S = {P(z, f(x)), P(y, 2)}. The substitution s = [y/z, z/ f ()]
is a unifier of S because

s[S] = s[{P(, f(z)), Py, 2)}]
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= (P(a, f@)y/z, 2/ F(@)], Ply, 2)ly /. 2/ f ()]}

— {P(e, £(2)), Pz, f(2))} = {P(x, (2))}.

Let us follow the proof of the Unification Theorem to show that s factors
through the mgu found by the unification algorithm.

At the beginning o9 =[], and s = s ¢ [], so 70 = s = [y/z, 2/ f(x)].

We compute 0¢[S] and get 0¢[S] = [|[S] = S. The disagreement set of 0¢[5]
is Do = {z,y}. We can choose either one of the substitutions [z/y] or [y/z] as
o1. Let us choose the first one. We apply the second case of the proof to find
T1. S0, 11 =70 = [y/x, 2/ f(x)].

Now let us find 01[S]. We get o1[S] = {P(x, f(x))[z/y], P(y,2)[z/y]} =
{P(y, f(y)), P(y,z)}. The disagreement set of 01[S] is D1 = {z, f(y)}. We
must take oo = [2/f(y)] o o1 = [2/f(y)] ¢ [x/y]. We apply the first case of the
proof to find 5. We compute it by removing the pair z/7[z] from 7 to get
T2 = [y/x].

We go on with the computation of the mgu. We compute o3[S].

oa[S] = [z/f(y)][o1[S]

= [z/fWI{P, f(¥), Py, 2)}

={P(. fW)z/fW)], P(y,2)[z/f ()]}

={P(y, f(): Py, f)} = {Py, f(v))}-

So, the disagreement set of 03[S] is Do = ¢. The unification algorithm tells
us that o2 = [2/f(y)] ¢ [x/y] = [¢/y, 2/ f(y)] is an mgu. From the proof of the
theorem,

§ = T9 ©02.

So, 72 = [y/x] is the factoring substitution. As an exercise in substitution
composition, let us verify this equality.

T20 02 = [y/z] < [z/y, 2/ f(y)]

= ly/z,x/yly/x],z/f(y)ly/z]]  definition of composition
v/ /.2 £ (@)
ly/z, z/ f(2)] remove the pairs of the type v/v
5.

Exercises

Exercise 2.9.1 Prove that dom(sz) — dom(s1) C dom(se ¢ 1) C dom(s1) U
dom(sz).

Exercise 2.9.2 A substitution s has a left inverse, when there is a substitution

o such that o o s =[], where [] is the empty substitution. What property do the
members of s satisfy?

If oo s =], what is the value of soc?
Exercise 2.9.3 Let s = [x1/y1, ... %n/yn] be a relabeling away from {x1, ..., x,}.

Show that there is a substitution o such that soo = s and 0 os = o. Moreover,
0 1S unique, t.e. SOp =35 and pos = p implies p =o.

Exercise 2.9.4 Let s be a substitution and Var[s| be the set of variables that
occur in at least one of the pairs of s, i.e. Var[s] = dom(s)UVar[ran(s)]. Show
that Var[r] N Varlo] = ¢ implies roo =com =nUo.
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Exercise 2.9.5 Let w and p be two substitutions such that dom[w|Ndom|[p] = ¢.
1. Show that c o (mUp) C (com) U (g0 p).
2. Show that oo (mrUp) = (com) U (00 p) is not always true.

Exercise 2.9.6 On the set of substitutions we define the relation > by

s1 > So iff there is a substitution s such that s1 = s ¢ s3.

Show that the relation > is reflexive and transitive. Give an example that
proves that > is not antisymmetric.

Exercise 2.9.7 The pair x/t € sy is useless in the composition so0s1 if S9081 =
(s2 —{z/t}) o s1.
1. Show that the pair x/t € so is useless when x € Var[s1] — Var[ran[s1]].
2. The composition s3081 is reduced when so has no useless pairs. Show that
for every composition so0s1 we can find a substitution o such that so081 = 0081
and o © s1 1s reduced.

Exercise 2.9.8 On the set of substitutions we define the relation =~ as s1 =~ sg
if s1 > s9 and so > s1.

a. Show that =~ is an equivalence relation.

b. If s1 = so then sy and so differ by a relabeling, i.e. s1 =s¢s2 and s is a
relabeling.

Exercise 2.9.9 Find s1¢s2 and sg ¢ s1 for the following pairs of substitutions:
a. sy =[x/ f(z,y),y/9(x), 2/ f(u,v)], s2 = [x/M(y),y/9(2),v/g(w)]
b. s1=[y/f(@)], s2 = [2/9(y), u/h(y,v)]

Exercise 2.9.10 Let [y1/t1] and [y2/t2] be two substitutions such that yo does
not occur neither in t1 nor in ts, and y; does not occur ty.

a. Find two terms t1 and ty that satisfy the above conditions and the in-
equality [y1/t1] o [y2/t2] # [y2/t2] © [y1/t1].

b. What condition must ta satisfy for the equation [y1 /t1] ¢ [y2/t2] = [y2/t2]<
[y1/t1] to be true?

Exercise 2.9.11 The unification relation is the set of all pairs of terms that
are unifiable. Show that the unification relation is reflexive and symmetric, but
not transitive.

Exercise 2.9.12 Let o be an mgu of S = {A1,...,An} and v a variable that
does not occur in S. Show that v & o.

Exercise 2.9.13 What is the mgu of S = {P(t1,...,tn)}?

Exercise 2.9.14 Use the unification algorithm to find the mgu of the following
sets:

a. S =A{P(x, f(z,y)),Pg(2), f(u,v)), P(y,w)}

b. S ={P(f(g (2)), h(y), 2), PUF(u), 0,), P(F(), h(g(w)), g(z1))}

c. $={P(f(z),9(x,y)), Py, 9(z,u)), P(f(v),g9(f(v),w))}.
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Exercise 2.9.15 Assume that 2 unifiable atoms have an mgu. Use this fact to
prove that every unifiable set of formulas has an mgu.

Exercise 2.9.16 Using Fxample 2.9.33 as a guide find the mgu and the fac-
toring of the following unifiers:
a. The setis S = {P(x,y), P(y,x)} and the unifier is s = [x/ f(z,y),y/ f(x,y)].
b. The set is T = {P(z, f(z)), P(x,2), P(g(u), f(v))} and the unifier is
s = [z/g(a),z/f(9(a)),u/a,v/g(a)].

2.10 Resolvents

The main objective of this section is to define FOL resolvents and to study their
basic properties. The development of the theory of resolvents follows the steps
of Section 1.8. It also uses the mgu algorithm from the preceding section. So,
we recommend a quick examination of these sections before advancing into the
current one.

We start with the definition of the 1 step resolvents and then show that
every model of the parent clauses is also a model of the resolvent. Then we
define the set Res*[S], that contains all resolvents of the set of clauses S. The
resolvents in R*[S] are obtained in 0, 1, 2, or any finite number of steps from
the clauses of S. The section concludes with the proposition that states that
Res*[S] is semantically equivalent to S.

In propositional logic we identified clauses with sets of literals and this for-
malism facilitated the presentation of recursion. We will use the same represen-
tation for FOL clauses. Now let us start by defining the (1-step) resolvents.

Definition 2.10.1 (FOL resolvents) Let Cy, Cy be two FOL clauses, s1 a
rename away from Var[Ci], and se be a relabeling away from Var[C3] such
that $1[C1] and s2[C3] have no variables in common. Let Lq,...,L, be atoms of
51[C1] and My,. .. ,M,, be literals of s2[C3] such that S = {Ly,...,Lp, My,..., My}
is unifiable. Let o be an mgu of S. Then

R = U[(Sl[cl] - {Ll, R 7Ln}) @] (82[02] - {Ml, ceey Mm})]

18 a resolvent of C1 and Cs.

We represent this derivation in Figure 2.48.

Example 2.10.2 Figure 2.49 shows the 3 resolvents of C1 = {P(z,y)} and
Cy = {-P(z,y),~P(y, z),Q(x, 2)}. The variables x and y occur in both clauses,
so we relabeled the variables of Co. We could have changed the z and the y
of C1, or change them in both clauses. The rename s, changes x to u, and y
to v. Now $1[C1] = {P(z,y)} and s2[C3] = {=P(u,v), " P(v,z),Q(u, z)} have
no variables in common. We can unify the sets S1 = {P(x,y), P(u,v), P(v,2)},
Sy = {P(z,y), P(u,v)}, and S3 = {P(z,y), P(v,z)}. The first atom is from
51[C1] and the negations of the remaining ones are literals in s2[C5].
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Cl C2
S1

59

S:{Ll,...,Ln,Ml,...,Mm}

R=0[(s1[C1] = {L1,...,Ln}) U (52[Co) — {Mi,..., My})]

Figure 2.48: R is a resolvent of C7 and Cy

We use The Unification Algorithm and get the mgu’s oy = [u/x,v/z,y/x, z/x],
o9 = [u/z,v/y] and o3 = [v/z, z/y]. The resolvent R; is obtained by remov-
ing P(z,y) from s1[C4] and —~P(u,v),~P(v, z) from s2[C2]. We are left with
the literal Q(u, z) from s2[C3]. We apply o1 to the remaining literal and get
Ry = {Q(x,x)}.

Our goal is to show that every model of the parent clauses is also a model
of the resolvents.

Lemma 2.10.3 Let C be a clause with variables y1,...,Yn, and let s be a sub-
stitution. Let z1,...,zm be the variables of the clause s[C]. Then every model
of VinVynC is a model of Vz1 .. . Nzps[C].

Proof: We assume

(1) BEAYY1YY2. .. VynC,

and need to show

(2) E V21V ... V2 s[C].

We rename all variables in the sequence z1, ..., 2z, that occur in C. Let o
be the renaming substitution, and ui, ..., u,, be the new set of variables.

By The Relabeling Lemma,

(3) Vz1Vza .. . V25 8[C] = YuiVusg . . . Y, (o o 8)[C].

So, we need to show

(4) A E YuiYus ... Yup (o o $)[C].

The substitution o ¢ s relabels all variables of C, so

(5) cos=[y1/t1,---,Yn/tn],

and tq,...,t, do not contain any of the variables y1,. .. ,yx.

Now let D be the universe of A. We can get (4) if we show that for any m
values in D, dy,...,dn,

(6) A[u1<—d1,...7um<—dm][U[S[CH] =1

We will simplify the notation and write A* instead of Apy,—a,.....up—d,n]-

A*[o[s[C]]]

= ‘A*[C[yl/tlw Hayn/tn]] by (5)

= AL A ] A (6] [C] by The Translation Lemma

= Ay, A+ t1],yn At [C] - since ug,. .. uy, are not in C
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CVl = {P(if,y)} C12 = {ﬁp(xay%ﬁp(y?Z)aQ(x? Z)}
s1=|]

o = [x/u, y/v]

S ={P(x,y), P(u,v), P(v,2)}

o=lu/x,v/z,y/r,2/1]

Ry = {Q(x, )}
CVl = {P(if,y)} C’2 = {ﬁP([E,y),ﬁP(?hz),Q([E, Z)}
s1=|]

s2 = [z /u,y/v]
S ={P(z,y), P(u,v)}

o= [u/z,v/y]

Ry = {=-P(y, 2),Q(x, 2)}
C) = {P(x,y)} Co = {_'P(xvy)7_'P(y7Z)7Q(x7 Z>}
s1= ]

s2 = [x/u,y /]
S ={P(z,y), P(v,2)}

o=[v/x,z/y
R3 - {ﬁp(uwr)’ Q(u,y)}

Figure 2.49: The 3 resolvents of {P(x,y)} and {-~P(z,y), ~P(y, 2), Q(x, 2)}
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=1 by (1).

The last equality is true since

(7) A[y1ee17...,ynH€n][C] =1

for all eq,...,e, in D. So, if we take e; = A*[t1], e = A*[ta],. .., en = A*[ts)]
we get the desired equality. Q.E.D.

Lemma 2.10.4 Let C; and Cy be two clauses, x1,...,x; be the variables of
Ci, and yi1,...,y; the variables of Cy. Let R be a resolvent of C1 and Cs
and z1,...,%m be the variables of R. Then every model of Vxi...VxrCy A
Yyi...ymC2 is a model of Vz1...Vz, R.

Proof: Let s; and so be the relabeling substitutions of C; and C3. Let
ui,...,u be the s relabelings of z1,...,x%, and v1,...,v; the sy renames
of y1,...,y;. By The Relabeling Lemma,

(1) Yug .. .Vuksl[Cl] =Vzy...Vo,Cy

and
(2)Vvy ... Yus2[Ca] = Vuy ... VuCy
Let S be the unifying set of R, ¢ its unifier, and wy, ..., w, the variables of

o[s1[C1] A $2]C3]]. Now let A be a model of Yy ...VzrCy AVyy ... ymCa. Then

(3) ':AV$1 .. V$k01

and

(4)E A1 ... Yy Co.

We apply (1) and (2) to (3) and (4) and get

(5) |:AVu1 . .Vuksl[Cl]

and

(6) E V1 ... Vusa[Cy).

We apply Lemma 2.10.3 to (5) and (6) and get (7) and (8).

(7) Vw1 ... Vwo(o 0 s1)[C1]

(8) Vw1 ... Vwo(o ¢ s2)[Co]

Now let dy, . .., d, be o-elements of the universe of A. We abbreviate A, 4,
by A*.

We will show that A*[R] =1

Let S be the unifying set of R and L be the unique atom of o[S].
Case 1: A*[L] =1

By (8), A* satisfies the clause o[s2[Cs]], so A* must satisfy some literal
Q € o[s2][Cy]]. Since A*[-L] =0, Q # —L. Then Q € R, and A*[R] = 1.
Case 2: A*[L] = 0. This time we use (7), and get that A* models some literal
Q of o[S1[C1]]. Since A*[L] =0, Q # L. Then @ € R, and A*[r] =1

In both cases, A* is a model of R. Since the o-tuple dy, ..., d, is arbitrary,

(9) EVwr ... Yw,R

We remove the redundant quantifiers from (9) and get

(10) = 4V21 ... V2, R.
Q.E.D.

The one step resolvents, introduced in Definition 2.10.1, are represented as
trees of height 1, as shown in Figure 2.48. Now, we follow the pattern set in
Section 1.8, and extend the concept to cover not only the one step resolvents, but

s Wo—do]
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C1 = {P(a)}

R={P(f(a))}

Figure 2.50: Res'[S] resolvents for Example 2.10.6

Cr = {P(x), P(f(2))} Cy = {~P(x), P(f(x))}

R ={P(z), P(f*(x))}

Figure 2.51: More Res'[S] resolvents for Example 2.10.6

also resolvents of the resolvents, resolvents of the resolvents of the resolvents,
and so on.

Definition 2.10.5 (Res"[S], Res*[S]) Let S be a set of clauses in first order
logic.

Res®[S] = S

Res"t1[S] = Res™[S| U {R|R is a resolvent of two clauses of Res"[S]}

Res*[S] = ;2 Res™[S].

Res™[S] is the set of resolvents of height < n, of S, and Res*[S] is the set
of all resolvents of S.

Example 2.10.6 Let us compute Res*[S] when S = {P(a), ~P(x)V P(f(x))}.

We know that Res’[S] = S. We find Res'[S] by computing all resolvents of
the two clauses of Res?[S] = S. We get the trees from Figures 2.50 and 2.51.
So, Res'[S] = {P(a), P((a)), ~P(x) v P(f(z)), ~P(x) V P(f(f(@)))}.

We make the following claim.
Claim 2.10.7 Ifn > 0, then Res™[S] = {{P(a)},...,{P(f?" ~'(a))}}U {{ﬂP(x),P(fT ()1 <
i <2},

Here fi(y) is the term f(f(...f(y)...)), with i occurrences of f. If i = 0, then
@) = .
Proof: We do it by induction on n.
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C1={P(f'(a))} Co = {=P(z), P(f’(2))}

R={P(f"(a))}
Figure 2.52: Res""1[S] resolvents for Example 2.10.6
Cr = {~P(x), P(f'(x))} Cy = {=P(x), P(f(x))}
s1= ]
s2 = [z/y]
S ={P(f'(x)),P(y)}
o=ly/f(z)

R={=P(z), P(f""(z))}

Figure 2.53: More Res"™1[S] resolvents for Example 2.10.6

Basis: n = 1. We already computed Res'[S] = {{P(a)},{P(f(a)}, {=P(z),
P(f(z)},{=P(z), P(f*(z))}}. Since 2! —1 = 1, and 2! = 2, Res![S] =
[P(f(a)}0 < i < 21— 1} U {{=P(x), P(f{(@))}1 < < 27).

Inductive Step: Assume that Res™[S] = {{P(f*(a))}|0 < i < 2" —1} U
[{=P(@), P(fi()}1 < i < 27}.

Res™t1[S] contains Res™[S] as well as the resolvents of the clauses in Res™[9].
The resolvents are obtained by matching a clause in the first set of union
with a clause in the second set and by matching two clauses in the second
set. These unifications are shown in Figures 2.52 and 2.53. In Figure 2.52,
0<i<2"—1and 1< j < 2" So, the resolvents are all clauses P(f**7(a))
with 1 <4+ j <27t — 1. Since {P(a)} is already in S, all clauses {P(f(a))}
with ¢ between 0 and 2"*! — 1 are in Res"™1[S)].

In Figure 2.53,1 <7< 2" and 1 < j < 2™. So, the resolvents are exactly the
clauses {~P(x), P(f(x))} with 2 < i+ j < 2""1 Since {~P(x), P(f(x))}
is already in S, the clauses {=P(x), P(f*(z))} with 1 < k < 2"*! are in
Res™t1[9].

Since Res™1[S] has no other resolvents except those shown in Figures 2.52
and 2.53, Res (8] = {{P(f*())}0 < k < 2H-1}U{{=P(x), P(f*(z))}]1 <
k <2rtll Q.E.D. claim

Now Res*[S] = {P(f*(a))lk > 0} U {~P(2) v P(f*(@)lk > 1}.
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Observation 2.10.8 Example 2.10.6 shows 2 fundamental differences between
the FOL resolvents and the propositional logic resolvents.

1. In FOL it is possible to have an infinite set of resolvents for a finite set
of clauses. The set S from Example 2.10.6 is finite, but Res*[S] is not. This
situation does not occur in the propositional calculus where Res*[S] is finite
whenever S is finite.

2. In FOL we must compute the resolvents of two identical clauses. In
propositional calculus, these resolvents, when they exist, are tautologies, so
they are discarded.

We define the height of a resolvent R to be the smallest n such that R € Res™[S].

Definition 2.10.9 (universal closure of a set of clauses) Let .S be a set of
clauses. The universal closure of S, written S, is the set {Vy;...Vy,C|C € S
and {y1,...,yn}t = Var[C]}.

Lemma 2.10.10 Let S be a set of clauses. Then S = Res*[9].

Proof: Assume that

(1) F4S.

We will prove that for all Vz;...Vz,R € Res*[S], = ,Vz1 ... V2, R.

The proof is by induction on n, the height of R.
Basis: n = 0. Then Vz; ...Vz,R is a clause in S, so FEAVz1... V2 R.
Inductive Step: Let us assume that = ,Res™[S] and let R be a resolvent of
height m+1. Then R is a resolvent of two clauses C7 and Cs of Res™[S]. Since
A is a model of Res™[S],

(2) |:AVx1 .. .V{Epcl,

and

(3) EaVu1 . Vi Co.

where Vz, ...Vz,C; and Vy; ...Vy,Cy are the universal closures of C; and
Cs. By Lemma 2.10.4,

(4)FE V21 ... V2 R.
Q.E.D.

Corollary 2.10.11 Let F =Vx;1...V2,(C1 ACy...ACy,) be a Skolem normal
form without equality. If O € Res*[{Cy,Ca,...,Cn}] then F is unsatisfiable.

Proof: From the construction of F' we know that

(1) F = {C]_,CQ, e 7Cm}.

From Lemma 2.10.10, we get

(2) {Cl, Cg, N Cm} = Res*[{Cl, Cg, ey Cm}]

So,

(3) F = {Cl, CQ, sy Cm} = Res*[{C’l, OQ, ey Cm}]

Since Res*[{C1,Cy,...,Cpn}] is unsatisfiable, so is F.
Q.E.D.

Exercises
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Exercise 2.10.1 Let C be a clause and s be a rename away from Var[C].

1. Show that the function s : C — s[C] defined by L — S[L] is one-to-one
and onto.

2. Let Lq,...,L, € C. Showthat s]C—{Lx,...,Ly}] = s[C]—s[{Ln,..., Ln}].

Exercise 2.10.2 Find all resolvents of the pairs of clauses shown below.
a. C1 ={P(z,y), P(u, f(2))} and C2 = {~P(g(x),y)}
b. C1 = {=P(x,y),~P(y,2), P(z,2)} and Cy = {P(a,b)}
c. C1 ={P(z, f(x)), P(y,y), Q(x,y)} and Cy = {~P(z,y),~Q(z,x)}
d. C'1 = {_'P({E,y),—\P(y,Z),P(ﬁ,Z)} and CQ = {_‘P(CL,{E), _'P(xaa)}'

Exercise 2.10.3 Find all resolvents of the following pairs of clauses:
a. C1 = {P({E, y)? P({E, f(x))a Q(CE, y)}’ Cy = {“P(g(ﬁ),y), _'Q(f(z)vg(w))ﬂ —|Q(U, ’U)}
b. C1 ={P(z,y), P(9(z),y),~Q(z)} and Cz = {~P(z,z),Q(z),Q(b)}.

Exercise 2.10.4 We say that a clause Cy subsumes a clause Cs if there is
a substitution s such that s[C1] is a subset of Cy. For example, the clause
C1 = {P(z,y),Q(x)} subsumes Cy = {P(f(x),b), P(g(x),a),Q(b)} because for
the substitution s =[x/ f(x),y/b], s[C1] = {P(f(x),b),Q(b)} is a subset of Cs.

The set s[Cy] does not have to be a proper subset of Ca. For example,
Cy = {P(z,y),Q(y)} subsumes Cy = {P(u,v),Q(v)} since the substitution
s = [x/u,y/v] has the property that s[Ci] = Cs.

Write an algorithm that takes as input two clauses Cy and Co and determines
if C1 subsumes Cs.

Exercise 2.10.5 Prove that if Cy subsumes Cy then {C1,Cs2} = {C1}.
This result allows us to eliminate the subsumed clauses.

Exercise 2.10.6 The binary resolvents of two clauses C1 and Cy are obtained
by unifying one literal from C1 with one literal from Co. This restriction of res-
olution is called binary resolution. Show that we cannot derive the empty clause
from Cy = {P(z), P(y)} and Cy = {—=P(u),~P(v)} using binary resolution.

Exercise 2.10.7 Let S be a unifiable subset of the clause C' and o an mgu of S.
Then we say that o[S] is a factoring of C. For example s = [y/x] is a factoring
of C ={P(z),P(y)} because s[P(x)] = s[P(y)] = P(z).

Give a definition of resolvents using binary resolution and factoring and show
that your statement is equivalent to our definition of resolvent.

Exercise 2.10.8 Let Cl = {Al,AQ, Ag, .. ,An} and 02 = {Bl, BQ, ey Bm}
be two clauses that that have no common variables. Let us assume that S =
{Ay, Ay, By is unifiable.

Let o be the mgu of { A1, B1} and Ry be the resolvent and let us assume that
o[As] # o[A4].

1. Show that there is a relabeling p of Co such that Ry and p[C2] are unifiable
on {ol4s], p[Bi]}. _

2. Let R be the resolvent of C1 and Cy on {A1, Ay, B1} and Ry be the
resolvent of Ry and p[Cs] on {o[As], p[Bi1]}, as shown in Figure 2.54. How does
R compare to Ro? Does either one factor through the other?
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Cr = {Ar, As, ... Ay} Cy=1{Bi,...,Bn}

Figure 2.54: The 3 resolvents from Exercise 2.10.8

Exercise 2.10.9 Describe the sets Res™ and Res* for the following sets:
a. S ={{P(a)},{P()},{-P(z), P(f(x))}},
b. T = {{P(07 1)}7 {_'P(xa y)? P(S(CC), S(y))}}

Exercise 2.10.10 Find Res'[S] for S = {{P(a,b)},{P(b,a)},{P(b,c)},{—P(z,y),
—P(y,z), P(z, Z)}}

Exercise 2.10.11 Let C be a clause and x1,...,x, be a list that contains,
without repetitions, all variables of C. Let {y1,...,ym} be a set of variables
that includes all variables of C. As in any set, a variable may be repeated
several times. Show that Vx; ...Vr,C =Vy1 ... Vy,,C.

2.11 Resolution in First Order Logic

In this section we use the concepts and results from Sections 2.10 and 1.8 to
define resolution proofs in first order logic. We start by defining derivation
sequences and derivation trees and then we prove The Lifting Lemma, that
allows us to lift the Herbrand Expansion derivations to resolutions in first order
logic.

The definitions of derivation sequence and derivation tree are identical to
the ones defined for propositional logic. We list them here for completeness’s
sake.

Definition 2.11.1 (derivation of a clause) A derivation of the clause C from
the set of clauses S is C1,Cy, ..., C, that satisfies the following restrictions:
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Cs = {R(f(x)), R(y)}

Figure 2.55: C3 is a resolvent of C; and Cs

Cs = {R(f(x)), R(y)} Ci = {~R(x), Q(x)}

s1=|]

s2 = [x/u]

S =A{R(f(x)), R(y), R(u)}
o =[y/f(zx),u/f(z)]

Cs ={Q(f(2))}

Figure 2.56: Cj5 is a resolvent of C3 and C}

1. for all indices i, < i < n, C; is either a clause in S or is derived from
two preceding clauses C;j and C; by FOL-resolution. The clauses C; and C; do
not have to be distinct.

2. C,=C.

We say that n is the length of the derivation.

Let us give a couple of examples.

Example 2.11.2 The sequence

C1 = {S(@@), R (@)}, Co = {~S(), R}, Cs = {(R(f(@)), RW)}, Ca =
(~R(x), Q@)}, C5 = {Q(f(x))}

is a derivation of {Q(f(x))} from the set of clauses S = {{S(z), R(f(z))},

{=S(z), R(y)}, {-~R(x),Q(x)}}. Let us see why.

First of all, let us check that every clause in the sequence is either a member
of S or a resolvent of two preceding clauses.

C1, C3, and Cy4 are members of S and Figures 2.55, 2.56 show that C3 and
C5 are resolvents of preceding clauses.

Example 2.11.3 The sequence
Cl—{P(x Y), Qz)}, Co = {=P(f(x),2)}, Cs =
={=R(z,z),~Q(f(a))}, Cs = {~Q(x), ~Q(f(
0 Ofrom § = {{P(z,y), Q@) }, {~P(f(x),2)},

(f(2))}, Ca = {R(z,y), ~Q(y)},

={Q
N C? = O is a derivation of
(z,

{R —~Q)}, {~R(z, x), ~Q(f(a))}}



2.11. RESOLUTION IN FIRST ORDER LOGIC 297

Cl - {P(xvy)vQ(x)}

Cs ={Q(f(z))}

Figure 2.57: C5 is a resolvent of C; and Cy
Ci=A{R(z,y),~Q(y)} Cs ={=R(x,x),~Q(f(a))}
s1 =]
So = [z /u]
S ={R(z,y), R(u,u)}
o= [y/z,u/z]
Cs = {~Q(x),~Q(f(a))}

Figure 2.58: (g is a resolvent of Cy and Cj

Let us check that it obeys the 2 conditions of the definition of a derivation
sequence. The clauses C1, Cy, Cy, Cs are members of S and Figures 2.57, 2.58,
2.59 show the derivations of C3, Cg, and C7 from preceding clauses.

The second part of the definition of the derivation sequence is satisfied since
O is the last formula in the sequence.

Observation 2.11.4 Each of the clauses C1, ..., C, of the derivation sequence
stands for the sequence C1, ..., C,, where C; is the universal closure of C;. By
The Relabeling Lemma, we can change the variables of C’;. So, each clause can
be standardized by replacing the first variable by x1, the second by z2, and so

Cs ={Q(f(z))}

Figure 2.59: C7 is a resolvent of C'5 and Cy
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Cy ={P(z,y),Q(x)} clause in S

Co = {—P(f(x),2)} clause in S

Cs ={Q(f(x))} resolvent of C; and Cy on P(z,y), ~P(f(z),y)

Cy = {R(z,y),-Q(y)} clause in S

Cs = {-~R(z,2),~Q(f(a))} clause in S

Cs = {—Q(x),-Q(f(a))} resolvent of Cy and C5 on R(z,y), ~R(x,z)
Cy; =0  resolvent of C; and Cy on Q(f(x)), ~Q(x), ~Q(f(a)).

Figure 2.60: An analysis for Example 2.11.3
{P(z,y), Qx)} {ﬁP(x,y),_Qﬂ(b)} {R(z, f(z)),~Q(x)} {~R(z,y)}
s2 = [x/u,y/v] So = [z/u,y/v]
S = {P(m,y),P(u,v)} S = {R([E,f([ﬂ)),R(U,U)}
o=u/z,v/y] o= lu/z,v/f(z)]
{Q(z), Q(b)}

Figure 2.61: An FOL derivation tree

on. We will not do it, but this technique is useful in implementing automatic
theorem provers.

The definition of analysis is the same as in Section 1.8; it not only lists the
clauses, but also describes how they were derived. For each clause the anal-
ysis specifies if it belongs to S, or is a resolvent of two preceding clauses.
In the later case, it lists its parents. In general, we list the clause that con-
tains the positive literal first. Figure 2.60 shows the analysis of the sequence
from Example 2.11.3. The derivation tree definition, introduced in Section 1.8,
is valid for FOL. Figure 2.61 shows a derivation tree of O from the set S =
{{{P(xv y)a Q((E)}, {"P({E, y)7 Q(b)}, {R({E, f(x)), —|Q($)}, {—‘R({E, y)}}

Just like we showed in Section 1.8, a clause may have more than one deriva-
tion tree and more than one derivation sequence. Figures 2.62 and 2.63 show two
derivations of {P(f*(a))} from S = {{P(a)}, {—~P(x), P(f(x))}}. Figures 2.64
and 2.65 show the trees that correspond to these derivations. We simplified the
figures by showing only the parents and the resolvents. We say that a deriva-
tion of C' from S has minimal length, or is a minimal length derivation, if there
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1. {P(a)} clausein S
2. {-P(x),P(f(z))} clausein S
3. {P(f(a))}  resolvent of 1,2
4. {P(f*(a))}  resolvent of 3,2
5. {P(f3(a))}  resolvent of 4,2
6. {P(f*(a))}  resolvent of 5,2
Figure 2.62: A derivation of {P(f*(a))}
1. {=P(x),P(f(z))} clausein S
2. {=P(x), P(f*(x))}  resolvent of 1,1
3. {=P(z), P(f*(x))}  resolvent of 2,2
4. {P(a)} clause in S
5. {P(f*(a))}  resolvent of 4,3

Figure 2.63: Another derivation of {P(f*(a))}

{(=P(), P(f(2))}  {~P(x), P(f(x))} {=P(x), P(f(2))} {=P(x), P(f(x))}

{=P(x), P(f*(z))} {=P(x), P(f*(z))}

{P(a)} {=P(x), P(f*(x))}

N

P(f%(a))

Figure 2.64: A derivation tree of { P(f*(a))}
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{P(a)} {=P(x), P(f(x))}
\ /
{P(f(a))} {=P(x), P(f(x))}

/

{P(f*(a))} {=P(x), P(f(2))}

\/

{P(f*(a))}

{P(f'(a))}
Figure 2.65: Another derivation tree of {P(f*(a))}

is no shorter derivation of C from S. In a similar way, a minimal derivation tree
of C from S has the shortest height of all derivation trees of C' from S.

The tree from Figure 2.64 is minimal, and so is the sequence from Figure 2.63,
but we have to prove it. We recall, from Example 2.10.6, that Res"[{{P(a)},

{=P(2), P(f(@)}}] = {{P()},... . {P(f*" " (a))}} U {{-P(x),

P/ @)HI < i < 2} So, {P(f*(a)} € Res’[S], but {P(f*(a))} ¢
Res?[S]. This tells us that the minimal derivation trees of {P(f*(a))} have
height 3. So, Figure 2.64 shows a minimal tree. Now let us see how many differ-
ent clauses are in such a tree. The label of the root is in Res®[S] — Res?[S]. At
least one of its children is in Res?[S] — Res!'[S], and at least one grandchild is in
Res?[S] — Res®[S]. So, these 3 nodes have different labels. Now we are left with
the leaves. The tree must contain both {P(a)} and {—P(x), P(f(z))}. If {P(a)}
is missing, then the root is not a ground clause, and when {-P(z), P(f(x))}
is not present, we cannot get any resolvent because {P(a)} cannot be unified
with itself. So, a minimal derivation sequence of { P(f*(a))} must have at least
5 clauses. It follows that Figure 2.63 is a minimal derivation.

Now let us return to our main objective, of proving that the clause set S is
unsatisfiable iff O € Res*[S].
The proof of this theorem uses The Lifting Lemma.

Lemma 2.11.5 (The Lifting Lemma) Let C; and Cy be two clauses and $1
and sy two ground substitutions. Let C] = s1[C1], C4 = $3[Cs], and R’ be a
resolvent of C1 and Ch. Then there is a resolvent R of Cy and Cy and a ground
substitution s such that R' = s[R].

Before we go on with the proof , let us see what the lemma says by looking at

{=P(x), P(f(x))}



2.11. RESOLUTION IN FIRST ORDER LOGIC 301

Ci1 = {P(x), P(y),T(z)} Cy ={=P(f(x)),Q(x)}

s1 =[x/ f(a),y/f(a)]

So = [x/d]

C1 = sG] = {P(f(a)),T(f(a))} Cy = 53[Co] = {=P(f(a)), Q(a)}

R =A{T(f(a)),Q(a)}
Figure 2.66: The input to The Lifting Lemma

an example.

Example 2.11.6 The input of the lemma consists of the following clauses: C1,
Cy, their ground instances C] = s1[C1] and C% = $2[Cs], and the resolvent R’
of C] and CY.(Figure 2.66) The instances C] and C% contain no variables, so
they are clauses in the propositional logic. The resolvent R’ is computed as a
resolvent of two propositional clauses.

The Lifting Lemma tells us that we can find a resolvent R of C; and Cb,
computed according to the rules given in Section 2.10, such that R’ is an instance
of R. The dash arrows of Figure 2.67 show the output of the lemma. The proof
of the lemma tells us how to get the resolvent R and the substitution s. Here, we
will show their computation for the clauses from Figure 2.66. From the diagram
we see that

s1[P(2)] = s1[P(@)] = 2[P(f(2))] = P(f(a).

This tells us that the literals P(z) and P(y) of Cy can be unified with the
complement of =P(f(x)). So we compute R. We first relabel the variables of
C1 and C, in such a way that they do not have any common variables. We get
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€\ = (P@), Py). T()} Oy = (P(f (), Q(x)}
o oy =[x/l
. T o=
TS = {Pw), Py, P ()}
St o =[u/f(x),y/f(x)
R={T(f(x)),Qx)}

s1 =[x/ f(a),y/f(a)]

Sy = [x/a]

i s = [z/ad]

C) = s1[C1) = {P(F(@), T(F(@))} Cy = 52(C] = {=P(f(a)), Qla)}

T~

R =A{T(f(a)),Q(a)}

Figure 2.67: The output of The Lifting Lemma
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N e S
51 N ?

i FOL

Propositional Logic

Figure 2.68: The statement of The Lifting Lemma

the relabelings r1 = [z/u] and o = [].

Then we find an mgu of {r[P(2)], 71 [P(y)], r2[P(f ()]} = {P(u), P(y), P(f(x))}-
We get o = [u/f(x),y/f(x)] and the resolvent

R = o(r[Ci] —r[{P(z), P(y)}]) U (r2[Co] = ra[{=P(f ())}])]

= o[{T(u), Q(2)}] = {T(f(2)), Q(=)}.

The condition s[R] = R’ becomes the equation

{T(f(a)),Qa)} = s{T(f()), Q(x)}

that is satisfied by s = [z/a].

Now let us return to the proof of The Lifting Lemma.

Proof: The statement of the lemma is presented in Figure 2.68. The solid lines
describe the hypotheses of the lemma and the dotted line the conclusion. R’
is a resolvent of C] and CY, so there are ground literals By,...,B;,D1,...,Dp,
and a ground atom A such that

(1) C1 ={Bx,..., B, A},

(2) Oé = {Dla ce. 7Dm; _‘A}a

and

(3) R'={B,..., B, D,...,Du).

Since C] = s1[C1] and C% = s3[Cs], there are natural numbers n, o, p and

q, and literals Lq,..., Ly, My,..., My, N1,...,Np, O1,...,0Oq, such that

(4) Cr ={Ly,..., Ly, My,...,M,},
5) Cy = {N1,...,Np,01,...,04},
) 81[{L1,...,Ln}] = {Bl,...7Bl},
382[{Nl,...,Np}] :{Dl,...,Dm},

(

6
(7
(8) su[{My, ..., M,}] = 4,



304 CHAPTER 2. FIRST ORDER LOGIC

Clz{Ll,...,Ln,Ml,...,Mo} CQZ{Nl,...,Np,Ol,...

S1 So

1 Og}

Cy ={By,...,B;, A} Cy={Dy,...,D,,—~A}

—

R ={B,...,B,Di,...,D,}

Figure 2.69: The hypotheses of The Lifting Lemma

and

(9) 52[{O1,...,04}] = -A.

So, we get the diagram from Figure 2.69. Now we find two relabelings, r; =
[®1/y1,- - %a/ya) and ro = [ug /o1, ..., up/vp], of the variables of Cy respectively
Cs, such that

(10) y1,...,Yq are not in C1,

(11) vy1,...,vp are not in Co, and
(12) r1[C4] and r2[C3] have no variables in common.
The substitutions 1"1_1 = [y1/Tn, .-, Ya/Ta) and 7‘2_1 = [v1/u1,...,vp/up| are

called the inverses of r1, respectively r2. We can show that

(13) 81[01] = (81 <>’I"1_1 OTl)[Cl],

and

(14) 82[02] = (82 < ’I";l < 7‘2)[02].

The proof of these equalities is left as exercise.

Then, the equalities (8) and (9) tell us that the set

S = {T‘l[Ml], N 77‘1[M0],T2[01], NN ,Tg[oq]}

is unifiable since

((s1 077 U sz 075 )S]

= {(s10 it o) [ My, ..
ry ' o12)[Og]} - -

= {Sl[Ml], ey Sl[MO], 82[01], ey Sg[Oq]} by (13), (14)

={A4} by (8), (9).

Then S hasan mgu o. Let R = {(oor1)[La], ..., (cor1)[Ly], (cor2)[N1],. .., (oo
r2)[Np]} be the resolvent of r1[Ci] and ra[Cs] generated by S and o. Fig-
ure 2.70 shows how we got the resolvent R. Since o is an mgu of S, and
((syor7h)U(sgory ) is a unifier of S, the last substitution factors through o.

S(sior o) M), (sa oyt ore)[O1],. .., (s2 0
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T1 n(Ci] 72[Ca)
Cy
R
S 51 ¢ 7"1_1
¢
R/

Figure 2.70: The resolvent of The Lifting Lemma

(15) (s1 0 DU (sporyt) =poo.
This means that

plB] = pl{(c or)[La],..., (g or)[Ln], (o 072)[N1], .. ., (0 0 12) [Ny ]}]
={(pooor)|[Lli],...,(pooor)[Ly],(pooors)[Ni],...,(pooors) [Ny}
= {(s1ory or)[Li],...,(s1or  or)[Lul, (sa0ry Lora)[Ni], ..., (sa0ry o

r2)[Np]} by (15)
= {Sl[Ll]a .. .,Sl[Ln]752[N1]7 .. ~782[NP]} by (13)’ (14)
={Bi,...,B,Dy,...,D,} by (6), (7)

=R by (3).
This situation is illustrated in Figure 2.71.
Q.E.D.

Example 2.11.7 Let us apply The Lifting Lemma to the resolution tree from
Figure 2.72. The tree of O has 3 resolution steps. We can lift them up in
any order. Since we do not want to clutter the figures with too much text,
we do not list the identity relabelings in the derivation steps. We first lift
the resolvent of {P(a)} and {-P(a), P(f(a))} (Figure 2.73). Then we lift the
resolvent of {—~P(f(a)), P(f*(a))} and {~P(f*(z))} (Figure 2.74). Finally, we
lift the derivation of the box and get Figure 2.75.

The above example explains the name The Lifting Lemma; it lifts the derivation
trees from the set of ground instances into the set of first order clauses.

Now we can state the Resolution Theorem for First Order Logic.
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cl\R/c2

52

\ /Cé

R/

Figure 2.71: The output of The Lifting Lemma

l [z/d] [z/ f(a)] [z/d]

<
v
&H
/;?

P& 7 SP(f(@)V P(f2a))  —P(f2(a)
PUf(a)) _P(f /

Figure 2.72: The input to Example 2.11.7
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{P(a)} /;L?P(ZE),P(f(x))} {=P(f*(x))}
N =5 = [2/d]

{P(f(a))}

0
{Pa)} 7a>,P<f<a>>} {(=P(f(a)), P(f2(@)}  {=P(fX(a))}

V ~PUG)

(PU/(a)} o
\

O

] [z/a] [z/ f(a)]

Figure 2.73: Example 2.11.7 after one lift

{=P(f*(a))}

Figure 2.74: Example 2.11.7 after two lifts



308 CHAPTER 2. FIRST ORDER LOGIC

{=P(x), P(f(2))}

N L/—”/&:[x/a] - RS A//U/zl/% xé
. 7

Figure 2.75: Example 2.11.7 after three lifts

Theorem 2.11.8 (The Resolution Theorem for FOL) Let F =V ...V, (CiA
Ca A ... NCyp,) be a Skolem form without E. Then F is unsatisfiable iff O €
Res*[{C1,...,Cn}].

Proof: Let F =Vzy...V2,(Ci ACy...ANCyp) and S = {C4,...,Cp}.

<=: Let us assume that O € Res*[S]. Then F is unsatisfiable by Corol-
lary 2.10.11.

=—>: Assume that F' is unsatisfiable. By Proposition 2.8.19, there is some
natural number p such that E(F,p), the set of Herbrand expansions of F' of
height < p, is unsatisfiable. Since each formula of E(F,p) is a conjunction
of ground instances of the clauses Ci,...,Cy,, E(F,p) is equivalent to the set
S = {Clz1/t1,...,zn/tn]|C € {C1,...,Cp} and t1,...,t, € D(F,p)}. The
Resolution Theorem for the propositional logic tells us that there is a derivation
tree of O from the clauses of S. The Lifting Lemma says that we can lift this
derivation tree to a derivation tree of O from the clauses C1,...,Cy,. Q.E.D.

We define the P, N, linear, and SDL resolution just like we did for the
propositional calculus. We also say that a restriction of resolution is complete
iff for every unsatisfiable set of clauses we can derive the empty clause using
that restriction.

The Lifting Lemma carries a P-tree onto a P-tree, an N-tree onto an N-tree,
and a linear tree onto a linear tree. These restrictions are complete for the
propositional calculus, so they are complete for the first order calculus.
Exercises

Exercise 2.11.1 Let S = {{P(a)}, {-P(z), P(f(x))}}.
a. Write a minimal derivation of {P(f'%(a))}.

{=P(f*(x))}

[z/d]
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b. Express the length of a minimal derivation of {P(f™(a))} from S as a
function of n.

Exercise 2.11.2 Rewrite the trees from Figures 2.64 and 2.65 according to the
format used in Figure 2.61. For each resolution step specify the relabeling s1,
sa, the unifying set S and the unifier o.

Exercise 2.11.3 Let s be a substitution, C a clause and r = [x1/y1, .., Tn/Yn]

be a relabeling away from Var[C]. We define r=! to be the substitution [y1/z1, ..., Yn/Tn]-

Show that s[C] = (sor~1or)[C].

Exercise 2.11.4 Let F =Vz1...Vz,(C1 ACs...ANCy,) be a Skolem form with-
out equality. Show that E(F,n) = {Cilx1/t1,...,zn/tn]|]1 <@ < n,t1,...,t, €
D(F,n)}.

Exercise 2.11.5 Prove The Compactness Theorem for FOL: A set of formulas
S is unsatisfiable iff it has a finite unsatisfiable subset.

Hint: Show that S is satisfiably equivalent to a setT of Skolem Forms. Then
prove that T is unsatisfiable iff its Herbrand expansion E(T) is unsatisfiable.
Apply The Resolution Theorem for propositional calculus and get a derivation
tree of O from E(T). Then use The Lifting Lemma to get derivation of O from
T. So, the set of clauses of S that produced the clauses of the tree is unsatisfiable.

Exercise 2.11.6 Prove that The Lifting Lemma diagram from Figure 2.68 sat-
isfies the following statements:

1. C1 is a P-clause iff C{ is a P-clause.

2. Cy is an N-clause iff C4 is an N-clause.

3. if Cy and Cy are Horn clauses then C{,C% R', R are Horn clauses.

Exercise 2.11.7 Find a derivation tree of O from S = {{P(x,a), P(y,x), Q(z, f(x))},

{=P(2,9),Q(x, 2)}, {=Q(x, f(y)), By, )}, {~R(z, a), ~R(a,y)} }-

Exercise 2.11.8 Use resolution to show that the set S = {—~P(z,y), ~P(y, z), P(z,2)},

" {—|P(x7y),P(y,x)},{P(f(x,e),e)},{P(f(d,x),d)},{ﬂP(d, 6)}} is unsatisfi-

Exercise 2.11.9 Derive O from the set of clauses S = {{P(x, f(y)), P(z, 2), Q(z,2)},
{=P(9(2),9), Q(z,9)} {-Q(z,y), ~Q(9(2), y), R(z, y) }, {~R(z, f(y)), ~R(g(u), f(v))}}.

Exercise 2.11.10 Use P-resolution to show that the set of clauses S = {{P(f(z),y

{_'P(f(x)a y)v Q(g(y)7 z)}v {ﬁQ(‘% f(y))7 ﬁQ(g(u), ’U), ﬁR(CC,U)}, {R(CC, f(a)), R

1s unsatisfiable.

Exercise 2.11.11 Use N-resolution to show that the set of clauses S = {{P(x, f(z

{=P(z,y),5()}, {-Q(f(2))}, {P(z,y), Q(f (), ~R(x, f(x))}, {~P(z,y), ~5(

is unsatisfiable.

)
9

), P
(2))

(z
H

Q(y), R(z,y)},



