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Abstract

It follows from the famous Fagin’s theorem that all problems in NP are expressible in existential
second-order logic (3SO), and vice versa. Indeed, there are well-known 3SO characterizations of NP-
complete problems such as 3-colorability, Hamiltonicity and clique. Furthermore, the 3SO sentences
that characterize those problems are simple and elegant. However, there are also NP problems that
do not seem to possess equally simple and elegant 3SO characterizations. In this work, we are mainly
interested in this latter class of problems. In particular, we characterize in second-order logic the
class of hypercube graphs and the classes SATQBF}, of satisfiable quantified Boolean formulae with k
alternations of quantifiers. We also provide detailed descriptions of the strategies followed to obtain
the corresponding nontrivial second-order sentences. Finally, we sketch a third-order logic sentence
that defines the class SATQBF = (J;,~;SATQBFj. The sub-formulae used in the construction of
these complex second- and third-order logic sentences, are good candidates to form part of a library
of formulae. Same as libraries of frequently used functions simplify the writing of complex computer
programs, a library of formulae could potentially simplify the writing of complex second- and third-
order queries, minimizing the probability of error.

Keywords: second-order logic, third-order logic, quantified Boolean formulae, queries, finite model

theory, hypercube graphs

1 Introduction

Examples of second-order formulae expressing different properties of graphs are fairly
common in the literature. Classical examples are 3-colorability, Hamiltonicity, and
clique (see [8, [10] among others). These properties can be expressed by simple and

1Pre-print of article submitted to an special issue of the Logic Journal of the IGPL with selected papers from
the 16th Brazilian Logic Conference.
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elegant second-order formulae. Likewise, there are graph properties that can be ex-
pressed by simple and elegant third-order formulae. One of those properties is that
of being a hypercube graph (see [5]). An n-hypercube graph Q,,, also called an n-cube,
is an undirected graph whose vertices are binary n-tuples. Two vertices of Q,, are
adjacent iff they differ in exactly one bit.

The expressive power of third-order logic is not actually required to characterize
hypercube graphs, since they can be recognized in nondeterministic polynomial time.
Recall that by Fagin’s theorem [4], 3SO captures NP. Thus there are formulae in
existential second-order logic (3SO) which can express this property. Nevertheless, to
define the class of hypercube graphs in second-order logic is certainly more challenging
than to define it in third-order logic.

From an applied perspective, this indicates that it makes sense to investigate higher-
order quantifiers in the context of database query languages. Despite the fact that
most of the queries commonly used in the industry are in P, the use of higher-order
quantifiers can potentially simplify the way in which many of those queries are ex-
pressed.

Let SATQBF; denote the class of satisfiable quantified Boolean formulae with
k alternating blocks of quantifiers. From Fagin-Stockmeyer characterization of the
polynomial-time hierarchy [13] and the fact that SATQBF} is complete for the level
¥} of that hierarchy [14], it follows that for every k > 1, SATQBF}, can be defined by
a formula in the prenex fragment E,lc of second-order logic with k alternating blocks
of quantifiers. SATQBF}, provides a prime example of a property (or query) whose
expression in the language of second-order logic is possible but challenging. Indeed,
it is not a trivial task to write a second-order logic sentence that evaluates to true
precisely on those word models that represent sentences in SATQBFj. As usual in
finite model theory [3], the term word model refers here to a finite relational structure
formed by a binary relation and a finite number of unary relations. By contrast, if
we restrict our attention to quantified Boolean formulae in which the quantified free
part is in conjunctive normal form and has exactly three Boolean variables in each
conjunct, then the problem is expressible in monadic second-order logic provided that
the formulae are encoded using a different kind of finite relational structures which
include ternary relations (see [10]).

Thus, on the one hand there are well-known NP-complete problems such as 3-
colorability, Hamiltonicity and clique, that have corresponding well-known charac-
terizations in 3SO which are simple and elegant. Those characterizations have in
common that the existential second-order quantifiers can be identified with the guess-
ing stage of the NP algorithm, and that the remaining first-order formula corresponds
to the polynomial time deterministic verification stage. On the other hand, there are
well-known problems such as hypercube graph (which can also be characterized in
3S0) and SATQBF}, (which can be characterized in ¥}) that do not appear to have
a straightforward characterization in second-order logic, even if we consider the full
second-order language.

This observation prompted us to write second-order characterizations of hypercube
graph and SATQBF}. The resulting second-order sentence for hypercube graph can
be found in [I1I]. The corresponding sentence for SATQBF}, was included in [I2]. Both
sentences are complex and several pages long. In this article we present a detailed
description of the strategies followed to write these sentences. The sub-formulae used
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for the implementation of these strategies could be part of a future library of second-
order formulae. Same as libraries of frequently used functions simplify the writing
of complex computer programs, a library of formulae could potentially simplify the
writing of complex second-order queries, minimizing the probability of error.

The minimization of the probability of error constitutes an important objective in
the context of this work, since given a query g and a second-order formula ¢, it is not
possible to formally prove whether ¢ expresses q. For this reason, we make use of full
second-order logic to present the characterizations of hypercube graph and SATQBFy,
even though its 3SO and Z,lc fragments, respectively, already have the expressive power
required for these tasks. This has permitted us to write relatively clear and intuitive
formulae as well as to follow a top-down strategy, similar to that commonly used in
the development of computer programs, to further reduce the chance of error.

If we consider the whole class SATQBF = | J,~.;SATQBF}, of satisfiable quantified
Boolean formulae, then the problem becomes PSPACE-complete. Since PSPACE can
be captured by second-order logic extended with a transitive closure operator, and
furthermore this logic is widely conjectured to be strictly more expressive than the
standard second-order logic, the existence of a second-order logic characterization of
this problem is unlikely. Thus, we decided to look for a characterization in third-order
logic. Note that it is a well-known fact that third-order logic is powerful enough as to
characterize every problem in PSPACE. We conclude the paper presenting a sketch
of a third-order logic sentence that defines the class SATQBF. That is, we present a
strategy to write a third-order sentence that evaluates to true precisely on those word
models that represent sentences in SATQBF.

We strongly believe that in many respects the descriptive approach to Complexity is
more convenient than the classical one. That is, using formulae of some logic to study
upper bounds in the time or space complexity of a given problem, instead of Turing
machines. There are many different measures which can be taken on the formulae
that express a given problem such as quantifier rank, quantifier blocks alternation,
number of variables, number of binary connectives, and arity of quantified relation
variables. It has been proved that bounds on those measures impact on the expressive
power of logics over finite models (see [10], [3], [8]). Furthermore, it is rather obvious
that all those measures are decidable, in contrast to the use of Turing machines, where
the usual measures relevant to computation power such as time, space, treesize, and
number of alternations, are clearly undecidable. Regarding lower bounds there are
also several well studied and powerful techniques in Descriptive Complexity which
proved to be extremely useful in the last decades, such as Ehrenfeucht-Fraisse games
and their variations (see [9] in particular) and 0-1 Laws (again see [10], [3], [8]).

Hence, it is important to learn how to build formulae which are large, but still
intuitive and clearly understandable in a top down approach, in the same way that this
is important in the construction of algorithms in the classical approach to Complexity,
which are also clear and intuitive no matter their size. The work reported in this
article is to the authors’ knowledge one of the first steps in that direction.

In the next section, we introduce the necessary notation and formally describe by
means of a third-order logic sentence, the class of hypercube graphs. In Section 3,
we define in second-order logic the basic arithmetic operations that we need for this
work. We describe the strategy used to characterize the class of hypercube graphs
in the language of second-order logic in Section 4. In Section 5 we formally describe
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the problems SATQBF;, and SATQBF, and we consider their complexity. In Section
6, we explain in full detail how to build for each £ > 1, a second-order sentence
that expresses SATQBF}. In Section 7 we explain how to build a third-order logic
sentence which expresses SATQBF, and we give a sketch of such formula. Finally in
Section 8, we present some final considerations.

2 Background

We assume that the reader is acquainted with the basic concepts and the framework
of Finite Model Theory [3| [I0]. We use the notation from [10].

We work on the vocabulary o = {E} of graphs. An undirected graph G is a finite
relational structure of vocabulary o satisfying ¢1 = Vzy(E(x,y) — E(y,z)) and
w2 = Vz(-E(z,z)). If we do not require G to satisfy neither @1 nor s, then we
speak of a directed graph (or digraph). We denote as V' the domain of the structure
G, i.e., the set of vertices of the graph G. The edge relation of G is denoted as EG.

By second-order logic we refer to the logic that is obtained when first-order logic is
extended with second-order variables which range over subsets and relations defined
over the domain, and quantification over such variables. As usual, we use uppercase
letters X,Y, Z, ... to denote second-order variables and lower case letters z,y, z, . ..
to denote first-order variables. The arity of the second-order variables that we use in
our formulae is always clear from the context. See [10] or [3] for a formal definition
of second-order logic in the context of finite model theory. We include an example of
a second-order formula that defines a simple graph property instead.

EXAMPLE 2.1

An undirected graph G is regular if all its vertices have the same degree. It is well
known that the class of regular graphs is not definable in first-order logic [3} [§]. In
second-order logic, this class can be defined as follows:

JA(Vz(3B(A1 A A2))) where

e Al expresses “B is the set of vertices which are adjacent to z”.
Al =Vz(B(z) +» E(z,2))

e A2 expresses “the sets A and B have the same cardinality” with a formula stating
that there is a bijection F' from A to B.

A2 = 3FVzyz(A2.1 AN A2.2 A A2.3 A A2.4 A A2.5) where
— A2.1 means “F is a subset of A x B”.
A2.1 = (F(z,y) = A(z) A B(y))
— A2.2 means “F is a function”.
A2.2= (F(z,y) ANF(z,2) =y = 2)
— A2.3 means “F is total”.
A2.3 = (A(z) = Jy(F(z,y)))
— A2.4 means “F is injective”.
A24= (F(z,2) NF(y,2) =z =y)
— A2.5 means “F is surjective”.
A25 = (B(y) — 3z(F(z,y)))

We say that a sentence ¢ expresses a Boolean query ¢ (or property) over finite
relational structures of vocabulary o, if for every finite relational structure G of
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Figure 2.1

vocabulary o, ¢(G) = true iff G = . For instance the sentence in Example 2]
expresses the Boolean query: Is G a regular graph? We denote by Mod(y) the class
of finite o-structures G such that G = ¢. A class of finite o-structures C is definable
in a logic £, if C = Mod(p) for some L-sentence ¢ of vocabulary o. For instance
the class of regular graphs is definable in second-order logic, as shown by the formula
given in Example 2.1

Next, we define the class of hypercube graphs using a relatively simple and elegant
formula in third-order logic. This logic extends second-order logic with third-order
variables which range over subsets and relations defined over the powerset of the
domain, and quantification over such variables. We use uppercase calligraphic letters
X, Y, Z, ... to denote third-order variables. A formal definition of higher-order logics
in the context of finite model theory can be found in [7] among others.

EXAMPLE 2.2
An n-hypercube (or n-cube for short) Q,, can be defined as an undirected graph whose
vertices are all the binary n-tuples. Two vertices of Q,, are adjacent iff they differ
in exactly one bit. A 1-cube Qi, a 2-cube Q2 and a 3-cube Q3 are displayed in
Figure 2.1.

We can build an (n + 1)-cube Q1 starting with two isomorphic copies of an n-
cube Q,, and adding edges between corresponding vertices. Using this fact, we can
define in third-order logic the so called class of hypercube graphs, as follows:

JCIO (A1 A A2 AVGIVG2((C(G1) AC(G2) A A3) — Ad) A A5 A AG) where

e Al expresses “C is a class of undirected graphs”.
e A2 expresses “O is a total order on C”.
e A3 expresses “G7 is the immediate predecessor of G5 in the order O”.

e A4 expresses “Go can be built from two isomorphic copies of G; by adding edges
between the corresponding vertices”.

e A5 expresses “the first graph in the order O is a QQ1”.

e AG expresses “the last graph in the order O is the input graph”.

In turn, we can express A4 as follows:

JF 3k, (A4.1 ANAL2 N AL3AVz(x € dom(G1) — Ad.4)N
—Jzy(z,y € dom(G1) Az # y A A4.5)) where

e A4.1 expresses “Fy and Fy are injective and total functions from dom(Gi) to
dom(G2)”.
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e A4.2 expresses “the ranges of F} and F» form a partition of dom(G2)”.

e A4.3 expresses “F; and F5 are isomorphisms from G; to the sub-graphs of Gso
induced by the ranges of F; and Fb, respectively”.

e A4.4 expresses “there is an edge in G2 which connects Fi(x) and Fp(x)”.

e A4.5 expresses “there is an edge in G2 which connects Fy(z) and Fy(y)”.

Note that, if there is an edge (a,b) in G2 such that a belongs to the range of Fy
and b belongs to the range of Fy, or vice versa, then either Fy '(a) = F, *(b) or
FH(b) = F5 Y(a).

The missing logic formulae in this example are left as an exercise for the reader.

The property of a graph being an n-cube for some n, is known to be in NP. A
nondeterministic Turing machine can decide in polynomial time whether an input
structure G of the vocabulary o of graphs is an hypercube, by simply computing the
following steps:

i. Compute the logarithm in base 2 of the size n of the domain of the input structure
G which must be a positive integer;

ii. Guess a sequence sy, ..., s, of n binary strings, each of length log, n;

iii. Check in polynomial time that all binary strings are unique, that the sequence
contains all binary strings of length log, n and that, for some ordering as,, ..., as,
of the nodes in V, a string s; differs from a string s; in exactly 1 bit iff there is
an edge (as,,as,) € EC.

Thus, as we mentioned in the introduction, the full expressive power of third-order
logic is not actually needed to characterize the class of hypercube graphs. In fact,
there is a formula in 3SO which can express this property. Recall that by Fagin’s
theorem [4], 3SO captures N P. However, it is very unlikely that there is a formula
in second-order logic, not to mention in 3SO, that expresses the property in a way
which is as intuitive and simple as in the example above.

3 Arithmetic in Second-Order Logic

We define in this section the basic arithmetic operations of addition, multiplication
and exponentiation in second-order logic over finite structures. We encode initial
segments of natural number as finite relational structures by using linear digraphs.
Let G be a linear digraph. The first (root) element of the domain in the order
determined by the edge relation ES represents the 0, the second element in this
order represents the 1, the third element represents the 2 and so on. Since in a linear
digraph, E€ is the successor relation, for clarity we use succ(z,y) to denote E(z,v).
We also use x = n where n > 0 to denote the formula of the form

Fy(succ(y, ) A Jz(suce(z,y) A Jy(suce(y,x) A+~ Ap)---))

with n nested quantifiers and ¢ = —Jz(suce(x, y)) if n is odd or ¢ = —Jy(succ(y, x))
if n is even. Likewise, © = 0 denotes —Jy(succ(y,x)). We assume a total order < of
the nodes in V' such that = < y iff there is a path from = to y in G or x = y. This
total order is easily definable in second-order logic.
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Figure 3.2: Multiplication

Let us start by defining the operation of addition. The strategy is depicted in
Figure 3.1 in which we show the result z of adding = and y along a linear graph.

The predicate sum(zx, y, z), which is true iff z = x + y, can be defined in second-
order logic as follows.

(x:OAz:y)\/(y:O/\z:x)\/
(x£0ANYy#0ANIF(ALA F(z,y) AJa'y' (succ(z, ') AN F(a/,y') Ay = 1)A
va'y'a"y" (( suce(z’, y' )AF (2", 2" )AF(y',y")) — succ(z”,y"))))

where A1 expresses “F is an injective function with domain {n € V | succ(z) < n <
z}”7. Tt is an easy and supplementary task to write the actual formula corresponding
to Al. For the sake of clarity, we avoid this kind of supplementary details from now
on.

The next arithmetic operation that we define is multiplication. The strategy is
depicted in Figure 3.2 in which we show the result z of x times y. Each of the nodes
in the subset S = {2,...,x} can be considered as a root of a different ordered tree in

a forest. Each root node in the forest has y children and the result z is the last child
of node x.

The predicate times(z,y, z), which is true if z = z x y, can be defined in second-
order logic as follows.

(x=1ANy#£0Az=y)V(y=1Az£0Nz=2)V((a=0Vy=0)Az=0)V
(:E#O/\y;éO/\:v#l/\y;él/\
IS(Vu(((2 <uAu<z)— [Ty (S(u,y))A
Ve'y' (o) <y Ao’ £y AS(u,2') AN S(u,y")) —
-3 (2 <2 A2 <y A=S(u,2")))A
JF(A1) A A2 A A3 A A4])A
A5 AVuv(S(u,v) = (2 <uAu < x)))) where
e Al expresses “F' is a bijection from {n € V' | S(u,n)} to {n € V | 1 <n <y}, which
means that the output degree of u is y”.
e A2 expresses “if u = 2 then the first child of u is succ(y)”.
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Figure 3.3: Exponentiation

e A3 expresses “if u = x then the last child of u is z”.

o A4 expresses “if u # 2 then succ(cy—1,¢y) for ¢,—1 the last child of v — 1 and ¢,
the first child of u”.

e A5 expresses “the input degree of every node in S is < 17.

Finally, we need to define the arithmetic operation of exponentiation in second-
order logic. In this case, the strategy is depicted in Figure 3.3. Note that, the first
node in the linear digraph is z!, the second node is x?, and so on till node y-th (the
final node) which is z¥.

The predicate exp(z,y, z), which is true if z = z¥, can be defined in second-order
logic as follows.

(x£0ANy=0Az=1)V(y=1Az=z)V(e=1Az=1)V
(x>2Ay>2A3V'E' (A1 ATF(A2)A
Vu(=V'(u) V (u =z V 32/ (E' (2, u) A times(z, 2, u)))))) where

e Al expresses “(V',E’) is a linear digraph whose first (root) node is  and whose
last (leaf) node is 2”.

e A2 expresses “F is a bijection from V' to {1,...,y}, i.e, |[V/|=y".

4 Hypercube Graph in Second-Order Logic

We describe in this section two different strategies to define in second-order logic
the class of hypercube graphs. The first strategy is based in the usual definition of
Hypercube graph which identifies the nodes of the graph with binary strings. This
definition was explained and expressed by means of a third-order logic formula in
Example2.2] The second strategy is based in the following definition: An n-hypercube
graph is a graph with 2" nodes, which correspond to the subsets of a set with n
elements. Two nodes labelled by subsets S; and S; are joined by an edge if and only
if S; can be obtained from S; by adding or removing a single element. The first
strategy resulted in a more cumbersome formula than the formula produced by the
second strategy. However, the descriptive complexity of the formula produced by this
latter strategy is higher.

4.1  First Strategy

The idea is to use binary encodings to represent each node in the graph, and then
to compare the binary encodings of two connected nodes to identify whether they
differ exactly in 1 bit. Following a top down approach to the problem, we start with
a very general schema of the formula and then we explore the main sub-formulae
involved in the solution. We aim for a good balance between level of detail and



Expressing Properties in Second and Third Order Logic 9

clarity of presentation. Consequently, we leave out of the presentation some trivial
sub-formulae which are not central to the general strategy.

Let G be an undirected graph with |V| = n. The following second-order formula
is satisfied by G iff G is an m-hypercube graph for some m.

1 =3 < (A1AIF Im(A2 AVay(E(z,y) +> A3) A Ad)) where

e Al expresses “< is a total order of the domain V of G”.
e A2 expresses “F' is a bijection on V7.

e A3 expresses “The binary encodings of F(z) and F(y) have both length m and
differ exactly in one bit”.

e A4 expresses “There is a node whose binary encoding contains no zeros”.

The total order < is used to identify each individual node of V. Thus, we can
assume that V' = {0,...,n — 1}. This is needed for the binary encoding of the
nodes in V, as it will become clear latter on. It should be clear how to express Al
and A2 in the language of second-order logic. Thus we concentrate our effort in
explaining the strategy to express A3. Finally, note that A4 means that all binary
encodings (of length m) correspond to some node in V', which implies that the number
of nodes of G is a power of 2, and also that m = log, n. A sub-formula that expresses
A4 can be easily built by using the same ideas that we use for A3 below. That
is, we can existentially quantify for some node z, a linear digraph (V,,E.) and a
Boolean assignment B, which assigns 1 to each node, and such that the binary string
represented by (V, E, B,) is the binary encoding of F(z).
The following formula expresses A3.

Vo E,VyE B, B, (A3.1 AA3.2 AN A3.3 N A3.4 A A3.5N
3G ( A3.6A
Vuv((Ey (u,v) — Ju'v'(G(
(Ey(u,v) = Ju'v'(G(
FoVu' ((A3.7 = v # v)A
(A3.8 = v' =v)))) where

I
U, U
/
U, U

o A3.1 expresses “(V, E) and (V,, E,) are linear digraphs”.

e A3.2 expresses “B,, is a function from V,, to {0,1}".

e A3.3 expresses “B, is a function from V, to {0,1}".

e A3.4 expresses “(Vy, Ey, By) is the binary encoding of F(x)”.

e A3.5 expresses “(V,, Ey, By) is the binary encoding of F(y)”.

e A3.6 expresses “G is a bijection from V, to V,,”.

e A3.7 expresses “B,(v') = By(G(v'))”.

o A3.8 expresses “B,(v') # By (G(v'))”.

To complete the picture, we need to explain how to write A3.4 and A3.5 in the

language of second-order logic. Since both can be expressed in second-order logic in
a similar way, we only show the formula for A3.4. Let x; be the i-th node in the
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Figure 4.1

linear graph (V, E,.) defined in the previous formula. We say that (V,, E,, B;) is the
binary encoding of F'(x) if

F(z) =b1 x 2™ 4 by x 2™ % - 4+ by, x 20, where b; = B, ().

In second-order logic, we use a function W, which assigns to each node z; in V, its
corresponding value b; x 2™~* in the encoding. This function is depicted in Figure 4.1.
The following formula defines the encoding.
IV, [y ngvw V:C’(A3.4.1/\
Vss' qq ((Ex(s,q) A Ix(s,8") AN1x(q,q")) — suce(s’,¢'))A
A3.42 AN A3.43 A L (w,m)A
V' E' vy vo w[A3.4.4 A A3.4.5N
Vu(=V'(u)V (u=v1 2 u=0)A(u=0v2 > u=1)A(u=w— A3.4.6)A
((u#v1 Au#v2) = Iy (E' (Y, u) AA3AT))))A
Ve(z') — [(A3.4.8) vV (A3.4.9 A T(W, (2, t) A A3.4.10))]A
A3.4.11 A A3.4.12]) where

e A3.4.1 expresses “I, is a bijection from V,, to {1,...,m}”.

e A3.4.2 expresses “v and w are the first and last nodes of (V,, F,.), respectively”.

e A3.4.3 expresses “I;(v,1)”.

e A3.4.4 expresses “(V', E') is a linear graph”.

e A3.4.5 expresses “v1,v9 and w are the 1-st, 2-nd and last nodes in (V’, E’), respec-
tively”.

e A3.4.6 expresses “exp(2,m — 1,u)”.

e A3.4.7 expresses “times(2,y’,u)”.

o A3.4.8 expresses “B,(z') =07 A “Wy(z') =0".

e A3.4.9 expresses “B,(z') =17 A “sum(ng, I,(z'), m)”.

e A3.4.10 expresses “exp(2,ny,t)”

e A3.4.11 expresses “F(z) = Wy(z1) + Wy(z2) + - -+ + Wy (ay,) for x; the i-th node
in (Vy, E,)".
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e A3.4.12 expresses “W, is a function from V, to V7.

Finally, we note that A3.4.11 can be expressed as follows.

U, (A3.4.11.1 AV2' (—V,(2) V (A3.4.11.2 A A3.4.11.3A
(A3.4.11.4 — Ja" (E,(2",2") A A3.4.11.5)))) ) where

e A3.4.11.1 expresses “U, is a function from V, to V.

e A3.4.11.2 expresses “if 2’ is the first node in (V,,, E,) then U, (z') = W, (2')”.
e A3.4.11.3 expresses “if 2’ is the last node in (V,,, E,,) then U,(z') = F(z)”.

e A3.4.11.4 expresses “z’ is not the first node in (V,, E;)”.

e A3.4.11.5 expresses “sum(U,(a"), W, ("), Uz (2"))”.

4.2 Second Strategy

The second strategy to define the class of hypercube graphs can be described in two
steps.

i. To identify every node x in the input graph G with a different subset S, of a set
V' C V of cardinality log, |V'|, making sure that every subset of V' is assigned to
some node of G.

ii. To check that for every pair of nodes z and y in G, there is an edge between x
and y iff S; can be obtained from Sy, by adding or removing a single element.

In second-order logic we can express this strategy as follows.

@2 = FR(IV' (A1 AVS(A2 — (3z(A3 A Ad))) A Fz(A5))A
Vay((E(z,y) A E(y,z)) < A6))

where

e Al expresses “V/ C VAV £ (.
e A2 expresses “SCV/'AS £(".
e A3 expresses “x is identified with S via R”.
A3 =Vu(R(z,v) + S(v))
e A4 expresses “no other node y # = can be identified with S via R”.
A4 = -Fy(x # y ANVu(R(y,v) < S(v)))
e A5 expresses “all nodes, with the only exception of node z, are identified with
some nonempty subset of V’ via R”.
A5 = =3u(R(z,v)) AV (2 # 2/ — FS(A5.1 AVu(R(2',v) + S(v)))) where
— A5.1 expresses “S#DANSC V",

o AG expresses “the set S, identified with « can be obtained from the set S, identified
with y by adding or removing a single element”.

A6 = Fo(((R(z,v) A=R(y,v)) V (R(y,v) A =R(z,v)))A
Vo' (v # v = (R(z,v') < R(y,v')))
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REMARK 4.1

The formula o that expresses the second strategy has a prefix of second-order quan-
tifiers of the form IRIV'VS. Thus, it is in the class 3. The existence of a formula
in 1 that expresses this second strategy is unlikely, since we must express that every
subset S is identified with some node in the graph. On the other hand, the formula ¢,
that expresses the first strategy, while considerably more cumbersome than ¢s, only
uses existential second-order quantifiers and can be translated in a rather straight-
forward way into an equivalent ¥} formula. That is, we could transform the current
quantification schema of the form

12 p2y/1 2 R2 21121172772
Vay(3VEE2B2VIEZB2 . AW2UZWRUZ ..,

where the superindices added to the relation variables denote their arity, into an
schema of the form

2173 R3y/2 3 R3 3173773773
(BV2EBVZEEIBS .. IWSUSWRUE...),

where the prefix “Vay” is eliminated and the arity of every relation variable is in-
creased in 1, so that we can incorporate all nodes. Thus, for instance, every set V!
corresponding to some node x in a graph G is now encoded in the binary relation
V2 in such a way that V! = {y|(x,y) € V;2}. Then, we can simply express that the
set {z|(x,y) € V.2} contains every node in the graph G. Moreover, we can now omit
Vy, By, By, W, and U,, since for every pair of nodes = and y, their corresponding sets
V' and V! will be both encoded into the binary relation V;?, and something similar
will happen for the relations £, B, W and U.

This is an important consideration since by Fagin-Stockmeyer characterization of
the polynomial-time hierarchy [13] £} captures NP while ¥} captures NPNP,

5 Quantified Boolean Formulae

A Boolean variable is any symbol to which we can associate the truth values 0 and 1.
Let V' be a countable set of Boolean variables. The class of Boolean formulae over V
is the smallest class which is defined by:

e The Boolean constants 0 and 1 are Boolean formulae.
e Every Boolean variable z in V' is a Boolean formula.

o If v and ¢ are Boolean formulae then (¢ A ¥), (¢ V) and —(p) are Boolean
formulae.

The semantics of the Boolean formulae is given by the well-known semantics of the
propositional logic.

A quantified Boolean formula over V, as defined by the influential Garey and John-
son book on the theory of NP-Completeness [0], is a formula of the form

Q1z1Q272 ... ann(@)v

where ¢ is a Boolean formula over V, n > 0, z1,...,z, € V and, for 1 < i < n,
Q; is either “3” or “¥”. A variable that occurs in the Boolean formula but does
not occur in the prefix of quantifiers is called a free variable. We call QBF the set
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of quantified Boolean formulae without free variables. As usual, for £ > 1, QBF,
denotes the fragment of QBF which consists of those formulae which start with an
existential block and have k alternating blocks of quantifiers. Let X C V be a finite
set of Boolean variables, we assume w.l.0.g. that a formula in QBF, over X is of the
form

37,972 ... QTk(p),

where for 1 < i < k, & = (zi1,...,xy,) is a vector of [; different variables from X,
Jz; denotes a block of I; quantifiers of the form Jz;1,..., 3z, , VZ; denotes a block of
l; quantifiers of the form Vz;1,...,Vay,, ¢ is a (quantifier free) Boolean formula over
X, Qis “F" if k is odd and “V” if k is even, and the sets Xi,..., X} of variables in
Z1,...,Tk, respectively, form a partition of X.

We define next the notion of satisfiability of quantified Boolean formulae. But first
we introduce the concept of alternating valuations which uses rooted binary trees
to represent all possible valuations for a given formula, and paths from the root
to the leaves of such trees to represent individual valuations. This unusual way of
representing valuations is motivated by the way in which we express in second-order
logic the satisfiability problem for the classes QBF}.

Let T, be a rooted binary tree of vocabulary o, = {E, B,0,1}. That is, T, is
a maximally connected acyclic digraph in which every vertex has at most two child
vertices and, except for the root, has a unique parent. Here, 0 and 1 are constant
symbols which are interpreted as truth values and BTv is a total function which
assigns a truth value 0T» or 1T* to each vertex in V. We say that T, is an alternating
valuation if the following holds:

e Every leaf of T, is at the same depth d.
e All vertices at a given depth, i.e., in the same level, have the same out-degree.
e If two vertices a,b € V are siblings, then BTv(a) # BT (b).

Let ¢ = 371VYTs ... QT (¢)) be a formula in QBF,, where @ is “3” if k is odd and
“v” if k is even, and let I; for 1 < j < k be the length of the j-th alternating block of
quantifiers. We say that an alternating valuation T, is applicable to @, if the depth
of Tyisly+---+ 1y —1 and for every 1 < ¢ <y +---+ lg, it holds that:

e All vertices at depth ¢ —1 have no siblings if 1 < ¢ <[y orli+ls+1<i<Il1+Ix+13
or---orly+lg+- +lpy_1+1<i<Ily+1s+ -+ 1, where k' = k if the k-th
block of quantifiers is existential and k' = k — 1 otherwise.

e All vertices at depth i — 1 have exactly one sibling if [y +1 < i < [y + 5 or
ll+lg+13+1 S 7 S ll+12+13+l4 or --- oOr ll+lg—|—"'—|—lk//,1—|—1 S’LS
Iy + 13+ -+ lgr, where k" = k if the k-th block of quantifiers is universal and
k" = k — 1 otherwise.

Let v = 371VZ2 ... QTr(p) be a formula in QBF, over X, and let T, be an alter-
nating valuation applicable to v. A leaf valuation L, is a linear subgraph of T, of
vocabulary o, which corresponds to a path from the root to a leaf in T,. Let v be
a mapping from the set of variables X to {0,1}, i.e., a Boolean assignment, such that
for x; € X the i-th variable in the prefix of quantifiers of ~, it holds that v(x;) = 1 iff
B (n;) = 1% for n; the i-th node in the linear order induced by EY*. We say that
L, satisfies ~y, written L, | v, if the Boolean assignment v satisfies ¢. That is, if ¢
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is a Boolean variable x; in X, then L, = ¢ if v(x;) = 1; if ¢ = =(¢), then L, | ¢ if
L, & ¢ (i.e., if it is not the case that L, = v¢); if ¢ = (¢ V @), then L, |= ¢ if either
L, Evor L, = a; and if ¢ = (¥ A @), then L, |= ¢ if both L, = ¢ and L, |= a.
Finally, we say that the alternating valuation T, satisfies -y if every leaf valuation L,
of T, satisfies ~.

A Boolean formulae ¢ in QBF,, is satisfiable if and only if there is an alternating
valuation T, which satisfies ¢; otherwise ¢ is unsatisfiable. SATQBF,, is the set of
QBF,, formulae that are satisfiable. SATQBF = J,~, SATQBF,.

It is well known that SATQBF,, is complete for ‘the level ¥? of the polynomial-
time hierarchy (see [0 [I] among others sources). It is also well known that second-
order logic captures the polynomial-time hierarchy. In fact, there is an exact cor-
respondence between the prenex fragments of second-order logic with up to &k al-
ternations of quantifiers ¥} and the levels ¥ of the polynomial time hierarchy
[13]. Thus, for every k, SATQBF,, can be defined in second-order logic, in fact,
it can even be defined in X}. Regarding SATQBF, we note that it is PSPACE-
complete [I3]. Since existential third-order logic captures NTIME(2"O(1)) (see [])
and PSPACE C DTIME(2"°") € NTIME(2"""), we know that SATQBF can be
defined in existential third-order logic. In the following sections we present a second-
order formula that defines SATQBF) and a third-order formula that defines SATQBF,
respectively.

6 SATQBFy in Second-Order Logic

Following a top-down approach, we present a detailed construction of a second-order
formula that defines SATQBF,,. But first, we need to fix an encoding of quantified
Boolean formulae as relational structures.

There is a well-known correspondence between words and finite structures. Let A
be a finite alphabet and let w(A) be the vocabulary {<}U{R, : a € A}, where <is a
binary relation symbol and the R, are unary relation symbols. We can identify any
word v = ag ...a, in A* with a w(A)-structure B, where the cardinality of B equals
the length of v, <B is a total order on B, and, for each R, € 7(A), R contains the
positions in v carrying an a,

RB = {be B:forsome j (1<j<n),
b is the j-th element in the order <B and a; = a}

Such structures are usually known as word models for v ([3]). As any two word models
for v are isomorphic, we can speak of the word model for v.

Note that we can represent Boolean variables of the form z,, by using a symbol
“X” followed by a sequence of n symbols “|”. For instance, we can write X||| for 3.
Thus using word models, every quantified Boolean formula ¢ can be viewed as a finite
relational structure G, of the following vocabulary.

7T:{SaPﬁaPV7P/\7PE|7PV7P(7P)7PX7P\}

EXAMPLE 6.1

If ¢ is the quantified Boolean formula 3x1Vzo((—21) V 22), which using our notation
for the variables corresponds to 3X|VX||((—=X|) V X||), then the following m-structure
G, (note that G, is a linear graph) where G, = {1,...,18}, <S¢ is a total order
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on G, P = {10}, P{’* = {14}, PC* =0, P§ = {1}, P7* = {4}, P = {8,9},
P)G”’ = {13,18}, P{* = {2,5,11,15}, P‘G“’ = {3,6,7,12,16,17}, encodes .

We show next how to build a second-order logic formula wsarqpr, such that, given
a relational structure G, of vocabulary =, it holds that G, E PSATQBF, iff the
quantified Boolean formula ¢ represented by G, is satisfiable. That is, we show
next how to build a second-order formula wsarqsr, of vocabulary 7 that defines
SATQBF,. As mentioned earlier, we follow a top-down approach for the construction
of this formula. At the highest level of abstraction, we can think of ¢g ATQBF, as a
second-order formula that expresses the following:

“There is an alternating valuation T, applicable to ¢ that satisfies ¢”. (A)

Recall that an alternating valuation T, satisfies ¢ iff every leaf valuation L, of T,
satisfies the quantifier-free part ¢’ of ¢. Also recall that every leaf valuation T,
corresponds to a Boolean assignment v. Thus, if ¢ = 371VZy ... QZTk(¢’), where for
1<i<k, &= (xia,...,zy,), Qis “T" if k is odd and “V” if k is even, X7,..., Xi
are the set of variables in Z1, ..., T, respectively, and ¢’ is a (quantifier free) Boolean
formulae over X = X; U--- U X, then the expression in (A]) can be divided in two
parts:

AVS1 (Alternating Valuation that Satisfies ¢, Part 1) which expresses

“There is a partial Boolean assignment v; on Xi,
such that for all partial Boolean assignments vs on Xo,
there is (or “for all” if k is even) a partial Boolean assignment vy on X}”.
AVS2 (Alternating Valuation that Satisfies ¢, Part 2) which expresses

“The Boolean assignment v = v; Uwvg U --- U vy, satisfies the (quantifier free)
VAL

Boolean formula ¢'”.

For each partial Boolean assignment v; (1 <14 < k), we use a second-order variable
V; of arity one and two second-order variables E; and B; of arity two, to store the
encoding of each v; as a linear graph G; = (V;, E;) with an associated function B; :
Vi — {0,1} (see Figure 6.1). Correspondingly, we use a second-order variable V; of

3 linear graph G1 V linear graph G2 3 linear graph G3 ... Q linear graph Gy

O_’Q_’O ..................................... ’O

Gl Gz G3 Gk
/ ~au /
{ e - o000 >0
G = (W1, Er) Ga = (Va, E2) Gy = (Vi, Ex)
Figure 6.1

arity one and two second-order variables E; and B, of arity two, to store the encoding
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of each Boolean assignment v (leaf valuation T,) as a linear graph G; = (V;, F;) with
an associated function B; : V; — {0,1}. Figure 6.2 illustrates an alternating valuation
applicable to ¢ and its corresponding encoding.

21132123213 - - Fo1y, V21 V@22 VT23 - - - Va2, Fwz1 Fws2Tass - - Foarg - Qre1 Qurr2 Qs -+ Qukyy, (¢)

Q- @

Gi1=(V1,E1,B1) Gy =/(V2, B2, B2) G3 = (V3,E3,B3): ... Gr = (Vk, Ex, Br)
>0 >0 - >0 >0 - >0 >0 -
4 L >0 >0 Graph Gy,
L N~ —
0/1 U1 U2 U3 e Uk
Figure 6.2

In the next subsection we describe the process followed to build a second-order
formula to express Statement AVS1. Then we describe in Subsection [6.2] the corre-
sponding process for Statement AVS2.

6.1 FExpressing Statement AVS1

Let k3 and kv be the index of the last existential quantifier block and the last universal
quantifier block, respectively, in the prefix of k£ blocks of quantifiers of . We can
express Statement AVS1 as follows:

VAEL B1YVaEsBs - - - Qi Vi Ex. By AV, B, B,Uy, Us, . .., Uy, (Al AA2AA3A AL A ASA

((AGAATAASA A9 A ALOAALL) — AVS2) ) where

e Al expresses “Gy = (V4, E) is a linear graph”.

e A2 expresses “The length of G; equals the number of variables that appear in the
prefix of quantifiers of ¢”.

e A3 expresses “Gy = (V1, E1),Gs = (Va, Ea), ..., Gy = (Vis, Lk, ) are linear graphs”.

e A4 expresses “By : Vi — {0,1}, B3 : V3 — {0,1}, ..., By, : Viy — {0, 1} are total
functions”.

o A5 expresses “The lengths of the linear graphs G, G, . .., G5 equal the lengths of
their corresponding blocks of quantifiers in ¢”.

e A6 expresses “Vi, Vs, ..., V) are pairwise disjoint sets”.
o A7 expresses “Go = (Va, E3), Gy = (Vu, Ey), ..., G, = (Vi,, L1, ) are linear graphs”
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e A8 expresses “By : Vo — {0,1}, By : V4 — {0,1}, ..., By, : V&, — {0, 1} are total
functions”

o A9 expresses “The lengths of the linear graphs G, Gy, . .., Gk, equal the lengths of
their corresponding blocks of quantifiers in ¢”.

e A10 expresses “U; is a total injection from G to the first part of G; and Us is a
total injection from G5 to the second part of G; ...and Uy is a total injection from
G to the k-th part of G;”.

e A1l expresses “B; : V; — {0,1} is a total function that coincides with By, Ba, ..
By”.

e AVS2 expresses Statement AVS2 as described in Subsection

*9

Next, we discuss how to write the sub-formulae A1-A11 in second-order logic.

A1. This is expressed by the auxiliary formula LINEAR(V;, E;), which is defined in
Subsection below.

A2. This is implied by the following statement which is expressed in further detail in
Subsection (A).
“There is a partial surjective injection V,, from the quantifier prefix of ¢ to Gy,
which maps every X in the prefix to its corresponding node in Gy, and which
preserves <G¢ and E,7.

A3. LINEAR(V4, B1) A LINEAR(V3, E3) A - A LINEAR(Vi,,, By, ), where the sub-
formulae LINEAR(V;, E;) are as defined in Subsection

A4Vt p, ! ( Aicrs s (ALTAAL2 A A4.3))

e A4.1 expresses “B; is a function”.
A4.1 = ((Bi(t.p) N Bi(t.p') = p=1")

e A4.2 expresses “B; is total”.
A4.2 = (Vi(t) — Ip(Bi(t,p)))

e A4.3 expresses “the range of B; is {0,1}”.
A43 = (Bi(t,p) > (p=1Vp=0)
where p = 0 and p = 1 have the obvious meaning and are defined in Subsec-
tion

A5. If k3 # k, then

. (HL'vlvg oo VkgUks+1 (g A Ci))

,,,,,,

where oy is the formula template «; instantiated with ¢ = k3.
If k5 = k, then
(/\1,3,...,k3—2 (E'L/’Ulvg e 1)]@,1(04]@72 A\ CZ))) A\ E'L/’Ulvg e vkve(ﬂl A /82 A ﬂg)

where ay,_o is the formula template «; instantiated with ¢ = k3 — 2 (Note that
k3 — 2 is the previous to the last existential block, and the subformulae 81, 82 and
B3 take care of the last block of quantifiers).

Next, we define the subformulae «;, 81 (;, B2 and B3 in the listed order. For their
definitions we use an auxiliary formula PATH< (z,y) which is in turn defined in
Subsection below, and which expresses “the pair (x,y) is in the transitive
closure of the relation <”.
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The subformula «; is satisfied if, for 1 < j < 4, v; is the position of the first
quantifier of the j-th block (when 7 is not the last block of quantifiers).

o; = (Pa(v1) A Py(va) A ... A Po(vig) A —3a(z # v1 Az < vp)A
PATH< (v1,v2) A PATH< (v2,v3) A -+« A PATH< (v, 0i41)A
—J2(PATH< (v1,2) APATH< (z,v2) Az # v1 Az # va A Py(z))A
—3z(PATH< (va, ) A PATH< (z,v3) A & # va A x # vz A P3(z))A
VAN
—3z(PATH< (v;, ) A PATH< (2, vi41) Az # v; A2 # vip1 A Po()))
where Pg is Py if ¢ is odd or P5 if 4 is even.

The subformula f; is satisfied if, for 1 < j < ¢, v; is the position of the first
quantifier of the j-th block.

B1 = (P3(v1) A Ry(v2) A... APL(vg) A P(ve) A —~3a(x < v1)A
PATH< (v1,v2) A PATH< (v, v3) A -+« A PATH< (v, ve )A
—J2(PATH< (v1,2) APATH<(z,v2) Az # v1 Az # va A Py(z))A
—3z(PATH< (va, ) A PATH< (z,v3) A & # va A x # vz A P3(z))A
BAVAN
—32(PATH< (vi, ) A PATH< (z,v.) Az # v, Az # ve AP2()))
where P1 is P5 if k is odd or Py if k is even, and P2 is Py if k is odd or P5 if k is

even.

When i is not the index of the last block of quantifiers, the subformula (; is
satisfied if L’ is a bijection from the indices of the symbols X in the i-th alter-
nating block of quantifiers to V;, which preserves E; and Nextx = {(a,b) €<C¢
|a and b are indices of symbols in the i-th block A Px (a) A Px (b) AVe((a < cAe <
b) — —Px(c))} (i.e., the order of appearance of the X’s in the i-th block of quan-
tifiers in the prefix of ). This is illustrated in Figure 6.3. Recall that we encode
in G, = (V;, E;, B;) a partial truth assignment for the variables in the i-th alter-
nating block of quantifiers.

¢ = (A5.1AA52 A A5.3 A A5.4 A A5.5) where
e A5.1 defines the “domain of L.
A5.1 = Vo ((PATH< (v;, ) \APATH< (2, viy1) Az # vig1 APx (2)) < Jy(L' (2, y)))
e A5.2 expresses “L’ is surjective”.
A5.2 =Vy(Vi(y) = 32(L(2,9)))
e A5.3 expresses “L’ preserves Nextyx and E;” which implies injectivity.
A5.3 = Vsts't ((L’(s, AL (s t')Ns#s ANPATH<(v;,s) NPATH<(s',vi4+1)
APATH (s,s") A =32(PATH< (s, 2) APATH<(z, s")A
2£ 5Nz £ APx(2) = Ei(t,t’))
e A5.4 defines the “range of L.
A5.4 =Vay(L'(z,y) = Vi(y))
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e A5.5 expresses “L’ is a function”.
A55 = nyz((L/(ﬂf,y) ANL'(z,2)) =y = z)

The subformula 3, is satisfied if L’ is a bijection from the indices of the symbols X
in the k-th alternating block of quantifiers to Vi, which preserves Fj and Nextx
(i.e., the order of appearance of the X’s in the k-th block of quantifiers in the
prefix of ).

B2 = (A5.1' AA5.2" A A5.3' A A5.4' A A5.5') where
e A5.1" defines the “domain of L.
A5.1" = Vz((PATH< (vk, z) APATH< (2, v.) A Px()) ¢ 3y(L'(z,9)))
e A5.2" expresses “L’ is surjective”.
A5.2 =Vy(Vi(y) = 32(L(2,y)))
e A5.3' expresses “L’ preserves Nexty and Ej” which implies injectivity.
A53' = Vsts’t’((L’(s, t)ANL'(s',t') As # s NPATH< (vg, s) APATH< (s, v.)
APATHc (s,s") A =32(PATH<(s, z) APATH<(z, s")A
z#sNz#5 NPx(2)) = Ek(t,t’)>
e A5.4" defines the “range of L.
A5.4 =Vry(L (z,y) = Vi(y))
e A5.5" expresses “L’ is a function”.
A5.5 =Vayz((L'(z,y) AL (z,2)) = y = 2)

The last subformula f§3 is satisfied if v. is the last symbol “|” in the prefix of
quantifiers of ¢. We use SUC<(z,y) to denote that = is the immediate successor
of y in the total order <S¢. The formula that expresses SUC< (z,y) is defined in
Subsection

B3 = (Vv'(SUCS(Ue,v') — =P(v)) A P(ve)A
Vo' (PATH< (ve, v') — (= P3(v') A =Py(v'))) A
Jrywv' (Px (z) A Po(w) A SUC<(z,y) A SUC<(w,z) A PATH< (y, ve)A
((PATH< (v/,v.) A PATH< (y, ') — H(v’))))

where Py is P35 if k is odd, or Py if k is even.

Let V;NV; = 0 denote Va ((Vi(z) — =V;(z)) A (V;(x) = =Vi(z))), we can express
that V1, V5, ..., Vi are pairwise disjoint sets as follows.

VinVe=0)AVinVs=0)AMNVi=0)A-A VNV =0)A
(VaNVa=0)A(VanVi=0) A A (V2N Vi =0)A
o AN (Ve NV = 0)

LINEAR(Va, Eo) A LINEAR(Vy, E4) A - - A LINEAR(Vi,, Ei, ),
where LINEAR(V;, E;) is as defined in Subsection [6.3]

4,00 ( Ao, (AB1A A2/ AS3) ) where



20 Expressing Properties in Second and Third Order Logic

vi S S Vi41 Vk

o[ ol [-L-I] el : ;

“Next X in the samel‘.alternating block” (Nextx)

L,Lt,,,,,,,,,,,,,,,,,,,,J (Vis )

t t’

Figure 6.3

e A8.1 expresses “B; is a function”.
A8.1= ((Bi(t,p) N Bi(t.p')) = p=1p')
e A8.2 expresses “B; is total”.
A8.2 = (Vi(t) = Jp(Bi(t, p)))
e AB.3 expresses “the range of B; is {0,1}”.
A8.3= (B;(t,p) > (p=1Vvp=0))
where p = 0 and p = 1 have the obvious meaning and are defined in Subsec-
tion

A9. If ky # k, then
/\214 77777 . (HL'vlvg e Uk Uk +1 (i A Ci))
where oy, is the formula template «; instantiated with ¢ = ky.
If ky = k, then
(/\2)4_’___),“/72 (ElL’vlvg e Vg1 (Qhy_y A CZ))) AL vivg .. vkve(B1 A B2 A B3)

where ay,_2 is the formula template «; instantiated with ¢ = ky — 2 (Note that
kv — 2 is the previous to the last universal block, and the subformulae 51, 52 and
B3 take care of the last block of quantifiers).

The subformulae «;, ;, 81, f2 and B3 are the same as in (A5).
A10. (A10.1A Aycycpy (A102) A A10.3) where

e A10.1 expresses “U; is a total injection from V; to V; such that: (a) preserves
E; and E; and (b) U (“first node in the order E;”) =“first node in the order
Et” 7.

e A10.2.1 expresses “Uj; is a total injection from V; to V; such that: (a) preserves
E; and E; and (b) U;(“first node in the order E;”) = SUCE, (U;_1(“last node
in the order E;_17))”.

e A10.3 expresses “Uy is a total injection from Vi to V; such that: (a) preserves
Ej and E; and (b) Uy (“first node in order Ei”) = SUCE, (Uk_1(“last node in
order Fx_17))”.

We describe next the second-order formula for A10.3 which is in turn illustrated

in Figure 6.4. Note that the node labeled x in Figure 6.4 corresponds to the last

node in the linear graph Gi_; and that z is mapped by the function U_; to the
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node labelled y in the linear graph G;. Accordingly, U maps the first node in

the linear graph Gy (i.e. the node labeled ), to the successor of node y in G¢
(i.e. to the node labelled t).

A10.3 = Vaytu(A10.3.1 A A10.3.2 A A10.3.3 A A10.3.4) where
e A10.3.1 expresses “Uy is a total injection from Vi to V;”.
A10.3.1 = (Ug(z,y) A Ug(z,t)) = y =t)A
(U, 9) A Uk(, ) — & = w)A
(Vi(x) = 3y(Up(z, y)))A
(Uk(2,y) = (Vi(2) A Vi(y)))
e A10.3.2 expresses “preserves F,”.
A10.3.2 = (Ug(z,y) A Ug(u,t) A Ex(y,t)) — Eg(z,u))
e A10.3.3 expresses “preserves Fy”.
A10.3.3 = (Ug(z,y) A Ug(u,t) A Egp(x,u)) — Ei(y,t))
e A10.3.4 expresses “Uy(“first node in order Ei”) = SUCE, (Ux—1(“last node in
order Fx_17))”.

A10.3.4 = ((Up—1(z,y) A =Fv(Ep—1(z,v)) A E(y, t) A —Fo(Er(v,u) A Vi(u)))

Gk71 Gk
—Q0 O—
Uk,—l l lUk
Gy Yy t
Figure 6.4

A1 Vaytpp' ((Bi(t,p) AUx(t,y) A Bi(y,p')) = p=p")A
Vaytpp' ((Ba(t,p) AUa(t,y) A Bi(y,p')) = p=1p")A
A

Vaytpp' ((Bi(t,p) A Uk(t,y) A Bi(y,p')) = p=1')

6.2 FExpressing Statement AVS2
Statement AVS2 can be rephrased as follows:

3V, C Ec ST Est M Cx Gy C- C( Cy Cy Cy Hy (AVS2.1 A AVS2.2) where

e AVS2.1 expresses “There is a Boolean expression ¢ which is obtained from the
quantifier-free part of ¢ by replacing each occurrence of a variable by the cor-

responding truth value in {0,1} assigned by the leaf valuation represented by
(G, Be)”.
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XXX QXN+ 1" (X XL X - - XII---D)

Vo: Variable Occurrence m

Input Graph 3 X |V X[ |3 X||| ... ..Cooe i XTI A XTIV .0)))
s / -/ -/ /

Vp: Variable Pos;fion

v H),
Graph G I ol od so o g '
Sub Graph ¢ MJ&’&,»O

0/1 0/1

¢: A quantifier free formula on: {(,),A,V,—,0,1}
For instance: (((1 A (=0))V(IA0))A...(...))

Figure 6.5

e AVS2.2 expresses “The Boolean expression ¢ evaluates to true”.

We describe next how to express AVS2.1 and AVS2.2 in second-order logic.

6.2.1 Expressing AVS2.1

The idea is to define mappings to represent the relationships among the input graph
G, the graph G and the quantifier-free part of the input formulae. This is illustrated
in Figure 6.5. We can express AVS2.1 as follows:

AVS2.1 = AN B A C where

o A expresses “V}, is a partial bijection from the prefix of quantifiers of ¢ (restricted
to the X’s that appear in the prefix) to V;, which maps every X to its correspond-
ing node in Gy, and which preserves <%« and E,”.

A =Vayz(AL A A2 A A3) AVsts't (Ad) where
— Al expresses “V}, is a function”.
AL= (Vo) A Vple,2) > y = 2)
— A2 expresses “V}, is injective”
A2 = (Vo) A Vilz,y)) = @ = 2)
— A3 defines the “domain and range of V},”
A3 = ((Px(z) APRED<(z, 2) A (P3(2) V Py(2))) <+ Jy(Vi(y) A Vp(x,y))) where
PRED<(z, z) denotes the subformula that expresses that z is the strict prede-
cessor of z in the order <%« (see Subsection [6.3).
— A4 expresses “V), preserves <% and E,”.
(Vp(s, ) A V(') A Ex(s', 1)) =
(PATH<(s,t) AV2'((2 # s N2’ # t N\PATH<(s, 2') APATH< (%', 1)) —
—Px(2')) )

o B expresses “Hy is a partial surjective injection from the quantifier free part of ¢

to the formula ¢, encoded as the first formula in (C, E¢) (see Figures 6.7 and 6.8),
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which maps every X in the quantifier-free part of ¢ to the corresponding position
in the first formula in (C, E¢) (i.e. ¢), which preserves A, V, =, (, ), <®¢ and E,
and which ignores |”.

B = Vayi1y22122 (Bl AB2AB3A B4) AVzx' 2y1y22122 (B5) where
— B1 expresses “Hy is a function”.
Bl = ((H¢(x,y1,y2) AN Hy(x,21,22)) =
(y1 = 21 Ay2 = 22 A 32/ (P((a’) APATH< (2, %)) A C(y1,92)))
— B2 expresses “Hy is injective”.
B2 = (H¢(x,y1,y2) ANHy(z,y1,y2) =& ¢ = z)
— B3 expresses “the range of Hy, is the first formula in (C, E¢)”.
B3 = Vgt ty'vs ((ST(v') A —3y(Esr(y, v'))A
EST(v/a UQ) A M(v/v yﬁa yé) A M(v27 Zia Zé)/\
Ec(tlla t/2a Ziv Zé) A PATHEC (yllv yév Y1, y2)/\
PATHE, (yl, Y2, tll, tIQ)) — HLL'/(H¢($I, Y1, yg)))/\
— B4 expresses “the domain of Hy corresponds to the quantifier free part of ¢”.
B4 = (32 (P(a") A PATH< (2, z)) — Jyis(Ho (2, 91, 15)))
— B5 expresses “H,, preserves <« (ignoring “/”), Ec, A,V, (,) and =, and maps
X to 0/17.
B5 = ((Hg(w,y1,92) A Hg(2, 21, 22) A Ec(y1, Y2, 21, 22))
— (SUC<(z,2) V (PATH<(z, z) A Va2’ (PATH< (z, z')A
PATH<(2/,z) N’ # x A’ # z) = P|(2'))))A
(Ho (@, y1,52) = (P(2) A C((y1,92))V
(Py(z) A C)(y1,92))V
(Pa(z) A CA(yh Y2))V
(Py(z) A CV(y17y2))
(P~ (x) A C- (Y1, 92))V
(Px () A (Co(y1,y2) V Ci(y1,42)))))
C expresses “for every bijection Vp from “|---|” in “QX]|---|” (where Q is “3” or
“7) to ‘|- in “(... X|---|...)” that links a variable in the quantifier prefix
of ¢ with an occurrence of that variable in the quantifier-free part of it, the
variable in the quantifier free part of ¢ which corresponds to the function Vj is
replaced in ¢ by the value assigned to that variable by the leaf valuation (G, By)
(see Figures 6.5)”. Note that in the formula below, zy represents the root in
dom(Vy), zs represents the leaf in dom(Vp), yo represents the root in ran(Vp), and
yy represents the leaf in ran(Vp) (see Figure 6.6). Also note that ¢ is encoded in
(C, E¢) starting in the node M (“first node in (ST, Eg7)”) and ending in the node
E;' (M (“second node in (ST, Esr)”)), and that it is equivalent to the quantifier-
free part of ¢ with the variables replaced by 0 or 1 according to the leaf valuation
(G4, By) (this is further clarified in Subsection [6.2.2] also note Figures 6.7 and 6.8).

C=VVo3z0v021Yr 209025 Vs ((CLAC2AC3AC4AAC5ACE) — CT) where
— C1 expresses “z is the root in dom(Vp), 2z is the leaf in dom(Vp), yo is the root
in ran(Vp) and y; is the leaf in ran(V4)”.
C1 = Vo(20,y0) A ~32'y (PRED< (20, 2") A Vo (2, y'))A
Vo(zg,y5) A —32'y' (SUC< (25, 2") AVO(2/,9))A
Vz’((PATHS(ZO, ") NPATH< (2, z¢)) — 3y (Vo (2, y’)))
Vy' ((PATH< (yo,y') A PATH<(y', yy)) — 32'(Vo(2",¢/)))
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Vo: Variable Occurrence

N\
i G
A 20 zf z} Yo Yo Yr y}
Figure 6.6
— C2 expresses “V) is a bijection from “|---|” in “QX]|---|" to “|---|" in
“(...X|---]...)” which preserves <G¢”.

C2 = Yayow(Vo(z, ) — (B() A PLp)A
((Vo(2, ) A Vo, ) = y = v)A
((%($, y) A Vo(w, y)) — X = w)/\
((Vo(z,y) A Vo(v,w) ASUC<(z,v)) = SUC<(y,w)))
— C3 expresses “z{, is the predecessor of the root in dom(Vy), i.e., it is the X in
the prefix of quantifiers”.
C3 = PRED< (20, 2) A Px(z{})
— C4 expresses “y(, is the predecessor of the root in ran(Vy), i.e., it is the X in the
quantifier-free part”.
C4 = PRED< (yo,y5) N Px (y0)
— C5 expresses “z’; is the successor of the leaf in dom(Vp)”.
C5 = SUCS(zf,'z}) A=P(2})
— C6 expresses “y; is the successor of the leaf in ran(Vp)”.
C6 = SUC<(yy,y;) A =P (y})
— C7 expresses “By(Vy,(2()) = Hy(y})”-
CT=Vaa' (Vyp(z,x) A Bz, 2)) —
32122(H¢(y6, 21, 22)/\
((“.I/ =0"A C()(Zl, 22)) V (“I/ =1"A 01(21, 22)))))

6.2.2 Expressing AVS2.2

Now we need to check whether the formula ¢ built in the previous step, evaluates
to true. The idea is to evaluate one connective at a time, and one pair of matching
parenthesis at a time, until the final result becomes 1. Let us look at the example
in Figure 6.7. Note that there are ten evaluation steps, which correspond to ten
“operators” (i.e., either connectives or pairs of parenthesis). If there are at most n
symbols in ¢, that means that the whole evaluation process needs at most n evaluation
steps. This is the reason for using pairs of elements to represent the nodes of the graph
(C,E¢), and quadruples to represent the edges. This allows the whole evaluation
process to take up to n steps (where n is the length of the input formula). In each
step, we have a Boolean sentence on {0, 1} with up to n symbols. Each node in the
graph (ST, Egr) represents one such formula, and the function M (for Marker) is a
pointer which tells us in which node in (C, E¢) that formula begins. Note that in
each evaluation step, either one or two symbols are removed from the formula at the
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previous step. Figure 6.8 further illustrates the graphs (A) and (B) of Figure 6.7 with
a horizontal orientation. Each evaluation step is called a stage. And the first symbol
in each stage is given by the marker function M.

(B) (C E)
Markers (in Bold) (1, 1)
o < NSymbols (1,2)
v (A) (ST, Esr) < (1,3)
/:. V Includes :
1., (((0Vv1)A(=0))A(1VO0)) ) 6(1 |
2. M((0OV1)A (1) A(1VO)) “An evaluation step (2’ 1)1
3. ((OV1)A1)A(1V0)) 2,2)
Includes ’
4 (A AQVO) Jdes
5. (1) A1) A (D)) & ><n?
6. ((1A1)A(1) : < Nsteps *(2,712)
7. (LA1)A1) |
8. ((1)A1) : v
9. (1A1) ' (s,1)
: (s,2)
10. (1) é_y< (s,3)
11. 1(TRUE) [
6 (s, ms) s<n
Figure 6.7
¢ E,
Computation (f1,f2) I %Ql(%bfi)»o_ - %2)_5)_»0_ . _>O__;O(S n2)
(C, Ec) .
Marker - . L - _1\_/Iarke‘r /
Stages O—»0—»0—---—---—--->0 (<) M
(ST, Esr)
Figure 6.8

Based on this description, we can express AVS2.2 in Section as follows:
AT A A2AN A3 A A4 A A5 where

e Al expresses “(C, E¢) is a linear graph”.
e A2 expresses “(ST, Egr) is a linear graph”.

e A3 expresses “M : ST — C is an injective and total function that preserves PATH
in EST and Ec”.
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e A4 expresses “Ch, Cy,C-,C(, C),Cy, Cy are pairwise disjoint, and Cy UCy U C, U
CUCyUC UG, =C7.

e A5 expresses “For every stage x, from stage x to stage x + 1, we need to follow the
rules of evaluation (see Figure 6.7 part A). The formula in (C, E¢) at stage x + 1 is
the same as the formula at stage x, except for one of three possible sorts of changes,
which correspond to the cases (a), (b) and (c) of Figure 6.9”.

Function: E, where 6 € {A,V} and by, b2,b3 € {0,1}
by 9 b - b ) (b )
(U1 v32) (wl wg) (1’1 v2) (wy, w3) (v1,v2) (wy, wz)
<m2)(p21 P22)(P37 \(Pll ,p12)(P21, P27 (P11, P12)
by
(v, v5) (P11 Ph2) (W], wh) (01, v5) (P11, Plp)(wh, wh) (Ph1.712)
Case (a): ((p21,p22)(p31,p32)void) Case (b): ((p21, p22)void) Case (c):
((v1, v2) (w1, wa)void)
Figure 6.9

We describe next how to express A1-A5 above in second-order logic. See Section[6.3]
for the auxiliary formulae used below.

Al = LINEAR(C, Ec)
A2 = LINEAR (ST, Esr)
A3 =Vss'tita ki ko (A3.1 AA33ANA33A A3.4) where

e A3.1 expresses “M is a function, M : ST — C”.
A3.1= ((M(S,Ifl,tg) A\ M(S, k1, kg)) — ((fl =ki Nty = kg) A ST(S) AN C(fl,lfg)))
e A3.2 expresses “M is injective”.
A3.2= ((M(S, kq, kg) A\ M(tl, k1, kg)) — 5= lfl)
e A3.3 expresses “M is total”.
A3.3 = (ST (s) — Ft)th(M(s,t],t5)))
e A3.4 expresses “M preserves PATH in Egp and F¢”.
A34 = ((M(S, tl, tg) A M(S/, kl, k2) A PATHST(S, S/)) — PATHEC (tl, t2, kl, kg))

Ad = Vs152((Ca(s1,82) = Cy(s1,52)) A (Ca(s1,82) = ~C-(s1, 52))A
( (51, 82) — —|C (51, 82)) A (C/\(Sl, 52) — —|C) (51, 52))/\
(O (51, 82) — —|Co($1, 52)) N (O/\(Sl, 82) — =y (81, 52)) AR )/\
Vs189 (C(sl, s2) = (Ca(s1,52) VOV (s1,52) VO (s1,82) VC((s1,82) VC(s1,82)V
00(51, 52) \ Cl (81, 52)))/\
Vslsg((CA(sl, 52) — O(Sl, 52)) (O\/(Sl, 82) — C(Sl, 82))/\
(Oﬁ(Sl, 82) — O(Sl, 2)) ( (51, 52) — O(Sl, 52))/\
EO)(Sl,SQ) — 0(81,82 (00(81,52) — 0(51752))/\

) A
Ol (51, 52) — O(Sl, 52)))
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A5 = V:E(ST(x) = 3E, fi folila f1 51515 (ad Voae V(g A (ag Vag V ac)))) where

The function E, maps the formula at stage x to the formula at stage x + 1. The
subformula g corresponds to the last transition, i.e., the transition to the last formula
in (C, E¢) (“0” or “1”). The subformula «, corresponds to the last formula in (C, E¢).
The subformulae oy, ap and «. correspond to the three possible cases (a), (b) and
(¢) as in Figure 6.9, according to which sort of operation is the one involved in the
transition from the formula in stage = to the next formula in (C, E¢). Note that the
transition to the last formula oy is necessarily an instance of case (c¢) in Figure 6.9. For
case (c) in Figure 6.9, E, is not total in its domain, since (v1,v2)(() and (w1, w2)())
are not mapped. For the last formula, E, is not injective, since (f1, f3) = (11,15) (i.e.,
fi =1 and f5 =15) (see Figure 6.11).

ag = A5.1 ANA5.2 AN A5.3 A A5.4 where

e Ab5.1 expresses “r is not the leaf in Fg7, and it is not the predecessor of the leaf”.
A5.1 = Jyy1 (Esr(z,y) A Est(y,y1))
e A5.2 expresses “F, : C' — C is a partial injection mapping the formula in (C, E¢)
in stage x to the formula in (C, E¢) in stage Fgr(z)”
A52 = VSlsgtthkle(((Ev(Sl, S92, tl, tg) A EU(Sl, S92, kl, kg)) —
((tl =ki Nty = k2) A C(Sl, 82) A O(tl, tz)))/\
((EU(Sl, S2, kl, k2) A Ev(tl, tQ, kl, k2)) —
(81 =t NSy = tg)))
e A5.3 expresses “((f1, f2), (l1,12)) and ((f1, f4), (11,15)) are the delimiters of the
two formulae as in Figure 6.10”.
A5.3 = M(x, f1, f2) N A5.3.1 A A5.3.2 A 5.3.3 where
— A5.3.1 expresses “M (Egr(x), Ec(l1,12))”.
— A5.3.2 expresses “Ec(l1,12) = (f1, f5)”-
— A5.3.3 expresses “E' (M (Est(Esr(x))),1;,1)”.
e A5.4 expresses “F, maps nodes from the subgraph induced by ((f1, f2), (I1,12)) to
the subgraph induced by ((f1, f3), (14,1))”.
A5.4 = Vy1y2z1z2 (EU (yl, Y2, 21, 2’2) —
(PATH .. (f1, f2,y1,y2) APATHE, (y1,y2, 11, l2)A
PATHEC (f{, fé, 21, 22) A PATHEC (Zl, Z2, li, 1/2)))/\
Ev(fl, f27f{7f2/) A Ev(lla127l/1al/2)

g = Ju1v2w1 WV vhW Whp11p12P21P22P31P32PY 1 Pha (
A5.5 A A5.6 A A5.7T A A5.8 A A5.9) where

e A5.5 expresses “((v1,v2), (w1, wz)) and ((vi,vh), (wi,w))) define the window of
change, that is the segment of the formula that is affected (changed) in the tran-
sition from stage x to stage x + 1 of the evaluation (see Cases (a) and (b) in
Figure 6.10)”.

A5.5 = PATHE, (f1, f2,v1,v2) APATHE (w1, wa,l1,12) A Ec(p11, P12, P21, P22)A
Ec(p21,p22,p31,p32) A Ec(v1,v2,p11,p12) A Ec(p31, ps2, wi, w2)
C((v1,v2) NCy (w1, w2) NPATHE, (f1, f3,v1,v5) APATHE, (w], wh, 17, 15)A
EC(’Ui ) Ué’plllvp/m) A EC(p/llap/mv wllv ’LU/2) A Ev(pll’puvp/ll’p/m)/\
Ey(v1,v2,v1,v5) A Ey(wy, wa, wh, wy) A C(vi,vy) A Cy(wy, wy)
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(f1,f2) (211, 212) (221,222) (vi,v2) (l1,12)

O---0—>0---0---0

E, - '
o---6—b-—0---0
(f{7fé) (2117212) (Zélvzé2) (’Ullﬂ)é) (lllleQ)

Left side of the window

(f1,f2)  (vi,v2) (wi,wz2)  (l1,12) (fi,f2)  (vi,v2)  (wi,w2) (L1, l2)
| C ) | | C ) |
E, By
Y Y
| C ) | | (D) |
(fllvfé) (/“/17Ué) (wivu’;) (l/11l/2) (f{afé) (p/lhp/lz) (l/lvl/2)
Cases (a) and (b) Case (c)

E, preserves Ec

Figure 6.10

e Ab5.6 expresses “FE, preserves E¢c outside of the window of change, and preserves
left and right side of the window of change (see Figure 6.10)”.
A5.6 = V211212221222211212251252(
((PATHEC (fl; f2, 211, 212) A PATHEC (221, 222,01, 1)2)/\
Ec(z11, 212, 221, 222) A\ Ey (211, 212, 211, 212) A Ey(201, 222, 291, 25)) —
(PATHEC (fiv fév Zilv 212) A PATHEC (Zélv 2527 Ull? U/2)/\
Ec (211, 212, 251, 72)) ) A
((PATHEC (w1 , Wa, 211, 2’12) A\ PATHEC (221 , 229,11, lz)/\
Ec(z11, 212, 221, 222) A Ey (211, 212, 211, 212) A Ey(221, 222, 251, 259)) —
(PATHEC (wllv w/27 Zilv 332) A PATHEC (Zélv Zé2a l/lv ZIQ)/\
Ec (211, 212, %31, 252))))
e A5.7 expresses “FE, preserves symbols in left side of the window of change”.
A5.7 = Vzllzuzilzh(
(PATHEC (fl; f2, 211, Zlg)APATHEC (211, 212, U1, 'UQ)/\EU (2’11, 212, Zil, 2’32))
- (PATHEC (f{a fév Zilv 232) A PATHEC (Zilv Zi2a Uﬁ, ,012)/\
((C((211, 212) A C(211, 212)) V (C) (211, 212) A Cy (211, 212) )V
(Ca(z11,212) A Cal211, 212)) V (Cv (211, 212) A Cv (211, 212))V
(Co(z11, 212) A Co (214, 212)) V (C1 (211, 212) A C1(244, 212))V
(C- (211, 212) A C= (211, 212))) ) )
e A5.8 expresses “E, preserves symbols in right side of the window of change”.
A5.8 = V211212201 215
(PATHEC (w1 , Wa, 211, Zm)/\PATHEC (2’11, 212,11, lg)/\Ev(le , 212, 2117 212))
- (PATHEC (w/17 w/27 Zilv 212) A PATHEC (Zilv 2127 lllv l/2)/\
((C((z11, 212) A C (211, #12)) V (C) (211, 212) A Oy (211, #12))V
(Ca(211, 212) A Ca(211, 212)) V (Cv (211, 212) A Ov (214, 212))V
(Co(z11, 212) A Co (211, 212)) V (Ci (211, 212) A C1 (211, 212) )V
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(C (211, 212) A CL (214, 219))) )

e A5.9 expresses “In (p},,p},) we get the result of applying the operator 6 in
(p21,p22) to the Boolean values by, in (p11,pi12), and be in (ps1,ps2) (see (a) in
Figure 6.9)”.

A5.9 = ((Co(p11,pr2) A Co(ps1, ps2) A Ca(p21, p22) A Co(Phy, Pha)
P11, P12 p31,p32) A Oy (pa1, p22) A Co(phy, Pho
P11, P12) A C1(p31,p32) A Ca(p21, p22) A Co(Phy, Pha
P11, P12) A C1(p31,p32) A Cv(p21, p22) A C1(phy, Pho

2

) ) )
( ) ( ) ( ) (
( ) ( ) ( ) (
( ) ( ) ( ) (
(p11,p12) A Co(p31,p32) A Ca(p21,p22) A Co(Ph1, 1)
( ) ( ) ( ) (
( ) ( ) ( ) (
( ) ( ) ( ) (

LR G G PY

pi1, p12) A Co(ps1, p32) A Cv(p21,p22) A Ci(Phy, Pia
p11,P12) A C1(ps1, p32) A Ca(pai, p22) A Cr(ph1, Pha
p11,P12) A C1(p31, p32) A Cy(pa1, p22) A Cr(ph1, Pha

N~~~

)
)
)
)
)
)
)
)

\%

The subformulae a; and a, that correspond to the cases (b) and (¢) in Figure 6.9, are
similar to «,. For the clarity of presentation, we omit those formulae. Furthermore,
it should be clear how to build them using «, as template. Moreover, the complete

formulae can be found in [I2]. We present next the remaining two subformulae,
namely ag and a,.

g = Ey(EgT(:E, y) A —=3z(Esr(y, 2))A
Ip11prep 1 Pha (M (2, f1, f2) A M (y, Py, Pia)A
Ec(fi, f2,p11,p12) A Ec (P11, p12, L1, 12) A Ec(l1, 2, piy, Pla) A
—3p51 P52 (Ec (Ph1s Pla, Po1, Pa2))A
C((fr, f2) A Cy(la, l2)A
((C1(p11,p12) A C1(Phy, P12)) V (Co(p11, p12) A Co(Phy, p12)))))

Note that the first line in g expresses “z is the predecessor of the leaf in Egr”, so
that this case corresponds to the last transition (see Figure 6.11). Also note that the
last transition is necessarily an instance of case (c) in Figure 6.9”

(f1, f2) (p11,p12) (l1,l2)
( b ) ( b ) | n» (€, Be)

(f1, f2) (p11,p12) (l, 12)4(19/11119/12)

E.
' v A )/

w e O——0 enen
] : y

(plllfp,12) = (f{7fé) = (lllﬁl,2)

Figure 6.11

e = A5.10 A 3p)ph (M (z, pi, ph) A A5.11 A A5.12) where
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e A5.10 expresses “x is the leaf in Egp”.
A5.10 = -Fy(Esr(z,y))

e A5.11 expresses “(p},p5) is the leaf in E¢”.
A5.11 = =31 ys(Ec(ph, p2, ¥1,45))

e A5.12 expresses “the last formula in (C, E¢) is 17.
A5.12 = C1(pl, py)

6.3 Auziliary Formulae

For the sake of completeness, we define next the remaining auxiliary formulae used
through the previous subsections. We assume an edge relation E and a total order <.

r=0"=-JylyFrAy<a)

=1 =y £zNy <zA-Fz(zZ£zhzZy Ay <zAz<z)A-Jz(z £yAz <y))
SUC<(z,y) =z <yAyFazA-Tz(zZzAz#yAe<zAz<y)

PRED<«(y,z) = SUC<(z,y)

PATHE (v, w) is used to denote the following formula which is satisfied by a given
graph G iff (v,w) is in the transitive closure of the relation ES.

PATHg(v,w) =v=w V3IV'E'(V/(v) AV'(w) A AL AA2 AN A3 A A4 A AD)

e Al expresses “(V', E') is a subgraph of (V, E) with no loops”.
Al =Vay(E' (z,y) — (V' (2)AV' (y)ANE(z,9)))AV2 (V' (2) = V(2))AVe(—E' (z,x))
e A2 expresses “v is the only minimal node”.
A2 = =3x(E (z,0)) ANVY(V/(y) Ay # v) = Fe(E'(2,9)))
e A3 expresses “w is the only maximal node”.
A3 = —3z(E' (w, z)) AVy(V'(y) Ay # w) = Fu(E' (y, z)))
e A4 expresses “all nodes except v have input degree 17.
Ad=Vz((V'(2) Az #v) = Fx(E (2, 2) AVy(V'(y) NE'(y,2)) = y = x)))
e A5 expresses “all nodes except w have output degree 17.
A5 =Vz((V'(2) Nz #w) = Fz(E' (z,2) AVy(V'(y) ANE'(2,y)) = y =2x)))

That is, PATHg (v, w) expresses “(V’, E’) is a linear subgraph of (V, E), with min-
imal node v and maximal node w”. We use a similar strategy to define the next
auxiliary formula LINEAR(V, FE) which expresses “(V, E) is a linear graph”.

LINEAR(V, E) = Vzy(PATHE(z,y) V PATHE(y, z))A
Gy (z # y) = Va(=E(z, x)))A
Fow (V (v) AV (w)A
—3x(E(x,0)) AVY((V(y) Ay # v) = Fo(E(z, y)))A
—3z(E(w, x)) AVy(V(y) Ay # w) = Fz(E(y, 2)))A
Vz(V(z) Az #£v) —
Jz(E(x, 2) AVy((V(y) A E(y, 2)) =y = x)))
Vz(V(2) Nz £ w) —
Fz(E(z,2) Ay ((V(y) A E(2,y)) = y = x))))

Note that we only allow loops in a linear graph when it has only one node.
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In a similar way we can define the second-order formula LINEARs (V, E) where the
free second-order variables have arity 2 and 4 respectively.

We also use the formula PATHE (1, %2, y1, y2) with free first-order variables zq,
T2, Y1, Y2, where the set of vertices is a binary relation, and the set of edges is a 4-ary
relation (see Figures 6.7 and 6.8).

7 SATQBF in Third-Order Logic

In this section we show how to build a formula in third-order logic that expresses
SATQBF. We omit the tedious details of the subformulae which can be built following
the same patterns than in the detailed exposition of the second-order formula for
SATQBF,.

Roughly, we first express the existence of a third-order alternating valuation T,
applicable to a given QBF formula ¢. Then we proceed to evaluate the quantifier-free
part ¢’ of ¢ on each leaf valuation L, of T,. For this part we use the same second-
order subformulae than for SATQBF,. That is, from ¢’ and L,, we build a Boolean
sentence ¢ on {0,1} by replacing each occurrence of a Boolean variable z in ¢’ by
a constant 0 or 1 according to the Boolean value assigned by L, to x, and then we
evaluate ¢.

Unlike the case with SATQBF,, in which the input formulae all have a same fized
number k of alternating blocks of quantifiers, in the case of SATQBF the number of
alternating blocks k > 1 of quantifiers in the input formulae is not fized. That is,
we need to take into account that the input formula can have any arbitrary number
k > 1 of alternating blocks of quantifiers. We assume w.l.o.g. that the quantification
in the input formula ¢ has the form

Jxyq - Fxy, Veor - - Vg, Jsr -+ - sy, - Qe -+ Qg (

/
(2 (xlla"'5I1l17x21-";I2l27x315'"7x3l35"'5Ikla"'5xklk))

where k > 1, the formula ¢’ is a quantifier-free Boolean formula and Q is 3 if k is
odd, or V if k is even. To represent the formulae as relational structures, we use the
same encoding based in word models as in Section

We present a sketch of the third-order formula psarqpr that expresses SATQBF.
We follow a top-down approach, leaving most of the fine details of the formulae in
the lowest level of abstraction as an exercise for the reader. At the highest level of
abstraction, we can think of pgaTqpr as a third-order formula that expresses.

“There is a third-order alternating valuation T, applicable to ¢, which satisfies ¢”.

At the next level of abstraction we can express psarqpr in third-order logic as
follows.

3V, € B Vi Br (A1 A A2 A A3 A A4/ A5) where

e Al expresses “B;: Vy — {0,1}7.
o A2 expresses “Gy = (Vi, E;) is a linear graph which represents the sequence of
quantified variables in ¢”.

o A3 expresses “(Vy, &) is a third-order binary tree with all its leaves at the same
depth, which is in turn equal to the length of (E;, V;)”.
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o A4 expresses “(Vi, &, By) is a third-order alternating valuation T, applicable to ¢,
i.e., all the nodes in (V, &) whose depth correspond to a universally quantified
variable in the prefix of quantifiers of ¢, have exactly one sibling, and its value
under B; is different than that of the given node, and all the nodes whose depth
correspond to an existentially quantified variable in the prefix of quantifiers of ¢,
are either the root or have no siblings”.

o A5 expresses “Every leaf valuation in (Vy, &, By) satisfies 7.

Recall that we use uppercase calligraphic letters for third-order variables and plain
uppercase letters for second-order variables. In particular, V;, & and B; are third-
order variables while V; and E; are second-order variables.

A2

A3.

Finally, we describe the strategies to express A2—A5 in third-order logic.

. LINEAR(V4, E;) A A2.1 where
— A2.1 expresses “The length of G; is equal to the number of variables in the prefix
of quantifiers of . That is, there is a relation V,, which is a partial bijection
from the quantifier prefix of ¢ (restricted to the X’s in the quantifier prefix)
to V4, which maps every X in the quantifier prefix to its corresponding node in
G, and which preserves E, and <®¢ in G; and ¢ (restricted to the X’s in the
quantifier prefix), respectively”.
See (A) in Subsection [6.22.7] for more details.
Let & [s, denote the restriction of the third-order relation & to the nodes in the
third-order set S;. We can express A3 as follows:
A3.1ANA3.2NA3.3 N A3.4 where
— A3.1 expresses “(Vy, &) is a third-order connected graph that has one root and
one or more leaves”.
— A3.2 expresses “Except for the root node, all nodes in (V¢, &) have input de-
gree 17.
— A3.3 expresses “Except for the leaf nodes, all nodes in (V, &) have output
degree 1 or 2”.
— A3.4 expresses “All leaf nodes in (V;, £;) have the same depth, which is in turn
equal to the length of (V¢, E})”
A3.1, A3.2 and A3.3 can be expressed in third-order logic as follows:
IR(VZ(Vi(Z) — PATHg, (R, Z))A
-35; (515(51, R))/\
35 (ﬁHSQ (515(51, Sg)))/\
VZ((Vt(Z) N2 # R) — 381(515(81, Z) A\ VSQ((c/‘t(SQ, Z) — Sl = SQ))))/\
VZ(Vt(Z) — —3515255(51 # Sa A So #£ S3 NSy £ SsANE(Z,51) NE(Z, S2)N
& (Za 53)))
Regarding A3.4, we can express it as follows:
VX (A3.4.1 - (3SaD(A3.4.2 AN A3.4.3 N Sq(X) A A3.4.4 A A3.4.5))) where
— A3.4.1 expresses “X is a leaf node in (V;, &)”.
— A3.4.2 expresses “Sy C V,”.
— A3.4.3 expresses “D : V; — &4 is a bijection that preserves E; and & [s,”.
— A3.4.4 expresses “D~1(X) is the leaf node in Gy = (V;, E;)”.
— A3.4.5 expresses “S, includes the root of (V4, &)”.
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A4. We can express A4 as follows (refer to Figures 6.2 and 6.5):
A4 NAVVS((Vi(x) A A2 A A4.3) —
VD((A4.4 A A4.5) — ((A4.6 — A4.T) A (A48 — A4.9)))) where
— A4.1 expresses “B; is a total function from V; to {0,1}”.
— A4.2 expresses “Sg C V;”.
— A4.3 expresses “(Sg, & |s,) is a linear graph which includes the root of (V, &,)”.
— A4.4 expresses “D is a bijection from the initial subgraph of G; up to z, to S;”.
— A4.5 expresses “D preserves E; and & [s,”.
— A4.6 expresses “the predecessor of V7 (z) in <%+ is V.
— A4.7 expresses “D(x) has exactly one sibling in (V, &) and B; of that sibling is
not equal to B:(D(z))”.
— A4.8 expresses “the predecessor of V;%x) in <G« is 37,
— A4.9 expresses “D(x) has no siblings in (Vy, &), or D(z) is the root in (Vy, &)”.
A5. VS, ((A5.1 A A5.2) — 3D B;(A5.3 A A5.4 A A5.5)) where
— A5.1 expresses “S, C V,”.
— A5.2 expresses “(S,, & [s,) is a linear graph which includes the root and a leaf
of (Vt, 51:)” .
— A5.3 expresses “D is a bijection from V; to S, which preserves Ey and & [s,”.

v

— Ab5.4 expresses “B; is a total function from V; to {0,1} which coincides with
Bi(S,) wr.t. D”.

— A5.5 expresses “the leaf valuation represented by (Vi, Fy, By) satisfies the quantifier-

free subformula ¢’ of ¢”.
Note that, A5.5 can be expressed as in Subsection [6.2.2]

REMARK 7.1

Note that while in the third-order formulae in A4 and A5 we have used universal
third-order quantification (for S; and D in A4, and for S, in A5), it is not actually
needed, and existential third-order quantification is enough. These are the only sub-
formulae where we have used universal third-order quantification. Hence, we strongly
believe that our third-order formula can be translated in a rather technical way into
an existential third-order formula.

Let us consider the sketch for an existential third-order formula equivalent to the
formula in A4 (the existential formula for A5 is easier). We can say that for every
node z in the graph (V4, E;), and for every set Z that is a node in the third-order
graph (Vy, &), and such that there is a third-order set Sy of nodes in the third-order
graph (V¢, &), such that the restriction of the edge relation &; to the third-order set
S4, together with Sy, form a (third-order) subgraph that is a linear graph whose root
is the root of the third-order graph (V;, &), and whose leaf is the set Z, and such that
its length is the length of the initial subgraph of the graph (V;, E;), up to the node z,
if the variable represented by x in the input formula ¢ is universally quantified, then
the node Z in the third-order graph (V;,&;) has exactly one sibling in that graph,
and that sibling has a different value assigned by B; than the value assigned by B,
to Z. On the other hand, if the variable represented by x in the input formula ¢
is existentially quantified, then the node Z in the third-order graph (V;, &) has no
sibling in that graph. To say that “the third order graph induced by the set S; in
the graph (V;, &), whose leaf is the set Z, has the same length as the initial subgraph
of the graph (V;, E}), up to the node z”, we say that there is a binary third-order
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relation D which is a bijection between the set of nodes in the initial subgraph of the
graph (V;, E;), up to the node z, and the third-order set Sy, and which preserves E;
and the restriction of the edge relation & to the third-order set Sy.

8 Final Considerations

Let 3SO=? denote the restriction of 3SO to formulae with second-order variables of
arity < 2. As pointed out in [2], it is open whether on graphs full 3SO is strictly
more expressive than 3SO=2. Also as pointed out in [2], no concrete example of a
graph property in PSPACE that is not in binary NP has been found yet, even though
it is known that such properties exist. Hence, it would be worthwhile to find an
example of a PSPACE query on graphs that cannot be expressed in 3SO=%. The
gained experience on writing non-trivial queries in second-order logic, can prove to be
a valuable platform to make progress on these kind of open problems. In particular,
we used a second-order variable of arity 4 in Section 6. We used it to represent
(together with other variables) a linear digraph which, for each of the leaf valuations,
encodes a sequence of word models corresponding to the different stages of evaluation
of the quantifier free part of the input QBFj formula. Since the size of the Boolean
formula in each stage is linear in the size of the input QBFj formula, and the number
of connectives in the formula is also linear, the length of the complete sequence of
Boolean formulae is quadratic. Therefore, we conjecture that arity 4 is actually a lower
bound, though we have not attempted to prove it yet. In general, the exploration of
properties which force us to work with intermediate structures of size greater than
linear w.r.t. the input, seems a reasonable way of approaching these kind of open
problems.

As noted earlier, there are second-order queries that are difficult to express in the
language of second-order logic, but which have an elegant and simple characterization
in third-order logic. Therefore it would be interesting to explore possible characteri-
zations of fragments of third-order logic that admit translations of their formulae to
equivalent formulae in second-order logic. This way, those fragments of third-order
logic could be assimilated to high-level programming languages, while second-order
logic would be the corresponding low-level programming language. In turn, this would
allow us to express complex second-order queries with greater abstraction of the low-
level details, thus minimizing the probability of error.
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