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—— Abstract

Second-order Boolean logic is a generalization of QBF, whose constant alternation fragments are
known to be complete for the levels of the exponential time hierarchy. We consider two types of
restriction of this logic: 1) restrictions to term constructions, 2) restrictions to the form of the
Boolean matrix. Of the first sort, we consider two kinds of restrictions: firstly, disallowing nested use
of proper function variables, and secondly stipulating that each function variable must appear with
a fixed sequence of arguments. Of the second sort, we consider Horn, Krom, and core fragments of
the Boolean matrix. We classify the complexity of logics obtained by combining these two types of
restrictions. We show that, in most cases, logics with k alternating blocks of function quantifiers are
complete for the kth or (k — 1)th level of the exponential time hierarchy. Furthermore, we establish
NL-completeness for the Krom and core fragments, when k = 1 and both restrictions of the first
sort are in effect.
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1 Introduction

The canonical complete problem for PSPACE is the quantified Boolean formula problem
(QBF) [17]. This generalization of the Boolean satisfiability problem (SAT) asks whether
a Boolean sentence of the form Q1p; ... Qnpnt, where Q; € {3,V}, is true. Today QBF
attracts widespread interest in diverse research communities. In particular, QBF solving
techniques are important in application domains such as planning, program synthesis and
verification, adversary games, and non-monotonic reasoning, to name a few [15]. A further
generalization of QBF is the dependency quantified Boolean formula problem (DQBF) [13, 12].
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This problem, complete for nondeterministic exponential time (NEXP), asks whether a
Boolean sentence of the form

Vp1...Vpe3dqr ... g

with constraints C; C {p1,...,pn} is true; here, the selection of truth values for ¢; may
only depend on that of those variables that are in C;. In other words, DQBF enriches QBF
by allowing nonlinear dependency patterns between variables. DQBF-specifications can be
exponentially more succinct compared to that of QBF and have found applications in areas
such as non-cooperative games, SMT, and bit-vector logics. Furthermore, the development
of DQBF-solvers is also well under way [14].

Put in different terms, DQBF instances can be seen as Boolean sentences of the form

31 31 - Pt

where each f; is a Boolean function variable whose occurrences in 1 are of the form
fipiys- .., pip), for some fixed sequence of proposition variables p;,,...,p; . In previous
studies, extensions of DQBF with alternating function quantification have also been con-
sidered. The so-called alternating dependency quantified Boolean formula problem (ADQBF)
was shown to be complete for alternating exponential time with polynomially many alterna-
tions (AEXP(poly)) in [6]. This work was preceded by the works of Liick [9] and Lohrey
[8] studying second-order Boolean logic with explicit quantification of Boolean functions
(denoted SOs in this work). Their results showed, e.g., that restricting the alternations of
function quantification to k — 1 yields complete problems for the kth levels of the exponential
hierarchy.

In this article we embark on a systematic study of the complexity of fragments of SO,
defined by combining restrictions on the structure of function terms and the Boolean matrix.
A remarkable fact is that, when restricting attention to Horn formulae, all the complexity
distinctions between SAT, QBF, and DQBF disappear. Bubeck and Biining [4] showed that
those DQBF instances whose quantifier-free part is a conjunction of Horn clauses are solvable
in polynomial time. Consequently, all the aforementioned problems over Horn formulae
are P-complete. This implies that the high complexity of (D)QBF is not a straightforward
consequence of its quantification structure; rather, structural complexity from the quantifier-
free part is also needed. An immediate question is: How complex quantification is required
to neutralize structural limitations, such as the Horn form, on the quantifier-free part? It is
exactly this interplay between quantification and quantifier-free formula structure that will
be the focus of this paper.

A formula of SOy is in Xy or in [T} if it is in prenex normal form with k — 1 alternations
for function quantification, with the first quantifier block being respectively existential or
universal. If the quantifier-free part of a formula is in conjunctive normal form, then it
is called (a) Horn if each clause has at most one positive literal, (b) Krom if each clause
contains at most two literals, and (c) core if it is both Horn and Krom. A formula is called
(i) simple if it contains no nested function terms, and (ii) unique if in it each function
variable is associated with a unique argument tuple. These last two criteria, in particular, are
meaningful for formulae involving second-order quantification. Uniqueness and simpleness
are also the characteristics of function terms introduced in the process of Skolemization, and
more importantly, tacitly assumed in the DQBF problem. One of the goals of this paper
is to determine the impact of such restrictions. This way we generalize the aforementioned
results on DQBF, which can be understood in our terms as unique simple .
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Table 1 Complexity of fragments of second-order Boolean logic restricted to Horn, Krom, or
core clauses. All entries are completeness results with respect to logspace-reductions. The x means
“any”. “H”and “€” are used for references for the hardness and membership results respectively. All
trivial upper bounds, i.e., of the form I} /TTE, are by Theorem 7.

t: Likely identical with first row. {: The result follows from some other result in the table.

Simpleness ~ Uniqueness k Clauses 2k 1Ty, Reference
Simple Unique k=1 Horn P ? [4]

Krom/core NL NL H/e: 18
k=2 Horn b3 ? H/e:

Krom/core Z§ NL H: 25, e 1 H/e: 18
k>3o0dd x b2 e H: 26 €: § H:25€: §
kE>4even « b e, H:25¢: ¢t H: 26 €: §

Non-unique k=1 Horn EXP e H/e: 30 H/e: §

Krom/core PSPACE e H/e: 29 H: 28, €:
kE>30dd * b Ty H:t,e€: 19 H/e: t
k>2even b e, H/e: t H:f, e 19

Non-simple  Unique k=1 Horn pug 2t H/e: t

Krom/core I} NL H:23,e: ¢ H/e: 18

k>2 * b e H: 23 H: 24, €: §
Non-unique k> 1 * b e H: 23, 24, 28, €: [8]
* * k=w * AEXP(poly) AEXP(poly) H: 25, e: [6]

Our contributions are the following. We show, on the one hand, that the complexity of
DQBF over Krom or core formulae collapses to NL, and that this result extends to simple
and unique 17 and I15. On the other hand, we show that almost all other cases are complete
for the corresponding, or their neighboring, levels of the exponential hierarchy. Some cases
are left open; most intriguing such case is the inverse of the DQBF-Horn problem (i.e., simple
and unique I7; Horn), which is only known to be between NL and TT¥. A summary of our
results can be found in Table 1.

2 Second-order quantified Boolean formulae

Second-order propositional logic is obtained from usual quantified Boolean formulae by shifting
from quantification over proposition variables to quantification over Boolean functions. We
call this logic SOs, as it essentially corresponds to second-order predicate logic restricted to
the domain {0,1}.

2.1 Syntax and semantics

Let @ = {f1, f2, ...} denote a countable set of function variables, each with an arity ar(f;) € N.

We assume that there are infinitely many variables of any arity. Variables with arity 0 are
called propositional. Variables with higher arity are called proper function variables. A
d-term is either a propositional variable from @, or an expression of the form f(¢1,...,t,),
where f € @ is a variable of arity n and ¢4, ...,t, are @-terms. The outermost variable in a
term is called its head. The set of subterms st(t) of a term t = f(t1,...,t,) is recursively
defined as {t} U J!_, st(t;). A term ¢ appears nested in a term ¢’ if ¢ € st(¢') \ {¢'}. By
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identifying a term with its head, we also say that a variable appears nested in another term
or variable. A @-formula is either a @-term, or an expression of the form ¢ A ¢, =, or
f, where f € @ is a variable and @, ¢’ are P-formulae. We write SO5(P) for the set of all
d-formulae. We often omit @ if it is clear from the context. The abbreviations Vfy := =3 f-p,
eV i=a(-pA), o= i=-pViand ¢ < = (¢ = ) A () = @) are defined in
the usual fashion. We sometimes make use of the logical constants 0 and 1, which can be
expressed with quantified propositions that are forced to take the appropriate truth values.
If f: (f1,---, fn) is a tuple of variables, we sometimes write VJ_" for Vf,...Vf, and Hf for
3f1...3fn. Also, the formula J_E<—> g, assuming |f| = |g|, is short for /\Lill(fi i)

We write Var(¢) (Fr(p), resp.) to denote the set of variables that occur (occur freely,
resp.) in ¢. A formula with no free variables is closed. A term ¢ is free in ¢ if Var(t) C Fr(yp).

A P-interpretation I is a function that maps every variable f € @ to its interpretation
I(f): {0,1}*)) — {0,1}. If I is a d-interpretation, f € & has arity n, and F: {0,1}" —
{0,1}, then IIJ; is the ®-interpretation defined by I};(f) = F and I}{:(g) = I(g) for all g # f.
The wvaluation [¢]r € {0,1} of a formula ¢ in I is defined as follows:

[oAd]r = [elr - [¥]1,

[=l: =1—[elr,

[fprs- s on)lr = 1(F)([onlrs - - Tnln),

Er = max { [y | F:{0,1}" = (0,1} }.

We often write I E ¢ instead of [¢]; = 1. We write ¢ E ¢, if I E ¢ implies I E 1 for all
suitable interpretations I. We say that ¢ and 1 are equivalent and write ¢ = 9, if p F ¢
and ¥ E p. A P-formula ¢ is valid if [¢]; = 1 for all P-interpretations I. It is satisfiable if
there is at least one I such that [¢]; = 1. Finally, a valid closed formula is called true.

2.2 Syntactic restrictions and normal forms

Next we consider basic normal forms of SOs such as prenex form and conjunctive normal
form. These are defined as in classical QBF, except that a second-order literal may contain
multiple variables in a nested way. Analogously to the classical case, we show that virtually
all lower bounds already hold for those fragments. Here [n] is used to denote the set of
natural numbers {1,2,...,n}.

» Definition 1. A literal is a term or the negation of a term. A clause is a disjunction of
literals. A formula in conjunctive normal form (CNF) is a conjunction of clauses. A formula
is a Horn formula if it is a CNF such that every clause contains at most one non-negated
literal. A formula is a Krom formula if it is a CNF such that every clause contains at most
two literals. A formula is a core formula if it is Horn and Krom.

» Definition 2 (X and II;). Let k > 1. The set X}, consists of all formulae of the form
Qifr - Qunfr Qr+1T 0, where Q; =3 (Q; =V) if i is odd (even), 0 is quantifier-free, and
Z is a tuple of propositional variables. Moreover, we insist that all quantified variables are
distinct. The analogous definition of Iy is achieved by swapping 3 and V.

For unbounded quantifier prefixes, we write X, 1= (J,~; 2 and I, = Ups; . A
formula ¢ is in prenex form if it is in X,, U IT,,. A formula in prenex form is called Horn,
Krom, or core, if its quantifier-free part is a CNF of the corresponding form.

Compared to classical QBF, the structure of second-order literals is much richer due
to the ability to use nested Boolean functions, and because we can have function variables
appear with different arguments. In this paper, we explore the complexity landscape that
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results from allowing second-order literals to occur only in a controlled fashion. In extension
to the fragments introduced above, we define two classes of formulae that play major roles in
the subsequent results: uniqueness and simpleness.

» Definition 3 (Uniqueness). A formula ¢ has uniqueness if for all pairs of terms of the
form f(t1,...,tn) and f(t},...,t),) that occur in @, it holds that t; =t} for all i € [n].

In other words, a function variable must always appear with the same arguments. For
example, the formulae f(0) +» f(1) and JaVy(z < f(y)) both state that f is a constant
function, but only the second one has uniqueness.

» Definition 4 (Simpleness). A formula is simple if functions occurring in it have only
propositions as arguments.

If a formula is not simple, it is not hard to restore simpleness by introducing additional
existential variables. For example, f(g(z)) is equivalent to Jy (g(x) < y A f(y)).

» Proposition 5. For every SOs-formula ¢ in prenex form there is a logspace-computable
and simple formula ¢ equivalent to .

Proof. Suppose ¢ = Q1 f1 -+ Qn frn 0 with 6 quantifier-free. Let t1, ..., ¢, be an enumeration
of all terms in 6. Then ¢ is equivalent to the formula

k
Quft-+Qufadyr-3m (0° A \wi 1)),
i=1

where §* is obtained from 6 by recursively replacing all terms ¢; that occur nested inside
other terms by ;. |

» Corollary 6. Let k be odd and let W € {II, Xk y1}. Then for every formula ¢ € ¥ there is
a logspace-computable formula v € ¥ that is simple and equivalent to w. Furthermore, this
translation preserves uniqueness, and the Horn, Krom and core property.

If ¥ is a set of formulae, then ¥* is its restriction to simple formulae and ¥" is its

restriction to formulae with uniqueness, and similarly ", ¥* and ¥* for Horn, Krom, and
ush

core. E.g., %" is the set of all simple Ys-formulae with uniqueness which are in Horn CNF.

2.3 Known complexity results

We assume the reader to be familiar with basic complexity classes such as PSPACE and
the exponential hierarchy, as well as logspace-reductions and basics of Turing machines. For
a detailed exposition for these topics we refer the reader to [1] and to the complexity toolbox
in Appendix A.

The quantifier alternation hierarchy of second-order Boolean logic is complete for the
respective levels of the exponential time hierarchy, completely analogous to fragments of
ordinary QBF being complete for the levels of the polynomial hierarchy.

» Theorem 7 ([8, 9]). Let k > 1. Truth of Xy-formulae is complete for £}, and truth of
IIy.-formulae is complete for TTE.

The result generalizes to unbounded number of quantifier alternations. The full logic is
complete for the class AEXP(poly), that is, exponential runtime (corresponding to the size
of second-order interpretations) but only polynomially many alternations (corresponding to
the quantifier alternations in a formula with respect to its length).

27:5
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» Theorem 8 ([6, 9]). Truth of X -formulae, of I1"-formulae and of arbitrary SOz-formulae
is each complete for AEXP (poly).

However, as Bubeck and Biining [4] showed, the complexity even of second-order logic
can drop down to tractable classes when the matrix (i.e., the quantifier free part) of the
formula is restricted to Horn clauses:

» Theorem 9 ([4]). Truth of Xy, that is, X1 -Horn formulae with simpleness and uniqueness,
is P-complete.

2.4 Simplification based on variable dependencies

We conclude this section with a rather technical auxiliary result called argument elision
that will be required in the subsequent sections. It allows to simplify formulae as follows.
For example, the formula Vz 3 f ( flz,z) & g(z)) can be simplified to an equivalent formula
Ve 3f, (fz (z) & g(z)), for as the value of z is fixed to some b € {0,1} before f is quantified,
the interpretations of f and f, can be always copied from another such that f,(z) and f(b, )
are the same functions. Hence the free variable z can be elided from the quantified function
variable. Perhaps more relevant is the case where z is not free, but simply quantified before f.
Indeed, the formulae VzVz3f (f(z,z) <> g(z)) and VzVa3f. (f.(z) > g(z)) are equivalent.

Eliding the i-th position of a function variable f in a formula ¢ means to replace every
quantifier Qf by Qg, where g is a fresh function variable of arity ar(f) — 1 and Q € {3,V},
and every term f(t1,...,t,) with g(t1,...,t;—1,ti41,...,tn). If a formula has uniqueness
(i.e., functions always appear with the same arguments ¢1,...,t,) then eliding a term ¢ from
a function variable f means the consecutive elision of all positions i such that ¢; = ¢.

The following proposition follows via a simple inductive argument (see Appendix B).

» Proposition 10 (Free term elision). Let v € SO5 be a prenex formula, f a function variable
not free in @, and t a term free in @. Then eliding t from f yields a formula equivalent to .

In particular, it follows that if ¢ € X is a formula, f a function variable quantified in ¢,
and ¢ a term such that all variables in Var(t) are quantified before f, then the elision of ¢
from f produces an equivalent formula.

3 An NL-complete second-order fragment

In this section, we consider the Krom fragment and obtain tractability results for the first
levels of the propositional second-order quantifier hierarchy. We show completeness for NL,
and hence obtain fragments that are as hard as the ordinary propositional Krom fragment.
In our proofs, we follow the classical approach by Aspvall et al. [2], who showed that classical
QBF with the quantifier-free part consisting of Krom clauses are solvable in NL. The
approach is to interpret the formula as an implication graph G = (V, E). The crucial idea of
the approach is that connectedness in the graph corresponds to logical implication. Here,
V' is the set of all literals in ¢, closed under negation and ——¢ identified with /. An edge
(£1,45) € E exists when ¢ contains a clause equivalent to £1 — £, that is, of the form =1 V 5.
A unit clause ¢ is identified with (=€ — ¢). A strongly connected component (or simply a
component) S of G is a maximal subset of vertices such that for all distinct v,v’ € S there is
a path from v to v’. sec:lower-bounds

In classical propositional logic, a set of Krom clauses is satisfiable precisely if no cycle of
the implication graph contains some literal £ and its negation —¢ [2]. With quantifiers, the
matter complicates and we need to account for the notion of dependency between variables. A
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literal ¢ is called universal (existential) in o if its head is quantified universally (existentially)
in . A component is universal (existential) if it contains some (no) universal vertex.

A bit sloppily, we say that a literal £ is an argument of a literal ¢’ if there are r > 1, ¢ € [r]
and a term f(ty,...,t,) such that £ or £ equals t;, and ¢’ or =¢' equals f(t,...,t,). In what
follows, we restrict ourselves to simple fragments, that is, all arguments are propositions.

» Definition 11. A vertexr v depends on a vertez v', in symbols v ~ v', if
a) v is an argument of v, or
b) v is quantified before v, and every argument of v’ is either an argument of v or

is quantified before v, if the argument is universal, and

is quantified before or at the same quantifier block as v, if the argument is existential.
If S and S’ are components, we write S ~ S’ if some universal vertex u € S depends on
some vertex v € §" (with possibly S = S’).

For classical Krom formulae, a QBF can be shown to be true if and only if the following
conditions all hold [2]:

(1) There is no path from a universal vertex u to another universal vertex u' (with u # v/,
but possibly u = —u/).
(2) No vertices v and —w are in the same component.

(3) Every existential vertex v in the same component as a universal vertex u must depend on w.

Note: For classical QBF, (3) simply means that v must be quantified after u, but in the
general case, we need the more complicated Definition 11. Moreover, we require another
condition in addition to the above (1)—(3):

(4) There is no ~»-cycle among the components (including loops).

» Example 12. One formula that violates (4) is Vy1Vya 31 3@ (y1(22) < 1) A (y2(z1) <
x2). The reason is that yi(x2) ~» 2 and ya(z1) ~ z1, and therefore {yi(x2), 21} ~~
{z2,y2(x1)} ~ {x1,y1(x2)} on the level of components. Indeed, choosing the universal
quantifiers as y1 (z2) = —22, y2(x1) = 21 refutes the formula.

» Example 13. Another example is the false formula Yu3z(u(z) <+ z). Informally, it states
that every Boolean function has a fixed point. Indeed, u depends on x because z is an

argument of u, and so the only component {u(z),x} in this formula already forms a ~-loop.

(Also, = depends on u as it is quantified after u, but this fact is not required here. The
formula JxVu(u(z) ¢ ) is false as well.)

We carry the classical approach to the second-order setting, in particular to the fragment
of formulae introduced next.

» Definition 14 (Braided formulae). Let ¢ be a closed prenex formula, i.e., it is of the form
Qlfl e mem 0, for 0 quantifier-free. Then ¢ is braided if, for every quantifier Q;, the
arguments of each g € ﬁ are quantified after g

a) in the quantifier blocks Q; and Q;11, if Q; is existential, and

b) in the quantifier blocks Q;, Qi+1, and Qiy2, if Q; is universal.

Here, we restrict ourselves to braided X'*k-formulae. That is, we consider only formulae
of the form Q1 f1 - Qmfm /\f:1 Cy, where Cy, = (£} v £2) for literals ¢}, (2, and where terms
do not contain nested proper functions.

Next, we prove that the conditions (1)—(4) are necessary for ¢ being true in the braided
case. Afterwards, we show that they are also sufficient.

27:7
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» Lemma 15. Assume ¢ € X% and braided. If any of (1) to (4) is violated, then  is false.

Proof. Let G = (V, E) be the implication graph of ¢.

(1) Let v and «’ be distinet universal vertices such that (u,u’) belongs to the transitive
closure of E. Using an interpretation that maps u and «’ to the constant functions 1
and 0, respectively, we can conclude that ¢ cannot be true.

(2) If v and —w are vertices from the same component, it follows that ¢ can be true only if
v <> —w holds for some interpretation, which is clearly impossible.

(3) Let v and u be an existential and universal vertex from the same component, respectively,
such that v + u. Hence u is not an argument of v. We proceed to a case distinction:

i) The function v is quantified before u in ¢: By the braided property, all the arguments
of v (if there are any) are in the same quantifier block as v, or in the next one. Since
changing the ordering of quantifiers in a universally quantified block does not have
semantical consequences, we may stipulate that w is the final quantifier of its block.
Hence all arguments of v are quantified before u as well. As a consequence, there is
a fixed interpretation of terms such that v fully evaluates to either zero or one, but
still must equal the universal u which is quantified later, which is impossible.

ii) The function u is quantified before v: Since v ¥~ u, there must exist an argument z
of u that is not an argument of v and that is quantified in some block strictly after
the block where v is quantified (since v is existential). By the braided property, if u
is quantified in a block Q); it follows that v and z are quantified in the blocks Q;41
and Q2 respectively. Hence z is universal. Similarly to i), the braided property
also implies that all arguments of v are quantified in the quantifier blocks @;41 and
Qi+2. Hence using the same argument as in i), we may assume that z is the final
quantifier in its block. Now by selecting u to be the projection function for the
universally quantified z, we obtain an analogous contradiction as in i).

(4) Suppose there are components Si,...,S, such that S; ~ S;41 for i € [n — 1] and
Sp ~ S1. Let each S; contain a universal vertex u; and a vertex v; such that wu; ~> v;11
for i € [n — 1], and u,, ~> v1. We describe choices of the universal quantifiers such that
the formula becomes false. For 1 < i < n, we can pick u; such that it equals v;1; either
as a projection function if v; 1 occurs among its arguments, or as a restriction of v;11 to
the set of common arguments of u; and v; 1. In the second case, every argument of v; 1
is also one of u; or is quantified before u;. Now the components Si,...,.S, all have to
receive the same truth value, regardless of the existential choices. Finally, u,, is picked
as the negation of vy, which renders the formula false. <

Next we proceed with the converse direction. We assume that the four above conditions
are true, and from this construct a satisfying interpretation.

» Lemma 16. Assume ¢ € XUk, If (1)~(4) are satisfied, then ¢ is true.

Proof. For this direction, we can roughly follow Aspvall et al. [2], but have to take into
account that the vertices can also be proper functions.

Let G = (V, E) be the implication graph of ¢. The idea is to label the graph with truth
values. Each component S in the graph is either unmarked, or marked with true, false,
or contingent. Marking a component true or false means that it can in fact receive the
corresponding truth value as a constant function, and contingent means that its truth
depends on other vertices. Universal components are always contingent.
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For every component S, the set =S := {-w | v € S} is again a component. Due to (2),
S and —S are always distinct. Moreover, the implication graph is skew-symmetric in the
sense that there is an automorphism (modulo flipping all edges) mapping any literal to its
negation. The reason is that the implication £ — ¢’ is clearly equivalent to —¢' — —¢.

We are now in the position to construct an assignment. This assignment will be consistent
in the sense that S is marked true iff =S is marked false, and such that it satisfies all
clauses due to the property that no path leads from a true component marked to a false one.
First, we mark all universal components as contingent. We then consider the existential
components in a reverse topological ordering with respect to E (there exists one, for the
strongly connected components always induce an acyclic graph). The algorithm marks each
component S in this order as follows.

i) If S is already marked, proceed with the next component.

ii) Otherwise S is existential and unmarked, but everything reachable by S is already
marked. If S reaches any contingent or false component, mark it false; otherwise
mark it true.

iii) Mark —S the opposite of S.

Now, whenever a component S is false, then either (in ii) it reaches some component

marked contingent or false, or (in iii), by skew-symmetry, all components reaching it are

false. Likewise, if S is true, then either (in ii) it reaches only components marked true,
or (in iii), by skew-symmetry, it can be reached by a contingent or true component. Also,
by condition (1), there is no path from one contingent component to another. It can be

shown by induction on the steps of the algorithm, that there is no path from a true to a

contingent or false component, and also none from a contingent to a false component.

All components marked true or false consist of existential vertices, so these can be
assigned the corresponding truth assignment. Let us stress that here it suffices to assign
constant functions regardless of the actual dependencies of the variables.

Next, fix some interpretation of the universally quantified variables. We continue the
algorithm and refine the labeling of the universal components. By (4), it holds that there is
no ~»-cycle between the components. This implies that there is again a reverse topological
ordering 51,52, ... of all components, but now in the sense that S; ~» S; implies ¢ < j. We
process all components in this order as follows.

i') If S is not universal, or if it is already marked, proceed with the next component.

ii’) Otherwise, let u be the universal vertex in S (which is unique by (1)).

iii") All dependencies of u are already marked true or false; in particular, all arguments
of u have a marked truth value. Change S to true if u evaluates to 1 under the
corresponding assignment, and otherwise to false.

iv’) Mark —S the opposite of S.

It remains to establish that the interpretations of the existential variables in universal
components can be always selected to mimic the truth value of the universal variable of its
component. Recall that any existential vertex v in the component .S must depend on u due to
(3). This means that either (a) v is a function with u as an argument, or (b) v is quantified
after u and has as arguments all arguments of u that are quantified in quantifier blocks after
v. If (a) is the case, the we interpret v as the projection function for w. If (b) is the case,
then there may be some arguments of u which are not arguments of v, but somewhere in the
same quantifier block as v. But note that we may stipulate any fixed order of quantification
inside a given quantifier block. Here, we assume that, inside a block, variables are quantified
such that, for ¢ < j, functions in S; are quantified before functions in S;. Then any variable
that is quantified in the same block as v and is an argument of v but not of v is quantified
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before v, and hence has a fixed truth value when we give v its interpretation. Let A be the
set of common arguments of v and u, and let & and b be the sequence of the arguments
of u that are not in A and the truth values fixed for those vertices before v is interpreted,
respectively. Now interpret v as the restriction of u to A with the determined arguments
fixed 7 — b. In either case, we assigned v such that it equals w.

Since the above cannot introduce any new paths from a true component to a false
component, all clauses of ¢ are satisfied. |

» Theorem 17. The truth problem of braided X'**-formulae is in NL.

Proof. By the above two lemmas, it suffices to check conditions (1)—(4). But these are simple
reachability tests, which are easily solved in non-deterministic logspace. |

Next we apply the result to the lowest levels of the second-order quantifier hierarchy,
namely II5-formulae and lower. Here, formulae are of the form

Vi Vindgr - gm Ve - - Va0,

so the only terms violating the braided property could be of the form vy(...,vs,...), where
v9 is quantified before v1. But then the argument vy can be elided from v, by Proposition 10.
Ouly for fragments X5 or higher we can have formulae like 3fVg3z f(x) which are genuinely
not braided, and which cannot be transformed by term elision. Finally, if the propositional
quantifier block is existential (in the IT§ fragment), we can omit the simpleness constraint
due to Corollary 6. This yields the following collection of results, since NL-hardness holds
already for the satisfiability of classical propositional core formulae (see, e.g., [11, Thm 16.3]).

» Corollary 18. Truth of formulae in X<, IT¥%, IT¢% or IT$, respectively, is NL-complete.
Also, the lower bound still holds for the respective restrictions to core formulae.

Note that the above proof hinges on the fact that Lemma 15 works only for braided
formulae. If we drop this assumption, then the complexity of the truth problem becomes as
hard as for arbitrary formulae, as shown in Section 5.

4  Further Upper Bounds

In the previous section, we showed that the first level of the SO5° hierarchy becomes tractable
when restricted to Krom formulae. The same holds when restricted to Horn formulae [4].
Next, we consider the question whether these results can be generalized to higher levels of the
SO, hierarchy. Indeed, we find several cases where the complexity collapses to a lower class.
It is worthy to note that such a collapse occurs only if the final propositional quantifier block
of a formula is universal, which also is the case, e.g., for the DQBF fragment (cf. Theorem 9).
If the final quantifier block is existential, we show later in the next section that no such
collapse occurs.

» Theorem 19. Let k > 0 be even. Then the truth problem of II* U IT3" is in TIE_| and the
truth problem of EZ'jrl U 2211 is in L.

Proof. The following algorithm decides whether a given formula ¢ is true, if ¢ is simple and
additionally Krom or Horn. Suppose ¢ € I} (resp. ¢ € Xg11).

First we non-deterministically guess in exponential time a truth table for each quantified
function, except for the final block of existentially quantified functions, performing k — 2
(resp. k — 1) alternations in this process. All so evaluated quantifiers are deleted, and in
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either case we arrive at a formula ¢’ of the form 3f --- 3,V - - -V, 6 for quantifier-free 6,
and some interpretation I for the free variables in ¢’. It remains to give a procedure that
decides whether I E ¢’. If this part of the algorithm runs in deterministic exponential time
w.T.t. ||, then this proves an overall TTY | or £¥ bound, respectively.

To do so, we first perform some simplifications. W.l.o.g. fo41,..., fn are propositions
and f1,..., f, are proper functions, for some o € [n]. We deterministically loop over all

possible values for f,41,..., fn, substitute these in the formula, and remove the quantifiers.

This leads only to an exponential factor in the runtime and ensures that all existentially
quantified variables are proper functions. By this, we arrive at a Horn or Krom formula

O =3f1---3Af Vo - Vol

for quantifier-free §’. Note that ¢” may still contain free proper functions. But due to the
simpleness condition, and since the f; are functions as well, no existential variable is nested
inside another function. This is crucial for the next step.

We use the universal expansion technique, which has been applied to DQBF as well [4].

The idea is to translate the universal quantifiers into an equivalent large conjunction. Let
r; := ar(f;). We replace each existential variable f; by exponentially many propositions y; z,
one for each possible input tuple @ € {0,1}"i. For all possible assignments be {0,1}™ to
the z;, we create a modified copy 0'[b] of the matrix 6 defined as follows. If b= (b, ..., bp),
then each x; is replaced by b;. Next, all terms ¢ in 9’[5] not containing any f; are replaced by
their valuation [[t]; € {0,1}. Now all terms are either constant, or have the head f; and only
constant arguments. Finally, the latter terms f;(b1,...,b,,) are replaced by the proposition

Yi, (b1, sbr, ) The resulting formula is the following:

vi=Fuwa N O
i€lo]  pefo,1}m
de{0,1}7
This formula contains no free variables and is true if and only if I F ¢”. In other words,
it is a simple propositional formula with existential proposition quantifiers, and its matrix
/\Ee{O,l}m ¢'[b] is Krom or Horn. Hence the truth of ¢ can be computed in deterministic
polynomial time w.r.t. ||, and consequently in deterministic exponential time w.r.t. [p|. <

If the non-deterministic part of the algorithm, the guessing of all quantified functions but
the last block, is removed, then we obtain a deterministic exponential time algorithm for
Xsh_formulae. the

» Theorem 20. Truth of 35" is in EXP.
In fact, we can combine this approach with the NL algorithm from Section 3 as well:
» Theorem 21. Truth of 5% is in PSPACE.

Proof. Given a formula ¢ € X5k, we run the reachability algorithm from Section 3 on
the formula ¢ that would result from the translation in Theorem 19. However, instead of
expanding ¢ to 1 first, which would require exponential space, we perform the reachability
tests in polynomial space, constructing only the needed parts of 1 on-the-fly. |

Observe why the technique relies on the final quantifier block being universal: otherwise

-

the resulting formula \/;. (0,1}m 6'[b] would not be in CNF, and hence neither Horn nor Krom.
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5 Lower bounds

In the previous sections, we showed that the complexity of a fragment sometimes decreases
when restricted to Horn or Krom matrix, when compared to the general fragment with the
same quantifier prefix. However, in many cases the complexity stays the same. Often the
logics are powerful enough to simulate specific Boolean connectives, such as disjunction and
negation, in terms of quantified Boolean functions. In these cases, the whole Boolean part of
the formula can essentially be reduced to unit clauses, which of course renders the Horn and
Krom restriction meaningless.

5.1 Cases with an existential function quantifier

The first result of this section is also the most general; it concerns all non-simple formulae
for quantifier prefixes that include X — that is, everything but I7T;. (Recall that simple and
non-simple IT; are equivalent.) By the introduction of additional existential functions that
simulate disjunction and negation, we bring an arbitrary CNF into core form. This is stated
in the following lemma, of which the proof can be found in Appendix C.

» Lemma 22. Let Q0 be a formula in CNF, with 8 quantifier-free in CNF and Q being a
sequence of quantifiers. Then Q6 is equivalent to a logspace-computable formula Eif QVvydzZy
in CNF such that ' is quantifier-free, f are function symbols, and 3, Z are propositions.
Moreover, if 0 has uniqueness, then so has ¢’.

» Theorem 23. For k > 1, truth of X} is L} -complete.

Proof. The upper bound is due to Theorem 7. For the lower bound, we use Lemma 22 and
reduce from X, for which the truth is Zg—complete by Theorem 7. Let

0 =3Yfa Qi fr Qui176

be given, where 6 is quantifier-free, each f; is a sequence of functions, and Z is a sequence of
propositions.

The first step is to transform ¢ to an equivalent formula with uniqueness. For any
function A that violates uniqueness, we introduce fresh distinct copies hq, ..., h, of h, for
each distinct tuple of arguments dj ... a, of h occurring in ¢, together with distinct fresh
propositional variables Z, 27, ..., Z,. We then append subformulae to ¢ whose purpose is to
state that the interpretations of h; and h coincide. If Qx = 3 and Q41 =V, we modify ¢
such that VZ 0 is replaced with

Iy .. R NEEE ..5n( A (Eoz) = (B o hi(,%)))) A (( A G e a)) — 9*),

i€[n] i€[n]

where 0* is obtained from 6 by replacing the occurrences of h(a;) by h;(Z;), for each i € [n].
On the other hand, if Qr =V and Q1 = 3, we modify ¢ such that 32 0 is replaced with

Vhl...hnﬂfzzl...5n< \ (e z*i)A(h(Z)Hﬂhi(z“i)))) v (( A (ZH@i))AQ*),

i€[n] i€[n]

where 6* is as above.

The second step is to establish CNF. It is folklore that arbitrary formulae can be
translated into an equivalent CNF with the introduction of additional existentially quantified
propositions after the final quantifier block . If k is odd, these existential propositions can
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be pulled in front of Z (by increasing their arity and adding 7 as their parameter) and added
to the (existential) block f;; If k is even this step can be skipped since Z is existential as well.
Hence we can assume that 6 is in CNF and has uniqueness.

It remains to conduct the final translation into core clauses. For any X}-formula ¢’ =
EIﬁVf; e Qp ﬁQk+1i’0’, we can apply Lemma 22 to the subformula after Elfl and obtain
an equivalent formula 313GV f - - Qp frQri1Z V7 320" where 0" is a quantifier-free CNF
with uniqueness. Using the same argument as above, if Q41 =V, then we can eliminate the
first-order alternation by transforming the Z into existentially quantified functions depending
on both Z and 3 and adding them to the block f;; Otherwise, if Q41 = 3, then we instead
transform the ¥ into functions depending on Z and move them into the universal block f;;
In each case, we arrive at an 2}°-formula. Note we do not consider the simpleness property
at this point, since this step may produce new function symbols that appear nested in other
functions. |

» Theorem 24. For k > 2, truth of IIi° is TIE-complete.

Proof. The proof is the same as for Theorem 23, except that in the last step, the formula is
of the form

VALY fs - Qi frQuria 20
and we apply the lemma to the subformula after 3 ﬁ <

Lemma 22, used in the above reductions, introduces existential quantifiers that are not
braided. Compared to the previous section, this small difference leads from NL-membership
to ZE—completeness. If the final proposition block is existential and there is at least one
existential function block, the result carries over even with simpleness due to Corollary 6:

» Theorem 25. 1. Let k > 0 be even. The truth problem of X is Zg-complete and the
truth problem of IT{SS, is TIL, | -complete.
2. The truth problem of X! is AEXP (poly)-complete.

What if the proposition block is universal, i.e., k is odd for X} and even for II;? Then,
as shown in Theorem 19, we fall down one level in the hierarchy. Hardness results follow
from the observation that Xy (I, resp.) is a syntactic fragment of Xy 1 (ITj41, resp.).

» Theorem 26. Let k > 2 be odd. The truth problem of X% is £ | -complete and the truth
problem of II}55, is ﬂ%—complete.
5.2 The fragment IT; without uniqueness

We established the NL upper bound of IT; if we have uniqueness and Krom (Corollary 18);
the case with uniqueness and Horn is open. Here, we proceed with I1; without uniqueness.
As we have no existential function quantifiers, the reduction from before does not apply.
Nonetheless, it turns out that this fragment is still as hard as the full logic I1;.

» Theorem 27. Truth of II;*-formulae is TI% -hard.

Proof. We reduce from the truth of arbitrary IT;-formulae, which by Theorem 7 is TT%-
complete. Hence let ¢ be a II;-formula, i.e.,

p=Vf - -Vf,dzy - - Jx,, 0
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for function variables f1,..., f,, propositions z1,...,Z,,, and 6 quantifier-free. Since the
propositional quantifier block is existential, we can w.l.o.g. assume that 6 is in 3CNF.!

The idea is to add Vg to the beginning of the formula, where g is a fresh binary function
symbol, and to express in the reduction that g is the nand function, i.e., g(b1,b2) =1 — bybs.
In what follows, we use the constants 0 and 1, which can easily be simulated by adding new
propositional quantifiers 9zpdz; and unit clauses —zg A z1. To describe the behaviour of g,
we add existentially quantified propositions d, d’, e, €’ and the following core clauses:

Dy :=g(0,0) = d, Dy:=g(0,0) —e, Ds3:=g(d,0)—d, Dy:=g(0,e)—e.

Furthermore, every clause C := (€1 V {2 V {3) of 6 is replaced by €' — g(d’, C*), where C* is
a nand-expression equivalent to —C, using g as a symbol for nand.? C* has length O(|C|).

Call the resulting formula 6*. To prove the correctness of the reduction, we show that 6
is equivalent to ¢’ := Vg3d3d’' Je He’(/\?zl D; A 6%).

The easy direction is from right to left: Since g is universal, in particular we can assume
that g is nand. As ¢(0,0) = g(1,0) = ¢g(0,1) = 1, the propositions d,e,d’, e’ must all be
true. Since also all clauses of the form e’ — g(d’, C*) are true by assumption, C* is false.
Consequently, C' is true.

For the converse direction, let g be arbitrary. We define suitable witnesses for d, e, d’ and €’.

If g(0,0) = 0, then we set d,e,d’,e’ := 0, which satisfies all clauses of the form e’ —

g(d',C*), as well as Dy, ..., Dy.

If g(0,1) = 0, then we can similarly set d,d’,e := 1 and ¢’ := 0.

Otherwise ¢(0,0) = ¢g(0,1) = 1. Here, we must set e, e’,d := 1.

If g(1,0) = 0, then we set d’ := 0. Then g(d’,C*) = g(0,C*) = 1 regardless of C*.
If g(1,0) = 1, then we set d’' := 1.
If g(1,1) = 1, then g is constant one, and the terms g(d’, C*) are trivially true.
If g(1,1) = 0, then g is the actual nand function, and g(d’,C*) =-(1AC*)=C'is
true by assumption.
Finally, we replace 6 by 6" in ¢, move Vg to the front of the formula, and obtain simpleness
of the formula by Corollary 6. |

The above results easily “relativize” to the case of more quantifier alternations before the
final universal function quantifier block:

» Theorem 28. Let k > 0 be odd. Then the truth of X3¢ | is ZE+1-complete, and the truth
of I is TI} -complete.

5.3 The X, cases with simpleness but no uniqueness

Curiously, while IT5¢ is TT¥-complete, its dual fragment X3¢ is likely easier than £, although
harder than X§*¢. We consider these final fragments in this subsection.

» Theorem 29. Truth of formulae in X5 or X5 is PSPACE-complete.

Proof. The upper bound is given by Theorem 21. We show the hardness for X3¢, which
implies the lower bound for 35k. Let M be a single-tape Turing machine that decides some
PSPACE-complete problem in deterministic space p(n), where p(n) > n is some polynomial.

! The approach is the same as for the classical reduction from SAT to 3SAT and can be found in standard
textbooks (e.g. [1, Lemma 2.14]).
2 We can choose for example C* := h(g(h(g(h(£1), h(£2))), h(£3))), where h(p) = g(@, ).
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W.lo.g., we may assume that the computation of M halts in time g(n) by reaching a unique
rejecting or a unique accepting configuration, where g(n) is some exponential function. For
each input x, we compute a formula ¢ in logspace that is true iff M accepts x. The formula
o will be of the form

3fVuy Vo, 0,

where 6 is quantifier-free, simple and core, f is a function variable, and the v; are propositions.

Thus ¢ € 2%

If M has states @ and tape alphabet I', then a configuration of M is a triple (h, ¢, w),
where h € [p(n)] denotes the head position on the tape, g € @ is the state of the machine,
and w € I'?™ is the tape content. We stipulate an arbitrary coding function () : QU I" —
{0,1}* that expands each state and each tape symbol to a fixed-width binary vector. For
tape positions j € [p(n)], we use the unary encoding bit(j) := (0/=110P(")=7). Using the
coding function (-), configurations of M can be now presented as binary strings of length
p(n) + k + kp(n).

The idea behind ¢ is as follows: The function f is used to encode a set of (binary
encodings of) configurations of M. In order to take a head position, a state, and a tape
content as an argument, the function f will have arity p(n) + k + kp(n). In 0, we stipulate
that f contains the initial configuration and is closed under transitions of M, but does not
reach the unique rejecting configuration. Hence it expresses that M accepts z, as desired.

We will next describe 6 more formally. Let M have initial state gy € @, and let x =
1+ T,. First, we define the formula ¢ expressing that f contains the initial configuration:

Y1 = f(bit(1); {go) ; (z1) -+ (zn) (O) -+ (O)),
where [J € I' denotes the special symbol for blank. Next, 1 states that f is closed under
transitions of M (f may contain superfluous configurations, but this does not hurt the
correctness of the reduction). Let §: Q@ x I' = @ x I' x {—1,0,1} be the transition function
of M; e.g., if 6(q,a) = (¢’,b,—1), then M upon reading a in state g writes b, enters state ¢,
and moves the head to the left. Define

thy = VU /\ (f(bit(j); (@) 501 Vk(j—1) (@) Vkjt1 " Vkp(n))
J€lp(n)]
8(g.a)=(d",a’ 1)
1<j+i<p(n)

— fbit(j +1); (q') ;01 vr(j—1) (@) Vg1 - Ukp(n)))v

where V7 denotes Vv1 - - - VUgp(n)-
Finally, it remains to express that the rejecting configuration cannot be reached, which
w.l.o.g. is a blank tape with M’s head on the first position and in a designated state g, € Q.

Y3 := = f(bit(1); (gr) ; (O) -~ (D))
By pulling the quantifiers in 15 to the front, it is straightforward to see that 3 f (11 Apa Ath3)

is equivalent to a X'-formula with only core clauses and with no nesting of functions, i.e., to
a X3-formula. |

The proof of the following theorem is similar to that of Theorem 29. However, as an
exponential time computation may require exponential space, some more care is required for
the encodings. The computation is now encoded with a function that takes a tape address
and the current timestep as arguments rather than the whole tape content. A detailed proof
of the theorem can be found in Appendix D.

» Theorem 30. Truth of formulae in X5" is EXP-complete.
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6 Summary

In this article, we studied the second-order quantifier hierarchy of Boolean logic. Boolean
second-order logic, where quantifiers range over Boolean functions instead of mere propositions,
can be seen as a generalization of logics such as DQBF that offer fine-grained control of
dependencies between variables. Here, we turned to certain fragments where the propositional
part is restricted to either Horn, Krom, or core formulae. Moreover, we introduced and
considered two natural restrictions of second-order term constructions, namely simpleness
(where proper function symbols cannot occur nested) and uniqueness (where all occurrences
of a function have the same arguments). Using this terminology, DQBF is simple unique X}.

We considered all possible combinations of these restrictions with respect to each level of
the quantifier hierarchy, and obtained an almost complete classification of the computational
complexity of the respective decision problem (cf. Table 1 on page 3). In almost all cases
we obtained completeness results (with respect to logspace reductions). We showed that
the complexity of X and II; formulae in Horn and/or Krom form collapse down to one
of several classes that range from NL over PSPACE to EXP. Curiously, core X; stays
TP hard if we lack simpleness, while core IT; stays ITY-hard if we lack uniqueness. Moreover,
11, stays in NL if simple, unique, and Krom. For k£ > 3, for all considered restrictions to XY
(I, resp.) the complexity either stays ZF-complete (TTE-complete, resp.) or drops one level
down to Zg_l (ﬂ%_l, resp.) depending on uniqueness, simpleness, and whether k is even or
odd. Furthermore, a direct corollary of the aforementioned results is that the complexity of
s formulae is AEXP(poly)-complete.

For the upper bounds, we mostly utilized generalizations of existing NL or P algorithms
for classical Krom or Horn formulae. For the lower bounds, we introduced a number of
different techniques; the common scheme being that one can exploit the ability to quantify
functions to nullify the Horn and/or Krom restriction.

The most notable open case is that of simple unique Horn I7;, which we conjecture to
be P-complete, dually to the P-complete X case (that is, DQBF-Horn [4]). Moreover, by
Corollary 6, non-simple unique II; has the same complexity. The final missing case, simple
unique 115, likely reduces to these basic cases, but its complexity stays an open question for
now as well.
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A Complexity toolbox

Alternating machines

We assume the reader to be familiar with basic complexity classes and notions such as Turing
machines (TMs). We follow the definition of alternating TMs by Chandra et al. [5]. The
states @ of such an alternating machine (ATM) are divided into disjoint sets Q3 of existential
states and Qv of universal states. Also, @ contains a designated initial state g;, an accepting
state ¢, and a rejecting state ¢, where w.l.o.g. the initial state is always existential. A
transition from an existential to a universal state, or vice versa, is called alternation. In
this setting, a non-deterministic machine is one that never alternates, and a deterministic
machine is one that provides at most one valid transition for every configuration.

A configuration is accepting in k steps if it contains no rejecting state, and furthermore
either it contains an accepting state, or, provided k > 0, it contains an existential state and
has a valid transition to a configurations that accepts in k — 1 steps, or contains an universal
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state and every valid transition leads to a configuration that accepts in k — 1 steps. The
language decided by M is the set of all inputs such that the initial configuration is accepting
in k steps for some k.

As usual, the classes EXP and NEXP contain those problems which are decidable by a
(non-)deterministic machine in time 2P("™ for some polynomial p. Given a complexity class
C, its complement class is denoted by coC.

» Definition 31. For g(n) > 1, the class ATIME(t(n), g(n)) consists of the problems A for
which there is an ATM deciding A in time O(t(n)) with at most g(n) — 1 alternations on
inputs of length n.

» Definition 32. For function classes F,G,

ATIME(F,G) := |_J ATIME(f(n),g(n)).
feF,geg

» Definition 33.

o(1) o)

AEXP := ATIME(2""", 27", AEXP (poly) := ATIME(2"" " 00y,
( ) (poly) (

Oracle machines

An oracle Turing machine is a Turing machine that additionally has an access to an oracle
set B. The machine can query B by writing an instance = on a designated oracle tape and
moving to a query state g». In the next configuration one of two states ¢4 and g_ is assumed
depending on whether z € B or not. There is no bound on the number of oracle queries
during a computation of an oracle machine; the machine can erase the oracle tape and pose
more queries.

If B is a language, then the usual complexity classes P, NP, NEXP etc. are generalized to
P5 NP? NEXP? etc. where the definition is just changed from ordinary Turing machines
to corresponding oracle machines with an oracle for B. If C is a class of languages, then
PC :=Jgee PP and so on.

» Definition 34 (The Polynomial Hierarchy [16]). The levels of the polynomial hierarchy are
defined inductively, where k > 1:

If =T§ = Ap :=P.

TP = NPT, TP := coNPZ+-1, AP := PTi1

» Definition 35 (The Exponential Hierarchy [7]). The levels of the exponential hierarchy are
defined inductively, where k > 1:

SE = ME = AF = EXP.

7B .= NEXPZ—1, TIE := coNEXPZ-1, AP .= EXP>i-1,

» Theorem 36 ([5]). For all k> 1:
1P = ATIME(n®W k), M = coxl.

Just as for the polynomial hierarchy, two competing definitions of £F exist in the literature,
o(1)

one in terms of oracles and one as the class ATIME(2" | k) [3, 8, 10].

» Theorem 37 ([10]). For all k> 1:

o(1) o(1)

I — ATIME(2" k), ME = coATIME(2" k).
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A logspace-reduction from A to B is a logspace computable function f such that z € A <
f(z) € B. If such f exists then A is logspace-reducible to B, in symbols A<!°¢B. If A € C
implies AgiggB, then B is Siﬁg-hard for C, and B is S}rgg-complete for Cif Be€C and B is
<log_hard for C. In this paper all reductions are logspace-reductions if not stated otherwise.

B Proof of Proposition 10

» Proposition 10 (Free term elision). Let ¢ € SOy be a prenex formula, | a function variable
not free in ¢, and t a term free in p. Then eliding t from f yields a formula equivalent to .

Proof. Assume that ¢, f and ¢ are as above, and that ar(f) = n and g is a variable of arity
n — 1 that does not appear in ¢. We prove that eliding the i-th argument of f yields an
equivalent formula, where 7 is any position such that the i-th argument of f is ¢.

For a function F and b € {0,1}, define the (n — 1)-ary function

F|b(a17"' aai—laai-‘rla"'aan) = F(ala"'aai—ab7ai+17"'7an)'

Also, let ¢* be the formula ¢ with the i-th argument of f elided, i.e., f replaced by g and
the i-th argument deleted in any occurrence of f as a term. For an interpretation I, define
I* like I except that I*(g) := I(f)1(r). We show by induction on ¢ that I(¢) = I*(¢*) for
all interpretations I. It is easy to see that this proves the claim from the beginning, where
neither f nor g appears free.

If ¢ does not contain ¢, and hence f, then we are done. Otherwise, if ¢ is of the form
fltr, .. tic1, t tiv1, ..., tn), then clearly

I(p) = I(f)(I(t1), -, I(tiz1), I(), I(tig1),-. -, L(tn))
= I(f)u(t)(f(tl), coy T(tim1) I (tig1)y - o5 L(E0))
=I"(g)I*(t1), .-, I (tim1), I (tig1),s - -, I (t0)) = I (™).

The inductive steps for applying function variables h # f, as well as for the Boolean
connectives A and —, are straightforward. Also, the V-case can be reduced to 3. It remains
to consider the 3-case. We divide this into the case where f is quantified and the case where
any other function variable h # f is quantified.

First, suppose ¢ = 3h1p, where h # f. Then whenever I% F 1 for some I and H we have
(I*)h = (Ih)* E p*, so I* F p*. Likewise, whenever I% [ ¢* for some I, then I} is of the
form (J*)% = (Jh&)* for some J, so J F .

Finally, let ¢ = 3fy. If I} & 4 for some I and F, then (I1)* £ ¢* by induction
hypothesis. By definition, I* and (I {7)* agree everywhere except on f and g, and f does not
occur in ¥*, so I'* E Jgy* = ¢* follows.

Suppose that conversely I* F ¢* = Jgy*, so (I*)g F ¢* for some I and G. As (I*)g, = IZ,
also I%, F ¢*. Define a function F' from G as follows: Let F(a1,...,a;-1,b,ai41,...,ay) :=
G(a,...,a;—1,0i+1,...,an) for both b =0 and b = 1. Since f does not occur in ¥*, we can

add it to any interpretation, so clearly (I};)‘é F¢*. Now notice that G' = Fjg = Fj1 = Fj()-

But then (I};)’é = (Ié)*, so by induction hypothesis I{, E . Hence I F 3fy = . <

C Proof of Lemma 22

» Lemma 22. Let Q0 be a formula in CNF, with 0 quantifier-free in CNF and Q being a
sequence of quantifiers. Then Q6 is equivalent to a logspace-computable formula HJ_E QVvy3z6’
in CNF such that 0’ is quantifier-free, ]_E are function symbols, and 3, Z are propositions.
Moreover, if 0 has uniqueness, then so has 6.
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Proof. We begin with the case where Q is empty. The other cases are proved analogously.

Accordingly, let 6 be of the form /\ie[n] C; with clauses C; = £i vV ---V (% and the E;
being literals (i.e., terms or their negations). The idea of the proof is that all clauses C; can
be reformulated in terms of fresh Boolean functions h; that act as disjunctions. Thus each
clause becomes a single unit (and thus core) clause. Some auxiliary clauses are added in
order to properly fix the disjunction as the interpretation of h;.

We proceed as follows. First, for every literal ¢ in a clause C; of 6, we introduce a fresh
proposition py that shall mirror ¢ and can appear inside h;, since terms can only have other
terms as their arguments, and not negations thereof. Next, we introduce a single proposition
b the role of which we will explain below. Any clause C; = ¢ \V - -+ V £% is now replaced by
the following conjunction £(C;) of core clauses:

§(Ci) == (b hi(pgis-- -5 pei)) A /\ (Pe; = hi(pei, - - -, e )

kelr]

Let us start with the large conjunction on the right hand side: It ensures that the term
hi (pf’i’ -y Pgi ) is true if any of its arguments is true. But in order to truly simulate C; with
h;, we also need to achieve the converse. Otherwise h; could still be a constant. However,
we will quantify b universally, with the effect that the left hand side requires h; to assume
each value, zero and one, for some input. The value h; (pgi yeen ,pa.) = 0 can then only be
assumed when all p,: are zero, as required.

Furthermore, we need to impose some constraints on the proxies py, so that p, in fact
mirrors £. In particular, exactly one of pp and p—, must be true. For every term ¢ in 6, let g;
be another fresh binary function variable. Define

T(t) :i= (b4 ge(pe,v-t)) N (Pe = 9e(Pes 0—t)) A (D=t — 9e(Pts P-t))
A (=pe V =p—e) A (pe — t) A (p- — ).

Here, the first line again ensures that g;(p;, p—¢) is true if and only if p; or p_; is true. So,
when b =1 then g:(pt, p—+) = 1 and hence we know that at least one of p; and p_; is true.
The second line claims that at most one of them is true, and that this reflects the actual
value of t. Observe that all used clauses are in core form.

Let now ¢; - - - t5 be a list of all terms occurring in the clauses of 6. Altogether, we translate
0 = Nien Ci to ¢ as follows:

= Jhi Jo. ¥ Jpu, Elpﬁtl A s@yn N\ =)

i€[n]  i€[s] 1€[s] i€[n] 1€[s]

Claim: 6 and ¢ are logically equivalent.

0 F p: Suppose I E . We choose each h; and g; as the disjunction. Next, if b = 0,
simply set all py to zero. In turn, if b = 1, set py to true if and only if I E ¢. It is easy to
check that this satisfies all £(C;) and 7(¢;). In particular, for each h; (pgi ,++,Dei ) there
is k € [r] such that ¢; and hence Pei must be true, as I E C; by assumption.

@ F 0: Suppose I F ¢. Then h; and g, are interpreted by some Boolean functions, and
the py by some truth values depending on b, such that all clauses in ¢ are true. In the case
b =0, the h;(---) and g¢(---) must be false, and the same holds for all their arguments as
well, due to the implications in &(---) and 7(---). So h;(0,...,0) = ¢:(0,0) = 0. In turn,
in the case b = 1 it holds that h;(---) = g:(---) = 1, and hence at least one argument
of each must have toggled its value. As a consequence, 7(t) forces that either p; or p_;
is true for every term t, and that py is true iff I E £. Likewise, for each h; (pfi’ s D)
there is k € [r] such that p,; and hence ¢t is true. In other words, all original clauses of
0 are true in I.
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The cases where 6 contains quantifiers is proved analogously: b and the propositions py,, p—,
need to be quantified last in the prefix, as they depend on all other variables occurring in
the formula, while the h; and g;, are quantified first, since they can always just be set to the
Boolean disjunction. Hence, the above proof works for arbitrary quantifier sequences Q and
produces formulae of the form ﬂfQVg_jHE as stated in the lemma. <

D Proof of Theorem 30

» Theorem 30. Truth of formulae in X5" is EXP-complete.

Proof. The upper bound is given by Theorem 20. For the lower bound, we modify the proof
of Theorem 29 and encode all reachable configurations of an EXP computation using a
single function variable f. However, since the computation can use exponential space, f now
takes a tape address, rather than the whole tape content, as well as a current timestep in
binary as an argument.

Let M be a single-tape TM that decides an EXP-complete problem, where M has states
Q, initial state qo, accepting state ¢y, rejecting state g,, tape alphabet I', and transition
relation 6. This time, we consider as a configuration a word over IV := I"U (Q x I'). For
example, a(qg, b)c means that the machine currently is in state ¢ and reads b at tape position
two. Suppose M runs in time 2°(") for some polynomial p, p(n) > n, and uses the tape
positions {1, ..., op(n) —2}. For technical reasons, we “pad” configurations with blank symbols
O at positions 0 and 2P(™) — 1, but these cells will never be visited. Let (-) : I — {0,1}*
be some fixed encoding. The function f is now of arity k + kp(n) + kp(n). The intended
meaning of f({«);bin(i);bin(j)) is that the ith symbol of the configuration on timestep j is
a.

Let * = z1---x, be the input. Let ¢ be minimal such that n < 2t We de-
scribe in the following formula that the first 2¢ symbols of the initial configuration are
O(qo, z1)x2 - - - 2,0+ - O at timestep 0:

Y1 :=f({0) ;bin(0); bin(0)) A f({(go, 1)) ; bin(0); bin(1))

2¢—1
A\ F(Gi)sbin(0);bin(i)) A\ f((T) ;bin(0); bin(i))

=2 i=n+1

Then the next formula also fixes the remaining blank symbols [J on tape positions from 2°
to 2°(W) — 1.

p(n)—¢
o 1=V /\ f(<D>;bin(O);vl,...,vj_l,l,vj_,_l,...,vp(n))

j=1

This is done by the third part of the arguments of f ranging over all numbers that have at
least one of the first p(n) — £ bits set, which are {2¢,2¢ +1,...,2P(") — 1},
Next, we again state that M’s rejecting configuration is not visited:

by =YV f(((¢r, D)) ; T )

Finally, it remains to express in formulae that f is closed under transitions of M. As
in Theorem 29, this is the only part of the formula where we introduce non-unit clauses,
which now will rather be Horn instead of core. For this, we use another function variable suc
(“successor”), which has arity 2p(n), and for which every term of the form suc(bin(m), bin(m+
1)) is true. We show how to enforce this later; for now, we use it to impose the aforementioned
closure condition on f.
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We consider the set of valid windows of M. A window is a sixtuple (ajazas;afabal) €
(I'")8. For example, (a(q,b)c;ad(q,c)) means that M in state ¢ when reading b writes d and
moves to the right. Cells not currently visited by the head do not change (except for the
head moving onto a cell), so (abc; abe) and (abe; (¢, a)be) are valid windows but (abe; abd) is
not. The set W of valid windows is finite and only depends on the transition function of M.
The following formula states that, whenever (ajasas;ajabal) is a valid window, the middle
tape cell must become (or stay) ab.

Wy = VIZUTD /\ ((suc(f; 3) A suc(@; ¥) A suc(; @)
(arazaz;aialal)eEW
A F(Gan) T @) A F((a2) i T:9) A f({as) s T)) = F(la5)35:7))

Here, t and 3 encode consecutive timesteps, and @0@ are adjacent positions. The first and
last position must be separately fixed to [J because they are never in the middle of a window:

—

vs = VE(F(D):E(0)) A F(D)3E (2 — 1))

Next, we specify suc and finish the reduction:

p(n)—1 5
@ :=3suc3f ((VT}' /\ suc(vi, ..., v;,0, PO =il g 1 Op(”)_i_l)) A /\ z/Ji)
i=0 i=1

Note that, just like f, the relation encoded by suc might contain more tuples than necessary,
but again this does not hurt the reduction. It is easy to see that the formula can be
transformed into a Xy formula with simple matrix in Horn CNF. The Horn property of the
formula hinges on 14, for which it is crucial that M is deterministic. For this reason, this
reduction cannot be generalized to, say, NEXP. <
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