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1 Introduction

The complexity of problems related to Boolean functions has been of special interest
throughout the history of complexity theory. Many problems of this kind are standard
examples for certain complexity classes - the first problem ever to be proven NP-complete
was the satisfiability problem for Boolean formulas.

In the twenties of the last century, Emil Post studied sets B of Boolean functions
closed under the closure operator superposition, which means the class of Boolean func-
tions which can be expressed by formulas using only functions from B as connectives.
He identified every set of Boolean functions closed under this operator, determined the
complete inclusion structure of these sets and gave a finite base for every closed set. These
sets of Boolean functions are now called Post’s lattice.

The complexity of problems related to Boolean functions, like the satisfiability prob-
lem, is depending on the set of connectives used in the examined Boolean formulas. In
1979, Lewis showed that the satisfiability problem is either NP-complete or polynomial-
time solvable, depending on which connectives are allowed in the formula ([Lew79]). Stef-
fen Reith studied the complexity of many problems related to Post’s lattice in [Rei01].
He proved coNP-completeness for many problems which we can use in this thesis to show
completeness for our problems.

A more general problem than satisfiability is the question if a given Boolean formula
describes a function from any of the closed classed Post identified. In this thesis we
examine the computational complexity of the following problem: Given classes A and B
from Post’s lattice, how difficult is it to decide if a given formula using only connectives
from B describes a function from A? For nearly every combination, we show this problem
is polynomial-time solvable or coNP-complete. We will also see these results are identical
for Boolean formulas and Boolean circuits.

We build up on the results presented in [Boh|, in which the difficulty of deciding
a similar problem was discussed, which serves as an upper complexity bound for our
problem.

1.1 Boolean functions and Circuits

A standard way of representing Boolean functions is to write them as Boolean formulas.
Most people working in computer science are familiar with formulas like z V (y A Z).
Usually, only V, A and negation are used in formulas, as in fact, every Boolean function
can be represented using only these three connectives. In this thesis, we examine more
general Boolean formulas, using arbitrary functions as connectives. Intuitively, it is clear
what a Boolean formula over the base {—, =} is. Formally, Boolean formulas are defined
as a special case of Boolean circuits. Our definition is based on the one in [Vol99).



Definition Let B be a finite set of Boolean functions. A B-circuit with input-variables
x1,...,%, is a tuple C' = (V, E,«, 3,0) where (V, E) is a finite directed acyclic graph,
a: E — N is an injective function, 5: V. — B U {zy,...,x,} is a function, and 0 € V,
such that

- If v € V has in-degree 0, then 5(v) € {x1,...,z,} or B(v) is a O-ary function (i.e. a
constant) from B.

- If v € V has in-degree k > 0, then ((v) is a k-ary function from B.

Nodes v € V are called gates in C, 3(v) is the gate-type of v. 0 € V is the output-gate
of C'. The function « is needed to define the order of arguments for non-commutative
functions like —. We will now define the function fo: {0,1}" — {0, 1} calculated by the
circuit C, by inductively defining a function val,: {0,1}" — {0,1} for every gate v in C":

Let aq,...,ap € {0,1}.

- If v € V has in-degree 0, and if §(v) = z; fori € {1,...,n}, then val,(a,...,a,) :=
Q.

- If v € V has in-degree 0, and if 3(v) = ¢ for some 0-ary (constant) function ¢ from

B, then val, (a1, ..., a,) :=c.

- Let v € V have in-degree k > 0, and let vy, ..., v, be the predecessor gates of v such
that a((vy,v)) < -+ < a((vg,v)). Let B(v) =: f € B a k-ary function. Then let
valy(a1, ... ap) = f(val, (a1,..., ), ..., val, (cq, ..., ap)).

Let fo := val,. fc is the function computed by the Boolean circuit C. A Boolean
formula is a Boolean circuit where each gate has out-degree < 1.

The size of a Boolean circuit C' is the number of gates: |C| = |V].

In this text, we will also use standard propositional formulas like f; — f5 to describe
Boolean formulas. The construction of the corresponding circuit is obvious. We write
for equivalence in Boolean formulas, and < for equivalence in the meta-language. We
write f = g, for Boolean formulas f and g, if the formulas are identical as a Boolean
circuit. We write f = g, if for all input tuples, f and g evaluate to the same value, that
is if fr = fy, e.g. we write 21 V (T2 A 21) = 21 instead of fo,v(@sre) = far-

As for a formula or circuit C' with different input variables, it is not always obvious

what we mean with fo(aq,...,a,) we introduce the following notation: For a circuit C'
with input variables sy, ..., s, for some symbols s;, and for values oy, ..., a, from {0, 1},
we write C'(s; = 1,82 = aa,...,8, = ) for the value of the function fo when given
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the tuple (aq,...,a,) as argument in the order which assigns the binary value «; to the
input gate s;. If the variables are the set {x1,...,z,}, we simply write C(vy,...,v,) for
C(zy = v1,...,7, = vy), or, for a tuple @ = (a1, ...,a,), € {0,1}", we write C(@) for
C(ry = a1,...,T, = ap). If the input variables for C' are the set {z1,..., 2y, S1,..., Sk},
then for a tuple @ = (aq,...,a,) € {0,1}" and values f31,..., 5 € {0,1}, we write
C(Z =7a,8,=01,....,50 =) for C(a1 = aq,...,Tp =, 51 = B, ..., 5k = Br).

We say a set A of Boolean functions is a closed class if A contains the identity and is
closed under the following operations(definition taken from [Rei01]):

- Substitution: Let f™ and ¢™ be Boolean functions. then we define h"*™~! as
h<al) s 7an—1761) s 75771) = f(ala s 7an—lag(ﬁ17 s 75771)) for all Ay ey O,
517 s 76’”1 € {Oa ]-}

- Permutation of variables: Let f™ be a Boolean function and II: {1,...,n} —
{1,...,n} be a permutation. Then we define g(as,...,a,) = f(an),- .., anw))
for all aq, ..., a, € {0,1}.

- Identification of the last variables: Let f™ be a Boolean function. Then we define
g tasglar,...,an 1) = flar,...,0n_1,a,_1) for all ay,..., a, € {0,1}. Identi-
fication of arbitrary variables can be achieved by combining this with permutation

of variables.

- Introduction of a fictive variable: Let f™ be a Boolean function. Then we define
g" ™ as glayg, ... any1) = flag,...,ap) forall ai, ... a4 € {0,1}.

The set of these operations is called superposition. For a set B of Boolean functions,
let [B] denote the smallest set A of Boolean functions such that B C A and A is a closed
class. We say B is a base of [B]. Basically, [B] is the set of all Boolean functions which
can be calculated with B-circuits or B-formulas. The usual closure properties hold, i.e.
B C [B],B; C By implies [By] C [By] and [[B]] = [B].

Emil Post showed in [Pos41] that the list of closed classes shown in Table 1 is complete,
and the inclusion structure for these classes is shown in Figure 1. As any set of sets closed
under a closure operator, Post’s classes form a lattice. There are five maximal closed
classes below BF: Ry, Ry, M, L and D.

Definition Let n € N, f, g be Boolean functions of arity n, A C {0,1}", a € {0, 1},
meN, m>2.

- dual(f) is the function dual(f)(aq,...,an) == ~f(aq,...,q,).



For a set B of Boolean functions, let dual(B) := {dual(f)|f € B}.

A is called

a-separating, if there exists an i such that for all (ay,...,a,) € A, oy = a.

f is called

monotonic, if for all (aq,...,a,) and (0y,...,5,) with a; < §; forall 1 < i < n

holds f(an,...,an) < f(Br, ... 5).
self-dual if dual(f) = f

a-reproducing, if f(a, ..., a) = a).
a-separating, if f~1({a}) is a-separating

a-separating of degree m, if every subset S C f~'({a}) with |S| = m is a-separating

We say

f <g,ifforall (a,...,a,) €{0,1}", fla,...,a,) < g(ag,...,a,) holds.

For a tuple @ = (v, ..., o) € {0,1}", let @ := (ay,...,a).

m+1

Finally, let Ay, (21, ..., Tpy1) = \/ Ty Nxa N Axig ANxig1 A+ A Zpaq. This function
=1

is 1-separating of degree m, but not 1-separating of degree m + 1.

Definition

Let P denote the set of closed classes in Post’s lattice.

Let B € P a class from Post’s lattice. By base(B) we denote the base for B given
in table 1.

For B € P, we often say B-circuit as an abbreviation for base(B)-circuit, and B-
formula as a short form for base(B)-formula. So, a B-circuit is a circuit using only
elements from the base of B as gates.

For a class A € P, let M(A) := {C|C is a Boolean circuit such that fo € A}.
Observe that for classes A, Ay, trivially A; C Ay < M(A;) € M(A;y) holds.

For a set A of Boolean functions and a class B from P, let
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M(A « B) :={f|f is a B-formula and f € M(A)}
Mc(A « B) :={C|C is a B-circuit and C' € M(A)}

We will call M(A « B) the A-membership problem for B-formulas and M (A «
B) the A-membership problem for B-circuits.

- For classes A, B € P, let M(Alg) := {C|C is a {A,V, ~}-circuit and C' € M(A)}
for circuits guaranteed to be in B. This means the decision algorithm only has to
answer the question "Is fo in A?” correctly for circuits with fo € B (for a formal
definition, see [Boh]). M(Alp) is called the membership problem for B-circuits with

promise A.
- For a circuit C, we say x; is a relevant variable if there are oy, ..., a1, a1, ..., Q0
such that
Clrr=ag,...,0i1 =0; 1,0, =0,Ti01 = Qg1 ..., Ty = Q) #
Clrr=ay,...,01 = ;1,0 = 1,01 = Qiy1, ..., Ty = Q).

For a B-formula f, f € M(A « B) holds if and only if there is a A-formula g with
f = g. In this thesis, we will examine the computational complexity of deciding the
A-membership problem for B-formulas for all combinations A, B € P. We will not try to
find an actual A-formula describing a given function, we just determine if such a formula
exists. For the demonstrated algorithms, we will make some assumptions about the input
of the algorithm for convenience. For once, we will always assume the input formula
is a correct B-formula. To check this can obviously be done in polynomial time before
starting the actual algorithm. We will also assume the variables in a given input formula
are ry,...,x, for some n € N. If other variables are used, we can simply rename the
occurring variables.

Since a formula is just a special case of a Boolean circuit, it is obvious that M(A «
B) <t Mc(A « B) holds for all classes A, B. Thus, we will show polynomial-time
results for the circuit problem, and coNP-completeness for the formula problem. With
this, it follows M(A « B) =P, M(A « B) for all classes A, B € P for which we can
decide the complexity. If we look closer at the complexity than just the difference be-
tween polynomial-time solvable and coNP-complete, there most likely will be a difference
between circuits and formulas for our membership problems, as in [Rei01], it was shown
the complexity of the circuit value problem is different from the formula value problem -
in this thesis, we only use the fact that both are solvable in polynomial time.



Proposition 1 Let A,B € P. Then
1. M(A« B)=M(ANB « B)
2. Mc(A« B)=Mc(ANB « B)
3. M(B « B) isinP

The consequence of Proposition 1 is that we only have to consider M(A « B) for
classes A, B such that A & B holds.

In [Boh], Bohler examined the complexity of M(Ag) for classes A, B from P. Our
problem M(A « B) seems easier than that one on first sight, since we do not only
have the information a certain formula or circuit describes a function from a class B,
but we also have the representation as a B-circuit. However, we must consider that
the expansion of a given B-circuit into a {V, A, =}-circuit describing the same function
cannot always easily be done in polynomial time - for example, a circuit calculating the
function z1 @ xo @ - - - @ x,, cannot be expressed as {V, A.—}-formula in a straightforward
way without the result growing exponentially in size with regard to n. Thus, we cannot
take M(Alp) for granted as an upper bound for our problem. However, in the proofs for
polynomial-time results, Bohler used only the fact that the value of a Boolean circuit can
be calculated in polynomial time, and this holds for our case as well. Therefore, at least
for the polynomial-time results, Mq(A « B) <P M(Alp) holds.

The membership problem for BF-formulas, meaning formulas containing V, A and —
as connectives, is coNP-complete in nearly every case, as the following theorem shows.
The theorem was proven by Klaus Wagner, the proof can be found in [Boh].

Theorem 2 M(A « BF) is coNP-complete for every closed class of Boolean functions
A such that A ¢ {@,Ro,Rl,RQ,BF}. M(A “— BF) e€P for Ae {@,Ro, R4, Ro, BF}

Since there are a lot of combinations A, B for which M(A « B) can be examined, we
need methods for reducing the number of combinations we actually have to look at. With
help of the lattice structure Post proved for his classes, it is easy to see we only have to
examine a subset of the possible combinations. In the following paragraphs we present
definitions and elementary, yet useful results.



Name || Definition Base
BF All Boolean functions {V, A, —}
Ro {f € BF | f is O-reproducing } {A, D}
R1 {f € BF | f is 1-reproducing } {V, <}
Ro2 Ri1NRo {V,z A (y < 2)}
M {f € BF | f is monotonic } {V,A,0,1}
M M ARy VA1)
Mo MnNRo {V, A, 0}
Mo M N Ra {V, A}
Sg {f € BF | f is O-separating of degree n} {—,dual(hn)}
So {f € BF | f is O-separating } {—}
ST {f € BF | f is 1-separating of degree n} {x Ny, hn}
S1 {f € BF | f is 1-separating } {z AT}
St S NRe {z V (y AZ),dual(h,)}
So2 So NRa {zV(yAZ)}
St1 S NM {dual(hn),1}
So1 SoNM {zV(yAz),1}
Sto SgNR2NM {zV (y A z),dual(hn)}
Soo SoNRaNM {x\/(y/\z)}
STs ST NR2 {zA(yVZ),hn}
S12 S1 N Re {x/\(yVE)}
ST ST NM {hn,0}
S11 S1NM {a:/\(sz),O}
ST ST NRaNM {zA(yVz),hn}t
S10 SiNRaNM {:1:/\(y\/z)}
D {f|fis self-dual} {zyVvazV (GNZ)}
D, DNRo {zy V 2z V yz}
Do DNM {zy Vyz Vaz}
L {f|fis linear} {®,1}
Lo LNRo {®}
Ly LNRy {=}
Lo LNR {z @y Dz}
Ls LND {zdyd2z® 1}
A {f | There is a formula of the form ¢o Vci1z1 V-V cnn {v,1,0}

such that ¢; are constants for 1 < ¢ < n that describes f}
Vo {Vv}u{o} {Vv,0}
Vi {VHU{1} {Vv,1}
Vo V) v
E {f | There is a formula of the form co A (c1 V1) A+ A(en Van) || {A, 1,0}

such that ¢; are constants for 1 < ¢ < n that describes f}
Eo {rHU{0} {A, 0}
B | (AU ;
Eo {1} {r}
N {-Hu{oju {1} {= 1}
N> {=} {=}
I {id}ju{o} U {1} {id, 0,1}
Io {id}] U {0} {id, 0}
I; {id}] U {1} {id, 1}
Io {id} {id}

Table 1: List of all closed classes of Boolean functions with bases

n+1

(hn (21, Tpgr) = \/951 ANy N  NTiog ANTigr A== A\ Tpyr)
i=1







The following lemma is taken from [Rei01]:

Lemma 3

1. Let g be a Boolean function such that g(xq,...,x,) =
fOAel, o an), ful@d, .o al,), For the dual function of g it holds that dual(g)
= dual(f)(dual(fy),...,dual(f;)).

2. If B is a finite set of Boolean functions, then [dual(B)] = dual([B]).
3. Every closed class is dual to its mirror class (via the symmetry axis in the lattice).

4. Let A be a closed class. Then dual(A) is a closed class, too.

Lemma 4 (Duality principle) Let A, B € P such that dual(base(B)) = base(dual(B)).
Then M(A « B) = M(dual(A) « dual(B)).

Proof Let f be a B-formula. Let g := dual(f). g can be computed easily in polynomial
time, since with Lemma 3 we know we just have to exchange every gate in the formula f
with a gate for the dual function. Since dual(base(B)) = base(dual(B)), the result is a
dual(B)-formula.

Now we see f € M(A) < dual(g) € M(A) & g € M(dual(A)) holds. Thus, M(A «
B) <P M(dual(A) « dual(B)). For symmetry reasons, M(dual(A) « dual(B)) <2,
M(A « B) holds as well (since with dual(dual(f)) = f, we have dual(base(B)) =
base(B)). O

This lemma reduces the number of combinations A, B for which we have to examine
M(A « B): Since for any class from Post’s lattice which is not self-dual (that means a
class B such that dual(B) # B), the premise of Lemma 4 is met, the lemma implies that
we only have to consider membership problems for B-formulas, where B is on one fixed
side of the lattice. In this thesis, we will analyse formulas from classes of the left side of
Post’s lattice. Moreover, for a self-dual class B on the symmetry axis of the lattice for
which base(B) = dual(base(B)) holds, we only have to consider M(A « B) for classes
A on the left side of the lattice as well. This holds for any of the self-dual classes except
for Ry (the dual function of V is A, and A is not an element of base(Ry)).

Proposition 5 Let B, Ay, Ay be classes from P, KK € {P,coNP} (or any complezity class
closed under intersection and unification) such that M(A; « B),M(As « B) € K.
Then M(A; N Ay « B), M(A; U Ay «~ B) € K (Note A; U Ay is not necessarily a class
from Post’s lattice, but Ay N Ay is).



To show some membership problem M(A « B) is coNP-complete, formally we have
to construct some B-formula in many cases. The following lemma enables us to express
the reduction function over any base, as long as the function can be expressed with a
formula of a certain class. This also helps us to give a single reduction for membership
problems M(A « Bj) and M(A « Bs) with B; C By;. We cannot convert any given
Bi-formula into an equivalent Bs-formula easily, but with this lemma we can do this in
the most important cases.

Lemma 6 Let B be some class from Post’s lattice, [ a fixed function from B, g1, ..., gn
B-formulas. Then there exists a B-formula h such that h = f(g1,...,9,), and there is
a polynomial-time algorithm that calculates h when given g1,...,g,. h is of polynomial

length in |gi| + - + |gn].

Proof Since f € B, there exists a fixed B-formula f’ such that f'(ay,...,q,) =
flag,...,ap) for all a,...,a, € {0,1}. The algorithm only needs to replace every
x;-gate with the formula g; to obtain the formula h. Since f’ is a B-formula, and all g; are
B-formulas, the result h is a B-formula as well. Obviously, |h| < |f’| - maz(|g1],- -, |gn])
holds, and the algorithm runs in polynomial time. O

1.2 Known complexity results

Here we will list problems known to be coNP-complete from [ReiWag99] and [Rei01].
These will be used in our reductions.

Definition Let B be a set of Boolean functions. Then
EQ"(B) :={(g,h) | g and h are B-formulas and g = h}

is the equivalence problem for B-formulas.

Definition Let B be a set of Boolean functions. Then
TAUTH(B) :={f | f is a B-formula and f = 1 holds}

is the tautology problem for B-formulas.

The following theorems are from [Rei01] and [ReiWag99]:
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Theorem 7 Let B be a finite set of Boolean functions, Sig C [B] or Sgo C [B] or Dy C
[B]. Then EQT(B) is coNP-complete.

Theorem 8 Let B be a finite set of Boolean functions, Sy C [B]. Then TAUTY(B) is
coNP-complete.

2 Upper bounds

In this section, we will show upper bounds for our membership problems. In general,
M(A « B) is always in coNP, as we will see in the next theorem. We will also show most
membership problems for M-formulas are easy to solve, and all membership problems for
L-formulas are solvable in polynomial time.

Theorem 9 Let A, B € P. Then Mc(A « B) € coNP.

Proof We show the complement of M(A « B) is in NP: To show C ¢ M(A « B), for
a given circuit C, it is sufficient to give a counter-example of small size (note that for any
class B and any B-circuit C, the value of fo(aq,. .., ;) can be computed in polynomial
time):

I, For each i € {1,...,n}, give a tuples (o, ...,a’) such that C(al,..., o) # o

n

Slg Give k input tuples which evaluate to 0 but do not have a common 0

So Observe it is enough to give n input tuples to show C' ¢ M(Sy): If C' ¢ M(Sy), then
there exists some finite set A C {0,1}" such that for all @ € A, C(7') = 0 but the
elements of A do not have a common 0. Thus it is sufficient to choose a n-element
subset A’ of A such that for every position i € {1,...,n} there is some 7’ € A’ such
that the i-th component of T is 1.

M A counter-example of two input tuples exists if the function is not monotonic: In this
case we have 77 and 7y such that 77 < 73 and C(77) > C(73).

Ro, Ry This problem even is in P: To test whether C' is in Ry, just verify that C(0,...,0) =
0 holds. For Ry, check whether C(1,...,1) = 1.

D It is sufficient to give one tuple @ such that C(@') # dual(C)(@).

L For one variable z;, give a proof that it is a relevant variable (this can be achieved with
two tuples), then give two tuples which show changing the assignment of z; does
not change the value of C.

11



Ny For each i € {1,...,n}, give a tuple (ai,...,a’) such that C(at,... o) = al.

n n
Further, give counter-examples to prove C' ¢ I C Nj.

VoLet We={i|1<i<nC(z;=0,...,24.1 =0, =1, ;.1 =0,...,2, =0) = 1}.

Observe we have C' € M(V3) if and only if C' = \/ z;: Obviously, if C' = \/ x;,
iEW iew
then C' can be written over the basis {V}, and thus C € M(V;). Now assume
C € M(V,). Then C = \/ x; for some set W' C {1,...,n} holds. Obviously,
iEW’
W C W', since for any i € W, x; — C holds. On the other hand, for any i € W',
we have C(z;y = 0,...,2;.1 = 0,2y = 1,2,41 = 0,...,2, = 0) = 1 holds, and
therefore © € W. Thus, W = W’ holds, and so it is sufficient to give one counter-
example for the equivalence C' = \/ x; to show that C ¢ V5.
iew

Obviously, these counter-examples can be verified in polynomial time by an algorithm.
For classes of the form A; N As or A; U As, the theorem follows with proposition 5. For
the class Iy, we give a tuple for which C' does not evaluate to the constant 1 in addition to
the examples for proving C' is not an identify. For the classes on the right side of Post’s
lattice, the theorem follows with Lemma 4. O

2.1 Swubclasses of L

In this section we show that for a circuit describing a linear function, all membership
problems in Post’s lattice are easy to solve. The reason for this is that it is easy to
determine the set of relevant variables for a linear function - knowing these, we have all
the information we need, since this leaves only 2 possibilities for the linear function in
question. Note we only need to show Mg(A « L) € P for all pairs A, L’ such that
AC L' S L, due to Proposition 1.

Proposition 10 Let C' be a Boolean circuit, C € M(L). Then there exists a L-formula
f, such that fo = fr, |f| is linear with regard to |C|. There exists an algorithm which,
given C, calculates f in time O(|C|°W).

Proof [t is easy to see x; is a relevant variable for C'if and only if
Cr1=0,...,001=0,2, =0,24.1 =0,...,2, =0) #

(Il :0,...,Ii_1 :O,Ii:1,.%1‘4_1:0,...,.75”:0).
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So it is easy to determine the set of relevant variables for C'. Now, the formula f’ is of
the form c®z;, ®--- D x;, with z;,, ..., z; being the pairwise different relevant variables
for C', and ¢ = C(0,...,0). O

Theorem 11 Let A C L' C L be classes from P. Then Mc(A « L') € P.

Proof Let C be a L'-circuit, and f the corresponding L-formula constructed in Propo-
sition 10. Obviously, f € M(A) & C € Mc(A « L') holds, since they describe the same
function.

To test if f € M(Lg), M(L;1) or M(Ly), we just have to calculate f(0,...,0) and
f(1,...,1). We show f € M(L3) if and only if the number of relevant variables in f is
odd:

Let f € M(L3). Assume the number of relevant variables is even, let the variables be
x1,...,T9. Then we have

flz1=0,...,20,=0) = ¢c®d0d---®0 = c
flrr=1,.. .09, =1) = ﬁ(c@\1€9169---69£) = -

=0,since 2k even.
Thus, f is not self-dual, and so f ¢ M(L3).

Now, let the relevant variables for f be x1, ..., xo11 for some k € N. Let oy, ..., o1 €
{0,1}. Then we have

flar=o,.. Ty =) =cPP1PRE1B - day @1
=cPoa P - - Doy ldl--- D1
=1(2k+1 odd)
=-(cOaT DA ® - O apr1
= _‘f($1 =1, Topt1 :Oé2k+1)~

Thus, f = dual(f), and since f € M(L), we have f € M(L3). Since counting the
relevant variables in f can be done in polynomial time, we have M¢(Ls « L') € P.

To see whether f € M(N) or f € M(I), observe this is true if and only if f =1® x;
or f = 0& x; for some 4, which is trivial to verify. Thus, Mo(N « L), Mc(I « L") € P.
With proposition 5, this implies M(A «- L') € P for A € {Ng,Iy,1;,I}. Thus, we have
Mc(A « L) € P for all cases. O
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2.2 Subclasses of M

For circuits describing monotonic functions, a lot of membership problems are easy to
solve as well, since with calculating function values for two input tuples, we can get a lot
of information about other input tuples without the need to calculate them directly. The
proof to the following theorem is based on the proof for a similar proposition in [Boh].

Theorem 12 Let M’ C M and A from P such that A C Sg;, AC Sy, ACV or ACE.
Then Mc(A « M') € P.

Proof Let C be a M'-circuit. Note the only properties we use in this proof are that C'
describes a monotonic function, and that fo is computable in polynomial time.

Case 1 A =1I5. Observe for an input variable x;, C' = x; holds if and only if

0=C(x1=0,...,001=0,2, =0,2,1 =0,...,2, =0)
=C(r=1,...,001 =12, =0,2541 =1,...,2, = 1) and
1=C(x1=0,...,201=0,2, =1, 2,41 =0,...,2, =0)
:O(Ilzl,...,l’i_l :1,[Ei:1,l‘i+1:1,...,$n:1>.

Thus, for every input variable, at most 4 values of fo must be calculated.

Case 2 A = VQ. Let W := {Z|1 <3 < TL,C(I’Z = 07...,l'i_1 = O,{Ei = ]_,ZL‘Z‘_,_l =
0,...,z, = 0) = 1}. Since f¢ is monotonic, x; — C holds for all i € W. If
W = 0, we know C ¢ M(Vz). If W # 0, we know C € M(V3) if and only
if C = \/ x;. Without loss of generality, let W = {1,... k} (rename variables if
iEew
necessary). Observe we have C' € M(Vy) if and only if C(x; = 0,..., 2, = 0,211 =
1,...,z, =1) =0, since in this case we have C' — 1 V - -+ V xy.

Case 3 A= Spy. For C € M(M), we have

C e M(Sm) & (e M(So)
< i such that C(ay,...,a,) =0=a; =0
< Jisuch that oy = 1= C(ay,...,a,) =1
< i such that

C(l’l = 0,...,1’@'_1 = O,Ii = 1;$i+1 :0,...,$n = 0) =1
(since fo is monotonic)

To verify this last condition, we just need to compute n values of fo, which can be
done in polynomial time.

14



Case 4 A = E, or A = Sy;: This follows from the cases Vo and Sg;: We have C' €
M(Ey) & dual(C) € M(Vy) and C € M(S11) & dual(C) € M(Sp1), both cases
can be tested in polynomial time, since dual(C') is a monotonic circuit as well.

The remaining classes Iy, 11, I, Vo, V1, Eg, E1, V, Sgo and Sy follow from the above with
Proposition 5 and Theorem 2. a

3 Rj-and Rsy-formulas

We will now examine Ri-and Rs-formulas. The information a certain Boolean function is
from one of these classes does not give us much information - we just know the value of
the function for one or two input tuples. We will show in this section the knowledge of the
representation of a Boolean function as a R;- or Ro-formula does not give us a significant
advantage either, membership problems for these formulas are not easier than those for
general Boolean formulas. Note the results for Ry formulas follow with Lemma 4.

For Ry-formulas, we can basically prove coNP-completeness for all relevant member-
ship problems using only one reduction. However, since the base for Ry does not meet
the condition for Lemma 4, this is the one case where we actually have to look at both
sides of Post’s lattice.

Lemma 13 Let A € P such that A C S; or A C M or A C D, B € {Ry,Ry}. Then
M(A « B) is coNP-complete.

Proof We show EQT(B) <P, M(A « B). The proposition follows with Theorem 7.
Let f1, f be B-formulas, and h a B-formula such that h ¢ M(A). Let y be a new variable,
and

{y/\(fl o fo), if £1(0,...,0) = £»(0,...,0)

h, otherwise.

For B = Ry, g is a B-formula, with help of Lemma 6, we can construct an equivalent
Ry-formula, since z A (y <> z) € M(Ry). We claim f; = fo & g € M(A).

Let fi =fo. Then g=yA (1) =y € M(Iy) C M(A).
Let f1 # fo.

Case 1 Let f1(0,...,0) # f2(0,...,0). Then g = h ¢ M(A).

15



Case 2 Let f1(0,...,0) = f2(0,...,0). Let ay,...,a, € {0, 1} such that, without loss of
generality,

fl(ozl,...,ozn) =0
fz(al,...,an) =1
Since f1, fo € M(Ry), we know fi(1,...,1) = fo(1,...,1) = 1. Thus,

glx1=1,...;2,=1L,y=0)=0A(1<1)=0
g(xlzala)xn:aﬂnyzl):l/\(o(_)]‘):o

but the two input tuples do not have a common 0. Thus, g is not O-separating of
degree 2, g ¢ M(S3). Further, we see, since f(0,...,0) = f»(0,...,0):

g(x1=0,...,2,=0,y=1)=1A(0<0)=1
g =0q,..., 0y =0, y=1)=1A(0-1)=0

and so, g ¢ M(M). Last, we know
9T =01,..., 2y =0n,y =0) = (0N (g1 <> ¢2)) = 0=1

so g is not self-dual, g ¢ M(D). Thus, we know g ¢ M(A).

To show the coNP-completeness for A-membership problems with A C S? we can just

"dualize” the proof of the first part of the preceding lemma to handle the right side of
the lattice as well:

Lemma 14 Let A € P such that A C S3, B € {Ry, Ry} Then M(A « B) is coNP-
complete.
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Proof We show EQY(B) <P, M(A « B). The proposition follows with Theorem 7.
Let f1, fo be B-formulas. With Lemma 6, construct a B-formula g := y V (f; # f2) (note
yV(x#2z€ MRz) CM(B)). We claim f; = fo & g € M(A).

Let fi = fo. Then g=yV (f1 # f2) =yV 0=y e M(l) C M(A).

Let f1 # fo. Let aq,...,ap € {0, 1} such that, without loss of generality,

filag,...,a,) =0
folaq,...,ap) = 1.
We see
g1 =0,...,2,=0,y=1) =1V (fi# f2) =1
gy =aq,...,x, =an,y=0)=0V(0#£1)=1

but the two input tuples do not have a common 1. Thus, ¢ is not 1-separating of

degree 2, g ¢ M(ST) 2 M(A). ]

The only cases left are membership problems for classes below L. Since Ry N L = I,
and this case was shown to be coNP-complete in the previous lemma, we only have to
look at R;-formulas here:

Lemma 15 Let A € P such that A C L. Then M(A « Ry) is coNP-complete.

Proof We show TAUTY(R;) <?, M(A « R;). The proposition follows with Theorem
8. Let f be any Rj-formula. Let g :== y V (f < y) for some new variable y. We claim
f e TAUT & g € M(A).

Let f € TAUT. Then g =y V (1 < y) =y € M(Iy) C M(A).

Let f ¢ TAUT. Let aq,...,a, such that f(ay,...,a,) = 0. Since f € M(R;), we
know f(1,...,1) = 1. Thus,

gy =1,...,2,=1,y=0)=0VvV (1< 0)=0
gy =1,... 2, =1l,y=1)=1Vv(l-1)=1

therefore we know y is a relevant variable for g. We see
gxi=ay,..., 2, =a,,y=0)=0V (0 0)=1

17



gxi=ay,...,op=a,y=1)=1V (1< 0)=1

Thus, the changing of the value for y does not change the value of the formula g,
although y is a relevant variable for g. Therefore, g ¢ M(L). O

4 (O-separating formulas

4.1 Basic properties

In this section, we examine classes of formulas which are 0-separating of some degree
k € N. The bases for these classes contain the dual(hy) function, so we will start our
discussion of these formulas with a look at this function.

Lemma 16 Let k € N and «a,...,ap1 € {0,1}. Then (dual(hg))(c, ..., ap) = 1 if
and only if there exist i,j such that 1 <i,j <k+1,1# j and o; = oj = 1.

Proof
(dual(hg)) (a1, ..., aper) =1
= ﬁhk(()é_l, R ,Oék+1) =1
g hk(a_la R ,Oék+1) =0
k+1
= \/06_1""'0%71‘051#1---0%+1 =0
=1

& For any subset A of {1,...,k+ 1} with |A| =k holds: 3j € A with &; =0
& For any subset A of {1,...,k+ 1} with |A| =k holds: 3j € A with a; =1

Let (dual(hg))(aq,...,ax41) = 1. Obviously, from the above follows there is some
i € {1,...,k+ 1} such that a; = 1. Assume «; = 0 for all j # ¢. Then let A :=
{L,...,k+1}\ {i}. |A| =k, but for all j € A, o; = 0 holds, which is a contradiction to
the above.

Now, let i # j such that a; = a;; = 1. Then obviously, every subset A of {1,...,k+1}
with |A| = k contains ¢ or j. Thus, (dual(hy))(aq,...,an) = 1. O
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Remark: A set A C {0,1}" is O-separating if and only if \/
aeA

The following lemma is trivial, but useful:

Lemma 17 Let f,g Boolean functions, m € N such that f < g. Then
1. feSy =geSy.
2. fE€Sy=g€S.
Proof
1. Let z1,...,Zm € {0,1}" such that g(z;) = 0 for alli € {1,...,m}. Then f(z;) =0,
H
since f < g. Thus, 77 V---V I, # 1, and g € S§* holds.
2. This follows directly from part 1, since Sy = ﬂ Sy
m>2
O
The following proposition is needed in some reductions:
Lemma 18 Let f'(xq,...,x,) = f(z1,...,20) A(x1 V-V z,) and k € Nk > 2.
1. feSke fest.
2. fESo<:>f/€SO.
Proof
1. Let f' € S{. Since f' < f, the proposition follows with Lemma 17.
Let f’ ¢ Sp. Let ai,...,ap such that f'(aq) = f'(az) = f'(ax) = 0 and
a1 VeV ak 1 .
Let B := {al,.. ,ap)\{(0,...,0)}. Note1 < |B| < k:and\/ cp @ =1V Vag

T. Forall # € Bholds0= f'(G) = f(Br, ..., 5) A5V
Thus, f ¢ S(‘)B‘ D Sk

2. This follows directly from part 1, since Sg = ﬂ Sy

m>2

19

T4

=V Ba) = f(Br,- -



4.2 Sy, Su2, St and Sf,-formulas

In this section we will discuss membership problems for formulas representing 0-separating
functions which are not necessarily monotonic.

Lemma 19 Let B € P, Spo € B C Ry and A C M. Then M(A « B) is coNP-complete.

Proof Weshow EQ(B) <F, M(A « B). The result follows from Theorem 7. Let fi, fo
be B-formulas. Let g := (y V (f1 @ fa2)). Note y V (21 @ x2) is a function from Sy C B,
and therefore, a B-formula equivalent to g exists and is polynomial-time constructable
due to Lemma 6.

We claim f; = fo & g € M(A).
Let fi = fo. Then g = (y vV (f1 @ f1)) =y € M(L2) € M(A).
Let (aq,...,ap) € {0,1}" such that 8 := fi(a,...,a,) # fo(aq,...,a,) =: . Then
we have (since fi, fo € M(B) C M(Ry)):
gxi=ay,...;tp=a,,y=0)=0V (6d~v) =1
gy =1,...;2,=1L,y=0)=0Vv(11)=0

thus, g ¢ M(M) D M(A). O

Lemma 20 Let A € P such that Vo C A C SIS. Then M(A « S{') is coNP-complete for
k>m>2.

Proof We show TAUT(SJ") <2, M(A « Si). The lemma follows with Theorem 8.
Let f any S{'-formula. Let g := dual(h,,,)(f, v1,...,ym) for new variables yy, ..., yn. We
claim f € TAUT & g € M(A).

Let f € TAUT. Then g = (dual(h,)) (1,91, Ym) =11 V-V, € M(Vy) C M(A).

Let f ¢ TAUT. Let ay,...,a, such that f(ai,...,a,) = 0. Then we have (with
gn = dual(hy,)):

:a)v 91:17 yQ:O) y3:07 cee aym—lzov ymzo) = gn(()) 17 07 Oa s 707 0) =0
ﬁ
(6%

791:07 y2:17 ?/3:07 s Jym—lzoa ymzo) = gn(07 07 17 07 s 707 0) =0
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g(?:ﬁ7 Z/1:07 y2:07 y3:07 oo 7ym—1:07 ymzl) = gn(07 07 07 Oa S 707 1) =0
- =
r=1

1=0,2=0,y3=0,...,Yn-1=0,9,=0) = ¢,(1,0,0,0,...,0,0) = 0 (since
gE./\/l(Rl)

g(

These are m + 1 input tuples for which ¢’ evaluates to 0, but the input tuples do not
have a common 0. Thus, g ¢ M(Sg"™) 2 M(SE) 2 M(A). O

The classes Sf and Sf, are very similar, since the only condition a function from S{ has
to fulfill to be in Sf, is just the behaviour for one input tuple. So, deciding membership
problems for these two classes should not differ much in complexity. In the following
lemma, we construct a Sg,-formula which describes "nearly the same function” as a given
Se formula.

Lemma 21 Let m > 2,Sps € A C SS’;H. Then M(A « Sg;) is coNP-complete.
M(Dy « S7,) is coNP-complete.

Proof We show M(A « S") <P M(A « S) and M(Dy « S2) <P M(Dy « S3,).
The lemma follows with the two previous lemmas. Let f be a S{’-formula, i.e. a formula
containing only —- and dual(h,,)-gates. For n € N, we construct formulas z,, as follows:

-z =x1 V(21 A7)
- Zig1 = T V(2 A Tiga)

It is obvious that z, = x; V --- V x; and |z,] is linear in n. Now, we replace every
occurring —-gate in f as follows: Instead of f; — fo for input gates f1, fo, we introduce
a gate fo V (2, A fi) with a new copy of the z, circuit (note x V (y A Z) is a base function
for Sg;). We call the resulting formula f’.

We show |f’| = O(|f]?): There can at most be |f| —-gates in f. For every of these
gates, we introduce a new sub-circuit of size O(n) (recall that n < |f]) plus one zV (yAZ)-
gate. Thus, the resulting formula f’ is of size O(|f]?).

We claim:
For all (aq,...,a,) € {0, 1}, f'(a1, ..., an) = flag, ..., ) Alag V-V ).
Let (a1,...,ay) € {0,1}™

Case 1: («ag,...,a,) = (0,...,0). Since f’is a Sg;-formula by construction and S;, C Ry,
we see f/(0,...,0) =0= f(0,...,0) A(0OV---V0) holds.
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Case 2: Let a; V-V, = 1. We claim in this case f(ay,...,a,) = f'(a1,...,ap).
Obviously it is sufficient to show the value at every replaced gate in the new formula
is the same as the value of the f; — f5 gate in the original formula. For any gate

fl i f27 we have f2 \ (Zn/\ﬁ)(ah”-uan) = f2 Vv (1 /\E)(ala'--yan) = (fl -
fo)(aq, ..., ay,). Therefore, we have f'(ay, ..., ) = f(ag,...,a,) = (fA(x1 V-V

zp))(Qr, ... Q).

Thus, the circuit for f’ calculates the same Boolean function as f A (xq, ..., z,).

Now we see f € M(A) < f' € M(A) with Lemma 18 for Sg; € A C ST (note for
feM(SE), feM(SE < fe M(SE) holds). For M(Dy « S3,), we use the following
reduction (with f’ as constructed above):

Let h some S5,-formula such that h ¢ M(Dy).

Let g := f, it f(0,...,0)=0
= h, it £0,...,0)=1.

We claim f € M(Dy) < g € M(Dy).

Let f € M(Dy). Since f € M(S;) € M(Ry), we know f(1,...,1) = 1. Since
f € M(Dy), this implies f(0,...,0) =0. Thus, g = f' = fA(x;V---Va,) = f € M(Dy).
Case 1 f(0,...,0) =0. Then, as above, g = f, and thus g ¢ M(D).
Case 2 f(0,...,0) =1. Then g = h ¢ M(Dy).
O

4.3 Sgo-, Shi-, Soi-, Sk -formulas and open problems

In this section we will discuss membership problems for formulas from classes below Sgl.
A lot of membership problems for these formulas are easy, because S3, € M, and we have
seen in Theorem 12 that for classes A, B such that A C Sy and B C M, M(A « B) is
polynomial-time solvable.

For k > m, we cannot decide the complexity of M(S§; « S{i) or M(Sh, « SG).
However, we can show a relationship between these:

Lemma 22 Let k >m > 2. Then M(Sh, « Sqt) <P, M(SE, « ST).
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Proof Let f a Sjj-formula. Construct S{j-formulas z, as follows (note z V (y A 2) is a
base function for Sgp):

-z1: =1V (LUl /\I‘l)
- Zig1 =4V (T Axiga)

It is obvious z, = (x1 V-V x,), and |z,]| is linear in n. Now, replace every occurring
1-gate in f with z,, and call the result f’. Similar to the proof for Lemma 21, we can
show f" = f A(xy V.-V x,). (This is obvious, since for any (aq,...,a,) € {0,1}"
with oy V - -+ V o, = 1, the resulting formula describes the same function as f, since the
replacement for 1 always evaluates to true. Since f’ is a Sgp-formula by construction,
f'(0,...,0) = 0. Formally, this can be proven similarly to Lemma 21.)

Now the proposition follows with Lemma 18. O

An other open problem is M(SIS «— M) for £ > 3. Again, we can state a relationship.
The proof for the following lemma is based on a proof from Bohler’s work. The actual
reduction used is the same, our case is just more complicated technically, since we have
to construct a Sy;-formula of polynomial length instead of just showing the function is a
member of Sg.

Lemma 23 Let k >m > 2. M(SE « My) <P, M(SF « Si).

Proof Let f a M,, that is a {V, A}-formula. First, construct formulas z, as in Lemma
22, such that z, = x; V -+ V x,, and |z,| = O(n) = O(|f]).

Let yi, ..., Yms1 new variables, g, := dual(h,,). Replace every gate

- fiV fa with fi V (fa A zp)

- fi A fo with g (Y1, -5 Ymar) V (fi A f2)

(note z V (y A z) is a base function for Sj;.) Call the result f”, and let f' :=
Im (Y1, Yms1) V (f" A f"). From the above follows the length of f’ is polynomial

in ||
We claim f/ = f \/gm Let (alu s 7an7617 T 7ﬁm+1) S {07 1}7’L+m+1.

Case 1 gn(f)=1.Then f(Z =a, 7 =) =1=(fVg)(T=7,7 = 7).
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Case 2 gm(—>) . In this case we have to prove f/(7 = o,y = E}) = f(7 =7a).
If @ = U, then since f € M(MQ) C M(Ryp) and f" is a Sg(l)—formula we have
f(@=a)=f(7 =7,y = 6) = 0. Thus we can assume o # 0 therefore we
have z,(@) = 1. We show the equality f = f” for every gate in the Clrcult Let v
be a gate in f. We show the value at v and the value at the replacement gate for v
in f” are identical for the input aq, ..., a,.

Case a vis a f; V fo-gate. Then we have f1 V (faAz,) = iV (faAl) = fiV fo
—_—
(for the assignment @ = o,y = 3).

Case b v is a A-gate. Since gm(ﬁ) = 0, obviously f1 A fo = g V f1 A fo holds.

Thus, we have f' = fV gm(y1, ..., Yms1). We claim f € M(SE) & f € M(SE).
Let f € M(SEF). Since f < f, the proposition follows with Lemma 17.

Let f ¢ M(SE). Let aj,...,a; such that f(7 = ;) = 0 for 1 < i < k and
H
a;V---Va,=1. Now, let
0,1,0 0...0), ifi<m+l
mz+1

otherwise.

Note that since k > m, for every i € {1,...,m+1}, there is a y; with the i-th position
é
of 7; being 1. Thus, /(¥ =@,y =7)=0forall 1 <i<k,anda; V---Vay = 1,

and 77V --- V3, = 1. Thus, fr ¢ M(Sh).
O

Lemma 24 M (D, « S2,) <P, M(Dy « S3,).

Proof Let f a S2,-formula. Like in the proof to Lemma 22, construct a SZ,-formula f’
in polynomial time such that f' = f A (x1V---Vx,). Now, we use the same reduction as
in the corresponding proposition for S7 and S,:

Let h some S3,-formula such that h ¢ M(Dy).

L0 =0
I=\h, i f£(0,...,0)=1.

We claim f € M(Dz) & g e M(Dy).
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Let f € M(Dy). Since f € M(S?) € M(Ry), we know f(1,...,1) = 1. Since
f € M(D,), we have f(0,...,0) =0. Thus, g=f' = fA(x1V---Va,) =f e M(Dy).

Case 1 f(0,...,0) =0 Then, as above, g = f, and thus g ¢ M(D,).
Case 2 f(0,...,0) =1 Then g = h ¢ M(D»).

So we have seen deciding membership problems for Slgl—formulas is not harder than for
Sk -formulas. It seems plausible to assume the reverse is also true, since S¥, is a subset
of Sf;, but there does not seem to be a straightforward way to convert Sg,-formulas into
equivalent S’gl—formulas in polynomial time. To do this canonically, we have to find some
Slgl—formula for = V (y A z) with each of the variables x,y, z occurring only once.

5 Formulas representing monotonic functions

In this section, we will examine membership problems for M-, M;- and M,-formulas.
The results follow directly from a ”dualization” of a proof for the the corresponding
proposition for 1-separating functions in Béhler’s work. Note that since for M" € {M, My},
M’ = dual(M’) and base(M’) = dual(base(M’)) holds. Therefore, we only need to
consider subclasses of M and M, on the left side of Post’s lattice due to Lemma 4.

Lemma 25 Let A€ P, Dy CAC S(Q)O. Then M(A « My) is coNP-complete.

Proof We show EQT({A,V}) <t M(A « My). The lemma follows with Theorem 7.

Let f1, fo be {A, V}-formulas. Let g(z1,...,2n,y,2) = (yV fi) A(zVdual(f2))A(yVz).
Since for a Msy-formula calculating the dual function is just exchanging every V with a A
and vice versa, this can be expressed as a Ms-formula in polynomial time. Observe the
following equations hold:
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g(Z =7,y=1,2=0) = 1Adual(fo)(@) A1
= dual(f)(@)
g =7,y=0,2=1) = fA(@)ALIAL
= h(d) .
dual(g)(7 = a,y=1,2=0) = —(0 \/_fl(?)) A (1V dual(fo)(@)) A0V 1)
= _‘fl(a)
= dual(f1)(@) o
dual(g)(Z =a,y=0,z2=1) = =~(1V fl(al) A (0V dual(f2)(@)) A (1V0)
= —dual(fo) (@)
= fz(a)
g(Z =7 ,y=0,2=0) =0
g ="0,y=1,2=1) =1

We claim f; = fo < g € M(A).
Let fi = fo. Then dual(f;) = dual(f), and from the above equations follows dual(g) =
g. Since g € M(M), we have g € M(M N D) = M(Dy) C M(A).
Now, without loss of generality, let @ such that f,(@) =0, fo(@) = 1. Then we have
YT —Fy=0:=1) — (@) =0
g(T ="d,y=1,2=0) = dual(f)(d) = -fo(@) = 0

but obviously the two input tuples do not have a common 0, thus g ¢ M(Sg) 2
M(A). O

Corollary 26 The following problems are coNP-complete: M(Dy «— My), M(Dy « M),
M(S5y = Ma), M(SGy « M), M(Sgy « M), M(Sg; « My), M(S5; « M).

Proof The first four cases are trivial, since the bases for M;, My are supersets of the

base for My. The remaining two cases follow from M(SZ, «= My) = M(SZ, « My) <P,
M(Sg1 « M) <, M(Sgl « M). O

6 Formulas representing self-dual functions

We will now consider D- and D;-formulas. Note M(A « D,) is in P for any class A from

P.
Lemma 27 Let ACM, B € {D,D,}. Then M(A « B) is coNP-complete.
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Proof We show EQT(B) <, M(A « B). The result follows with Theorem 7. Let
f1, f2 be B-formulas. Since Ly, C B, with Lemma 6, we can construct a B-formula g in
polynomial time, such that ¢ = f; @ fo @ y. We claim f; = f; if and only if g € M(A).

Let fi = fo. Then g =y € M(Iy) C M(A).
Let aq,...,a, € {0,1} such that fi(aq,...,a,) # fo(ai,...,a,). Then we have

9(371 :ala--wxn:&nayzo):fl(alu---7an)@fQ(alv"'van)@O:1
gr1=a1,...,xp=an,y=1)= fi(aqg,...,a,) ® folag,...,a,) &1 =0

thus, g ¢ M(M) D M(A). O

Lemma 28 Let A,B € P such that A C L and B € {D,D;}. Then M(A « B) is
coNP-complete.

Proof We show EQY(B) <P, M(A « B). The proposition follows with Theorem 7.
Let h be some B-formula such that h ¢ M( ). Now, let fi, fo be any B-formulas.

If £1(0,...,0) # f2(0,...,0), then let g := h. Otherwise, let ¢ := yfi V yfo V fifo.
This can be expressed as a B-formula in polynormal time with Lemma 6. We claim

fi=fr & g€ M(A).
Let fi = fo. Then g=yfiVyfiV fifi =y € M(ly) C M(A).
Let fi1 # fo.

Case 1: f1(0,...,0) # f2(0,...,0). Then g = h & M(A).

Case 2: f1(0,...,0) = f2(0,...,0) =: 5. Let ay,...,a, € {0,1} such that, without loss
of generality,

filan, .. an) =0
folan, . o) =1
(Otherwise, since f; and f, are self-dual, choose @7, ..., a,.) Now we have:

g(z1=0,...,2,=0,y) =yBVyBVvVEB=y

Thus, y is a relevant variable for g. Assume g € M(A) € M(L). Then, since y is
relevant for g, the negation of y’s value would negate the value of g as well. But we
have
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7 Conclusions and generalizations

In all cases we were able to solve, it has been shown the membership problem for B-
formulas is as hard to solve as the membership problem for {V, A, =} circuits with promise
B. This is surprising, since this means the knowledge of the actual representation of a
Boolean function as a B-formula does not give us any significant advantage over knowing
the described function is from the class B.

Although we always focused on a single fixed base for every class, most of the results
can easily be generalized for arbitrary bases, since Lemma 6 can be stated for any base.
Thus, we can use the same reductions we used for our proofs for coNP-completeness.
There are only two kinds of proofs dependant on explicit bases: The proofs for membership
problems for S§ -formulas (Lemma 21 and Lemma 22) - in those proofs, we transformed
a circuit into another, which only works under the given bases. The other case is the
coNP-completeness result for M-formulas (Lemma 25), where we used the fact that for a
given My-formula f, dual(f) is a Ma-formula as well.

All polynomial-time proofs only used the fact that the value of a Boolean circuit can
always be calculated in polynomial time, and thus are also independent of the base chosen.

We were not able to decide the complexity of M(Sf;, « M) for & > 3. It seems
plausible to assume these problems are coNP-complete, since this is the case for k£ = 2,
and there seems to be no reason why this should be more difficult than the general case.
If this problem is in fact coNP-complete, we know M (Sg, « Sp) is coNP-complete as
well for k > m, and it seems plausible to assume M Sk, « ST') cannot be easier than
M(SE, «= Si). So the main question here remains that of the complexity of M(Sg, « M)
for k > 3.

The other open problem is M(Dy « B) for B € {S%,,S3,}. Since M(Alp) and
M(A « B) are of the same complexity for all known cases and M(Dalgz ) is coNP-
complete, these problems are most likely coNP-complete as well. Looking a Bohler’s
proof, the straightforward way to show M(Dy « S7,) is coNP-complete would be to
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construct, for a given S3-formula f a S5,-formula which is equivalent to f \V dual(f).
Such a formula surely exists, since f V dual(f) is in S3, again, but it is not clear how to
do this in polynomial time and length.

8 C(Collection of results

In this concluding section, we give an overview of our results. For the following, let
k,m € N such that £k > m > 2. Since membership problems for B-formulas with B C V,
B C L, B C Dyor B C E are always polynomial-time solvable, these results are not
repeated here. For subclasses from L, this follows from Theorem 11, for classes below V,
this is a consequence from Theorem 12. When some result is referred to as ”trivial”, this
means it is of the form M(A « B) for A € {BN Ry, BNRy, BN Ry}, and therefore only
one or two values of the B-circuit must be calculated to decide the membership problem.

cNPc is used as an abbreviation for ”coNP-complete” in this table.
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Problem Comp | Source

M(SFs «— Ra) cNPc | Lemma 13
M(So2 « Ra2) cNPc | Lemma 13
M(SFh «— Ra) cNPc | Lemma 13
M(Soo « Ra2) cNPc | Lemma 13
M(ST4 « Ra) cNPc | Lemma 14
M(S12 « Ra) cNPc | Lemma 14
M(STh « Ra) cNPc | Lemma 14
M(S10 « Ra2) cNPc | Lemma 14
M(M2 « Ra2) cNPc Lemma 13
M(D1 « Ra) cNPc Lemma 13
M(D2 « Ra) cNPc | Lemma 13
M(L2 « Ra2) cNPc | Lemma 13
M(I2 « Ra) cNPc | Lemma 13
M(Va « Ra) cNPc | Lemma 13
M(E2 « Ro) cNPc | Lemma 13
M(Sgs «= Ri1) cNPc | Lemma 13
M(So2 « R1) cNPc Lemma 13
M(SF; «- Ra) cNPc Lemma 13
M(So1 « R1) cNPc | Lemma 13
M(Soo « R1) cNPc | Lemma 13
M(SEh « Ra) cNPc | Lemma 13
M(ST4 «— Ry) cNPc | Lemma 14
M(STy «— Ra) cNPc | Lemma 14
M(S10 « R1) cNPc | Lemma 14
M(S12 « Rq) cNPc | Lemma 14
M(M3 « Ry) cNPc | Lemma 13
M(D1 «Ryp) cNPc | Lemma 13
M(D2 « Ryp) cNPc Lemma 13
M(I2 «— Rq) cNPc Lemma 13
M(Va «Ryp) cNPc Lemma 13
M(L2 « Ryq) cNPc Lemma 15
M(L1 « Rq) cNPc | Lemma 15
M(E2 « Ryp) cNPc | Lemma 14
M(SF* «~Rq) cNPc | Lemma 13
M(SFs «— Ri) cNPc | Lemma 13
M(So « R1) coNPc | Lemma 13
M (So2 « R1) cNPc | Lemma 13
M(Vi «Ry) cNPc | Lemma 13
M(11 « Rq) cNPc Lemma 13
MM « Rq) cNPc | Lemma 13
M(E1 « Ry1) cNPc Lemma 13
M(SE, «-Sg") | cNPc | Lemma 20
M(Soo «-S§*) | ¢cNPc | Lemma 20
M(SFy «— S7*) P trivial

M(ST, «— S7*) cNPc | Lemma 19
M(SGy <= S§*) | ¢cNPc | Lemma 19
M(SE, «~SI) | cNPc | Lemma 21
M(SEh «=Sgy) | cNPc | Lemma 19
M(SE, «-S;) | cNPc | Lemma 19
M(Soo « SB%) | cNPc | Lemma 19
M(So1 «-Sis) | ¢cNPc | Lemma 19
M(So1 «— Sgh) cNPc | Lemma 21
M(V1 « Sh) cNPc | Lemma 19
M(Va « S35 cNPc | Lemma 19
M(I1 « Sgh) cNPc | Lemma 19
M1y « STY) cNPc | Lemma 19

Problem Comp Source
M(V1 « S7") cNPc Lemma 20
M(Va « S7") cNPc Lemma 20
M(I1 « S§Y) cNPc Lemma 19
M(I2 « S§Y) cNPc Lemma 19
M(SE «~S7") | cNPc | Lemma 20
M(So « S§") cNPc Lemma 20
M(SE, « Sp*) | cNPc Lemma 20
M(Sp2 «—Si') | cNPc Lemma 20
M(SE, «Sp*) | cNPc Lemma 20
M(So1 «=SJ*) | cNPc Lemma 20
M(D3 « D) cNPc Lemma 27
M(Lg « D1) cNPc Lemma 28
M(Iz « D1) cNPc Lemma 27
M(D; « D) P trivial
M(D2 « D) cNPc Lemma 27
M(La «- D) cNPc Lemma 28
M(I3 «- D) cNPc Lemma 27
M(L3 «- D) cNPc Lemma 28
M(Ng « D) cNPc Lemma 28
M(S3, « M2) | cNPc Lemma 25
M(Spo « Mz) P Theorem 12
M(Va « Ms) P Theorem 12
M(Iz « Mo) P Theorem 12
M(Dz « Mz2) | cNPc Lemma 25
M(Mg « My) P trivial
M(Soo « M1) P Theorem 12
M(Va « My) P Theorem 12
M(I2 «— M) P Theorem 12
M(D2 « M) cNPc | Corollary 26
M(E1 « M) P Theorem 12
M(E2 « M) P Theorem 12
M(I; « My) P Theorem 12
M(Sp1 « M) P Theorem 12
M(V1 « My) P Theorem 12
M(S2, « M;) | cNPc | Corollary 26
M(S3; « M;i) | cNPc | Corollary 26
M(M; « M) P trivial
M(Mz « M) P trivial
M(Soo « M) P Theorem 12
M(S2, « M) | cNPc | Corollary 26
M(Va « M) P Theorem 12
M(Iz « M) P Theorem 12
M(Dg « M) cNPc | Corollary 26
M(E; « M) P Theorem 12
M(Eg « M) P Theorem 12
M(I; « M) P Theorem 12
M(Sp1 « M) P Theorem 12
MV « M) P Theorem 12
M(E « M) P Theorem 12
M(Eg « M) P Theorem 12
M(V « M) P Theorem 12
M(V1 « M) P Theorem 12
M(Vg « M) P Theorem 12
M(I « M) P Theorem 12
M(Ig «— M) P Theorem 12
M(S3, « M) cNPc | Corollary 26
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The complexity of M(A « B) for selected combinations (k > m > 2):

V oO|O]| O (@) O|lO0O|O|O|O]|O o | O O|O0O|O|O (o] (@)
—|O]O]|O O O|O0O|O|O|O|O O] O O|lO0O|0O|O (] O
DQ O|O0|O O O|O0O|O|O|O|O o] O O|lO0O|0O|O (] O
D O|O|O [ J o & o0 o o o| e o 0|0 o [ ] [ J
—

qmv O|O|O O O|O0O|O|O|O|O O] O O|lO0O|O|O (@] O
—

mqﬁpu O|O|O O O |~ | O | O |~ |O O] O O|lO0O|O|O (@] O
—

QSO O|O|O O O |~ | O | O |~ |O - [ O|lO0O|O|O (] O
m\% O|O|O [ J O|O0O|OC|@®@|@® | @ [ N J [ BN I B ) [ ] [ J
mbo O|O]|O [ J Ol e| e | e e O [ N J [ BN BN B ) [ ] [ J
oo

p) O|O]|O [ J Ol e| e | e e O [ N J [ BN I B ) [ ] [ J
[N}

M O|O]|O O ® &~ |O|@® |~ |O [ N J O|lO0O|O|O (@] O
M O|O|O O ® &~ |O|@® |- |O [ N J O|lO0O|O|O (@] O
DW.l O|O|O [ J [ JNEN BEEN BEEN BN N J [ N J [ I I B ) [ ] [ J
w O|O0]|O [ J [ JNEN BNEN BEEN BN N [ N J [ I I B ) [ ] [ J
Qe | o] o T S moko| oSl = —| o o | » o ~
e e e e e e ol el el o 1o ol L (S R (e Rl e N e ol e —

e coNP-complete, 7 unknown

o polynomial time solvable,
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