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Abstract

Since the 1990s, the probability distribution on Boolean functions, induced by some random
formulas built upon the connectives And and Or, has been intensively studied. These formulas
rely on plane binary trees. We extend all the results, in particular the relation between the
probability and the complexity of a function, to more general formula structures: non-binary or
non-plane trees. These formulas satisfy the natural properties of associativity and commutativity.
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1. Introduction

Since the 1980s, several papers have focused on probability distribution on Boolean functions
induced by random Boolean formulas. We first mention the result of Valiant [24] who constructs a
small formula that with high probability represents the Boolean function Majority. The method
he developed, often called the probabilistic amplification, has then been adapted to build other
Boolean functions [2, 7, 17, 23]. The main goal of such studies was to build explicitly a small
formula (of size polynomial in the number of variables) for important Boolean functions. All these
results are based on very constrained Boolean formulas: the formulas, seen as trees, are balanced
and the labelling of the internal nodes is very regular. Later, some results on larger classes of
formulas have been obtained, still based on the approach of amplification: [3, 10, 5].

During the 90s, other authors [21, 19] aimed at defining some “natural” probability distributions
for Boolean functions based on large random Boolean formulas seen as trees. In these papers no
structural constraints are imposed. The internal nodes of the trees are usually labelled by two
connectives And and Or and the external nodes by symbols taken from fixed set of literals. The
support of the resulting probability distribution on Boolean functions is the whole set of functions
and no more a distribution concentrated on a small subset of functions, like the one of Valiant.

Other papers appeared during the last 15 years: their central goal was to obtain quantitative
results from a logic point of view. The first result in this direction has been obtained in 2000
by [20]. It is based on formulas built with the single connective I'mplication and is dedicated to
the study of the quantitative ratio of intuitionistic logic within classical logic. The paper presents
exact results for the logics induced by a very small number of variables and states a conjecture
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on the asymptotic behaviour of the ratios of both logics, when the number of variables tends to
infinity. The conjecture has then been proved in [13].

This model, based on a single connective, has then been studied in detail in order to understand
the behaviour of the whole probability distribution on Boolean functions. The first results on
tautologies [13] have proven to be crucial for the study of the whole distribution. The complete
study by Fournier et al. [11, 12] has linked together the complexity and the probability of a
function.

In parallel, models based on Boolean formulas built with two connectives, And and Or, have
been studied. First, Lefmann and Savicky [19] established some bounds for the probability of
a function, bounds that are linked to the complexity of the functions. These bounds have been
improved by Chauvin et al. [4] where other models based on Galton-Watson branching processes
have been studied as well. Then Kozik [18] has developed a powerful tool based on pattern
languages that allows to classify and count large trees according to some structural constraints.
Using this tool he managed to compute the asymptotic order of the probability of a function. Both
implicational and And/Or models exhibit the same relation between complexity and probability
and, though the way to prove it is not at all the same, the same paradigm is underlying. Namely,
almost all trees computing a fixed function can be constructed in a particular way: Start with a
minimal tree and attach a large tree such that the function computed is not changed.

As pointed out by Gardy [14] the results discussed above have a fundamental weakness. All
models use plane binary trees as their underlying tree model. This implies that formulas which
should be considered the same are counted separately in the models: Indeed, since And and Or
are commutative and associative operations, the underlying trees should neither be plane nor
binary. Similarly, plane trees are not appropriate for the implication model since the premises
of an implicational formula can be interchanged without changing the function. This issue was
addressed in [16] where a model of I'mplication which is insensitive to the commutation of premises
has been studied.

This paper aims at a thorough analysis of the relation between complexity and probability of a
Boolean function given by a large random And/Or-formula as well as at the study of the influence
of associativity and commutativity on the behaviour of the model. Thus we will present results
for four models: Formulas with or without associativity and with or without commutativity of
the connectives. We will derive precise asymptotic results (including numerical constants) for the
probability of functions of smallest complexity (literals and constants) as well as the asymptotic
behaviour for functions of higher complexity. The paradigm mentioned above (a typical tree is a
minimal tree expanded once) still holds for all our models. In this paper we also analyse where such
expansions can take place which enables us to derive bounds for the multiplicative constants of the
asymptotic expressions. Our method would allow also the precise computation of the constants in
this case, though the derivation would be much more involved. The analysis will utilize and extend
Kozik’s theory of pattern languages [18]. This method was designed for and successfully applied
to the binary plane case. However, the non-binary cases require a modification of the method
and in the non-plane case there are no exact formulas available any more, but only approximate
ones. We have to utilize Pélya’s enumeration theory which makes the analysis of the models
technically more difficult. Moreover, we have to work with more general pattern languages and
introduce semi-planar structures (which we call mobiles) in Sections 3.3 and 3.4. Unfortunately,
these pattern languages are not subcritical any more which was a crucial property in the analysis
of the binary plane case. For a global reference on non-plane tree-structures and the techniques
that are necessary the reader can take Drmota’s book [6].

The results for the first of these models (neither associative nor commutative) are partially
known ([25, 18]). However, for comparison and in order to put all the models under a common
roof, we will include this model as well.

The paper is organized as follows. Section 2 is dedicated to introduce the whole context of
Boolean formulas seen as trees and presents the models and probability distributions we will study.
Then the complete study of the distributions is presented. It is decomposed in three sections:
Sections 3, 4 and 5. Each section is presented is the same way. First we present an overview of
the corresponding result of Kozik in the case of binary and plane formulas in order to point out



precisely the technical arguments that must be adapted to address our context of non-binary or
non-plane formulas. And then we prove the generalised versions of the key-tools we need. We will
prove that the probability of a given Boolean function is asymptotically proportional to a power
of the number of allowed variables with exponent related to the complexity. The results are stated
in Section 5, Theorems 5.3, 5.8 and 5.9. Moreover, we derive narrow bounds for proportionality
factors for the probability of any Boolean function and the proofs of these theorems exhibit what
most of the formulas for a fixed function look like.

2. Associative and commutative trees: definitions, generating functions

Kozik [18] has shown that in binary plane trees the order of magnitude of the limiting probabil-
ity of a given Boolean function is related to its complexity. We generalise this result and therefore
define the complexity of a function by the following:

Definition 2.1. An And/Or tree is a labelled tree, where each internal node is labelled with one of
the connectors {A, V} and each leaf with one element of the set of literals £,, = {x1,Z1 ..., Zn, Tpn}-
We define the size of an And/Or tree to be its number of leaves. The set of variables is X, :=

{z1,..., 2.}

Definition 2.2. The complezity L(f) of a non-constant function f (i.e. f ¢ {True, False}) is
given by the size of a smallest And/Or tree computing f (in the rest of the paper such trees will
be called minimal for f), while we define the complexity of True and False to be L(True) =
L(False) = 0.

As it will be clear later, the complexity of a function does not depend on the chosen tree model.

Definition 2.3. We are considering a set 7, , of And/Or trees of size m. Let U,,, be the
uniform distribution on 7y, », and Py, , its image on the set of Boolean functions. We call

P, = lim P,,,
m—00 ’

the limiting distribution.

Remark: In all models we will take into consideration, the probability of a function f is equal to
the one of its negation. In fact, a tree computing f can be relabelled in the following way: each
connector is substituted by the other one and each literal by its negation (x — z and = — x).
The new tree we obtain belongs to the same model as t and computes the function f.

At first, we will present the result proven by Kozik. This result will be generalised in the
subsequent sections of the paper.

2.1. The classical model.

First, let us consider the set T of binary plane trees, whose internal nodes are labelled with A
or V, and whose external nodes are labelled with literals chosen in L,: each such tree computes
a Boolean function on n variables. We denote by T'(z) = > ., Tmz™ the generating function
enumerating this set of trees!, and by T’ (z) the generating function of such trees computing the
Boolean function f. Let us remind some well known results about this generating function. These
rely on the so-called symbolic method (see [9, Ch. I] for an introduction):

1More generally, in the rest of this paper, a generating function and its coefficients will be denoted by the same
capital letter Z(z) for the generating function and Z,, for its coefficients.



Proposition 2.4. Let T denote the set of binary And/Or trees and Z = L, the set of leaves.
Then a tree is either a single leaf or an And-node with two binary trees attached to it or an
Or-node with two binary trees attached to it. This gives rise to the symbolic equation

T=Z|TANT|TVT. (1)
Thus the generating function T(z) verifies T(z) = 2nz + 2T (2)? and therefore we have

1—+1-—16nz

T(z) = 1

and the singularity p, of T(z) is 5.

Let us consider the uniform distribution on the set of trees of size m and then the probability
distribution Py, , it induces on the set F,, of Boolean functions on n variables. The limit of this
distribution when m tends to infinity (cf. Definition 2.3), denoted by P,, has already been studied,
in particular by Lefmann and Savicky [19], Chauvin et al. [4] and Kozik [18], who has shown the
following theorem.

Theorem 2.5 (Kozik [18]). Let f be a Boolean function. Then,

A
P"(f)NnL(iff)H as n — 0o,

where L(f) is the complexity of f, i.e. the size of a minimal tree computing f, and Ay is a constant
depending on f, which will be specified later in this paper.

Remark: Note that in [18], the result P, (f) = © (ﬁ) is rigorously proven for the binary
plane model, while the actual existence of the constant is suggested. In Section 3 we will compute
Ay for the constant functions True and False (already shown in [25] and later in [18] as well), in
Section 4 for literals. We show its existence in general and derive bounds in Section 5.

Definition 2.6. A variable z is essential for a function f = f(z,z1,...,2,-1) if there exists an
assignment of True or False to the variables zi,...,2x,_1, which we denote by z,, such that

f(True,zy) # f(False, ).

Remark: An essential variable of f appears in every tree representation of f.

Remark: Note that in this theorem, f (and thus L(f)) is fixed, and n tends to infinity. The set
of essential variables of the function is finite (and does not depend on n).

First of all, let us define associative trees, commutative trees and then associative and com-
mutative trees, and the induced distributions on the set of Boolean functions F,,.

2.2. The associative plane model.

Definition 2.7. An associative tree is a plane tree where each node has out-degree chosen in
N\ {1}. A labelled associative tree is an associative tree in which each external node has a label
in £, and each internal node has an A-label or an V-label but cannot have the same label as its
father. We denote by A the family of associative trees and by A,, the set of such trees of size m.

Hence these trees are stratified: the root can be labelled either by A or V and it determines the
labels of all other internal nodes.

We denote by P} = lim, o Py, ,, the limiting distribution of Boolean functions induced by
associative And/Or trees. Our aim is to compare the limiting distributions P? and P,,.

The generating function enumerating associative trees is given by A(z) = A(z) + A(z) — 2nz,
where A (resp. /Vl) is the generating function of associative trees rooted at an A-node (resp. an
V-node) or is a single leaf. Note that A(z) = A(z) and,

A(2)

A = zhz vZ’k: nz —_— .
A(z) =2z 4> A(z)F =2 +17A(Z)

k>2



Therefore,

A(z) = (1 — 2z —/1—12nz + 4n222) (2)

DN =

and its dominant singularity is
3-2V2

oy, =
2n

Moreover, A(ay,) =2 — 1.
Remark: Thanks to the Drmota-Lalley-Woods theorem (well presented in [9, Chapter 8]), we
can show that P7, , has indeed a limit when m tends to infinity. We denote by Ay (z) (resp. Af(2))

the generating function enumerating associative trees computing f, whose roots are labelled by A
(resp. V) or a literal. These generating functions satisfy the following system:

Ap(z) = lpuy +3 D Ag(2) A (2)
N Ry

‘Zlf(z) = le{f lit.} +Z Z Agl (Z)Agz(z)
i

oo
1=2

The Drmota-Lalley-Woods theorem says, roughly speaking, that generating functions satisfying a
system of functional equation have a dominant singularity of the same type. By transfer theorems
(see [8]) this implies similar behaviour of their coefficients and eventually the existence of the
limiting distribution (cf. Definition 2.3). For a similar system of functional equations it was
shown in [12, Section 3] that all assumptions of the Drmota-Lalley-Woods theorem indeed hold.

A

- /N
JAWAY /N

Figure 1: Two of the five possible binary trees obtained from the associative tree.

2.8. The commutative binary model.

Definition 2.8. A labelled commutative tree on n variables is a non-plane binary tree where every
internal node is labelled with one of the connectors {A,V} and every leaf is labelled by a literal
from L, = {x;,%;,i=1,...,n}. We denote this family of trees by C .

We consider the distribution Py, ,, induced over the set of Boolean functions of n variables by
the uniform distribution over such trees of size m.

Binary commutative trees fulfill the same symbolic equation as in the plane case (c.f. (1))
but because of commutativity, the generating function of all commutative trees on n variables,
counting leaves, is given implicitly by

C(z) = 2nz + C(2)* + C(2?), (3)

where the term 3(C(2)? + C(2?)) tracks a possible symmetry if both subtrees of the root are

identical. See Gardy [14] for details on this model of expressions and Pélya and Read [22] for



more general ideas. The system of equations for the generating functions Cy(z) computing a given
Boolean function f is given by

Cf( )—Z]l{f ht}+ E C E C -‘rCf( ) +Cf(22).
g,h#f gh;éf
gAh=f gVh=f

We can prove all assumptions of the Drmota-Lalley-Woods theorem, hence we conclude that all
the (Cf(z)) and C(z) have the same singularity 7,, and therefore PPy, ,, converges to a limiting
probability distribution PS, when m tends to infinity.

2.4. The commutative associative model.

Definition 2.9. Finally we define general labelled trees as commutative and associative trees,
with internal nodes labelled by A or V (with the condition that father and sons cannot have the
same label), and external nodes labelled by literals chosen in £,,. We denote by P this family of
trees.

As in the other models, we consider the distribution P7¢, induced over the set of Boolean functions
by the uniform distribution over such trees of size m.

Let P(z) =), Pnz™ be the generating function of general trees, and P(2) (resp. P(z)) the
generating function of general trees rooted by A (or by V, resp.) or are a leaf. We have

P(z) = P(2) + P(2) — 2nz, (4)

with

P(z) = exp Z P(zz) —1—P(2) 4 2nz

P(z) = exp Z P(ZZ) —1—P(2) +2nz.
i>1

Moreover, the generating functions Pf(z) and Pj(z) of general trees computing f satisfy the
following system:

CEETED Y H e (P42 ) -1
=2 91,---9i, i>1
GIN-AGL=
]59‘(21')
()—Z]l{fht}"l‘z Z H exp 27'71_ -1
=2 ql}q\l’/\gz7 =t

Thus, we can check the hypothesis of the Drmota-Lalley-Woods theorem and conclude that the

limiting distribution P3¢ of P%,, when m tends to infinity, exists, and moreover, that all the

Pf, Pf, P and P have the same singularity, denoted by §,.

In the next sections of the paper, we will show that Theorem 2.5 still holds in the associative
or commutative cases.

First, we show in Section 3 that the limiting ratio of tautologies is of order %, we compute
explicitly the limit of P, (True) when n tends to infinity for the different models. If these limits
were the same, we could not conclude anything, but in fact they are all different, which permits us
to conclude that asymptotically, when n tends to infinity, the probability distributions induced by
the various models are all different. In Section 4, we extend our results to the limiting probabilities
of functions which are literals. In all models, the asymptotic ratio is of order # when n tends to
infinity, but the limiting ratios are different from one model to the other. Finally, we generalise
Theorem 2.5 in Section 5.



3. Limiting probability of tautologies

In this section we compute the limiting probability of the constant function True. We recall
that trees computing the function True are called tautologies.

Definition 3.1. In a tree, if the path from the root to a leaf crosses only V- nodes, then this path
will be called an V-only-path. We extend the definition to the case such that the leaf is equal to
the root (i.e. the tree has size 1).

As suggested by Kozik’s results, the limiting probability of tautologies reduces to the limiting
probability of so-called simple tautologies, defined by the following:

Definition 3.2. A simple tautology realised by x;, i = 1...n, is a Boolean expression which has
the shape x; V z; V f for some Boolean function f, i.e. there exists a leaf labelled by z; and a leaf
labelled by z;, both connected to the root by an V-only-path (c.f. Figure 2). A simple tautology
is a simple tautology realised by any literal € {z1,...,z,}. We denote by ST,, the number of
simple tautologies of size m (on n variables, n is omitted for simplicity), and ST = U,,,ST},.

This figure, where /\ stands for any labelled binary tree (two different A may be different),
defines a binary simple tautology.

This figure, where A stands for any labelled associative tree, defines an associative simple
tautology. Note that z and Z appears on the first generation.

Figure 2: Simple tautologies.

Definition 3.3. Let V be a set of variables and ST,,(V) be the set of simple tautologies realised
by every x € V but not by any other variable y & V.



e K, is the set of simple tautologies that are realised by exactly one variable:

Kl,m = L'H STm({xl})v

=1

e Ky, is the set of simple tautologies that are realised by exactly two different variables:

Kom = |4 STn({mi,z,}),
i,j=1
i£j

o K, ., is the set of simple tautologies that are realised by exactly n different variables:

Kym=ST{z1,...,20}).

Let ST*(z) denote the generating function of simple tautologies realised by z and G(z) =
ST* (2)+ST"2(z)+- - -+5ST7"(2) = nST*(z). Obviously, Vm € N, #K, ,,, < ST,,, < G, because
some tautologies are counted several times in G. We get G, = # K1 p +2-#Ko - - +1-F# Ky .

To calculate limiting probabilities, we use the singular expansions of the considered generating
functions around their dominant singularities.

Lemma 3.4. Consider the generating function T'(z) of a given family T of And/Or trees together
with the generating function S(z) of a subset S C T of such trees. We assume that T(z) and S(z)
have the same dominant singularity p and a square root singular expansion

T<z>=aT-bTP+o(1f), s<z>:as_bs¢iz+o(l_z>7
P p p p

around p. Then,
!
lim Sm = lim 5'(2)
m—oo Ty, z—p T'(2)

We call this number the limiting ratio of the set S counted by S(z).

Proof. If m tends to infinity, transfer lemmas (c.f. [9]) give

bs 3
S~ —=n"2pm
. Su , bs
T _3 _ T, b
T n"zp™ ™ m T
V)

Hence the result follows. O

Remark: If S is the set of trees computing a given function f, then the limiting probability of f
is equal to the limiting ratio of S because for all m > 1,

_ # trees of size m computing f S

]Pm,n(f) -

# all trees of size m T’



3.1. Binary plane trees

In the binary plane model, Kozik has shown that asymptotically, when n tends to infinity, all
tautologies are simple tautologies. Therefore, to estimate the probability that a binary plane tree
computes the function True, it suffices to count simple tautologies, and furthermore, thanks to

the following proposition, simple tautologies that are realised by only one variable (i.e. the set
Ki,m)-

Proposition 3.5. If n tends to infinity, then

. 1 - IR #Kl,m 1
A 7 2k #Hn = i T +o(5s)-

m

The proof of the proposition is deferred to the end of this section since further technical
concepts are required.

Theorem 3.6. The limiting ratio of simple tautologies, and thus the limiting ratio of tautologies
in the binary plane model is

T 1 1

lim P, ,(True) = lim 5T 1+0|( - = 3 + O =), when n tends to infinity,
m—00 ’ m—oo T, n 4n n2

where Ty, is the total number of plane binary trees and ST,, is the number of simple tautologies

of size m labelled with n variables.

Proof. Let us compute the generating function of simple tautologies. First, let g, be the generating
function of trees containing a leaf labelled by x which is connected to the root by an V-only-path
(cf. Figure 3) and g,(z) the generating function of trees which are not of such shape. Hence

gw:T_gw-

v/\A
VRN

v A

/N

A Y
/\

A

Figure 3: A tree counted by the generating function g..
The function g, is given by:
G:(2) = T(2)* + go(2)* + (2n — 1)z.

This equation is obtained by decomposing the tree at its root: if the root is labelled by an A, the
tree is not of the shape depicted in Figure 3 and both subtrees are arbitrary trees. If the root
is labelled by an V, neither of the two subtrees may have the shape of Figure 3. If the root is a
single leaf, it must not be labelled by z. By the symbolic method [9] The three cases translate to
the three terms in the equation. Solving this equation, using the explicit expression of T'(z) given
by Proposition 2.4, we get

) 1 2+2y1—16nz — 16nz + 162
gz\2) = 5 — )
2 4

and thus

g(z)_\/2+2\/m—16nz+16z_m_l "




Let h, be the generating function of trees given by ¢1 Vs (or t2 V1), where ¢4 is a tree counted
by g, and not by gz (therefore it is not a simple tautology) and ¢» is a tree counted by gz but not
by g., i.e. simple tautologies realised by x, where x and T must lie in different subtrees of the root
(c.f. Figure 4).

v/\v
/N RN
v A A v
/ N\ / N\
A Vv T A
/\

A

Figure 4: A tree counted by h,.

Obviously, h,(z) = 2(g.(z) —ST"(2))?. Recall that ST*(2) is the generating function of simple
tautologies realised by the variable x, and ST (z) be the generating function of trees that are not
simple tautologies realised by x. Again by decomposing and analysing the label of the root, we
get L L

ST" = T(2)? + (ST (2)? — he(2)) 4 2nz.

In particular, if the root is labelled by an V, neither of the two subtrees can be a simple tautology
realised by z and additionally the whole tree cannot be of the shape depicted in Figure 4. Solving
this equation, we obtain an explicit expression for ST, and ST*(z) =T(2) — ST (z) yields an
expression for ST*(z), where Z denotes Z := /1 — 16nz:

1
ST*(2) = ; (—1 — Z+2V212Z — 160z + 162 — V2 + 27 — 16nz+322>.

By Proposition 3.5, lim,, SIP:Fm

m

Lemma 3.4 we can compute the ratio

/
lim Gm = lim G'(2) = i +0 (1>

n2

= lim,, 00 ?J” + 0O (#) , when n tends to infinity. Due to

ST, 3 1
lim —=—+4+0(|—].
mgnoo T 4n + <n2>
Since, when n tends to infinity, asymptotically almost every tautology is a simple tautology, this
implies
ST, 1
lim Py, ,(True) = lim —= + O (2> . O
m—roo m— o0 m n
We now go back to Proposition 3.5. In the following, we define pattern languages and some
related vocabulary, which can be found in Kozik’s paper [18] for the binary case. Interpreting a

given And/Or tree as an element from a pattern language, which is possible if pattern and trees
have a similar structure, will lead us to the proof of Proposition 3.5.

Definition 3.7. A pattern language L is a set of plane trees with internal nodes labelled by A
or V, and external nodes labelled by e or O0. The leaves labelled by O are called placeholders and
those labelled by e are called pattern leaves. We define s(x,y) as the generating function of L,
with « marking the pattern leaves and y marking the placeholders.

10



Given a pattern language L, we will denote by L the set of plane labelled trees with internal
nodes labelled by A or V, and external nodes labelled by literals or placeholders such that, if we
replace every literal by a e, we obtain a tree of L. Therefore, s(2nx,y) is the generating function
of L. We call L the labelled pattern language associated to L.

Given a set of trees 7, we define L[T] (resp. L[T]) as the set of trees obtained by taking an
element of L (resp. L) and plugging an element of 7 in each placeholder.

Given two pattern languages L and M, we define the composition L[M] of L and M by the
pattern language obtained by plugging M-patterns into the placeholders of the structures of L.
The pattern leaves of L[M] are then both the pattern leaves of L and those of M.

Remark: In order not to overload notation, we will sometimes use the same symbol L for L and
L if no confusion arises. Then we will stress verbally whether the labelled or unlabelled version of
the pattern language is meant.

Definition 3.8. A (labelled or unlabelled) pattern language L is unambiguous if for every family
T every element of L[T] can be constructed in only one way.

A (labelled or unlabelled) pattern language L with generating function s(z,y) is subcritical for
T if the generating function t(z) of 7 has a square root singularity p and if s(x,y) is analytic in
some set {(z,y) : [z] < p+e, |y[ < t(p) + €}

Definition 3.9. If ¢ is an element of L[T], we say that ¢ has ¢ L-repetitions if ¢ equals the
difference between the number of its L-pattern leaves and the number of distinct variables (not
literals!) that appear in its L-pattern leaves.

Further, if V is a fixed subset of the set of variables X,,, we say that ¢ has ¢ (L, V)-restrictions
if ¢ equals the number of its L-repetitions plus the number of variables from V that appear at
least once in the L-pattern leaves of ¢

Remark: In the typical context needed, V will be the set of essential variables of the function
represented by the tree ¢t. Thus we will call the variables in V essential variables of ¢.

V
7N\
V A
/ \ /\
V T 4 0O

/\
V
/A

1 x2

3 X

A

Figure 5: A binary tree with one repetition. Since the tree represents a tautology, none of the variables
T1,T2,x3, T4 is essential for the function. It is therefore natural to set ¥V = (). The tree has one (L, (Z))-
restriction.

Theorem 3.10. [18] Let L be a binary unambiguous language which is subcritical for T and V be

a fized subset of X,,. We denote by L[T]L]i],n (resp by L[T]%I:L]) the number of elements of L[T]| of
size m which have k (resp. at least k) (L,V)-restrictions, and by L[T].,, the number of elements
of L[T] of size m. Then,

lim
m— 00

when n tends to infinity, and d is a constant.
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Due to this theorem, we can now prove Proposition 3.5.

Proof of Proposition 3.5. Let us consider the pattern language S = ¢|S'V S| O ADO (c.f. [18]). The
set of all trees computing T'rue with exactly ¢ S-restrictions includes K;. Therefore, thanks to

Theorem 3.10, we get
. #Kz m 1
| —— =0\ —=
mgnoo Tm nt ’
when n tends to infinity. Therefore,

lim 27 B2m A K =O<n12>+(n—2)(’)<1> :(’)< 1). O

m— 00 Tm n3 TL2

3.2. Associative plane trees

To compute the limit of P¢(True) when n tends to infinity, we define simple tautologies, and
prove that asymptotically every tautology is a simple tautology. Therefore, we will generalise
Theorem 3.10 to associative trees.

Theorem 3.11. The limiting probability of the function True in the associative model is given by

51 — 36v2 1
Py (True) = lim Pp  (True) = T\[ +0 ( ) .

m— o0 ’Il2

Let us first show that Theorem 3.10 can be generalised to the associative case, and then use it
to show Theorem 3.11.

3.2.1. Generalisation of Kozik’s theorem to associative trees

Theorem 3.12. Let V C X, be a fized set and L be an unambiguous pattern language with out-
degree different from 1, which is subcritical for A. We denote by L[A]L]ﬂn (resp by L[A],[%]f@]) the
number of elements of L[A] of size m which have k (resp. at least k) (L,V)-restrictions, and by
L[A],, the number of elements of L[A] of size m. Then,

LAY . LA, d
m m TLk

when n tends to infinity, and d is a constant.

The proof of the generalisation works analogously to the one of Theorem 3.10, still we will
state the main ideas as they will be useful in the following.

Proposition 3.13. Let A be the family of associative trees with unlabelled leaves. Given an
associative tree t € L[A],, with | L-pattern leaves. Further, we fit a set V C X, denote by v
the cardinality of this set, v = |V|. Then the number of leaf-labellings of t which make it have k
(L, V)-restrictions is:

(n —v)=kpm-tom

where wy (1) = Y, {z ! T} (k v 7~> (1 —ryh=r,

Remark: Note that w, ;(!) is a polynomial in [.

wv,k(l)a

Proof. For any r < k, the number of different leaf-labellings of ¢ which give r L-repetitions and &

(L, V)-restrictions is:
l v _oak—r _ on\l=r—=(k=7) _m—lom
{l—r} (kz—r) (l—r) (n —v)—/—"pmmt2m,

where 2% = z(z —1)...(x —y + 1) and {Z} are the Stirling numbers of second kind In this

formula, the different factors represent, from left to right:

12



- the number of partitions of the L-pattern leaves into [ — r classes (leaves in the same class
will be labelled by the same variable),

- the number of different choices for the k — r essential variables that appear in the L-pattern
leaves,

- the number of different assignments of these essential variables to the [ — r classes of the
first term,

- the number of assignments of non-essential variables to the remaining classes of the L-pattern
leaves,

- the number of assignments of variables to the leaves that are not L-pattern leaves,

- the number of ways to distribute the negations. O

In [18] the following proposition is proved for binary trees and patterns (cf. [18, Lemma 2.7]),
but in fact the proof does not rely on binarity and hence the proposition holds for patterns and
trees of arbitrary degree.

Proposition 3.14. Let T be a set of trees whose generating function t(z) = > t,, 2™ has a unique
dominating singularity p in Rt of the square oot type. Let L be an unambiguous pattern language,
subcritical for T. Let L[T](m,l) denote the number of trees from L[T] of size m with exactly 1
pattern leaves. Finally, let w(l) be a non zero polynomial of degree §. Then,
. Zzzo L[T](m, w(l)
lim

n—0o0

Cun
bm

for some non-negative real c,,.
Moreover, if w(l) has non-negative values and is positive at some point ly, and if L contains a
pattern with ly non pattern leaves and at least one placeholder, then ¢, # 0.

Thanks to those propositions, we can now prove Theorem 3.12 to associative trees:

Proof of Theorem 3.12. Let L be an associative pattern and A the family of trees from A with
unlabelled leaves. We have, thanks to Proposition 3.13:

L[A]gcz],n - 2m leo I:[.,Zl](m, Z)wk,v(l)(n - U)dnnﬁhl )
A, A, ’

and this implies:

L[A]Li],n < 2m ZZZO E[A] (m, l)wkﬂ, (l)nliknm*l .

Am (QH)mAm
Thanks to Proposition 3.14, we get
LA 2 Y LA m D (DR g,
lim ———— < lim ~ ~
m—oo A m—00 (2n)m A,, nk

when n tends to infinity. Moreover, we can check that ¢, is positive. A lower bound can be
proven analogously, the proof for the binary case is given in [18]. It follows that

LA, d

lim ~ —,
m n

m—o0

when n tends to infinity. Moreover, we can see that

L[.A]%Ifz] < 2m leo L[A](m, Dwp(l)n™=F

A, A, ’
and since . -
S S
the theorem is proven. O
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3.2.2. Associative tautologies
Proposition 3.15. In the associative model, asymptotically when n tends to infinity, almost all
tautologies are simple tautologies.

The proof relies on the ideas of the binary case (see [18]). First we need to introduce suitable
pattern languages and show that they are subcritical for the tree family we are considering;:

N=eNAQINAOADO]...
N=eNVN|INVNVN]... (7)
R=NI|N

Then R is an unambiguous pattern language.

Lemma 3.16. The labelled pattern languages R and R[R] := N[N] | N[N] are subcritical for

associative trees.?

Remark: Since the trees must be stratified, we cannot use the ordinary composition of pattern
languages as defined in Definition 3.7. Therefore it is not a priori obvious that the modified
composition of subcritical pattern languages is subcritical as well.

Proof. The generating function p(x,y) of the labelled pattern language R is given by

p(z,y) = p(x,y) +p(x,y) — 2nz,

where p(z,y) (resp. p(z,y)) is the generating function of the partial labelled patterns N (resp.
N). These two generating functions satisfy the following system:

{

1
ﬁ(m,y):i(2nwfy+1f\/(anfy+1)278nx).

_ p(z,y)*
(z,y) = 2nzx + 1p—i>(z»y) (8)

(z,y) = 2nz + {4 p(x,y).

D S«

Solving this system, we get

Recall (cf. (2)) that the generating function for associative trees is defined by

1
Alz) = 3 (1 — 2z —/1—12nz +4n222) ,

3—2V2

Alay,) =v2—-1and a, = o™

and for trees with root label And resp. Or by

Alz) + 202, Alan) = Alan) = 2 _2

IS

Az) = A(z) =

By stratification, subcriticality means here that p(z,y) and p(z,y) are analytic in some domain
D= {(z,y) € C? | |z| < an+e¢ |y < (2—V2)/2+ €}. Obviously, p(x,y) is analytic in & =
C2\{(x,y) | (2nx —1—y)? = 8nz}. Thus setting x = o,z with |z| < 1+ € and solving the equation
defining £ we obtain

y=1+4+(3-2v2)z+2(vV2-1)y/z~1+0.171573z + 0.828427/Z.

2Strictly speaking, R, N, N are unlabelled pattern languages and should therefore be denoted by R, Jif, ]\Cf But
we avoid such notations and use R, N, N for both, the labelled as well as the unlabelled versions of the respective
pattern languages, cf. remark after Definition 3.7.
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The minimal modulus is attained if we take the minus sign and set z = 1: This gives 6 — 4v/2 ~
0.343146 which is larger than A(a,) ~ 0.292893. Thus D C € and we are left with showing that
p(z,y) is analytic in D as well. By (8) the latter is true if |p(z,y)| < 1 in D. To see this, observe
that |p(x,y)| attains its maximum if > 0,y > 0. Since p(an, A(an)) = A(an) < 1 we obtain
subcriticality of R for associative trees.

The pattern language R[R)] is subcritical if p(x, p(z,y)) and p(z, p(x,y)) are analytic in D. In
view of the considerations above this is an easy consequence of

f)(an,fl(an)) = zzl(an) and ﬁ(an,fl(an)) = fl(an)
and A(o,) = A(an) < 1. O

Remark: The R-pattern has an interesting property: if we set all the R-pattern leaves of a tree
to False, then the whole tree itself computes False. This can be checked by induction on the
size of the tree. If the pattern is only a leaf, it returns False. If the root is an V-node, then all
subtrees of the root are patterns returning False by the induction hypothesis. If the root is an
A-node, the leftmost subtree is a pattern returning False by the induction hypothesis. Thus the
whole tree computes False in all cases. This property is the key point of the following proof.

Remark: The pattern R is a generalisation of the pattern N = | N V N|N A O, defined in [18]
to handle the proof in the binary plane case. Note that R[A] = A, and we can find the unique
element from L[A] which corresponds to a tree A € A by starting at the root of A and finding the
pattern leaves by traversing the tree top-to-bottom.

Proof of Proposition 3.15. Let us consider a tautology ¢ with exactly one (R[R)],{)-restriction (cf.
Definition 3.7). This restriction has to be a repetition, since a tautology does not contain essential
variables. (Thus we have set V = () here.)

If the repetition is of the kind z/x, then we can assign all the R-pattern leaves to False, and
with this assignment the whole tree computes False, which is impossible.

Thus the repetition has to be an x/Z repetition. Let us first assume that the repetition does
not appear among the R-pattern leaves. Thus we can assign all those leaves to False, and then
the whole term computes False, which is impossible. Hence, the repetition must occur in the
R-pattern leaves. Let us assume that there is a node v labelled by A on one of the paths from
the leaves labelled by = and x to the root of the tree. Then the subtree rooted at v has shape
t1 Ata A... Ats with s > 2. Let us assume that « (or Z) appears in t;. Then we can assign all
the R[R]-pattern leaves of the other subtrees (¢;);»;, and all the R[R]-pattern leaves of the whole
tree except those in the subtree rooted at v to False. This makes the whole tree compute False,
which is impossible.

Thus,  and T are linked to the root by an V-only-path. As the trees are stratified, the only
possibility for ¢ is to be a simple tautology. Thus every tree with exactly one (R[R], ())-restriction
computing True is a simple tautology.

Moreover, there are no trees computing True without (R[R],()-restrictions, and the number
of trees computing True with at least two (R[R], #)-restrictions is negligible in comparison to the
number of simple tautologies by Theorem 3.12 which can be applied thanks to Lemma 3.16. O

We are now able to prove Theorem 3.11 by counting associative simple tautologies.

Proof of Theorem 8.11. Let S"j“x(z) be the generating function counting the number of simple
tautologies realised by x and such that x and & appear only once in the first generation (i.e. at
depth 1). Then,

ST (2) =22 11— 1)(A(2) - 22)" 2.

1>2

If x or T appear at least twice in the first generation, the tree has at least two (R[R)], §)-restrictions,

and the set of such trees is negligibly small compared to the set counted by ST". Thus, asymp-
—~x

totically, when n tends to infinity, ST (z) counts the set of simple tautologies realised by x.
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Finally, note that in view of Theorem 3.12, the assertion of Proposition 3.5 extends to the
associative case. So a Maple computation giving

. G'(2)  51-36V2
lim ~
z=a, Al(2) n

completes the proof of Theorem 3.11. O

3.3. The binary commutative model

The generating function of binary commutative And/Or trees, C(z) =, Cp2™, is given in
(3). We denote by v, the dominant positive singularity of C(z). To compute 7, and C(vy,) we
need to solve the system (see [6, Chapter 2] for details):

=2nz+y* + C(2?
{yzpmee 0

C(z?%) is analytic for 2| < v,. We obtain C(y,) = 3 and 7, = & — Céf). As C(z) = 2nz +
O(n%2?%), by inserting into the equation we can further derive v, = i (1 — %) +0 (n—lg) As we

need more terms in some of our calculations, we do a more refined analysis with Maple and further

obtain ) . . .
%an(l‘sﬁw)w(rﬁ)- (10)

Theorem 3.17. The limiting probability of the function True in the binary commutative model
is given by
385 1
C _ 3 C — -
Ps (True) = n}gnoo Py, . (True) = E1on +0 <n2) .
To prove the theorem we will extend the method of pattern languages of Kozik to the com-
mutative case. We consider binary commutative trees, together with a half-embedding, that is
certain branches of the tree will be plane and some will stay non-plane. We use the plane pattern
language known from Section 3.1 given by

N =e|NV N|N A L.

As N is plane, it is unambiguous for any tree family. A tree of N[C] is a "mobile", that is, the
pattern-trees consisting of internal nodes and e and O-leaves are plane, while the trees substituted
into the O-nodes are still non-plane trees.

3.3.1. Generalisation of Kozik’s theorem to commutative trees

As mentioned before, in the plane case, the pattern N we considered fulfilled N[7] = 7. For
commutative trees, this is not the case. The proof of Theorem 3.10 relies completely on plane
structures and subcriticality which is not given anymore. Still, Theorem 3.10 can be generalised
to mobile structures. We will adapt it and its proof, relying on the sketch in Section 3.2.1, but we
will need additional arguments. Note that most definitions concerning pattern languages, such as
restrictions, can still be used without change. However, the pattern languages we encounter here
are not subcritical any more. Therefore, we will need a different concept of subcriticality.

Definition 3.18. Let f(z) and g(x) be power series with nonnegative coefficients. Assume further
that g(z) has a unique singularity p > 0 on its circle of convergence and that g(p) =n < co. We
say that f is subcritical for g if f is analytic for |x| < n + € for some € > 0.

Theorem 3.19. Let L be a labelled plane binary unambiguous pattern language with €(x,y) its
generating function. Further assume that the coefficients A;(y), given by

Uayy) =D Y si'al =) Ay(y)a! (11)

1>0 i>0 1>0
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are subcritical for C(z).

Fiz a setV C X,,. We denote by L[C]%n (resp. by L[C}%]ﬁ) the number of elements of L|C] of
size m which have k (resp. at least k) (L, V)-restrictions, and by L[C],, the number of elements
of L[C] of size m. Then,

[>kK] k]
lim Ll :(’)<1> and lim L[CCv}m :(9(1>

m—r 00 m

when n tends to infinity.

_ Let L be a plane pattern and C be the family of commutative trees. Let A be an element of
L[C] of size m with [ pattern leaves. Note that the leaves of the non-plane parts are labelled while
the pattern leaves are unlabelled.

Proposition 3.20. Fiz the set V C X, of essential variables and denote by v = |V| the cardinality
of this set. Given a binary mobile A € L|C] with unlabelled leaves, the number of leaf-labellings of
A which make it have k (L, V)-restrictions satisfies

#(labellings)y, = (n — v)=% 2w, 4 (1),

where the last factor is the polynomial w, k(1) = Zi:o {l ! } <l<: 3 r> (I —r)k=r,

- T

Proof. For any r < k, the number of different labellings of the pattern leaves of A which give r
L-repetitions and k (L, V)-restrictions is given by

{l—lr} (;ﬁﬁ?ﬂ) (1 = r)E=r (n — vyl of,

where, as in the plane case, 2¥ = z(z —1)...(x —y + 1) and {‘Z} are the Stirling numbers of

second kind. The different terms of the product again represent, from left to right:

- the number of partitions of the L-pattern leaves into | — r classes (leaves in the same class
will be labelled by the same variable),

- the number of different choices for the k — r essential variables that appear in the L-pattern
leaves,

- the number of different assignments of these essential variables to the | — r classes of the
first term,

- the number of assignments of non-essential variables to the remaining classes of the L-pattern
leaves,

- and the number of distribution of the negations. O
We adapt Proposition 3.14 to our needs.

Proposition 3.21. Let L be an unambiguous labelled pattern language, with €(x,y) its generating
function, and let T be a family of leaf-labelled trees with generating function T'(z). Further assume
that the coefficients Ai(y) = [¢']¢(, given in (11), are subcritical for T(z).

Let L[T](m,1) be the number of trees of L[T] of size m with exactly I pattern leaves and w(l)
be a non-zero polynomial of degree A. Then,

i St LT D) _ 12)

m—o0 T

for some non-negative real c,,, where N is some fizved integer.
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Proof. If we set l,(x,y) = leio w(l)A;(y)z!, then the numerator of (12) can be expressed

as [2"]0y(z,C(2)). Moreover, w(l) = Z;\:o w;lL is a representation of the polynomial w, and

In(z,y) = Zl]io Aj(y)z! is the truncation of £(x,y) = 2150 Aj(y)z!. Note that,
3361\/ (z y Z
A (y

Thus

Hence, the generating function £,,(x,y) is a linear combination of ¢y (z,y) and its derivatives, all
of which are finite sums of terms which are subcritical for T'(z). Hence, ¢,,(z,C(2)) and T'(z) have
the same radius of convergence. By [18, Observation 2.3] every subcritical summand has a square
root expansion around the singularity, if T'(z) has a square root singularity, hence the type of
singularity of £,,(z, C(z)) is also of order 1/2 or of higher order if there is a cancellation.

Thanks to a transfer lemma [8], we easily get

[2"lw (2, C(2))

=T (2) ~ const,

when m tends to infinity. Therefore,

i 2 iz0 LIT](m, Dw(l) .
o T, = Cw

for some non-negative constant c,,. Further ¢, is positive if there is no cancellation, and zero
otherwise. O

Proof of Theorem 3.19. We have, thanks to Proposition 3.20:

Ll S, EC)(m, Dwg (1) (n — v)=k2!
Cr Com ’

where N =n — v + k, because for larger [ the factor (n — v) k gives 0. This implies:

LIO _ S EC)m, Dweo (=521 33 LIC)(m, Dwieo (D) 1
Cm - Cm Cm nk '

because L[C](m,1) = (2n)'L|C](m,1). And therefore, by applying Proposition 3.21, we get that

Lici¥ < Cw

lim .
m— o0 Cm nk

[>K]

The proof for lim,, L o=— is analogous to the latter one. O

3.3.2. Commutative tautologies
Proposition 3.22. In the commutative model, asymptotically almost all tautologies are simple
tautologies when n tends to infinity.

Before proving Proposition 3.22, we introduce some half-embedding of a tree t into the plane:
Start at the root and choose a left-right order of the children of the root. If the root is an A-node,
proceed recursively with the root of the left subtree, the right subtree remains non-plane. If the
root is an V-node, proceed recursively with both subtrees. If doing so we meet a leaf, it is a pattern
leaf. Doing this for the whole tree ¢, we obtain an element of N|C], where the non-plane subtrees
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are the structures substituted into the placeholders. Now do the same half-embedding starting at
every root of a non-plane subtree. Thus we obtain an element of N[N][C]. Note that different trees
t1 # to € C will create different patterns N[t1] and N|[¢t2], thus the function C — N|C] described
above is an injection. Of course, there are several ways to embed a tree t with the above method,
so for every tree t we choose an embedding such that the resulting N[N]-pattern has a minimal
number of (N[N],V)-restrictions. We call such an embedding a minimal N[N]-embedding of ¢ (of
course there could be various minimal embeddings for one tree).

Lemma 3.23. Let t be a tree computing the function True. Then its minimal [N]-embeddings
have at least one (N, ()-restriction.

Proof. Suppose N|t] has no restriction and set all pattern leaves to False. We proceed inductively.
If N[t] is just a leaf, it returns False. If the root of N[t] is an A-node, the left subtree is a pattern
and will, by the induction hypothesis, return False, thus the whole tree returns False. If the
root of N|[t] is an V node, both subtrees are patterns returning False by the induction hypothesis.
Thus the whole tree returns False. O

Lemma 3.24. Let t be a tree whose minimal N[N|-embeddings have exactly one (N[NJ,0)-
restriction. Then t is a simple tautology.

Proof. There are two cases to distinguish.

First case:. The restriction is of type x/z. Set all N-pattern leaves to False. The same arguments
as in the proof of Lemma 3.23 show that ¢t returns False.

Second case:. The restriction is of type x/z. Then the restriction appears on the first level, that
is, in NJt], as otherwise setting all N-pattern leaves to False would lead to a tree computing
False by the same arguments as before. If ¢ is not a simple tautology, then there exists at least
one node labelled with A on the path from the root to either x or its negation. Let ¢; be the non-
plane subtree rooted at such a node. After the second N-embedding, the NJt;] pattern contains
no repetition as the whole tree N[N][t] had only one N[N]-repetition, thus it is easy to have
t; contribute False by setting all N[t1]-pattern leaves to False. Then the A-node at v gives
False, thus t does not compute the function T'rue. Hence, every tautology ¢ which has a minimal
N[N]-embedding with a single repetition is a simple tautology. O

Lemma 3.25. Let L be a pattern language with generating function ((z,y) = 3,5, Ai(y)z' and
with Ag(y) =0, and let L™ be its r-th power for any r € N, with -

C(2,y) = U, (U, Uay) ) = Y Af(y)a!
times 120

its generating function. Further let T be a family of trees with generating function T(z). Assume
that, for all1 >0, A;(y) is subcritical for T(z). Then Aj(y) is subcritical for T(z).

Proof. First note that Ap(y) = 0 means that every pattern in L has at least one pattern leaf.
Obviously, this property still holds for A§(y).

We prove the statement by induction: the case r = 1 is true by assumption. Let us as-
sume that the result holds for 7, and let 5(z,y) = > ;5 Ai(y)z' be the generating function of
L" with A;(y) being subcritical for T(z). We want to show that [z!]s(z,5(x,y)) is subcritical
for T'(z). It is sufficient to show that [2*]A;(5(x,y)) is subcritical for T(z) for all A\, because
s(x,5(z,y)) = 50 Ai(5(z,y))z! and Ai(5(z,y)) is a power series in z, i.e. [z!]s(z,5(z,y)) =
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Zé’:o [2!79]A;(5(x,y)), which is a finite sum of such coefficients.

A5, y)) = [2Y] ) sig8(z,y)

j=0
J
=2 sy | D 2" Auy)
j=0 n>0

=Y sy Y @A () A, (y)

j=0 H1seees b

=STs Y AL AL,

G20 gt =A

As Ag(y) =0, p; > 0fori = 1,... 4, and hence we have a maximum of A factors in every summand,
that is,

H1yeees iy
Bt =A

A
A, y) =D sy Y, A ) A w).
j=0

This is a finite sum of finite products of subcritical factors and hence it is subcritical for T'(z). O

Lemma 3.26. Let s(z,y) = > ;50 Ai(y)z! be the generating function of the pattern N. The
functions A;(y) are subcritical for C(z).

Proof. Thanks to symbolic arguments and the recursive definition of N = ¢| N V N|N A O we get
s(w,y) = 2nx + s(2,)” + ys(x,y).

Solving this equation gives s(z,y) = 3 (1 —y—+/(y—1)2— an). Thus we can deduce an explicit

formula for the A;(y) from this expression.
1—-y 1 8nx
- J = 12, /1 - =
s(z,y) 5 SV —1) 17

- 500X (1) et -,

1
since 5(0,0) = 0. Therefore, A;(y) = —3(1 —y) < éQ> (—8n)!(y — 1)~2" is a rational function in y

and its radius of convergence is 1. Hence, these functions are subcritical for C(z). O

Proof of Proposition 3.22. Let t be a tree in C which computes True. Then there is at least one
variable x appearing twice in the leaves of ¢, because otherwise the tree cannot be a tautology
(induction on the size of the tree). We half-embed ¢ into the plane as described before. As
this N-embedding represents an injection it follows that clP < (N [C])L’fb], where Cl denotes the
number of trees from C of size m whose minimal half-embeddings have k restrictions. Hence, by

Theorem 3.19, which can be applied thanks to Lemmas 3.25 and 3.26:

[%]) [k])
Cm_ SNM"‘ —o(L ,
Cr Cm nk

and thus asymptotically almost all tautologies in a binary commutative And/Or tree are simple
(and have a minimal N[N]-embedding with one restriction). Proposition 3.22 is thus proved. O

20



Proof of Theorem 3.17. Let g,(z) be the generating function counting the trees in C with a V-
only-path from the root to a leaf labelled with z. It is given by ¢,(z) = C(z) — g, () with

3:(2) =(2n—1)z+ % (C?(2) + C(27)) + % (52(2) + g2(2%)) (13)
because a tree rooted at an A-node cannot contain an V-only-path from the root, while if the root
is labelled with V both subtrees of the root must not contain an V-only-path to an z-leaf.

The generating function S7T% (22 of the family of trees which are a simple tautology realized by
x is given by ST*(z) = C(z) — ST (z), where ST" (z) corresponds to the family of trees which are
not simple tautologies realised by z. Similarly to g, (z), such a tree is either rooted at an A-node,
or it is rooted at an V-node, and both subtrees of the root are not simple tautologies. Still, it could
return T'rue if one of the subtrees contains an V-only-path to x and the other subtree contains
an V-only-path to . The case where the subtrees are of this shape and one of them is even a
tautology is already excluded by construction and therefore must not be subtracted. This gives
the following implicit equation for ST (2).

C2(2) + C(22)  (ST)%(2) + ST"(2?)

ST (2) = 2nz + 5 + 5 = (92(2) = ST*(2))(9z(2) — ST*(2)),
2 z 22 ST")? z ST 22 —==T

To calculate the limiting ratio of simple tautologies, we need to determine n(1—lim,_,~, (%,I()zl)(z) ),
where the factor n is the choice of z in the set of variables, and we use an analogue of Proposition 3.5
as well as Lemma 3.4. We denote by u, = gu(Vn), vn = g(v2),U, = STI(%L) and V, =

ST"(v2), and compute U, up to terms of order . From (13) we get

u, = (2n — 1)8% (1 - Sln> + % (i + C(wi)) + %(ui +v,) + O (;) (15)

== g (1- 5 ) 45O +COM 502t 40 () (9

We know that C(2?) = 2n2? + O(n?2%), hence C(72) = 32~ — 5oz + O(-%). Inserting this into

(16) we can compute v, = 53— + O (5), and with (15), we compute u, = 3 — 1= + O (55).
Solving the equations for U,, and V,,, up to terms of order %, we get

1 7 1 1 129 1
n = 55 ) d n =35 3]
v 320 102d4n? © (n3> and UL 2 T024n2 © © <n3>

Differentiating ST (z) and g,(z), we obtain

Go(2) =2n — 1+ C(2)C"(2) + 2C"(2°) + §2(2)5,(2) + 27,(2%),
(ST")'(2) = 2n + C(2)C"(2) + 2C"(z?) + 5T (2)3L(2)

2 (2
+2(ST")'(2%) = 2(5T" (2) = g () ((ST")'(2) — g2(2))

Hence, recalling (9) and C(v,) = 1/2, we obtain

o Ggp(2) 1 2n —1 20'(2%) | 2g,(2%)
1 =1
A C(2) e T = gu(2) (C’(z) CE+ T T om
1 1 1 1
~ iy T2 T TOGE)
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C'(2) C'(2) C'(2) C'(2)
1 [ - (ST")'(2) ~7,(2)
~ -, (2 - 2(Uvn - Un) zli>I'ryln C,(Z) >

, 120N\ (1 1-x,
256n2 2 2n '

Solving the last asymptotic equivalence gives X,, = 1 — 5?322 + O (%) and the result of Theo-

rem 3.17 follows immediately. O

3.4. The associative and commutative model
The generating function of associative commutative And/Or trees P(z) is given in (4) and (5).

Note that P(2) = P(z). Let 6, be the dominant positive singularity of P(z), and hence also of
P(z). To get 6,, P(d,) and P(d,) we need to solve the system

y=e¥-1(z) =1 —y + 2nz
1=e¥ -II(2) — 1,

with TI(2) = exp(3 ;5 P(z))/i) = 1+ nz® + O(nz?), (since P(z) = 2nz + O(n?z?)). Therefore
II(z) ~ 1 for z = O (%) and n tending to infinity, hence the second equation gives e¥(*) ~ 2 or

y(z) ~ In(2). Inserting this value into the first equation gives y = # and thus the first order
2In2-1

asymptotic of d,, is 9, ~ =75

Theorem 3.27. The limiting probability of the function True in the associative and commutative

model is given by

2In2 —1)2 1
Pye(True) = lim Pp7 (True) = 7( - ) + O ( ) .

m—oo 4n 7’l2

To prove the theorem we will again use mobiles, using the unambiguous pattern R = N |N
from Section 3.2, given in (7). We can prove that its coefficients A;(y) are subcritical for P.

Lemma 3.28. Let p(z,y) = Y.~ Ai(y)z' being the generating function of the pattern language
R. The functions A;(y) are subcritical for P(z).

Proof. The generating function of the R pattern is p(z,y) = p(x,y) + p(x,y) — 2nz where

pla,y)?

1
pz,y) = 3 <2nx—y+1— \/(an—y+1)278nx>, and  p(z,y) = 2nx + = p,y)

Thus,

ﬁ(xay) =

2ne—y+1 1-y Z (1/2) (4nz) (nz — 1 —g)
l

— )2
2 2 = (1-y)

2ne —y+1 !
Zf—F;Ag(y)x

where the A4;(y) are ra‘Eional functions which are analytic at y = 0 and have radius of convergence
equal to 1. Since 1 > P(d,) ~ In(2), A;(y) is subcritical for P(z). O

22



3.4.1. Generalisation of Kozik’s theorem to associative and commutative trees
Theorem 3.29. Fiz a setV C X, and let L be a labelled unambiguous pattern language where all
nodes have out-degree different from 1. Further assume that the coefficients Ai(y), given in (11),
are subcritical for P(z).

We denote by L[P]gﬂn (resp. by L[’P][%]Z]) the number of elements of L[P] of size m which
have k (resp. at least k) (L,V)-restrictions. Then,

[>k] (k]

lim 7L[P]m’n =0 (1) and lim 7L[P]m’n =0 (1) )
m—o0 P, nk m—oo

when n tends to infinity.

The proof of Theorem 3.29 now is an easy generalisation of Sections 3.2.1 and 3.3.1. We use
mobiles on a associative plane pattern L, that is pattern leaves are on plane paths from the root,
while commutative trees have been substituted in the O-nodes of the plane pattern. We can easily
extend Proposition 3.20.

Proof of Theorem 3.29. As in previous sections, Proposition 3.20 gives:

L[P]Lﬁ]’" _ 2 ien L[P](m, Dwp.o (1) (n — v)=k2! .
P, P, :

which implies:

L[P}[rlri],n < ZleNf/[P](m,l)wk,v(l)nl_kQZ . ZZGNL[P](vawk,v(D
P, P, o P, ’

Hence the result follows from Proposition 3.21. O

3.4.2. Non-plane associative tautologies
Proposition 3.30. In the associative and commutative model, asymptotically almost all tautolo-
gies are simple tautologies, when n tends to infinity.

Again we introduce a half-embedding of a tree t into the plane: Start at the root and choose a
left to right order of the children of the root. If the root is an A-node, proceed with the leftmost
child of the root. If the root was an V-node, then do the same for every child of the root. If we
end up at a leaf, this is a pattern leaf. By this procedure we obtain an element of R[P]. Applying
the same procedure to every root of a commutative subtree, we obtain an element of R[R][P], we
call it an R[R]-embedding of t. There are several ways to embed ¢, choose one embedding with
a minimal number of (R[R],D)-restrictions. Again, the function ¢ + R[R]mn,(t) represents an
injection.

Now looking at all trees with a minimal R[R]-embedding having exactly one restriction, we can
proceed in the same way as in the proof of Theorem 3.11 to prove that they are simple tautologies.

Proof of Proposition 3.30. Let t € P be a tree that computes True. We half-embed ¢ and argue
as in Section 3.3.2 to prove Proposition 3.30 with the help of Theorem 3.29. O

Proof of Theorem 3.27. We define ST*(z) as previously and obtain

ST*(z) = 22 Z Zi((P(2) — 22, P(2%) — 22%,..)
£>0

P(zf) —22¢

_ .2

= z”exp E 7 , (17)
>1
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where Zy(s1, $2, . . .) denotes the cycle index of the symmetric group on £ elements (c.f. [22]). Hence

P(LY _ 9L P4y — 92,0 N
STm(Z):QzeXp Z'P(z)% +226Xp Z‘P(Z)f% Zzé_l(Pl(Zz)—Q)

0>1 >1 >1

= 2577() 4 ST°() [ P2) 24 04 (P() - 2)
>2

At 2z =6, ~ 21221 9T (%) equals

P(6) —241
Tac — 2 n n ~ 2 2
ST*(6,,) = 97 exp E ; exp g - 5,

i>1 i>1

=2 =(1-6,)2~1

z2—0n 2P’(z) —2n 4n

4. Limiting probability of literals

In this section, we will compute the limiting probabilities of functions of complexity L(f) = 1,
that are literals x or x. Therefore, in analogy to Section 3, we will define so called simple x-trees.

Definition 4.1. A simple x is a tree of the shape x A ST, 'V SC,zA(xV---)orzV (xA---),
where ST denotes a simple tautology and SC' a simple contradiction. The shape of such trees is
depicted in Figures 6 and 7.

Simple z of type tautology.

w/V\SC w/A\ST

Simple x of type x.
\% A
ac/ \/\ ac/ \\/
VRN N
A A A Vv
/N / N\
z A x A

Figure 6: The different kinds of simple z. Here, ST is a simple tautology and SC is a simple contradiction.

For all models, we will prove the following proposition:

Proposition 4.2. Asymptotically, almost all trees computing the function x are simple x.
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We state the proposition without a complete proof. The proof is easily done by similar argu-
ments as in the previous section, using the patterns N[N] or R[R], respectively. We can prove
that every tree t € T or t € C with exactly two (N[N], {z})-restrictions computing z, and every
tree t € A or t € P with exactly two (R[R], {z})-restrictions, respectively, computing z is a simple
x tree. Theorem 3.10 and its generalizations imply that those trees give asymptotically almost
all trees computing x, as it is an easy task to prove that a large tree computing = will have at
least two restrictions. Still we suggest a much simpler argument which proves the proposition in
Section 6.

4.1. Binary plane trees.

Theorem 4.3. The limiting probability of functions of complexity 1 in the binary plane model is

lim Py, .(x) = > +O(1>.

m—00 16712 n3

Proof. We distinguish between simple z of type tautology, which we denote by zr, and simple z
of type z, denoted by zx (c.f. Figure 6). By Proposition 4.2, we have P,,(z) = P,,(z7) + Pp(zx).

First we compute P, (z7) = limy,— 00 Pron(z7). Let ST(z) be the generating function com-
puting simple tautologies, given in Section 3.1. Of course, ST'(z) also counts contradictions. The
generating function ST (z) of simple z of the first kind is given by 4z - ST(z), where the factor z
counts the leaf labelled with x, and the factor 4 is explained by the constant being a tautology or
a contradiction, the label of the internal node then being fixed, and the constant being positioned
left or right. Hence

[z™]ST(z)
[zmT ()

~ 4py = 4p, P, (True) ~

16n2°
For the computation of P, (xx) we use the function g,(z) given in (6). Let g.(z) be the function
counting simple z of type x. Then §,(z) = 42g.(z) by the same arguments as above, hence
mlx m 4 !
0.) L e 4L i)
[zm]T(2) [z T(z)  16n .- T'(2)

N

Using Maple, we get limzH% %l,((‘?) = ﬁ + O (%), hence

3 1 1 5 1
() (x7) +Pp(rx) o2 T T o (n3> o2 T o (n3) O

4.2. Associative plane trees.

Theorem 4.4. The limiting probability of functions of complexity 1 in the associative model is

546 — 386+/2 1
g B (1)
n n
Proof. Again we distinguish between simple z of type tautology (z7), and simple x of type = (zx,
cf Figure 7). Note that a simple z in the associative case is represented by a tree with a binary
root.

Calculating P, (x7) = limy,— 00 Py n(x1), we obtain ST(2) = 42-ST(z) by the same arguments
as above and

[2™]ST(z)
[zm]A(2)

(25T (2)

4 372V251-36v2 _ 594 —420V2
[ A(2) N '

2n n n2

~ day, = 4o, PL(True) ~
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Simple z of type tautology.

vV A
/A /\
T SC T ST

Simple z of type z.
\% A
/ N\ / N\
x A T V
/TN /TN
ANz A ANz A

Figure 7: The different kinds of simple = in the associative case, up to commutativity. ST is a simple
tautology and SC' a simple contradiction.

The contribution of zx is counted by §(z) = 4zg(z), where g(z) counts trees with an V-root
and exactly one leaf labelled by x. Note that the other leaves may not be labelled with x neither
with Z, because this would give a simple tautology. Then ¢(z) is given by

9(2) =2 Y _U(A(z) - 22)" .

0>2

Maple computations give limz%&;n V5 fv(é)) ~ 3\/% + O (%), and thus

=g (2) . [2"ge(2) ,3-2V23v2-2  34V2-48 1
EAG) " A Tt n a0 ( ) '

Adding the two limiting ratios gives the constant in Theorem 4.4. O

4.8. Binary commutative trees.
Theorem 4.5. The limiting ratio of functions of complexity 1 in the binary commutative model

18
) . 641 1
o8 o () = 5 O <n) |
Proof. Simple z-trees are the same as in the plane binary case, but there is no left-to-right order

anymore. Hence, ST(z) = 27, ST(z), and ST(z) = C(z) — ST(z) with ST(z) given in (14). Hence

[2™]ST(2) [2™]ST(z) 1 1Y 385 385 1
FR2\E) o0 B2 E) o e (True) ~ 2 — (1 — ) 292 290 =
EmCG) S Emcz) n(True) ~ 20 sn) 51z~ 20082 O\ 3 )

G2(2) = 29n9:(2), and g(z) = C(z) — g.(z) with g(z) given in (14) and lim ?/8 computed in the
proof of Theorem 3.17. Hence

e -0 ~ 2 () a0 () - 0 () 0

4.4. Associative and commutative trees.

Theorem 4.6. The limiting ratio of functions of complexity 1 in the associative and commutative

model s | 291
lim PO (z) = (2In2 —1)2(2 n2+1)+0(1).

m—oo 4n? n3

26



Proof. Again, Sﬁ’(z) = 26,57 (2), with ST(2) = nST*(z) and ST*(z) given in (17), and

[2™]ST(2) [2™]ST(2)
~ 20, = 20,Prc(True
PP ) (Frue)
2In2—-1)(2m2—1)2  (2In2— 1)3 1
2 2n 8n N 8n? +0 n3 /)’
Moreover g.(z) is given by
B P(zt) — 22!
o) == (e [ PEZZT) ).
>1
and
1 .
9e(2) =14 ~(9:(2) = 2) +9a(2) | D27 (P() ~2)
e>1
Since g, (p) ~ 2p, we get
/ D/ _
o g.(2) ~ Tim gf(z)P (2) 20 21n2 1,
z—6n P'(Z) z—6n, 2P,(Z) — 2n 2 2n

and finally, with §,(2z) = 26,9.(2),

(2§ (2) [2™]92(2) (2In2-1) (2In2—-1) (2In2-—1)? 1

—_— 2 ~ 2 = - .

[zm]P(2) on [zm]P(2) 2n dn 4n? +0 n3 =

5. Limiting probability of a general function

In the previous sections, we have studied functions of complexity zero and one. In this sec-
tion we are interested in the limiting probability of functions of higher complexity. To prove
Theorem 2.5, Kozik showed that asymptotically almost all trees computing a function f have a
“simple f” shape. To be more precise, they are obtained from a minimal tree by a single well-
defined expansion, that is a special tree attached to a node of a minimal one. In this section we
generalise this result to all models and give bounds for the number of such expansions.

5.1. The binary plane case.

The goal of this section is to prove existence and bound the constant A; appearing in Theo-
rem 2.5. We show the following result.

Proposition 5.1. For all Boolean functions f,

8L(f) —3+/ < AL(f)? +4L(f) =3
16L(fH)

My
where My is the number of minimal trees representing f and

o JTEPY for () > 1
0 for L(f) = 1.

The proof of this proposition is based on a result by Kozik [18]. He proved that the set of non
negligible trees computing f is exactly the set of trees obtained by ezpanding a minimal tree of f
once.

Remark: It is interesting to see that these bounds are equal when the complexity of the function
is 1 and give the actual bound for literals we computed in Section 4.
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Definition 5.2. Let ¢ be an And/Or tree computing f, v one of its nodes and ¢, the subtree
rooted at v. An expansion of t in v is a tree obtained by replacing the subtree ¢, rooted at v by a
tree t, ot where o € {A,V} and where ¢, is an And/Or tree. We will say that such an expansion
is walid when the expanded tree still computes f.

It follows from Kozik’s results that the only non-negligible valid expansions that are to be
considered are:

e The T-expansions: a valid expansion is a T-expansion if the inserted subtree ¢, is a simple
tautology (resp. a simple contradiction) and if the new label of v is A (resp. V).

e The X-expansions: a valid expansion is an X-expansion if the inserted subtree ¢, is (up to
commutativity and associativity) of the shape z V ... (resp. x A ...) where z is an essential
variable of f and if the new label of v is A (resp. V).

We will elaborate this when discussing the analogous expansions for the associative case in Sec-
tion 5.2.1.

In the following, we will call a T-expansion an A-T-expansion (resp. an V-T-expansion) if the
new label of v is A (resp. V), and the same for X-expansions.

Proof of Proposition 5.1. In a Catalan And/Or tree, a T-expansion is possible in every node (with-
out changing the computed function). At each node, we can expand by an V-T-expansion and by
an A-T-expansion, both on the right side and on the left side. As a minimal tree of f is of size
L(f), it has 2L(f) — 1 nodes and there are Ap(f) = 4(2L(f) — 1)M; different T-expansions that
can be done in all minimal trees computing f.

We can now consider Ax(f), that is, the number of X-expansions (which do not change the
computed function f). This number depends heavily on the shape of the minimal trees of f,
therefore, we only give bounds for this number. An A-X-expansion (resp. V-X-expansion) realized
by z; is valid at each leaf labelled by x;, as well as at each node connected to one of them by an
V-only (resp. A-only) path, and at all of its sons. Let us note that

- At each leaf, we can do at least one V-X-expansion and one A-X-expansion, both to the
right and to the left, which gives a contribution of 4L(f). Further, we could do either one
A-X-expansion or one V-expansion to both sides at its father, depending on its level. But
two different leaves having the same father could be labelled by the same variable. Hence
this contributes 2[L(f)/2] if L(f) > 1, as if L(f) = 1 a minimal tree consists of a single leaf
with no father, but else all leaves share its father with one leaf of the same label in the worst
case.

- at each node (internal or external), we can do at most 4 X-expansions (we choose between
A and V and between right and left side) for each different literal that appear on the leaves.
There are at most L(f) different literals appearing on the leaves of a minimal tree and a
minimal tree has exactly 2L(f) — 1 (internal or external) nodes. Therefore, 4L(f)(2L(f) —
1)My is an upper bound of Ax(f).

Therefore, we have the following bounds:

SL(f)My < Ax(f) < 4L(f)(2L(f) — 1) M. (18)
To end the proof of Proposition 5.1, we only need to note that

A
nL(ff)ﬂ = Mp D (Ar(fws + Ax (fwa),

where w; is the limiting ratio of simple tautologies (resp. simple contradiction), and wy is the
limiting ratio of trees of shape z V ... for x a variable. Thanks to computations made in Section 3

(c.f. Theorem 3.6), we know that w; = %. Moreover, the generating function g, defined in
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Section 3.1 counts exactly the number of trees that can be used for an X-expansion (according to
a variable x). Therefore,

i e(2) 1

im ~—=w

coon T'(2) 20

and with (18) we prove Proposition 5.1. O

5.2. The associative plane case.

The associative case appears to be similar to the binary plane case. We prove the following
theorem:

Theorem 5.3. In the associative plane model, let f be a mon-constant Boolean function, whose
complezity is denoted by L(f). Then,

@ Af
PR (f) ~ IO RS

when n tends to infinity, where A} is depending on the number of possible expansions of minimal
trees of f. For L(f) > 1 we have

(=22

L(f)
: ) [133L(f) 153 — (93L(f) + 108)\/5} My <\,

3_ 2\/5 L(f)
A < <2> [—(12L(f)2 — 247L(f) + 51) + (9L(f)* — 174L(f) + 36)\/5] My,
where My is the number of minimal trees computing f.

To prove Theorem 5.3, we first have to prove that, as in the binary plane case, the set of
non-negligible associative trees computing a Boolean function is the set of trees obtained from a
minimal tree by expanding it once. Moreover, we have to find the non-negligible expansions that
have to be considered. Then, we can prove Theorem 5.3 with the same methods as in the binary
plane case.

5.2.1. Expansions of associative trees.
Because of the stratified structure of associative trees, we have to be careful with the definition
of expansions, which is different to the one in the binary case:

Definition 5.4 (c.f. Figure 8). Let ¢t be an And/Or associative tree computing f. We define
two types of expansions of ¢.

e Let v be an internal node of ¢ (possibly the root) with subtrees t1,...,t;, j > 2. An expansion
of the first kind of ¢ in v is a tree obtained by adding a subtree . to v.

e Let v be the root or a leaf of the tree. The tree obtained by replacing the subtree ¢, rooted
at v by t. o t,, where ¢ € {A,V} is chosen such that the obtained tree is stratified, is an
expansion of ¢ in v of the second kind. In this case, ¢ will be called the new label of v.

We will say that such an expansion is valid when the expanded tree still computes f.

Proposition 5.5. The set of non-negligible trees computing a Boolean function f is the set of
trees obtained by erpanding a minimal tree of f once. Moreover, the only non-negligible valid
expansions are:

e The T-expansions: a valid expansion is a T-expansion if the inserted subtree t. is a simple
tautology (resp. a simple contradiction) and if the new label of v is A (resp. V).
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Expansions at an internal node.

Vv Vv
/‘\ / N\
A/X/A\X\A - A/K7f TQE\A

A/X7A§E\A - A/f7§7§§\\

A A TA

Expansions at the root.

A

\ /N
ZARN Voo
A/X/A\K\A - N
ANAAA

\

//A\\ an
' A A

ATA A ATA T PADN
ANAAA

Expansions at a leaf.

Figure 8: The different possible expansions in the associative case. Here, t; (resp. t.) stands for an
associative tree rooted by V (resp. A). The tree pictured is only the subtree rooted at v, before the
expansion and after the expansion.

o The X-expansions: a valid expansion is an X-expansion if the inserted subtree t. is (up to
commutativity) of the shape xV ... (resp. © A...) where x is an essential variable of f and
if the label of the father of t. is A (resp. V).

Before proving the result, let us introduce the pattern languages we will need:

Remark:

- The pattern language S has the following property: if all S-pattern leaves of a tree are set
to True, then the whole tree itself computes True.

30



- The pattern language R has the following property: if all R-pattern leaves of a tree are set
to False, then the whole tree itself computes False.

Definition 5.6. Let us consider the pattern languages L” and L = Lf“. For i < r, a leaf is on
level 4 if it is an L -pattern leaf but not an L~Y-pattern leaf. An L-pattern leaf which is not
an L-pattern leaf is on level r + 2.

Proof of Proposition 5.5. The proof of the corresponding result for binary trees, [18, Lemma 3.4]),
can be taken almost verbatim. We only have to keep in mind that composition of pattern languages
is restricted such that the resulting composed patterns are still stratified. But all the arguments
still hold. For the sake of self-containedness we provide a sketch of the proof.

The idea is to take a tree computing f, and to replace every subtree which can be evaluated
to True or False independently from the rest of the tree by a x. Then the tree is simplified
according to some rules (the rules stated in [18, Proof of Lemma 3.4] have an obvious analogue for
associative trees) such that the tree contains no stars after all. Then, we state that the simplified
tree t' is a minimal tree representing f.

Let f be a Boolean function whose complexity is L(f) and let V denote the set of essential
variables of f, We consider the pattern languages L = RE“(HDHD[RgS) and L = REVTD[(R3S)?],
where the pattern leaves of R @ .S are all pattern leaves of the pattern R and the pattern S.

Let t be a tree of size L(f) representing f. If the root of ¢ is labelled with V (resp. A), then
using a simple contradiction (resp. tautology) @, the new tree ® At (resp. ® V t) still represents
the function f. Since the limiting ratio of simple tautologies or contradictions is equal to ©(1/n)
and the L(f) nodes of ¢ are counted by z%(/)| for sufficiently large n we obtain the lower bound
P2 (f) >~ and thus trees with at least L(f) + 2 (L, V)-restrictions can be neglected.

Further, it is possible to prove that trees with strictly less than L(f) + 1 (L, V)-restrictions
cannot represent f, because they would yield a tree of smaller size that L(f) after the simplification
process. Therefore all relevant trees have precisely L(f)+1 (L, V)- and as many (L, V)-restrictions.
But this implies that every variable appearing in a pattern leaf on level L(f)+3 is non essential and
not repeated among the L pattern leaves and we may replace each subtree rooted on level L(f)+3
and having a parent node on level L(f) 4+ 2 by a star. Every leaf which is neither essential nor
repeated in ¢t will be replaced as well and one obtains a tree t* which will be simplified according
to some rules.

It turns out that the replacement of certain subtrees by wildcards and the subsequent simpli-
fication can be viewed as the reverse process of a single expansion of t'.

The second part of the proof is to understand which are the non-negligible valid expansions.
Thanks to Theorem 3.10 and its generalizations, the trees obtained by expanding with a tree ¢,
with at least two ((R & S)?,V)-restrictions are negligible. On the other hand there has to be
at least one ((R @ S)2,V)-restriction in t., because if there was none, we could assign this tree
to False or True independently from the rest of the tree. Since the expanded tree must still
compute the function f, by simplification we would obtain a tree computing f being smaller than
the minimal tree, which is impossible.

First case:. The tree t. contains one repetition and no essential variable of f. Then, it has to
compute a constant function (i.e. True or False). If it does not, by previous arguments on
tautologies, the subtree can be valuated to True or False independently from the rest of the tree.
Thus, by simplification, we can obtain a tree, smaller than the minimal tree, computing f, which
is a contradiction. Therefore, the expanding tree t. is a simple tautology or a simple contradiction
(thanks to Proposition 3.15). Moreover, as the expanded tree still has to compute f, if the father
of t. is an A (resp. V), t. is a simple tautology (resp. contradiction), which gives a T-expansion.

Second case:. The subtree t, contains no repetition and one essential variable, let us say . Then,
the essential variable has to appear on the first level. If it does not, the Boolean expression has
shape s1 A (s2 V ) or 51V (s2 A z) (up to commutativity). Moreover, the trees s; and s, have
no (R® S, V)-restrictions and therefore we can make them False or True independently from the
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rest of the tree. Then, we can valuate the whole tree either to False or True independently from
x, which is impossible since x is an essential variable of f.

If an A-X-expansion t. according to the variable z; is valid in a node v, then every A-X-
expansion t. according to this variable z is valid at v (and as well for V-X-expansions). O

5.2.2. Computing bounds for Ag.
Proof of Theorem 5.3. Asin the binary case, we have to compute the limiting ratio of T-expansions
and X-expansions, and the number of nodes where the different kinds of expansions are allowed.
Let us denote by My the number of minimal trees representing a given Boolean function f of
complexity L(f).

The limiting ratio of T-expansions is the limiting ratio of simple tautologies, which has already
been computed in Section 3.2. We have that w{ = 51_276‘/5.

Let g, be the generating function of associative trees rooted at A (resp. V) and containing
exactly one z in the first generation. Then,

9:(2) = 2 _j(A(2) — 22)7 7.
Jj=2

Since the set of trees with more than one z in the first generation is negligible in front of the set
of trees with exactly one x in the first generation, we can assume that

e () 3vE—d
27 2 han Al(2) n

is the limiting ratio of A-X-expansions (resp. V-X-expansions).

As in the binary case, the number Ax(f) of X-expansions and the number Ap(f) of T-
expansions allowed in a minimal tree depend on the shape of the considered minimal tree. Given
a minimal tree ¢ of f, let us number its internal nodes from 1 to N. Let us denote by s(i) the
number of sons of the internal node i. Moreover, let us denote by d(i) the number of sons of the
node ¢ which are leaves. Then, if Ar(¢) is the number of different T-expansions in the minimal

tree t of f, we have that
N

Ar(t) = 2L(f) + ) (s(i) + 1) + 2,

i=1
where 2L(f) is the number of different T-expansions allowed at the leaves of the tree (if the parent
node is labelled by A (resp. V), only simple tautology (or contradiction respectively) T-expansions
are allowed), s(i) 4+ 1 is the number of different T-expansions allowed at the node i (the number
of different positions at node 7 is s(i) + 1); and 2 is the number of expansions allowed at the root
by pushing the root to the first generation and adding a new root with two sons. Therefore,

N
Ar(t) =2L(f)+ Y _s(i)+ N+2=2L(f) + (L(f) + N = 1) + N + 2,
=1

and since 1 < N < L(f) — 1, we obtain that
3(L(f) + DMy < Ar(f) < (BL(f) — 1) M.

Further, given a leaf x;, an A-X-expansion realized by x; is allowed at itself, at its father and
at all its sisters (brothers that are reduced to a leaf), because two sisters cannot have the same
label. Indeed, if two sisters have the same label (or even opposite labels), then, the considered tree
can be simplified, and since we consider a minimal tree, this is impossible. Therefore, if L(f) > 1,

N N

Ax(t) =Y d(i)(s(i) + 1) + 2d(root) + 2 d(i)*.

=1 i=1
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Lemma 5.7. For alli, d(i) < L(f) — N + 1.

Proof. Let us assume that there exist an internal node ig such that d(ig) > L(f) — N + 1. Tt is

easy to see that, as each node except the root has a unique father, ZZV:I d(@) = L(f) + N — 1.
Moreover,

Zd(z’) >3 d(i)+ (L(f) = N +1) > 2(N = 1) + (L(f) = N + 1)

since every internal node has at least two sons. Therefore, Zfil d(i) > L(f)+ N — 1, which is a
contradiction. O

Therefore, thanks to the lemma,

N

N N
Ax(t) <> d(i) + (L(f) — N + 1) Zs ) = N +1) +2(L(f) = N +1)>_ d(i)

=1 i=1

< DU+ (0 = N+ DN + () — 1) + 24 20(5)]
< L(

On the other hand,
N N
t) >33 d(i)+2> d(i) =
i=1 i=1

and
Ax(f) = 5L(f) M.

Finally, since

A a g
e = Mpof D O (Fuf + Ax (Hus),
we get that
()
— 22
<32\f) [133L(f) + 153 — (98L(f) + 108)v2| My < Ay

L(f)
A < (3_22\/5) [—(12L(f)2 — 247L(f) + 51) + (9L(f)? — 174L(f) + 36)\/5} M. O

5.83. The binary commutative case.

Theorem 5.8. In the binary commutative case, let f be a non-constant Boolean function, whose
complezity is denoted by L(f). Then,

Wi
P (f) ~ IATESE

when n tends to infinity, where A} is depending on the number of possible expansions of minimal
trees of f, and

TAL(f) =770\ _ (L(f) = D(512L(S) + 770)

c

512 . 8L(f) f=2Fr= 512 . 8L(f)

My,
where My is the number of minimal trees computing f.

Remark: It is interesting to see that these bounds are equal when the complexity of the function
is 1 and give the limiting probability of literals computed in Section 4.
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Proof. The proof relies completely on the binary plane case, doing minimal [N]-embeddings and
[N @ PJ-embeddings (the plane parts of an [N @ P]-embeddings are both the plane parts of an [N]-
embedding or a [P]-embedding). It has been proven in Lemmas 3.25 and 3.26 that Theorem 3.19
can be applied to the pattern [N @ P][C], as the generating function of P is the same as the one of N.
As in the proof of Theorem 3.17, embedding a tree t € C into N(EU[N @ P] or NEUD [N @ P](2)
represents an injection. Hence asymptotically, all trees computing a function f are obtained by
a single expansion of a minimal tree of f. The calculation of the bounds can be done in the
same way as in the plane binary case. If we denote by w¢ the limiting ratio of simple tautologies
and by w§ the limiting ratio of X-expansions. From Section 3.3 we know that w{ = %, and
from Section 4 we know that w§ = ﬁ Moreover, since asymptotically all trees computing f are

. . . . Y
obtained by a single expansion of a minimal tree, we have W = 'yﬁ(f)()\wa + Axw§) and

Ar = 2(2L(f) — 1) My
2L(f)My < Ax < 2L(f)(2L(f) — 1) My,

since 7y, ~ ﬁ when n — oo, the result follows. O

5.4. The associative commutative case.

Theorem 5.9. In the associative and commutative model, let f be a non-constant Boolean func-
tion, whose complexity is denoted by L(f):

a,C A;,C
PRe(f) ~ SL(H+1

when n tends to infinity, where )\;’C is depending on the number of possible expansions of minimal
trees of f. For L(f) > 1

2In2 — 1 L(f) 1 ,
(n2> (<ln22_4>L(f)+1n22—21n2+2>Mf<X;;C

2In2 — 1>L(f> (2In2 — D(L(f) + 1 +4In2)L(f)
2m2—1 .

)\a,c <
Fo= ( 2 4
where My is the number of minimal trees computing f.

Proof. The result is easily proven by using the pattern R(X(/)) [R @ S] and applying arguments of

)\ ’
Sections 5.2 and 5.3. Therefore, we have —fyr = SED (Apw®® + Axw®). The calculation of
the bounds is similar to the computations done in the plane associative case. From Section 3.4 we

know that wi"® = % and in Section 4 we obtained wjy® = 2122=1 Moreover, 4, ~ 212=1,
We can show
(L(f) +2)My < Ap < 2L(f) My
2L(f)My < Ax < (L(f)? +3L(f)) My,
where the lower bound holds only for L(f) > 1, and the theorem is proven. O

6. Summary of results and conclusion

Finally, we have gained a better understanding of the influence of associativity and commu-
tativity on the behaviour of the limiting distribution on Boolean functions induced by their tree
representation. Indeed, we have shown that associativity and commutativity do not change the
order of P, (f) when n tends to infinity, it is still of order © (n~(L()+1)). Section 5 gives bounds
for the constants for a general function and shows that in all the models the already observed
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paradigm holds: Almost every tree representing a given Boolean function is a minimal tree ex-
panded once. So the results exhibit a qualitatively similar behaviour of all four models. However,
from a quantitative point of view associativity clearly yields a strong bias of the distribution
against functions of small complexity whereas the effect of commutativity is much weaker (see
Table 1 for an overview of the different constants). An intuitive explanation might be that binary
or non-binary is a strong structural difference whereas plane or non-plane is not, since a random
binary plane tree does not have many symmetry nodes (see [1] for a study of the number of sym-
metry nodes in binary trees). Interestingly, commutativity has almost no effect for binary trees,
but a considerable effect in presence of associativity.

Catalan Associative Commutative General
trees (non-binary) (non plane) trees
trees trees
)2
True § =0.75 51 — 364/2 =~ 0.0883 @ =~ 0.75195 M =~ 0.0373
4 512 4
5 03195 546—386v3~0114 O ~ozioozs (RI2-D'@I2+D) 000,
Tl T e 2048 4 e

Table 1: The different constants A such that P(True) ~ 2 and P(z) ~ % when n tends to infinity,
depending on the studied model of trees.

Note that the simple = trees we defined in Section 4 are exactly those trees obtained by
expanding once a tree consisting of a single leaf x. Hence the proof of Proposition 4.2 is immediate.

We should also note that the relation between probability and complexity of a Boolean function
holds for a fixed function f. It is not valid uniformly on all Boolean functions. For instance, we
do not know the limiting probability of a function like z; A --- A x,, where the set of essential
variables depends on n. Such knowledge is important if we examine our models with respect
to the Shannon effect: If we choose a Boolean function on n variables uniformly at random,
asymptotically almost surely the function has a complexity which is exponential in n. In our
models, we are still unable to compute the average complexity of a Boolean function. Further
work (similar to [15] on implicational logic) is required before proving or disproving the presence
of the Shannon effect for these non-uniform probability distributions.
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