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Abstract

We study the asymptotic relation between the probability and the complexity of
Boolean functions in the implicational fragment which are generated by large random
Boolean expressions involving variables and implication, as the number of variables
tends to infinity. In contrast to models studied in the literature so far, we consider
two expressions to be equal if they differ only in the order of the premises. A precise
asymptotic formula is derived for functions of low complexity. Furthermore, we show
that this model does not exhibit the Shannon effect.

1 Introduction

Since almost two decades a rising interest in probability distributions on a set of Boolean
functions which are induced by random Boolean expressions can be observed. To our
knowledge the first systematic investigations in this direction have been done by Paris
et al. [18] on expressions composed of the two connectives AND and OR. Lefmann and
Savicky [16] proved the existence of a limiting distribution (as the size of the expressions
tends to infinity) and established estimates relating probability and complexity. These
bounds were later improved in [1] and the precise asymptotic behaviour for functions of
low complexity was determined by Kozik [15]. A generalisation which takes commutativity
of the connectives into account and maps this property into the model was presented
recently in [10]. The question for the probability of a tautology was pursued for instance
in [12, 13, 14, 17] for various logical systems. An overview is presented in Gardy’s survey [8].
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In this paper we consider Boolean formulas built of positive variables taken from a
fixed set {z1,...,z,} of Boolean variables and the logical connective of implication. The
functions which can be represented by such formulas form the so-called implicational frag-
ment. The implicational fragment plays an important role in the theory of programming
since there are linear time satisfiability tests for such expressions (see [2]). A thorough
study of a closely related model was carried out in [6]: There expressions of the form
A — (Ay — (A3 — ... (A, — «))) have been represented by binary trees where inter-
nal nodes represent implication and external nodes (leaves) carry labels which correspond
to the variables. Though technically more convenient, a drawback of using plane binary
trees (i.e., binary trees embedded in the plane) is that two expressions which differ only
w.r.t. the order of the premises are considered different. It is more natural to consider
x — (y — z) and y — (x — 2) to be the same expression since both represent the function
(x ANy) — z. The aim of this paper is to study a model of Boolean expressions which
takes into account that the premises of an implication can be permuted. In particular, we
present a quantitative relation between the probability of a function and its (formula size)
complexity.

Plan of the paper: In the next section we will give a precise description of the model
and state our main result. It will turn out that it is a priori not guaranteed that the
probability measure we introduce actually exists. This issue is discussed in Section 3. In
Section 4 we study the structure of tautologies. We will show that asymptotically almost
all tautologies are simple, i.e. of a particular shape. Section 5 is then devoted to the
asymptotic computation of the probabilities of a general Boolean function. We will succeed
by following the approach of [6] and introducing certain expansion techniques which may
be applied repeatedly to formulas. After all, we prove that applying one expansion to a
minimal formula representing f yields a sufficiently rich class of formulas from which the
asymptotic probability can be computed. In the last section we disprove the Shannon
effect for our model. Roughly speaking, a model exhibits the Shannon effect if a random
function asymptotically almost surely has exponential complexity (w.r.t. to the number
of variables). This is, for instance, true for the set of all Boolean functions on n variables
equipped with the uniform probability.

2 Model and main result

We start with a precise description of the model:

Definition 1. An implicational formula (or expression) is either a single variable taken
from {x1,...,x,} or defined recursively as an expression of the form {A;, As,... Ay} — «
where Ay, ..., A are themselves formulas and « is a variable. The order of the premises
Ay, ..., Ay is not relevant, i.e., all expressions {A,1), As2),- ., Aoy} — a where o is a
permutation of {1,... k} are equal. We call o the goal of the expression. The size of a
formula is the number of variables it is composed of, where repetitions are counted.

Remark 2. Let us illustrate this definition by an example: Both formulas {(z — y),z} — =



and {z,(z — y)} — z are the same object. Its size is 4 and it represents the Boolean
function (z A (z — y)) — 2.

Expressions according to the above definition can be easily represented by trees:

Definition 3. A rooted and non-plane tree where the vertices are labelled by variables
from {z1,...,2,} (see Figure 1) is called a general implication tree. The set of all
general implication trees is denoted by A,,, the set of those with m vertices by A,, .

Obviously, general implication trees represent expressions. The label of the root is the
goal and the subtrees are trees representing the premises. Clearly, the tree must be non-
plane, since the order of the subtrees is irrelevant. The size of the corresponding expression
equals the number of vertices of the tree.
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Figure 1: A general implication tree representing the expression 4; — (Ay — (A3 —
...(A, = «a))) where Ay, ..., A, are the expressions represented by T, ..., T,, respectively.
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Figure 2: A general implication tree representing the Boolean function z3 — x;.

Z1

Our particular interest is the relation between probability and complexity of a Boolean
function. Let F,, denote the implicational fragment of all Boolean functions in the variables
x1,...,%,. We do not require that a function in F,, actually depends on all the variables.
E.g. the constant functions T (tautologies) and L (contradictions) do not depend on any
variable.

Definition 4. We call a variable x an essential variable for a function f =
f(z,xq,...,2,_1) if there exists an assignment of True or False to the variables
Z1,...,Ty_1, which we denote by z,, such that f(True,xy) # f(False, z).
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Definition 5. Let f € F,. The complexity L(f) is defined as the minimal size of
expressions representing f.

Let IP,, ,, be the probability distribution induced by the uniform distribution on the set
of all general implication trees of size m. The probability measure P, is defined as the
limit of the measures P, ,, as m tends to infinity, i.e., P, = lim,,— 00 P . We call P, (f)
the probability of f.

A general implication tree representing f and having L(f) vertices is called a minimal
tree of f. The set of all minimal trees of f is denoted by M.

Remark 6. Note that the probability of the function is defined as the limit of a sequence
of probabilities. A priori, we cannot be sure that this limit exists. We will see in the next
section that this limit indeed exists.

We aim at a quantitative description of the asymptotic probability of a function, as n
tends to infinity, and its relation to the complexity. Precisely, we will show:

Theorem 1. Let ng be a fized positive integer and f € F,,. Then we have

A 1
P.(f) = RITES! +0 (nL(f)+2>’ asm — oo,

where \¢ is a constant independent of n.

Remark 7. Note that we fix the function in advance. Thus the number of essential variables
is fixed as well. Nevertheless, we may always regard a function in ng variables as an element
of F, for n > ng. For instance, x — y is the same function as {z — z, 2} — v.

3 Existence of the limiting probability P,

In order to show our result we will use the so-called symbolic method (see [5] for a descrip-
tion of this method). A general implication tree can be formally described by a grammar:
If P denotes the set of all general implication trees and L the set of all variables, then
obviously P = £ x multiset(P). Let us denote by P(z) = 3,59 Pn?™ the generating
function of general implication trees. Then the coefficient P,, = [2™|P(z) is the number of
general implication trees of size m. According to the symbolic method, the grammar can
be translated into the functional equation

P(z) =nzexp (Z @) :

Moreover, let Pr(z) = 3,50 Prmz™ denote the generating function of general implication
trees representing the Boolean function f. Py, is the number of all general implication
trees with m vertices which represent f. Similarly as before, we get

[e.e]

Pf(z):Z]l{flit}+Zé; > I exp (iM)

{1 A Ag }—z;=f k=1 -1 ¢
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where Iy gives 1 if f is a variable and 0 otherwise, the index j chooses the label of
the root of the tree and the index [ counts the number of different Boolean functions
represented by at least one subtree of the root. Thus the range of the innermost sum is the
set of all choices of mutually different functions gy, ..., g. For every f we get an equation
like this, altogether forming a system of functional equations.

We can apply the Drmota-Lalley-Woods theorem (DLW) to this system. We will not
go into details here but refer the reader to [5, Chapter VII] or [3, Sec. 2.2.5].

DLW states that, under certain technical conditions, all functions in the system have
the same dominant singularity 1 and admit, locally around 7, an expansion of the form

Py(2) = () — hy(2) 1—% (1)

where g¢(2) and hs(z) are analytic at = = 1. The system above fulfills all assumptions
of DLW. We refer to [6, Sec. 3] where an application of DLW in a very similar context is
carried out in detail.

By the transfer lemma (see [4, Corollary 2]) we can further extract asymptotic coeffi-
cients from an expansion like (1) and obtain

(2™ Py(2) ~ an(f)n’%?f”as m — 00, (2)

where a,, is a positive constant. Note that P(z) = >y Pf(2) and P(z) admits a singular
expansion of the same type, it has the same singularity and therefore has coefficients of
the same asymptotic behaviour. Since the limiting distribution P, is determined by the
limits lim,, o [2™]Pf(2)/[2"]P(2), (2) immediately implies the existence of the limiting
distribution.

4 Simple tautologies

The proof of our main result relies on the expansion techniques introduced in the next
section. These are essentially sets of rules how to attach certain trees to a given tree. For
instance, adding a tautology as a premise never changes the function. Thus we want to
count the number of trees obtained by expansions and in particular the trees representing
a tautology. Exact counting of tautologies is not easy, but fortunately only tautologies of a
simple shape are asymptotically relevant. The three families that will be presented in the
next definition have been introduced in the paper [7] in the case where premises cannot
commute.

Definition 8. A simple tautology is a general implication tree in which exactly one
subtree of the root is a leaf labelled by the same label as the root itself (c.f. Figure 3). If
this label is z, we say that the simple tautology is realised by =x.

A simple non-tautology is a general implication tree such that the label of the root
is different from the labels of all its children (c.f. Figure 4).

A less simple non-tautology is a general implication tree such that (c.f. Figure 5):

bt



PN

Figure 3: A simple tautology realised by the variable x.
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Figure 4: A simple non-tautology: = ¢ {z;,,...,x;,}.

e exactly one of the children of the root, say s, has the same label x as the root itself,
e the subtree rooted at s has more than one vertex,

e every child of s has a root labelled by a label different from all the labels appearing
on the first level of the tree, and all the grand-children of s have root-labels different
from x and from their parent’s label.

In order to proceed, we will show that asymptotically almost every expression is a
simple tautology, a simple non-tautology or a less simple non-tautology.

Definition 9. Let B, C A, and B,,,, = {t € B, | t has m vertices}. We define the
limiting ratio of B,, by
| Baml
W(B,) = lim ——.
fin(Bn) = lim Ao
Remark 10. Note that we can easily construct sets B, such that u,(B,) does not exist.
But the considerations of the previous section imply that for all f € F, the set A, ; of
all general implication trees which represent f has a limiting ratio and even more we have
Nn(An,f) =Pu(f).
Let T denote the set of tautologies, 7T, the set of simple tautologies, Ny and N; the set
of simple and less simple non-tautologies, respectively.

Theorem 2. Asymptotically almost every tautology is simple, i.e. pn(Ts) ~ pn(T) as
n — oo.

In order to prove this theorem we will show that g, (7; UN,UN;) =1—-0O (#) which

implies p1,(7T \ 75) = O (%) On the other hand, the set of simple tautologies is much

larger, as the following proposition shows.
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the (T;)i=1...p are trees rooted by w; ¢ {x,y1,...,y,} and whose sons are
labelled by labels z;; ¢ {x, w;}:

AVANEVA

Figure 5: A less simple non-tautology

Proposition 11. The limiting ratio of simple tautologies satisfies p,(Ts) =
as n — oo.

§+O(#),

Proof. A simple tautology is constructed by £ x Z x multiset(P \ Z) where P and L are
the set of general implication trees and the set of variables, respectively, and Z is the set of
a single variable. The Z corresponds to the distinguished leaf in the first level determined
by the label of the root. Hence the generating function of simple tautologies is

S(z) = nz*exp (Z W) = zP(z)exp (—Z Z—Z> =2(1—2)P(2).

We know that S(z) and P(z) have the same singularity n and singular expansions of
the kind (1) around them. It follows that (cf. [10, Lemma 3.4])

S, S'(2)
() =l - =l

We have
S'(z) (1—=2)P(z) zP(z2) z(1—2)P'(2)

PR Pl Pl Pl




From (1) we can deduce that P’(z) tends to infinity as z tends to 1, while P(n) is bounded.
Therefore, the first two summands become negligible compared to the third one if z tends
to n, and
S/
lim (2)
z—n P/(Z)
We now have to determine an asymptotic expansion of n, as n — oco. By an application
of the implicit function theorem (cf. [3, Theorem 2.19]), (n, P(n)) is a solution of the
system

=n(1—n).

1 =nzefQ

{P =nzef Q

where () = exp (ZZZQ @) is analytic in 1. Therefore, P(n) =1 and n = neé(n). Further,

as P(z) = nz+O(z?), we know that Q(z) = 1+nz?+ O(2?), which implies n = O (%) and

)
Qn) =1+0 (%) We can thus conclude that n = &=+ O (
it is possible to show

%) By further bootstrapping

1 1 1
_to s (_ . 3
" en  2e2n? + n3 3)
We finally get lim., 51 = n(1 —n) = L + O (&). O

Proposition 12. The limiting ratio of simple non-tautologies satisfies p,(Ns) =1 — % +
O (%)

Proof. The set of simple non-tautology satisfies Ny = Lxmultiset((£\Z)xmultiset(P)).
Since (£ \ Z) x multiset(P) gives

(n—1)zexp (Z P(Z,ZZ)> - 1P(z),

i>1

the generating function of simple non-tautologies is given by the equation

Nu(2) = nz exp (n; 1 > P(:’)) s (P(z)> o (n2)" P(2) .

=1 nz

[z™]Ns(2)
P

The limiting ratio of simple non-tautologies is j,,(N;) = lim,, = lim,_,, ];%—((zz)),

and 1 1
Ni(2) = —(n2) = P(z)"5 + ©
n

n—1l—n

(n2) " P'(2)P(2)

If we divide by P’(z) and consider the limit when z tends to 7, the first term of the sum
becomes negligible compared to the second. Eventually, P(n) = 1 implies

. Ni(z) n—1/1\" 1y 1\? 1y 2 1
i p o () 0w - (-3) wolm) -1 eelm).

which completes the proof. O




Proposition 13. We have u,(N;) = (2 - é) 140 (#)

Proof. First, we may assume that yq,...,y, (c.f. Figure 5) are pairwise different. Any de-
pendency introduces an additional factor !/n and therefore the set of such trees is negligibly
small.

Let us fix an integer r > 0 and variables {z,y1,...,y,}. Moreover, let T'(z) be the
generating function of the 7}, i = 1...p, as in Figure 5. Since for the choice of the root-
label r 4+ 1 possible labels are forbidden, and for the labels in the first generation two
possible labels are ineligible, we obtain

T(z)=(n—r—1)zexp (ZH_QM) =n—-r—1)z (P(Z)>T. (4)

i>0 n 1 nz

To construct N, we start with a pair of equally labelled vertices (the root and one of
its children). Then we have (" 1) possibilities to choose vy, ..., ¥y,. The resulting subtrees
are all different, hence this is no multiset but an ordinary set of trees. Finally, from the
multiset comprising the T;’s (c.f. Figure 5) we must exclude the empty set, since z is not

a leaf. These considerations yield the formal relation
-1
Ne=LxZx <n )(Z x multiset(P))" x (multiset(7,)\ {0}),
o\ T

where 7, is the set of trees with the generating function given in (4). Therefore, the
generating function N,(z) of less simple non-tautologies is given by

= () (P2) (o0 (5 76) 1)
B n227§< ) <P7(12)>r (exp (2 (n—ri— )2 (P;;))J) _ 1) :

N (=)
Pé—(z)' Let

As before, the limiting ratio of less simple non-tautologies is p,,(N;) = lim,_,,

. n=2
Q(z) = exp (Zz>2 u (%) " ) Then

. Nl( 2 P(n)!
llgl? P'(z Z( ) n’ 8

r>0

((n ; 2(n —r—1)n (%?) B N r) Q<?7>€(nfr71)n(Pn_2))"% - r) |

We know that P(n) =1 and 7 ~ =. Therefore Q(n) ~ 1 and hence

N/ 1 - 1 — 2 1 ne n—2
lim ( ) —_— E n n (n —r — 1) / — +7r €(n T—l)ﬁe "y
=1 P'(z nes >o rin’ n (Ye) ™




Truncating the sums at n'/? causes a negligibly small error, moreover we can use the

estimate (n — 1),/n" ~ 1 and obtain

Niz) 1 8l 2 1
=0 P'(z)  ne? = r! n en

0

It is interesting to note that, asymptotically, these three families of trees play the same
role in the model without commutativity of the premises [7] and in our model.

5 Probability of a general Boolean function

To show Theorem 1 we follow the ideas used in [6] and define different kinds of expansions:
tautology expansions, premise expansions and goal expansions.

Definition 14. Given a general implication tree, the tree obtained by adding a new subtree
t. to a node v of t is called an expansion of ¢.

o [f the expanded tree represents the same function as t, we call the expansion a valid
expansion.

o If ¢, is a simple tautology, the expansion is called a tautology expansion of t.
For any choice of v, the expanded tree represents the same function as ¢ and the
expansion is valid.

o If ¢, has exactly one subtree being a leaf labelled by x, then the expansion is an
z-premise expansion. If v has an ancestor labelled by x, or is labelled by z, then
the expansion is valid(c.f. Figure 6).

e If the root of t. is labelled by z, then the expansion is called z-goal expansion. If
v is the parent of a leaf labelled by x or if v has an ancestor which is a brother of a
leaf labelled by x, then the expansion is valid (c.f. Figure 7).

Fix a Boolean function f € F,,. We denote by E;(M;) (resp. E,(M;), resp. E,(M;y))
the set of trees obtained by a valid tautology (resp. premise, resp. goal) expansion of a
minimal tree of f, and by E(M/) the union of these three sets.

Lemma 15. The limiting ratio of the family E(M ) verifies, asymptotically when n tends
to infinity,

Af 1
pn(B(My)) =~ + O <W> ’

with Ay being a constant depending only on f.
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Figure 6: A valid z-premise expansion in v (y can be any label in {xy,...,x}).

Proof. Let £, denote the set of trees with exactly one child of the root being a leaf labelled
by = and by G, the set of trees with root labelled by x. Every z-premise (resp. z-goal)
expansion of a tree ¢ is realised by attaching a tree from &, (resp. G,) to some node of t.

We already know (cf. Section 4) that p,(7) ~ en, as n — oo. Using again the
symbolic method, we obtain the generating function of the family &,:

E.(z) =nz expz 2 =z(1—-2)P(2) = S(2),

12>0

and therefore p,(E,) = i + (’)(#) The generating function of the family G, is given by
G.(z) = PG)/n and therefore p,(G,) = Yn.
Let t be a tree and define

p(t) = Z #vertices of t where a valid x-premise expansion is possible,
x€{T1,..,Tn}

g(t) = Z #vertices of ¢t where a valid z-goal expansion is possible
x€{T1,..,Tn}

Note that a tautology expansion is always valid. Hence the limiting ratio of E(M;y) is
given by

pn(E(My))= lim >

m— o0

teMy
1

:W<)\ Lot +L(f)eln>,

OB, () | [E)GL(2)
(p“ O RANERIEE)
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Figure 7: A valid z-goal expansion in v (y and z can be any label in {zy,..., z¢}).

where A, = Yien, p(t) and Ay = Ype s, 9(t). Set

T

F= L) c

Thus,
Af 1
il BOMY) = =L +0 ().
Note that trees obtained by at least two distinct kinds of expansions have been counted
several times here. These trees have two constraints though: either two premises with spe-
cific labels, or a premise and the goal with fixed labels. As A,, A\, and L(f) are independent

of n, such double expansions have a limiting ratio O(1/nt()+2).
U

Lemma 16. Further expansions yield an asymptotically negligible contribution to the lim-
iting ratio. Precisely, we have

L, (U Ek(Mf)\E(Mf)) =0 (ﬁ) , when n — 0.

k>2

Proof. First, consider a minimal tree ¢ and expand it once by a tree ¢, such that the
resulting tree t” is in E,(M ). Then any tree obtained from t” by doing a second expansion
at a node of ¢’ lies in E(M).

Second, consider a minimal tree ¢t and expand it once (by attaching a tree t’) such that
the resulting tree ¢’ lies in E,(M ;) UE;(M;y). If we expand a second time, then we obtain
a tree not in E(My) if and only if the second expansion is done at a node of ¢ or the
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expansion is done at the (unique) child of the root of ¢ which is a leaf labelled by the
variable realising the expansion (or the child labelled in the same way than the root in
tautology expansions, respectively).

Let us calculate the limiting ratio of the set of premise expansion trees where the
expansion is done at the child of the root which realises the expansion: the generating
function of this family is

N(z) = E.(2)(E.(2) + Ey(2) + S(2)).

Hence, its limiting ratio is of order # and the trees obtained by such a nested expansion

of a minimal tree have limiting ratio O (m)

We obtain an analogous result for the set of trees obtained by a second expansion in
the specific node related to the first tautology expansion.

The considerations above imply that the only possibly non-negligible family of expanded
trees in Uz E¥ (M) \ E(My) is the set of trees obtained by & expansions of some minimal
tree t, all of which have been done at nodes of t. The limiting ratio of the family of trees
obtained by k expansions of a minimal tree, done in k of its initial nodes (counted with
possible repetitions), is

w(2) = — 7 (Bu(2) + Bp(2) + Ey(2)) mypz,
where my is the number of minimal trees of f. Its limiting ratio is O(m) which is
negligible compared to ﬁ for all £ > 2. O

Note that expanding a tree is obviously a reversible procedure. Thus valid expansions
have valid reductions as their counterparts. In [6] the authors presented an example of a
tree which cannot be reduced though it is not minimal.

Definition 17. We pick a tree representing f and simplify it by removing every subtree
which is a tautology, a premise or a goal expansion. If the tree cannot be simplified further
and is not minimal, we call the obtained tree an irreducible tree of f. The set of such
trees is denoted by Zy.

In order to complete the proof of Theorem 1, we have to show that the set of trees
obtained by sucessive expansions of all irreducible trees has a negligibly small limiting ratio.
The reader will observe that these reductions are not confluent, consequently by expanding
irreducible trees we will obtain some trees several times. The following results will state
that this double counting is negligible. We will adopt some ideas of the corresponding
proof in [6] for binary plane implication trees. In fact, we only have to prove the analogue
of [6, Corollary 25]:

Lemma 18. Fizr a subset I' C {xy,...,x,}. Let AP be the set of trees having at least p

nodes labelled by a variable in I at depth less than or equal to q. Moreover, set E*(.AZ) =
Uk>o Ek(A’q’). Then

. 1

(A7) = 0 ().

np
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Proof. Let us consider the set B! of trees of height less than or equal to ¢ and with at
most pq vertices, at least p of which have labels chosen from T'. Let X (BF) denote the set
of trees obtained by adding an arbitrary number of general implication trees at nodes of
BE. Note that AP C X(BP). If we denote by ®,,(2) the generating function of B, then

900(2) < o ) 70,
with « being the cardinality of I' and ¢, a constant. Adding a multiset of trees at a node
z of By, gives an additional exp(3_;5; P(")/i) = P(2)/nz. Therefore, the generating function
dx,,(2) of X(B,,) verifies

2@y, (2) < [2M] D e (ﬁ) ypnl_p& = % > [2CP(2),

[
£<pq n t<pq

where () is a constant. Thanks to the asymptotic coefficients derived from the singular

expansion of type (1) by a transfer lemma (see [4]), we know that [[Zz rf,}]l;((zz ))Z tends to a

constant as m — oo, since P(z) and P‘(z) both have a square-root singularity at .
Therefore, there are constants K, such that

("o, () _ 1
P S ZK

which implies that the limiting ratio of the set A7 is of order O (#) O

Thanks to this lemma the proofs of [6] can easily be adapted to our new model: The
idea is to define a set N which is the union of certain sets of the form AP, all of them
satisfying p > L(f) + 1 which implies p,(N) = O (}/nt)+2). Then the set of irreducible
trees Zy is partitioned according to the tree size and the number of essential and inessential
variables of f that occur among the labels. The final step is to show that the sets in this
decomposition are either empty or subsets of M. All those arguments are independent of
whether the premises are considered permutable or not. Thus the following lemma holds
in our model.

Lemma 19. The limiting ratio of the set E*(Zy) verifies

. 1
pn(E7(Zf)) = O (m) :
Proof. See [6, Sec. 5. O

Proof of Theorem 1. The set of implication trees representing a fixed Boolean function f
is the union of the following sets: the set M of minimal trees of f, the set E(M;y) of
minimal trees of f expanded once, the set F=?(M;) of minimal trees of f expanded at
least twice, and the set E*(Z) of (iterated) expansions of irreducible trees representing f.

When n tends to infinity, thanks to Lemmas 16 and 19, the set £(M) is the only one to
contribute to the asymptotic probability of f. This contribution is given in Lemma 15. [

14



6 Disproving the existence of the Shannon effect

Theorem 3. If g(n) is a function in n growing faster than n?, then lim, o P, ({f|L(f) <
g(n)}) > a > 0. Consequently, there is no Shannon effect in our model.

Let us count the number of valid premise expansions of trees of size at most n?. All
such expansions thus compute functions of complexity at most n2. We will prove that the
limiting ratio of valid premise expansions of trees of size at most n? tends to a positive
constant as n tends to infinity.

Note that one large tree can be a valid premise expansion of two different trees of size at
most n?. To avoid the multiple-counting of such trees, we restrict the family of expansions
as follows: in this section, we only consider premise expansions where the expanding tree
has exactly three subtrees, one labelled by the variable according to which the expansion
is done, and the two others being two implicational trees of size at least n?. Let us denote
by £ the family of trees that are obtained by such a premise expansion of a tree of size at
most n?. Given such a tree, it is possible to find where the expansion has been done just
by looklng for the topmost internal node that has two subtrees of size at least n?. This
property ensures not to count several times the same tree in £ by expanding smaller trees.

To calculate the limiting ratio of £, we have to answer the following question: Consider
an implicational tree of size r. How many different valid premise expansions can be done
in this tree? A possible answer is based on the following bivariate generating function,
already introduced in the binary planar case (cf. [9]). First fix a variable y € {z1,...,2,},

e T(u,z) is the generating function of implicational trees where z marks all nodes
and v marks the nodes having at least one ancestor labelled by y, counted with
multiplicity. This means that, given a tree ¢, each node having k ancestors labelled
by y contributes a multiplicative factor zu”* to the weight of ¢.

e V(u,z) is the generating function of implicational trees where z marks all nodes and
u marks the nodes having at least two ancestors labelled by y, again counted with
multiplicity. This means that in a tree ¢ each node having k£ ancestors labelled by y
contribute a multiplicative factor zu*~! to the weight of ¢.

Now observe: Let F(z) = 3,50 Fin2™ where F,, is the cumulative number of vertices in
all implicational trees of size m in which a valid y-premise expansion is possible. Then
F(z) = 0,A(1, z) where 0,A := 9/0uA denotes the partial derivative of A(u,z) w.r.t. u.
Moreover, observe that by symmetry T'(u, z) and V (u, z) do not depend on y.

We thus get the following lower bound (because we have restricted the expansions):

& G, ()
P.(f) > [2"]0,A(L, 2) lim =t
J”L(zf):S12 Tglyé{xlz,;.,xn} Mmoo [Z ]P(Z)
[2" "Gy (2)

—”Z "0,A(1, z) lim

ol TP (e)
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where G (z) is the generating function of implicational trees having three subtrees, one of
them of size one, labelled by y, and the two others being implicational trees of size at least
n?. Of course, again by symmetry G,(z) is independent of y.

Lemma 20. The dominant singularity n of P(z) satisfies

11 8e+9 (1)
= en 2e3n2  24e5n3 nt)’

Proof. The first two terms in the asymptotic expansion were given in [11, Eq. (3)]. Further
bootstrapping yields the next term. O

Corollary 21. For large enough n we have

_— 11
= 1_262n_ﬁ

and, for all m,

e (s (1 q)) < (ngm) <2 e (i)
2 eXp n? 4e =T\ 2e2 = 4€ T eXp 4etn? )

Lemma 22. Let R(z) be the unique solution of R(z) = (n + ﬁ) z-exp(R(z)) that satisfies
R(z) = Y50 Rin2™ with R, > 0. Then for sufficiently large n and m we have

n-"m 1 m 1 1
oz s (1= ) o (3 (14 30+ 3m))-
T V2mm3 12m) P\ 2 + 4et + 2e2n

Moreover, for m > 3, P, > R,,.

The idea of the rest of the proof is to deal with R(z) instead of P(z), because it is
simpler to deal with and the coefficients R(z) are a good approximation of those of P(z).

Proof. Using Lagrange inversion [5, e.g. p. 127], we deduce

1 m m—1
R, = (n+—) G

2¢e2 m)

Using Stirling’s formula [5, p. 407] and Lemma 20, we get, for large enough m and for all n

m m —-m 4 m
(en) (1_ 1 )(1+ 1 ) > n (1_ 1 ) 1_1+4@ 1 .
273 12m 2e2n IN/927m3 12m 4etn? 2e2n3

Thus, for large enough m and n we obtain

Ry,

v

R o> 1" (1 1) (m(1+1+1>)
. - exp (—— — .
24/ 2mm3 12m P n? 4et  2e2n
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Let us now turn to the second statement of the lemma, that asserts that R,, is a lower
bound for P,,, when m > 3. By differentiating the functional equation satisfied by R(z),
we get:

R'(z) =

@ + R'(2) - R(2). (6)

This equation translates directly to a recurrence satisfied by the coefficients of R(z):
m+1 Z k: + 1 Rk—f—lRm k vm Z 27 (7)

with the first coefficients Ry = 0 and R; = n+1/(2¢?). Let us now introduce the generating

function S(z) satisfying S(z) = nzexp(S(z) + S(2?)/2). Since the functional equation of

S(z) is a truncation of the one satisfied by P, we must have S,, < P,,. By differencing
this functional equation we get

S'(z) = 5() +8'(2) - S(2) + 2+ 5'(2%) - S(2)
which translates to
1 m—1 m71
Smi1 = o > (k+1)Sk1Sm—r + Z (2K + 1) Sop41.Sm—26-1 Vm > 2, (8)
k=0 _

with initial condition Sy = 0 and S; = n. Comparing (7) with (8) we deduce that the
sequence (Sy,)m>0 grows faster than the sequence (R,,)m>o0 if Sy, > R, for some m. But
indeed S3 = 3n3/2+n?/2 and Rz = 3n/2 + 9e?n?/4+ 9e~*n/8 + 3¢7%/16, thus S3 > R3
(for all n > 1). Hence, we get P, > S,, > R,, for m > 3. O

Let us now turn to the generating function G (z) that enumerates the trees used for
the valid y-premise expansions. Recall that those trees have a root with three children,
one being a single leaf i and the two other being both of size larger than n?.

Lemma 23. There exists a constant v > 0 such that, for all (fixed) integer r > 0,

(277G (2) r2

lim =M

m—+00 [zm]P(z)

Proof. The generating function G,(z) is given by

E(G(Z)Q + G(2*)) where G(z Z Pn2™,

G, (2) = nz? 5

m>n2

the integer P,, being the coefficient of the generating function P(z) of all implicational

trees. Therefore, Gy(z) has the same dominant singularity n as P(z) and it is also of

square-root type, which implies that
[2"]Gy (2)

Gy(2) _ nn’
. — . y
A TPl iy T ¢ m

= nn*G(n),
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since lim,_,, g:gzg = lim,, 1 LZ%*IGDE; = 1. We thus have to estimate

2n?
= Z P,n™ > Z P.n™.

m>n2 m=n2

Using Lemma 22, there exists a constant 5 such that for large enough n, and for m €
{n%n%+1,...,2n%}:

yn~™ 1 1 1 1
P, >R, > 47 < (1— ) (2————).
- \/ aney = o202 12n CXP 2¢2  e2n

Thus, using Euler-McLaurin’s formula, we deduce there exists a constant v = (2 — /2) - 5
such that:

m=n n.
Therefore G, (2)
™ z
lim ———220 > yp2,
And thus, using a transfer theorem [5, Chapter IV], the statement is proved. U

In view of Lemma 23, using a direct lower bound based on Equation (5), we get

> Pu(f) >Z Yo P F0LA(L 2). (9)

FIL(f)<n? o2 ye{zy,...on}
Lemma 24.
_ (n=1)P(2) NS (s 2P'(2)
D A(1,2) = e 1)P<z)(52( ) — Si(2)) + sy g sy Tpu (10)

where S1(z) = Y50 0,V (1, 2") and S3(2) = Y450 0,T(1, 2%).

Proof. In order to study 9,A(1, z) we must establish the functional equations satisfied by
T and U. The derivation is the same as in the paper [9]. First,

T(u,z) = (n = 1)zexp (Z M) + uz exp (Z M) .

i>1 ? i>1 ?

Since T'(1,z) = P(z), we thus deduce

i>1 i>1 i>1 i>1

0, T(1,2) = zexp (Z P(ZZZ)> ((n 1Y 0, 7(1,2)+ 14> 0,T(1,2")+ > P'(zi)zi> :
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In view of [11, page 5, first display], we have

i 2P
2P = ey - L

i>1

and using the functional equation satisfied by P, we get

0, T(1,2) = ? (n@uT(l,z) + nSy(z) + zﬁéS)) ;

where SQ(Z) = 2222 auT(l, Zi>. Finally,

9,T(1,2) = L) w) .

1 P(z) (SQ(Z) * nP(z)
Secondly,

V(ut, 2

V(u,z) = (n—1)zexp (; % ¥ zexp (; T(u;, 21))) 7

which implies, after similar calculations as for T'(u, z),

P(z)
n—(n-—1)P(z)

9.V (1, 2) = ((n = 1)51(2) + S2(2) + 0.T'(1, 2)),

where S1(z) = 3528,V (1, 2"). Finally,

(n - DP(z)
n—(n-—1)P(z)

zP'(2)
n—(n—1)P(z)

A(1,2) = (S2(2) = 51(2)) +

O

In order to complete the proof, we will derive a lower bound for the r-th coefficient of
OuA(1,2z). Let us first note that the r-th coefficient of Sy(z) — S1(z) is positive (for all
positive r). Thus, using Lemma 24, we obtain [ZT]% < [2"]0.A(L, 2).

Lemma 25. Asymptotically when n tends to infinity, if r = ©(n?), then

L A ("—> |

n 1—21R(z) n
Proof. Set

—— (1- l>iR’(z) “R(2)"

no o n
Obviously, we get the next lower bound:

l[zr—l] R,<Z)

n 1—221R(z)

Z Op—1-
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Using the functional equation of R(z) or the recurrence for its coeflicients (¢f. Eq. (6)
and (7)) in the proof of Lemma 22) it is easy to see that, for all i > 2,

"R (2) R(2)' = (r = DR, =[] ZR

Consider the case where i < n and r = ©(n?), when n tends to infinity. We will show that
the second term of the r.-h. side is negligible: First observe that (r — 1)R, = ©(r~/2p7")
(by Lemma 22).

Second, let k € {2,---,n}. Using Lagrange inversion (see for example Eq. (14) of [5,
p. 732]) yields

7 %

> TR = Y

! . [R™ 2]k (n + L)rl R"Yexp((r — 1)R)

k=2 k=27 2¢?
7 1 r—1 1 (7,,_ l)rfkfl
© I (ur ) e
r—1 2¢? kz;('r—k—l)!
’i2 1 r—1 (7’ _ 1) 1 r—1 (7’ _ 1)7"—2
< ) =l o >2< _> 2
= r—1< +2e2> o3y~ "oz r—1)

because the sequence (2 /k!) is increasing while k < 2. Thus, using Stirling’s formula [5,
p. 407] and Lemma 20, we conclude, for r = ©(n?), that 3t _,[z"1|R(2)* = O (r~1n7").
Consequently, o,_; = (n_ln_r) O

Using the previous lemma and Eq (9) we conclude that 3¢ 1p)<p2 Pu(f) = Q(1) as n
tends to infinity, and thus [11, Theorem 3] is proved.

7 Conclusion

It is interesting to note here that the ideas developed in [7] and in [6] in the implication
model without commutativity of the premises can be directly adapted to the present model
with commutativity. However, the singularity of the generating function of general trees,
which is the fundamental key point of the analysis, cannot be explicitely determined. This
makes all computations more intricate in this model, and whereas in the previous model
we got exact formulas, we must deal with approximations here. Finally, although both
distributions on Boolean functions (with or without commutativity of the premises) are
distinct, they are still quite similar: in fact the order of magnitude of the probability of
each fixed function is the same for both distributions (cf. Theorem 1). Moreover in both
distributions there is no Shannon effect.

We have already noticed that in fact the probability distributions with or without
associativity or commutativity in AND/OR trees are almost identical (see [10]). Would it
be possible to prove a meta-theorem that would give a relation between the probability
distributions induced by logical models taking some properties of the connectives into
account, or not?
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In this model of general implicational trees the connectives naturally disappear in the
tree representation and consequently the size is the number of occurrences of variables, or
the total number of nodes in the tree. When we studied commutativity and associativity
in AND/OR trees [10] we defined the size to be the number of leaves, which is equal to the
number of variables. In the non-associative case, this choice is equivalent to counting every
node, because the number of internal nodes is equal to the number of leaves minus one.
But in general trees, there is no link between the number of leaves and the number of
internal nodes and one could imagine different definitions of the size. Since in [10] we
aimed to compare the distribution induced on Boolean functions of this model with the
model without the properties of commutativity and associativity (see [15]), the complexity
notion and therefore the size notion had to be kept.

But if we take into account the storage of the trees, the natural notion of size in general
AND/OR trees is the total number of nodes, i.e. the number of connectives plus the
number of occurrences of variables. We are currently working on this different notion size
([11]), which induces a change of the notion of complexity: We expect that the induced
distribution will be biased to functions of larger complexity in this model.
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