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Abstract

We consider various classes of Motzkin trees as well as lambda-terms for which we de-
rive asymptotic enumeration results. These classes are defined through various restrictions
concerning the unary nodes or abstractions, respectively: We either bound their number or
the allowed levels of nesting. The enumeration is done by means of a generating function
approach and singularity analysis. The generating functions are composed of nested square
roots and exhibit unexpected phenomena in some of the cases. Furthermore, we present
some observations obtained from generating such terms randomly and explain why usually
powerful tools for random generation, such as Boltzmann samplers, face serious difficulties in
generating lambda-terms.

1 Introduction

This paper is mainly devoted to the asymptotic enumeration of lambda-terms belonging to a
certain subclass of the class of all lambda-terms. Roughly speaking, a lambda-term is a formal
expression built of variables and a quantifier A which in general occurs more than once and acts
on one of the free variables of the subsequent sub-term. Lambda calculus is a set of rules for
manipulating lambda-terms and was invented by Church and Kleene in the 30ies (see [35, 36, 16])
in order to investigate decision problems. It plays an important réle in computability theory, for
automatic theorem proving or as a basis for some programming languages, e.g. LISP. Due to
its flexibility it can be used for a formal description of programming in general and is therefore
an essential tool for analyzing programming languages (c¢f. [37, 38]) and is now widely used in
artificial intelligence. Furthermore, in typed lambda calculus types can be interpreted as logical
propositions and lambda-terms of a given type as proofs of the corresponding proposition. This is
known as the Curry-Howard isomorphism (see [45]) and constitutes in view of the above-mentioned
link to programming a direct relationship between computer programs and mathematical proofs.

Recently, there has been rising interest in random structures related to logic in general (see
[48] [27], [28], and [19]) and in the properties of random lambda-terms in particular (see [18], [30]
or [39]).

Although lambda-terms are related to Motzkin trees, the counting sequences of these two
objects have widely different behaviours. In this paper, a tree-like behaviour is meant to be
that the counting sequence asymptotically behaves as is typical for trees with average height
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asymptotically proportional to the root of the tree size. See [20] for numerous results on such
trees as well as many other classes of trees. For analyzing the structure of random lambda-terms
it is important to know the number of lambda-terms of a given size. It turns out that this is a very
hard problem. The reason is that there are many degrees of freedom for assigning variables to a
given abstraction. This leads to a large number of lambda-terms of fixed size. If we translate the
counting problem into generating functions, then the resulting generating function has radius of
convergence equal to zero. Thus none of the classical methods of analytic combinatorics (see [25])
is applicable. Therefore, in this paper we study simpler structures, obtained by bounding either
the total number of abstractions or by introducing bounds on the levels of nesting (either globally
or locally, to be formally defined in the next section) of lambda-terms. Note that the number of
nesting levels of abstraction or even the number of abstractions in lambda-terms which occur in
computer programming is in general assumed low compared to their size. E.g., for implementing
lambda-calculus we need to bound the height of the underlying stack, which is determined by
the maximal allowed number of nested abstractions. Even more, Yang et al. [47], who developed
the very successful software Csmith for finding bugs in real programs like the gcc compiler, write
on [47, p. 3]: “Csmith begins by randomly creating a collection of struct type declarations. For
each, it randomly decides on a number of members and the type of each member. The type of a
member may be a (possibly qualified) integral type, a bit-field, or a previously generated struct
type.” A declaration in a C program corresponds to an abstraction in a lambda-term, and the
engineers chose the number of abstractions before randomly generating the rest of the program.
That means that they expect the number of abstractions to be independent of the size of the
lambda-term which corresponds to their program. Thus, requiring bounds like those mentioned
above seems not to be a severe restriction from a practical point of view.

Preliminary results on the enumeration of lambda-terms with bounded unary height appeared
in [5].

The plan of the paper is as follows: We present all the formal definitions of the objects of our
interest in Section 2 and then, in Section 3, some results on restricted classes of Motzkin trees
for comparison purposes. The enumeration of lambda-terms with a fixed or bounded number of
unary nodes is done in Section 4. Sections 5 and 6 contain the main results of our paper. They are
devoted to the enumeration of lambda-terms where all bindings have bounded unary length and
lambda-terms with bounded unary height, respectively. In order to achieve our results, we first
derive generating functions for the associated counting problems, which are expressed as a finite
nesting of radicals. Then we study the radii of convergence and the type of their singularities.
This will eventually allows us to determine their number asymptotically, as their size tends to
infinity. A comparison of the two classes of lambda-terms is discussed in Section 7. Finally, we
investigate how our theoretical results fit with simulations and discover some challenging facts on
the average behaviour of a random lambda-term in Section 8.

2 A combinatorial description for lambda-terms

2.1 Representation as directed acyclic graphs

A lambda-term is a formal expression which is described by the context-free grammar
Tu=a | (TxT) | XaT

where a is a variable. The operation (T x T) is called application. Using the quantifier \ is
called abstraction. Furthermore, each abstraction binds a variable and each variable can be bound
by at most one abstraction. A variable which is not bound by an abstraction is called free. A
lambda-term without free variables is called closed, otherwise open.

In this paper we deal with the enumeration of a-equivalence classes of closed lambda-terms:
Two terms are a-equivalent if one term can be transformed into the other one by a sequence of
a-conversions. An a-conversion is the renaming of a bound variable in the whole term (cf. [3]).
Since the lambda-terms we consider are closed, this means that the actual variable names are



unimportant; only the structure of the bindings is relevant. E.g., we consider the terms Ax.z and
Ay.y to be identical.

Furthermore, note that neither application nor iterated abstraction is commutative, i.e., in
particular, the terms Az.\y.T and A\y.\x.T are different (if and only if at least one variable z or
y appears in T)).

A lambda-term can be represented as an enriched tree, i.e., a graph built from a rooted tree
by adding certain directed edges (pointers). First we construct a Motzkin tree, i.e., a plane rooted
tree where each node has out-degree 0, 1, or 2, if the edges were directed away from the root.
We denote by the terms leaves, unary nodes, and binary nodes, the nodes with out-degree 0, 1,
and 2, respectively. In this tree each application corresponds to a binary node, each abstraction
to a unary node, and each variable to a leaf. The fact that an abstraction A binds a variable
v is represented by adding a directed edge from the unary node corresponding to the particular
abstraction A to the leaf labelled by v. Therefore, each unary node = of the Motzkin tree is carrying
(zero, one or more) pointers to leaves taken from the subtree rooted at x; all leaves receiving a
pointer from z correspond to the same variable, and each leaf can receive at most one pointer.
The Motzkin tree obtained from a lambda-term ¢ by removing all pointers (variable bindings) is
called the underlying tree of t.

For instance, the terms (Az.(x*x)* Ay.y) and Ay.(Az.z* Az.y) correspond to the enriched trees
To and T; in Fig. 1, respectively. In particular, these terms are closed lambda-terms, because
every variable is bound by an abstraction, i.e., every leaf receives exactly one pointer.

To T

Figure 1: Two examples of lambda-terms (or a-equivalence classes if the labels of the leaves are
removed): Each unary node corresponds to an abstraction Az binding all leaves below it which
are labelled by x. Binary nodes correspond to applications merging their two subtrees ¢; and ts
into the more complex structure tq * ts.

As mentioned in the introduction, our interest in the present paper is in lambda-terms with
restrictions on the number of abstractions and on the number of nesting levels of abstraction,
either locally or globally. The following definitions will allow us to state our restrictions more
precisely.

Definition 1. Consider a lambda-term and its associated enriched tree T'. The unary length of
the binding of a leaf e by some abstraction v in T (directed edge from v to e), denoted by l,(e),
is defined as a number of unary nodes on the path connecting v and e in the underlying Motzkin
tree.

Definition 2. Consider a lambda-term and its associated enriched tree T. The unary height of a
vertex v of T, denoted by h,(v), is defined as number of unary nodes on the path from the root to
v in the underlying Motzkin tree. The unary height of T, h,(T), is defined by  max Thu(v).

v vertex of
We use the same notions for Motzkin trees as well.

In this paper we will enumerate lambda-terms with a fixed number of unary nodes, with
bounded unary length of the bindings, or with bounded unary height. Of course, other simplifica-
tions are possible, such as bounding the number of pointers for each unary node. Such terms are
related to linear (terms where each abstraction binds at most one variable, also called BCI terms)
and affine (terms where each abstraction binds at most one variables, also called BCK terms)



logics as introduced in [3, 33, 32, 34], and their enumeration was treated in [7] and generalizations
can be found in [6] and [9]. For their relations to lambda-calculus see for instance [31].

2.2 Generating functions associated with lambda-terms

For each class of lambda-terms we will enumerate the terms of a given size. The size of a lambda-
term is the number of nodes in the corresponding enriched tree. It is defined recursively by

|l‘| =1,
Az T|=1+1T,
|(S*T)| =1+[S|+T].

In order to count a-equivalence classes of lambda-terms of a given size we set up a formal
equation which is then translated into a functional equation for generating functions using the
well-known symbolic method (cf. [25]).

Let us introduce the following atomic classes: the class of application nodes A, the class of
abstraction nodes U, the class of free leaves F, and the class of bound leaves D. Then the class £
of equivalence classes of lambda-terms can be described by the specification

L=F+ (Ax L)+ U xsubs(F - F+D,L)). (1)

where the substitution operator subs(F — F + D, L) corresponds to replacing some free leaves in
L by bound leaves.

Remark 1. Note that the lambda-terms specified by £ are not necessarily closed. Since a-
conversion concerns only the bound variables, the equivalence here is w.r.t. «-conversion and
substitution of a free variable by another free variable which is not already present in the term.

The specification (1) gives rise to a functional equation for the bivariate generating function

L(Z, f) = Z Z|ﬂf#free leaves in t

t lambda-term

which reads as follows:
L(z, f) = fz 4 2L(z, f)* + zL(z, f +1). (2)

In particular, the formal generating function for lambda-terms without free variables is

L(z,0) = [f]L(z, [)
=22 4225 + 42* +132° + 4225 + 13927 + 50622 + 19152° + 7558210 + ...

Note that these functional equations have to be considered in the framework of formal power
series since the fast growth of the coefficients of the generating function implies that the radius of
convergence of L(z,0) is zero (see Corollary 3 below).

Furthermore note, that the problem of counting closed or open lambda-terms is essentially the
same. Indeed, the formal generating function for open lambda-terms can be derived from Eq. (2)
the formula L(z,1) — L(z,0) = (172)”2’02)7&(2’0)2. Consequently, the problems of enumerating
lambda-terms with or without free variables are of the same difficulty and the solution for one of
them yields the solution for the other one.

Before we start with the analysis of the generating functions associated with the considered
combinatorial structures let us introduce a few further notions.

Definition 3. We say that a function f: C — C has a singularity of type a at z = p if there is a

constant ¢ such that N
flz)~c (1 — Z) ,
p

as z — p inside the domain of analyticity of f.



Definition 4. If f : C — C is a function which is analytic at 0. Then let S denote the set of
all singularities of f which lie on the circle of convergence of the Taylor series of [ (expanded at
z =0). Those singularities in S which are of smallest type are called the dominant singularities

of f.

Remark 2. Tt is well-known since Darboux [17] that the singularities on the circle of convergence
determine the asymptotic behaviour of the coeflicients of a series. The transfer theorems of Flajolet
and Odlyzko [24] make this much more precise and show that indeed only the dominant singularity
in the sense of the definition above and its type yield the (main term of the) asymptotic behaviour.

3 Restricted Motzkin trees

Before considering restricted lambda-terms, we present results on classes of restricted Motzkin
trees. We shall consider classes of Motzkin trees with restrictions analogous to those for lambda-
terms, namely a fixed or bounded number of unary nodes, and a fixed or bounded unary height,
where the unary height of a leaf is the number of unary nodes on the path from the root to that
leaf, and the unary height of a tree is the maximal unary height of a leaf.

The size of a Motzkin tree is defined as the total number of nodes. The generating function
associated with Motzkin trees satisfies the functional equation M(z) = z + zM(z) + 2M?(2).
Solving this equation shows that the only power series solution is

1
M(z) = o (1- 2= V1-2:-3:2).
(2) 5 z z—3z
The roots of the radicand are —1 and 1/3, the latter being the dominant singularity of M (z) and
of type % Applying a transfer theorem from [24] yields that the number of Motzkin trees of size n

3n,+%

is asymptotically [z"|M(z) ~ STNCIR

3.1 Restrictions on the total number of unary nodes

Let M, be the class of Motzkin trees with exactly ¢ unary nodes. We point out that a Motzkin
tree with exactly ¢ unary nodes has a total size n equal to ¢ + 1 4+ 2m, where m is the number of
binary nodes and m + 1 the number of leaves.

Proposition 1. The number of Motzkin trees of size n with exactly q unary nodes is 0 if n = q

2 1
7 29 q!

mod 2; otherwise it is asymptotically equivalent to 2”nq’%, as n — oo and for fized q.

Proof. The assertion is an immediate consequence of Tutte’s theorem [46] which implies directly
(n—1)!

that the number of Motzkin trees of size n with exactly ¢ unary nodes is T—a=D/2" O

For self-containedness and as it is in the flavour of this paper, we offer a proof of Proposition 1
based on analytic combinatorics.

Obviously My = C is the class of binary Catalan trees and its generating function is My(z) =
C(z) = 1_731;“2. For ¢ > 1 we have My =U x My_1 + ZZZOA X My x My—;. This equation
translates into a functional equation for the generating functions and we get (after solving w.r.t.
My(2))
zMg-1(2) + 2 Z1gz§q71 Mo(2)Mg—o(2)

1-— QZM()(Z)

Mq(z) = (3)

Lemma 1. There exists a sequence of polynomials sequence (Py(2))q>2 such that

g+1 2
My(e) = T g2 o



The polynomials Py(z) are given by the recurrence relation
Pyz)=1;  Py(2) = Pia(2) +2)_ Pl2)Pa(z) (g2 3). (5)

Proof. For convenience set A = 1 — 2zMy(z) = V1 —42%2. From (3) one easily derives that

My = 22/A3 which fits with the assertion (4). We assume that the assumption M, = %
holds for £ =2,...,q — 1; Eq. (3) then gives

((1 +2My(2)) Mg_1(2) + > Mg(z)Mq_g(z)>

(=2

PR

D w

2 [29P, 1(2%) R 2IP(22) 297HP, y(2?)
N A2q-2 A2-1 T A2(q-0)-1

Zq+1 q—2
= St (P13 +27 DR Pa(2) |

=2
From the last formula we read off the recurrence relation (5) and get the assertion after all. [

The asymptotic behaviour of the coefficients of M,(z) is now readily obtained (recall that
n = q+ 1+ 2m, with m being the number of binary nodes):

P,(22) P,(2) 4P, (1/4)
S M (2) = szqili Lm q -~ om q <.
11 2) = ) ) — o T e 2B
As [z™](1 — z)7 93 ~ %, we get

1My (2) ~ 20 Py 1) gqrquzq;; - 5%4)@ 2

Set ag = P;(1/4); then as = a3 =1 and aq = ag—1 + i22<€<q_2 agaq—g for ¢ > 4. This implies
ag = 22’qC’q_1 where C; denotes the gth Catalan number. Plugging this into the asymptotic
expression for [2"]M,(z) gives immediately Proposition 1.

Next we consider the number of Motzkin trees with at most ¢ unary nodes. Then we have
M<y(2) = 3 gcrey Mr(2) and [2"[M<q(2) = > << [2"]My(2). Hence the last term of the sum
gives the asymptotic main term which is [z"]M, if n # ¢ mod 2, and [2"|M,_; otherwise.

3.2 Restrictions on the unary height
Define By, as the set of Motzkin trees such that all leaves are at the same unary height k& and B<j,
as the set of Motzkin trees where leaves have unary height at most equal to k.

3.2.1 All leaves at the same unary height

Again, we start with setting up the specification and translating them into functional equations
for the generating functions.



Lemma 2. The class By is equal to that of binary Catalan trees. Thus By(z) = C(z) = (1 —
V1 —422)/(2z). For k > 1 we have the recursive specification By, = U X Br_1 + A x By, x Bg.
Thus, the generating function associated with By, satisfies

1
Bi() = 5 (1—«/1—42«23,“,1)
1
(1\/122+22\/12z+-~~+22\/14z2>,

2z

where the second expression has k + 1 nested square roots.

Now we turn to the asymptotic behaviour of such bounded unary height trees. For k = 1, the
dominant singularity of B (z) is at z = 1/2 and of type 1. The other singularity is at z = —1/2,
but of type % and gives therefore an asymptotically negligible contribution. We obtain

1 21i2np—1
[2"]Bi(2) ~ 7 ——73y—
4T (3)
Likewise, for k > 2, the singularities of By(z) are £1/2, which can easily be seen by induction. The
singularity at z = —1/2 originates from the innermost radical only and is therefore of type 1/2.
At z = 1/2 all radicals vanish at once and hence the singularity is of type 1/2¥*1. Consequently,
as z — 1/2, we have

Bi(z) =1-2>""(1-22)>"' 1+ 01 =22)).
Determining the asymptotic behaviour is now straightforward.

Proposition 2. The number of Motzkin trees in which all leaves have exactly unary height k is

n-t-« h 1

[2"]Bi(z) ~ 2"t

Remark 3. This is another of the rather rare examples where the generating function of a re-
cursively specified combinatorial structure does not have a dominant singularity of type 1/2 (or
multiple of 1/2). A general discussion of possible singularity types of generating functions given
by systems of functional equations was recently given by Banderier and Drmota [2].

3.2.2 Motzkin trees of bounded unary height

The case k = 0 again corresponds to binary Catalan trees and for larger k a similar recursive
specification as in the previous subsection holds.

Lemma 3. The class B<j, is equal to that of binary Catalan trees. For k > 1 we have the recursive
specification B<p = Z +U X B<p—1 + A X B<i, X B<y. Thus the generating function associated
with B<y, satisfies

|
Bop(z) = — (1 — \/1 422 4Z2ng_1>

2z
1
—2<1\/122422+22\/12z4zz+'~+22\/1422>.
z

where the second expression has k 4+ 1 nested square roots.

Again, the first function B<(z) has the two singularities £1/2, but the next ones have different
singularities. Indeed, the innermost square root /1 — 422 has a zero at z = +1/2, but the next
radical, \/1 — 2z — 422 + 22v/1 — 422, has a zero at p1 = 0.4064073933 < 1/2. The following few
values are py = 0.3759923651, p3 = 0.3617581845, py = 0.3538076738.




Lemma 4. Let Ry(z) =1 — 422 and Rk(z) =1—2z—422 422/ Rp_1(2). Then the values py,

defined as the smallest real positive root of Rk(z) =0, form a decreasing sequence.

Proof. An easy inductive argument shows that the functions Rk(z) are decreasing functions on
the positive real line (of course, only up to their first singularity) and smaller than 1 there: Note

that for positive z we get \/Rk,l(z) <1<1+14z.

Notice that the class of Motzkin trees of bounded unary height is a subclass of the class of
unrestricted Motzkin trees. The generating function of the latter one has dominant singularity
equals to % Hence, for any fixed k, we must have p; > %

Now, suppose that pr_1 < pr. Then, since Ry(z) is decreasing for positive real z and
Ri_1(pr—1) = 0, we have Ry(pr_1) = 1 — 2pp—1 — 4p7_; > 0. But 1 — 2z — 422 > 0 if and

only if z € [_‘/45_1, \/54_1} and ‘/54_1 < 1/3 which contradicts the fact that gy > % forall k. O

Remark 4. Since the sequence (pg)k>0 is decreasing and bounded from below by %, one can try
to prove that pr — % as k — 0o. Though numerical evidence supports this, it seems not obvious
at all. Since it is not the key point of our paper we decided to skip it.

As B<y(z) = (1 — /Ry (z)) /(2z) and each radical has a different dominant singularity, the

dominant singularity of B<y, is at z = p and of type 1/2. Here the dominant singularity always
comes from the outermost radical. Thus, we obtain the following result:

Proposition 3. The number of Motzkin trees with unary height at most equal to k is

3

[2"|B<i(z) ~ Cpp"n ™2

where py, is defined in Lemma 4 and C is a suitable constant.

4 Enumeration of lambda-terms with prescribed number of
unary nodes

4.1 Recurrence for the generating functions

We consider here the set S, of lambda-terms that have exactly ¢ unary nodes. As a consequence
their unary height is obviously bounded. We shall set up recurrence relations for the generating
functions Sy. Let z mark the total size and f mark the number of free leaves. The objects in Sy
are again binary Catalan trees and all the leaves are free (since there is no unary node). Thus

1— /1 —4f22

SO<Zaf): 2

For ¢ = 1 either the unique unary node is equal to the root — each leaf of the whole tree then either
becomes bound or stays free — or the root is a binary node and the unique unary node appears
either in the left or the right subtree. This yields the specification

S = (U X subs(f - F + D,So)) + (.A, 80,81) + (./4751,80).
and a recurrence relation for the generating function:
Sl(’zvf) :ZSO(va+1)+2ZSO(va) Sl(z7f) (6)

Solving, we get

 sSo(ef 1) 1-/IAF T DR
Sl(z7f) - 1 _2250(27f) - 2 1_4f22 .



For general ¢ > 1 a term has either a unary node as root and ¢ — 1 unary nodes below or a binary
node as root, and the ¢ unary nodes are split into £ nodes assigned to the left subtree, and g — ¢
nodes assigned to the right subtree. Hence we obtain

q
Sy = (U x subs(F = F +D,8;-1)) + Y _ (A, 8¢, 84-1)
=0

which gives

q
So(z 1) = 2841 (2 [+ 1) + 2 Sil=, f) Sqi(z, )

=0
We can casily solve it and obtain Sy(z, f) in terms of the Sy(z, f) for ¢ < ¢:

z

Sy(z, f) = T 55507 (Sq_l(z, f+1)+ ; Se(z, f) Sq_i(z, f).) (7)

The number of closed lambda-terms, which we are interested in, is then
q—1
S(I(zao) :Sq_1(2,1)+ZSI(Z,O) Sq_l(Z,O)- (8)
=1

4.2 Solving the recurrence

Lemma 5. Let o,(f) = /1 —4(f + q)z2 for ¢ > 0.1 Then, for all ¢ > 0, there exists a rational
function Ry in g+ 1 variables such that

zq_loq(f)
2 [1¢2 ou(f)

Moreover, the denominator of Ry(z,00(f),...,0q-1(f)) is of the form [[y<,, oe(f)**¢ where
the exponents ag.q, ..., 0q—1,4 are positive integers.

Sq(zvf):_ +Rq(2700(f)7'"7Jq*1(f))' (9>

Proof. The proof is based on induction on g. To start the induction observe that Sy(z, f) =
lfggiiz’f) and Ry = 0. Now assume that (9) is true for So(z, f),...,Sq(z, f). Then by (7) and
oo(f) =1—225(z, f) we have

z 2o (f+ D)
oo(f) \ 2TT¢g oe(f +1)

Sq-‘rl(za f) =

+Rq(2700(f + 1)’ ceey Uq—l(f + 1)) + Z S@(z’ f)Sq—f(Z7 f)) .

{=1

By observing that o4(f + 1) = g441(f) we obtain

—14 q-1
SQ+1(zvf) = - <_ ° - qul(f) +Rq(2’,0’1(f),...7(7q(f)) J’_ZSZ(va)Sqf(Zaf)) .

ao(f) 2 ngé aer1(f) =1
The induction hypothesis implies that each Sy(z, f) is itself a rational function of z, oo (f), o1(f),
-+ 00(f). Hence, by setting Ryr1 = (2/00(f))Rq(2,01(f), - 04(f) + X021 Se(2, £)Sq—e(2, f)
we obtain . o)
20
Sq+1(z7f):_ ot +Rq+1(270'0(f)7~-~70q(f))'

2 HZ:() U@(f)

The expression of the denominator of the R, comes readily from the recurrence expression. U

1aq is actually a function in the two variables z and f, but z plays no role in the statement and proof of this

Lemma.



By setting f = 0, we obtain the following lemma:

Lemma 6. The generating function enumerating all closed terms with exactly q unary nodes is

2471 /1 — 4qz2
Sy(2,0) = — + Ry(z,1,0/1 =422, ...,v/1 —4(qg —1)22), 10

where the rational function Ry comes from Lemma 5. Its dominant singularities are z = :|:2—\1/§.

4.3 Asymptotics

A lambda-term with exactly ¢ unary nodes and i leaves has i—1 binary nodes and size n = ¢+2i—1.
From Lemma 5, the term R, will have singularities at z = +1/(2/¢) for 1 < £ < q. The first term
in the right-hand side of (10) has singularities of smaller type at z = 1/(2,/g) than the second
term. Hence it gives the dominant contribution to the asymptotics of [2"]S4(z,0):

(278, (2,0) o [ A VLD 0y VT TG
o 211z V1 — 422 o[ Vi-at:

The denominator Hg;ll V1 — 44z contributes a multiplicative factor

as n — oQ.

q—1 )
[Tyt =a" 221
=1 q

and we obtain:

Proposition 4. The number of closed lambda-terms with exactly ¢ unary nodes and size n is 0 if
n = q mod 2; otherwise its asymptotic value is

V2
24,/(q — 1) Vn3

Remark 5. Though (3) and (7) have a very similar shape, the results of Propositions 1 and 4
are rather different. But note that even though (7) was the starting point, we eventually use
(8) instead. Thus the resonance-like behaviour induced by (3) and leading to the singularity of
lower-order type described in Lemma 1 disappears.

[2"]54(2,0) ~

2vq)", asn — oco.

4.4 Lambda-terms with at most ¢ unary nodes

We denote by S<4(z, f) the generating function for lambda-terms with at most ¢ unary nodes,
where again z marks the nodes, and f the free leaves. If ¢ = 0 we get once more the generating
function for binary Catalan trees: S<o(z) = So(z) = C(z). Otherwise, S<4(z) = >_{_, S¢(2) and
hence we can apply the results we obtained for a fixed number of unary nodes. The dominant
singularity of S<,(z) comes from S;(z), whereas the terms Sy(z) for ¢ < ¢ give negligible contri-
butions to the asymptotics: The terms with exactly ¢ unary nodes outnumber those with at most
q — 1 such nodes and determine the asymptotic behaviour of the number of terms, which is the
same for a fixed or bounded number of unary nodes.

5 Enumeration of lambda-terms with bounded unary length
of bindings
Now we turn our attention to the problem of enumerating lambda-terms with bounded unary

length of their bindings (for the definition see Def. 1).

10



Let G<j, denote the class of closed lambda-terms where all bindings have unary length less than
or equal to k. Our goal is to set up an equation specifying G<y.

Define PF) as the class of unary-binary trees such that every leaf e can be labelled in
min{h,(e) + i,k} ways. The classes PR can be recursively specified, starting from a class
Z of atoms, by

POK) _ k2 4 (A x POR) 5 DY 4 (1f x PO

and
plk) — iz 4 (A x Pk 75(““)) + (U x 75(”1”“)),

for ¢ < k. Using again the traditional correspondence between specifications and generating
functions we obtain

L=z — /(1 —2)? — 4kz2?

P(k’k)(z) 5
z

(11)

and

1-— \/1 — 4iz? — 422 PR (2)
2z ’

PER(2) = (12)

for i < k.

Note that for every positive integer k, the class P*:*) consists of all Motzkin trees with k
types of leaves. Moreover, the class POF) jg isomorphic to the class G<j and thus the recursive
specification gives directly the generating function G<x(z) = P(OF)(2) associated with G<.

We can rewrite (12) and (11) in the form

N 1 N
P(l,k)(z) = g <1 — 1[i:k]z — 1/ Rk_i_,_l,k(z)) s (13)

where
R1k(2’) = (1-2)% —4k2?,
Rog(2) =1 —4(k — 1)2% — 22 + 222 4 220/ Ry 4 (2),

Rip(2) =1 —4(k —i+41)2% = 22+ 221/ Ri_11(2), (14)

for 3 <i<k+1. Hence, Gey(z) = 1=V Rir1k(2) W.

and

5.1 Analysis of the radicands

Let us now introduce the definition of a dominant radicand.

Definition 5. Consider a function f(z) which is analytic at z = 0, but not entire, and of the
form

1- \/Pk(z) + Qk(z)\/pk1(z) +ar-1(2)\/- - /D1(2)
where p;(z) (i=1,...,k) and ¢;(z) (i =2,...,k) are polynomials in z. We call its j-th radicand,

which is p1(z) if j =1 and pj(2) + q;(2)/-- otherwise, a dominant radicand if it has a zero at a
dominant singularity of f(z).

In order to proceed, we need to know the location and type of the dominant singularity p of the
“global” generating function G<(z). This means actually that we need to know which radicands
are dominant.

11



Nested structures appear frequently in combinatorial objects. Often these structures lead to
generating functions of the form of continued fractions (see for example [22, 15]). Nested radicals
are less frequent. They occur for example when enumerating binary non-plane trees [42, 25, 14],
where there appears an “iterated square-root” expansion.

Lemma 7. For every k>0 and 1 < j < k+ 1, the function ]A%jvk(z) is strictly decreasing on the
positive real line (in the interval where it is defined as a real-valued function).

Proof. We proceed by induction on j: le(z) = (1 — 2)? — 4k2? is clearly decreasing for z real
positive and k£ > 0. Now assume Rj_l,k(z) is decreasing for z > 0. Thus, for positive z we have

d . " AR
TRk =8k =+ 1)z =2+ 2/ Rim1a(z) + M
Rj—1(2)

The induction hypothesis implies Rj_Lk.(z) < Rj_lyk(O) =1 and %Rj—l,k(z) < 0, which eventu-
ally gives d(—lzﬁjk(z) < —8(k — j+ 1)z <0 for real positive z. O

Observe that the function 4/ Rk’k+1 has the same dominant singularity as the function G<(z).

Lemma 8. Assume k > 0 and that the radical \/Rj’k(z) has a positive singularity and let z
denote the smallest one. Then there are no complex singularities having the same modulus as zq.

Proof. From Eq. (13) we know that R ;(2) = (1—1jj_yz — 2eP*~7+18)(2))2. First, assume that
20 is a root of R;4(2). Then 229 P*=I+1HF)(20) 4 1,229 = 1. If there were another (complex)
root z = zpe'? of the same modulus, then we would have

1= 2Z0p(k_j+1’k)(2()) + 1[j:k]20 = QZoeiGP(k_j—i_l’k)(Zoew) + 1j:k20€w .

Since P(k_j+1’k)(z) =Y, 0k n2" can be viewed as the generating function of some suitable class
of lambda terms, for all sufficiently large n we have a; , > 0. But this implies that

2zoei9P(k_j+1’k)(zoei9) + 1j:;€zoew <1

whenever 6§ # 0, which leads to a contradiction.

If 2 is not a root of R;x(z), then zp must be a zero of some R;_(2) with suitable £ > 0.
This follows from the nested structure (14) of the radicals. But then we can apply the arguments
above to Rj,&k(z) and arrive again at a contradiction. O

Let us now study the exact location and type of the dominant singularity of the functions
G<r(2). The next lemma will also prove that the singularity in the assumption of the previous
lemma indeed exists.

Lemma 9. Let jj be the dominant singularity of the function G<y(z). Then pj = ﬁ comes

; . . 1
from the innermost radicand and is of type 5.

Proof. If a positive root of the radicand ]%zk(z) exists, denote its smallest one as p; ;. Let us

consider the roots of the innermost radicand R ,(z). Since R; x(2) is a quadratic equation, we
. . 1 1 . . oL . ~ _ 1

know that it has two roots: W and W Moreover, since k is a positive integer, p1 1 = T vk

is the dominant singularity of the generating function ]5(1*’“)(2) and of type %

Let us now prove that none of the radicands R; x(2), 2 < j < k+1, has a positive root which is
smaller than or equal to p; . By induction on j, using the formula p; , = ﬁ, and simplifying,

we obtain Ry j(fp1r) = 5p1 , > 0. Furthermore, from Lemma 7 we know that Ry.1.(2) is decreasing

on R,. Hence, f%zk(z) does not have any positive root not larger than p; ;. Assume that R]k(z)

12



for some j > 2) does not have any positive root smaller than or equal to p; . Then we get
P1,
Rﬁl’k(ﬁl,k) = (45 — 1)ﬁik + 201 Rj’k(ﬁl,k) > (0 and again using the argument that RjJrLk;(Z)

is decreasing on the positive real line, we obtain that p; j is the dominant singularity of ]:2]-4_17;6(2)
and of type %
Thus, p1  is a dominant singularity of G<j(z), and Lemma 8 implies that it is the only one. [

The following proposition will be useful to derive the asymptotic behaviour of the number of
lambda-terms in the considered class of terms.

Proposition 5. Let py be the root of the innermost radicand le(z) Then

Ry p(pr(1—€) =2(1 = pp)e+ O (&) (15)

and
A 2

kRl =€) = cjpjy + ———
\V z 201

for2<j<k+1, whereci =1 andc; =45 —5+2,/c;-1 for2<j<k+1.

R; —=—=1/e+ O (e),

Proof. Using the Taylor expansion of le(z) around pj we obtain

A Ra(on) + O (= — pn)?).

Rix(2) = Ri(pr) + (2 — ﬁk)dz

Knowing that R j(z) has a zero at z = pj, and setting z = (1 — €) we obtain the first claim (15).
The next step is computing an expansion of }A%j7k(z) around pg, where 2 < j < k 4+ 1. From

(15) we conclude that
VRLE(E(L = €)) = V2(1 = pr)Ve+ O (e)

and from the recursive relation (14) for R;(z) we have

Rok(pr(1 =€) = 1= 2pp + 657 — 4kp} + 2p5/2(1 — pr) Ve + O ()

Using the formula gy = and simplifying we get

1+2\f
N 3
Rok(pr(1 =€) =5p% + 4pi kT /e + O (e).

Assume that for 2 < j < k + 1 we have R k= cjpr +d; \f—i— O (e). We just checked that this

holds for j = 2 with co =4-2—-5+2y1 =5 and dy = 4p,§k4 Now, we proceed by induction:
Observe that

Rﬁuma—fn:17Mkfﬁ&uf@27ma1fd+mnafquﬁ+dﬂ@+0@)

Expanding, using the formula p; = and simplifying we obtain

_ 1
1+2vE’

Rjs1(pr(1 =€) = (43—1+2f)ﬂk+\7\f+0()

Setting cjy1 = 45 — 1+ 2,/¢c; and djy1 = j—% for 2 < j < k, we obtain Rj,i(pr(1 — €)) =
3 1
cj+1p: +dj11v/€+ O (€) . Expanding d;41 using its recursive relation and dy = 4p7 k1 we have for
2<j<k
3 1
4p2kt

7 . O
=2V

djy1 =
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We are now in the position to give the asymptotic behaviour of the number of lambda-terms
having only bindings of bounded unary length.

Theorem 1. Let for any fived k, G<(z) denote the generating function of lambda-terms where
all bindings have unary lengths not larger than k. Then

2k +Vk

[2"]G<p(2) ~ Wn*%(l +2VE)", asn — oo, (16)
- dm [[;55 ¢
where
c1=1 and c¢;=47-5+2,/c;1, for2<j<k+1 (17)

Proof. Lemma 9 tells us that the dominant singularity pr = is algebraic and of type %

Hence, we get the factor n=2 (1 + 2v/k)" in Eq. (16).
Let us now consider the constant (w.r.t. n) term of Eq. (16). We have seen in Proposition 5
that for z close to pg, and with the notations used in its proof, Ryi1 x(pr(1 — €)) = cry1p2 +

di+1v/E+ O (€). Since G<p(z) = &= (1 - \/Rk+1’k(z)>7 we get

R 11—/ d
Gerlpull =€) = —5— = g o=VE+ 09
k

_ 1
1+2vVEk

which gives

dk+1 z
MGep(z) ~ ————[2"]4/1 — —, as n — 0.
T e
3 1
. o 4p2 k1 N 1 . ep . .
Using the formulas dg41 = " :’”2 NG and pp = T/ and then simplifying, we obtain the formula
for the constant term. O

5.2 Asymptotic decrease of constant term

Proposition 6. The multiplicative constant in (16) satisfies

9% + vV 1 (k+1)%(2k+\/ﬁ) NE .
4r [T T pok+loVEFL k! (1+ (ﬁ))’ s oo

j=2Cj

where D = Vrwei=17+¢(3) and w is a computable constant with numerical value w ~ 0.118. ...

The proof of Proposition 6 is focused on obtaining the asymptotic expansion of the product
Hf;l ¢; as k — oo.

Lemma 10. For M — oo we have

M
_ _5 1
[1ci = cpnar=1e2vaipn=5 (1+0 <\/M)>

j=2
where C' is a suitable constant.
Proof. From the recursive relation (17) and by bootstrapping we obtain the asymptotic expansion
4 1 1
c;j=4j+4yj-3—-—=—--+0(—5 ), aj—>x
J J f \/5 j <jg > ’ J ’

3

which we can rewrite as ¢; = (45 + 4v/j — 3)(1 + w;), where w; = © (n_f). Consider now the
product HJAiQ ¢; for M large — we shall take M = k + 1 later on. We write it as Hf; (47 +45 —
3)- H;wﬁ(l + w;) and consider each of the products separately.
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. HJ 5(1+wj): This product has a finite limit w if the series ), w; is convergent, Wthh is
indeed the case. This limit can be computed numerically as limys_ H2<3 <M T2 \/ 3

However, the convergence is slow. The best we have got from the numerical studies is
w=0.118...

° HjMZQ(élj + 4+4/4 — 3): This product gives us the asymptotic behaviour. Let us rewrite it as

1
MM 1H< +3> MI4M =1 exp Zlog( +\[43>
4j ( J

j=2
M1 5 1 5 1\ 1 1
7o (Gr) v (5) +ivo ()

5 1 5 1 1

where Hj is the Mth harmonic number and v = 0.57721 ... is the Euler-Mascheroni con-
stant. We finally obtain

Now, knowing that log (1 + 7 — i) =L _240 <1), we can compute our sum as
J

M
5 e 1
45 +44/7 —3) = CMMUM=I M5 exp? M(1+0(>>,
114+ =3) VT

where C = wexpi_%”((%) .

Putting all pieces together we get the following formula for the constant term of Eq. (16)

2k+f 1 (k+1)1(2k+\/E) 1+O L
[l D2FIeVR 2 k)]

where D = Vrwei —17+¢(3), O

6 Enumeration of lambda-terms of bounded unary height

We now turn to the enumeration of lambda-terms with bounded unary height.

Let H<j, denote the class of closed lambda-terms with unary height less than or equal to k. Our
first goal is to set up an equation for the <. Define the class P(*) as the class of unary-binary
trees such that i + h,(e) < k for every leaf e (i.e. the unary height of every leaf e is at most k — 7)
and every leaf e is colored with one out of ¢ + h,(e) colors.

As in the previous section, we observe that P %) is the class of all Motzkin tree with & types
of leaves and P(%) is isomorphic to the class H<r. The class P1K) is isomorphic to the class
obtained from H<j, by allowing free leaves. This class in turn is isomorphic to the class of closed
lambda-terms with a unary root: Just add a unary node as new root to a term of the previous
class and bind all free leaves by this newly added abstraction.

For general i, P(*) is isomorphic to the class of closed lambda-terms built as follows: Consider
a path of ¢ unary nodes to which we append a Motzkin tree with unary height less than or equal
to k — i and call this structure the skeleton. Then, for each leaf e there are i + h,(e) way to bind
it in order to make a closed lambda-term out of the skeleton.
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The classes P"*) can be recursively specified, starting from a class Z of atoms, by
PR — k2 4 (A x PEF) x plhk))

and, for i < k, by , . . .
PER) = iZ 4 (A x POR x PRy 4 (g x pEFLR)), (18)
Translating into generating functions we obtain

1— V1 —4kz?

PHER (1) = 5
z

and

_1- V1 — 4i22 — 422 PGHLR) ()
2z ’

PR () (19)

for i < k.
Due to the remarks above, the recursive specification gives directly the generating function
Hep(2) = POF)(2) associated with H<;. We get an expression involving k + 1 nested radicals:

1—\/1—22+2z\/~--\/1—4(k—i+1)22—22+2z\/---+2z\/1—4kz2

Hep(2) = 2

(20)

Note that for n < k we have [2"|H<y(z) = [2"]L(2,1) and thus H<y(z) converges to L(z, 1) in the
sense of formal convergence of power series (cf. [25, p. 731]).

In the next subsection we consider the singularities of this generating function and determine
its dominant one together with its type — we shall see that the location and the number of the
dominant radicands changes with k. Then we use this information to obtain the asymptotic
behaviour of its coefficients. In Sections 3 and 5 we have seen examples where the dominant
radicand is either the innermost one, the outermost one, or all radicands together. We know of no
previous example where the position of the dominant radicand changes depending on the number
of levels of nesting.

6.1 Analysis of the radicands

We now consider how to determine the dominant singularity of the function H<y(z): It is again
built of nested radicals, hence its singularities are the values where at least one of the radicands
vanishes.

Theorem 2 below gives the dominant radicand in H<(z), i.e., the radicand whose zero is the
dominant singularity of H<j(z). But first, we introduce two auxiliary sequences which prove to
be important in the sequel.

Definition 6. Let (u;);>0 be the integer sequence defined by
up =0 and u;41 zuf+i+1, fori>0

and (Nz)lzo by
Ni = uf — Uu; + i,
for alli > 0.

Corollary 1. The sequence (N;)i>o can be written without reference to the sequence (u;);>0 by
No=0, Ny =1 and Njy1 = N? +3N; + 2+ (N; + 1)V4AN; —4i + 1, fori > 1.

Proof. Solve the equation N; = u? — u; + 4, considered as a quadratic equation in wu;, then plug
its solution into the recursive definition for w;41. This requires a little care, as the choice of the
solution for expressing u; in terms of N; differs for ¢ = 0 and in the case ¢ > 1. O
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Remark 6. Obviously, the two sequences (u;);>0 and (N;);>o are strictly increasing and have
super-exponential growth. Since the growth rate will be important for our analysis, we will turn
to it later.

Theorem 2. Let (N;);>o be the sequence defined in Def. 6 and k be an integer. Define j as the
integer such that k € [N, Nji1). If k # Nj, then the dominant radicand of H<y(z) is the j-th
radicand (counted from the innermost one outwards), and the dominant singularity px is of type %
Otherwise, the j-th and the (j + 1)-st radicand vanish simultaneously at the dominant singularity
of H<y(z), which is equal to 1/(2u;) and of type %.

The rest of this section is devoted to the proof of Theorem 2.

6.1.1 The radicands R;

Let us denote by R; x(2) the ith radicand (1 <14 < k+ 1) of H<y(z), according to the numbering
from the innermost outwards as adopted in the assertion of Theorem 2, i.e., we have

Pk () = LoV I—ini(z) (21)

2z

We can write the radicands recursively as follows:

Rlﬁk(z) =1- 4]€Z2

Rip(2):=1—4(k —i+1)2% =22+ 22/ R;_1 x(2), (22)

for 2 <i < k+ 1, which gives

and

Rm(z):1—4(k—i—|—1)z2—2z’—|—2z\/1—~~~\/1—4(k—1)z2—2z+2z\/1—4k22.

As Hep(2) = POR(2) = (1 — /Riy1.1(2) ) /(22), the dominant singularity of H<y(2) is the
dominant singularity of \/Ri41,%(%) as well.

6.1.2 The dominant singularity of a radicand

We show below that, for any fixed k£ and for any ¢, 1 <4 < k + 1, the ith radicand R;j, when
restricted to the real part of its definition domain, is decreasing and use this to determine the
interval where it is positive and to prove that it has a single real positive root, which turns out to
be the dominant singularity.

Lemma 11. For every k > 0 and 1 <i < k+1, the real function R, 1(z) is strictly decreasing on
the positive real line (up to its first singularity).

Proof. The proof is a simple inductive argument like in Lemma 7. O

Corollary 2. For every k >0 and 1 <1i < k+ 1, the real function R; ;(z) has at most one real
positive Toot.

Remark 7. If j and k are such that k € [N}, Nji1), then it will turn out that only the j + 1 first
radicands Ry x(2),..., Rjy1,%x(2) will be relevant for our investigations. All of them have a real
positive root. This holds due to the fact that R;;1 x(z) is a dominant radicand of H<j(z), which
we shall prove later on.

Definition 7. Let j > 1 and k be integers such that k € [Nj,N;jy1). Fori=1,...,5+ 1 let o,
denote the smallest positive root of the radicand R; 1 (z).
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Lemma 12. Assume that the radical \/R; 1(z) has (real) positive singularities and let zo > 0 be
the smallest of them. Then there are no complex singularities with modulus |zg|.

Proof. The proof is very similar to that of Lemma 8. O

The lemma guarantees that H<j(z) can have only one dominant singularity, which must be on
the positive real line.
Now we turn our attention to the list (o x)1<i<; where j is such that N; <k < Nj41.

Lemma 13. Let j > 1 and k € [N;, N;11) be given and assume that o, and o411 exist. Then
we have o411 < o4 for1 <i < j.

Proof. First note that, if x¢ is a singular point of some radical, then it is also a singular point of
all radicals which are lying more outwards. Therefore, if both function R; x(z) and R;41 (%) have
positive roots, then, by definition, ¢;41 j is the smallest positive root of R;11 x(z). Hence, it is a
singularity of \/R;11 x(2) and thus of R; ;(z) as well. This immediately implies the assertion. [

Lemma 14. For any i and k the inequality R; 1(2) > R; p+1(2) holds for all z > 0 for which the
two radicands are defined as real functions.

Proof. Obviously, the assertion holds for i = 1. Then, observe

Rig — Ripy1 =422 +22 (\/Riq,k — \/Rifl,k+1>
and hence an easy induction completes the proof. O

6.1.3 When two successive radicands vanish
Lemma 15. Assume that, for two indices j and k such that 1 < j < k, the value oj, which

is a root of R:, is also a root of the radicand R; . Then g, = ——-——. Moreover
f g,k f J+1,k Jk 14++/1+4(k—j) ’

Ri_pklojr) = 404,,0?),6, for all p < j, where the sequence «, is defined by

Qg = O;
ap= (ap_1+p)? for p>1.
Proof. By our assumption, the two successive radicands R;y; and R;j vanish for the same

value z = 0, = 0j41,%. Therefore, from Eq. (22) shifted from j to j + 1, we obtain that

1 —4(k — j)z* — 2z =0, and this can only happen if o, is equal to T

Now assume that j > 2 and that z = oj, i.e. both R;(2) and R; 1 ,(2) are equal to 0.

Then
0=Rjn(2)=1—4(k —j+1)2% =22+ 22/ Rj_1 1(2) = =42 + 22/ Rj_1 (2),

and thus R;_1 x(2) = 422. Going one step further and assuming that j > 3, we obtain that

Ri1x(2)=1—4(k—j+2)22 — 224+ 22/Rj_os = 82> +22\/Rj_o .

Plugging the value R;_1;(z) = 42% into this equation gives R;_s (z) = 362%. We iterate and
obtain for p < j — 1:

Rj_pyk(z) =1- 4(k —Jj+p+ 1)22 —2z+ 22\/Rj_p_1,k = *4(}7 + 1)22 + 224/ Rj—p—l,k
If Rj_pr(2) =4apz?, then R, 1x(2) = 4api12% with a1 = (ap +p+ 1)2 O

Remark 8. Note that Lemma 15 implies the existence of ojn; and 041 n;. By Lemma 14 we
have 041 < 0, and thus 011 n;4¢ exists for all £ > 0. This guarantees the existence of o;
forall 1 <7< j+1, as we claimed in Remark 7.
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illt]2] 3 4 5 6
N, || 18135 | 21760 | 479982377 | 23040411505 837 408
w; | 1]3] 12| 148 21909 480004 287

Table 1: The first values N; and u;.

Lemma 16. If the values j and k are such that there exists a value z cancelling both radicands
Rji1,k and R; i, then we must have k = N; where (N;);j>0 is defined by No = 0 and N; == o;—;—q
for i > 1, with (o;);>0 being the sequence defined in Lemma 15.

Remark 9. The sequence (N;);>o in Lemma 16 is precisely the sequence defined in Def. 6.

Proof. From Lemma 15, simultaneous vanishing of both radicands implies that z = ;. Then we
know the values of the R;_, x(0;x) for all p =0,...,5 — 1; in particular, taking p = j — 1 gives
Ry k(ojk) = 4(7]27,60@»,1. We have R x(z) = 1 — 4kz?, which implies that 1 — 4kajz7k = 4032,1&‘]’71-

Hence we have af’k = . But we also know that a suitable value z = 0, must be equal

1
A(k+aj-1)
—14+/1+4(k—j)
0 =
(cj)j>0 defined in Lemma 15:

, which gives an equation for the integers k and j involving also the sequence

1 ITAG-)) 1 -
4(]{7—]) 4(k+aj,1)'

Setting ¢ = k—j and solving gives £ = (j+a;_1)(j+a;j_1—1), which leads to k = (j+a;_1)*—a;j_1.
Finally, the recurrence for the a; (see Lemma 15) gives k = a; — aj—1. O

The first values of the N; are given by the table of Figure 1. For each value £ = Nj;, the two
radicands that vanish are those numbered by j and j + 1.

Lemma 17. No more than two radicands can vanish at the same positive value. If so, then these
two radicands are consecutive ones.

Proof. Assume that two non-consecutive radicands R;j and R;j; vanish simultaneously. From
Lemma 13, we know that the zeroes of the radicands decrease. Therefore, all the radicands Ry
for i < ¢ < j would vanish simultaneously. But it is not possible that more than two successive

nested radicands R; i, . .., Ri1p 1 have a common positive zero: This can only happen for z = o; 1,
but then the polynomial part 1 —4(k — j + 1)z? — 2z can be simplified into 4(j — i — 1)z2, hence
it is strictly positive as soon as j > i + 1. O

6.1.4 The sequence (N;);>1

We establish here results about the growth of the sequence (N;);>1.

Lemma 18. The sequence (u;);>0 defined in Def. 6 satisfies u; = o + 1. Moreover, the limit

x = lim u}/* ~ 1.36660956. ..
1— 00
exists. Furthermore, we have u; = LXT'J for sufficiently large i. As a consequence, both sequences
(ui)i>o0 and (N;);>1 have doubly exponential growth.

Proof. The recurrence relation on the u; is clear from the definition of the «; in Lemma 15.

Aho and Sloane [1] study doubly exponential integer sequences x = (x;);>¢ of the form z;4+1 =
x?+g; with |g;| < x;/4 for i sufficiently large. They show there that for any such sequence x = (z;)
1/2°

the limit xx = lim;_, o x;

T = inlf

exists and that the sequence can be written, for ¢ large enough, as
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In our case it is easy to check that, for ¢ > 4, g; = ¢ + 1 < u;/4. Hence the sequence (u;);>0 is

of a form such that the result of [1] applies, and lim;_, ull /% can be numerically approximated
by x ~ 1.36660956 . . .

Finally, the relation N; = u? —u; +i = u;41 —u; — 1 implies that (N;);>¢ is doubly exponential
as well. Of course, since a; = u;41 — j — 1, the sequence (a;);>¢ is also doubly exponential. [

Remark 10. Note, however, that for neither of the sequences (N;);>1 and (a;);>o the result of
Aho and Sloane [1] can be applied (see the recurrences they satisfy, given by Corollary 1 and
Lemma 15).

6.1.5 The singularities

The following proposition sums up the properties of the singularities.

Proposition 7. (i) Let py be the dominant singularity of H<y(z) for k =0,1,2,... Then the
sequence (pr)r>o0 15 strictly decreasing.

(ii) If there exists a j > 1 such that k = Nj, then the dominant singularity pn, = 0j N, = (2—11”)

E)
is a root of both radicands R;j and Rji1k, and it is of type %

(i1i) For k € (Nj, Njt1), the dominant singularity is py is a root of the single radicand Rj ; it

. 1 . . . 1 1
is of type 5 and lies in the interval (2u]_+1 , E)

Proof. (i) If the jth radicand of H<j is dominant, then R;x(pr) = 0. This implies that
Rjr+1(pr) < Rji(pr) = 0 and therefore pyy1 < pg, since the radicands are strictly de-
creasing functions by Lemma 11.

(ii) If there exists a j such that k = N;, then the pair (j,k) = (j,N;) is a solution of (23).

If we set oj N, = W, use (23), and then go backwards the steps in the proof
h J

of Lemma 16, we eventually arrive at R;x(0jn,) = Rjr1,k(0jn;) = 0. The type of the
singularity is an immediate consequence of the fact that the two dominant radicands are
consecutive ones.

In order to obtain the last claim, note that N; —j = aj —aj_1 —j = (j_1 + )% —aj_1—J
and 14 4(N; — j) = (1 — 2(aj_1 + 4))? = (1 — 2u;)?, which gives, after simplification and
choosing the root that is positive and has smallest modulus, o n, = 1/(2u;).

(iii) For N; < k < Nj41, Lemmas 16 and 17 tell us that no two radicands vanish simultaneously;
only the jth radicand is the dominant one and the singularity is therefore of type 1/2. The
bounds for o follow from the fact that for any given value of j the sequence of zeroes of
R; 1:(z) is decreasing (see Lemma 14 and Remark 8). O

The sequence of the dominant singularities for £ € {N; | j > 1} is 1/2, 1/6, 1/24, 1/296,
1/43818, 1/960008574, 1/460808231076756752, ...

As a corollary, we get the well-known result that L(z,0) only converges at z = 0, which follows
from [5] or the estimates given in [6, Section 5].

Corollary 3. The radius of convergence of the generating function L(z,0) enumerating all lambda-
terms s zero.

Proof. The number of lambda-terms of given size n being greater than the number of lambda-

terms of size n and unary height p (for any p), the radius of convergence of the global generating

function L(z,0) must be smaller than (or equal to) the radius of convergence py of the function
1

H<n, (2), for any k. But the sequence of these radii is the sequence (g,-) and converges to 0. [
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6.2

Asymptotic analysis and transition between different behaviours

6.2.1 Behaviour of the radicands

In order to proceed, we need some information on the behaviour of the radicands in a neighbour-
hood of the dominant singularity. This is done in the two propositions that follow: Proposition 8
gives the exact values and Proposition 9 their expansions at the singularity.

Proposition 8. The values of R, n,;(z) at z = o N, are as follows:

(1) If s < j (inner radicands), then, with the u; as defined in Lemma 18

2
R, (‘TJ'-,NJ‘) = (UJ_S> :

Uj

(ii) If s = j or s = j +1, then R; n,(0jN,;) = Rjy1,n,(0jn;) = 0.

(iii) If j+ 1 < s (outer radicands), then

As—j—1
2 b)
J

R, (o—j)Nj) R

with the sequence Ny defined by Ao = 0 and Npr1 =€+ 1+ /A¢ for £ > 0.

Proof. (i) The first assertion comes from Lemma 15, which gives R, j(0; n,) = 4a;_s07 N, and

from Lemma 18, from which we have aj_s = u?fs.

The second assertion is simply the definition of o; ;.

For the case s > j + 1, we first check, using the equality 1 — 4(N; — j)af.,Nj — 205N, =0,
that

Rjsan,(0jn,) =1 =4(N; = j = 1)0f y, = 205N, + 2058,/ Rjs1,n, (05,n,) = 405 -

Now assume that for some ¢ > 2 we have R; ¢ n,(0jnN;) = 4)\4710]2-71\,7, and proceed by
induction (we have just checked that it holds for £ = 2 with A; = 1). Then

Rjiev1,n, (Uj,Nj) =1—4(N; —j— E)UJQ‘,NJ —20j,N; + 204,80/ Rj+e,n; (04,n;)
:40_72,Nj (6 + \V4 )\[_1) = 4)\[0']2-’1\[]_

again from the fact that 1—4(N; —j)a?-’Nj —20; n; = 0, and from the recurrence assumption
on Rjye,N; (05N, )- =

Proposition 9. Let p = o n, be the dominant singularity of H<n,(z). Then, for any e > 0

(i)

(ii)

‘ d
Rin,(p—€) =v;e+0 (%) with %= R (p). (24)
Rjyin,(p—€) = 2p\/75 €2 +O(e), (25)

(iii) forp > 2,

(20)85;
Rj+p’NJ ('0 —€) = 4P2)‘p71 + # e% + 0 (E%)

where the sequence (X\;)i>1 is defined in Proposition 8.
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Proof. We know that R; 1 n;(0j,n,;) > 0 and that the function R;_1 n,(z) is analytic up to some
value z > p. Hence R; n,(z) itself has a Taylor expansion around p which yields (24). Using the
recurrence relation (14) for R; ;(z) we immediately obtain (25).

The next step is computing the expansion of R; 2 n, around p where it has a singularity of

type i. We obtain
1 3
Rjio N, (p—€) = 4p” +2p\/2p\/7; €T + O (64) :

Now consider the radicands R;i, n,(2) for p > 2 and proceed by induction: They have a
common dominant singularity at z = p, which is of type %. Thus, for all p > 2, there exist a, # 0

and b, such that R;, n,(p —€) = a, + byt + O (e%> . We already know that as = 4p? and
bs = 2p./2p./7;- By the recurrence relation (14) for the radicands we get

Rjpprin, (p—€) =1—=4(N;j = j—p)(p—€)> = 2(p — €) + 2(p — €)\/ Rjsp.n, (p — ©).

Plugging in the expansion a, + bpe% + 0 (6%) for Rjyp n,(p — €), expanding and simplifying the
constant term through 1 — 4(N; — j)p? — 2p = 0 gives

pby 1 1
Rj+p+l,Nj(p_ 6) = 4pp2 4+ 2p,/ap —+ 62)64 + O (€2> .

Setting a,1 = 4pp* + 2p /@, and by1 = \’;1%, we obtain Rjipi1,n,(p—€) = app1 + bpi1€d +
0 (e%> .

— By dividing the recurrence for a, by 4p?, we see that CZ’% =p+ ZT"?. Coupled with

as = 4p* and the definition of the );, this gives a, = 4p*\,_1.

— Plugging the expression for a, that we have just obtained into the recurrence for the b, gives

bptr1 = b;’ and finally

24/ Ap+1

b
202 [TV 0

6.2.2 Asymptotic number of lambda-terms of bounded height

=

with by = (2p)271. O

J

by, =

We are now in the position to give the asymptotic behaviour of the number of lambda-terms with
bounded unary height.

Theorem 3. Let (N;);>0 and (u;);>0 be as in Def. 6.

(i) If there exists j > 0 such that N; < k < Nji1, then there exists a constant hy, such that
[2"|H<k(2z) ~ hkn_3/2(aj’k)_", as n — oo. (26)
(i) If there exists j such that k = Nj, then the following asymptotic relation holds:
[2"|H<n,(2) ~ hn =40 p) " = thn_5/4(2uj)", as n — oo, (27)

where 14
v (2u;) 14
hy, =

oM AT /) TIY A

with v; and the sequence (\;);>0 as defined in Proposition 8.
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Proof. The expressions given in (26) and (27) follow immediately from the fact that the dominant
singularity for the cases k # N; and k = N; is of type 1/2 and 1/4, respectively, and then applying
the transfer theorem of Flajolet and Odlyzko [24]. What is left to do is proving (28).

(ii) If k = Nj, then from Proposition 9 and H<y,(2) = 3- (1 — \/Rn,11,n, (2)) we get
L= VaN=+1  by—jn 6i+0<6%)
2p dp, /AN, —j11

HSNj (p - 6) =

which gives (using again [24])

by, —j+1 1
2" Hepn. (2) m — ——2———2u,;)"[2"](p — 2)*4
M, () ~ = o) - )
bN, —j+1 L nTd
~— 37](21@) -
dp1, /AN, —j+1 I'(—3)
Finally, plug in the expressions of ay; ;11 and by, 1, then simplify using also F(—i) = —4F(%),
to obtain the expression of hy;. O

6.3 The location of singularities for large k&

In this section we would like to investigate the sequence (pg)g>0 itself.
Let us first derive a few auxiliary results that we will need in order to proceed with the analysis
of the asymptotic behaviour of p; as k — oo.

Proposition 10. If pi, denotes the dominant singularity of H<y(2), then py > ﬁ

Proof. Let us recall that G<j, is the class of closed lambda-terms where all bindings have unary
length less than or equal to k, G<(z) its generating function and g, = m the dominant
singularity of G<x(2).

Clearly, H<i € G<i and therefore exponential growth of G<(z) is not larger than the expo-
nential growth of H<y(2), i.e. pr > pi. O

Proposition 11. For i = O (loglogk) we have

1 K2 log log k
R: ERLOY (et
* (1 + 2\/E) k ( k

Proof. We prove the assertion by induction on 4:

1 4k . 1
Rip(——=)=1-—"" —p510(-).
b (1 +2\/E> (14 2Vk)? (k)

—1

Now, assume that for some i = O (loglogk), R; (m) = kzk +0 (%) then

), as k — oo.

1 4(k —1) 2 2 k2 <log logk)
Ripip(———)=1- - + +0
“’k(1+2x/%> (1+2vVE)?  1+2VEk 1+2\/E\/ k k

but it is easy to see that i = O (loglog k)

2 1 1
e v o (i)

o Ak—g) 2 _O<1oglogkz>
(1+2vk)?2 1+2VEk ko)
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Thus, we can finish the proof with the following calculations:

1 _ loglog k log log k
Ri — ) =4 [k27 2 O —=—7>- O —=—-
(i) =y o () o (11

2o (loglogk> . .

k

Proposition 12. If j is such that R;(z) is a dominant radicand of the generating function
Hc<p(2), then j = O (loglogk).

Proof. Let us first consider the case where both the jth and the (5 + 1)st radicand are dominant.
From Theorem 2 we know that in that case k = N; = w41 — u; — 1. Moreover, from Lemma 18
we have u; = |02 | for sufficiently large i and with C' ~ 1.36660956. .. Thus, k = c?" (1+0(1))
and applying the logarithm twice on both sides of this equation we get j = O (loglog k).

In the case where R; x(2) is the only dominant radicand we have N;_; < k < N;. It is enough
to consider the left inequality N;_; = C?' (1 +0(1)) < k. Proceeding like in the previous case we
get 7 = O (loglogk) . O

We are now in the position to give the asymptotic behaviour of pg.

Theorem 4. Let py be the dominant singularity of H<y(z), then the asymptotic behaviour of py
can be described as follows:

o If k= N; (Rjr(2) and Rji1(2) are dominant), then

1 1 0 <log log k

- = e

pk:2\/E p? ), as k — oo. (29)

e If Nj_1 <k < Nj (only Rji(2) is dominant), then

1 1 1
- S k— oo.
Pk Vi 4k+0(kg;j>7 as k — oo (30)

Proof. Let us first consider the case where k¥ = N;. From Lemma 15 and Proposition 7 we know

that pr, = o1 = m. Proposition 12 tells us that j = O(loglog k) and thus expanding

yields pr = ﬁ -&+0 (logkl%k) as desired.
Proving the result for the case where N;_; < k < IV; is less straightforward. Let us recall the

result of Proposition 10: pp > pr = ﬁ = 2—\1/% - ﬁ + 0 (1%%) . So, what is left is proving an
upper bound.

We have p, < ﬁ,
Unfortunately, this upper bound is too weak to be used in this proof.

In order to improve the upper bound for py notice that py is a root of R; (z) =1—4(k—j+
1)z2 —22+22+/Rj_1 1(2) and that o;_1 1 > pr = 0 . This inequality can be seen as follows: The
weak inequality follows from Lemma 13. But it is even strict, because no two successive radicands
can be zero. Thus the zeros o;_; 1 and o, of the two respective radicands must be different.

Furthermore, we know that R;_1 x(2) is decreasing on the positive real axis (see Lemma 11)

> ijl,k(z) and

which is the value that cancels the innermost radicand Ry (z) = 1 —4kz>.

and that pr > ﬁ Thus, for z € [pg,0;-1%] we have R;_; (ﬁ)

Rj(2) > Rj(z) where Rj p(2) =1—4(k—j+1)2% — 224+ 22/ Rj_1 (ﬁ) One can easily
check that R;x(2) is decreasing for z > 0 and thus its positive root

1
1l e+t 4k —j)+r—2Vr

Pk
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where Kk = Rj_1 1 (1+2f) must satisfy p,, > pg. This inequality together with

o)
pkiQ\/E Ak k‘fiz% ’

where we used Proposition 11 for the asymptotic expansion of k as k — oo, completes the proof. [

6.4 Exponential decrease of the constant
Numerical computations for the coefficients of asymptotic expansions when k& = 1,8,135 give
hy =0.24261. ..,

hg =9.31888...-107°,
hiss =8.56995 . ..-1071°7,

In Theorem 3 we presented an expression for these constants (see Eq. (28)) involving the quantities
7; and (A;);>0 which were defined in Proposition 9. We now prove that the constant h N; decreases
exponentially fast as j — oo.

Proposition 13. The constant hy, satisfies, as j — 0o,

Fuf—u; 1
(2uy)i—" uj

D e 1.0506 32
o \/ae%c(l/m—i25/2F(3/4)7T1/4 - (32)

The proof of Proposition 13 starts from the value given in Eq (28) and has two main parts:

where

proving that ; is of order u; and dealing with the product H1 20 J A

6.4.1 The derivative of R, ;(z)

Maple computations show that 'YJ seems to converge quickly (with a precision of 10710 for j = 7)
to a constant value, approxnnately equal to 6.347269145. We will show that this indeed holds.

Lemma 19. Define wy n; = ERK,NJ- (p) with p = aj.N; as in the previous section. Forp > 1 set

N, — 1 Uj_ 1
5 = aNiTPEL im0 1
’ u; u; T 2ujp
N
Then wq N, = —417; and, forp>1,
P P
won, = 0ss | erse
s=1 r=s+1
Proof. The computation of w; y, is straightforward from R n,(z) = 1 —4N; 2% and p = 51—; note
that 6, ; = —4% = w1,n;. Now for p > 2 we have

Ryn,(2) =1 —4(N; —p+1)2* = 22+ 22/ Ry_1 v, (2),

which gives by derivation w.r.t z

/ Rp—l,Nj (2)
By, (2) = —8(N; —p+1)z = 24 2/ By v, () 22
p—1,N; (%)
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Taking z = p = we get

2u7

, N;—p+1 Yp_1.N;
= Ry, (0) = —4~2" 2T 2 49 /R, 1, () .
Wp, N, p,N, (p) u; + p=LN; (p) + 2u; Rpfl,Nj (p)

J

Now we are computing v; = wj n,, i.e., we are interested in the w, n, for p < j. In this range,
R,_1n,(p) = “=2L by Proposition 8 which gives

N; +1 Uj_ Wp—1,N;
Wp,N; = TP TE 4o lptl P = =0p; + € Wp—1,N;,
u; u; 2uj—pt1
and it is then an easy exercise to obtain the explicit form of wy ;. O
Set
ﬁ 1
Espi = €rj =
Sy P, ) _ J s
r=s+1 2p=s l=j—p+1 ’LL@
Then
Wp,N; Z 0s,j Esp,j
and we can now turn to y; = —wj n,;: We write
J
V== 055 Bejy
s=1
J
N;—s+1 Uj—
_ <4J+ Lo 2]8“) E.,,
s—1 Uj uj
N;+1 ! ! 2
=4~ +2 FEsji—4Y sEg;j;j— — Uj_s11Fs 5 ;.
< > ; 5,953 5:21 5,93 u; S_Zl J—s+145,5,5

and consider each term in turn.

Lemma 20. The sums Zgzl Es;;j, Zi:l sEj; and Y7_, uj;:“ES,jyj all have a finite limit
when j — oo.

Proof. Tt suffices to write, e.g., the first sum as Z and to remember the exponential

s=1 9j—s HJ
growth of the sequence (u;);>0. The same argument holds for the second sum. Finally, since
Uj_s4+1 < Uj, the first sum is an upper bound of the last sum. O
This shows that
ol PO IREE
s>1

2

when j — oo. The relation N; = uj — u; + j then gives readily the following lemma, where the

value of the constant has been computed numerically.

Lemma 21. The term Z—J has a finite, nonzero limit when j — 00:
J

lim 22 = O ~ 6.347269145 . . .
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6.4.2 Asymptotic expansion of Hf\il A

Lemma 22. For M — oo we have

{1 - varoit () s (120 (L))

for some computable constant w which is numerically w =~ 0.1903. ..

Proof. From the expression A\, = n + /A,_1 and by bootstrapping, we obtain an asymptotic
expansion for A, when n — +oc:

1 3 1 1
Ap = g (i
A S A (n\/ﬁ)
which gives A, = (n+n+ 1) (1 + w,) where w, has order n~%. Consider now the product
Hﬁil An for M large — we shall take M = N; — j later on. We can write it as Hfzwzl(n ++/n+

1) x Hflwzl(l + wy, ), and we consider separately each of the products.

e We first concentrate on the product of the terms 1 + w,. We know that it has a finite limit
w if the series ) wy, is convergent which is indeed the case. This limit can therefore be

computed as hmMﬁC>O Hlsné M T f Py e The convergence, however, is slow (of order \/M)

Thus the best we could achieve by numerlcal studies is w ~ 0.1903.. . ..

e We now turn to the product Hf\f:l(n +/n+ %), which gives the asymptotic behaviour. We
begin by writing it as

B ) (o )

Now

S (g 3) = (o ()

where we can get effective bounds for the error terms. Observe that ZM_ 0] (ﬁ) =
)

0 (ﬁ) It remains to compute Zﬁ/f 1 f’ which is equal to 2v/M + ¢(3) + (ﬁ

finally obtain

1 1 1
H oY eV M+ed) =
it (1 Vn 2”) ‘ (1+O<\ﬁi\4)>

and the final result by Stirling’s formula. O

By setting M = N; — j = uf —u; in Lemma 22, we obtain

u?—2u; 2 1
R (R ) *
i=1 J

6.4.3 Putting all together

We now substitute C'u; for 'yJ in Eq. (28), according to Lemma 21, and also plug in the asymptotic

equivalent for the product HZ 2 7 \; that comes from (33), to obtain (31) and (32) which finishes
the proof of Proposition 13.
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7 Bounded unary height vs. bounded unary length of bind-
ings

In Table 2 we give numerical results of the constant and exponential terms for the number of
lambda-terms of bounded unary height and the number of terms where all bindings have bounded
unary length. We can see that the exponential terms for growing k are quite similar in both cases.
Note that in case II the unary height is not bounded. Thus one might expect that bounding
the unary height is a much stronger restriction and that therefore the exponential growth rates
should exhibit a larger difference than they actually do. However, there is still a difference in
the exponential growth rates, which makes it appear reasonable. The quotient of the exponential
growth rates seems to tend to one which is as expected.

Case I: Bounded unary height CaS(-e H.: Bounded unary length
of bindings

k constant term \ exp. term constant term \ exp. term
1 0.242613 2 0.21851 3
2 0.520859 2.90867 0.0866674 3.82843
3 0.231818 3.62279 0.0245664 4.4641
4 0.0838137 4.21545 0.00577152 5
5 0.0265937 4.73046 0.0011921 5.47214
6 0.0079582 5.19117 0.000223117 5.89898
7 0.0025262 5.61139 0.0000385385 6.2915
8 9.31889 x 107° 6 6.21966 x 1076 6.65685
9 1.56532 x 1074 6.36386 9.46315 x 1077 7
10 1.99134 x 1075 6.70758 1.36666 x 107 7.32456
133 | 2.16482 x 107152 23.8258 2.55075 x 1071%7 24.0651
134 | 1.30921 x 107153 23.9131 1.06018 x 10158 24.1517
135 | 8.56995 x 10157 24 4.3907 x 107169 24.2379

Table 2: Comparison of the constant terms and exponential terms values for the bounded unary
height lambda-terms and bounded unary length of abstractions pointers lambda-terms.

The constant factors differ significantly in both cases, but still they share a common behaviour:
They tend quite quickly to 0 as £k — co. One can also observe that for lambda-terms with bounded
unary height in the cases where & = N; not only the term n1 appears (instead of n’%), but also
the constant factor behaves in a little different way: It is indeed smaller than one could expect.
So far, we have no explanation for this behaviour.

8 Random generation and experiments

8.1 Random generation of lambda-terms

To get a feeling of the “average” behaviour of a combinatorial object, a method of choice is the
random generation of terms of large size. We considered two methods to try to generate a random
lambda-term of bounded unary height: the recursive method [26] and Boltzmann sampling. Boltz-
mann samplers are powerful tools to generate objects in specified combinatorial classes uniformly
at random. They were introduced in [21] and extended furthermore by numerous authors (see e.g.
[12, 13, 23, 44]). Note that, theoretically, a Boltzmann sampler can generate a tree of size close
to n on average in linear time.

We considered Boltzmann sampling of a closed term, with different success depending on the
unary height: The efficiency decreases very quickly as the maximal unary height grows. When
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Figure 2: A random lambda-term of size 30, with the edges from unary nodes to leaves.

k = 8, we can generate terms of size 10000 in a few seconds on a standard personal computer.
Figure 3 presents a term of size 6853 with unary height bounded by 8.2
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Figure 3: The underlying Motzkin tree of a random lambda-term of size 6853 and unary height
< 8 and its profile.

However, if we consider lambda terms with a maximal unary height of 135, a Boltzmann
sampler is not able to produce objects of size larger than 200 in a “reasonable” time (less than
one day). The explanation of the phenomenon is as follows: An “average” random lambda-term
begins with a large number of unary nodes; c¢f. Figure 5 (see also [18] for a result in the same
vein for a related model). Drawing the sufficient number of unary nodes has very low probability
in the Boltzmann process. Figure 4 gives the various probabilities of drawing a leaf, a unary
node, or a binary node, plotted against the unary height (actually the number of recursive calls
to the generator, but the design of the generator is such that a call is done if the unary height
changes). After a (long!) starting phase, where the probability of stopping is larger than 0.9, the
Boltzmann sampler becomes efficient. In other words, Boltzmann sampling is linear, but with a
constant depending on the maximum unary height which grows very quickly: The recursive form
of the specification of lambda-terms and their varying behaviour makes them not well amenable
to random generation with a Boltzmann sampler.

2For large sizes and for the sake of readability, we have not indicated the edges between a unary node and the
leaf labels.
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Figure 4: Left: the probability that the singular Boltzmann sampler T'P*:135) of objects in P(*:135)
stops immediately,. Middle: the probability that the sampler TP#:135) calls I'P(k—1.135)  Right:
the probability that the sampler T'P(%:13%) independently calls 2 generators I'P(#-135)

We have thus turned to the recursive method. Using the Maple package Combstruct, we have
been able to generate quickly enough lambda-terms of size 200 and unary height bounded by
200-which means that there is de facto no restriction on the unary height of the lambda-term.
Figure 5 shows what can be considered as a “generic” lambda-term for this size.

12 94
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0
10 20 30 40 50 60 10 20 30 40 50 60 70 80 90 100

Figure 5: Left: a lambda-term of size 200. Middle: its profile. Right: the average profile (red)
computed over 500 random lambda-terms, compared with the average profile for plane binary
trees (blue: the Airy function)

Both classes, the one with bounded unary height and the one where all bindings have bounded
unary length, can be used to approximate generic lambda-terms. But unfortunately, also in the
case of bounded unary length of bindings we are facing the same difficulties when trying to generate
them with a Boltzmann sampler. The probabilities for generating leaves, unary and binary nodes
looks very similar to Figure 4. This fact can be explained as follows: For both classes of restricted
lambda terms, the dominant radicand is either close or equal to the innermost radicand. But the
Boltzmann sampler generates these from outside inwards. That is meant in the following sense:
Each square-root is the analytical analogue of the lifting from one unary level to the next one
(¢f. (18) and (19) in order to see this). The Boltzmann sampler builds an object by starting
from the root and attaching more and more nodes. So, the head of the term, i.e. the subtree
comprising all nodes of unary height zero, is precisely the object corresponding to the outermost
root; and this is generated before the nodes with larger unary height. But note that the generating
function of the class of heads has a larger dominant singularity. Hence the tuning parameter of the
Boltzmann sampler is far away from this singularity, thus giving the sampler a strong bias towards
stopping. On the other hand, moving the parameter into an interval where the sampler works
efficiently means that it is outside the domain of analyticity of the generating function associated
with lambda-terms. This implies that we have a positive probability that the sampling process
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never stops. So the sampler becomes even more inefficient than with the badly chosen tuning
we had before moving it to the allegedly better region. Bodini et al. [11] developed a general
framework for Boltzmann sampling for which tuning parameters outside the region of convergence
of the associated generating function can be used. This relies on anticipated rejection and might
help to improve the Boltzmann samplers for generating random lambda-terms.

For restricted Motkzin trees the situation is totally different, because the dominant singularity
comes from the outermost radicand. Thus the Boltzmann sampler starts to generate the object
by generating subobjects corresponding to the root which determines the singularity, and we can
choose the tuning parameter so that it in the optimal region.

8.2 Shape of a typical lambda-term

Being able to draw repeatedly random lambda-terms allows us to make tentative conjectures on
their various parameters: profile, height, etc.

1020 30 40 30 &0 70 20 9q
Figure 6: Distribution of lambda-terms of size n € [1,...,198] and unary height k € [1,..., 98]

We have plotted in Figure 6 the ratio between the number of lambda-terms with unary height
exactly k and size n, and the number of lambda-terms of size n (without restriction on the
height). The figure suggests that, for any given size n, the unary height is close to a Gaussian
distribution. In particular, this gives some experimental explanation to the change of difficulty
which we encountered when generating terms of small unary height (size about 10 000, unary height
bounded by 8) and terms of fairly large unary height (size about 10000, unary height bounded by
135): The wave indicates the “good” estimate for the number of abstractions in a lambda-term;
for instance, if we consider lambda-terms of size 198, then the vast majority of these terms has a
unary height between 25 and 50.

Figure 5 shows a generic lambda-term, its profile (number of nodes at each level) and the
profile averaged on 500 random lambda-terms, together with the average profile of a plane binary
tree, which is up to scaling identical with that of Motzkin trees since both tree classes are simply
generated. From our simulations we can make several empirical observations:
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e The distribution of the profiles is poorly concentrated (this is also the case for plane binary
trees).

e The levels containing the larger number of nodes are much farther from the root than in
plane binary trees.

e A simulation of the distribution for the total (unary) height also shows a clear difference
to plane binary trees: The average (unary) height seems to grow almost linearly (actually
proportional to n/logn), not proportional to y/n as the height of binary trees or the unary
height (and also the height) of Motzkin trees. Accordingly, the width of lambda-terms

appears to grow as logn.

e A random lambda-term usually begins with a large number of successive unary nodes inter-
spersed with a few binary nodes; most binary nodes appear further down.

Figure 3 shows the underlying Motzkin tree of a large lambda term of bounded unary height
(the bound is 8) and its profile. Simulations for the case of bounded unary length of binding lead
to similar pictures. Certainly, one of the reasons is that the bound 8 is still very small to exhibit
a visible qualitative difference between the two classes of lambda-terms. On the other hand, it is
also possible that the shape of the underlying Motzkin tree is too similar in both models if &k is

relatively small.
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Figure 8: A random Motzkin tree of size 11995 and unary height < 100 and its profile.
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In contrast to this is the behaviour of Motzkin trees of bounded unary height. As Figure 7
shows, the position of most of the unary nodes seems to be near the leaves whereas in a random
lambda-term of bounded unary height most the unary nodes form a string starting at the root
(¢f. Figure 5).

9 Conclusion and perspectives

In this paper we have studied several classes of lambda-terms; see also [6] for further classes. It
is clear that allowing pointers from unary nodes to leaves is the main factor that determines the
complexity of such structures, and the more unary nodes we allow, the farther we are from trees.
Indeed, allowing pointers from internal nodes to leaves amounts to leaving the realm of trees for
that of directed acyclic graphs. As regards the enumeration of restricted classes, bounding the
number of unary nodes as well as bounding the unary length of bindings (which is locally bounding
the number of levels of nesting for abstractions) leads to an asymptotic behaviour that resembles
that of trees (of type n=3/2p"), even though the latter is already of considerable combinatorial
complexity. In contrast, bounding the unary height (which means globally bounding the number
of levels of nesting for abstractions) exhibits an unusual behaviour.

Among other facts, we have discovered the unexpected behaviour of the position of the dom-
inant radicand, which jumps according to some function behaving as log(log(k)), with k being
the bound for the unary height of a lambda-term. Theorem 3 characterizes precisely these jumps
and the asymptotic number of lambda-terms with bounded unary height. The enumerative result
looks tree-like unless the bound for the unary height belongs to the special sequence (IV;);>1.

The fact that the generating function has a nested square-root representation, but the posi-
tion of the dominant radicand depends on the specific restriction appeared also in our studies of
Motzkin. We studied them for comparison reasons since they form the underlying structure of
lambda-terms. Regarding the asymptotic enumeration results, they exhibit the tree-like pattern,
except if we impose a very unnatural shape: In the case where all leaves have to be at the same
unary height we observe a different singularity of different type. In this case all radicands are
dominant, as opposed to the other cases where either the innermost or the outermost radicand is
dominant.

In contrast to this stands the behaviour of lambda terms of bounded unary height where
the position of the dominant radicand is depending on the bound for the unary height. This
phenomenon requires further explanation.

Further investgations indicate that the strange jumps in the behaviour are related to the
distribution of the leaves in a lambda-term with bounded unary height. It seems that they are
concentrated in the last few levels (level counting w.r.t. unary height) while the lower levels
contain almost no leaves. The number of these levels seems to be doubly logarithmic in the size
of the terms and whenever £ = N; for some j, then a new level “enters”, meaning that it contains
then a significant number of leaves. So, the special values of k are those where a transition takes
place from ¢ to ¢ + 1 levels, filled with almost all the leaves of the lambda-term. In lambda-
terms belonging to the class where all bindings have bounded unary length we expect that the
distribution of the different types of nodes (unary, binary and leaves) is more uniformly distributed
within their underlying Motzkin trees than in the bounded unary height case. This is indicated
by generation of small objects (size 100-200, c¢f. Figure 9).

A byproduct of our work concerns Boltzmann samplers: By trying to use them for the random
generation of lambda-terms, we have pushed them to their limit. It turned out that Boltzmann
samplers have serious difficulties to generate generic lambda-terms of large size. The same is true
if the unary height or the length of the bindings is bounded. From an analytic view point, the
reason is certainly that the dominant singularity does come from radicands lying in a deep level
of nestings. Another reason might be that the multiplicative constants in the asymptotic main
terms decrease so rapidly with growing k. We analyzed these constants exhaustively for the case
with bounds on the binding length, and for £ = IV; in the bounded unary height case. It remains
an open problem to carry out a precise analysis for all £ and to understand those irregularities
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Figure 9: Left: an underlying Motzkin tree of a lambda-term with bounded unary height, Right:
an underlying Motzkin tree of a lambda-term bounded unary length of bindings.

discussed in Section 7. We feel that it might be also possible to improve Boltzmann random
generation, when we wish to apply it to combinatorial structures for which Boltzmann samplers
mostly produce either small or infinite objects. Recently, a framework for Boltzmann sampling
has been developed by Bodini et al.[11] which generalizes the existing one in a direction which
might help to overcome some of the difficulties we are facing in the generation of lamda-terms.

We next mention that our approach can be extended to study formulas of quantified logic:
Instead of a single type of unary nodes, we have as many types as different quantifiers (usually
two: V and 3; [ in general). We also have as many types of binary nodes as there are binary
connectors (e.g., two when we consider the connectors A and V; h in general); here we have
studied the case [ = h = 1. We expect that allowing different types of unary nodes will introduce
only a multiplicative coefficient in our results, whereas allowing different types of binary nodes
will change the singularities and thus the exponential growth.

Finally, in terms of average properties and growth, lambda-terms widely differ from the usual
models for trees such as simple families [40] or increasing trees [4], for which we know the behaviour
of classical parameters: number of trees of given size, profile, etc. Indeed they seem to behave,
in some sense, like “ornamented” paths, i.e. long strings onto which relatively small subterms are
grafted.

Of course, such results need to be explained and quantified more rigorously. Let us also mention
that the enumeration of (unrestricted) lambda-terms is still an open problem, which has to be
solved in order to study such parameters as the (average) unary height, the profile, etc.

An interesting question is the probability that a random lambda-term is in normal form. We
are currently studying this problem for restricted classes of lambda-terms and hope to give results
in a forthcoming paper.

Acknowledgement. The authors thank Pierre Lescanne for pointing out reference [47].
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