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Abstract. We consider shuffle ideals and their finite bases, both repre-
sented by regular expressions. We introduce an operation that, given a
regular expression a € REgn representing a finite language, returns an
expression for the shuffle ideal £(a) L1 3*. This operation induces a new
combinatorial class, which we call REg;. For both classes, we define the
Antimirov automaton and provide results on their state complexity in
the worst as well as the average case. For a € REgy, in the worst case,
the number of states is at most |a|s, the number of letters in «. The
asymptotic average is, however, bounded by % For 7 € REgp, in the
worst case, the number of states is at most |7|s+, the number of occur-
rences of ¥* in 7. On the other hand, the asymptotic average number of

[Tl

states is bounded by —2*.

1 Introduction

The family of shuffle ideals plays a key role in formal language theory, connecting
combinatorics on words, automata theory, the algebraic study of languages, and
applications, see, e.g., [1,/10,{14L15] to mention a few. A shuffle ideal is a language
that is closed under the shuffle operation. This means that if a word belongs to
the language, then so does every word that is formed by interleaving it with an
arbitrary word from the same alphabet. Alternatively, shuffle ideals are upward-
closed under the subsequence order: if a language L defined over an alphabet is
a shuffle ideal and u is a word in L that is a subsequence of v, then v is also
in L. In concrete terms, shuffle ideals are precisely the languages of the form

Sar Y ay Y ---Y%a, X" where ai,a9,...,a, €3, for some n > 0,

and their finite unions—languages defined purely by the presence of a fixed
subsequence pattern, independent of surrounding context that form the %—level
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herme Duarte is also supported by the FCT grant 2024.01528.BD.
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of the Straubing-Thérien Hierarchy (STH) [16,/17]. The combination of their
combinatorial richness, algebraic structure, and closure under interleaving makes
shuffle ideals both theoretically intriguing and practically relevant.

Mostly, the descriptional complexity of shuffle ideals has been studied exten-
sively, particularly in terms of finite automata and the structure of their generat-
ing sets. Some work focuses on characterising shuffle ideals via finite automaton
representations, analysing the size and structure of minimal deterministic and
nondeterministic automata accepting such languages [8H10]. In this context, sev-
eral results establish upper and lower bounds on state complexity, highlighting
the potential blow-up caused by closure under interleaving. Another line of re-
search investigates the notion of a finite word basis, where a shuffle ideal is
represented as the upward closure of a finite set of words under the subsequence
order [11]. These studies examine the size and minimality of such bases, as well
as their relationship to automata representations [3[12]. Collectively, prior work
provides a detailed understanding of the trade-offs between automata size, struc-
tural properties of shuffle ideals, and the complexity of their finite generators. To
our knowledge the relation between regular expressions describing shuffie ideals
and finite automata size was not studied so far. This is the starting point for
our investigation.

We study the state complexity of Antimirov automata [2] (also known as
partial derivative automata) for two specifically defined combinatorial classes:
REfy,, describing finite languages, and REgy, representing exactly shuffle ideals.
Given o € REg,, we introduce an operation e(w) that returns an expression
that generates the shuffle ideal £(«) LU 3%, nicely relating REg, with REg;. To
both of these classes, we define the support of an expression, that corresponds
to the set of states of the Antimirov automaton and is suitable for obtaining
average complexity estimates. We show that the worst-case state complexity of
Antimirov automaton for REg, is bounded by the number of alphabet symbols
in the expression, denoted by |a|s, while for REg;, it is limited by the number of
occurrences of X%, denoted as |7|s+ and counting ¥* a constant operator in the
expression. Counting X* as a ”single symbol” in the expression is reasonable in
this context, since in practical regular expressions it is often written as . *, e.g., in
Unix/Linux regular expressions, which conceptually represents a single wildcard
for arbitrary-length strings. Utilizing the framework of analytic combinatorics [7]
and generating functions, we conclude with the finding that the asymptotic
average number of states is bounded by % for a € REgy,, and by MTE* for 7 €
REsi. By comparing both results we obtain that the partial derivate automaton
for e(ar) € REgy, with o € REgy,, is on average 2.45 times larger than the size of
the corresponding partial derivative automaton for a.

2 Preliminaries

Given a set S, we denote its cardinality by |S| and 2° the collection of all
its subsets. An alphabet is a finite set of letters (or alphabet symbols) ¥ =
{a1,a2,...,a}. A word w = byby-- b, is a sequence of symbols, where each
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b; € . The length of a word w is denoted by |w|, and we denote by € the empty-
word. A language is a set of words over an alphabet, ©* denotes the language
containing all non-empty words over ¥, and ¥* = X7 U {e}. The left quotient
of a language L w.r.t. a letter a € X is a 'L = {w | aw € L}. The left quotient
of a language L w.r.t. a word w € X* is then inductively defined by e 'L = L
and (wa) 'L =a Y(w™lL).

A nondeterministic finite automaton (NFA) is a tuple A = (Q, X, qo, 0, F),
where Q is a finite set of states, § : Q x ¥ — 2% is the transition function, ¢y € Q
is the initial state, and F' C @ is the set of final states. The language recognised
by A is denoted by L£(.A). In this paper, we consider the size of an NFA as |Q|.

2.1 Shuffle and Shuffle Ideals

Given an alphabet X, the shuffle of two words u,v € ¥* is a finite set of words
inductively defined as follows:

ulle =eWu = {u},
au Wby ={aw |weuwbv}U{bw|weE€auwv},

where a,b € X. This definition is extended to languages L, L’ C 3* in the natural
way':
Lwl = U u Ll v.
ueL,veL’

It is well-known that regular languages are closed under the shuffle operation.

A shuffle ideal is a language which is a finite union of languages of the form
a1 ¥ ax X - Y% a, X, where a1, as,...,a, € X, for some n > 0 (possibly
different for each language in the union).

Theorem 1 (Higman [11]). A language L is a shuffle ideal if and only if there
exists a finite language K such that L = K W1 X*. The language K is called a
basis of the shuffle ideal L.

If a shuffle ideal L is represented as above the set of the words ajas---a, is a
basis of L.

Ezample 1. Let ¥ = {a,b}. The language ¥* is a shuffle ideal with basis {¢}. The
language {w € X* | a and b occur in w } is a shuffle ideal with basis {ab, ba}.
The language L = L((aa + bb + (ab + ba)(a +b))(a + b)*) is a shuffle ideal with
basis K = {aa, bb, baa}.

The following lemmas are immediate consequences of the definition of shuffle
and shuffle ideals, and will be useful in the next sections.

Lemma 1. Let L CX*. Then, (LW Y*) - X" =" (LwX*) = LwX".

Lemma 2. Let L, L' C %*. Then, LL' W* = (Lw %) (L W S*).
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3 Regular Expressions for Finite Languages and Shuffle
Ideals

In this section, we consider regular expressions (REs) for finite languages. We
denote this class of REs by REg, containing all the expressions « generated by
the grammar

a—=0lelael]as (1)
Qe — Oééz| (e +ae) | (e +az) | (az+ac) | (ae - ac) (2)
az — al (az +az) | (az - az) | (az - ac) | (ac - az) (a €X), (3)

over an alphabet X, where the - and the parentheses are often omitted. As usual,
the regular language L£(«) represented by an expression a € REg, is inductively

defined as L(0) =0, L(e) = {e}, L(a) = {a}, and
£(02) = Lloz) U e}, Lla-B) = L)L), Lla+B) = L() U L),

where a € ¥ and, given S,T C ¥*, S-T ={zy |z € S,y € T}. We say that
two expressions «, 8 € REg, are equivalent, denoted as a = 3, if L(«) = L(B).
Moreover, we say that e(a) = ¢ if ¢ € L(«), and e(a) = 0 otherwise. The
expressions a. and az generate all terms « € REg, such that e(«) = & (with the
exception of the expression ¢ itself) and e(a) = (), respectively.

For the size of a regular expression o € REgy, denoted by ||«||, we consider
the number of symbols in « excluding parentheses, and is inductively defined as:

101 = llell = llall = 1, llaZ]l = lazll + 1, lla- Bl = lla + Bl = |l + 1 + 18]

Here, both o and 8 can be either an expression of the form . or az.
Now, we shall consider regular expressions for shuffle ideals. We denote this
class of REs by REgy, containing all the expressions 7 generated by the grammar

T—>®|Z*|TLR (4)
1R — X aX | (1tr + 71r) | (Tir - TR) (5)
™m—=aX” | (TR+TR) | (TR'TR)7 (6)

for a € ¥. Here, ¥* E| is a terminal symbol from the grammar that represents
the language ¥*, i.e., L(X*) = ¥*. The regular language £(7) represented by an
expression 7 € REgy follows the same inductive definition as for a € REg,. For
the size of 7, we use

IZ7 =1 [ aX" [ =3, [aX"[| =2,

for a € 3, and the inductive cases are the same as for expressions in REg,,. The
function £(-) and the relation = also follow analogously for expressions in REg;.

3 We follow the convention of using the symbol ¥* to denote the language ©* in the
context of shuffle ideals.



Average State Complexity of Shuffle Ideals 5

Before showing that REg; represents shuffle ideals, we build a bridge between
the classes REg,, and REgy, by defining an operation e : REg,, — REg;. Informally,
given o € REg,, the expression e(a) is given by inserting ¥* around every
alphabet symbol in a.

Definition 1. Let a € REg,, over an alphabet ¥. Then, e(«) is inductively de-
fined as

e(0) =0, e(e) =e(a:) =¥,
e(a) =2 "aX", e(laz + Bz) = e(az) +e(Be),
e(ae - az) =e(az - a:) = e(az), e(az - fz) = e(az) ?(&),
where
€(a) =aX", T (oz+ ) = €(az) + € (Be),
€ (. -az) = ?(ae ) = ?(ag), € (az- fz) = ?(ag) E)(/Bg ,
fora e X.

We emphasize that e(a) = ¥, that is, any expression in REg, that generates a
language containing € is mapped to the same expression ©* by this operation.

The use of the auxiliary operation € (+) avoids the concatenation of two ¥*-
expressions in the resulting expression e(«). In fact, we have

Lemma 3. Let az, Sz € REgy,. Then, e(az- fz) = e(az) - e(fz).

Now, we shall prove that e(«) is an expression for the shuffle ideal £(«) ™.
First, notice that L£(¢) w ¥* = ¥*. In fact, the same holds for any expression
ae € REgy, as the following lemma states.

Lemma 4. Let o € REgy,. Then L(a.) W X" =X~
Proposition 1. For a € REgy, L(e(a)) = L(a) W X*.

Proof. The proof follows by induction on the structure of a. If o« = ), a = ¢,
or a = a, with a € ¥, the result is immediate. Moreover, by Lemma EL we have
that L(e(ae)) = L(a.) W X* = 3%,

Now, suppose that the claim is true for az. Three cases arise:

e For a = az + f=, we have
L)WY = (Lag) + L(Be)) W™ = L(ag) W X UL(B:) Wi X*,

thus the result follows;
e For o = o, - az, we have

L{a) W S* = (L(an)L(az)) W E* = (L£(az) W) (Llaz) W E*),

from Lemma [2] Tt follows that £(c.) W X* = 3* by Lemma [4 and thus
L(a)w¥* = L(az) W X*, from Lemma |1} The proof follows analogously for
a = az- g
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e For a = az - Bz, we have
L) WX = (L(az) - L(Bz)) W E* = (L(az) WE")(L(Bs) W),

by Lemma [2} The result follows by the induction hypothesis and Lemma [3]
O

Proposition 2. The class REgy is equal to the class {e(a) | o € REgy }.

The following lemma gives an upper bound on the size of e(a), as a function
of the size of a € REg,. This will be useful in the next sections, when we analyse
the state complexity of the Antimirov automaton for e(«).

Lemma 5. Let o € REg,. Then, |e(a)| < 2|« + 1.

4 Support for a Regular Expression

A support for a regular expression is a finite set of regular expressions that cap-
tures all possible residuals of the expression after reading one initial letter |13].
Thus, a support gives a finite recursive description of the language of the ex-
pression, and gives rise to an NFA that accepts the same language. Consider the
alphabet ¥ = {a1, as,...,ar} and an expression oy € REg,. Formally, a support
of ap is a set {a1,as,...,a,} C REg, that satisfies the system of equations

a; =a1051 + a0y + .o+ aroy gk + (o),

for i € {0,1,...,n} and for some o 1,®2,...,q;, where each one is a (pos-
sible empty) sum of elements in {ay,ao,...,a,}. The existence of a support
for a regular expression « implies the existence of an NFA that accepts L(«),
namely, A = ({ag, a1, 2,...,a,}, X, {ao}, 6, F), with F = {«; | e(a;) = €}
and §(o,a;) = {ovy, iy, - - - 0, }, where o j = oy + vy + ...+, , for some
m € {0,1,...,n} and indices i1,42,...,im € {0,1,...,n}. A support for an ex-
pression a € REg, can be computed using the function 7 : REg, — 2REsin Jefined
as follows. We do not distinguish between all possible scenarios for union and
concatenation, as they are all covered by the same definition.

Definition 2. Given a € REgy, let w(a) be inductively defined as w(§) = 7(e) =
0 and

m(a) = {e}, m(af) = m(az),
m(a+ B) = m(a) Un(B), m(a- B) =m(a) - BUT(B),

where a € ¥ and, given S CREg,, 0-S=5-0=0,S-c=S5 and for 8 #¢, if
e¢ S, S-B={a-BlaecS} otherwise S-f={a-8|aecS\{e}}U{L}.

)
)

Proposition 3. For a € REg,, the set m(«) is a support for a.

Lemma 6. For a € REgy,, |7(a)| < |a|s, where |a|s denotes the number of
letters in a.
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This upper bound is reached if, in every step of the construction of 7(«), all
unions are disjoint. There are, however, cases where 7(a) < |als [4].
Lemma 7. Let o € REg, \{¢,0}. Then, ¢ € ().

By the lemma above, we have that

[m(a+ B)| = |m(a) Un(B)] < [m(e)| + |w(B)] - 1. (7)

We now define the m-function for 7 € REg;. We also need to provide a def-
inition for the support of an expression generated by 7z. As before, we do not
distinguish between all possible cases of union and concatenation, as they are
all covered by the same definition.

Definition 3. Given 7 € REg, let w(7) be inductively defined as ©(0) = 0 and
(") =7w(aX*) = {X*}, (X aX*) = {X", T a X"},
a(r+ 7)) =n(r)Un(r'), w(r-7')

Proposition 4. For 7 € REgy, the set w(T) is a support of T.

Lemma 8. For 7 € REgy, |n(7)| < |7|s+, where |T|g+ denotes the number of
occurrences of X* in T.

Again, this upper bound is reached if, in every step of the construction of m(7),
all unions are disjoint.

Lemma 9. Let 7 € REgi \{0}. Then, ¥* € w(7).

By the lemma above, we have that

m(r+ 7)) = In(r) Un(m)| < |7 (7)] + |7 (7)) - 1. (®)

5 Partial Derivative Automata

The automaton obtained from the support of a reqular expression can alterna-
tively be obtained from the set of partial derivatives of a reqular expression [2].

Definition 4. The set of partial derivatives of a term « € REg, w.r.t. a letter
a € X, denoted by J,(x), is inductively defined by

9a(0) = 0a(e) =0 aa(a;) = 0a(0),
) {e} ifa=0b; B
9a(b) = {@ otherwise, Oala+B) = 9aa) U 0a(B),

Oa(e - @) = Og(ae) - aU dy(ar), Oa(az - ) = 0y(az) - a,

where b € 3, and the expressions involving sets are as specified in Definition [3



8 G. Duarte, M. Holzer, N. Moreira, R. Reis

The set of partial derivatives of a term o € REg, w.r.t. a word w € ¥*, denoted
by Oy (), is inductively defined by O-(a) = {a} and Oyqe() = 0u (O (), where,
given a set S C REgy, 0a(S) = Uyeg 9a(). Now, let O(a) denote the set of all
partial derivatives of an expression a € REgy, i.e., d(a) = Jyexr Ouwla). Also,
let 07 (a) = Uypest Ouw(a). From [15], we obtain:

Proposition 5. The set of partial derivatives of a term o € REg, w.r.t. to
non-null words, denoted by 87 («), is inductively obtained by 0T (D) = 0T (e) =0
and
0" (a) = {e}, 9t (af) = 0% (az),
(- B)=0%(a) - BUI(B), Ot (a+B)=0"(a)Ud*(B),
where a € .
Corollary 1. Given o € REgy,, one has 0% (a) = 7(a).

Consequently, O(«) corresponds to the set {a} U w(w). It is well known that
the set of partial derivatives of a reqular expression gives rise to an equivalent
NFA [2,|15).

Lemma 10. Given o € REg,, the partial derivative automaton for o, namely,
APD = <8(Oé), Ev «, 6@7 FCK>7
where 8o,(8,a) = 0,(B), Fa ={B € d(a) | e € L(B) }, satisfies L(App) = L().

Now, we shall extend the partial derivatives for expressions T € REgr. Again,
we also consider the partial derivatives for expressions generated by Tg.

Definition 5. The set of partial derivatives of T € REgy, w.r.t. a letter a € 3,

denoted by 9, (), is inductively defined by
=10, 9a(E7) ={X7},
{é Z:ﬁl?e;wzse Oa(270ET) = {}i*’bil*b}z } Z:ﬁl?e;wl;;e,
(T +7') = 0u(T) + 0u(T), 0T - 7)) =0u(1) - 7',
where b € 3.

The set of partial derivatives of an expression T € REgy w.r.t. a word w € X7,
denoted as 0.,(7), is extended as before. Let also O(T) and 07 () be as before,
but now for T-expressions.

Proposition 6. The set of partial derivatives of a term T € REgp, w.r.t. to
words w € ¥, denoted by 0 (1), is inductively obtained by 0F(0) = 0 and

o7 (2*) = ot (a T = (), O (SFax*) = (2%, 5 a ¥},
O (r+7) =0T (r)uat(r), of(r-1y=0%(r) - Tuot(),

foraeX.
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Corollary 2. Given T € REgy, one has 07 (1) = n(7).

As before, O(1) corresponds to the set {T}U w(7). The partial derivative automata
are naturally extended to deal with expressions T € REgy.

6 Average State Complexity

We now estimate the asymptotic average number of states in the partial deriva-
tive automaton for an expression o € REgy,, as well as for an expression T €
REs1, and provide a comparison between the results for the two classes of expres-
sions. This is carried out using the standard methods of analytic combinatorics,
as developed by Flajolet and Sedgewick [7], applied to generating functions.

Let A be a combinatorial class equipped with a size function mapping each
object to a non-negative integer. Moreover, given some measure of the objects in
A, let a, be the sum of the values of the measure for all objects in A of size n.
Then, the generating function associated with A with the given measure is the
function A(z) whose power series expansion satisfies A(z) = > < anz". We
use the notation [2"]A(z) for the coefficient a,,. Generating functions are com-
plex analytic functions, and their coefficients can be estimated by analysing their
behaviour around their dominant singularities. For an introduction to this ap-
proach applied to formal languages, we refer to [5]. For a more in-depth analysis,
we refer to [6].

Theorem 2 ([7]). The coefficients of the function f(z) = (1 — 2z)~%, where
a € C\ Ny, have the following asymptotic behaviour:

[2"]f(2) = +o (),

where I' is Euler’s gamma function.

From an unambiguous specification of a combinatorial class (as, for example,
a context-free grammar), one can obtain a system of equations for the generating
function w(z) whose coefficients we want to estimate, by using the symbolic
method [7]. An algebraic curve C(z,w) for w(z) can be deduced using Buchberger
algorithm to obtain a Grobner basis for the ideal generated by those equations.
We then obtain an algebraic curve C(z,w) in Q[z,w] such that C(z,w(z)) =
0. Since w(z) is the generating function of a combinatorial class, it has non-
negative coefficients and, by Pringsheim’s Theorem [7, Thm IV.6], its dominant
singularity p is in RT, and is smaller than or equal to 1. With this singularity,
two cases can arise:

Case I: lim,,,w(z) = a, with a € RT;
Case II: lim,_,, w(z) = +o0.

In the first case, the singularity p is a root of the resultant of C(z,w) and

%(z, w) with respect to w. Similarly, the constant a is a root of the resultant of
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C(z,w) and %(z,w) with respect to z. In the second case, the singularity is a
root for an irreducible factor of the leading coefficient of C(z,w). In general, one
may not be able to explicitly compute either the singularity p or the correspond-
ing value a. In such cases, we rely on Puiseux approrimations, which provide
very accurate asymptotic estimates.

In Case I, after making the change of variable s =1 — %, w(s) has a Puiseux
expansion at the singularity s = 0. In particular, w(s) has the form w(s) =
a—g(s)s®, for some o € R™, the first positive exponent of that expansion, and a
function g(s) such that g(s) = b+h(s)s?, with h(0) # 0 and b, B € RT. First, the
value of a can be obtained with the help of the Newton’s polygon technique. We
refer the reader to Broda et al. [0] for a detailed description of this technique.
For this paper, however, it holds that o = % For the value of b, we can use the
fact that g(0) = b.

In Case II, by making v(z) = ﬁ, one concludes as above that v(s) =

cs® — g(s)s®t8, with ¢, € RT and for some Puiseur series g(s) with non-
negative exponents. The value for ¢ can be obtained in a similar fashion as for b
in Case I

With these values, we can apply the following result to obtain the asymptotic
behaviour of the coefficients of w(z):

Theorem 3 ([6]). With the notations and in the conditions above, we have:
ﬁp’"n’a’l if lim, ., w(2) = a;

[z"w(z) ~ { 1 —n, a—1

nooo | @l if lim,_,, w(z) = +oo,

where a, b, ¢, a, and p can be computed as above described.
Here, we use the notation ~_ to describe the asymptotic behaviour of a function

as n grows to infinity. In ﬁzzofollowmg sections, we shall denote the constants
as ag, b, ¢k, and py, to stress their dependence on the size of the alphabet.

6.1 Finite Languages

Let ¥ be a k-letter alphabet and let Ay(z) = 3, 21, By (2) = D . Zlell and

Ni(z) = Zagz”a?“ be the generating functions for the number of a-expressions,
Qe -expressions, and az-expressions, respectively. According to the specifications @
and (@, we have

Ey(2) = 2Np(2) + 2E(2)? + 22E1(2)Ni(2)  and

Ni(2) = kz + 22E1,(2) Ni,(2) + 22Ny (2)2.
Now, by (1), we have Ay(z) = 2z + Ex(2) + Ni(2). By the techniques described
above, we obtain an algebraic curve for Ax(z). As the leading coefficient of the

obtained curve does not have positive roots, we are in Case I. We then obtain
asymptotic approzimations for the values of px, ar, and by, namely,

2v2k —1 k
pkmi,akm—bkmﬁ.

)
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This gives us the following asymptotic behaviour for the coefficients of Ap(z):

1k;n+1
2" Ak (2 771_ :
[ ] k:( ) nkf\: . ﬁ
Now, we shall analyse the size of w(«), for a € REg,. From Definition
and @, upper bounds p' (o) and p”(az) for the number of elements in O (a.)
and 07 (az), respectively, satisfy:

e

)

p'(al) =p"(az), P'(ac + az) = p'(as + oc) = p'(ac) +p"(0z) — 1,
plae- Be) =p' (o) +0'(Be), p'(ae+ Be) =p'(ae) +p'(B:) — 1,
and
p'(a) =1, p'(az+ B=) = p'(az) + 9" (Be) — 1,
p'(az- Bz) =p"(0z) + 0" (Bz), p'(az-ac) =p"(ac - az) = p"(az) + p' ().

These upper bounds correspond to the case where all unions are disjoint. Let

Pi(z) = >, p'(a: )y2lecll and P)'(z) = Zagp”(ag)z”"‘?” be the generating func-
tions for the size of 0% (a:) and 0% (az) for a.-expressions and az-expressions,
respectively. It follows that

= Zp/(ae) ZHQEH
_ Zp Ha I + Z aa + 6 Hae+ﬂs\| + Z as +az Has+af\|

ac,Be Qe,0F
+ Z ag + a. HO‘?J"aeH + Z p/(Ozg . 56)z\laf-ﬁsl\
aF,ac az,fe
= 2Py (2) + (22P(2) B ( ) — 2E(2)*)
+ 2 (2P (2)Ni(2) + 2Py (2) Ex(2) — 2Ei(2)Ni(2)) + 22P;(2) Eg ()

=2P/(z) +42P/(2)E, ( )+ 22P[(2) Nk (2) + 22P}/ (2) Ex(2)
— 22B(2)N(2) — 2Bu(2).

and, analogously,
P/'(2) = kz + 42P]'(2) Ni(2) + 22P(2)Ni(2) + 22P} (2) B (2) — 2Ny (2)>.

Now, the generating function for the size of (), with o € REgy,, namely Py(z),
satisfies Py(z) = Pl(z) + Pj/(2). In similar fashion to the case of Ap(z), we
can obtain an algebraic curve for Py(z). The curve is now in Case II, and has
the same dominant singularity as Ak(z). Then, as above descrz’bed we obtain
an asymptotic approximation for ck, yielding us cp ~v f This gives us the

k — oo

following asymptotic behaviour for the coefficients of Py(z):

[ﬂmwmgmz¢k k. (10)
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Finally, let us obtain asymptotic estimates for the number of letters in an
expression a € REg, of size m, which is an upper bound for the number of
states in the partial derivative automaton (Lemma[6)). Let ¢'(c.) = |ac|s and
" (az) = |az|s be the number of letters in an expression a. and oz, respectively.
One has 0'(e) = 0, £"(a) = 1, I'(al) = 0" (az), £ (ae - az) = O'(ae) + 0" (az), ete.
Let, Lj(z) = > .. O(ag)zlecl and LY (2) = Zagﬁ”(ag)z”a?“. 1t follows that

Li(2) = 2L} (2) + 4215 (2) Ex(2) + 2215 (2) Ny (2) + 22 LY (2)Ex(2)  and
LY(2) = kz + 42L} (2)Ni(2) + 22L)(2) Ng(2) + 22L}(2) Ex(2).

Also, let Ly(z) = Li(z) + L} (z) be the generating function for the number of
letters in an expression o € REg,. Again, the curve for Li(z) is in Case II with
dominant singulam’ty Pk, and, similarly to Py(z), we obtain an approzimation for
the constant ¢}, namely, ¢j, ~ f Thus, one obtains the following asymptotic

estimate for the coe]ﬁczents of Lk( ):
2kn+1

[2"]Lk(2) o~ Tn_ .

Given the results in @) and , the average number of letters in an expres-
sion o € REgy, of size n, denoted by avL, is asymptotically given by

_ [2"Lk(2) n
avl = 274 (2) kf-:/ 3

With the result in (@), the average size of w(a) for an expression o € REgy, of
size n, denoted by avP, is asymptotically given by

IR m
27 Ak (2) nk oo 4

By plugging these values together we obtain:

N

(11)

avP =

Proposition 7. For large values of n and k, an upper bound for the average

number of states of App for expressions o € REg, of size n is lals ‘Z

6.2 Shuffle Ideals
Now, we shall estimate the average number of states in the partial derivative

automaton for expressions T € REsy. Let Ty(z) = 217l By(z) = Yo 2l

and Ri(2) = ZT 27l be the generating functions for the number of T-expressions,
Trr-expressions, and Tr-expressions, respectively. From (@ and (@ respectively,
we have

By(2) = k2% 4+ 2Bi(2)? + 2Br(2)Ri(2) and Ryp(2) = k2® 4+ 22Ry(2)%.

Finally, from ({), we have Ty(z) = 2z + By(z). The algebraic curve for Tj(z)
is in Case I, so we apply the same techniques as in the case of Ax(z), to obtain
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asymptotic approximations for the values of py, ax, and by. In this case, we
obtain
1 4455k + 18k5 + 729k +5 -

1
Pp= — b .
PE= ot L 4374k SR Y63

Then, we get the following asymptotic behaviour for the coefficients of Ty(z):

2n,—2k%

—n
ko 33T
As we did for the case of finite languages, we shall now estimate the size of

7(7) for T € REg1. From Definition [3] and (8), upper bounds ¢’ (1) and q"(7z)
for the number of elements in O (1) and 0T (13), respectively, satisfy:

[2"] Tk (2) (12)

¢ aX) =2, q"(a¥x*) =1,
q' (72 + 7p) = ¢'(728) + ¢'(15) — 1, q"(ta+713) = ¢"(78) + ¢" (73) — 1,
qI(TLR “Tp) = q/(TLH) + q//(TR); q”(TR “TR) = q//(TH) + qI/(TR)-

Let Qi(2) = >, ¢ (mp) 217l and Ql(2) = > q"(p) 2™ be the generat-
ing functions for the size of 07 (7.z) and OV (7g) for Tip-expressions and Tg-
expressions, respectively. It follows that

Qk(2) = 2kz° + 22Q4(2) Bi(2) + 2Qi(2) Rir(2) + 2Q}(2) Br(2) — 2By (2)?

and QY (z) = kz? + 42Q}(2) R (z) — 2zRi(2)?. Now, the generating function for
the size of w(t), with T € REg1, namely Qi(z), satisfies Qr(z) = z + Q. (2).
The algebraic curve for Q(z) is in the Case II, and, by a similar procedure
as in the case of Py(z), we shall compute the constant ¢. Here, we obtain
Cr o~ 15—%6 — % + 2592. This gives us the following asymptotic behaviour
forktﬁexcoeﬁﬁcz’ents of Qr(z):

2"~ 5 k51 (54k5 4 19k5 + 162k +7)

2" z n-z,
0=~ 297

Finally, let us obtain asymptotic estimates for the number of X" -expressions

7 € REg1 of size n, which, for this grammar, is an upper bound for the number

of states in the partial derivative automaton (Lemma[8). Let s'(t15) = |Tra|s+

and s"(15) = |Ta|s+ be the number of X*-expressions in an expression T and Tg,

respectively. One has s'(X*aX*) =2, s"(aX*) =1, §'(11p-78) = §'(718) + 8" (78),

s"(ta - m5) = s"(m) + 8" (1g), ete. Let Si(z) = Y. s'(mg) 2l and S (2) =

> " (1g) 21 It follows that

Nl

(13)

Si.(2) = 2k2® + 225, (2) Br(2) + 25;,(2) Ri(2) + 28} (2) Br(2)

and S} (2) = kz? + 425 (2)Ri(2). Let also Si(z) = z + Si(2) + S} (2) be the
generating function for the number of ¥ -expressions in an expression T € REg;.
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The curve for Si(z) is in the Case H so we compute the value of the constant
., yielding us €, ~ 2V2, /— — 34 1 81. With these values, we obtain the

following asymptotzc behaviour for the coefficients of Sk(z):
275 k5 1 (54k5 + 195 + 162k +7)

[2"ISk(2) ~ TN n"ro o (14)

Given the results in (@ and , the average number of ¥*-expressions in an
expression T € REg of size n, denoted by avS, is asymptotically given by

_ [5k2) 2
W5 = ) .02 VB

With the results in , the average size of w(T) for an expression T € REgy of
size m, denoted by av@Q, is asymptotically given by

k()
W= T () L

EN

With these values together we obtain:

Proposition 8. For large values of n and k, an upper bound for the average
number of states of App for expressions T € REgy of size n is lrlse |E* .

6.3 Comparison of the Results

Let us mow compare the results obtained for the two classes of expressions. We
will start by evaluating the growth of the size of an expression o € REg, and its
respective T € REg; such that e(a) = 7 and thus £(1) = L(a)WE*. By Lemmal3,
we have that ||e(a)| < 2|ja| + 1.

First, let h(az) = || € (az)|| denote the size of an expression € (az), for az-
expressions. We have that h(a) = 2, h(az+ Bz) = h(az- 8z) = h(az) + h(Bz) +1
and h(az - ag) = h(a: - ag) = h(azg). Let Hy(z) =), h(ag)zlo=l. We have

Hy(2) = 2kz + 22Hy(2) Ep(2) 4+ 42Hy (2) N (2) + 22Np(2)2.

Now, let ¢'(ac) = |le(a)|l and ¢"(az) = |le(az)||. On the one hand, we have
g (ae) = 1, for every a.-expression. On the other, we have g"(a) = 3, ¢’ (az +
Be) = g"(02) + 9" (B) + 1, ¢ (07~ e) = " (e - 02) = " (a2), and g (0~ Be) =
g"(az)+h(Be)+1. Let Gi(2) = >, g (ac)2lecll and G (2) = Dar g"(az)zlle=ll,
We have G)(z) = Ex(z) and

Gl(2) = 3kz 432G} (2) Ny (2) + 2GY(2) Ex(2) + 22Hy (2) Ny, (2) 4+ 22Ni(2)2.
Finally, let Gi(z) = 2z + G.(2) + G}.(2) be the generating function for ||e(a)l|,

with a € REgy,. The algebraic curve for Gi(z) is in the Case II, with the same
dominant singularity as Ag(z). Once again, we shall compute the value of ¢}, by
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the means above. Here, we obtain cj,  ~v ﬁ. Then, we obtain the following

n,k — oo

asymptotic behaviour for the coefficients of Gi(2):

3.9% 2"
ZnG z 777/_
Gk2) o~

Thus, using the results in (@ and , the average size of e() for an expression
a € REgy, of size n, denoted by avG, is asymptotically given by

N

(15)

_ [6k(2) 3
W= ClAnG) L2

Then, taking into account the results for avP and av@, we obtain:

Proposition 9. The size of App for e(a) is on average 2.45 times larger than
the size of App for a.
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