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Abstract. Finite automata are basic for efficient implementation and application of reg-
ular expressions. Derivatives and partial derivatives are fundamental concepts for regular
expressions which are useful tools to study automata construction from regular expressions.
This paper studies derivatives, partial derivatives and automata in the case of expressions in
star normal form as defined by Briiggemann-Klein, and of one-unambiguous expressions as
defined by Briiggemann-Klein and Wood. If an expression is in star normal form, the paper
first shows a property of derivatives which is stronger than Berry and Sethi’s result. Second,
it is known that the equation automaton and the follow automaton are two small automata,
each of which is a quotient of the position automaton. For the relation between the equation
and follow automata, however, Ilie and Yu stated that a rigorous analysis is necessary but
difficult. The paper tackles the issue, and presents several results. For one-unambiguous ex-
pressions, the paper shows that the equation and follow automata can be computed in linear
time, and sets up relations between the equation automaton and various constructions of Br-
zozowski automaton. In particular, when an expression is both one-unambiguous and in star
normal form, we get a simple construction of the Brzozowski automaton, and show that the
resulting automaton is equal to the equation automaton and that the original construction
of Brzozowski automaton is a quotient of the equation automaton. Summary of relations of
different sets of (partial) derivatives is presented.

keywords: Regular expressions, finite automata, derivatives, partial derivatives, star normal
form, one-unambiguity

1 Introduction

Finite automata are basic for efficient implementation and application of regular expressions.
Derivatives and partial derivatives are fundamental concepts for regular expressions which are use-
ful tools to study automata construction from regular expressions. This paper studies derivatives,
partial derivatives and automata in the case of regular expressions in star normal form, defined
by Briiggemann-Klein [4], and of one-unambiguous expressions, defined by Briiggemann-Klein and
Wood [6,4,5]. It is known that every regular expression can be turned into star normal form in
linear time [4], and several algorithms depend on star normal form (e. g., [4, 8]). One-unambiguous
expressions are often found in document definition languages. For example, in Document Type
Definitions (DTDs) of XML the content models are required to be one-unambiguous expressions.
A regular expression is one-unambiguous (or deterministic) if, informally, a symbol in the input
word should be matched uniquely to a position in the regular expression without looking ahead in
the word. It is known that the set of one-unambiguous languages is a proper subclass of regular
languages. Since XML Schema both includes numeric occurrence indicators and requires one-
unambiguity, one-unambiguous expressions with numeric occurrence indicators were studied [17].
Several authors investigated k-unambiguous regular expressions with a lookahead of k symbols [13,
14].

Derivatives of regular expressions were introduced by Brzozowski [7]. It has been established
by Bruggemann-Klein and Wood [6] that one-unambiguous languages are closed under derivatives.

* Work supported by the National Natural Science Foundation of China under Grants 60573013, 60721061.



The notion of derivatives was generalized to partial derivatives by Antimirov [1]. There has been
no result about partial derivatives particular for one-unambiguous expressions. Among the many
constructions of e-free non-deterministic finite automata (NFA) from regular expressions, we con-
sider position automata proposed separately by Glushkov [15] and McNaughton and Yamada [20],
equation automata using partial derivatives [1], and follow automata proposed by Ilie and Yu [16].
The position automaton has size at most quadratic and can be computed in quadratic time [4, 11,
22]. Berry and Sethi [2] showed that the position automaton has a natural connection with the
derivatives. It is known that a regular expression is one-unambiguous iff its position automaton is
deterministic [6]. The equation automaton has also been proved to be equivalent to the automaton
constructed from the prebase [21]. Champarnaud and Ziadi [9] proposed a quadratic algorithm for
computing the equation automata which improved very much the original algorithm [1], and proved
that the equation automaton is a quotient of the position automaton. Ilie and Yu [16] proposed
a simplified proof of the result. Lombardy and Sakarovitch [19] gave another proof in the more
general setting of expressions with multiplicity which applies to present Boolean case. Recently
Ilie and Yu [16] introduced the follow automaton which can be computed in quadratic time, and
proved that the follow automaton is a quotient of the position automaton. Champarnaud, Nicart
and Ziadi presented another quadratic algorithm [8] for computing the follow automaton. The
construction of the Brzozowski deterministic finite automaton (DFA) [7] uses derivatives. In [1] a
similar construction using partial derivatives was presented. The work of the present paper is as
follows.

The paper studies relations of different automata, in the case of star normal form expressions
and of one-unambiguous expressions. In particular:

— The paper discusses the relation between the equation and follow automata. It has been known
that both the equation and follow automata are quotients of the position automaton. The ques-
tion is what is the relation between the first two automata. In [16] Ilie and Yu compared some
examples and stated that the two automata “are incomparable”, and that “a more rigorous
comparison” between the automata “should be done” but “seems difficult”. The paper tackles
the issue, giving several conditions for the following relations between the two automata: one
is a quotient of the other, the converse, and the two automata are isomorphic. Our work thus
shows, for the first time, there are different conditions under which the relation of the two
automata is different.

In concrete, it first presents several simple characterizations, in terms of derivatives, of the
above relations between the two automata.

It then considers conditions in terms of the structure of expressions for the relations. To this
end, we find conditions that are connected to the relations, and give several properties of the
conditions.

We show that for an expression in star normal form satisfying CSE condition (see Section 4)
the equation automaton is a quotient of the follow automaton. Champarnaud, Ouardi and
Ziadi [10] gave a related result concerning this issue. Their main theorem (Theorem 4, p.11)
states for a normalized regular expression, the size of the equation automaton is smaller than
the size of the follow automaton. Normalized regular expressions, however, constitute only a
very restrictive and small subset of expressions satisfying CSFE condition. For examples, none
of the expressions in Example 4 are normalized regular expressions, while they all satisfy CSE
condition.

We further present conditions for some special situations, in which the two automata are
isomorphic or the follow automaton is a quotient of the equation automaton.

— For one-unambiguous expressions, the aforementioned three NFA’s become deterministic. What
are the relations among these and other DFA’s? The paper sets up relations between the
equation automaton and various constructions of Brzozowski automaton. When an expression is
both one-unambiguous and in star normal form, we get a simple construction of the Brzozowski
automaton, and prove that the resulting automaton is equal to the equation automaton. This



equality also leads to the fact that the original construction of Brzozowski automaton is a
quotient of the equation automaton.

The paper considers constructions of automata for the special expressions. For one-unambiguous
expressions, it is known that the position automaton can be constructed in linear time. Could the
efficiency of construction of the equation or follow automaton be improved? In the paper we show
that they can also be computed in linear time for this class of expressions.

In the meantime, the paper presents several properties of derivatives and/or partial derivatives.
If an expression is in star normal form, the paper shows that the derivatives of the marked expres-
sion (see Section 2 for the explanation of marked expression) with respect to words ending with
a same letter are either () or unique, a stronger property than Berry and Sethi’s result [2] which
establishes that in general the above derivatives are either () or similar. This uniqueness of deriva-
tives is of course an attractive property. For a one-unambiguous expression in star normal form,
we present simple computation of derivatives and partial derivatives, which is of help in practice.

There have been several sets of derivatives and partial derivatives which are used in construc-
tion of different automata. Relations among the sets, under different conditions, are discussed.
The results, though most of which are quite straightforward, are the basis for comparing related
automata, and have not been studied all together in the literature.

Summary of relations of different sets of (partial) derivatives are presented in the paper. There
has been no similar result in the literature on the subject that addresses constructions on star
normal form expressions, to the best knowledge of the author. Also there has been no result about
most of the above constructions for one-unambiguous expressions.

Section 2 introduces notations and notions required in the paper. Derivatives and partial deriva-
tives are discussed in Section 3. Expressions in different cases including star normal form, one-
unambiguity, and a combination of the first two cases are considered respectively in Sections 4, 5,
and 6. Section 7 presents two algorithms for checking inclusion of one-unambiguous expressions.
Section 8 gives concluding remarks.

2 Preliminaries

We assume the reader to be familiar with basic regular language and automata theory, e.g., from
[23], so that we introduce here only some notations and notions used later in the paper.

2.1 Regular expressions and finite automata

Let X' be an alphabet of symbols. The size of X is denoted by |X|. The empty word is denoted
by e. The set of all finite words over X' is denoted by X*. A regular expression over X is ), or
a € X, or is obtained from these by applying the following rules finitely many times: for two regular
expressions F; and FEy, the union F; + E», the concatenation FqFEs, and the star EY are regular
expressions. For a regular expression F, the language specified by E is denoted by L(E). Define
ME) = e if e € L(E) and 0 otherwise. The size of E is denoted by |E| and is the length of E
when written in postfix (parentheses are not counted). The number of symbol occurrences in E, or
the alphabetic width of E, is denoted by || F||. The symbols that occur in E, which is the smallest
alphabet of F| is denoted by X'p.

We assume that the rules E+ (0 =0+ F = E,E) = 0)E = (), and Ec = ¢E = E (rules-0) hold
in the paper.

One-unambiguous regular expressions are also called deterministic regular expressions, the name
came from Briiggemann-Klein and Wood [6].

For a regular expression we can mark symbols with subscripts so that in the marked expression
each marked symbol occurs only once. For example (a1 + b2)*asbs(as + bg) is a marking of the
expression (a+b)*ab(a+b). A marking of an expression E is denoted by E. The same notation will



also be used for dropping of subscripts from the marked symbols: F = E. We extend the notation
for words and automata in the obvious way. It will be clear from the context whether = adds or
drops subscripts.

Definition 1. An expression E is one-unambiguous iff, for all words uzv,uyw € L(E) where
lz| =yl =1, if x £y then T £ 7. A regular language is one-unambiguous if it is denoted by some
one-unambiguous expression.

Besides one-unambiguity, there is also a notion of unambiguous regular expressions [3]. It is
known that for each ambiguous regular expression there is an unambiguous regular expression that
denotes the same language. On the other hand, expressions that are not one-unambiguous may
not be defined by one-unambiguous expressions that denote the same languages. In other words,
the set of one-unambiguous languages is a proper subclass of regular languages.

For an expression E over X, we define the following functions:

first(E) ={a | aw € L(E),a € X,w € X*}
last(E) = {a | wa € L(E),w € X*,a € X'}
follow(E,a) = {b | uabv € L(E),u,v € X*,be X}, forae ¥

One can easily write equivalent inductive definitions of the above functions on F, which is
omitted here.

Define followlast(E) = {b | vbw € L(E),v € L(E),v #¢,b€ X, w € X*}.
Definition 2. An expression E is in star normal form (SNF) [4] if, for each starred subexpression

H* of E, followlast(H) N first(H) =0 and ¢ ¢ L(H).

It is known that regular expressions can be transformed to SNF in linear time [4].

A finite automaton is a quintuple M = (@, X, 6, qo, F'), where @ is a finite set of states, X is
the alphabet, § C Q x X' x @) is the transition mapping, qq is the start state, and F' C @ is the set
of accepting states. Denote the language accepted by the automaton M by L(M).

Let =C @ x Q be an equivalence relation. For ¢ € @, [¢]= denotes the equivalence class of ¢
w.r.t. = and, for R C @, R/= denotes the quotient set R/= = {[q]=|¢ € R}. We say that = is
right invariant w.r.t. M iff (1) =C (Q — F)? U F? and (2) for any p,q € Q,a € X, if p = ¢, then
(;(p, a)/E - (5((], a)/E'

If = is right invariant, the quotient automaton of M is M/= = (Q/=, X, 0=, [qo]=, F/=), where
o= = {([p]=; a, [q]=) | (p,a, q) € §}. One can prove that L(M/=) = L(M).

2.2 Position automata

The position automaton was introduced independently by Glushkov [15] and McNaughton and
Yamada [20]. The position automaton of E is

Mpos(E) = (onsu 27 6posu qE, Fpos)7

where
1. Qpos = X5 U {qr}, qe is a new state not in X5
2. 0pos(qr,a) = {z | x € first(E),T=a} fora € ¥
3. Opos(z,a) = {y | y € follow(E,z),y=a} forz € ¥z and a € X
L F {last(E) U{qe}, if € € L(E),
Copes last(E), otherwise

For further purpose we set lasto(E) equal to last(E) if ¢ ¢ L(E) and last(£) U{qgr} otherwise,
and extend follow(F,qg) = first(E).

Ezample 1. The position automaton Mpes(Eq) for the regular expression Ep = (ab(c + €))* is
shown in Figure 1(a).
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(c) c
a b(c+e)(ab(cte)) a
(ab(c+e)) - b {((cte)(ab(c+e))
(b)

Fig. 1. (a) Mpos(Er), (b) Ma,(E1) and Mpa(E1), and (c) M;(E4), corresponding to E1 = (ab(c+¢€))*.

As shown by Glushkov [15] and McNaughton and Yamada [20], L(Mpos(E)) = L(E).

Myos(E) can be computed in quadratic time [4, 11, 22]. A quadratic time algorithm is given in
[4], which has linear running time for one-unambiguous expressions. The algorithm uses the star
normal form.

3 Derivatives

Derivatives of regular expressions were introduced by Brzozowski [7].

Definition 3. (Brzozowski [7]) Given a regular expression E and a symbol a, the derivative a™*(E)
of E w.r.t. a is defined inductively as follows:

10)=a"t(e)=0
£, 1f b=a
)= {@ otherwme
a ' (F+G)=at +a’1(G)
_ _Ja ( )G +a"1(G), if e € L(F)
o (FG) = “1(PG, otherwise
@ (FY) = a L (F)F?

Derivative w.r.t. a word is computed by e 1 (E) = E, (wa) Y (E) = a Y (w™Y(E)).
Partial derivatives were introduced by Antimirov [1].

Definition 4. (Antimirov [1]) Given a regular expression E and a symbol a, the set of partial
derivatives 0,(E) of E w.r.t. a is defined as follows:

(), otherwise
(

) )=
b):{{g},lsza

) =20

)

_ [ 9a(
0u(FG) = {8a(F)G, otherwise
0, (F*) = 9, (F)F*

Partial derivative w.r.t. a word is computed by 0:(E) = {E}, Owa(E) = Upep, (m) Oa(p). The
language denoted by 0,,(E) is L(0w(E)) = Upeo, (r) L(p)t.

! RF = {EF|E € R} for a set R of regular expressions and a regular expression F.



Two regular expressions F; and F5 which reduce to the same expression using associativ-
ity, commutativity, and idempotence of + are called similar [7], which is denoted Ej ~q¢ Eo.
The expressions E; and E, are equal, denoted Ey = FEo, if L(F;) = L(E2). Let D1(E) =
{lw™(B)]~,ei lw € 27}, Do = {[w ! (E)]=|w € 2}, DD(E) = {0u(E)|w € X*}, PD(E) =
Uwes+0w(F). These sets are useful in construction of automata from regular expressions. The
equivalence of two sets A and B is denoted A ~ B (i. e., there is a one-one correspondence between
A and B). Let [p]~..,,[d] € Dy(E), define [p|~,.; = [¢]~,.. if p = q. We have the following
properties.

~aci

Proposition 1. For a regular expression E, we have

(1) Do(E), Dy(E) are finite ([7]), and Do(E) ~ D (E) /=,
(2) |IPD(E)| < ||E| +1 ([1]),

(3) |Do(E)| < |DD(E)| < 2I#I+1.

Proof. Below is the proof of (3). For a set R = {t1,...,t;} of regular expressions, denote >R
an expression t; + ...+ tx up to an arbitrary permutation. For any expression F and w € X*,
L (E)) = L(Z0,(F)) [1]. It L{wy " (E)) = L(wy~(E)), then L(£0y, (E)) = L(50,(E)).
but not necessarily X0, (E) = X0y, (F), which implies |Do(E)| < |DD(E)|. By definition, the
number of elements in DD(F) can not be more than 2/1Z1+1, O

The notion of derivatives leads to a very natural construction of the Brzozowski deterministic
automaton (7], defined as

Mgy, (E) = (D1(E), X,0,E,{p € Di(E) | € € L(p)}),

where 0(p,a) = a=(p), for any p € D1(E),a € X.
A similar construction was introduced in [1]:

Maa(E) = (DD(E), X, 6,{E},{P € DD(E) | 3pe P,e € L(p)}),
where §(P,a)=Upepy(p), for any Pe DD(E),a€ X.

Ezample 2. My, (E;) for the expression E; from Example 1 is shown in Figure 1(b). Mgq(E1) is
the same as My, (F1).

The equation automaton [1] constructed by partial derivatives is
Mya(E) = (PD(E), X, 054, E,{qg € PD(E) | € € L(q)}),

where d,4(g, a) = 04(q), for any ¢ € PD(E),a € X. An example is shown in Figure 1(b).

It is proved that for a regular expression, the equation automaton is a quotient of the position
automaton [9, 16]. Another proof is given by Lombardy and Sakarovitch [19], which is in the more
general setting of expressions with multiplicity but still applies to present case (multiplicities over
the Boolean semiring).

In general M,q(E) is incomparable with My, (E) or Mgq(E), but in some situations they are
comparable; See Section 5,6.

Expressions with distinct symbols are called linear. For any expression E, E is the linearized
version of F.

For linear expressions from Brzozowski [7] and Berry and Sethi [2] the following fact is easily
derived.

Proposition 2. Let E be linear. Given x € X, for all words w,
1. ]fE = E1 + EQ, then

(o) + ) = { () L T E W



2. IfE = E1E2, then

(’U)J))_l(El)EQ if v € ZEl

(vr)"Y(Ey) if w=wuv,e € L(u" (Ey)),z € Xg,, 5
u€ Xy veE Xy, (2)

0 otherwise

(wz) "M (E1Ey) =

Proof. 1. It is directly from Berry and Sethi [2].
2. From Berry and Sethi [2] it is already known

1 (wa) " (E1) By if z € Xp, (a)
(wa)™ (B1Br) = {Zw_uv)\(ul(El))(vx)l(Eg) otherwise (b)

Let us consider (b) and set wx = ajas...a;. For a concrete sequence of aj ...a;, a subterm

(@ri1...a:) Y (F2)in (b) can exist only ifay, ..., a, € By and ay41,...,a; € Es. Since a,,1 <n <t
is either in Ey or in Es, there is at most one such subterm in (b). If such condition is not satisfied,
then (wx)~1(E1Ey) = 0. O

4 Expressions in SNF

4.1 Derivatives

Berry and Sethi [2] have shown that, for a marked expression E, given a fixed z € Y5, (wz)~*(E)
is either () or unique modulo ~; for all words w. In [2], based on this a natural connection between
the position automaton and derivatives is set up.

Here, we further show that, if E is in SNF then the aci-similarity in the above is unnecessary.

Proposition 3. For a marked expression E, if E is in SNF then given a fized x € Yz, (wz)"(E)
is either O or unique for all words w.

Proof. We prove it by induction on the structure of E. The cases for £ = ¢,0,z, x € X5, are
obvious.

1. E = E1 + Ey. By Eq (1), if x is in Eq, then (wx)~(Ey) is left, and the inductive hypothesis
applies to it. The same is for z in Es.

2. E = E\E,. If 2 is in Ey, then by Eq (2) (wz)~'(E) = (wz) '(E1)E,, and the inductive

hypothesis applies to it. Otherwise, = is in Fy and (wz)~}(E) = (vz)~!(E3) for some w = uv or
(wx)~Y(E) = 0. Therefore the inductive hypothesis applies to it.

3. E =FE; . From [7] and [2] (wz) ! (E) is a sum of subterms of the form (vz)~*(E;)E; where
wx = uvx. We show that there is at most one non-null subterm.

Suppose there are two non-null subterms (vyz) "} (E7)E; and (vex)~ (E1)E; . If v # vy, sup-
pose |v1] < |vz]. Let wax = ajas . ..a;. We can suppose v1& = Gpy ... A, V2L = Qpy « oo Gpy <. . Gy 1 <
ry < 11 < t. Since (v1z)1(Ey) # (), we have a,, € first(Ey). Since (vox)~1(Ey) # (), there exists
a word ws, such that a,, ...a,, ...aw; € L(Ey). Then a,, € follow(E1, ar, 1)

A careful analysis on the derivation of (wx)~!(E) shows that if (viz)~(E;) # 0, then either
e € L((ap,—1) Y (Fy)) or e € L((an .. .ar,—1) 1 (E1)) for some n < a,,_1. In either case, we have
ar,—1 € last(Ey). Therefore E is not in SNF, which is a contradiction.

If v; = vg, then v12 = vox = ay, ...a;,2 < ry < t. Similarly, a careful analysis on (wz)~!(E)
shows that there must be € € L((ap, ...a;) 1 (E1)),e € L((an, -..a;) " (E1)) and € € L((ayp, - . -
any—1) " H(E1)),n2 <nyp <i <r1—1,n3 < ny.So we have a,,, € first(Ey),an, € follow(Ey,an, 1),
an,—1 € last(Ey). Therefore E is not in SNF, which is a contradiction.

So there is at most one non-null subterm, and the inductive hypothesis applies to it. ]

Corollary 1. If E is in SNF and there are non-null (w1) ™' (E) and (w2) ™ (E), such that (w1) ™" (E) ~aci
(w2)"H(E), then (w1)~'(E) = (w2) "' (E).



From the proof of Proposition 3 above, it follows

Corollary 2. If E = Ef is in SNF, then for a non-null (wz)~Y(E), (wx)"Y(E) = (va)"Y(E1)E
for some wx = uvz.

4.2 Equation and follow automata

This subsection discusses the relation between equation and follow automata.

The follow automaton M¢(E) was introduced by Ilie and Yu [16]. It is constructed by eliminating
e-transitions from an e-automaton defined in [16]. We do not present the construction in detail
here. Instead, an example is shown in Figure 1(c). What is important here is the following.

Define the equivalence =;C Q2. by z1 =5 o iff 21 € lasto(E) & z2 € lasto(E) and
follow(E,x1) = follow(E, x3). The equivalence relation is right invariant w.r.t. Myes(E). Define
My ~ Ms if My and Ms are isomorphic. It is known that

Proposition 4. M;(E) ~ M,.s(E)/=, ([16]).

As we have mentioned, it is well-known that the equation automaton is a quotient of the
position automaton [9,16,19]. Here it is presented following [16]. For a letter x € X, denote
C,(E) any expression (wz) 1(E) # (. Denote also C,,(E) = E (qg is the start state of the
position automaton of E). For a SNF expression E (which is the subject of the present paper),

C.(E) is already unique. For general expressions assume that we find a proper representative for
each C,(E) [9,16]. Define the equivalence =.C Q> . by 1 =, x5 iff Cy, (F) = Cy,(E). Define the

equivalence =.C ons by 1 =, x5 iff Oy, (E) = C,,(E). Each of the equivalence relations is right
invariant w.r.t. Mpos(E). It is known that

pos

PropositionS (1) Mpa(E) ~ Mpos(E) /=, ;
(2) Mpa(E) =~ Mpos(E )/—

From Propositions 4 and 5 both Mpq(E) and M (E) are always smaller than or equal to Mos(E).

However, for the relation between Mpq(E) and M;(FE), Ilie and Yu [16] compared some examples

and showed that it is difficult to give a theoretical analysis. Here we give a theoretical analysis.
First we present some simple results. It is easy to see that

Lemma 1. For any a € X,
(1) first(Co(E)) = follow(E,a) ([2]), and (2) a € lasty(E) < N(Cu(E)) = €.

From Lemma 1 and the above definitions of the equivalence relations, the following are implied
Lemma 2. (1) =, C=¢; (2) =. C =..

Then we give a characterization of =, = =y as follows.

Proposition 6. For an expression E, we have =, = =¢ iff Va, b € Qpos, [irst(Co(E)) = first(Cy(E))A

ANCa(E)) = MCy(E)) = Cu(E) = Cy(E).

Proof. =, ==iff = C=fN=¢ C =,
iff true A =5 C =, (Lemma 2 (1))

iff =, C =,
iff Vc{, b € Qpos, follow(E,a) = follow(E,b) A (a € lasty(E) < b € lasto(E)) = C, = Cy(E)
iff Va,b € Qpos, first(Co(E)) = first(Co(E)) A (MCo(E)) = € & (MCy(E)) = 5) = C,(E) =

Cy(E) (Lemma 1) - - - o
iff Va,b € Qpos, [irst(Ca(E)) = first(Cy(E)) ANCu(E)) = MCy(E)) = Cu(E) = Cy(E). m



Similarly the following is a characterization of =, = =,.

Proposition 7. For an expression E, we have =, = =, iff Va,b € Qpos, C.(E) = Cy(E) =
C.(E) = Cy(E).
The proof is similar to the proof of Proposition 6.

And the following is a characterization of =, = =;.

Proposition 8. For an expression E, we have =. = =y iff Va,b € Qpos, C.(E) = Cy(E) &
first(Co(E)) = first(Cy(E)) ANCa(E)) = NCy(E)).

The proof is similar to the proof of Proposition 6.
On the other hand, from Propositions 4,5 and Lemma 2 it follows

Proposition 9. For an expression E,

(1) if =. = =y, then Mpq(E) is a quotient of M¢(E), Mpa(E) ~ M;(E); and

(2) if =. = =, then M;(E) is a quotient of Mya(E), Mpa(E) ~ Mpq(E); and

(3) if =c = =y, then Mpq(E) ~ My(E).

Proof. We prove (1) only, others are proved similarly. Let M,os(E) = (Q, X, 6, g0, F'), then M;(E) ~
(Q/Efv X, 5Ef7 [qO]EfaF/Ef)7 Mpa(E) ~ (Q/=., X, 6=.,[q]=., F'/=.). Define equivalence =C Q/Ef X

1

Q/=; by |ai]=, laj]=, iff a; =. a; for a;,a; € Q. Since =;C=., = is well-defined. It is
easy to know 2 is right invariant. Then Mpq(FE) ~ M;(E)/~. From Propositions 5,4, Myq(E) ~
MPOS(E)/:C = MpOS(E)/Ef ~ My(E). O

Ezample 3. Let B = aa™ + ba*, E; = (a* + €)a*a*, E3 = a*, one can verify that M,q(F4) is a
quotient of My(E1), Mi(E2) is a quotient of Mpq(Es2), and Mpq(Es) ~ Mi(Es3).

The above characterizations are given in terms of C,.(E). Below we consider conditions in terms
of the structure of expressions.

We first prove the following Lemmas. Recall that we assume that the rules (rules-0¢) hold.

It is known that the following property holds:

first(F + G) = first(F)U first(G), first(F*) = first(F),
first(FG) = first(F) U first(G) if e € L(F), first(F) otherwise.
last(F + G) = last(F) Ulast(G), last(F*) = last(F),

last(FG) = last(F) Ulast(G) if € € L(G), last(G) otherwise.

follow(F,a), if a € X%
follow(F'+ G,a) = {follow(G7 a),if a € 2
follow(F,a), if a € X5 — last(F)
follow(FG,a) =< follow(F,a)U first(G), if a € last(F)
follow(G, a), if a € Xz
— [ follow(F,a), if a € X5 — last(F)
follow(F*,a) = {follo (F,a) U first(F), if a € last( F)

Lemma 3. Forbe X5, follow(E,b) =0 iff Vw € X, (wb)"1(E) =0 or (wb)"Y(E) =e.

Proof. (Only if). Since follozﬁ(i ) 0, it must have b € last(E), and b can only appear in the
last position of a word of L(E). Then Yw € Y=, if wb ¢ L(E), then (wb)~Y(E) = 0. Otherwise,
(wb)"Y(E) = e.

(If). If vw € 2=, (wb)~Y(E) = 0 or (wb)"(E) = ¢, then follow(E,b) = first((wb)~1(E))=0. O

For an expression E, the leftmost expression of E w.r.t. concatenation is le(E) = le(F) if E =
FG; E otherwise. We say an expression F is leftmost e-reduced if le(E) does not contain any
subexpression F' + & where A(F) = . Obviously if E = FG then E is leftmost e-reduced iff F is
leftmost e-reduced.



Lemma 4. If an expression E is leftmost e-reduced and in SNF, b € Y& and E satisfies the
following condition:

(1) be X5 —last(E) and ¢ ¢ L(E), or b € last(E) and € € L(E), and 3
(2) fzrst( ) = follow(E,b), (3)

then E can be only of the form F* or TG, ...Go,n > 0, where b € 2, and T3 satisfies
Condition (3); and Vw € X, if (wb)~Y(E) # 0 then (wb)~1(E) = E.

Proof. If E satisfies Condition (3), it is obvious that E cannot be 0, or a € Y.

We show E cannot be F + G.

Let E = F + G, then first(E) = first(F) U first(G). Assume b € X7, then follow(E,b) =
follow(F,b). So by Condition (3), first(F)Ufirst(G) = follow(F,b), then fzrst( ) = follow(F,b)
and first(G) = 0. Since first(G) =0, G = () or €. Since E is reduced by rules (rules-f)c), G cannot
be (. So G = ¢, then E = F +¢,e € L(E), and since E is leftmost e-reduced, ¢ ¢ L(F). From
e € L(E), by Condition (3), we have b € last(E), then b € last(F). We show this is impossible.
Since ¢ ¢ L(F) and b € last(F), F cannot be 0, or I*. If F = b, first(F) # follow(F,b),
which is a contradiction. If F = I + .J, suppose b € X7, similarly as above,we can deduce J=c.
But this contradicts with ¢ ¢ L(F). If F = 1J, then if b € Xy, since b € last(F),e € L(J).
Since e ¢ L(F), ¢ ¢ L(I). Then follow(F,b) = follow(I,b) Ufzrst( ), first(F) = first(I). So
first(J) =0,J =0 or ¢, but this contradicts with F' being reduced by rules (rules-f¢). If b € X,
then first(F) = first(I) U X(I) first(J), follow(F,b) = follow(J,b). So first(I) =0,1 = or ¢,
but this contradicts with F' being reduced by rules (rules-f¢). If b € Y&, the proof is similar.

If E = F*, since ¢ € L(E), by Condition (3), b € last(E), then b € last(F). So follow(E,b) =
follow(F, b)Ufzrst( ), first(E) = first(F). Since E is in star normal form, we have follow(F b)N
first(F) = ( for b € last(F). So follow(F,b) = (). Then from Lemma 3, Yw € I if (wb) ™ YF)#0
then (wb)~Y(F) = ¢, so (wb) "} (E) = (wb)~}(F)F* = E.

If E = FG, then first(E) = first(F)UX(F) first(G). If b € Xz —last(F), then follow(E,b) =
follow(F,b). So if € ¢ L(F), then first(F) = follow(F,b). Otherwise € € L(F), then first(G) =
f, G = 0 or . But this contradicts with E being reduced by rules (rules-0¢). If b € last(F),
then follow(E,b) = follow(F,b) U first(G). Then if ¢ ¢ L(F), then first(G) = (. Similarly
this contradicts with £ being reduced by rules (rules-f). Otherwise ¢ € L(F), then first(F) =
follow(F,b). If b € Yz, then follow(E,b) = follow(G,b). So first(F) =0,F = { or e. Similarly
this contradicts with E being reduced by rules (rules-f).

So we have F' is leftmost e-reduced and satisfies Condition (3), b € Y. Then repeat the above

reasoning to F, F' must be of the form T or F;G1, and repeatedly proceed if necessary . ... Since
|E| is finite, the iteration must terminate, and £ must be E=T:G,...Gg,n >0, where Go =G,
b€ Y5 , and T} satisfies Condition (3). Then, (wb) ™' (E) = (wb) (T*)Gn ...Gp=FE. O

Conversely we have

Lemma 5. IfVb € Xz, Vw € L=, whenever (wb)~Y(E) # 0 then (wb)~*(E) = E, then E satisfies
Condition (3).

Proof. If Vb € Y&, Yw € X%-, whenever (wb) ™' (E) # 0 then (wb) ™' (E) = E, then for any non-null
(wb)~Y(E), fzrst( ) = fzrst((wb) Y(E)) = follow(E,b). Furthermore, if b € Y& — last(E), then
wb ¢ L(E), thus ¢ ¢ L((wb) "1 (E)) = L(E). If b € last(E), then ¢ € L((wb) "1 (E)) = L(E). O

For an expression E, we call the following the CSE (Concatenation Sub-Expressions) condition
of E:

If E satisfies Condition (3) then E is leftmost e-reduced; For any subexpression F'G of E, if
follow(F,a) = () and G satisfies Condition (3) for some a € X3 and b € X5 then G is leftmost
e-reduced.

The significance of CSFE condition and Condition (3) can be seen from the following two lemmas.
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Lemma 6. For E = FG, a € Y and b € Yz, a =5 b iff follow(F,a) = 0 and G satisfies
Condition (3).

Proof. (Only if). If a = b, it is not difficult to prove that a € last(F), and (1) b € X5 — last(G)
and ¢ ¢ L(G) or (2) b € last(G) and € € L(G), then follow(E,a) = follow(F,a) U first(G),
follow(E,b) = follow(G,b). So follow(F,a) = 0, and first(G) = follow(G,b). Then G satisfies
Condition (3).

(If). Since follow(F,a) = 0, a € last(F). So follow(E,a) = follow(F,a) U first(G) =
first(G). Since G satisfies Condition (3), follow(E,b) = follow(G,b) = follow(E,a). Further-
more, by Condition (3), if b € ¥z — last(G) and ¢ ¢ L(G), then a,b ¢ last(E); if b € last(G) and
e € L(G), then a,b € last(E).

Soa=¢b. O

Lemma 7. For a SNF expression E = F'G, a € X and b € X,
if a =c b then follow(F,a) =0 and G satisfies Condition (3); and
if follow(F,a) =0, G satisfies Condition (3) and is leftmost e-reduced then a =, b.

Proof. By Eq (2), for any non-null (wya)~*(E), (w2b)~(E),

(wia)"H(E) = (wia) "' (F)G, (web) "1 (E) = (vb)"*(G) for some wy = uv.

If a =. b, then (wia) ' (F) = ¢ and (vb)"}(G) = G. By (w1a)"}(F) = € and Lemma 3,
follow(F,a) = 0. By (vb)"}(G) = G and Lemma 5, G satisfies Condition (3).

If follow(F,a) = (), G satisfies Condition (3) and is leftmost e-reduced, then from follow(F,a) =
(0 and Lemma 3, Vw € L=, if (wa)~(F) # 0 then (wa)~(F) = ¢. Since G satisfies Condition (3)
and is leftmost e-reduced, and G is in SNF, from Lemma 4, Vw € X%, if (wb)~Y(G) # 0 then
(wb)7H(G) = G. So (w1a)"H(E) = (wia) 1 (F)G = G, (w2b)"}(E) = (vb)"1(G) = G. Then a =, b.

O

The following is a sufficient condition for =.==¢.
Proposition 10. For a SNF expression E satisfying CSE condition, we have =, = =y.

Proof. By Lemma 2(1), we only need to prove that =; C =..

Let a =y b.

(1) If @ = g, we show that a =, b. If b = gg then a =, b. Otherwise, if a € lasto(E), then
b € last(E) and € € L(E), otherwise b € ¥z —last(E) and ¢ ¢ L(E). Furthermore, follow(E,b) =
first(E). Then E satisfies Condition (3), and so is leftmost e-reduced. From Lemma 4, (wb) "1 (E) =
E if (wb)~*(E) # 0. Therefore C,(E) = E = C,(E).

(2) Similarly if b = gg, we have a =, b.

(3) Below we consider situations when a # qg and b # gg.

Now we prove if a =¢ b then a = b by induction on the structure of E.

Base. If E = (), ¢, or a, this is obvious.

Induction. 1. E = F + G. Without losing generality, suppose a € X, then follow(F + G, a) =
follow(F,a). If b € Y, then follow(F + G,b) = follow(F,b). By the induction hypothesis,
for any non-null (wja)~” 1(F) and (w2b)"H(F), (wia)"'(F) = (w2b)~'(F). Note any non-null

(wia)~(F) is unique and is C,(F) since F is in SNF. Since (wia) Y(E) = (wia) }(F) and
(web)H(E) = (w2b)"*(F), a =, b. Otherwise b is in Y. So follow(F + G,b) = follow(G,b).
It is only possible that follow(F+G a) = follow(F+G b) = 0. Since follow(F,a) = 0, from
Lemma 3, Vw € X%, if (wa)~ LF) # 0 then (wa)~1(F) = €. So, (wa) Y (E) = (wa) 1(F) = ¢.

Similarly, Vw € L%, if (wb)"1(E) # 0, then (wb) 1 (E) =¢. So a =, b.

2. E = FG. It is not difficult to prove that (i) if a € X% — last(F), then b € X5 — last(F), (ii)
if a € last(F), then (a) b € last(F), (b) b € Y= — last(G) and ¢ ¢ L(G) or (c) b € last(G) and
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e € L(G), (iii) if a € X5 — last(G), then (a) b € last(F) and € ¢ L(G) or (b) b € Xz — last(G),
and (iv) if a € last(G), then (a) b € last(F) and € € L(G) or (b) b € last(G). For example, if
(

a€ Ef . last(F), then a ¢ last(FG). So (a) b € X5 — last(F), (b) b € last(F) and € ¢ L(G) or

(c) b € Y¥=—last(Q). Suppose G # 0, ¢, otherwise E is reduced to () or F' by rules (rules-0¢). If (b),
follow(FG ) follow(F, a), follow(FG,b) = follow(F,b)U first(G). Since follow(F,a) C X%,
first(G) = 0, but this is impossible if G # 0,e. If (c), follow(F,a) = follow(G,b), which is

possible only 1f follow(F,a) = 0, but this is impossible for a € Y —last(F). Other proofs are left
to readers.

If (i), then follow(FG,a) = follow(F,a), follow(FG,b) = follow(F,b). By the induction
hypothesis, similarly to 1, we can prove a =, b. If (ii.a), then follow(FG,a) = follow(F,a) U
first(G), follow(FG,b) = follow(F,b)Ufirst(G). Since follow(F,a)Nfirst(G) = (), and follow(F,b)N
first(G) = 0, we have follow(F,a) = follow(F,b). By the induction hypothesis, similarly we can
prove a =, b. If (ii.b) or (ii.c), then from Lemma 6, follow(F,a) = () and G satisfies Condition (3).
By CSFE condition G is leftmost e-reduced, then from Lemma 7 we have a =, b.

The proofs for (iii) and (iv) can be given similarly (In fact, (iii.a) and (iv.a) are symmetrical

o (ii.b) and (ii.c), respectively.).

3. E = F*. If a,b € Y5 — last(F), then follow(F*,a) = follow(F,a), and follow(F*,b) =
follow(F,b). By the induction hypothesis, similarly as before we can prove a =, b. If a, b € last(F),
then follow(F*,a) = follow(F,a) U first(F), follow(F*,b) = follow(F,b) U first(F). Since E is
in SNF, followlast(F)N first(F) =0, so follow(F,a)N first(F) = 0, follow(F,b)N first(F) = ()

for a,b € last(F). Then follow(F,a) = follow(F,b). By the induction hypothesis, similarly we
can prove a =, b. ]

Note the restriction that final and non-final states cannot be =;- equivalent is essential, as
shown by the expression E = b*a(b*a)*. Let E = bjaa(b3as)*. Then Co,(E) = Cy, (E) # Cy, (E),
follow(E, az) = follow(E,bs) = follow(E, ay). However, az, a4 € last(E) and b3 ¢ last(E).

Corollary 3. For a SNF regular expression E satisfying CSE condition, M, (E) ~ M¢(E).

Corollary 4. For a SNF regular expression E satisfying CSE condition, Mpyq(E) is a quotient of
Me(E).

Ezample 4. Let By = a*(a* +¢)c*, By = a(a* + € +b), B35 = (a* + £)b*c* + d, they all are in SNF
and satisfy CSE condition. One can verify that for each F;, =.==¢, and Mpq(E;) is a quotient of
Mi(E;),i=1,2,3.

Also, the expressions F; in Example 1, F; and E3 in Example 3 are in SNF and satisfy CSE
condition, and their equation automata are quotients of the follow automata.
We further present the following conditions for some special situations, concerning also =, and

Condition 1. Let E = F1 Fy ... F,, F, is of the form: a,a*, a*+core+a*,a € X;r=1,...,n,n > 1.
(a) F} is of the form a or a*, and
(b) if F,. = a, then F,; is of the form b or b*.

Proposition 11. For a regular expression I satisfying Condition 1, we have =.==f, =.==,
and =.==y.

Proof. Since E is in SNF and satisfies CSE condition, by Proposition 10, =.==;.
Now we prove =.==.. E = F1Fy...F,, Va,b € Qpos,a # b, write a < b if a = qp,b € E or

a € F;,b € F;,i < j. Without losing generality suppose a < b. Suppose C,(E) = Cy(E). This is
possible only if @ = qg and b € Fy, or a € F, and b € F, 1, otherwise |C,(E)| # |Cy(E)|, hence

Cu(E) # Cy(E). Furthermore, if a = g, then Fy is b%, and Co(E) = Cy(E) = E. If a € F,, then
F, =a,and F,, is b*, and C,(E) = Cy(E) = Fry1 .. . So from Proposition 7, =,==..
Then =.==; follows O
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Condition 2. Let E = F1F5...F,,n > 1 the same as in Condition 1. The following is satisfied at
least once:
(a) Fy is of the form a* + ¢ or € + a*, or
(b) if F,. = a, then F,; is of the form b* + ¢ or € + b*.
Note Condition 2 is the negated one of Condition 1 w.r.t. F.

Proposition 12. For a reqular expression E satisfying Condition 2, we have =.#=5 and =.==,.

The proof of Proposition 12 is similar to the proof of Proposition 11.

Corollary 5. For a reqular expression E satisfying Condition 1, Myq(E) ~ M¢(E) ~ Mpya(E).
For a regular expression E satisfying Condition 2, Mpa(E) # Mi(E), Mpa(E) ~ Mya(E), and

M;(E) is a quotient of Mpq(E).

For example, the expressions F3 in Example 3 and F; in Example 4 satisfy Condition 1, and
their equation and follow automata are isomorphic. The expression Fs in Example 3 satisfies
Condition 2, and its follow automaton is a quotient of the equation automaton.

If an expression F is linear, there is a one-one correspondence between the symbols in E and

E. Then for Cy(E) # Cy(E) it cannot be Cy(E) = Cy(E). So

Proposition 13. For a linear expression E, we have =.==,.
Corollary 6. For a linear expression E, Myq(E) ~ Mya(E), and M¢(E) is a quotient of Mya(E).

For example, the expression F; in Example 1 is linear, so =.==.. We also know that for F;
we have =.==. Therefore =.==y, that is, M,q(E1) ~ M;(E;). Similarly, for the expression Fj3
in Example 4, we have M,q(F3) ~ M;(E3) since it is linear and as we know from Example 4 for
Es we have =.==y.

So far we have presented some conditions for the relations among =.,=. and =, hence the
relations between Mpq(E) and M;(E). Since regular expressions can be transformed to SNF in
linear time [4], we can easily get the smaller automaton when one of the above conditions is satisfied.
It would be interesting to find some more conditions, which remains as a further research.

5 One-unambiguous expressions

5.1 Properties of automata

As shown by Briiggemann-Klein [4] and Briiggemann-Klein and Wood [6], we have the following
properties.

Proposition 14. (1) E is one-unambiguous iff Mpos(E) is deterministic.
(2) It can be decided in linear time whether E is one-unambiguous.

For a one-unambiguous expression E, from Proposition 14(1) and Propositions 4 and 5 it is
easy to have

Proposition 15. If a regular expression E is one-unambiguous, then Myq(E) (M;(E)) is deter-
ministic, but not vice versa.

Proof. For a one-unambiguous expression E, since Mpos(E) is deterministic, and both M,q(E)
and M;(E) are quotients of Ms(E), it is implied that Myq(E) and M;(E) are deterministic.
Conversely, for a regular expression E, if M,q(E) is deterministic, E may not be one-unambiguous.
This can be shown by the example E = (¢ + b)d + cd, of which M,q(E) is deterministic, but E is
not one-unambiguous. Similarly, if M¢(F) is deterministic, £ may not be one-unambiguous. This
can be shown by the example E = a + b*a. One can casily verify that M;(E) is deterministic.
However, E is not one-unambiguous. O
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Corollary 7. For a one-unambiguous expression E, we have
(1) for any word u, 0,(F) which is not empty is a singleton set,
(2) DD(E) ~ PD(E),

(3) IDD(E)| < [|E]| + 1.

Proof. (1) For a one-unambiguous expression E, since Mpq(E) is deterministic by Proposition 15,
then the result follows.

(2) By (1), there is a 1-1 function between DD(E) and PD(E).

(3) IDD(E)| < ||E|| + 1 follows from (2) and Proposition 1. O

Proposition 16. For a one-unambiguous expression E, we have Maq(E) ~ Mpq(E).

Proof. Maa(E) ~ M,q(E) follows from Corollary 7 (2). O

5.2 Constructing equation and follow automata

For one-unambiguous expressions, it is known that Mpes(E) can be constructed in linear time [4].
Could the efficiency of construction of M,q(E) or M;(E) be improved? In the following we an-
swer the question and show that they can also be computed in linear time for one-unambiguous
expressions.

Constructing equation automata So far there have been two quadratic time algorithms for
construction of the equation automaton. Champarnaud and Ziadi’s algorithm [9] is based on the
concepts of c-derivatives and c-continuation defined by them, and makes use of the result that
the equation automaton is a quotient of the c-continuation automaton. The algorithm consists of
computations of the states and the transitions of the quotient of the c-continuation automaton.
The key technique is in the sorting of projections of c-continuations used for identifying identical
sub-expressions. Khorsi, Ouardi and Ziadi’s algorithm [18] is an improvement of the previous one.
They avoid the sorting step and replace it by a minimization of an acyclic finite deterministic
automaton which requires linear time. Other computations are similar to the previous one.

Proposition 17. For a one-unambiguous expression E, Myq(E) can be computed in linear time.

Proof. Since the equation automaton is a quotient of the position automaton, we sketch the fol-
lowing construction for a regular expression E.

(1) Computation of Mys(E); (2) Computation of the equivalence relation =.; (3) Computation
of Mpos(E)/=..

(1). It is known that Mpes(E) can be computed in quadratic time, and in linear time if E is
one-unambiguous.

(2). We can use the technique for computing equivalence relation on c-derivatives introduced
in [18] to compute =, which is in linear time.

(3). Mpos(E)/=, can be computed by using standard techniques such as coding and arrays, as
follows. In step (1), we can use 1,..., | E|| as subscripts of symbols in E. Also associate 0 as the
subscript for gz. Denote pos(z) the subscript of x for x € Y% U {¢g}. Then we can use an array
Tr[0..]|E|l, ¥g] as the transition table, such that if (z,a,y) € o then Tr[pos(x),a] < pos(y).
In step (2), we associate each equivalence class C of states of M,os(E) w.r.t. = with a unique
number n¢, such that all the numbers are consecutive and starting from 0, and keep the coding
in another table Cd[0..]|E||] such that if 2 € C then Cd[pos(z)] = nc. Suppose the maximum of
the coding is N. The set of states of M,s(E)/=, consists of the numbers representing equivalence
classes. To compute the transitions of Mys(E)/=,, we start from the equivalence classes and create
a new transition table Tr/=_[0..N, X'g] according to Tr and Cd, as follows: First, associate each
Tr/=.[k,a] with an auxiliary array A q)[0..N], of which each element is set to 0 initially. For each
equivalence class C, for each 2 € C, for each 7 in Trlpos(x),a], let t = Cq[r], if A, 0)[t] # 1,
then Tr/= [nc,a] < t, and A, o)[t] = 1. It is easy to see that transitions can be computed in
O(||E|]? - | Xg|) time. If Myos(F) is deterministic, then the time is O(||E|| - | X g|).

So the above computation is in quadratic time, and in linear time if F is one-unambiguous. 0O
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Constructing follow automata Ilie and Yu presented a quadratic time algorithm [16] to com-
pute follow automaton by constructing an e-automaton and eliminating e-transitions from the
automaton. Champarnaud, Nicart and Ziadi presented another quadratic construction [8] by com-
puting =; and the transitions of the follow automaton.

Proposition 18. For a one-unambiguous expression E, M¢(E) can be computed in linear time.

Proof. For a one-unambiguous expression F, the follow automaton can be computed very simply.
The construction is based on M¢(F) ~ pos( )/=;- Mpos(E) can be computed in linear time.
Since Mpos(E) is deterministic, follow(E,z) is either ) or singleton for x € Y. We can use an
array F[0..||E||] to compute =¢. If follow(E,a,) = a;, then F[pos(a;)] + pos(a,). This can be
computed in linear time. Then, similar as in constructing equation automata introduced above,
Mpos(E)/=, can be computed in linear time. So the computation is in linear time. O

6 One-unambiguous expressions in SNF

When expressions are both one-unambiguous and in SNF, we also have the following constructions
and properties for derivatives and partial derivatives. Note we assume that the rules (rules-f¢) hold
in the paper.

=0
€, 1f b=a
otherwise
YF),if a € first(F)
H@), if a € first(G)
otherwise
Y PG, if a € first(F)

Proposition 19. (1) For a one-unambiguous expression E and a symbol a, a=*(E) can be com-
@), if a€ first(G) and € € L(F)
, otherwise

puted as follows:
a”
=a ' (F)F*

(2) For a one-unambiguous expression E in SNF, the derivatives of E with respect to words can
be computed by application of the equations in (1).

Proof. (1) We need to prove only for E = F + G or FG.

If E = F+ G, then first(F) N first(G) = 0 by [6]. So if a € first(F) then a ¢ first(G),
then a=1(G) = 0, a=*(E) = a 1(F). The same is for a € first(G). If both a ¢ first(F) and
a ¢ first(G), then a=*(E) = ().

If E = FG, by definition a }(E) = a 1 (F)G + a }(G) if ¢ € L(F), or a~}(F)G otherwise.
Consider € € L(F). First we show first(F) N first(G) = 0. If L(E) = (), obviously first(F) N
first(G) = 0, otherwise L(F),L(G) # ( which means L(E) # 0. If L(E) # (), then from [6]
first(F) N first(G) = 0. Then, the remaining proof is similar to that of the above for £ = F + G.
If e ¢ L(F), then if a € first(F), a *(E) = a~'(F)G, otherwise a~1(E) = 0.

(2) If a one-unambiguous expression E is in SNF, it is known [6] that a ! (E) is one-unambiguous
and in SNF, then the computation of derivatives of E' with respect to words can always use the
equations in (1). O

L(0)
L(b)
HF+G) =

0,
a
a~
0
a
a
0
-1

—1 F*

Note the above is an improved result in [12]. In [12] to define a~!(E) it is required that E is
in SNF. This is actually unnecessary. SNF is only necessary for derivatives of E with respect to
words to ensure the derivatives are one-unambiguous.

Similarly, we have
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Proposition 20. (1) For a one-unambiguous expression E and a symbol a, 0, (F) can be computed
as follows:

0a(0) = Da(e) =10
0a(b) = {éf} i)ft}?e?w?se

0. (F), if a € first(F)
0,(F + G) =< 8,(G), if a € first(G)

0, otherwise
0.(F)G, if a € first(F)

0.(FG) =< 0,(GQ), if a€ first(G) and € € L(F)
0, otherwise

0 (F*) = 0o (F)F™

(2) For a one-unambiguous expression E in SNF, the partial derivatives of E with respect to words

can be computed by application of the equations in (1).

It is known [6] that derivatives of a one-unambiguous expression in SNF are one-unambiguous
and in SNF. Now we have the following closure property from Proposition 20.

Corollary 8. Partial derivatives of a one-unambiguous expression in SNF are one-unambiguous
and in SNF.

Ezample 5. Let E; be the one from Example 1, By = (ab(c+¢€))*, and E = a +(b*+¢)*. E; and
E are one-unambiguous, with £; in SNF and E not.
(1) a=Y(Ey) = b(c+€)(ab(c +€))* =11,

(ab)~Y(E1) = b7 (r1) = (c+ &) (ab(c +€))* = ra,
(aba)~'(Er) = a”!(rz) =11,
(abc)~Y(By) = ¢ Y(re) = By
(2) a ' (B) = 2,
b=UE) =b71(b* + ) (b* +)* =b*(b* + ¢)* =1y,
71 = b (b5 + ¢1)*, biby,bibe € L(77), so r1 is not one-unambiguous.
(bb 71( ) = bil(Tl) =ry+r,
O (E) = {e},
E) = ),

}.
Ey) ={b(c+e)Er} = {r},
) =A{(c+e)Er} = {r:},
(T))f{ﬁ}

As is shown in Example 5(2), for the expression E which is not in SNF, b~!(E) is not one-
unambiguous, then the computation of derivatives of F uses the original definition.

The above new constructions both are useful in practice for one-unambiguous expressions in
SNF and provide the basis of the results below.

When an expression F is one-unambiguous, we already have that 9, (F) is either §) or a singleton
set, as shown in Corollary 7. Furthermore, if F is also in star normal form, then from Proposition 19
and Proposition 20 it is easy to see

Proposition 21. For a one-unambiguous expression E in SNF, 0,(E) = 0 iff u='(E) = 0, and
if O0u(E) #0, 0u(E) = {u"Y(E)}, for any word u.

The above proposition sets up a one-one correspondence between derivatives and partial deriva-
tives of a one-unambiguous expression in SNF. Then, Proposition 22 shows the relation among
various sets of derivatives and partial derivatives for one-unambiguous expressions in SNF.
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Proposition 22. For a one-unambiguous expression E in SNF, we have
(1) the set D(E) = {w™'(E) |w € X*} of derivatives of E is finite,

(2) D(E) = PD(E),

(3) | Ell +1 > |D(E)| = |[DD(E)| = |[PD(E)| = |D1(E)| = [Do(E)|.

Proof. (1) The finiteness of D(F) follows from Proposition 21.

(2) D(E) = PD(E) follows from Proposition 21.

(3) The equalities and inequalities then follow from the above and D;(E) = D(E)/~,,., and
Proposition 1. O

The bound of D(FE) is worst case optimal, one example is the expression E = abe, for which
D(FE) = {abe, be, ¢, e}. Note the finiteness of D(FE) is also directly proved by induction in [12]. Here
it is a result of Proposition 21.

If F is one-unambiguous but not in SNF, then the above correspondence between derivatives and
partial derivatives does not exist (see an example in Example 5(2), where 0y, (E) # {(bb)"1(E)}).
Furthermore in this case the derivative of F with respect to a word w may not necessarily be
one-unambiguous, so the number of derivatives of F with respect to words prefixed by w may be
infinite.

For one-unambiguous expressions in SNF, since D(FE) is finite, another construction of DFA,
similar to Brzozowski automaton, simply can be

Mq(E) = (D(E), 2,6, E,{p € D(E) | ¢ € L(p)}),

where §(p,a) = a=*(p), for any p € D(E),a € X.
An example is shown in Figure 1(b), where Mqy(E;) is the same as Mgy, (E1).

Theorem 1. For a one-unambiguous expression E in SNF, we have
(1) Mpa(E) = Ma(E),

(2) Ma,(E) ~ Ma(E)/~,..,

(3) Md1 (E) = Mpd(E)/Naci'

Proof. (1) Mpq(E) = M4(E) follows from Proposition 22.

(2) Since Dy(E) = D(E)/~,.;, we only need to show ~y; is right invariant w.r.t. Mq(E) as
follows. It is easy to know that for any p,q € D(E), if p ~u¢ g then € € L(p) < ¢ € L(q). We
also show that if p ~ue; ¢ then a=1(p) ~aei a~1(q) for any a € X. This can be done by induction
on p. We consider the case of p = F; + Fs here. In this case, since p ~g ¢, ¢ can be one of
the two forms: 1. E] + Eb, 2. E} + EY, where E; ~q.; El, i = 1,2. Suppose ¢ = E{ + F). Then,
a Y B+ Ey) = a Y (Ey) +a Y (Ey) ~aci a H(E}) +a 1 (EL) = a7 (E} + E}). The same applies to
q = El + E{. Other cases of p are similar.

(3) Mg, (E) ~ Mpq(E)/~,,, follows from (1) and (2). O

Corollary 9. There is a one-unambiguous expression E in SNF, such that My(FE) is larger than
My, (E).

Proof. Tt suffices to show D(F) may contain similar derivatives. Let E = a(b+ ¢) + d(c+b), then
a Y (E)=b+c,dY(E)=c+b,s0 a"}(E) and d~1(E) are similar. O

M4 (E) provides another construction of deterministic automaton by derivatives, and exists
when a one-unambiguous expression F is in SNF. Corollary 9 shows that Mq(E) and My, (E) can
be different.

The sets of derivatives and partial derivatives and their relations discussed in the previous
sections and this section are summarized in Table 1.
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Table 1. Summary of sets of (partial) derivatives. NSNF-Non SNF, w = || E||

Regular expression E D(E),Dy(E),Do(FE), DD(E), PD(E) and their relations
one- SNF|D(E) = PD(E) ~ DD(E), D1i(E) = D(E)/~..., Do(E) ~ D1(E)/~
unambiguous w+ 1> |D(E)| = |DD(E)| = |PD(E)| > |D1(E)\ > |Do(E)]
NSNF DD(E) ~ PD(E), Do(E) ~ D1(E)/~
w+ 1> [DD(E)| = |PD(E)| > |D0( ), [ID1(E)| > |Do(E)|
other Do(E) ~ D1(E)/~
271 > |DD(E)| > |Do(E)|, w + 1 > |PD(E)|, | D1 (E)| > |Do(E)|

7 Concluding remarks

1. For a one-unambiguous expression E in SNF, since Mq(E) is equal to Mpq(FE), we obtain a
way to reduce the size of Mpq(E) by using dissimilar states in the building of the automaton. The
resulting automaton is equal to My, (E).

2. The Brzozowski automaton Mg, (F) may not be minimal. If we consider equality of deriva-
tives, and use Do(E) as the set of states, the resulting DFA is minimal [7]. However, equality test
has PSPACE time complexity for regular expressions, and is in quadratic time for one-unambiguous
expressions [12].

3. Usually one would consider that the Brzozowski automaton is the determinisation (by the
subset construction) of Myq(E) (e. g., [19]). This is however imprecise. Actually Mqq(E) is ex-
actly converted by subset construction from Myq(E) [1]. However, from Theorem 1, we know that
Mg, (E) and Mpq(FE) can be different, which proves My, (E) is not the determinisation of Mpq(E).

The paper discussed derivatives, partial derivatives and automata in the case of expressions
in SNF and of one-unambiguous expressions. It showed that if an expression F is in SNF, then
(wx)~Y(E) is either () or unique for all words w, which is a stronger property than Berry and
Sethi’s [2]. For a regular expression in SNF it presented several conditions for the quotient or
isomorphism relation between the equation and follow automata. The paper have given a figure,
though probably incomplete yet, of various relations that are possible between the two automata.
Star normal form also makes sense for one-unambiguous expressions, in which case the expressions
bear more good properties; For example, a simple construction of the Brzozowski automaton can
be get, and the paper showed that the resulting automaton is equal to the equation automaton. It
showed that the equation and follow automata can be computed in linear time for one-unambiguous
expressions.

Several problems can be investigated as future work. For example, as mentioned in a previous
section, whether there are some more conditions for the relation between Myq(E) and M;(FE)
remains as a further research.
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