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Abstract

Several notions of synchronisation in concurrent systems can be modelled by
regular shuffle operators. In this paper we consider regular expressions extended
with three operators corresponding respectively to strong, arbitrary, and weak
synchronisation. For these expressions, we define a location based position
automaton. Furthermore, we show that the partial derivative automaton is
still a quotient of the position automaton.
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1. Introduction

Several notions of synchronisation in concurrent systems can be modelled
by regular shuffle operators. These operations range from the plain shuffle to
intersection, which can be seen as two extreme cases, corresponding respectively
to pure interleaving and strict synchronisation. If only a subset of letters is al-
lowed to synchronise, several variants of synchronisation can be considered when
shuffling two words [1]. In particular, one may require synchronising letters to
always synchronise — strong synchronised shuffle; they may synchronise or not
— arbitrary synchronised shuffle; or synchronising letters can optionally be in-
terleaved from one word, but not from the other until the next synchronisation
occurs — weak synchronised shuffle. Sulzmann and Thiemann [2, 3] introduced
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a general synchronised shuffling operator, that subsumes the above three oper-
ators, among others. For their general shuffling operator, the authors extended
the notions of partial derivative and partial derivative automaton (App) [4]. An-
other conversion from standard regular expressions to automata is the position
automaton, of which the partial derivative automaton is a quotient. Positions
correspond to the occurrences of letters in the expression, and there is a one-to-
one correspondence between the set of states in the position automaton and the
set of positions. That is no longer true if one considers regular expressions with
shufflings. Broda et al. [5, 6] extended the notion of position to shuffle and to
intersection by considering tree-like structures, called locations, that keep track
of the set of positions, that correspond to the states of the automaton.

In this paper we show that locations can also be used to define a position
automaton (Apog) for the general shuffling operator, more precisely for each of
the synchronised shuffle operators. This allows to extend the taxonomy of con-
versions from expressions to automata presented in [7] to include synchronised
shuffle operators. Furthermore, we show that for expressions with synchronised
shuffle operators, the partial derivative automaton is still a quotient of the po-
sition automaton.

The paper is organised as follows. Section 2 recalls standard notions regard-
ing regular expressions and finite automata, as well as the different synchronised
shuffle operators. In Section 3 we define locations for expressions with synchro-
nised shuffle operators. Using locations we extend the construction of the posi-
tion automaton to those expressions, and show its correctness. In Section 4 the
partial derivative automaton, defined by Sulzmann and Thiemann [3], is shown
to be a quotient of Appg introduced in Section 3. Section 5 concludes with
some final remarks and points to future work. Due to their length, some of the
proofs are omitted in the main text, and can be found in the appendix.

2. Preliminaries

In this section we review some basic definitions about regular expressions
and finite automata and fix notation. More details can be found, e.g., in [8].

The set of standard regular expressions over an alphabet ¥ is denoted by
RE and contains () plus all terms generated by the grammar

a — celo|(at+a)|(a-a)|(a") (cei).

The language associated with an expression a € RE is denoted by L(«) and
defined inductively as usual. The empty word is denoted by €. We define e(a) by
e(a) = true if € € L(a), and () = false otherwise. Given a set of expressions
S, the language associated with S is £(S) = U,cg £(a). Moreover, we consider
eS = Se =S and 0S = SO = @, for any set S of expressions. The alphabetic
size of a, |als, is the number of occurrences of letters (alphabet symbols) in a.
We denote the subset of ¥ containing the symbols that occur in « by %,,.

A nondeterministic finite automaton (NFA) is a quintuple A = (Q, 3,0,1, F)
where @ is a finite set of states, X is a finite alphabet, I C @ is the set of initial



states, F' C @ is the set of final states, and § : Q x ¥ — 29 is the transition
function. The language of A is denoted by L£(A) and two automata are equiv-
alent if they have the same language. Two automata 41 = (Q1,%, 61,11, F1)
and As = (Q2, X, 02, I, Fy) are isomorphic, A1 ~ As, if there is a bijection ¢ :
Q1 — @y such that p(I)) = Iz, p(F1) = Fy, and ¢(01(q1,0)) = d2(¢(q1), 9),
for all g1 € Q1, 0 € X. Given an automaton A, one might be interested in
obtaining an equivalent one with fewer states. This goal can be achieved by
considering the quotient automaton of some right-invariant relation on the set
of states of A. An equivalence relation = defined on the set of states @ is
right-invariant w.r.t. A if and only if = C (Q — F)? U F? and if p=gq, then
(Vo € L)(Vp' € §(p,0))3¢ € d(q,0)) (p) =¢), for all p,g € Q. If = is a
right-invariant relation on @, the right-quotient automaton A/= is given by
Aj= = (Q/=.5.0/=.,1/=,F/=), where 6/ =([pl.0) = {[g] | 4 € 5(p.0) }.
Then, L (A/=) = L(A).

The Position Automaton. Given a € RE, one can mark each occurrence of an
alphabet symbol ¢ with its position in «, reading it from left to right. The
resulting regular expression is a marked regular expression & with all alphabet
symbols occurring only once (linear) and belonging to Y. The same notation
is used for unmarking, i.e., @ = a. In a marked expression @, a position i €
[1,]als] = {1,...,]a|s} corresponds to a symbol o;, and thus to exactly one
occurrence of ¢ in a. Given a position ¢, we denote by £(i) the symbol o = 7.
For instance, if a = a(bb + aba)*b, then @ = a1 (babs + asbsas)*by and £(4) = a.

Let Pos(a) = [1,|a|z], and Posg(a) = Pos(a)) U {0}. Positions were used
by Glushkov [9] to define an NFA equivalent to «, usually called the position
or Glushkov automaton, Apos(a). Each state of the automaton, except for the
initial one, corresponds to a position, and there exists a transition from i to j
by o such that o; = o, if o; can be followed by ¢; in some word represented by
a@. The sets that are used to define the position automaton are First(a) = {1 |
(Fw € %) (oyw € L(@)) }, Last(a@) = {i | (Gw € X%) (wo; € L(@)) } and, given
i € Pos(a), Follow(@,i) = {(Ju,v € %) (uo;ojv € L(a))}. For the sake of
readability, whenever an expression « is not marked, we take f(«a) = f(@), for
any function f that has marked expressions as arguments. We will not define
the set Last explicitly, but just annotate each position ¢ with a Boolean b, whose
value is true iff ¢ € Last(c). Those annotations can be done, when computing
the set of positions of a given « as follows:

Pos(e) =0, Pos(o;) = {i:true}, Pos(a*) = Pos(a),
Pos(a; + aig) = Pos(a) U Pos(aa),
Pos(a10s) — Pc.>s(a1) U I?os(ag), if 8(042). = true,
{i:false|i:b € Pos(ai)} UPos(az), otherwise.
In the remainder of the paper, we generally will omit the boolean in an
annotated position i : b, and we write ¢ € Last(«) if and only if b = true, i.e.,
i : true € Pos(a). The sets First and Follow are defined inductively as usual,



but considering explicitly the letter associated with each position (this will be
necessary when dealing with shuffle operators).

First(e) =
First(a; + o) =

,  First(o;) = {(7,7)}, First(a™) = First(a),
irst(aq) U First(az),

m =

First(a1as) First(a1) U First(a), if (1) = true,

First(ay), otherwise.
Follow(e, i) = Follow(o;,4) = 0,

Foll 1), ifieP

Follow(ay + a,i) = ollow(an, Z>’ o € Pos(an),
Follow(aw, i), if i € Pos(as),
Follow(ay, %), if i € Pos(a1) \ Last(a),

Follow(a g, i) = < Follow(a,7) U First(as), if i € Last(ay),
Follow(as, 7), if i € Pos(aa),
Follow(a*, i) — FoIIow(a,z:), ' ifi ¢ L.ast(a)7

Follow (e, i) U First(a), otherwise.

We define the position automaton using the approach in Broda et al. [7], where
the transition function is expressed as the composition of functions Select and
Follow. Given a letter o and a set of positions S, the function Select computes the
subset of positions in S that correspond to letter o. Formally, given S C Pos(«)
and o € X, let Select(S,0) = {i | i € S AL(i) = o}. Then, the position
automaton for « is

Apos(a) = (Posp(a), X, dpos, 0, Lastg(a)),

where dpog(i,0) = Select(Follow(«, %), o), Follow(c,0) = First(«), Lasto(a) =
Last(a) U{0} if e(cr) = true, and Lasty(a) = Last(«r), otherwise. Some examples
can be found in [7].

2.1. Synchronised Shuffle Operators

In this section we review three synchronised shuffle operators, that were
studied by Beek et al. [1] and by Sulzmann and Thiemann [3], presenting for
each operator two equivalent definitions.

Strongly Synchronised Shuffle w.r.t. a set I'. Given a set of alphabet symbols
I' C %, the strongly synchronised shuffle of two words w.r.t. I' imposes syn-
chronisation on all letters of I'. The strongly synchronised shuffle of two words
u,v € ¥* wr.t. I', and denoted by u®[|rv, is the finite set of words defined



inductively as follows [3]:

< {v}, X, NT =0, < {u}, X, NT=0,
9 ||1"U = . u ||1'*E= .
0, otherwise, 0, otherwise,
{ow|weus|rv}, ito=71A0€eT,
0, ifo#A7No,TeT,
s {ow|weusrTv}, ifog AT ET,
ou®llpTv = .
{T7w|weous|rv}, ifoelATET,
{ow|weus|rrv}
U{tw|weou®|pv}, ifo,7¢&TI.

Note that for I' = ) the operator $||g coincides with the usual shuffle operator
W, given by ulle =eWu = {u} and cull 7o = {ow | w € uW v } U{ 7w |
w € oull v}
Example 1. In abcas||{a} ada it is mandatory to synchronise the first occur-
rences of a in abca and in ada, as well as the last occurrences. In between,

there may be any word obtained by shuffling bc with d. Thus, abca®|| (4} ada =
{abeda, abdcea, adbea} .

The following is an equivalent definition of the strongly synchronised shuffle
of two words [1],

uillrv=4x|3n>1)(Vie[1,n])(0; €T Auz,v; € (Z\T)*A
U=UI0]" " Op-1Up NV = V101 "+ Op—_1Up/N\
T e (’Uq L U1)0'1 .. 'O’n_l(’u,nLU ’Un)) }

Note that ®||r is commutative and associative.

Arbitrary Synchronised Shuffle w.r.t. a set I'. Given a set of alphabet symbols
I' C ¥, the arbitrary synchronised shuffle of two words w.r.t. I' permits symbols
in T' to synchronise, but does not force their synchronisation. Formally, the
arbitrary synchronised shuffle of words w and v, denoted by w?||r v, is defined
as follows [3]:

efllrv = v¥re={v},
{ow|weu?|rmv}U{tw|weou?|rv}, ifo#TVodTl,
oulllrv = ({ow|weuw?|rrv}U{tw|weoou?||rv}
U{ow|weu?|rv}, ifto=71ANoel.

Alternatively, we can define 2||r as follows [1]:
wilrv={z]| 3Bn>1)(Vie[1,n]) (0; €T Au;,v; € A
U=UI01"* Op_1Up NV =0V101 "+ Op—_1UpN\
x € (up Wwy)oy - op_1(u, Wuoy,)) }

Note that ?||r is commutative and associative.



Example 2. We have ab?||{q} da = {abda, adba, adab, dab, daab, daba}.

Weak Synchronised Shuffle w.r.t. a set I'. In the weak synchronised shuffle of
two words u and v, letters in I' can be synchronised or optionally be interleaved
from one word, but not from the other, until the next synchronisation occurs.
Given two words u and v, the definition of «"||r v resorts to an auxiliary oper-
ator | (r,a,a).- This operator memorises in A (resp. A) the elements in T', that
have been interleaved from u (resp. v) since the last synchronisation has oc-
cured. Note that in every step during the computation of u"||r v the operator
|(r,a,a) has the invariant ANA =0 A AUA CT. Then,

u"llrv = ullro0v,
clrany = J1h HZnAa=0,
@AY = 0, otherwise.

I

wll(r,a,0)E

{{u}, if 2, NA =0,

0, otherwise,
oullr,anTr =
{owlweu|ranmtU{rw|weoulrarnv} ifor¢l,

{ow|weu|ronv}
U {ow|weu v, au{c},0)TV AT & A}

U{tw|w € oullrarunv AT EA}, ifo=71el,
{ow|w € ul|ravfey,n)Tv AT & A}

U{tw|w € oullrarnnvATEA}, ifo#7,0,7€l,
{ow|w e ul|r,avfor,nyTv Ao A}

U{rw|w € oulmranrv}, ifoel,7¢T,

{ow|weul|ranTv}
U{tw|w € oullrarufnvATE&A}, ifogl,Tel.

The operator [[(r,a ) as defined above coincides with the general synchronous
shuffling [3] for the weak synchronised shuffle. However, in [3] the authors
consider an extension of this operator, where A and A can be any subsets of
3. For instance, for A = A = ¥ the strong synchronised shuffle operator is
obtained. In this paper, we choose to consider the three different forms of
shuffling separately, as we feel that in this way functions for the strong and
arbitrary synchronised shuffle are easier to understand and compute.

For A, A C T C %, we have the following alternative definition of u ||(r,a )V,
inspired by the one for u"||r v in [1]:

wllranv ={z|(3n>1)(Vie [1,n]) (0; € T Au,v; € XA
Y, NE, NI=%,, NA=3,, NA=0A
U=UIO] " Op_1Up NV =0101" " Op_1Unp N\
€ (g Wuy)oy - op_1(unWuy,))}



Note that “|r is commutative but not associative.
Example 3. We have abca™| (4} ada = {abcda, abdca, adbea, abcada, adabea}.

Given two languages L1, Ly C ¥* and o € {®||r, 2||r, ¥||r } one has, as usual,
LiolLy = UueLl,’UELz wow. If L1 and Lo are regular, L; o Ly is regular.! In
the same way, we have for the auxiliary operator ||(r a ) that Ly ||r,an)Le =

UuELl,UELg u ||(F,A,A)U‘

2.2. Regular Expressions with Shuffle Operators

One can extend regular expressions to include the different shuffle operators
defined above. The set of these extended regular expressions is denoted by
RE(]|), and contains @ plus all terms generated by the grammar

a = elof(ata)(a-a)|(a”)|(awa)|(a®[ra)|(a®ra)|(a”|ra),

where 0 € ¥, I' C 3. The language of an expression o € RE(]|) is defined as
usual, where for o € {W, *||r, ?||r, “|Ir } one has L(a o 3) = L(a) o L(B).

3. A Location Based Position Automaton

In this section we define a new construction for a position automaton for
extended regular expressions, which is based on the sets First, Last, and Follow.
In order to define those sets for expressions containing the standard shuffle oper-
ator W, Broda et al. [5, 6] considered more complex structures, called locations.
Locations were defined in such a way that, given an expression with nested shuf-
fles, it allows to specify how far a word has advanced in each of the components
(shuffles) of this expression. In this paper, we define locations for expressions
in RE(||). For operators *||r and ?||p locations are defined as for w. The
definition of locations for expressions of the form a¥|r 8 will have additional
parameters corresponding to the sets A and A above. Additionally, we annotate
each location p with a Boolean b, whose value is true iff the location belongs
to Last. Given o € RE(]|), the set of annotated locations Loc(a) = Loc(@) is

1Sulzmann and Thiermann [3] consider yet another concurrency operator, the synchronised
composition of two languages Li and L2, Li||L2. This operator can be defined using the
general synchronous shuffling parameterised with A = A = ¥ and I' = ¥, N Xr,, where
Y1, is the set of alphabetic symbols that occur in L. However, as it is not straightforward to
compute X,y for an expression a that contains synchronised shuffle operators, we do not
consider the general synchronised shuffle operator in this paper.



defined inductively as follows:

Loc(e) = 0, Loc(o;) = {i:true}, Loc(a*) = Loc(w),
Loc(a; + a2) = Loc(aq) U Loc(az),
L L if =
Loc(aran) = oc(ay) U Loc(aw), i 5(0[2)' true,
{p:false|p:be€Lloc(ay) } ULoc(az), otherwise,

Loc(ay W ag) = Loc(ag ®||r a2) = Loc(aq ?||r az)
{(p,0) :bAe(az) | p:beLloc(a) }
{(0,q9) :bAe(ar) | q:b € Loc(asz) }
(p,q) : by Aba|p:by €Loc(ag) Ag: by € Loc(as) },

c C |

(pA,OQ)Ib/\E(OQ) |p:beloc(ar) NACT}
(0% ¢ :bAe(ar) [ g:beLloc(ax) AACT} (1)
(pA,qA) :by Aby | p:by € Loc(ag) Aq: by € Loc(aa),
ANAACT A ANA=0}

LOC(Oél WHF 042)

{
{
{
{

cC C

It follows from this definition, that p : b,p : b’ € Loc(«) implies b = b’. As
before, we will omit the boolean of an annotated location whenever convenient.
Note that each location p in « is either a position ¢ € Pos(a), or of the form
(0,9), (»,0), (p,a), (0°¢%), (p™,0%), or (p*,¢"), where p, g are also locations
in « and A,A C ¥. In the remaining of the paper, we frequently use p° and

p27 as abbreviations for pt?} and for pAY{7} respectively.
The set of positions of a location p, Ip(p), is defined inductively by
Ip(i) = {i},
Ip((0°,p™)) = 1p((0,p)) = Ip((p™,0%)) = Ip((p,0)) = Ip(p),

Ip((p®, ")) = Ip((p, q)) Ip(p) U lp(q).

Example 4. Consider a = a1 ||} 2, where ay = (ab)*®||;q) (ca)* and az =
(be)*. The marked expression is @ = ((a1b2)**||1a} (c3a4)*)“|l1py (bsce)*. The
sets of (annotated) locations of a1, as, and a are given below.
Loc(a1) = {p: false | p € {(0,3),(1,0),(1,3),(2,3),(1,4)} }
U{p:true|pe{(0,4),(2,0),(2,4)}},
Loc(ag) = {5 : false, 6 : true},
Loc(a) = { (»°,0°) : b | p: b € Loc(ay),S C {b}}
U{(0%p%) :b|p:beLoc(as), S C {b}}
U { (pfl,p§2) : by A by |p1‘ 1 b; € LOC(CKZ‘),SZ‘ C {b},
S$iNSy=0i=12}

We have 1p(((2,3)°,0%)) = {2,3}, and Ip(((2,3)?,5%)) = {2,3,5}. For instance,
the location ((1,4)%,6%) corresponds to words for which the last letters read in
the subexpressions (ab)*, (ca)* and (be)*, are respectively a, a, and c.



As an example, consider w = cabcbebe € cab™ | gy bebebe € L(cr). When pro-

cessing w in a position automaton, the word can reach the final state ((2,4)?,6%),
passing successively through states labelled respectively with locations

0 —° ((0,3)%,07) = ((1,4)?,0%) = ((1,4)%,5%) = ((1,4)?,6") =" ((2,4)",5")
—¢((2,4)?,6%) —=° ((2,4)?,5°) —=¢ ((2,4)%,6%). This path corresponds to a syn-
chronisation of the b in cab with the second b in bebebe. Synchronisations with
either the first or third b in bebebe lead to different paths.

Given a € RE(||), the states in the position automaton will be labelled by
the elements in Loc(«), except for the initial state labelled by 0. We now define
the set First(a) € 3 x Loc(a) for the different shuffle operators as follows:

First(ay ®|lr a2) = { (o, (p,0)) | 0 ¢ T' A (0, p) € First(aq) }

U{(0,(0,9)) | o €T A(0,q) € First(az) }

U{(o,(p,q)) | 0 € T A(o,p) € First(a1) A (0, q) € First(az) },
First(a1 ?||r a2) = { (o, (p,0)) | (o,p) € First(ay) }
(0,(0,9)) | (0,q) € First(az) }
(0,(p,q)) | 0 €T A (o,p) € First(a1), (o,q) € First(as) },
(0,(0°,0°)) | o ¢ T A (0,p) € First(an) }
(0,(0°,¢°)) | o ¢ T A (0,q) € First(az) }
(0. (#",¢")) | ¢ € T A (0,p) € First(ar) A (0, q) € First(az) }
(o, (p%7,0%)) | 0 € D A (0,p) € First(ay) }
U{(0,(0°¢'"}) | o €T A(0,q) € First(az) }.

Q

First(oy V||r a2) =

c C
Q 9

)

u{
u{
{
{
{
U{(o,

Note that the definition of First(a; W ae) given in [5, 6] by

First(ay W a2) = { (0, (p,0)) | (0,p) € First(an) } U{(0,(0,q)) | (c,q) € First(az) },

coincides precisely with First(ay *||p az).

Example 5. For a = ((ab)*®||1a) (ca)*)"|lis) (bc)* of Example 4, one has,
First((ab)*) = {(a, 1)}, First((ca)*) = {(c,3)}, First((b)") = {(5,5)},
First(ab)* g (ca)®) = {(c. (0,3))}.

First(((ab)* *[ltay (ca)*) “Ilgey (be)*) = {(c, ((0,3)°,0%)), (0°,5)}.

Fact 1. For every element (o,p) € First(a), £(Ip(p)) = {o}.

Lemma 1. Given a € RE(||), if there is some ow € L(a), then there is a
location p such that (o, p) € First(a).

Proof. The proof is by induction on the structure of an expression «. For ¢ and
alphabet symbols the result is obvious. For union, concatenation and Kleene
star the proof is similar to the one for standard expressions.

10



Case o = a1 °®||p az. Consider a word cw € L(aj°®||r az2). Then, there are
words w101 -+ op_1Un € L(aq) and v107 - 0p_10, € L(ag), where for i € [1,n)]
o; € T and u;,v; € (2 \ I)*, such that ow € (ug W v1)oy -« op—1(up W vy,).
If o €T, then u; = v; = ¢ and 0 = 01. Thus, cuy---op_1u, € L(1) and
ovg - Op_1Vy € L(ag). If follows from the induction hypothesis that there
are locations p; and py such that (o,p1) € First(a;) and (o,p2) € First(az).
Consequently, (o, (p1,p2)) € First(ag ®|lraz). If 0 ¢ T and u; = ou) (the case
vy = ov} is analogous), then

ouyoy - op_1u, € Llay),

and by the induction hypothesis there is a location p such that (o, p) € First(ay).
We conclude from the definition that (o, (p,0)) € First(aq ®||r a2).

Case o = a3 ?||r ag. The proof is similar to the proof for *||r, dropping the
assumption o € I'.

Case o = a1 Y|r ae. Consider a word ow € L(a1¥|raz). Then, there are

words w107+ op_1Un € L(ay) and v107 - - op_1v, € L(a), where for i € [1,n)

o, €T and ¥,, N3, NT' =0, such that ow € (u3 W v1)oq -+ op_1(uy W vy,).
If 0 ¢ T and u; = ou} (the case v; = ov] is analogous), then

ouyoy - op_1u, € Llay),

and by the induction hypothesis there is a location p such that (o, p) € First(ay).
We conclude from the definition that (o, (p?, 0?)) € First(ay ¥||p az).

If o € T, then either u; = v; = ¢ and o = 0y, or uy = ou) (the case vy = ov]
is analogous) and oujoy - -0,_1u, € L(ay). In latter case, we have by the
induction hypothesis that there is a location p with (o,p) € First(ay). Thus,
(o, (p17},0%)) € First(ay ®||r az). In the former case, the induction hypothesis
applies to oug -+ op_1u, € L(ay) and ove -+ op_1v, € L(az). Thus, there
are locations p; and po such that (o,p1) € First(a1) and (o,p2) € First(az).
Consequently, (o, (p?,p%)) € First(ay ®||r o). O

The set Last(a) C Loc(a) is defined by Last(a)) = {p | p : true € Loc(a) }.
Furthermore, let Lastg(«) = Last(a) U{0} if e(a) = true, and Lastg(«) = Last(«)
otherwise.

Example 6. For a = ((ab)*®||1a} (ca)*)"|lisy (bc)* of Example 4 we have,

Last(a) = {(p%,0°) | p€ Lo, S C{b} }U{(0"6%) ]S C{b}}
U{(®™,6%) |p€ Ly, 51,8 C{b},51 NSy =0},
where Ly = {(0,4),(2,0),(2,4)}. Note that the only locations in Last(c) reach-

able by words of L(a) are ((2,4)°,0%) and ((2,4)?,6%). This happens because
the only location reachable in Last((ab)* ®||(a} (ca)*) is (2,4).
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Finally, we define Follow : RE(||) x Locg(a) — 2% *Lo¢(®) wwhere Locy(ar) =
Loc(a) U{0}. Let Follow(c, 0) = First(«), and for p1,q1 € Locy(a),

Follow (a1 °[Ir a2, (p1,q1)) = { (0, (p2,q1)) | (0, p2) € Follow(a1, p1) Ao ¢ T'}
U{(o,(p1,42)) | (0,92) € Follow(az,q1) Ao ¢ T'}
U { (o, (p2,42)) | (0,p2) € Follow(ay,p1)
A (0,q2) € Follow(az,q1) Ao €T},

Follow (a1 ®||r a2, (p1,q1)) = { (0, (p2,q1)) | (0, p2) € Follow(av,p1) }
U {(o,(p1,92)) | (0,q2) € Follow(az, q1) }

U { (0. (p2,42)) | (o,p2) € Follow(a,p1)
A (0,q2) € Follow(aa, 1) Ao €T},

Follow(a “|r az, (1, a1')) = { (0, (b3, 41")) | (. p2) € Follow(ar,p1) Ao ¢ T'}
U { (0, (1", 42)) | (0, 42) € Follow(az,q1) Ao ¢ T'}

U { (0, (5. 43)) | (,p2) € Follow(a1,p1)
A (0,q2) € Follow(ai,q1) Ao €T}

U { (o, (AU A)|(U,pg)€Fo||ow(a1,p1)AU€F\A}
U { (o, (p2 )| (0,q2) € Follow(aa, 1) Ao € T\ A}

Remark 1. If p,p’ € Loc(«) and (o, p) € Follow(a,p’), then p # 0.

)
2")

Furthermore, given S € 2-°%(®) let Follow(a, S) = U,es Follow(a, p). Some-
times we use the abbreviation Follow(a') = { (p,0,q) | (0, q) € Follow(c/,p) }.

Example 7. For a = ((ab)*®|[{a} (ca)*)“|/{sy (bc)* of Example 4 and consider-
ing the set First(«) given in Example 5, part of the Follow sets are given below.

Follow((ab)*) = {(1,9,2),(2,a,1)},
Follow((ca)*) = {(3,a,4), (4,¢,3)},
Follow((bc)*) = {(5,¢,6), (6,b,5)},
Follow((ab)* ) (ca)*) = {((0,3),a, (1, 4)), ((1,4), b, (2,4)), (1, 4), ¢ (1,3))
((1,3),6,(2,3)),((2,3),a,(1,4)), ((2,4),¢,(2,3))}
Follow(av, ((0,3)",0°)) = {(a, ((1,4)",0%)), (b, ((0,3)°,5"))},
Follow (av, (0%,5%)) = {(c, (0, 6")), (¢, ((0,3)°, 5"))},
Follow(av, ((1,4)",0%)) = {(b, ((2.4)",0")). (b, ((1,4)",5)), (b, ((2,4)°,5")),
(e, ((1,3)%,0M)3,
Follow (e, ((0,3),5)) = {(a, ((1,4)",5")), (. ((0,3)°,6"))},
Follow(a, (0°,6")) = {(b, (0°,5")), (. ((0,3)",6"))}
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Follow (av, ((2,4)",5%)) = {(<. ((2,3)",5")), (e, ((2,4)",6°))},

Follow(a, ((1,3)°,0%)) = {(b, ((2,3)",0%)), (b, ((1,3)",5"))., (b, ((2.3)",5"))}
Follow(av, ((2,4)",0%)) = {(¢, ((2,3)",0°))},

Follow(a, ((1,4)°,5)) = {(c, ((1.3)",5"), (e, ((1,4)*,6"))},

For a set S C ¥, x Loc(a) and o € X, let Select(S,0) ={ p| (o,p) € S}.
The position automaton for o € RE(]|) is

Apos (a) = <LOC0 (Ot), ¥, dpos, 0, Lastg (Oé)>,

where dpog(p, o) = Select(Follow(c, p), o), for p € Locy(a),0 € . The cor-
rectness of this construction follows from the following two lemmas, which are
proved in the appendix.

Lemma 2. Given o € RE(|)), if x = 01---0, € L(a) (n > 0), then there is a
sequence po, P1, - - -, Pn € Locg(), such that po =0 and

(04, pi) € Follow(a,p;—1) (1 <i<n) and  py € Lasty(w).

Lemma 3. Given a € RE(]|), if there are 1o = 0,71,...,7, € Loco(c) and
O1y...,0n €5 (n>0) such that (1) (0;,1;) € Follow(c,r;—1), 1 < i < n, and
(2) ry, € Lastg(x), then oy---op € L(a).

As a consequence, we have the following proposition stating the correctness
of Apos.

Proposition 4. L(Apos(®)) = L(a).

Example 8. Consider a = (ab)*®||{4} (ca)* with @ = (a1b2)* ®||{a} (c3aa)*. The
sets First(a) and Follow(«) have been computed in Example 5 and Example 7,
respectively. Note, that the only state attainable by a transition by letter a, is
(1,4) corresponding to the obligatory synchronisation of a1 and ay. The position
automaton Apos(a) is

Q@3- @D

L
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4. App as a quotient of Apos

In this section, we relate the partial derivative automaton, defined by Sulz-
mann and Thiemann [3], and the position automaton in Section 3. For standard
regular expressions extended with the shuffle operator L, the former has been
shown to be a quotient of the latter. Here, we extend this result to the synchro-
nised shuffle operators. Sulzmann and Thiemann [3] defined the set of partial
derivatives of expressions with the general shuffle operator w.r.t. an alphabet
symbol o € ¥. However, since the parameters of the general operator change
in each step of derivation, it is not straightforward to express the set of partial
derivatives w.r.t. a word w in terms of the partial derivatives w.r.t. subwords
of w. In Lemmas 5 and 7 we obtain explicit expressions for those sets for ex-
pressions containing synchronised shuffle operators. These are crucial to show
that App(«) is a quotient of Apog(a), cf. Proposition 12. The proof of Propo-
sition 12 follows the one in [5, 6]. To each location p € Loc(a) we associate
a unique partial derivative of @. This expression is denoted by c(@,p) and
called the c-continuation of p in a. Then, the partial derivative automaton
App(a) is obtained by merging in Apos(a) states (locations) p and g, such
that c(a, p) = c(@, q). During the computation of the set of partial derivatives
of an expression of the form a; Y¥||r ag w.r.t. a word w € ¥*, one has to consider
all words u; € L(«;), i = 1,2, such that w € uy ¥||rug. At each step of the
derivation, it is necessary to remember which symbols in I" have been read solely
from u; and also from us since the last synchronisation happened. To this end,
we consider expressions with the operator || a,a), where this information is
respectively stored in two additional parameters A and A, with A,A C T C X.
We denote the set of regular expressions with shuffle operators W, *||r, 2||r,
and [[(r,a,a) by REgen(||). In REgen(||) the natural counterpart of oy ¥||r ag is
a1 ||(r,0,0yc2. As such, we will from now on regard the set of expressions RE(]|)
as a subset of REgeq(||), and use “|[r and ||(p g p) interchangeably in REgeq(||).

Since we don’t consider the general shuffle operator [3], we define 9, («),
for expressions containing the operators °||r, ?[|r, and [|(r,a,A) separately as
follows:

0y(0) = B (<) = 0. 0 (0") = {{E} o =0" (0" = dn (@),

() otherwise,
(a4 B) = 05(a) U0s(B), o) = 0o(ar)BUe()05(B),
(0l ) {ag a)s ||Fa A), ifoeT,
Oy () ®||r {B}U{a} Ir 05(8), otherwise,
(@®|rB) = (UEF)aa )2lIr 05 (B) U 05 () [ {B} U {a} ®Ir 05 (B),
CY) waniBrui{al lirands(8), ifo¢l,
)l rw)a (B)

o ¢ N)Os(a) ||(r,auf01,0){8}
o ¢ A){a}[[r,a,au{e})05(8), otherwise,

O[
9o (a||(r,a,n)B) =

(2)
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where, for any S,T C REgen(||) \ {0} and o € {®[|r, ?|Ir, [r,a,a)}, we define
SoT ={aof|laecSABeT} and for & #¢, So/ ={ad |ae SAa #
e} U (e € S){a’}. Moreover, bS = S if condition b is true, and bS = 0
otherwise. As usual, the set of partial derivatives of o € REgen(]|) w.r.t. a word
w € ¥* is inductively defined by d:(«) = {a} and 9y (@) = 9y (9,()), where,
given a set S C REgen(l|), 95(S) = Uyeg 9o (). Moreover, L(9y(a)) = {wy |
ww; € L(a)}. Let d(a) = Upes Ow(@), and 07 (a) = Uyes+ Owl(@). The
partial derivative automaton of a € REgen(]|) is

APD(OZ) = (6(@), Z, {Oz}, 5pD, FPD>7

with Fpp = {8 € 9(a) | e(8) = ¢ } and dpp (B, 0) = 0,(8), for B € d(a), o € X.

Example 9. The partial derivative automaton for o = (ab)* ®||(q} (ca)*, where
aq = (ab)* and ay = (ca)*, from Ezample 8, is depicted below.

ba1 s”{a} ao

Note that this automaton can be obtained from the position automaton Apos(c),
represented in Example 8, by merging the states (labelled with) 0 and (2,4), as
well as the states (0,3) and (2,3).

The following lemmas give explicit expressions for partial derivatives of o €
REgen(]|) w.r.t. a word. For the || a ) operator the situation differs slightly
from the other two operators, so it is dealt with separately. Given I' C ¥ and
w € ¥*, we compute the set of pairs of words u and v, such that w € u o w,
denoted by p(o,w), for o € {*||r, ?||r }. The definition of p for o = ®||p is as
follows:

PCClir,e) ={(e, )},
P(Cllr,ow) = (0 € T){ (ou,00) | (u,v) € p(*[lr ,w) }
U (o g D){ (ou,v) | (u,0) € p(*[[r,w) }
U (o ¢ I){ (v, 00) | (u,0) € p(*[r,w) }-

For o = ?||r we have the following:
P(*llr,e) = {(e, )},
P(°llr,ow) = (o € D){ (0w, 00) | (u,v) € p(*[r, w) }

U{(ow,v) | (u,v) € p(*|lr,w) }
U{(u,00) | (u,v) € p(*|lr,w) }.
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Lemma 5. For o, 8 € REgen(]|), w € %, and o € {®||r, ?|r }, the following
equality holds
Ow(@oB)= |  0u(@)odu(B).

(u,v)€p(o,w)

Proof. By induction on the length of w. Let w = ¢ € I'. If o is ®|p, then
p(®|lr,o) = {(0,0)}, and by definition, d,(a®|r 8) = 0,(a)®|r 0,(8). If o
is ?|Ir, then p(®|r,0) = {(0,0),(0,¢),(c,0)}. By definition, d,(a?|r3) =
05 () ?|lr 05(B) U 05(a)?r {8} U {a}?|r 05(8). Finally, if w = o ¢ T, then
p(o,0) = {(o,¢), (¢,0)}, and by definition, 9, (aof) = 9, (a)o{S}U{a}0d,(5) =
9o () 0 9:(B) U 0:(ax) © 05 (B).

Now, consider w = ow’. We have

Oow (@0 B) = 0w (O (a0 B)) = U Our (') 0 0y (B')
S

= U awl@)odn(®)

(u’ w')ep(o,w’)
(a’op’eX
= U Y = U Ou(a) 0 0y(B),
(u! vy ep(o,w’) (u,v)€p(o,0w’)

where
e forceland o= ®|p, X = 0,(a)®||r 0-(8) and Y = Oy (@) %||Ir Opor (B);
e foroc el and o = 2|,

X = 05() ®[lr 05(8) U 05 () *[|r {8} U {a} *[Ir 05(8), and
Y = aau’ (Oé) a”l" aa"u’(ﬁ) U ao‘u’(a) a||1" 6’0’ (ﬂ) U au’(a) a”F aov/(ﬁ);

e and for o ¢ T,
X = 05(a)o{B}U{a}0d,(B) and Y = Qg () 0 0y (B) U Dy () 0 D (B).
O

For “[|r we also need to consider the generalised operator |[[(r A a), Where
AACT C X Given w € ¥*, we want to compute the set of words u and v,
such that w € u||(p,a,ayv. To this end we define the function p as follows:

P(llr.an),€) = {(A A, e,6)}
p( ||(F,A,A)a ow) = (0 € D){ (Au, Ay, ou, 00) | (Ay, Ay, u,v) € p( ”(F,V),@)vw)}
U (o € T\ A){ (A, Ay, 0u,v) | (Au, Ay, u,v) € p(l(0,a00,4), ) }
U(o e T\ AN (Au, Av,u,00) | (Au, Ay, u,v) € p(ll(r,a,au0), w) }
U(o €T){ (Au,Ay,0u,v) | (Ay, Ay, u,v) € p([l(r,a,4), w) }
U (o & D){ (Au, Ap,u,00) | (Ays Ay, u,v) € p(lr,a,0)w) 1
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Lemma 6. For w € ¥*, A,A CT such that ANA =0, we have

(Aus Ay, u,v) € p(llr,an),w)  iff weu|ranv.
Example 10. ForI' =% = {a} and w = aaa, we have

p(llr,0,0),w) = {(0,0, aaa, aaa), (0,0, aaa, aa), (0, ), aa, aaa),
(0,0, aaa,a),(0,0,a,aaa),({a},?, aaa, aa),
({a},0,aaa,a), ({a},0,aaa, ), ({a},0,aa,aa),
(0,{a},aa,aaa), (0,{a},a,aaa), (D,{a},,aaa), (B, {a},aa,aa)}.

Lemma 7. For «, 8 € REgen(||) and w € BT, the following equality holds

Ow(a|r,a,nB) = U 9u(a) I a,,0,)00(B)-

(Aw,Av,u,v)Ep(l(r,a,0),w)

Proof. By induction on the length of w. For w = o € I, by definition,

9o (allr,a,0)8) = 95(a) llr,a,0){B} U{e} lr,a,4)05 (B)-

Furthermore,
p( ||(F,A,A)7 U) = {(A7 A7 g, 5)7 (Aa Aa g, 0)}

Thus, the result holds. For w = o € I', we only consider the case o0 € A
and o ¢ A. The remaining cases are analogous. In this case, p(||(r,a,a),0) =
{(A,A,0,0),(AU{o}, A o,¢)}. Also, by definition we have Jy(c ||(r,a,0)8) =
95 (@) [l(0,0,0)05(8) U 0 () [l au103,0) {8}

Now, consider the word ow, with |w| > 1 and o ¢ T'. One has
Dow(allr,anB) = 0w(@s(allranb))
= 0w (0s(a) lir,a,0) {8} U {a} (r,a,0)05(8))

= U 8u(80(a)) ||(F,Au,/\v)6v(6)
(Aw,Av,u,v)€Ep( ”(F,A,A) W)

U 0u(@) |(r,20,40)00(0(B))
(Au,Apyu,v)ep(l(r,a,0)w)

= U Oou(@) [[(r,2,,1,)00(B)
(Au,Ap,0u,v)Ep( (0, a,0) ,0W)

U U u(a) [[(r,a,.0,)000(5)
(A, Ay, u,0v)Ep(|l(r,a,0),0w)

= U Ouw (@) [[(r,a,, 4,00 (B)-

(A Ay w)ep(llr,a,a),0w)

Finally, consider ow, with |w| > 1 and o € I'. Again, we show the result for the
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case 0 € A and o € A, since the remaining cases are shown analogously. Then,

Ow (05 (|| (r,a,0)8))

aaw (a || (F,A,A)B)

O (95(a) ll(r,0,0

(Au,Ay, u,v)EP

~

-

95(B) U s (a) llr,au{o}.0){8})
0u(00 () l(r,2,,4,)90(0(8))

llr.0.0)w)

0u(0s () || (F,Au,A,U)av (B)

(Au, Ay u,v)ep(|l(r,aufoy, )W)

(Au,Ay,0u,0v)

m

U

Oou (@) [[(1,A,,4,) 000 (B)

P(Il(r,0,0),0w)

ou (@) [[(1,A0,7,)00(8B)

(Au, Ay, o0u,v)Ep(|l(r,au{o},A),0W)

U

Ouw (@) ll(r,a,,,4,)00 (B)-

(A Ayru’ w)ep(l(r,a,a),0w)

O

Following [10], Broda et al. [5, 6] showed for regular expressions with the
shuffle operator W, given a location p € Loc(a), that there exists a unique
expression c(a@, p), called the c-continuation of p in @, such that for all wo; €
YL with i € Ip(p), either Oy, (@) = 0, or Oye, (@) = {c(@,p)}. Whenever
synchronisation is present, this result doesn’t hold anymore, since differently
marked symbols o; and o;, with &; = 75, are synchronised. However, one can
still extend the notion of c-continuation to expressions with synchronised shuffle
operators, such that the set of c-continuations relates to the set 97 (a). Let
c(@,0) = a. For a € RE(]]), the c-continuationc(a, p) of a location p € Loc(«)
in @ is defined as follows:

C(O’i, Z) =

clag + az,p) =

c(arag,p) =

c(ar®|lr az, (p1,p2)) =
claq ?||r a2, (p1,p2)) =

c(ar V| az, (pT,p5)) =

&,

C

c(aq,p1)
c(a1,p1)?|Ir c(az, p2),
( )

fe
[

Claa,

c(a*,p) = c(a, p)a*,

c(ay,p), ifp e Loc(ay),

ag,p), if p € Loc(ay),

)

)

ay,p)ag, if p € Loc(ay),
D), if p € Loc(a),

*|Ilr c(az, p2),

clag, p1 || r,A,A)C (042,]92)-

Example 11. Consider o = (ab)**|[(q} (ca)* with @ = (a1b2)**||{4} (c3a4)*
from Example 8. Forp € Locy(a), we have c(@,0) = c(@, (2,4)) = @, c(@, (0, 3)) =

c(a@,
c(a@,

(2,
(1,

3)) =
4)) =

(albz)*s|\{a}a4(c3a4) , (@,
*Il{ay (c3a4)*.

b (albz)
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We now relate the set of c-continuations with 0 («) and, furthermore, char-
acterise the ones that correspond to final states. For readability, we denote
c(@,p) by d(a, p), for any location p € Locy(«).

Lemma 8. For a € RE(]|), 07 (a) C {d(a,p) | p € Loc(a) }.

Proof. We show by structural induction on « that for every w € X+, if B €
Ow (), then there is some p € Loc(a), such that 5 = d(a,p). We only consider
the cases °||r, ?||r, and || since for the remaining operators the result follows
from the one for marked expressions in [5, 6, Lemma 8§].

Let @« = a1%|rag, w € X7, and 8 € 9y(a). By Lemma 5, there are
words u,v, such that w € u®|rv and = B1%||r B2 € Oular)®||r Ov(a2),
ie, B € Oy(ay) and Pa € 9y(ag). By induction, there exist p; € Loc(ay),
for i = 1,2, such that 8; = d(a;,p;). Furthermore, (p;,p2) € Loc(a) and
d(as *|r az, (p1,p2)) = d(a1,p1)*[[rd(az, p2) = B1°|lr B2 = B. The proof for
the operator 2||r is identical, due to Lemma 5 and because continuations for
operators °||r and ?||r are defined in the same way.

Now, consider o = a1 “[[r a2 = a1 |(r,9,0y2. Let w € YT and B € 9y ().
By Lemma 7, there is a tuple (Ay, Ay, u,v) € p(|[(r,0,0),w) such that g =
B1ll(r,a,,0,) B2, where 1 € Oy(1) and B2 € 0y(az). By induction, there exist
p; € Loc(ay), for i = 1,2, such that 8; = d(«y,p;). Furthermore, (plA“,pé\'") €
Loc(a) and

d(O{, (plAuapgv)) = d(alapl) ||(F,Au7A,U)d(a27p2) = /8

OJ
Lemma 9. For o € RE(]|) and p € Loc(a), one has
e(d(a,p)) =e < p € Last(a).
Proof. By structural induction on «. O

The next proposition relates derivatives of d(«,p) with Follow(c,p). The
proof is in the appendix.

Proposition 10. For a € RE(||), p € Locg(a), and o € E,, one has

aﬂ(d(aap)) = {d(aaQ) | (0—7 q) € FO”OW(OL,p) }

Consider the equivalence relation =.C Locg(a) x Locg(ar) defined by p =. ¢
iff d(a, p) = d(e, q).

Lemma 11. The relation = is right-invariant w.r.t. Apos(c).

Proof. Consider p,q € Locy(a) such that p =. ¢, i.e., d(a,p) = d(,q). By
Lemma 9, we have p € Last( ) if and only if ¢ € Last( ). Let (0,p) €
Follow(c, p) and consider 8 = d(a,p’). By Proposition 10 and by p =, ¢,
we have 8 € 9,(d(a,p)) = 9, (d(av, q)). Again by Proposition 10, there exists
¢ € Locg(a) such that § =d(«,q'), i.e. p' = ¢, and (o,q’) € Follow(a,q). O
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From the above, we have the following result for o € RE(])).
Proposition 12. Apos(a)/=. ~ App(a).

Proof. We show that the function ¢, : Loco(a)/=. — 91 («), defined by
ve([p]) = d(a,p), is an isomorphism. Injectivity follows from Lemma 11 and
surjectivity from Lemma 8. For the initial state we have ¢.([0]) = d(«,0) = a.
Furthermore, by Lemma 9, [p] is a final state in Apos(a)/=. if and only if
©c([p]) is a final state in App (). Finally,

(P08 ([p],0)) = ¢c({ la] | (0,q) € Follow(a, p) })
= {d(a,q) | (0,q) € Follow(a, p) }
= 9, (d(e, p)) = dpp(¢e([p)), 7).

|

Example 12. It follows from the c-continuations computed for expression o =
(ab)*®||r (be)* in Ezample 11 that 0 =, (2,4) and (0,3) =, (2,3). Thus, the
partial derivative automaton in FExample 9 can be obtained by merging those
states of Apos().

5. Conclusions

The notion of location introduced in [5, 6] provides a suitable framework for
the definition of a position automaton for several synchronised shuffle operators.
For future work, we will study the average behaviour of synchronised shuffle
expressions, and compare the results with those for regular expressions with
(standard) shuffle and intersection [11, 12].
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Some Proofs Omitted in the Main Text

For the proof of Lemma 2 we need the following notion.

Coloured words. Given o € X one can consider a coloured letter o€, where

(NS
shu

{0,1,2}. Coloured words are denoted by Z. We define a version of the
file operator (11 as follows:

Ul..aﬂ@g:{o‘ig}}}7
eWoy-o,={0%--02},

oullTv={c'®|®eud rv}U{r?w|®€oul v}

Now, consider a word x € (uy W v1)7y - Tp—1(up W v,) for words u =

ULTL *** Tn—1Up and v = V171 *** Tp_1Up, and 71,...,Th_1 € 5. Then, there is a
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coloured word 7 = wir{ -+ 70_, Wy, with w; € u{llv; and such that the word
obtained by erasing all colours in 7 is z. Furthermore, the number of letters in
Z, coloured with either 1 or 0 is precisely |u|, while the number of letters in Z
coloured with 0 or 2 is |v].

Lemma 2. Given o € RE(|)), if x = 01---0, € L(a) (n > 0), then there is a
sequence po, P, - - -,Pn € Locg(a), such that po =0 and

(04,p;) € Follow(a,pi—1) (1 <i<n) and  py, € Lasty(w).

Proof. We proceed by structural induction on o € RE(]|). As in Lemma 1, we
only consider the case & = aj0 ag, witho € {®||r, ?|Ir, "|Ir }. Let « € wov with
U= fi1 -y € L(a1) and v = vy -+ -y}, € L(az), such that there is a sequence
po = 0,...,pp € Loco(ar), with (ps,p;) € Follow(ay,pi—1) (1 < i < ul)
and pj,| € Lastg(ai), as well as a sequence g = 0,...,q), € Locg(az), with
(i, q:) € Follow(az, gi—1) (1 <i < |v|) and g, € Lasto(az).

If [v] =0, i.e,, v = ¢, then |u| > 0 and z = u. For o € {3||r, ?|Ir} the
sequence 0, (p1,0), ..., (pu|,0) satisfies the result. For o = “[[ the sequence is

0, (plAl,Ow),...,(pli‘lu',()@), where A; = { pj | p; € TAj<i}, forl <i<|ul
The case |u| = 0 is analogous.

Now consider |ul,|v] > 0. Then, there is a coloured word Z = o{' --- 0%,
such that the word obtained by erasing all colours in T is z. In the following,
we define a sequence of locations rg,71,...,7, € Locg(a), such that ro = 0,
(04,7i) € Follow(a,7;—1) (1 <i < n), and r, € Lasty(«).

We consider the cases o € {®||r, ?||r} and o = ¥||p separately. For the
former let

(p1,0), ife=1;
ry = (p1,q1), ifer =0;
0,q1), ifer =2,

and for i € {2,...,n} and r;_1 = (r1-1,72i-1),

(Pj41,72,i-1), if ¢;=1and r ;-1 = pj;
Ty = (Pj+1:qu+1),  ife;=0,71,-1 =p;j and 72 ;-1 = qx;
(riic1,qes1), ife;=2and ro;—1 = gi.

First, we show that r, € Lastg(c). Since the number of ¢;’s equal to 1
or 0 equals |u|, and the number of ¢;’s equal to 0 or 2 equals |v|, it follows
from the definition of the sequence rg,71,...,r, that v, = (pjy|,qu|). Since
Plu| € Lasto(ay) and gy, € Lasto(az), we have that 7, = (pju|, qjv|) € Lasto(a).

It remains to show that (o;,7;) € Follow(a,7;—1) (1 < i < n). Here, we
consider the two shuffle operators separately.

In the case a = ay ®||r a2, the definition of *||r guarantees that the colours in
Z are such that ¢; = 1 iff 0; = pu; ¢ T for some j € [1,|ul], ¢; =2iff 0, = v}, €T
for some k € [1, |v|], and finally ¢; = 0 iff 0; = pu; = vy € T for some j € [1, |ul]

22



and k € [1, |v|]. We show that for ¢ € [1,n] one has (0;,r;) € Follow(a,7;—1) for
ri—1 = (r1,i—1,72,i—1), considering the cases ¢; = 1 and ¢; = 0. The remaining
case, ¢; = 2, is analogous to the first one. If ¢; = 1 and 71 ;-1 = p;, then
;i = pjr1 € I and (04,pj41) € Follow(ar,p;). Thus, (04, (pjy1,72,i-1)) €
FO”OW(Oé, (Tl,i—laTQ,i—l))- If C; = 0 and (7“1’7;_1,7‘2’1'_1) = (pj7Qk)7 then g; =
Hi+1 = Vi41 € T, (O'i,pj+1) S FO”OW(Oél,pj) and (Ui7Qk+1) € FO”OW(OzQ,qk).
Thus, (07, (Pj+1,qk+1)) € Follow(a, (r1,i-1,72,i-1))

The proof for ?||r is analogous, skipping the conditions p;11 ¢ I and vj41 ¢ T.

Now, consider @ = a3 “||r ae. Let,

(»?,0%), ifcp =1and pu; €T,

(pi"1,0%), ife; =1 and py €T,
o= (p?aqg))v if ¢ =0,

(07, g%y, if ey =2and vy ¢ T,

(Ow,qful}), ifc; =2and vy €T,

and for i € {2,...,n} and ;1 = (pf‘,q,’c‘)7

(PR1s i), if ; =1and pjy ¢ 7T,

(pﬁ“”l,qk) if c; =1and pj4q €T,
g = (p? 1,qu) if c; =0,

(p JA,qu) if c; =2 and v 1 €T,

(p ]A,qkff“), if ¢; =2and vy €.

First, we show that r, € Lastg(«). Again, since the number of ¢;’s equal to
1 or 0 equals |ul, and the number of ¢;’s equal to 0 or 2 equals |v], it follows
from the definition of the sequence rg,r1,...,7, that r, = (pﬁl qlA‘) for some
A,A C T such that AN A = 0. Since p,| € Lasto(al) and g, € Lasty(az), we
have by (1) that r, = (plu‘,q‘vl) € Lastg(a).

It remains to show that (o;,7;) € Follow(a,r;—1) (1 < ¢ < n). We show that
for ¢ € [1,n] one has (0y,7;) € Follow(ex,r;—1) for r;—qy = (ij,q,é\)7 considering
the cases ¢; = 1 and ¢; = 0. The remaining case, ¢; = 2, is analogous to the
first one.

If ¢; =1 and 0; = pjr1 € I', then by the definition of Follow we have
(0i,pj+1) € Follow(av1, p;). Thus, (o3, (pjﬁl,q,?)) € Follow(a, 7;_1).

If ¢; =1 and 0; = pjr1 € T', then by the definition of Follow we have
(Ul,p]H) € Follow(al,pj) and o; ¢ A. Thus, (o, (pﬁﬁ’,qk )) € Follow(cr,r;—1).

If ¢; =0, then 0y = pj41 = Vk+1 € I', (05,pj+1) € Follow(a,p;) and
(04, qr+1) € Follow(as, gi). Thus, (o, (pj“,qk“)) € Follow(a, 7;—1). O

Lemma 3. Given a € RE(|)), if there are 1o = 0,r1,...,7, € Loco(a) and
Oly...,0n €Y (n>0) such that (1) (04,7:) € Follow(a,r;—1), 1 < i < n, and
(2) v, € Lastg(a), then oy---0, € L(a).
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Proof. The proof is by structural induction on «. As before, only the shuffle
operators are dealt with. Let a = ay o ag, with o € {®||r,?||r}. Then,
each location r; is of the form (p;,q;), for 1 < ¢ < n. If r, = (pn,0) then
e € L(az) (analogously r, = (0,¢,) implies that ¢ € L£(a1), and the proof is
similar). Moreover, if the operator o is %||r, then it follows, by the definition
of Follow, that o1,...,0, € I. For both operators, we have that the sequences
of locations pi,...,p, and of letters oq,...,0, satisfy the conditions in this
lemma for ;. Thus, by induction, o1 -0, € L(a1). On the other hand,
o1+ 0p €01 0,06 C Ly 0 ).

For the remaining of the proof we suppose that p,, g, # 0 in r, = (pn, qn)-
We will use sequences of the form L = (o1,71) - (02,72) -+ (0pn, ) and define
some functions on (X x Loc(a))*. The function tr : (X x Loc(a))* — ¥* is
given by tr((o1,71) - (0n,7n)) = 01+ 0. The function seq : (X x Loc(ay o
az))* — (Z x Loc(a1))* x (2 x Loc(ag))* which definition follows. If L = ¢,
then seq(L) = (e,e). If L = (o,r) - L', then seq(L) = (L1, L2) is obtained from
L} and LY, where seq(L’') = (L}, L}), as explained below.

In each step ¢ of the computation it is ensured that for u' = tr(L}), v/ =
tr(LY), and w = tr(L'), if w € v’ o, then o; - w € u o v, where u = tr(Ly) and
v =tr(Lsy). For L # ¢ we define seq(L) inductively as follows:

L IfL= (Ui7 (pla(h))L/, (Uiapi) € FOHOW(alapi—l), (Uiaqi) € F°||0W(a2>qi—l)7
and o; € I'; then

seq(L) = ((04,pi) - LY, (04, i) - La).

We have that u = o;u’, v = 0;0’, and o;w € uow.

2. If L = (04, (pi,q:)) - L', (04, pi) € Follow(ay,p;—1) and ¢; = g;—1, then
seq(L) = (o4, p:) - Ly, L)

If o = ®||r then o; ¢ T'. For both operators, we have that u = o;u’ and
v=1', and o;w € uow.

3. Finally, if L = (04, (pi,qi)) - L', (04,¢;) € Follow(az,¢;—1) and p; = p;_1,
then
seq(L) = (L1, (0, qi) - L)

Again, if o = ¥||p then o; € T'. For both operators, we have that u = v’
and v = o;v’, and o;w € wow.

Now, consider
Seq(L) = (le LQ) = ((ulvp/l) T (H’kup;cl)» (Vla q;) to (VkQ?q;sjg))'

It follows from py,, g, # 0 that k1, k2 > 1. In particular, we have p;, ,q;, # 0,
since (fik,,P),) and (Vk,,q,) are members of Follow sets. In order to apply
the induction hypothesis to the sequences of locations pf, ... ,pﬁcl and letters
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[, - fbi, (@nalogously for ¢f, ... ,qfw and letters v4, ..., v, ), we have to show
that conditions (1) and (2) hold.

Condition (1) is true, since by construction (u,p;) € Follow(aq,p;—1) for
2 <1 < k. Condition (2) follows directly from the definition of Lastg(a; o as)
for o € {*|Ir, ?[|r }, i-e., definition of Loc, and the fact that pj , g, # 0.

Now, we can apply the induction hypothesis and conclude that tr(L;) =
p1 e ik, € L(aq) and tr(Lg) = vy -+ g, € L(a2), and consequently g - - - g, ©
V1 Vg, C L(a1 0 ag). It follows from the definition of seq that o1 -0, =
tr(L) € tr(L1) otr(La). Thus, 01 -0, € L(ag 0 ag).

Next, we consider the case @ = a; "||r @a. The proof is similar to the proof
for the two other operators, but superscripts in pairs of locations have to be
taken into account. In fact, each location r; is now of the form (piAi, qZA’) with
A;,A; CT, for 1 < ¢ < n. Note that r,, = (pﬁ”,ow) implies that ¢ € L(ag)
(analogously r, = (0%, ¢2) implies that ¢ € L(a1)). Then, the sequences
of locations pi,...,p, and of letters oq,...,0, satisfy the conditions in this
lemma for «y. Thus, by induction oy ---0, € L(a). On the other hand,
o1 -0p € 01 "'UnW”FE - ﬁ(CYlWHI‘aQ).

Considering the sequence L = (01,71)-(02,72) - - (0, 7 ) with p2n, gAn £ 00
in 7, = (pi~,q’) we define seq(L). For L = ¢ let seq(L) = (e,e). For
L # ¢ the pair seq(L) = (L1, L) is defined below. The function tr is defined as
above. Again, in each step of the computation it is ensured that for v’ = tr(L}),
v =tr(Ly), u = tr(L1), v = tr(L2), and w = tr(L'), if w € u'[[(p a,,a,)0" then
the following holds. If i > 2, then o; - w € u||(r,a,_,,A,_,)v, and if i = 1, then
o1-w € ulrppv=u"|rv. Since € € €|(r,a,a)¢, for any A, A C T, it follows
that for the initial sequence L one has oy --- 0, € u||(p,9,9yv = u"||r v. The pair
of sequences seq(L) = (Ly, Ls), for L # €, is now defined as follows:

1. If L = (oy, (p?,q?))-L’, (04, i) € Follow(a,pi—1), (04,¢;) € Follow(aa, g;—1),
and o; € I', then

seq(L) = ((Uivpi) : Lll? (Uivqi) . L/2)

We have that u = oyu’ and v = 00", Let w € ' ||(p9,0)0". If i > 2, then
oi-w € ullr,a,_, a0 Ifi=1,then w € v ggv also implies that
o1-w € ullrppv=u"|rv.

2. L = (oy, (piA",qlA"'))-L’, (04,pi) € Follow(a,pi—1), 0; € A;, and 0; € A4,
then
seq(L) = ((04,pi) - LY, L)

We have that v = o;u/, v =0, Ay = Aj—1 U{o;}, and A; = A;—1. Let
w € U [r,a,_ u{oir A,V Ifd > 2, then 0 -w € ullra,_, a0 If
i =1, then Ay = {01} and A; = (). Furthermore, w € || {0,},0)?"
implies that oy - w € u |0 9,p9yv = u"||r v.

The case (0;, ;) € Follow(as, gi—1), 0; € A;, and o; ¢ A; is analogous.
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3. If L = (04, (pf",q™)) - L', (04, p;) € Follow(ar,pi—1), o3 T, A = Ay
and qlA = q;\_ﬁl (i.e., A; = A;_1) then

seq(L) = ((o4,pi) - L, L),

We have that v = o;u’ and v = v'. Let w € o' ||(r,a,0,)v". If i > 2,
then o; - w € u||(r,a,a,)v- If i =1, then A} = Ay = (. Furthermore,
w € ' ||(r,p,p)v" implies that o1 - w € u | pv = u"||rv. Again, the
case (0;,q;) € Follow(as,qi—1), o; € T, A; = A;—1 and pfi = piA_il‘1 is
analogous.

The rest of the proof for this case is identical to the one for o € {*||r, ?|lr }. O

Proposition 10. For o € RE(||), p € Locy(), and o € ,, one has

9y (d(e,p)) = {d(, q) | (0,9) € Follow(a; p) }.

Proof. 1t is sufficient to show the result for expressions @ = a3 o as with o €
{®llr, 2llr, ¥lIr }. In these cases the proof follows the structure of the one for LU
in [5]. (C) First, suppose that p=0. Let 0 €T and 8 € 9,(d(,0)) = 9y () =
0U(Oé1) o {()[2} U {O[l} o ag(ag). If /B = ,81 o (g with ,81 € 80(041) = 8g(d(04170)),
then by induction there exists ¢ € Loc(ay) such that 51 = d(aq,¢) and (o,q) €
Follow(a1,0) = First(ay). If o € {*|r, ?||r } then (o, (g,0)) € First(ay o a) =
Follow(c, 0). Furthermore, 8 = 51 0 ag = d(ay,q) o as = d(ay,q) o d(az,0) =
d(a, (¢,0)). If o = Y||r, then (o, (¢%,0%) € First(ay; ¥||r a2) = Follow(a, 0).
Furthermore, f = B1"|[rae = d(a1,q)"|[rae = d(a1,9) [lr,0,0d(a2,0) =
d(a, (¢?,0)). The case § = a; o B with By € 9, (a2) is identical.

Now, let 0 € T' and 8 € 0,(d(«,0)) = 9,(«). Consider o € {®||r, ?|Ir }.
Thus 8 = By 0 B2 € 9,(a1) 0 Op(ae) with B; € I,(c;) = 0,(d(a;,0)), for
i = 1,2. Then, by induction there exists ¢; € Loc(a;) such that 8; = d(a;,q;)
and (o,q;) € Follow(a;,0) = First(e;). Thus, (o,(q1,92)) € First(ay o ag) =
Follow(c, 0). Furthermore, 8 = (8 o B2 = d(a1,q1) o d(az,q2) = d(a, (g1, 2))-
When o is ?||r, one has to consider the additional case corresponding to the
situation above, i.e., 8 = B1?||r az, etc. If o = || then one has,

Oy () = 05 (1) ™[Ir 05 (a2) U O (1) (1 {0y, 12} U {a} ll(r,0,{0}) 00 (a2).

If 8 = B1Y|rpPe with 8; € 0y(a;) for i = 1,2, then it follows by induction
that there are positions ¢; € Loc(w;) such that ; = d(«a;,¢;) and (0,¢;) €
Follow(a;,0) = First(a;). Hence, (o, (q?, %)) € First(ay ™||r az) = Follow(a, 0).
If 8 = B1|l(r {01,002 With 31 € 0, (1), then it follows by induction that there is
a positions ¢; € Loc(ay) such that 51 = d(«1,q1) and (o, ¢1) € Follow(ay,0) =
First(cp). Hence, (o, (qu},Ow)) € First(a1 ¥||r a2) = Follow(a, 0). The remain-
ing case is analogous.
Let p = (p1,p2), o € {*[r, ?[r }, and

B € 05 (d(a1 0 az, (p1,p2))) = 95 (d(, p1) o d(z, p2)).
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If 0 ¢ T, then
95 (d(a1,p1)od(az, p2)) = Oy (d(a1, p1))o{d(az, p2) }U{d(a1, p1)} 005 (d(a2, p2)).

Ifﬁ € 8o(d(0417pl>)o{d<042»p2)}7 then B = 510d(0427p2) with /81 € a0’<d(0417p1))'
By induction, there exists ¢ € Loc(ay) such that 81 = d(ay,¢1) and (o,q1) €
Follow(ay, p1). We have (g1, p2) € Loc(a; o as),

B =d(ai,q)od(az,p2) = d(e, (¢1,p2)),

and (o, (q1,p2)) € Follow(a, (p1,p2)). The remaining case is analogous.

If o € T and 8 € O,(d(a1,p1)) © Os(d(a,p2)) then = B; o By, with
Bi € 05(d(cv, p;)) for i = 1,2. By induction, there exist ¢; € Loc(c;) such that
Bi = d(a, ¢;), and (o, q;) € Follow(a, p;). We have that (g1, ¢2) € Loc(ag o as),

B =d(a1,q1) od(az,q2) = d(a, (q1,92)),

and (o, (q1,q2)) € Follow(a, (p1,p2))-
For o = 2| we have the additional case

B € 05(d(a1,p1)) *[Ir {d(az, p2)} U{d(a1,p1)} *|Ir 05 (d(2, p2)),
which is analogous to the case where o ¢ I
Now, let p = (p2,pb), o = “||r, and
B € 95 (d(ar™||r az, (T, 92))) = o (d(a1,p1) | r,a,0)d (02, p2)).

If o €T, then

Oy (d(a1,p1) [l(r,a,n)d(a2,p2)) = Os(d(a1,p1)) l0,a,a){d(a2,p2)}
U {d(a1,p1)} lr,a,4)00 (d(az, p2)).

Consider 8 = B ||(r,a,a)d(az2, p2) with 81 € 9,(d(a1,p1)). By induction, there
exists ¢1 € Loc(ay) such that 81 = d(@i1,q1) and (0,q1) € Follow(ay,p1). We
have (qlAapé\) € LOC((leWHF 052)3

B =d(e1,q1) ||r,a,n)d(az,p2) = (a1 ¥||r az, (g1, 13)),

and (o, (¢, p3)) € Follow(a, (p2,p2)). The remaining case is analogous.

If o € I and B € 9,(d(a1,p1)) [[(r,0,0)05(d(a2,p2)), then 3 = B ||(r,0,0)52
with 8; € 0,(d(ay,p;)), for i = 1,2. By induction, there exist ¢; € Loc(a;),
such that 8; = d(ay,q;) and (0,¢;) € Follow(a;,p;). We have that (¢%,4¢%) €
LOC(Oél WHF 042),

B =d(a1,q1) [[(r,0,0d(2, q2) = d(a1™||r az, (), d2)).
and (07 (q?,qg)) € FO||OW(0[, (plAapé\))'

If o € I' o g A7 and ﬂ € ao‘(d(alapl)) ||(F,AU{O’}7A)d(a27p2)7 then /B =
Bill(r,aufey,a)d(az, p2) with 31 € Os(d(ai,p1)). By induction, there exists
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q1 € Loc(aq), such that 81 = d(a1,q1), and (0,q1) € Follow(ay, p1). We have
that (qlAU{U},pé\) € Loc(ay V|| a2), and (o, (qlAU{U},pé\)) € Follow(a, (p5, pd)).
The remaining case, o € Lo ¢ Aa and B € d(alapl) ||(F,A,AU{U})aU(d(a2ap2))a
is analogous.

(D) Let o € {®||r, ?|Ir }. Consider an expression of the form o = a; o ag,
and suppose that there exists ¢ = (q1,¢2) € Loc(a; o az) such that (o,q) €
Follow(c; o aia, p). Let

B =d(a10az,(q1,q2)) = d(a1,q1) od(az, g2) = B1 © Ba.

If p = 0, then Follow(e,0) = First(a). Thus, either both (o,¢;) € First(a;)
for i = 1,2 and o0 € I, or one of ¢; or g2 is 0. We just consider the former
case. It follows by induction that d(a,q;) € 0,(d(a;,0)) = Oy(a;). Thus,
B € Os(1) 0 Os(2) = 0o ().

Now, suppose that p = (p1,p2) € Loc(ayoas), i.e., p; € Loco(w;) for i =1,2.
First, let 0 ¢ T' and ¢1 = p1, (0,92) € Follow(aa,p2) (the case ga = po is
identical). By induction, B2 € 9,(d(ae, p2)). Thus,

B =d(a1,p1) o B2 € {d(a1,p1)} 0 O (d(az, p2))
C 95 (d(a1,p1) od(az,p2)) = 95 (d(a1 0 az,p)).
Now, let o € T and (o,¢;) € Follow(a,p;), for ¢ = 1,2. By induction, §; €
0, (d(a, p;)) and thus,
B = pBio B2 € ds(d(ar,p1)) o Oy (d(2, p2))
C Jy(d(a1,p1) o d(az,p2)) = 05 (d(a1 o ag, p)).
For the operator o = 2?||r we also need to consider the case ¢ = (p1,¢2) and
(0,q2) € Follow(aa, p2) (as well as the case ¢ = (q1,p2)). In these cases the proof
is identical to the one above for o and o € I.

Finally, let o« = a1 ¥||r cre. First, we consider p = 0 and (o, q) € Follow(c, 0) =
First(a). If 0 ¢ T and ¢ = (¢, 0%), with (0, q1) € First(a;) = Follow(a,0), then
it follows by induction that d(ay,¢1) € 9s(d(a1,0)) = 0y (ay). Thus,

d(ar | az, (g7, 0%) = d(a1, a1) l|(r.0.0)d(a2,0) = d(a1, q1) [I(r,0,0)02
€ 05 (a1) [(r,0,0 {2} € 0o ().
The remaining case is analogous. If ¢ € T" and ¢ = (q?,qg), with (o,q;) €
First(c;) = Follow(a;, 0) for i = 1,2, then by induction d(a, ¢;) € 9o (d(c;,0)) =
Os (). Thus,
d(o1 ||r a2, (¢}, ¢9)) = d(a1,q1) [lr.0,0)d(02, 42)
€ 9y () [|(r,0,0)00 (2) C 9o () = D5 (d(cx, 0)).

If o e and ¢ = (qfa},O@), with (o, q1) € First(a;) = Follow(a,0), then by
induction d(a1, ¢1) € 05(d(a1,0)) = 9y(aq). Thus,

d(ar™||r as, (¢171,0%) = d(ar, @) [|(r.{o1.0)d (a2, 0)
€ 0o (1) [[(r {01,012} C 0o () = 05 (d(a,0)).

28



The remaining case is analogous.
Now, consider p = (pf,py) and (o,q) € Follow(a,p). If 0 ¢ T, ¢ = (¢, p3)
and (o, q1) € Follow(aq,p1), then by induction d(ay,q1) € 9,(d(aq,p1)). Thus,

d(or™|[r oz, (af, p3)) = d(ar, 1) llr,a,a)d(2, p2)
€ 0y (d(a1,p1)) l(r,a,0)d(a2, p2) €

8U(d(alap1) ||(F,A,A)d(a2ap2)) = (d(aa (plAap/Q\))

The remaining case is analogous. If o € T and ¢ = (¢¥,¢9), with (0,¢;) €
Follow(c;, p;) then by induction d(«;, ¢;) € Js(d(a,p;)), for ¢ = 1,2. Thus,
d(on [|r a2, (41, 63)) = (a1, @1) l|r0.0)d(2, g2)

€ 9o (d(1,p1)) [l(r,0,0)00 (d(@2, p2)) C 9o (d(cx, (pT,15)))-

Ifcel and ¢ = (qu{"},pQ), with (0, q1) € Follow(ay,p1) and o € A, then by

induction d(ov, ¢1) € O (d(a1,p1)). Thus,

d(ar™|[r az, (¢ p3)) = d(au, 1) |0, au{oy,0)d(a2, p2)

€ 8a(d(0¢1,p1)) ||(F,AU{O’},A){Q2} - ao(d(aa (plAapé\)))

The remaining case is analogous.
O
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