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Abstract: The aim of the paper is to concoct a novel algorithm for the metamorphbpirallel regular expressions $efree non-
deterministic finite automata. For a given parallel regular expressienm be the number of symbols that occurriand letC denote

the number of concatenation operators.im the worst case "1 states are required for the construction of the non-deterministic finite
automaton using the novel algorithm. In the earlier existing approacleesuthber of states of the non-deterministic finite automaton
in the worst case is equal t/2—3C.
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1 Introduction reaffirmed that shuffle decomposition is not unique over
the finite sets. Geladet al. [19] calibrate theREswith
Regular expressionrRE9 play a prominent role in shuffle operator and numerical constraints. They depict
numerous applications, such as finite state based testinghe overview of complexity for the decision problems of
XML schema languages, compiler designs, patterrXML schema languages nameRelax NG DTDs and
matching and as a programming tool for various scriptingXSDs Hovland B] worked on the unordered
languages, such &erl and PHP [2,4,10,15]. REsused concatenation and proposed a membership algorithm for
in these applications include union, Kleene closure andhe REs with unordered concatenation and numerical
concatenation operators. Parallel regular expresBRE(  constraints. In unordered concatenation, languages can be
consists of Kleene closure(*), union(+), concatenatjon(. concatenated in  any  order. For  example
and shuffle(&) operators3]. &(abcde) = {abcdedeabg where & denotes the
In one form or another, shuffle operators emerge inunordered concatenation. Standard Generalized Markup
multifarious forms of Computer Science, namely Language $GML) [5] permits unordered concatenation.
multipoint communicationsi1], XML schema language Unordered concatenation is a confined form of shuffle.
Relax NG[8], process algebré], and the concurrency of Estradeet al.[4] calibrate the metamorphosis BRES
processes3 4,14]. The metamorphosis d?PREsto REs  to DFAs using parallel finite automataPFAY and
or deterministic finite automataDFAS) render a way of  non-deterministic finite automat&NFAS as intermediate
studying the serialization of concurrency],[as well as  stepsPREsto PFAsmetamorphosis can be accomplished
the metamorphosis oRelax NGto the XML schema  py using the modified Thomps@nconstructionPFAsto
definition [8]. PREs bestow a concise way to depict NFAs metamorphosis require the effacement of
concurrent and parallel processes. A —transitions and enumeration of all possible states
explicitly [3]. A —transitions represent the joining of two
languages using a shuffle operator. THeAT tool kit [7]
1.1 Related Work is designed for the metamorphosisRREsto DFAs using
the intermediate steps BfFA andNFA
Gelade 18] reasserted that the double exponential size is In the direct conversion method,P], REs can be
required for the metamorphosis BREsto REs Biegler  converted intdFAs. GivenRE rover an alphabeX with
et al. [6] worked on the shuffle decomposition and length n. Let m depicts the number of instances of
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symbols fromX in r. Table 1 narrates the output and 2. L(¢)«+ {e}
number of states generated by Thompsaronstruction, 3. Forae Z,L(a) « {a}
Glushkov automata 1] and the direct conversion 4. L(rirz) < L(r1)L(rz)
method. Clearly the direct conversion method is 5. L(r*) <« U=5{(L%)}
preferential in terms of the number of states and outputs 6. L(riUrz) < L(r1)UL(r2)

generated to the Thomps’snconstruction and Glushkov Definition 2.2: DFA [10] is a quintuple
automata. There is scope for producing svelte finiteM:(Q,Z7q0’57|:),where

automata using the direct conversion meth@pfpr the

metamorphosis dPREsto NFAs 1. Qisthe set of states.
2. X is an alphabet.
3. Qo € Qis the starting state.
, 4. Transition functiong) is a partial function mapping
Table 1: Comparison between direct conversion, Thompson Qx 2= Q.
construction and Glushkov automata 5. SetF C Qis the set of final states.
Direct Thompsons Glushkov o ) )
Conversion [2] | Construction[12] | Automata[17] Definition 2.3: NFA [10] is a quintuple
DFA e-NFA NFA M = (Q,Z,qo,d,F), where
< < = .
Q< m+1 [Qf < 2n Q[=m+1 1. Qisthe set of states.
2. 2 is an alphabet.
; 3. o € Qis the starting state.
Impendence of shuffle operators iREs offers 4. Transition functiong) is a partial function mapping

umpteenth benefits in the area of process algebra, the s 0
concurrency of processes, multipoint communications 5 g;: C_> . .th t of final stat
and XML schema language. Impetus for this research ~* et C Qis the set of final states.

stems from the applications BfEswith shuffle operators. Definition 2.4: Shuffle operator is denoted by &.

In this paper, the authors propose a novel algorithm forghyffiing [13] can be formally defined as follows:
the metamorphosis ¢?REsto ¢-free NFAswithout using

any intermediate steps. This algorithm is an extension of 1. Forac2,a&e= E&f‘: a
the direct conversion dREsto DFAs 2. ForabeZ, xyex
The contents of the paper are organized as follows. In ax&by = a(x&by) Ub(ax&y)

Section 2, we render some preliminary concepts. In Example 2.1: Considerw; = abc andws, = Xy, then

Section 3, we present an algorithm for metamorphose ofy, & w, = {abcxyxyabgaxbcy axybgaxbycabxyc
PREsto DFAs Section 4 is devoted to the numerical xabcy xaybc xabyc abxcy}

example followed by section 5 consists of results and

discussion. In the last section, concluding remarks are Definition 2.5: If L; andL, are two languages, then

given. L1&L; is a set consisting of the stringssuch that
{w|w=x&y,Ixe L1 ATy € Ly}

2 Preliminaries Definition 2.6: Language. elucidated byPRE rover
an alphabeg can be defined using the following rules:

Let > be a finite non-empty set of symbols called an 1. L(g) < {@)

alphabet. >* [10] is the free monoid generated by ' L(e) « {e}
concatenation onZ, including the empty string. A Forac 5,L(a) « {a}
language is a subset af. A string w=aay...a, is a finite L(rirz) <_’ L(r1)L(r2)
sequence of symbols taken fram having lengthn. The L(r) + k=0 (Lk)}
length of a stringw is denoted by|w|. Empty string L(r1Ury) (k_zcl’_(r YUL(r2)
(denoted bye) does not contain any symbol.The null L(ri&rz) <—L(r11)&L(r2)
language (denoted by ) does not contain any string. A
natural numbepositionis assigned to each occurrence of  Definition 2.7: PFA [16] consists of 7-tuple
symbols from an alphabet and # symbolsrinPosition (5, Q,qo,F,N, 3, y), where

number increases from the left side to the right side of the

NookwhN

i ; 1. X is an alphabet.
RE .Ffosmon of symbok € Z of r can be enlightened by 2. QC 2N isafinite set of states.
positiory(r) . : ;
3. Qo € Qis the starting state.
Definition 2.1: Languagé- elucidated byRE rover an ‘51 ﬁ?tF % '\.lt's the set 0,: fmatl S]Eatecsj.
alphabet® can be defined using the following rules: - VIS atinite non-empty Set of Nodes.
6. O is a state transition function defined by
1. L(p) + {o} Qx (ZUA) =29
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7. yis anode transition function defined by Definition 2.12Nullablg 2] is a function that returns
2% (ZUA)— 2N either true or false valueNullable(r) is inductively

calculated as follows:
Definition 2.8: Syntax tree ofPRE ris a binary tree

in which every node has at most two children and the 1+ Nullabl&(@) < nullable(a) « false

following conditions holds: nullable(e) « true
2. Letr =r; then
1. a€ X #and# appear as a leaf node. nullable(r) « true
2. Operators act as an internal node of the syntax tree. 3. Letr = (rirj)
3. In-order traversal of the syntax tree is equivalent to If ((nullable(ri) =true) A (nullable(rj =true)))
the PRE nullable(r) « true
Definition 2.9:Firstpos(r) 2] is a function that renders El:SIIable(r)  false
a set of positions of the first symbol occurs in the strings 4 | gty — (ri&r;)
defined byPRE r. Firstpos(r) is inductively calculated as If ((nullable(r;) = true) A (nullable(r;) = true))
follows: nullable(r) « true
. . Else
1. firstpoq @) « firstpoge) + {0} nullable(r) « false
2. li(acz)v(a=#) 5. Letr = (ri+rj)
firstpog(a) « positiona) If ((nullable(r;) = true) v (nullable(r;) = true))
3. Letr =(rry) nullable(r) « true
If € ¢ L(r;) then Else
firstpoqr) <« firstpogri) nullable(r) « false
Else
firstpog(r) «— firstpogr;) U firstpog(rj) Definition 2.13:Shuffleflag at a node of the syntax tree
4. Letr =(ri+rj) then is calculated as follows:
firstpo*s(r) « firstpog(ri) U firstpog(rj) 1. shuffldg) < shufflee) « false
o letr=rithen 2. Let((ac2)V(a=#)
firstpogr) « firstpogri) shufflega) « false
6. Letr = (ri&r;) then 3. Let((r&rj)er)

firstpogr) « firstpogr;) U firstpogr;) shuf flgr,&r;) « true

Letr; e r then

Definition 2.1CLastpos(r)2] is a function that renders shuf fler?) « shuf flr)

a set of positions of the last symbol occurs in the strings

?efineq byPRE r. Lastpos(r)is inductively calculated as 5 I#e(ts(kglrjﬁlrej()rgr:)true) v (shuf fldr;) = true)
ollows:
shuf flgri +rj) < true
1. lastpog@) < lastpoge) < {0} Else
2. lf((acx)v(a=#) shufflgri +rj) « false
last poga) «+ position(a) 6. Let(rirjer)
3. Letr =(rjrj) If (shufflgr;) =true)
If (¢ ¢L(rj))then shuf flgrirj) < true
lastpogr) « lastpogr;) Else
Else If ((shufflgr;) =true) A (nullable(r;) =true))
last pogr) « lastpogri) Ulastpogr) shuf flgrirj) < true
4. Letr =(ri+rj) then Else
lastpogr) < lastpogri) Ulastposgr) shufflgrirj) < false

5. Letr =r; then
lastpogr) < lastpogr;)
6. Letr =(ri&rj) then

Example 2.2 Given a particular node with theRE
formed at that node.

lastposr) < lastpogr;) Ulast posr; 1. shufflda) < false
post) posti) Ulastpost) 2. shufflda&b) + true
Definition 2.11:Followpos(i] 2] of a positioni consists 3. shufflga&b)* « true
of a set of positions which can follow the positiom the 4. shuffldab)* « false
RE r. Followposis inductively calculated as follows: 5. shufflda&b)c«+ false
1. If ((e eL(r))A(] €lastposri))) ? 2&3;;52&%?:&;?
followpogj) < followposgj) Ur,er firstpoqri) ’
2. If (i € lastposgrj)) Definition 2.14:Shuffle-first(r)of a PRE r consists of
followpogi) + Ur;r, first posry) set of positions calculated as follows:
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1. shuffle— first(r) <+ {0}
2. It ((ri#ts&rj#s) €r)
shuf fle— first(r) < shuf fle— first(r)u
Min(firstpogri#s)) UMin(firstpogrj#s))

Definition 2.15:Shuffle-last(r)of a PRE r consists of
set of positions calculated as follows:

1. shuffle—last(r) < {0}
2. If ((ri#s&rj#s) €1)
shuf fle—last(r) < shuf fle—last(r)u
Max(last pogri#s)) UMax(lastpogr#s))

Example 2.3 GivenPRE r= ((ab)#s& (cd)#s)#
AugmentedPREwith positionr’ = ((ab)#s& (cd)s)#
shuf fle— first(r) < shuf fle— first(r)u

Min( first pogabis)) UMin( firstpogcd#s)) < {1,4}
shuf fle—last(r) < shuf fle—last(r)u

Max(last pogabts)) UMax(last pogcd#s)) + {3,6}

Followpos of # are taken as 0. Now the question
arises: which one is the next symbol to be processed, after

reading each symbol afi andr; involved in shuffling?

Immediate-follow will give the positions to be followed

after a pair of #involved in the shuffling.

Definition 2.16Immediate-follow(p) of a set of
positionsp labeled by #is calculated as follows:

1. Let((ri#&rj#s)reer)
If (eeri)A(eery))
IF < position(ri#s) U positiony(r j#s)
immediate- follow(IF ) «+— immediate- follow(IF)
U firstpogri#s) U position (rj#s) U first pogry)
2. Let((rifts&rj#ts)ricer)
If (eerjfs)N(e¢Ti))
IF < positiony(ri#s) U positiony(r j#s)
immediate- follow(IF ) +— immediate- follow(IF)
U firstpog(rj#s) U positiony (ri#s) U firstpogr)
3. Let((ri#s&rj#s)rk €r)
IF < positiony(ri#s) U position(r#s)
immediate- follow(IF) «+— immediate- follow(IF)
U firstpogrg)
4. Let((ri#s&rj#s) 1 er)
IF < positiony(ri#s) U position(r j#s)
immediate- follow(IF) « immediate- follow(IF)
U firstpogri&rj)
immediate- follow(IF ) « immediate- follow(IF)
U firstpogry)

Example 2.4 Given thePRE r« ((ab)#s& (cd)#s)et#
Augmented PRE with their position is
((albz)#sg& (c4d5)#56)e7#8
immediate- follow(3,6) + {7}

Example 2.5 Given thePRE r< ((ab)*#s& (cd)#s)e#
Augmented PRE with their position is
((aghp)*#s3& (Cads)#ss) E7#ts
immediate- follow(3,6) + {1,6,7}

Example 2.6 Given thePRE r« ((ab)#s& (cd)#s)*ett
Augmented PRE with their position is
((a1b2)#s3& (C4ds)#sp) “E7g
immediate- follow(3,6) < {1,4,7}

Example 2.7 Given the PRE
r < ((ab)*#s& (cd)*#s)ett
Augmented PRE with their position is

((albz) “Haa& (C4d5)*#36)e7#8
immediate- follow(3,6) + {1,4,7}

Definition 2.17:Separatoris a functions that returns
either true or false value. Separator at a natdas
inductively calculated as follows:

1. separatof@) < separatofe) < separatofa) <
separatof#) < false
2. Let(ri+rj)er
If((shuf flgr;) =true) v (shuf flgrj) =true))
separato(r; +rj) < true
Else
separato(r; +r;j) < false
3. Let(r) er
separato(r;) <— separato(r;)
4. Let(ri&rj)er
If((shuf flgr;) =true) v (shuf flgrj) =true))
separatofri&rj) < true
Else
separato(r;&rj) < false
5. Let(rirj)er
If((shuf flgr;) =true) A (shuf flgrj) =true))
If (nullable(rj) =true)
separatofrirj) < true
Else
separato(rirj) < false

Definition 2.18Separator-first(r) of a PRE r is
calculated as follows:

1. Separator first(r) «+ 0
2. Let(rifrj) er
If((shuf flgr;) =true) v (shuf flgrj) =true))
Separator first(r) « Separator first(r)u
Min( firstpog(r;)) UMin(firstpogr;))
3. Let(rirj) er
If ((shufflgr;) =true) A (shuf flgrj) = true)A
(nullablerj) =true))
Separator- first(r) <— Separator first(r)u
Min( firstpog(r;)) UMin(firstpogr;))

Definition 2.19Separator-last(r) of a PRE r is
calculated as follows:

1. Separatorlast(r) + 0
2. Let(rifrj) er
If((shuf flgr;) =true) v (shuf flgrj) =true))
Separator- last(r) «+ Separator last(r)u
Max(lastpogri)) UMax(lastpogrj))
3. Let(rirj) er
If((shuf flgr;) =true) A (shuf flgrj) = true)A
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(nullable(rj) =true)) post-order, different values are computed using the
Separator-last(r) «+ Separatorlast(r)u definitions 2.8 to 2.18.
Max(lastpogri)) UMax(lastpogr)) Notation used in the algorithm : Current node of the

. post-order traversal is representedrbylhe left and right
Example 2.8 Given the augmented PRE  cniqren are depicted by and R respectively. At any
r = ((au#2)& (ba#s1))|((Csts)& (dr#ss) ) at @ noden. instant of time, lesf indicates the number of elements in
separato(n) < true the separator-first. Based on the values of separator-first
separator— first(r) < {1,5} and separator-last, immediately-follow is determined in
separator—last(r) < {4,8} step 5 and 6 of the procedure Folldalc. In step 4 and 5
. of the procedure shuffle-traverse, for avoiding duplicate
Example 2.9 Given the = augmented PRE  opiries in the shuffle-first, care should be taken so that the
r = ((au#h2)& (ba#s1)).((Csts)& (dr#ss) ) at @ noden. left and right branch of the syntax tree, which was already
separato(n) < true traversed, does not contain a shuffle operdttin and
separator— first(r) < {1,5} Max represent the minimum and maximum value from a
separator-last(r) < {4,8} set. The complete procedure is explained with the help of
example 3.2symbol(i)depicts the symbol at" position.
. IF depicts the positions of a pair of.#
3 Proposed Algorithm Example 3.2 On applying Follow_Calc(r') to the

. . Example 3.1
In the direct conversionl| 2] of REto DFA, a syntax tree Using algorithm 2, following values are determined

is constructed conforming to the augmentH r# such ; .
) uring traversal of the syntax tree:
that all operators act as the internal nodes and symbols a& 9 4

as the leaf node of the syntax tree. Positions are assigned

to the symbols of th&®E increasing from left to right. The

leftmost symbol of is assigned the position orféirstpos 13,57 o5
lastposand nullable are defined for all the nodes of the s /'
syntax treeFollowposis computed for the leaf node of the & 688
syntax tree. Using§jrstpos lastpos nullableandfollowpos b /6 \ Lo
an equivalenDFA is generated. b /)\ ' \

In this section, the authors propose the algorithm /\ A /x .
(MPRENFA for the metamorphosis dfREto NFA. This L3 PR, d Tk

conversion is evolved on the followpos of symbols of the
PRE The detail of theIPRENFAalgorithm is as follows: N: nullable is true

1. Augmented PRE: Add # at the end of PRE. If b BhS S: shuffle is true
(ri&rj) € r enclose #afterr; andr;. Assign position to / \ B
the symbols of the augment&REfrom left to right. e 4

2. Calculation of Followpos, Shuffle-first, /\ /\
Shuffle-last and Immediate-follow: Syntax tree is L 2w A
constructed for the augment®dRE L andR enlighten the
left and the right child of a node during traversal of the _. )
syntax tree. Firstpos, lastpos, nullable and followpos of '9: 1° Syntax ftree for the augmentecPRE r =
the nodes are determined using definitions 2.9 to 2.1é(a#s&b#5) Cfs) & it
with meagre modification. These variations occur due to

the shuffle operators. Shuffle, shuffle-first, shuffle-last, immediate- follow(2,4) < {1,3,5}
separator-first, ~ separator-last, ~ separator  and immediate- follow(6,8) « {9}
immediate-follow are determined using the definitions shuf fle— first<_{1’73}
2.13t102.19. S _ shuf fle—last « {2 4}
3. NFA Creation: Using different values determined followpog1) « {2} , followpog3) + {4}
in step 2,e-NFAis generated. followpog5) « {6} , followpog7) « {8}
Shuffle  operator  is  associative.  Given  ysing different values determined from algorithm
PRE 1= ri&ry&rs is converted into(r1&rz)&rs or  pFoljow_Calc, we can converPREinto e—free NFA. The
r1&(ra&rs) befo.re applying the algontr:m. novel algorithm for the construction ®MFA is given in
Example 3.1 GivenPRE r= ((a&b)*c)&d algorithm 5. Consider the states Q consists of positions

Using step 1 and step 2 of the algorittviPRENFA from the sub-expression andr; such that(ri&rj) e .

Augmented PRE = ((a#o&bati) “Cstes) & dr#sto  Consider the situation, where we have to take the symbol

A syntax tree as shown in Fig. 1 is constructed for thea on q from r; then epos depicts the positions i
augmented®RE r’.During traversal of the syntax tree in pertaining torj. Epos will not include the position ofs#
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Lposdepicts the position on which we have recently read
the symbola. q € Q depicts the current states on which
symbol are read. Consider there ameentries in the
shuffle-first and shuffle-last. Consider there arentries

in the separator-first and separator-last. The step by step
procedure of the algorithm is illustrated in section 4 by a
numerical example.

Input: PREr
Output: e—freeNFA M such that. (M)=L(r)
initialization;
1. for 3((ri&rj) er) do
> Augmented®RE
I < rit#s
rj < rij#s
end
2. 1 r#
3. Assign position to the symbols of the augmerR&E
4. Follow,CaIc(r') > Call to procedure FollowCalc
5. Create-NFA() > Call to procedure Create-NFA

Algorithm 1: MPRENFAT,NFA)

4 Numerical Example

In this section, the complete procedure for the conversion
of PREto NFA s described with the help of an example.

Example 4.1:Given thePRE r= (a&b)*(c&d)*

1,3,579

9N
')\
. / .
.

24.68SN

T

1 AN
| N

7 2 s 3 SN 6
/\2 /:\4/\6
3 5
1 4 2 # LI 6 # 7 d T 8 #

3 4
N denotes the nullable is true and S denotes the shuffle is true.
Blue color values denote the firstpos of a node.
Green color values denote the lastpos of a node.

Fig. 2: Syntax tree for the augmentedPRE
(atts& bits)* (cHs& d#ts)* using the proposed approach

r =

Fig. 2 delineates the syntax tree corresponding.to
followpog1) < {2}, followpog3) + {4}

Input: An Augmented PRE r
Output: Followposshuf fle— first,
shuf fle—last,immediate- follow,
separator— first, separator— last
initialization;
1. Construct a syntax tree for
2. Repeat step 3 to 7 for each node n during the post-order
traversal of the syntax tree > Leaf Node
3.if ((n=a)A(ac X)) V((n=#)V(n=4%#))) then
firstpogn) < lastpogn) < position(n)
nullable(n) < shuf flgn) < false
separatofn) « false
end
> Union operator
4. if n=+then
firstpogn) < firstpogL) U firstpogR)
lastpogn) < lastpogL) UlastpogR)
if ((nullable(L) = false) A (nullablg(R) = false)) then
| nullable(n) + false

else
| nullable(n) « true
end
if ((shuf flgL) =true)V (shuf fl€R) =true)) then
shuf flgn) «<— separatofn) < true
separator— first < separator— firstu
Min(firstpogL)) UMin(firstpogR))
separator— last « separator— lastJ
Max(firstpogL)) UMax( firstpogR))
else
shuf flgn) « false
separatofn) « false

end
end
> Concatenation operator, call to Algorithm 3
5. if n=.then
| Concatenation-traverse();
end
) > Kleene closure

6. if n=xthen

firstpogn) « firstpogL)
lastpogn) < lastpogL )
nullable(n) «+ true
separatofn) < separatofL)
shuf flgn) < shuf flgL)

IF <0
for | € lastpogn) do
if (symboli) # #s) then
followpogi) + followpogi)u
firstpogn)
else
\ IF « IF Ui
end
end
if (IF # 0) then
if separatofn) = truethen
> Assume sf elements in separator-first
for (i« 1;i <sf;i+i+1)do
for (ze IF) do
T<0 I
if separator— first[i] <z<
separator— Iast[lﬂ then
T+ Tuz

e‘nd

immediate- follow(IF) «
firstpogL)U
immediate- follow(IF)

end

end

else

immediate- follow(IF) +
immediate- follow(IF)U
firstpogL)

end

end
end
> Shuffle operator, call to Algorithm 4
7. if n=& then
| Shuffle-traverse();
end

Algorithm 2: Procedure FoIIowCaIc(r')
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Input: An Augmented PRE r
Output: Followposshuf fle— first,
shuf fle—last,immediate- follow,
separator— first,separator— last
at Concatenation operator
initialization;
1. firstpogn) < firstpogL)
lastpogn) <« lastpogR)
2. if nullablg(L) = truethen
| firstpogn) « firstpogn) U firstpogR)
end
3. if nullablg(R) = truethen
| lastpogn) < lastpogn) UlastpogL )
end
4. if (nullable(L) =true) A ((nullableg(R) =true) vV (R= %))

then
| nullable(n) « true
else
| nullable(n) < false
end
5. if (shuf fl§R) =true) then
| shuf flgn) < true
else
if ((shufflgL) =true) A ((R=4%#s)V
(nullable(R) =true))) then
\ shuf flgn) < true
else
| shuf flgn) < false
end
end
6. if ((shufflgL) =true) A (shuf fl§R) =true)) then
if nullable(R) = truethen
separatofn) < true
separator— first < separator— firstu
Min(firstpogL)) UMin(firstpogR))
separator— last + separator— lastu
Max(lastpogL)) UMax(lastpogR))

end
else
| separatofn) < false
end
> |IF consists of positions ofg#
7.1IF +0
for i € lastpogL) do
if (symboli) # #s) then
followpogi) < followpogi) U firstpogR)

else )
\ IF « IF Ui
end
end
8. if IF # 0then

> Assume sf elements in separator-first
if separatofn) = truethen
for (i=1;i=sf;i=i+1)do
for ze IF do
. <_ . .
if separator— first[i] <z<
separator— last[i] then
T+ Tuz
end
end
immediate- follow(T) < firstpogR)U
immediate- follow(T)

end

else

immediate- follow(IF) < UfirstpogR)
immediate- follow(IF)

end
end

Algorithm 3: Procedure Concatenation-traverse

Input: An Augmented PRE r

Output: Followposshuf fle— first,
shuf fle—last,immediate- follow,
separator— first,separator— last
at Shuf fle operator

initialization;

1. firstpogn) < firstpogL)U firstpogR)
lastpogn) < lastpogL) UlastpogR)
shuf flgn) « true

2. if (nullablg(L) =true) A (nullable(R) = true) then

| nullable(n) < true

else
\ nullable(n) «+— false
end
3. flag+ false
> For avoiding duplicate shuffle-first entry
if (shuffldL) = false) then
> Assume m shuffle-first entry
for (z=1;,z<m;z=2z+1) do
if (Min(firstpogL)) < shuf fle— first[z] <
Max(lastpogL))) then
‘ flag < true
break
end
end
if (flag # true) then
shuf fle-first < shuf fle— firstUMin(firstpogL))
‘ shuf fle—last < shuf fle— lastuMax(lastpogL ))
end
end

4.flag+ false

> For avoiding duplicate shuffle-first entry
if (shufflgR) = false) then
> Assume m shuffle-first entry
for (z=1,z<m;z=2z+1) do
if (Min(firstpogR)) < shuffle— first[z <
Max(lastpogR))) then

‘ flag < true

d break

en
nd
(flag # true) then
shuf fle— first <— shuf fle— firstu
Min(firstpogR))
shuf fle—last +— shuf fle—lastuMax(last pogR))

= @

end
end
5if (se paratoEL; =true) V (separatofR) = true) then
| separatogn) «+ true
end

6IF <0
if (i € lastpogn)) then
if (symboli) = #s) then
| IF «IF Ui
end

> determine immediate-follow

end
if (IF #0) then
immediate- follow(IF) < 0
if (nullable(L) =true) then
immediate- follow(IF) « firstpogL)U
immediate- follow(IF)
if (nullable(R) = false) then
immediate- follow(IF) « firstpogR)U
‘ immediate- follow(IF)
end
nd
(nullable(R) = true) then
immediate- follow(IF) «+ firstpogR)U
immediate- follow(IF)
if (nullable(L) = false) then
immediate- follow(IF) « firstpogL)U
‘ immediate- follow(IF)

= @

end

end
end

Algorithm 4: Procedure Shuffle-traverse

© 2014 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

102 N 5SS ¥

A. Kumar , A. K. Verma: A Novel Algorithm for the Conversion of Paralle

Input: AugmentedPRENd different values calculated
usingFollow_Calc(r)
Output: An equivalentNFA corresponding t®RE
1. Starting state < first pogroot)
Q < {qo} and makegyp as unmarked state.
2. for 3(unmarked ¢ Q) do
Choose an unmarked state g and mark it.
3. for Ja€ X do

4. fori=1toi=ndo
epos«+— |pos«— gtrans<« 0
for 3j € gdo
if shuf fle— first[i] < j <
shuf fle—last[i] then
if symbo(j) =athen
gtrans<— gtransJ
followpogj)
Ipos+ j
else
if symbolj) # #then
| epos+ eposj
end
end

else

end
end

if gtrans= 0 then
goto4

end
for j=1to j=mdo
if (separator— first[j] <Ipos<
separator—last[j] then
| break
end
end
for dpose eposdo
if (separator— first[j] > pogVv
(separator—last[j] < pos) then
\ epos= epos— pos
end

end
gtrans« gtransuepos
IF+0
for 3pose gtransdo

if (symbo(pos = #s) then

| IF < IF Upos

end
nd
if (immediate- follow(IF) = 0) then
gtrans«— gtrans—IFU
immediate- follow(IF)
trans|g,a] = gtrans
Q<+ Quqtrans

= D

end
end

end

end
5. Final state:

F = {Vqs|lastpogroot) C gs AQs € Nstates
Algorithm 5: Procedure Create-NFA

> for each value of shuffle-first and shuffle-last

followpog5) < {6}, followpog7) < {8}
shuf fle— first(r) «+ {1,3,5,7}
shuffle—last(r) «+ {2,4,6,8}
immediate- follow(2,4) < {1,3,5,7,9}
immediate- follow(6,8) «+ {5,7,9}
separator— first < {1,5}
separator— last < {4,8}
NFA creation:
Qo < firstpogroot) < {1,3,5,7,9}
Reading of symbols oy
Symbola
i1
gtrans«+ followpog1) + {2}
epos« {3,5,7}
Usingseparator— first < {1,5}
separator—last < {4,8},epos«+ {3}
gtrans<— followpog1) Uepos« {2,3}
trans(qp,a) < {2,3} < q1
i« 2i+3i+ 4
gtrans<« 0
Symbol b
i1
gtrans<— 0
i+ 2
gtrans« followpog3) < {4},epos— {1,5,7}
Usingseparator— first < {1,5},
separator—last + {4,8},epos«+ {1}
gtrans<« followpog3) Uepos« {1,4}
trans(qo,b) < {1,4} <+ q2
i< 3i+4
gtrans< 0
Symbolc
i« 1i+2
gtrans<— 0
i+ 3
gtrans« followpog5) < {6},epos— {1,3,7}
Usingseparator— first < {1,5},
separator—last + {4,8},epos— {7}
gtrans<— followpog5) Uepos« {6,7}
trans(qop,c) « {6,7} + 03
i« 4
gtrans<— 0
Symbold
i< 1i+2i+3
gtrans<«— 0
i+ 4
gtrans« followpog7) < {8},epos— {1,3,5}
Usingseparator— first < {1,5},
separator—last + {4,8},epos+ {5}
gtrans<— followpog7) Uepos«+ {5,8}
trans(qp,d) < {5,8} «+ o
Reading of symbols oy,
Symbola
i1
gtrans<« followpog1) « {2},epos«+ {4}
Usingseparator— first <— {1,5},
separator—last + {4,8},epos+ {4}
gtrans<— followpog1) Uepos+ {2,4}
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trans(gp, a) < immediate- follow{2,4} +
{1,3,5,7,9} + qo
i« 2i+3i+<4
gtrans<— 0
Symbolb
i1
gtrans<« 0
i« 2
gtrans« followpos3) + {4},epos+ {2}
Usingseparator— first < {1,5},
separator— last + {4,8},epos«+ {2}
gtrans<— followpog3) Uepos« {2,4}
trang(qi, b) + immediate- follow{2,4} +
{1,3,5,7,9} + qo
Symbolc
i< 1i+2i+3i«4
gtrans< 0
Symbold
i+ 1i+2i+3i«4
gtrans<« 0
On repeating the procedure, we obtain th&A

M({q??,ql,qz,qa,qmqsh{a,b},qo,é,{qO,qs})shown in
Fig. 3.

,,,,,

g

Fig. 3: NFAfor PREr= (a&b)*(c&d)*

5 Results and Discussion

Using Estradeet als methodology 4], PREs rcan be

converted intoPFAs using the modified Thompsa
construction requiring|2| — 3C whereC is the number of

times a concatenation operator appearsrinA PFA
(having 2r| — 3C states) can be converted if¥#-A using
subset construction requiring/?-3¢ states in the worst
case. Fig. 4 delineates tHeFA corresponding toPRE
a&b* using Estrade et al’s methodology. Fig. 5
delineates th®FA corresponding to thPRE &b* using

the proposed algorithm. Table 2 depicts the differences
between the proposed algorithm and Estraeal s
methodology.

€ £ €

1_’2:3}_'4,
S TN
‘ ’ /B
N\ /

5 — 6

a 7/

— (0 —

Fig. 4: PFA forr = a&b* using Estradet al’s methodology

e

Fig. 5: DFA for r = a&b* using the proposed approach

Table 2: Comparison between Estradeal’s methodology and
proposed algorithm

Estrade et al.[4] Proposed Algorithm
&-NFA e-free NFA
PRE— PFA— ¢ —NFA PRE— NFA
27"=%C states 2mtI

Theorem 5.1: Let m denote the total number of
occurrences of symbols iIRRE 1, then the worst case
state complexity of th&lFA generated using the proposed
approach is equal td"2 1,

Proof. A state of theNFA can be constructed from a set
of positions. Maximum 2 states can be constructed using
then positions. The number of leaf nodes in the syntax tree
is equal tom+2s+1 A state except the final state cannot
be constructed by contemplating only the positions of #
The number of positions is equal {m+ 1) by excluding
the positions of # Hence the worst case state complexity
of the NFA constructed fronim+ 1) positions is equal to
2™+ states. O
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6 Conclusions and Future Scope [13] M. H. Ter Beek and J. Kleijn, Infinite unfair shuffles and
associativity, Theoretical Computer Scienc880, 401-410
An algorithm is proposed for the metamorphosifP&ES (2007).

to e-NFAs The worst case state complexity of tNEAis  [14] Nivat M., Behaviours of synchronized systems of processes
equal to 21 which is a significant improvement over the L.I.T.P. Report no. 81-64 University de Paris(1981).
Estradeet al. approach4]. The major benefit of the novel [15]P. D. Stotts and W. Pugh, Parallel finite automata for
algorithm is the production of a sveltdFA Another modeling concurrent software systendsurnals of Systems
major benefit of the novel algorithm is that tRREscan and Softwarg27, 27-431994.

be converted intoe-free NFAs without using any [16] V. K. Garg, Modeling of distributed systems by concurrent
intermediate steps. In future. work can be done on regular expression®&roc. of the2"d International conference
reducing the timepclomplexity O’f the proposed algorithm on formal description techniques for distributed systems and

. . communication protoco)$1989).
A tool can be designed for the conversionRIRE 10 NFA [17] V. M. Glushkov, The abstract theory of automa®ssian

using the proposed algorithm. Mathematical Survey46, 1-53 (1961).

[18] W. Gelade, Succinctness of regular expressions with

interleaving, intersection and counting,Theoretical
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[19] W. Gelade, W. Martens and F. Neven, Optimizing schema
The authors are grateful to the anonymous referee for a languages for XML: numerical constraints and interleaving,
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