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Abstract

We show how to achieve typed and unambiguous declarative pat
tern matching on strings using regular expressions extewith a
simple recording operator.

We give a characterization of ambiguity of regular exp@ssi
that leads to a sound and complete static analysis. Thessaty
capable of pinpointing all ambiguities in terms of the stawe of
the regular expression and report shortest ambiguougystrifve
also show how pattern matching can be integrated into athtic
typed programming languages for deconstructing stringsran
producing typed and structured values.

We validate our approach by giving a full implementationfe t
approach presented in this paper. The resulting teg);exp-rec,
adds typed and unambiguous pattern matching to Java in @ stan
alone and non-intrusive manner. We evaluate the approanol us
several realistic examples.

Categories and Subject DescriptorsD.3.4 [Processork Parsing;
F.4.2 [Grammars and Other Rewriting SystgmBecision Prob-
lems, Parsing

General Terms Languages, Theory

Keywords Regular Expressions, Pattern Matching, Ambiguity,
Disambiguation, Static Analysis, Type Inference, Parsing

1. Introduction

Syntactic analysis is an important and indispensable fartamy
applications that deal with dynamic data. Often, applaraineed

to process data which is supplied at runtime according twoigsly
structured data formats, but encoded as flat strings. Thetste is
only implicitly specified through various conventions amaplic-

itly disambiguated through subtle combinations of spade8m-

iter characters, and sometimes, when we are lucky, balgrared-
theses. Examples range from official standards such as URLs a
the way to “home made” log files.

URLSs, for instance, which have to be analyzed by Browsers and
other Web-sensitive tools, pack lots of information intotans;
e.g., information about a protocol (e.Bttp orhttps), a symbolic
server name or a numeric ip address, an optional port addiess
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optional username-and-password combination, and a qtiéng s
whose arguments are, in turn, further structured as kayevadirs.

The process of analyzing such data is often referred pa#srn
matching (on strings). It is essentially all about deconstructing
implicitly structured strings into logical units of inforation based
on conventions and/or specifications. It is important natdofuse
this with pattern matching of (already) structured valumsahich
there are lots of approaches, tools, and languages (e.§4, [ID
and ML [32]).

There are many choices for specifying and/or programming
such pattern matching; and many tools are available. Heis, i
instructive to introduce the Chomsky Hierachy [8] datingl#o
1956:

‘ ﬁ,’;‘,’;?i:,'g H Type-3 ‘ Type-2 ‘ Type-1 ‘ Type-0
Context- Context- Recursively
Lé?fsusae%e L:ﬁgﬂge S Free Sensitive Enumerable
Languages | Languages Languages
] Regular Context- Context- Turing-
Formalisms Expressions Free Sensitive Complete
Grammars | Grammars | Programming

In this paper we will look at the issue of pattern matching for
regular expressionsnd contrast this to other formalisms and ap-
proaches. We will also look at a popular category which da#s n
fit into the Chomsky Hierarchy; namely that of regular expiess
with capturing groupsand so-callecback-referencesThis is the
pattern matching mechanism found java.util.regex, Perl,
PHP, Python, Ruby, etc. We will ugava.util.regex as a rep-
resentative example from that category, and the Java progieg
language as representative example of Type-0 formalidesw(ill

not look closely at Type-1 as it restricts expressivity,heiit con-
tributing much in terms of safety.)

As we will show, programmingpattern matching operationally
in a Type-0 formalism is an error-prone and not always sirgs&.
We will argue that for pattern matching, Type-0 Turing-Cdet@
or Type-2 Context-Free expressivity is often not requiradd,
that it is possible to trade this excess expressivity fotatatvity,
simplicity, and static safety. Type-3 regular expressiares often
enough and have nice closure and decidability properties.

1.1 Contributions
In this paper, we make the following contributions:
e asyntax-directed characterizatiaf the ambiguity problem for
regular expressions that leads to:

= asound-and-completenalysis of ambiguity capable of pin-
pointing ambiguities in terms of thetructureof the regular
expression and report shortest ambiguous striagd;



= a concept ofocal disambiguatorsn the form of six locally
disambiguated regular expression operators;

e we showhow pattern matching can be integrated into a stat-
ically typed programming language (Java) for deconstngcti
strings and reproducing typed and structured valuesstad-
aloneandnon-intrusiveway;

¢ a validation and evaluation of the effectiveness of pattern
matching on strings using regular expressions on reakstic
amples via a full implementation of everything presented (i
the form of the toolreg-exp-rec).

1.2 Outline

In Section 2, we introduce regular expressions along withma s
ple declarative recording construction for pattern matghin Sec-
tion 3, we show how to statically analyze ambiguity of regue-
pressions and how this analysis leads to disambiguatiectilies.
(Note that ambiguity is atructural problem ofhow a language is
defined, not dinguistic problem ofwhatlanguage is defined,; i.e.,
along the lower row in the above table.) In Section 4, we show h
to perform type inference on regular expressions with iogs
to determine statically the type of all recordings (i.e.jahtstrings
they can match at runtime). Furthermore, we show how this ityp
formation can be reconciled with the static type systemsadem
programming languages (e.g., Java). All this has been imgréed
as a stand-alone toateg-exp-rec, which essentially adds stati-

left i ght
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(a) epsilon (b) char(c)

(©) left(T)

(d) right(7")

(e) concat(l,1%) (f) star(lh,T>,...,Tn)

Figure 1. The six different kinds of ASTs

(asR- Rx); optional regular expressigrR? (ase | R); variousiter-
ationssuch ask{n}, R{n,}, andR{n,m} (where, for instance,
R{2,3} corresponds td - R - R?); and so on.

2.1 Abstract Syntax Trees

cally typed and unambiguous pattern matching to Java in a non Abstract Syntax Trees (ASTs) play a key role in our work, be-

intrusive manner. Section 5 shows several realistic usegi@gles.
Section 6 discusses parsing. Section 7 and 8 contain theagiad
and related work, respectively. Finally, Section 9 conekud

2. Regular Expressions

Given a finite alphabet of symbolg;, we define the syntax of
regular expressionby:

R : 0| e | c¢| RIR | R-R | R+

where() denotes thempty languages is the language containing
only theempty string{e}, ¢ € X is thesingle character language
{c}, R| R is theunionof the two languages involved (akahoics),

R - R is theconcatenatiorof the two languages involved, ari
denotes zero or more self concatenations (ateagtion or Kleene
star) of the languageR. (Syntactically, the infix concatenation
operator, *", is often omitted when writing a regular expression.)
We denote byR the set of all regular expressions.

cause regular expressions are used for structural sulpstaitching
and recording, not just foges/nerecognition (aka., string mem-
bership). The regular expression operators give rise tdifferent
kinds of ASTs (visualized in Figure 1):

T : epsilon | char(c) | left(T) | right(T)
| concat(Th,T2) | star(Th,T>,...,Tn)

Figure 2 inductively defines the set of legal ASTs for a regula
expression; we writd' < R, whenevefT is a legal AST for a regular
expressionk?. We denote byASTr the set of all ASTs forR (i.e.,
ASTr={T|T<R}).

[EPSILON] [CHAR]
ch

epsilon<e ar(c)<c

Ty < Ro
Tight(Tg) AQR1| R

T < Ry
left(T1) <« R1| R

[LEFT] [RIGHT]

The semantics of regular expressions can then be captured by

£ : R — 2% which defines théanguageof a regular expression,
inductively:

L0 = 0

L(e) = {e}

L) = {c}
L(R1IR2) = L(R1)UL(R2)
L(R1-R2) = L(R1)-L(R2)

L(R*¥) = L(R)*

where- is language concatenation aslin - L = { wiwsz | w1 €

Ly, wa € Ls}; and whereL* is the Kleene staroperator on
languages (reflexive transitive closure of self-concatenpas in
L* =J,>, L' whereL® = {e} andL’ = L - L*"*, fori > 0.

We denote byRegss = { L(R)| R € R} the set of allregu-
lar languages (Note that this set is closed under [25]; ewnjon
concatenationiteration, intersection complementrestriction, ho-
momorphismgreversal prefixing suffixing etc.)

With these basic operators it is easy to construct the usual e
tensionsany character*.’ (aka., >, asci lc2 |- - - I ¢jy)); charac-
ter ranges [a-z] (asalblc|--- |z); one-or-more iterationsR+

Ti<R1 T < Rs

C
[Concar] concat(T1,T2) < Ry - Ra

s Th<R To<R ... T,<R -0
TAR
R AT I Y T

Figure 2. Legal ASTs for regular expressions

We will also need dlatteningoperator,|| - || : ASTr — X7,
which given an AST (forR), T', provides its corresponding string,
1T = w:

T

Tl

Ty || T2 |
Ty

{

|| star(T1, Tz, . ..
Not surprisingly, we have that(R) =

T2 [Tl
IT|| | T € AST# }.



2.2 The Recording Construction

We now extend the syntax of regular expressions withcarding
constructionfor structural substring matching (akaapture vari-
ables cf. Section 8):

<x=R>
Here,x is an identifier taken from some finite alphabet of recording

symbols. Semantically, the recording construction dogsaffect
the language recognized; i.e.:

L(<z=R>) = L(R)

However, at runtime, matching producesside-effectin that a
substring matched by the regular expressi®rs recorded the
result of which can subsequently be dereferenced via theifie
x. (We will consider what happens if is used in more than one
recording shortly.) This is reflected in the syntax treeshat they
will record the fact that: is associated with the AST faR:

T<R

R
[Recoro) record(x,T) < <x=R>

Flattening an AST recording node gives the string recorded f
[ record(z,T) || = | T||

The recording construction is similar to tlepturing groups
“(R)", known from Perl orjava.util.regex. However, as we
shall see later, our recording construction is much safdrmanch
more flexible. For instance, a capturing group under a Kletae
will only record the last match. In contrast and as explaitagelr,
our construction will match multiple times and recaitl matches
which will then be available aslest-structure.

As an example, consider the following recording-augmented
regular expression of deliberately simplified email adsiesgwhere
we have underlined the recording identifiers):

<yser = [a-z]+ > "@" <domain = [a-z]+ ("." [a-z]+)*x >

When we match the above regular expression against they strin
“obama@whitehouse.gov’, we get the following recordings:
user = “obama” anddomain = “whitehouse.gov".

Recordings can also haestedwhich gives rise to structured
recordings as the following example shows:

<date =
<day = [0-91{2} > "/
<month = [0-91{2} > "/"
<year = [0-9]1{4} >

>

Matching against the string26/06/1992" will result in the
recordings:date.day = 26, date.month = 06, date.year =
1992, but alsodate = 26/06/1992. The syntax %.y” is just a
naming convention for dereferencing a recordingested within
recordingz. (We elaborate on structural matching in Section 4.)
Finally, a recording can also give rise tauliple valueswhich
will be available adists. This either happens if a regular expression
contains multiple occurrences of the same recordingnd/or if
a recording is used under a star. The following example Hgtua
illustrates both cases; the recordinggme, is used twice (one
of which is under star). The regular expression will coneetly

collect names (separated by ampersands) as a list:
<name = [a-z]+ > (" & " <name = [a-z]+ > )*

When matched against the stringnha & bill & carl”, it will
result in thelist [anna,bill,carl] being recorded under the name,
name . (We elaborate on list matching in Section 4.)

3. Ambiguity

We now defineambiguityof a regular expression:

1 0

@

concat(star(char(a)),star())

0 1

@
(b)

concat(star (), star(char(a)))

Figure 3. Two ASTs for stringa € £(a*ax*)

DEeFINITION 1 (Regular Expression Ambiguity).
A regular expressiomR is ambiguousff 37, 7" € ASTr such that
T # T and||T| = ||T"].

For example, the regular expressiana, is ambiguous because it
has two different ASTs for the same strirg,

left(char(a)) #  right(char(a))
[ left(char(a))|| = | right(char(a))||

Also, the regular expressiatxa* is ambiguous, because it has two
different ASTs for the same string, (cf. Figure 3). The regular
expressionsa | aa andaxbax, on the other hand, are unambiguous.

Ambiguity is not a problem forecognition That is, deciding
the membership problem of whether or not a string.s in the
language defined by the regular expressiBnj.e.,w € L(R)).
However, it presents a real problem in the presence of rewsd
when used for matching substrings. For example, when nragchi
the regular expressiorx=a>|a against the stringy, gives rise
to eitherno matchfor x or x=a. Similarly, matching<x=a*>ax*
against the stringa, = can ambigiously record eithera, or aa.

The ambiguity problem isndecidableor Context-Free Gram-
mars [25], butdecidablefor Regular Expressions [3]. There ex-
ists a decision procedure for ambiguity of regular expmssivia
an ambiguity-preserving translation of regular expressio Non-
deterministic Finite Automata (NFAs) [3]. However, singalagu-
ities are reported in terms of NFAs, it is not easy to relatbigm
ities back to the source of the problem in terms of the strectd
an ambiguous regular expression.

3.1 Analysis of Ambiguity

[EMPTY] ”:—0 [EPSILON] H:—E [CHAR] H:—c
=R = Re _
[CHOICE] m [/(Rl) n [/(Rz) =0
R | R _
[CoNcAT] TER R L(R1)M L(R2) =10
[STAR] =R ed L(R) A L(R)M L(R¥) =0

B

Figure 4. Analysis of Ambiguity

Figure 4 presents owyntax-directedanalysis of ambiguity (in-
spired by previous work on context-free grammar ambigudf) [
as a unary relation on regular expressides,C R, which induc-
tively defines unambiguous regular expressions. The ament,
is the so-calletanguage overlapperator,¥ : 2% x 2% — 2%7



Figure 5. lllustration of stringzay € X M Y.

defined by the following (and illustrated in Figure 5) wheres a
non-empty word:

XMY ={zay|z,y e S Aae ST Az,za € X Ay,ay €Y}

The three base casdk,e, andc, are always unambiguous; in fact,
the latter two only have one valid AS®qpty <c andchar(c) <c,
respectively). The regular expression for choiBg|R2, is unam-
biguous iff the two languages are disjoint (i.8(R1) N L(R2) =
(). A concatenationR; - Rz, is unambiguous iff the two languages
do not overlap (i.e.£(R1) M L(R2) = 0). For Kleene starRx,
the unambiguity condition follows from thenfolding equivalence

Rx (R - R*)

It turns out that the analysis is both sound and complete lansl t
fully characterizes the ambiguity for regular expressifwsich is
captured by the following theorem):

| €

THEOREM1 (Characterization of Ambiguity).
A regular expressionR, is unambiguous iff= R. (We refer to [5]
for the proof of soundness and completeness of our analysis)

Note that ambiguity is inherently structural problem depending
on how a language is defined by a regular expression is defined,
not on theanguageit defines. However, the above characterization
permits a change of perspective in that it allows us to amealys
ambiguity as a finite number dihguistic equations (of non-empty
intersections and overlaps lainguagesand epsilon-containment).
The total number of linguistic equations is linear in theestf
the regular expression; there is exactly one equation foh ef
the composite constituents of the regular expression ¢ire per
choice concatenationandstar construction).

The equations can easily be decided using automata, by-induc
tively constructing the automata(R), for all sub-expressions?,
in a bottom-up fashion. Further, since regular languagesaan
tomata are closed under intersection and overlap, we canyat
guity violations (non-empty intersections and overlapghie form
of automata, representing the possibly infinite set of aoniig
strings. From those, it is easy to extréeé uniquely shortest (lex-
ically least) ambiguous string and report it as along wighdmbi-
guity warning/error. Here are three examples of such an guitli
error being reported for the regular expressiofs,ab) - (bala),
a?b+| (ab) *, and (aa|aaa) *, respectively:

ambiguous concatenation: (alab) <--> (bala)
shortest ambiguous string: "aba"

* %k

*x*%* ambiguous choice: a?b+ <-|-> (ab)*
shortest ambiguous string: "ab"
**x ambiguous star: (aalaaa)x*
shortest ambiguous string: "aaaaa"

Note that the ambiguity error is reported in terms of stieicture

of the regular expression and always with a concrete example
Obviously, such error messages make it easy for the progeamm
to locate the source of the ambiguity and take appropriatierac
(e.g., disambiguate, cf. Section 3.3).

The worst-case theoretical complexity of our analysis jgoex
nential since we rely on minimized automata, however, thgears
to not be a problem in practice. Also, the analysis can easilgp-
timized (e.g., by employing the techniques presented ini@e6
of [4]).

3.2 Ambiguous Recording

For a recording constructiorz=R>, it actually does not matter
whether or not the regular expressidi), is internally ambiguous;
that will not by itself give rise to multiple possibilitiesorf x.
Ambiguity, however, becomes a problem when a recording is pu
into a context alongside regular expressions that use ahe tifiree
constructions capable of introducing ambiguities. Fotanee, the
regular expressiorxz=a>|a, exemplifies this problem fachoice
as previously explained, the strimgcan ambiguously give rise to
eitherno matchor = or z=a. Forconcatenationthis is exemplified
by ax-<z=a*> where the stringa can also ambiguously result in
either x=e or x=a. Finally, for star, <z=al|aa>*, the stringaaa
can ambiguously produce the following list recordingsiaa, aJ,
x=[a, aal, andz=[a, a, a.

For this reason, we only have to analyze for ambiguity albweg t
ancestor paths upwards from recording constructions ¢heices,
concatenations, and stars above recordings in a givenareg
pression).

3.3 Disambiguation

Whenever the analysis pinpoints an ambiguity, the programm
has four ways of dealing with i) manual rewritethe regular
expressionji) use arestriction operator;iii) usedisambiguation
directives andiv) ignore it and rely ordefault disambiguatian

i) Manual rewriting.  The programmer can always rewrite the
regular expression so that it is no longer ambiguous. Intjpec
however, this is sometimes cumbersome with regular exijoress
since they are declaratively and constructively specifibéthvis
why we have added three other options.

ii) Restriction. Regular expressions can be extended with-a
striction operator,R1\ Rz, which is a convenient disambiguation
tool by which unwanted possibilities can be explicitly mleut.
Note that restriction is inherentlgonstructive(intentiona) in its
first argument in that it constructively gives rise to a valubereas
it is inherentlynon-constructivgextensiongl in its second argu-
ment in that it does not give rise to a value (but merely filtars
certain unwanted strings). Obviously, recordings do ndters&nse
in non-constructive arguments. From restriction it is etsyle-
fine complementR® (as ¥*\ R) and thenintersection R N R
(as(R:° | R2°)°). Note that both operators anen-constructive
in all their arguments. (Our tool supports intersectiomptement,
and restriction, but recordings are only permitted in tlfiedperand
of restriction.)

iii) Disambiguation directives. From our characterization of am-
biguity we derivdeft- andright-disambiguated variants of the three
operators that can potentially introduce ambiguities; i.g, | r,

‘L, "Rs *L, *r. Disambiguation is essentially a matter of choosing
certain ASTs over others. This is conveniently done by ohim
ing a partial order, =" on ASTs (i.e., T" C AST x AST). For
choice and concatenation we have the following rules:

left(Ty) T right(T»)
concat(Th,T>) CE  concat(T1,Ts) iff
where | - | denotes the length of a string. Theft disambigua-
torsminimizethe ordering; whereas thight disambiguatorsnax-
imize the ordering (incidentallyR: | . R2 = Ril(R2\R:) and

T2l < [T



RilrR2 = (R1\R2)| R2). The star disambiguators are then eas-
ily defined in terms of the previous disambiguators:

Rx;, = (R~LR*) e

Rxp = (R~RR*) e

Consistent use of onlieft-disambiguators corresponds to ea-
ger (aka.,greedy matching strategy; wheredaght-disambiguators
yield lazy (aka.,reluctan) matches. Note that all the disambigua-
tion operators above are local and that a given regular sgjme
may use combinations of all six variants, even in a nesteudas
in which case they are resolved top-down on the ASTs.

iv) Default disambiguation. Any outstanding ambiguities are
resolved using default disambiguation. In our tool, allstonctions
are, by defaultleft-disambiguated.

4. Typing

In this section, we show how to do type inference for regular e
pression recordings, independent of a host language. ler ¢od
be able to type check pattern matching usage in programraimng |
guages such as Java, we need to assowiatkinds of information
with it. First, we need dinguistic typethat tells us what are possi-
ble strings that could be recorded as a result of a matchingnat
time. This is used to verify that recorded regular expressisuch
as [0-9]+, 0| [1-9] [0-9]%, or even[-+]7[0-9]+, can always
safely be assigned to an integer-typed variable. Secondyewd

a structural typeto tell ushow recordings are nested within each
other. This is used to make sure thetrson.age corresponds to
a matched structure which does indeed have a recorded figid wi
nameage within a recorded field with namperson. The typing
uses the following mathematical structures:

T = LxS overall type

L : Regs linguistic type
S = Id— (T xM) structural type
M {<0>,<1>,<?7> <*>}  type modifier

Below we define type inference for regular expressions wveitiord-
ings in the form of a typing judgement as a relation of type
F C R x 7. We will write - R: (L, S) as a short-hand for
(R,(L,S)) €+, meaning thai? is typeable with linguistic type
L and structural types. For each recordingg, the structuresS,
will tell us: S(x) = ((I,s), m), wherel is the regular language
of all strings that can be matched at runtime days is a struc-
tural type describing recordings that are nested insigadm is a
type madifier telling us how many times the recording¢can occur
(e.g.:<1>, for exactly onceg?>, for zero or once; anex>, for any
number of occurrences). For instance, in the ampersaratateg
name-list example from Section 2.2, the recordiage will have
structural typesS = [name — (([a-z]+,[]), <*>)].

Figure 6 specifies how to infer such types for recording-
augmented regular expressions. The rules are all strarglafd.
Consistent with the semantics of regular expressions hitee tax-
ioms define the language componeitasi, {¢}, and{c}, respec-
tively. Since none of them have recordings, they all havetgmp
recording structureg]. The composite rules, just propagate the

languageof a regular expression (according to the semantics of

regular expressions), while delegatiolgoice concatenationand
star onto corresponding operations on structures, undertaken b
O ,®,and® (which are defined in the following). The only
rule that does something beyond delegatioriRECORD]. For a
recording<z=R>, it creates a new recording structus, for the
recording,z, as: S’ = [z — ((L,S),<1>)]; i.e., for which the
language isL, and where its structure is that & (i.e., S), and
with the fact thatr occurs exactly once (i.es1>).

[EMPTY] O R (@7 []) [EPSILON] T ({6}7 H)
e e D
[CHO|CE] Rl : (L1,S1) = R2 : (LQ,SQ) ;;ilééi’

FR1|R2 . (L7S)

= R1 : (L1,S1) = R2 : (LQ,SQ) L=L;-Lo,

[CoNCAT]

FRi-Ro: (L, S) 5=51052
FR: (L,S) L/ =L*
s
FR:(L,S)
[RECORD)| S = [z ((L, S),<1>)]

F<z=R>: (L,S")

Figure 6. Type inference

<k >

<?>
VAN
<0> <1>

Figure 7. Partial-order amontype modifiers

The type modifiers induce a partial-orderir@ CMxM
according to inclusions among the values they represennéitre
(cf. Figure 7). As usual, this order uniquely determines aste
upper bound operatoﬂM' which, not surprisingly, coincides with
the choice (union) operator on modifie(®, , : M x M — M
(defined in the following). Also concatenation on type maj

Om : M x M — M, s straightforward (and monotone):

[Dm [ <0> ] <1>T]<?> ] <> |
<0> [[ <0> | <7> [ <7> [ <>
<> [ <> [ <1> | <7> | <>
<> || <> | <> | <> | <>
<> [ <x> | <k [ <k | <x>

[Om [ <0> [ <1> ] <> [ <x> |
<0> [[ <0> [ <1> [ <7> [ <*>
<> [ <> | <> | <> | <>
<?> 7> | k> | <> | <k
<> [ <> [ <> | <k | <k

Choice (union) on structure§) : S x S — S, becomes:

(S10D S2)(z) =
((ll U l27 Sl@ 52)7 ml@ 7nm2)
((l1, 51), m1(D m<0>)
((I2, s2), m2(D m<0>)
undefined

if x € dom(S1) N dom(S2)
if x € dom(S1) \ dom(S2)
if x € dom(S2) \ dom(S1)
otherwise



where((l1, s1),m1) = Si(z) and((l2, s2), mz2) = S2(x), when-
ever defined.

It basically performs &east upper bounaperation on its con-
stituents. For type modifiers, we union witd> in cases where
one of the structures in the choice does not have a recor@ihg.
definition is slightly complicated by the fact that absentorel-
ings are represented asdefinedelements in the partial function
S (i.e., S(xz) = undefined, rather than with explicik0>-values as
in: [‘r = ((®7J-5)7<0>)]')

Similarly, concatenation) : S x § — &, on structures is
defined by:

(51652)($) =
((ll Ulz, 81@ 82)7 ml@vnm2)
((l1, 81), M1 O m<0>)

((l2, 52), m2(Dm<0>)
undefined

if x € dom(S1) N dom(Ss)
if x € dom(S1) \ dom(S2)
if x € dom(S2) \ dom(S1)
otherwise

Where((ll, 81)7m1) =5 (CC) and((lg, 82)7m2) = SQ(CC), when-
ever defined.

Also here we combine witk0>-type-modifier-values in cases
where recordings are absent. Note that for nested strsctsire
inside recordingssS, we have to take the least upper bouf,.
This is because when determining the kinds of valuesn have
in a concatenatiorsz=R;>-<x=R2>, we have to take the union of
the possibilities. That isy is typed as dist whose elements can
bein: L(R1) U L(R2); i.e., theunionof the two recordings of the
same name. (This is analogous to typing a heterogeneoudisiava
[1, 2.5], asdouble[], because the least upper type bound on its
elements yieldsdouble = int LI double.)

Star on structureg®) : S — S, is straightforward (it always
producedists of recordings <*>):

(1, 5),<x>)
undefined

if z € dom(S)
(5®)(z) = { otherwise
where((l, s),m) = S(z), whenever defined.

Since regular languages are closed undeon, concatenation
andstar, thelanguagepart of the structure is exact.

The above type analysis will infer a type for a recording,
<z=R>; say: [x — ((L,S),m)]. This means that the language
of the regular expression recorded is,(i.e., L = L(R)); the
structure,S, gives the typings of all sub-recordings nested within
the recording (i.e., insidé&?); and the modifieryn, tells us how
many times the recording can match at runtime as an intesvgu, (
<*> meanszero or morg. In practice, the type inference provides
the most specific Java type for recordings in all of our exas ftf.
Section 5). The most specific type is found via deciding laggu
containment via DFAs using the predefined regular exprasdiar
the atomic types of Java (see below).

4.1 Host-language Embedding

After type inference, we have a three components for eadrdec
ing,z, [z — ((L,S), m)]; alinguistic type L, astructural type S,
and atype modifierm. In the following we will explain how each
of these can be used to provide a non-intrusive languagedsirae
for Java.

Embedding linguistic types. The linguistic type is used to provide
the mostspecificJava base type for a recording with respect to the
following predefined regular expressions:

String = .x ;

char = .

float = [+-]17[0-9]*\.[0-9]+(E[+-]7[0-9]+)7 ;

int = [+-17[0-9]+ ;

boolean = [Tt][Rr][Uul [Ee] | [Ff][Aa][L1l][Ss][Ee] ;

Integers and characters are the only sets that overlap jren@inly
(on [0-9]). In that case, we prefetnt over char. The most
specific type means that for instan¢e-91 + is mapped tdant, and
notfloat or String (even though it is also contained in those).

Note that this ignores overflow in that the regular expressio
“0| [1-9] [0-9]+" becomes a Javint (irrespective of overflow).
The tool can be instructed to handle 32-bit integers (vieoftéon
"-I 32") which replaces the abovint with the appropriately
bounded regular expression.

However, sometimes it is convenient to haged11101” typed
as aString instead of an integer (to prevent it from being mapped
onto an integer as the numbet101). To address this, we permit
an optionaltype overrideannotation in the syntax for recordings
asin‘<r z = R>", wherer is one of the atomic types mentioned
above. This construction will be statically checked to fyethat
L(R) C L(7). The linguistic type inferred will then b& (7). This
means that the recording t8 in the regular expressions8tring
bit8 = [01]1{8}>", will result in a structure where the type of
bit8is String such that the leading zeros in the above string will
not disappear.

Embedding structural types. Each regular expression definition
gives rise to a Java class and each of its toplevel recordjivgs
rise to field variables with appropriate types and type merdif(as
explained above). Consider for example, the following fegex-
pression §Name denotes inlining of the regular expression defined
asName):

Name = [a-z]+ ;

Person = <name = $Name > "(" <age = [0-9]+ > ")" ;

This will give rise to the following Java class:

class Person { // auto-generated
String name;
int age;

String wvalue;
public static Person match(String s) { ... }
public String toString() { ... }

Classes will always contain: a fieldalue (to hold strings matched
atruntime); a static methotlatch, which takes &tring, parses it
according to the regular expression (stores itafilue) and returns
it; and a publictoString() method (that returngalue). Nested
recordings give rise to nested Java classes (as shown it

Embedding type modifiers. Type inferred modifiers (i.e51>,
<?>, and<x>) give rise to Java type modifiers in a fairly straight-
forward way. Consider the following regular expression:

Points = $Name ":" <point = [0-9]+ >
("," <point = [0-9]+ > ) x ;

The recordingpoint, will be typed with a<x> type modifier and
thus give rise to the field declarationnt [] point; in a Java
class,Points. Since Java does not haegptional types(as for
instance Haskell), we also magr>-types to arrays.<?>-types
could also be handled via thal1-value, if we box primitive types;
or by creating a special Java class with, say,ia@befined()-

method.)

5. Examples

In the following, we demonstrate that our approach can be use
to perform string-based pattern matching on realistic miwal
examples in a purely declarative manner. We use it on URLs,
Apache log files, and the DBLP publication database.



5.1 URLs

URLs are highly structured and pack a lot of different kinds o
information used by many modern applications. As an example
consider the following URL:

http://www.google.com/search?q=record&hl=en

It contains aprotocol (http), a host (www.google.com) a path
(search/), and aquery string(q=record&hl=en). The following
(deliberately simplified) recording-augmented regulapregsion
conveniently extracts these pieces of information:

Host = <host = [a-z]+ ("." [a-z]+)* > ;

Path = <path = [a-z/.]x > ;

Query = <query = [a-z&=]1* > ;

URL = "http://" $Host "/" $Path "?" $Query ;

The first three lines defines appropriate regular expres$sidrosts
paths andqueries Note that they all contain recordings at the out-
ermost level, that are all typed &sring, and which will record
the corresponding string values at runtime. The last linfines
URL to be the constant prefisattp://’, followed by the regular
expression foHost (containing a recording), a constant slash char-
acter /', whatever is defined fopath, a question mark?’, and fi-
nally the regular expression fqueries At runtime, when matched
against a URL string, it will record all the relevant subsgs.

We now improve on the regular expression by also extracting
so-calledkey-value pairsredefiningQuery as:

KeyVal =
Query =

<key = [a—z]* > n=n <M =
$KeyVal ("&" $KeyVal )* ;

[a-z]* > ;

Since the recordingkey andval, occur under a star, they will
be typed (by the type Inference, cf. Section 4)liats of strings
(i.e.,String[] in Java). This means that the regular expression for
URLSs can now be used in Java in the following way; e.qg.:

String u = "http://www.google.com/search?q=record&hl=en";
URL url = URL.match(u);

print("Host is: " + url.host);

print("Path is: " + url.path);

if (url.key.length>0) print("ist key is: "
for (String val : url.val) print("Value = "

+ url.key[0]);
+ val);

The method invocationURL.match(u), parses the string con-
tained inu and the results is in the above example stored in the
variableurl of typeURL. The parsing method and all of the classes
have been automatically generated by teg-exp-rec compiler
from the regular expression. Note that all recordings al-av
able as fields of that object (e.gx1.host contains whatever was
matched as the hostname). Alsal .key andurl.val are Java
lists and can be transparently used as such. Note that if weeda
the keys and values as a listpdirs, we could simply wrap the keys
and values in a pair-recording as in the following definition

[a-z]* > "=" <wal = [a-z]* > > ;

KeyVal = <pair = <key =

5.2 Logfiles

Our next example deconstructs Apache’s HTTP log files which
look like:

13/02/2010 66.249.65.107 get /support.html
20/02/2010 42.16.32.64 post /search.html

This can easily be handled by the regular expression, rgBsith
from above (assuming appropriate definitionsDaff andMonth,
see later):

IP = <ip = [0-91{1,3} ("." [0-91{1,3} ){3} > ;
Method = <method = "get"|"post" > ;
Date = <date =

<day = $Day > "/"

<month = $Month > "/"

<year = [0-9]{4} >

>3
<entry = $Date " " $IP " " $Method " " $Path > ;
$Entry * ;

Entry =
Log =

Since theyear is defined by the regular expressid-91{4}, it
will be typed as a Java integer (i.@nt), as the generated code
shows. The nested recordings give rise to nested innereslass

public class Log { // auto-generated
Entry[] entry;
String wvalue;

public static Log match(String s) { ... }
public String toString() { ... }

public class Entry {
String <p, method, path;
Date date;
String wvalue;

public String toString() { ... }
public class Date {

int day, month, year;
String wvalue;

public String toString() { ... }

}

Now, we can, for instance, report dlap dayaccesses from a log
file in the following way:

Log log = Log.match(log_file);
for (Entry e : log.entry)
if (e.date.month == 02 && e.date.day == 29)
print("Access on LEAP DAY from IP#: " + e.ip);

This type of use can be applied to a wide range of data formats
(e.g., Java property files and Unix password files). Noteithae
accidentally forget the slash between the day and monthawur
biguity checker complains and pinpoints the error wtitbshortest
(lexicographically least) concrete ambiguous string:

**x* ambiguous concatenation: <day> <--> <month>
shortest ambiguous string: "101"

The error message tells us that the date can either be ietedoas
January 1 (i.e.1/01) or January 10 (i.e10/1). Here, we assumed
that day and month are defined more sensibly than [jasp]+
(e.g..pay = 07[1-9] | 10 | 11 | 12andMonth = 07[1-9]

| [1-2]1[0-9]1 | 30 | 31).(If we were to definelayandmonth
more sloppily by, say[0-9]+, then the ambiguous string reported
would instead become090”.)

5.3 DBLP

Our last example shows that our approach can provide safedty
and structural pattern matching to even highly structurédLX
data. As long as the structure has bounded depth which isade ¢
for DBLP data, we are able to make a specification via regular
expressions. Here is a hypothetical example of data in theFDB
format describing for two papers (one of which is publish@g: [

<article>
<author>Noam Chomsky</author>
<title>Three Models for the
Description of Language</title>
<year>1956</year>
<journal>IRE Transactions on
Information Theory</journal>
</article>
<inproceedings>
<author>Claus Brabrand</author>



<author>Jakob G Thomsen</author>
<title>Typed and Unambiguous Pattern Matching
on Strings using Regular Expressions.</title>
<year>2010</year>
<booktitle>PPDP 2010</booktitle>
</inproceedings>

Again, this format is easily captured by our approach (etengh
it is rigourously structured XML):

Author = "<author>" <author = [a-z]* > "</author>" ;
Title = "<title>" <title = [a-z]* > "</title>" ;
Article = "<article>"
$Authorx $Title .*
"</article>" ;
Proceeding = "<inproceedings>"
$Authorx $Title .*
"</inproceedings>" ;
Publication = $Proceeding | $Article ;
DBLP = <pub = $Publication > * ;

This regular expression is ambiguous as pinpointed by calysis:

***x ambiguous star: <pub>*
shortest ambiguous string:
"<article><title></title></article>
<article><title></title></article>"

The string reported could either match, as intendea, distinct
articles (under the star); or, it could matmhearticle with an empty
title (for which: “</article><article><title></title>" has
unintendedly been eaten by the+” in Article).

As mentioned in Section 3.3, there are several ways to disam-
biguate. Using restriction (which is the binary infix minyseoator
inour tool;i.e.:R1-R3), Article can be re-written to disallow the
unintended interpretation:

Article "<article>"
$Author* $Title (.* - (.* "</article>"

"</article>" ;

%))

Note that sinceArticle and Proceeding both have atitle
with language[a-z]* and type modifiek1>. This means that so
will a publication (due to the definition of() " and “@ »", cf.
Section 4); sinc&([a-z]*) U L([a-z]*) = L([a-z]*) and<1>
D m <1> = <1>. Similarly, the recordingauthor becomes the
languagel([a-z]*) with type modifier<*>. As a consequence,
a publication then always hadtitle field, title, of typeString
and anauthor field, author, of type String[] (independent of
whether it was an article or an inproceeding). The followiagle
prints the titles of all publications:

DBLP dblp = DBLP.match(readXMLfile ("DBLP.xml"));
for (Publication publication : dblp)
print("Title: " + publication.title);

For more examples (including the iCalendar format), werrtde
the the project homepage:

[ http://www.cs.au.dk/~gedefar/reg-exp-rec/ ]

6. Parsing

Deterministic Finite Automata (DFAS) provide an efficieraynof
deciding the membership problem for Regular Expressiaes, i
given a stringyw, and a regular expressioR, deciding whether or
not:w € L(R). Aregular expression can be compiled into a Finite
Automaton [25], which can then be used to decide the memipersh
problem at runtime in linear time in the size of the inputrsjri
O(|wl). This works for recognition (i.e yes/neanswers), but it
does not work for recording and extracting substring matciiece
it does not provide structural informationleéwthe string matched
the regular expression.

Of course, determining structural information (syntaetialy-
sis) is precisely the objective glarsing However, most efficient

parsing algoritms are devised for (Type-2) context-fresmgnars,
not (Type-3) regular expressions.

6.1 Regular Expression Parsing

Regular Expressions can also be interpreted structurallygua
backtrackingalgorithm which is a popular strategy in many lan-
guages (e.g., Perl, PHP, Python, Ruby, gagta.util.regex).
However, that strategy runs i@(2‘“‘); matching, for instance,
a?{n}a{n} againsta” runs one million times slower in Perl
than an NFA-based approach, clocking in at 60 seconds for jus
n=29 [11].

There have been several attempts to extend automata with
recording capabilities, but many are not able to deal witlore-
ings under iteration [13, 30]. In [21], Frisch and Cardetibs/ how
to perform greedily disambiguated pattern matching on iagstr
w, via an automata-based approach while retaining stru¢tere
parsing) in linear timeO(|w|). Nielsen and Henglein [34] have
recently invented a simpler approach inspired Ispand and com-
plete axiomatization of regular expressioi2¢] that is also based
on DFAs and also runs in linear time.

Parsing Expression Grammars [19] (aka., PEGSs) support EBNF
style regular expression operators (even intersectioncantple-
ment) and have linear-time implementations (e.g., PadReas-
ing [18]). However, they have greedy, non-backtrackingeman-
tics which is not able to deal with many regular expressi@ng.(
it is incapable of matching againstfa, as it will neverabandon
consumingas under the star).

6.2 Context-Free Grammar Parsing

Itis possible to use a context-free grammar parser for pgurgigu-
lar expressions viatructure-preservingransformations. A regular
expression can be transformed into a CFG in such a way thsg-par
trees can be mapped back to the original structure of thdaegu
expression. The Earley algorithm [12] runs|w]|?) (in O(|w|?)

for deterministic grammars and ®(|w|) for certain simple gram-
mars). Note that the problem of CFG parsing reduces to matrix
multiplication [31] for which the currently (although imgctical)
best-known worst-case complexity @&(|w|**7%) [9]. In our tool
tool, however, we currently rely on a CFG parser that usesianta
of Earley’s algorithm [33].

Although linear-time CFG parsers exist (e.g., kland LR)
can be done irO(|wl|)), they work only for limited subsets of
(unambiguous) grammars. In practice, regular expressi@nsften
ambiguously specified and is thus something one needs tdehand
(Recall that we automatically left-disambiguate any arabigs
operators.)

7. Evaluation

In this section we will evaluate our approach and relate dtteer
similar techniques. We have divided the evaluation of opreach
into three dimensionstlexibility, safety and efficiency We will
contrast each of these to approaches based on capturingsgas.
usedine.g., Perl anthva.util.regex), CFG-based approaches,
and unrestricted Turing-Complete programming. The evanas
summarized in Figure 8.

Note that there are lots of parser generator tools (e.g.¢c Yac
[29], SableCC [23], ANTLR [35]), but they are all based on GFG
and relate to our approach as depicted in Figure 8 and explain
below. (The same applies for the source transformationuage,
TXL [10].)

7.1 Flexibility

The examples from Section 5 show that our recording cortsbruc
is sufficiently expressive for extracting structured imfiattion from



Approach Our Approach: Capturing Groups: CFG-Based Turing-Complete
Criteria (reg-exp-rec) (Perljava.util.regex) Approaches: Programming:
Expressivity Regular Language 2 Context-Free Language| Recursively Enumerable
(language class): (Type-3) : (Type-2) (Type-0)
Declarative + + + -
specification:
o Information Tree(s) String(s) Tree ;
Flexibility extractable: (bounded depth) (fixed number) (unbounded depth) Anything computable
Structured + _ + +
values:
Guaranteed + + + -
termination:
Ambiguity _ _ _
Safety decidable: +
Containment + — - -
decidable:
. Complexity w ]
Efficiency of parsing: O(|wl) o(2~h O(|w|>37°) N/A

Figure 8. Evaluation summary of recording approaches (string-bpa&drn matching and extraction).

strings via declarative pattern matching based entirelyegular
expressions. Here, we will argue that it is also simple ant/eo
nient (especially when contrasted to alternatives aviai)ab

Capturing groups. A capturing group is a construction for
substring recording like our recordings. Syntacticallysiwritten
as a set of parentheses the around a regular expressionew&hat
is matched by the construction is then captured and is subséy
available as the regular expression; e.§n™ (where\1 refers to
the lexically first capturing group\2 to the second, and so on).
The construction is thus capable of matching any finite nurobe
substrings. However, if a star is used around a capturingpgrio
will only record thelast substring matched. Thus, it cannot be used
for unbounded list matching. Also, the individual matcheséh
no structure beyond that of a string. In contrast our coottn

is specified syntactically via identifiers (which is more dgstive

ular expressions; context-free grammars “only” generauta
million hits (as of March 2010).

Finally, since CFGs are not closed under restriction, wegan
use restriction for disambiguation.

Unrestricted programming. Obviously any computable func-
tion can be expressed in adn-declarativg Turing-Complete
programming language such as Java. For a flexibility compari
son of our approach versus that of a Type-0 language (Jaea), w
have made a quantitative analysis of source code. We have com
pared thefull URL specification written as a recording-augmented
regular expression versus the standard implementatiorava, J
java.net.URL (version 1.136; April 30, 2009). Figure 9 lists the
results of this comparison. For the code size, we seenaiseness
factor of about almost 1:8 (45:347) in favor of our declarative ap-
proach. If we look at theyclomatic complexitf86], we see that the

than\7) and it can be used to match and record values over any total number obranchesn the two formalisms (taken as choices

tree structure with bounded depth).

Furthermore, capturing groups often come with so-cdbiack-
referenceswhich take them beyond regularity. They permit a dy-
namically recorded substring to appear in an otherwiségted-
ular expression. For instance, the regular express{am)b\1,
matches the non-regular (but context-free) languégé:b a" | n >
0}. In fact, expressivity using back-references takes theyorx
context-free languages; e.g.: the langu@gew |w € ¥*,c € X }
is not context-free, but easily recognizable using badkremces:
(.*).\1. (It is unclear exactly whatlass of languagesab-
stractly speaking, is recognized by regular expressiotis back-
references.) Note also that the membership problem forlaegu
expressions with back-references is NP-complete [7].

Context free grammars. Obviously, context free grammars are
more expressive than regular expressions, but fewer piepere
decidable (see Section 7.2 below). Grammars have recursive
terminals which then make them capable of parsing treetsies
of unbounded depth.

We hypothesize that regular expressions are easier to eempr

for the regular expressions aad-conditionals in Java), we see a
factor of 1:2. As foriterations(taken asR* and R+ versuswhile
andfor loops), we see a 3:1 in favor of Java. Howevewhale-
loop is operational and much more complicated than a simple a
declarative Kleene star. In addition, the Java implementdtas a
whole range of highly operational features (96 method iatioos,

9 throw statements, and fry statement with 2atch handlers).

Curiously, and perhaps symptomatic of this code complexity

the current official implementation contains a known, butedn
solved bug as indicated by @/FIX:” commentin the source code.
Figure 10 displays a short sample of bugs fara.net .URL (ex-
tracted from Sun’s bug repositoiyt tp: //bugs . sun. com/). The
history of bugs spans a decade, which we take as an indicattion
complexity inherently associated with the (non-declaggtiruring-
Complete approach for this kind of pattern matching. Obsfgu
some “errors” are due to natural evolution of the specificai.e.,
adding new features), but the bug repository reveals notless
88 bug entries fojava.net.URL, a lot of which are real imple-
mentation bugs. We also conclude thadintainability (for which
legibility is a prerequisite) is crucially important for this kind of

hend and use for novice programmers than context free gram- pattern matching.

mars. Grammars are essentially regular expressions ptussiee
nonterminals. (Curiously, although in no respect a valiérsific
argument, a search on Google faregular expression” VS.
“context free grammar” reveals a factor of 13:1in favor of reg-

In contrast, we were able to use the official RFC for URLs [15,
16] directly and augment it with all relevant recordings @s3
than half an hour. Obviously, the regular expression varsso
much more concise, but also superior in terms of legibilitg a
maintainability.



| Feature [ Regular Expressions [ Programming (Java) |
| code size [ 45lines | 347 lines |
branches | 247"  (choices) 50 if (conditionals)
iterations 12“%"  (stars) 5 while (loops)
6“+"  (plusses) 1 for (loop)
methods 96 m(..) (invocations)
exceptions 9 throw  (errors)
2 catch  (handlers)
1 try (handler)
bugs 1 unresolved £ixme” !

Figure 9. Regular expressions vs. unrestricted programming
(code: “java.net.URL") for URL matching.

[ Year | BugID [ Synopsis |

java.net.URL should throw

1998 | 4175737 MalformedURLException On incorrect FILE

1099 | 4221439 l}ttps seen as invalid protocol by
java.net.URL
HttpURL does not handle URL of the

1999 | 4264177 formathttp://user:passwd@host/
java.net.MalformedURLException:

2006 | 6506304 unknown protocol: ¢

Figure 10. Small sample of bugs forjava.net.URL" (source:
“http://bugs.sun.com/” bug repository).

7.2 Safety

Safety is the paramount benefit of our approach. Termindation
inherently guaranteed by the formalism; ambiguity is stdly
decidable with constructive counter-examples (cf. Secs it is
possible to statically infer the language of recordingsctydi.e.,
without precision loss); and language containment (L€R1) C
L(R2)) is decidable. The latter makes it is possible to pick thetmos
appropriate type among the types available in a host laregsg
that we can type a recording as, say, a list of integers. Thiysis
only abstracts away information that the Java type systess dot
address (e.g., the number of elements in an array and thetggas
of individual elements in heterogeneous constant arragh as:
[1, 2.5]).

Termination is also guaranteed in the non-Turing-Compédéte
ternatives, but this is as far as the other approaches garmste
of safety guarantees. This is because our approach is byitice
regular expressions (without non-regular extensions sisdback-
references), which means that virtually everything is ndy ale-
cidable, but constructively so.

7.3 Efficiency

Section 6 discussed the worst-case asymptotic complexifiehe
different approaches (including that of the worst-caseagrptial-
time interpretation-based strategy used in many languapéet
mentations). Note that for a Turing-Complete programmiag |
guage, the worst-case complexity depends intimately opaic-
ular language to be parsed and the algorithm implemented.
Figure 11 plots the result of parsing incorrect (i.e., rejep
DBLP data strings of increasing length (along thexis) using
Java’'sjava.util.regex vs. our CFG-based approach. The num-
bers along the left hand side of theaxis indicate the time for
java.util.regex in seconds; along the right hand side of the
y-axis, the time for our approach in milliseconds on a stashdar
laptop PC (Intel Core 2 duo, 2.2 GHz, 2 GB memory, Windows).
java.util.regex hits exponential growth on this example; pars-
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Figure 11. Parsing incorrect (i.e. rejecting) DBLP data using
java.util.regex (in seconds) vs. our CFG-based approach (in
milli-seconds).)

ing (and rejecting) a string of about 2,500 characters takesit
two minutes (120 seconds). Our approach, on the other hand, e
hibits a linear behavior and parses strings of 20,000 ckeram
about 0.06 seconds. In fact, our approach is able to parseréan
ject) strings of 1.2 mio characters in about 6 seconds. Ircéregs,
it is able to parse correct DBLP data of strings of up to 800,00
characters.

Although we see a mostly linear behavior, we should be able
to speed up our tool using an automaton-based approach (e.g.
[21, 34)).

8. Related Work

XML uses regular expressions as types constraining seqaasfc
elements and for this reason regular expression patterchingt
has been popular in XML-friendly languages such as XDuce [27
28] and CDuce [2, 22]. The multi-paradigmatic language &[]
also features regular expression pattern matching and H&RP
adds regular expression patterns to Haskell via a lightweige-
processor. All of these languages offer recording constms, ca-
pable of recording lists that are more general than listhafacters
(viathe “z as R”construction in XDuce, #: : R” in CDuce, and
“z@R" in Scala and HaRP).

In CDuce, regular expressions are added as syntactic sngar o
top of an ML-style pattern matching (augmented with interse
tion, XML-friendly, and type-matching operators). Thisishieved
by compiling the regular expression patterns into Finiteofuata
which are then encoded as ML-style pattern matching (in abrm
form with cons-lists encoded as binary pairs). The pape} ¢20
scribes how to use automata in the compilation of regulares<p
sions to core pattern matching, but only in termgeagnition(i.e.,
without recordings).

XDuce statically checks for ambiguities based on a product
construction for tree automata [26]. However, since anibiggiare
found in terms of tree automata, it is not easy to relate auités
back to the source of the problem in terms of the original lagu
expression. Our analysis, on the other hand, is syntaxtdile
pinpoints the exact location of all ambiguities, and pregida
unique shortest (and lexicographically least) ambigudtiagsin
the case of ambiguities.



CDuce relies on disambiguation with left-bias for choicel an
with greedyiteration (but has aon-greedyvariants). HaRP em-
ploys afirst-matchpolicy and disambiguates iteratioon-greedily
(but also has greedyvariant). Disambiguation policies can be sub-
tle and are studied formally in [37] (including the POSIX &he
first-and-longesimatch policies). These policies are glbbal. In
contrast, we have siocally disambiguated regular expression op-
erators that are all related to the potential origins of @uities
(via the characterization), including two for concateoatiThese
are more general in that different disambiguation coneastican
be used at different points in a regular expression.

XDuce and CDuce both have exact type inference and [37] pro-

vides a sound-and-complete proof of their regular expoestipe
inference. We use our type inference, which provides thguage
and nesting structure of all recordings, to synthesizedstdone
pattern matching and container classes for Java in a stand-a
and non-intrusive way.

Finally, there are a number of other tools that are also made f
processing unstructured or ad-hoc data (e.g., PADS [1é])tHey
go beyond regularity; hence, they are more expressive,douerf
properties are statically decidable.

9. Conclusion

We conclude thaif regular expressions are sufficiently expressive,
they provide a simple, flexible, and safe means for declargqtat-
tern matching on strings, capable of extracting highlyditral in-
formation in a statically type-safe and unambiguous mariiso,
regularity is enough for many realistic pattern matchirgksasuch

as extracting structural information from URLSs, log fileadaeven
highly structured XML data of bounded depth (e.g., DBLP).

We have shown how to statically analyze ambiguity of regular
expressions through a sound and complete analysis thatiptap
all ambiguities in terms of the structure of the regular exsgion,
capable of reporting the shortest ambiguous string. If taengnar
is ambiguous, we provide four ways in which it can be safely an
locally disambiguated. We have also shown how to stati¢afr
the type of structural information extracted which leadsdave-
nient integration of pattern matching in languages suclaes ih a
completely stand-alone and non-intrusive way with acdg#pteun-
time performance.

In conclusion, we have shown how expressivity can be traded

for simplicity and static safety in the case of pattern miigton
strings.
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