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Abstract

A mathematical framework using formal language theory to describe and compare XML
schema languages is presented. Our framework uses the work in two related areas — regular tree
languages [CDG197] and ambiguity in regular expressions [BEGO71, BKW98]. Using these
work as well as the content in two classical references [HUT9, AU79], we present the follow-
ing results: (1) a normal form representation for regular tree grammars, (2) a framework of
marked regular expressions and model groups, and their ambiguities, (3) five subclasses of regu-
lar tree grammars and their corresponding languages to describe XML content models: regular
tree languages, TD(1) (top-down input scan with 1-vertical lookahead), single-type constraint
languages, TDLL(1) (top-down and left-right input scan with 1-vertical and 1-horizontal looka-
heads), and local tree languages, (4) the closure properties of the five language classes under
boolean set operations, (5) a classification and comparison of a few XML schema proposals and
type systems: DTD, XML-Schema, DSD, XDuce, RELAX, and (6) properties of the grammar
classes under two common operations: XML document validity checking and type resolution
(i.e., XML document interpretation).

1 Introduction

As the popularity of XML increases substantially, the importance of XML schema language to
describe the structure and semantics of XML documents also increases. Although there have been
about a dozen XML schema language proposals made recently [LC00], no comprehensive mathemat-
ical analysis of such schema proposals has been available. We believe that providing a framework in
abstract mathematical terms is important to understand various aspects of XML schema languages
and to facilitate their efficient implementations. Towards this goal, in this paper, we propose to
use formal language theory, especially regular tree grammar theory, as such a framework. Let us
first consider a motivating example.

* Available at http://www.cs.ucla.edu/~dongwon/paper/



Example 1: Consider a collection of XML documents, where each document is associated with
a different schema. One may want to find an union of two or more schemas (or even union of two
“types” defined in one or more schema). Suppose a user wants to obtain a schema that is the union
of two schemas. Then, the user would wish that a document that is “valid” with respect to either
of the schemas be valid with the union schema, and any document that is “invalid” with respect to
both the schemas remain invalid even with respect to the union schema. If a schema evolves into
a new version, one may want to take the intersection of the old and the new schemas to determine
the documents that still remain valid. Also one may want to take the difference of the new schema
from the old schema to determine the semantics and constraints that were supported by the old
schema, but not by the new schema. O

Example 1 illustrates the usefulness of the closure properties of XML schema languages under
boolean operations (i.e., union, intersection, difference). Such operations are common in real ap-
plications, yet they have not been fully investigated in the context of XML schema languages. For
instance, heterogeneous XML data integration system extensively uses a union or intersection oper-
ator to create a canonical view of underlying sources. In XML query processing, computing answers
from multiple documents (or even from a single document) may require to compute union as well.
Mathematical framework will help to study these properties of various XML schema languages in
a precise way. Let us consider another motivating example.

Example 2: Given an XML document and its schema, suppose one wants to verify if the
document is valid against the schema and further find out the types (or non-terminals) associated
with each element in the document. Such operation requires the entire document in memory for a
regular tree grammar. There is no such requirement for a restricted form of regular tree grammar
called TDLL(1) grammar. O

Example 2 reveals the importance of complexity aspects of some operations performed on XML
schema and document. Such issues are directly related with the efficient implementation of XML
schema language proposals as well as the popular SAX [Meg00] and DOM [WHA™00] interfaces.
We believe it is important to have a mathematical framework to study when an efficient operation
is possible and when it is not. This paper is thus our attempt to answer those questions.

Our contributions are, in short, as follows: (1) we propose a mathematical framework using
formal language theory; we define ambiguities in marked regular expressions and model groups, (2)
we define five subclasses of the regular tree grammars and their corresponding languages to describe
XML content models precisely, (3) we study the closure properties of the five subclasses under
boolean set operations, (4) based on the framework, we present a detailed analysis and comparison
of a few XML schema proposals and type systems; in our framework, it is straightforward to specify,
say, an XML schema proposal A is more powerful than an XML schema proposal B with respect
to its expressive power of content models, and (5) we present results on the complexity of two
important schema operations — membership checking and type resolution (i.e., XML document
interpretation).

1.1 Conventions

Historically, there are multiple equivalent terms used by different research sub-communities within
XML. Three of the research sub-communities that are working on XML research and the terms
used by them are listed below:



<l29ggﬁ%ﬁ°gk£ (auth blisher)> <bgok>
: ook (author+, publisher <author>J. E. Hopcroft</author>
<!ELEMENT author (#PCDATA§> <author>J. D. U1€man</a{1thor>
<!ELEMENT publisher (EMPTY)> <publisher Name="Addison-Wesley"/>
<!ATTLIST publisher Name CDATA #IMPLIED> </book>
1>
(a) book.xsd (b) book.xml

Table 1: A DTD and XML document fragment for book example.

N = {Book, Author, Publisher, Pcdata} bl
T = {book,author,publisher,pcdata}
S = {Book}
P:
Book —  book(Author™, Publisher) al a2 Pl
Author —  author(Pcdata)
Publisher —  publisher(e)
Pcdata  —  pcdata(e) pcdatal pcdata2
(a) grammar (b) instance tree

Table 2: A grammar and instance tree representation corresponding to XML schema and document
in Table 1.

e The database and web community use terms such as schema and XML document. Schema is
considered to be an abstract definition of the set of conforming XML documents [TBMEOQO].
Example is shown in Table 1.

e The formal language community (the oldest community to have studied trees as defined
in XML) uses terms such as grammars, instance tree, automata, and language. A grammar
defines an abstract set of trees (i.e., instance trees), language denotes the set of trees accepted
by a grammar, an automaton is used to check whether a given instance tree belongs to a
language [CDG197]. We use G to denote the grammar, L(G) to denote the language, and
T(V,E) (V is the set of nodes and E is the set of edges in 7) to denote an instance tree.
Example is shown in Table 2.

e The type theorists use terms such as type definitions, variables, and values. A set of type
definitions is equivalent to a schema or grammar. An XML document is said to be a set of
values, where each value can be considered as being assigned to a variable [HVP00]. Example
is shown in Table 3.

We use three more terms to describe the information in an XML document: wvalue-content®,
structure and element-structure. An XML document is viewed as value-content embedded within
structure. Value-content of an XML document refers to text values and attribute values. Structure
refers to the tree structure and attribute names. Element-structure refers to the element tag names
arranged as a tree (i.e., structure without attribute names). For defining the element-structure,
we replace every text value in the XML document by a node called (pcdata). Table 4 shows the
example of structure and element-structure. Note that the element-structure of the XML document
does not include any text or attribute values.

!We define the value-content of an XML document, not to be confused with the content of an element typically
used with respect to XML. Also we do not use value-content afterwards, we use it here for the sole purpose of



_ - bl = book [al, a2, pll]
type Book = book [Author+, Publisher] s ’
tgge Author = author I;Strin ] Zé : Zﬁzﬁgi E::j g gi{’;;g.f&:"]
type Publisher = publisher [ ] pl = publisher [ ]

(a) type definitions (b) variables and values

Table 3: A type definitions and variables representation corresponding to XML schema and docu-
ment in Table 1.

<book> <book>
<author><pcdata/></author> <author><pcdata/></author>
<author><pcdata/></author> <author><pcdata/></author>
<publisher Name=/> <publisher/>
</book> <book/>
(a) structure (b) element-structure

Table 4: A structure and element-structure representation of the book.xml XML document in
Table 1.

1.2 Related Work

As mentioned before, our work relies largely on work in two related areas - regular tree languages
and ambiguous regular expressions. Tree languages and regular tree languages have a long history
dating back to the late 1950’s. One of the main reasons for the study in this period was because
of their relationship to derivation trees of context-free grammars. A description of tree languages,
and their closure properties can be obtained from the book available online [CDG'97]. Our
contributions to this field consist of defining a normalized grammar representation for regular tree
languages and subclasses of regular tree languages based on the features of most of the XML schema,
proposals.

A field related to regular tree languages is regular hedge languages studied in [Tak75, Mur00a].
A regular hedge language defines a set of hedges, where a hedge is an ordered list of trees. A
regular hedge language is essentially similar to a regular tree language because we need to only
add a special root symbol to every hedge in a regular hedge language to make it a regular tree
language. In other words, if L(H) is a regular hedge language, then {$(w) | w € L(H)} is a regular
tree language, where $§ is a special symbol denoting the root of the tree.

Ambiguity in regular expressions is described in [BEGOT71]. Here, the authors give several
results relevant to our paper: (1) every regular language has a corresponding unambiguous regular
expression, (2) we can construct an automaton called Glushkov automaton in [BKW98] correspond-
ing to a given regular expression that preserves the ambiguities, and (3) given a non-deterministic
finite state automaton, we can obtain a corresponding regular expression with the same ambiguities.

Ambiguous regular expressions and model groups are studied in the context of SGML content
models in [BKW98]. Here the authors describe the concept of fully marked regular expressions,
and 1-ambiguous regular expressions and languages. Further, they construct Glushkov automaton
that preserves the 1-ambiguity in regular expressions.

Our work includes several extensions to the existing work on ambiguity in regular expressions:
(1) we extend the notion of a marked regular expression to allow two or more symbols in a marked
regular expression to have the same subscript, (2) we define ambiguities in such marked regular
expressions and model groups, (3) we extend Glushkov automaton to our marked regular expres-
sions, and (4) we define prefix and suffix regular expressions or model groups, that can be used to

introducing element-structure of a document which is the topic of this paper.



check whether a given marked expression or model group is ambiguous or 1-ambiguous; this is to
be compared against the typical definition of successor sets as the set of symbols that can occur as
the successor of a symbol in a regular expression [BEGOT71].

1.3 Outline of the paper

The remainder of this paper is organized as follows. In Section 2, we define regular tree languages,
regular tree grammars, and NF1, the normalized representation of regular tree grammars. In
Section 3, we study regular expressions, marked regular expressions and the ambiguities in marked
regular expressions. After this, we introduce subclasses of regular tree languages in Section 4
and study the closure properties of the different language classes under boolean set operations
in Section 5. This is followed by an evaluation of the different XML schema language proposals
in Section 6, an overview of complexity analysis of document validity checking and document
interpretation in Section 7 and then our concluding remarks.

2 Regular Tree Languages and Grammars

Traditional regular string languages or regular string grammars [HU79] are not suitable to describe
permissible element content in DTD and other XML schema languages since they are originally
designed to describe permissible strings, not element trees [Mur99a). Instead these element trees
form regular tree languages. In this section, we define regular tree grammars and languages, and
some terms that we will use for the remainder of the paper. We borrow some definitions from
[CDGT97]. Context-free tree grammars also have been studied in the past [CDG197], but we
restrict ourselves to regular tree grammars.

The definitions of regular tree languages and tree automata are given in [CDG797]. The book
defines a regular tree grammar as follows. (We slightly modify the definition to allow trees with
“infinite arity”, and allow a model group [BKW98] in the production rules. We also use a notation
that we presume more readers are familiar with.)?

Definition 1. (Regular Tree Grammar) [CDG97] A regular tree grammar (RTG) is denoted
by a 4-tuple G = (N, T, P, S) where:

e N is the set of non-terminal symbols,
e T is the set of terminal symbols,

e P is the set of production rules of the form “X — a Expression”, where X € N, a € T, and
Ezpression is a model group over N.

e S is the set of start symbols, where S C N. O

For instance, the regular tree grammar representation of the book.xsd DTD is the same as the
grammar representation in Table 2 (a). The above definition is called a normalized regular tree
grammar in [CDG'97]. The equivalence of regular tree languages and the grammars as defined in
Definition 1 is shown in [CDG197].

In this context, we would like to mention the difference between a tree-set and a string set: a
regular tree grammar can be said to define either a tree-set or a string set. In other words, we can

*We give another equivalent definition for a regular tree grammar when we study the different schema proposals
in Section 6.



consider the language defined by a regular tree grammar to define either a set of trees, or a set of
serialized strings. Hence, the production rules for a grammar in Table 2 (a) can be re-written as
follows.

Book -> <book>Author+, Publisher</book>
Author -> <author/>
Publisher -> <publisher/>

The reader can observe that there are two orthogonal sub-rules in every production rule of a
regular tree grammar. For example, consider a production rule Book — book(Author™, Publisher).

e The first sub-rule says that a tree with root symbol book can be derived from Book.

e The second sub-rule says that such a tree has children as specified by (Author™, Publisher).

Based on these observations, we define a normal form for regular tree grammars in the next
subsection.

2.1 Normal Form for Regular Tree Grammar

The normal form definition is intended to give a concise, syntactical representation for the schemas
for easier understanding and analysis. ormal forms for regular and context-free string grammars
are studied in H . egular string grammars have two normal forms right linear and left linear
grammars. ontext free grammars also have two normal forms homs y and reibach normal
forms. e define the normal form for regular tree grammars based on the following observations
and emmas and 2.

e There is an increased interest to separate the two parts in a production rule of a tree-regular
grammar in schema proposals. Hedge rules in ur b, regular expression types in
H , and complex type definitions in TB are examples.

e fter we separate the two subparts, we should ensure that the content of an element describes
a regular string language and not a context-free language. ensures this by disallowing
recursion in hedge ules, and allows only right linear grammars.

e rthogonal restrictions can be placed on the two subparts of a production rule to define
subclasses of regular tree languages.

For a regular tree grammar, if we have two rules of the form A — and
A—b , where A , b ,and and are model groups over , then we can rewrite
the regular tree grammar in such a way that for every non-terminal, say , we have only one

rule of the form —

The proof is by construction e rewrite A —>b as A — b and eep A — as it is.
herever A appears on the H of a rule, we replace it by (A A ).

For a regular tree grammar, if we have two rules of the form A — and
A— , then we can rewrite it as A —  ( ) -

The proof is that and are model groups, and therefore is a model group by definition.
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