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Abstract. As Extensible Markup Language (XML) [5] is emerging as
the data format of the internet era, there are increasing needs to effi-
ciently store and query XML data. One way towards this goal is using
relational database by transforming XML data into relational format.
In this paper, we argue that existing transformation algorithms are not
complete in the sense that they focus only on structural aspects and ig-
noring semantic aspects. We present the semantic knowledge that needs
to be captured during the transformation to ensure a correct relational
schema. Further, we show a simple algorithm that can 1) derive such
semantic knowledge from the given XML Document Type Definition
(DTD) and 2) preserve the knowledge by representing them in terms
of semantic constraints in relational database terms. By combining the
existing transformation algorithms and our constraints-preserving algo-
rithm, one can transform XML DTD to relational schema where correct
semantics and behaviors are guaranteed by the preserved constraints.
Experimental results are also presented.

1 Introduction

As the World-Wide Web becomes a major means of disseminating and sharing
information, Extensible Markup Language (XML) [5] is emerging as a possible
candidate data format because it is simpler than SGML and more powerful
than HTML. To query XML data, one way is to reuse the established relational
database techniques by converting and storing XML data in relational storage.
Since the hierarchical XML and the flat relational data models are not fully
compliant, the transformation is not a straightforward task.

To this end, several XML-to-relational transformation algorithms have been
studied [8,9, 16]. Although they work well for the given applications, to a greater
or lesser extent, they miss one important point. That is, the transformation algo-
rithms only capture the structure of the Document Type Definition (DTD) and
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Fig. 1. Overview of our approach. Numbers 1) to 3) specify: 1) transforming schema,
2) discovering constraints via FindConstraints(), and 3) preserving constraints via
RewriteConstraints().

ignore the semantic constraints hidden in it. In this paper, via our constraints-
preserving inlining (CPI) algorithm, we show the kinds of semantic constraints
that can be derived from DTD during transformation, and how to preserve them
by re-writing them in resulting schema notation. Since our algorithm to capture
and preserve semantic constraints from DTD is orthogonal to transformation
algorithms, ours can be applied to various transformation algorithms in [8,9, 16]
with little change. Figure 1 presents an overview of our approach. First, given
a DTD, we transform it to a corresponding relational scheme using an exist-
ing algorithm. Second, during the transformation, we discover various semantic
constraints in XML notation. Third, we re-write the discovered constraints to
conform to relational notation.

This paper is organized as follows. Section 2 gives background information
and related work. In Section 3, one transformation algorithm is discussed in de-
tail. Section 4 presents various semantic constraints that are hidden in DTD.
Section 5 proposes our algorithm to preserve such constraints during transfor-
mation. Section 6 reports some experimental results that we have conducted and
Section 7 summarizes with concluding remarks.

2 Background and Related Work

Relational Schema: We define a relational schema R to be composed of a
relational scheme (S) and semantic constraints (A). That is, R = (S, 4). In
turn, the relational scheme S is a collection of table schemes such as r(a1, ..., ax),
where a; is the i-th attribute in the table r and the semantic constraints A is a
collection of various semantic knowledge such as domain constraints, inclusion
dependency, equality-generating dependency, tuple-generating dependency, etc.

XML and DTD: XML is a textual representation of the hierarchical data that
is being defined by the World-Wide Web Consortium [5]. The meaningful piece
of the XML document is bounded by matching starting and ending tags such as
<name> and </name>. In XML, tags are defined by users while in HTML, per-
mitted tags are pre-defined. Thus, XML is a meta-language that can be used for
defining other customized languages. Using DTD, users can define the structure
of the XML document of particular interest. A DTD in XML is very similar to a
schema in a relational database. The main building blocks of DTD are elements
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Table 1. A DTD for Conference.

<!DOCTYPE Conference [
<!ELEMENT conf (tltle date,editor?,paper*)>
<!ATTLIST conf 1D #EEEUIRED)
<!ELEMENT title é#PCDATA)>

<! ate

<!E¥¥E§§¥ ate year  CDATA #REQUIRED
mon CDATA #REQUIRED
day CDATA #IMPLIED>

<!ELEMENT editor (person*)>

<!ATTLIST editor eids_ IDREFS #IMPLIED>

<!ELEMENT paper title,contact?,author,cite?)>

<!'ATTLIST paper id 1D REQUIRED>

<'ELEME§T contact EMPTY>

<I'ATTLIST contact aid IDREF #REQUIRED>

<!ELEMENT author gerson+)>
<VATTLIST author 1D #REQUIRED>
<!ELEMENT person (name, (emalllphone)7)>

<!ATTLIST person id ID #REQUIRED>

ARRIE R BT oum gy,

<!ELEMENT email g#PCDATA;>
<!ELEMENT phone #PCDATA)>
<!ELEMENT cite (gaper*)>
<IATTLIST cite ID #REQUIRED
1> format (ACM|IEEE) #IMPLIED>

and attributes, which are defined by the keywords <!ELEMENT> and <!ATTLIST>,
respectively. In general, components in DTD are specified by the following BNF
syntax:

<!ELEMENT> <element-name> <element-type>
<!ATTLIST> <attr-name> <attr-type> <attr-option>

For a detailed description of DTD model, refer to [12]. Table 1 shows a DTD
for Conference which states that a conf element can have four sub-elements:
title, date, editor and paper in that order. As common in regular expression,
0 or 1 occurrence (i.e., optional) is represented by the symbol “?”, 0 or more
occurrences is represented by the symbol “#”, and 1 or more occurrences is
represented by the symbol “4+”. A sub-element without any such symbols (e.g.,
title) represents a mandatory one.

Keywords #PCDATA and CDATA are used as string types for elements and
attributes, respectively. For instance, the type of title element is defined as
#PCDATA so that title element can be arbitrary character data. <attr-option>
can be #REQUIRED or #IMPLIED among others. An attribute with a #REQUIRED op-
tion is a mandatory one while an attribute with a #IMPLIED option is an optional
one. <attr-type> keywords ID and IDREF are used for the pointed and point-
ing attributes, respectively. IDREFS is a plural form of IDREF. For instance, the
author element must have a mandatory id attribute and this attribute is used
when other attributes point to this attribute. On the other hand, the contact
element has a mandatory aid attribute that must point to the id attribute of the
contacting author of the current paper. One interesting definition in Table 1 is
the cite element; it can have zero or more paper elements as sub-elements, thus
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Table 2. A valid XML document conforming to the DTD for Conference in Table 1.

<conf id="er99">
<title>Int’1l Conference on Conceptual Modeling (ER)</title>
<date> <year>1999</year> <mon>May</mon> <day>20</day> </date>
<editor eids="sheth bossy">
<person id="klavans">
<name fn="Judith" 1n="Klavans"/><email>klavans@columbia.edu</email>
</person> </editor>
<paper id="pl'">
<title>Indexing Model for Structured...</title><contact aid="dao"/>
<author><person id="dao"><name fn="Tuong" 1ln="Dao"/></person></author>
</paper>
<paper id="p2">
<title>Logical Information Modeling of Heterogeneous...</title>
<contact aid="shah"/>
<author>
<person id="shah"><name fn="Kshitij" 1ln="Shah"/></person>
<person id="sheth">
<name fn="Amit" 1ln="Sheth"/><email>amit@cs.uga.edu</email>
</person>
E/altlthggzll 1 o|| t—llACMll)
c%pgpér ia=9p3"§°rma
<title>Making Sense of Scientific Information...</title>
<author> |
<person id="bossy">
<name fn="Marcia" ln="Bossy"/><phone>391.4337</phone>
</person>
</author> </paper> </cite> </paper>
</conf>
<paper id="p7">
<title>Constraints-preserving Transformation from XML...</title>
<contact aid="lee"/>
<author> |
<person id="lee">
<name fn="Dongwon" ln="Lee"/><email>dongwon@cs.ucla.edu</email>
</person> </author>
<cite id="c200" format="IEEE"/>
</paper>

creating a cyclic definition. Table 2 shows a valid XML document conforming
to the DTD for Conference. The document represents a portion of the fictional
ER conference held in 1999. The first two paper elements are described with
id="p1" and id="p2", respectively. The paper element with id="p2" further
has a cite element that describes the references in the paper. The paper ele-
ment with id="p7" shows an example of the valid XML document that is not
rooted at conf element. Note that a valid XML document can be rooted at any
level of the DTD hierarchy as long as their sub-elements and attributes follow
the DTD syntax.

Assumptions: Without loss of generality, to simplify our presentation, we as-
sume that: 1) the input DTD has been already simplified using a technique
in [16], 2) the input XML documents are all valid, and 3) the XML features such
as entities or notations are not covered.

Related Work: [16] presents three transformation algorithms that focus on the
table level of the schema while [9] studies different performance issues among
eight algorithms that focus on the attribute and value level of the schema. Since
our CPI algorithm provides a systematic way of finding and preserving con-
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straints from a DTD, ours is an improvement to the existing transformation
algorithms. Work done in STORED [8] deals with non-valid XML documents.
When input XML documents do not conform to the given DTD, STORED uses
a data mining technique to find a representative DTD whose support exceeds
the pre-defined threshold. Since our algorithm to find and preserve constraints
is not directly tied to a single transformation algorithm, ours can be applied
to this algorithm as well. [13] also presents a DTD inference algorithm when it
is not known. [4] discusses template language-based transformation from XML
DTD to relational schema which requires human experts to write an XML-based
transformation rule.

Some work has been done in [17] dealing with the transformation from re-
lational tables to XML documents. There has been some transformation work
in the OODB area as well [6]. Since OODB is a richer environment than RDB,
their work is not readily applicable to our application. The logical database
design methods and their associated transformation techniques to other data
models have been extensively studied in ER research. For instance, [3] presents
an overview of such techniques. However, due to the differences between ER and
XML models, those transformation techniques need to be modified substantially.

3 Transforming DTD to Relational Schema

Transforming a hierarchical XML model to a flat relational model is not a triv-
ial task. There are several difficulties including non 1-to-1 mapping, set values,
recursion, and fragmentation issues [16]. For a better presentation, we chose one
particular transformation algorithm, called the hybrid inlining algorithm [16]
among many algorithms [4,8,9,16]. It is chosen since it exhibits the pros of the
other two competing algorithms in [16] without severe side effects and it is a more
generic algorithm than those in [4, 8]. Since issues of discovering and preserv-
ing semantic constraints in this paper is orthogonal to that of transformation
algorithms, our technique can be applied to other transformation algorithms
easily.

3.1 Hybrid Inlining Algorithm

The hybrid algorithm [16] essentially does the following!:

1. Create a DTD graph that represents the structure of a given DTD. A DTD
graph can be constructed when parsing the given DTD. Its nodes are ele-
ments, attributes, or operators in DTD. Each element appears exactly once
in the graph, while attributes and operators appear as many times as they
appear in the DTD.

! We have made a few changes to the hybrid algorithm for a better presentation (e.g.,
renaming, supporting “|” operator), but the crux of the algorithm remains intact.
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2. Sub-elements in the choice model using the operator are treated as if
they are in the ordered sequence model with the following changes: 1) “+”
operator is converted to “*” operator, 2) sub-elements without any occur-
rence operators are appended by “?” operator. For instance, <!ELEMENT A
((alb)+|c)> is converted to <!ELEMENT A (a*,bx,c?)>. Further, an at-
tribute with #IMPLIED or IDREFS type is converted to an operator node “?”
or “+” in a DTD graph.

3. Identify top nodes in a DTD graph. A top node satisfies any of the following
conditions: 1) not reachable from any nodes (e.g., source node), 2) direct
child of “*” or “+” operator node, 3) recursive node with indegree > 1, or
4) one node between two mutually recursive nodes with indegree = 1. Then,
starting from a top node T, inline all the elements and attributes at leaf
nodes reachable from T unless they are other top nodes.

4. Attribute names are composed by the concatenated path from the top node
to the leaf node using “_” as a delimiter. Use an attribute with ID type as a
key if provided. Otherwise, add a system-generated integer key?.

5. If a table corresponds to the shared element with indegree > 1 in DTD, then
add a field parent_elm to denote the parent element to which the current
tuple belongs. Further, for each shared element, a new field fk_$X$ is added
as a foreign key to record the key values of parent element X. If X is inlined
into another element Y, then record the Y’s key value in the fk_$Y$ field.

6. Inlining an element Y into a table r corresponding to another element X
(i-e., top node) creates a problem when an XML document is rooted at the
element Y. To facilitate queries on such elements, a new field root_elm is
added to a table r.

7. If an ordered DTD model is used, a field ordinal is added to record position
information of sub-elements in the element. (For simplification, the ordinal
field is not shown in this paper.)

((|”

Table 3 shows the output of the transformation by the hybrid algorithm.
Among eleven elements in the DTD in Table 1, four elements — conf, paper,
person, and eids — are top nodes and thus chosen to be mapped to the different
tables. For the top node conf, the elements date, title, and editor are reach-
able and thus inlined. Then, the id attribute is used as a key and the root_elm
field is added. For the top node paper, the elements title, contact_aid, author,
cite_format and cite_id are reachable and inlined. Since the paper element is
shared by the conf and cite elements (two incoming edges in a DTD graph), new
fields parent_elm, fk_conf and fk_cite are added to record who and where the
parent node was. Note that in the paper table (Table 3), a tuple with id="p7"
has the value "paper" for the root_elm field. This is because the element <paper
id="p7"> is rooted in the DTD (Table 2) without being embedded in other el-
ements. Consequently, its parent_elm, fk_conf and fk_cite fields are null. For
the top node person, the elements name fn, name 1n and email are reachable

% In practice, even if there is an attribute with ID type, one may decide to have a
system-generated key for better performance.
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Table 3. A relational scheme (S) along with the associated data that are converted
from the DTD in Table 1 and XML document in Table 2 by the hybrid algorithm.
Note that the hybrid algorithm does not generate semantic constraints (A).

conf conf_editor_eids
: - ~onfl i
id [[root_elmtitle|date_year|date_mon|date_day 10(1;;01||r00t eflm|fk c;gn | :dtsh
con er99 (she
ler99]| conf [ER[ 1999 [ May | 20 | 100002|| conf | er99 |bossy
paper
id [[root_elm|parent_elm|fk_conf|fk _cite] title |contact_aid|cite_id]cite_format
pl|| conf conf er99 - Indexing ... dao - -
p2|| conf conf er99 - Logical ... shah c100 ACM
p3|| conf cite — | cl100 | Making ... - - -
p7|| paper - - — |Constraints ... lee c200 IEEE
person
id ||r00t_e1m|parent_elm|fk_conf|fk_paper| name_fn |name_1n| email | phone
klavans|| conf editor er99 - Judith |Klavans| klavansQ@cs... -
dao conf paper - pl Tuong | Dao - -
shah conf paper - p2 Kshitij | Shah - -
sheth conf paper - p2 Amit | Sheth | amit@cs... -
bossy conf paper - p3 Marcia | Bossy - 391.4337
lee paper paper - p7 |Dongwon| Lee |dongwonQcs... -

and inlined. Since the person is shared by the author and editor elements,
again, the parent_elm is added. Note that in the person table (Table 3), a tuple
with id="klavans" has the value "editor", not "paper", for the parent_elm
field. This implies that “klavans” is in fact an editor, not an author of the

paper.

4 Semantic Constraints in DTD

Domain Constraints When the domain of the attributes is restricted to a
certain specified set of values, it is called Domain Constraints. For instance,
in the following DTD, the domain of the attributes gender and married are
restricted.

<!ATTLIST author gender (male|female) #REQUIRED
married (yes|no) #IMPLIED>

In transforming such DTD into relational schema, we can enforce the domain
constraints using SQL CHECK clause as follows:

CREATE DOMAIN gender VARCHAR(10) CHECK (VALUE IN ("male", "female"))
CREATE DOMAIN married VARCHAR(10) CHECK (VALUE IN ("yes", "no"))
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When the mandatory attribute is defined by the #REQUIRED keyword in DTD,
it needs to be forced in the transformed relational schema as well. That is, the
attribute 1n cannot be omitted below.

<!ELEMENT person EMPTY>
<!'ATTLIST person fn CDATA #IMPLIED 1n CDATA #REQUIRED>

We use the notation “X 4 (0” to denote that an attribute X cannot be null.
This kind of domain constraint can be best expressed by using the NOT NULL
clause in SQL as follows:

CREATE TABLE person (fn VARCHAR(20), 1n VARCHAR(20) NOT NULL)

Cardinality Constraints In DTD declaration, there are only 4 possible car-
dinality relationships between an element and its sub-elements as illustrated
below:

<!ELEMENT article (title, author+, reference*, price?)>

A. 1-t0-{0,1} mapping (“at most” semantics): An element can have either zero
or one sub-element. (e.g., sub-element price)

B. 1-to-{1} mapping (“only” semantics): An element must have one and only
one sub-element. (e.g., sub-element title)

C. 1-to-{0, ...} mapping (“any” semantics): An element can have zero or more
sub-elements. (e.g., sub-element reference)

D. 1-to-{1, ...} mapping (“at least” semantics): An element can have one or
more sub-elements. (e.g., sub-element author)

For convenience, let us call each cardinality relationship as type A, B, C, and
D, respectively. From these cardinality relationships, mainly three constraints
can be inferred. First, whether or not the sub-element can be null. Similar to
the attribute case, we use the notation “X 4 (” to denote that an element
X cannot be null. This constraint is easily enforced by the NULL or NOT NULL
clause. Second, whether or not more than one sub-elements can occur. This is
also known as singleton constraint in [18] and is one kind of equality-generating
dependencies. Third, given an element, whether or not its sub-element should
occur. This is one kind of tuple-generating dependencies. The second and third
types will be further discussed below.

Inclusion Dependencies (IDs) An Inclusion Dependency assures that values
in the columns of one fragment must also appear as values in the columns of
other fragments and is a generalization of the notion of referential integrity.
Trivial form of IDs found in DTD is that “given an element X and its sub-
element Y, Y must be included in X (i.e., Y C X)”. For instance, from the conf
element and its four sub-elements in DTD, the following IDs can be found as long
as conf is not null: {conf.title C conf, conf.date C conf, conf.editor
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C conf, conf.paper C conf}. Another form of IDs can be found in the at-
tribute definition part of DTD with the use of the IDREF(S) keyword. For in-
stance, consider the contact and editor elements in the DTD in Table 1 shown
below:

<!ELEMENT person (name, (email|phone)?>

<!'ATTLIST person id ID #REQUIRED>
<!ELEMENT contact EMPTY>

<!ATTLIST contact aid IDREF #REQUIRED>
<!ELEMENT editor (personx)>

<!ATTLIST editor eids IDREFS #IMPLIED>

The DTD restricts the aid attribute of the contact element such that it can only
point to the id attribute of the person element?. Further, the eids attribute
can only point to multiple id attributes of the person element. As a result,
the following IDs can be derived: {editor.eids C person.id, contact.aid
C person.id }. IDs can be best enforced by the “foreign key” concept if the
attribute being referenced is a primary key. Otherwise, it needs to use the CHECK,
ASSERTION, or TRIGGERS facility in SQL.

Equality-Generating Dependencies (EGDs) The Singleton Constraint [18]
restricts an element to have “at most” one sub-element. When an element type
X satisfies the singleton constraint towards its sub-element type Y, if an element
instance z of type X has two sub-elements instances y; and y, of type Y, then
y1 and y» must be the same. This property is known as Fquality-Generating De-
pendencies (EGDs) and denoted by “X — Y” in database theory. For instance,
two EGDs: {conf — conf.title, conf — conf.date} can be derived from
the conf element in Table 1. This kind of EGDs can be enforced by SQL UNIQUE
construct. In general, EGDs occur in the case of the 1-to-{0,1} and 1-to-{1}
mappings in the cardinality constraints.

Tuple-Generating Dependencies (TGDs) Tuple-Generating Dependencies
(TGDs) in relational model require that some tuples of a certain form be present
in the table and use the “—»” symbol. Two useful forms of TGDs from DTD
are the child and parent constraints [18].

1. Child constraint: "Parent —» Child" states that every element of type
Parent must have at least one child element of type Child. This is the case
of the 1-to-{1} and 1-to-{1,...} mappings in the cardinality constraints. For
instance, from the DTD in Table 1, since the conf element must contain the
title and date sub-elements, the child constraint conf — {title, date}
holds.

3 Precisely, an attribute with IDREF type does not specify which element it should
point to. This information is available only by human experts. However, new XML
schema languages such as XML Schama and DSD can express where the reference
actually points to [12].
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Fig. 2. An Annotated DTD graph for the Conference DTD in Table 1. The associated
values of the nodes (i.e., indegree, type, tag, and status) are not shown.
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