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Abstract

Much work on XML data was around storage and querying
and did not consider constraints of XML, especially keys. Since
constraints have been proposed in many papers for XML, much
research work on constraints has been being done. In this pa-
per, we consider an important class of constraints, XML keys,
and try to find the relationship between XML keys and rela-
tion keys. Given XML data whose semantics are represented in
XML keys, we use a simple transformation language to express
a transformation from the XML data to a relational database.
Then we provide a formal definition of a relation tree that rep-
resents a well-formed rule on a relation written in the trans-
formation language. After all rules that make up the transfor-
mation have been written, we show the way how XML data
is transformed into relations. Finally, we present an algorithm
for deriving relation keys from XML keys. These keys should
be specified on the transformed relations or their compatibility
with the predefined schema should be verified.

Keywords: XML key, relation tree

1 Introduction

Over the past several years, XML(Bray, Paoli &
Sperberg-McQueen 1998) has been popular as a prime
data exchange format on the web. Because there are
many features (such as self-description, strong capac-
ity of expressing) that XML holds, it has been be-
ing used widely in many fields. In practical applica-
tions, a data provider always stores its data in rela-
tional databases in advance and publishes the rela-
tional data in XML when necessary(Fernandez, Tan
& Suciu 2000, Shanmugasundaram, Shekita, Barr,
Carey, Lindsay, Pirahesh & Reinwald 2001, Shanmu-
gasundaram, Kiernan, Shekita, Fan & Funderburk
2001, Oracle n.d., Intelligent Systems Research n.d.);
on the other side, a data consumer imports XML data
on the web into relational databases to store.

In some cases, XML, including the content and
the structure, is mapped into relations by some
methods(Shanmugasundaram et al 1999, Florescu
& Kossmann 1999). Then, when a query of
XML data(Chamberlin et al 2001, Abiteboul, Quass,
McHugh, Widom & Wiener 1997) is submitted, it is
mapped into a SQL query and executed(Zhou, Lu,
Zheng, Liang, Zhang, Ji & Tian 2001, Manolescu,
Florescu & Kossmann 2001). In other cases, some re-
lational databases with actual data have been created.
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One of tasks for a data consumer is to specify trans-
formations from XML data to relational databases,
import XML data on the web and append it to them.
It may be more concerned about the content and the
semantics instead of the whole structure at this time.

A recognized problem with XML is that it is only
syntax and does not carry the semantics of the data.
However, in relational databases, the semantic con-
straints have been proved useful in making a good
design, update anomaly prevention, efficient storage
and access, and query optimization, etc.

In response to the problem, a lot of papers
about XML constraints(Buneman, Fan, Siméon &
Weinstein 2001, Buneman, Davidson, Fan, Hara &
Tan 2001a, Fan, Schwenzer & Wu 2001, Fan &
Siméon 1999, Thompson et al 2001) have been pub-
lished to bring constraints to XML. Among them, the
key constraint proposed in the paper of (Buneman,
Davidson, Fan, Hara & Tan 2001lae) plays an im-
portant role and it is independent of DTDs(Fan &
Libkin 2001) or XML-Schema(Thompson et al 2001).

Although XML keys are proposed, the relationship
between XML keys and relation keys is still unknown.
Sometimes problems may appear to a data consumer.
For example, while it imports XML data into a rela-
tional database with an existing design, conflicts may
occur when the relational schema R is incompatible
with the semantic constraints of the XML data.

<db>
<book isbn="7-111-07526-9">
<title>Networks</title>
<author>Larry Peterson</author>
<chapter number="1">
<name>Foundation</name>
<section number="1"><name>TCPIP</name></section>
<section number="2"><name>ATM</name></section>
</chapter>
<chapter number="9">
<name>Applications</name>
</chapter>
</book>
<book isbn="7-111-06710-X">
<title>Networks</title>
<author>Shary Zhou</author>
<chapter number="1">
<name>Introduction</name>
</chapter>
<chapter number="9">
<name>Applications</name>
</chapter>
</book>
</db>

In order to illustrate the problem, let us take an
example first. Suppose the XML document above
is being exchanged and the schema of one rela-
tion is predefined as book-chapter(isbn, title,



number, name). The relation after transformation is
shown in figure 1.

If the data consumer specifies (title, number)
as the key of the relation in advance, violations will
emerge when importing because two distinct tuples
agree on the key (“Networks”, “17). However, if the
data consumer specifies (isbn, number) in advance
as the key, transformation can be done successfully.

isbn title number name
7-111-07526-9 | Networks 1 Foundation
7-111-07526-9 | Networks 9 Applications
7-111-06710-X | Networks 1 Introduction
7-111-06710-X | Networks 9 Applications

Figure 1: A sample relation

In relational data, mapping constraints through
views has been well-studied. But in XML data, few
papers have considered mapping constraints. The
paper of (Lee & Chu 2000) presents an algorithm
CPI to derive constraints from DTDs instead of XML
keys. The paper of (Davidson, Fan & Hara 2001) pro-
poses a simple transformation language and develops
a PTIME algorithm to determine whether a given FD
can be reasoned about by a set of XML keys as long
as the transformation is given. Based on the idea,
the algorithm can be naturally generalized to derive
a complete set of FDs from a set of XML keys. But
the algorithm for computing a complete set of FDs
has a high complexity and some restrictions.

In our paper, we develop a heuristic algorithm to
compute a complete set of relation keys instead of
FDs, given a transformation from XML data to a re-
lational database of schema R and a set of XML keys.
It can be used to derive relation keys from the seman-
tic constraints of the XML data, and then determine
whether the predefined schema R of the relational
database is compatible or not before the XML data
is imported.

Contributions. In short, the main contributions of
the paper are the following:

e We present the definition of a relation tree which
is constructed to represent a well-formed rule on
a relation R. It can be used in the process of
populating relations and the process of deriving
keys later.

e Given a transformation o expressed in the trans-
formation language, we show how XML data is
imported into the relational database in practice.
The transformed relations may violate the basic
definition of a relation because of “set-valued at-
tributes” in XML data. Deriving keys is mean-
ingless to this case.

e We present an algorithm for deriving relation
keys from XML keys based on relation trees.

Organization. The remainder of the paper is orga-
nized as follows. Section 2 reviews some basic con-
ceptions about XML keys and constraints. Section 3
introduces the transformation language. Some con-
ceptions about relation trees, as well as the process
of populating relations, are also described in this sec-
tion. Section 4 illustrates algorithms to determine the
problem of deriving relation keys. At last we summa-
rize this paper in section 5.

2 XML keys and constraints

First of all, we start by reviewing the XML tree model
and keys for XML, as well as path expressions that

are used to define XML keys.

2.1 XML tree model

The format of XML data is hierarchical and an XML
document can be modeled as a tree(Apparao et al
1998). Figure 2 shows the tree model of the sample
document. An XML document (or an XML tree) has
three types of nodes: element node (E node), which
has a label only; attribute node (A4 node), which has a
label and carries text; text node (S node), which just
carries text. We use E to denote the set of element
labels and use A to denote the set of attribute labels.
A singleton set {S} denotes text (PCDATA).

Definition 2.1: An XML Tree is defined to be T' =
(V,lab, ele, att, val, id, root), where

e V is a finite set of nodes;

e lab maps each node v to EU A U {S}. And v
is an element iff lab(v) € E; v is an attribute iff
lab(v) € A; v is a text node iff lab(v) = S;

e cle maps each element node v to a list of element
nodes and text nodes [vy,...,v,] in V. If v is an
attribute node or a text node, ele is undefined.
In essence, ele(v) defines the element and text
children of the element node v;

e att maps each element node v to a set of attribute
nodes {v1, ..., vy, } in V. If v is an attribute node
or a text node, att is undefined. att(v) defines
the attribute children of the element node v;

e val maps each attribute node or text node v to
a string. For element nodes, val is undefined;

e id assigns a unique identity to each node;

e root is a distinguished and unique node. It de-
notes the root of T' and root € V. We use r to
denote the label of root, i.e., lab(root) = r.

O

Definition 2.2: Two nodes vy and v, are value equal,
denoted by vy =, va, iff the following conditions are
satisfied:

e lab(vy) = lab(vy);

e if vy, vy are A nodes or S nodes, val(vy) =
val(vg);

e if vy, vy are E mnodes, then 1) for any a; €
att(vy), there exists as € att(vy) such that
a1 =, ag and vice versa; and 2) if ele(vy) =
[V11, V12, .., V1n], €le(va) = [v21,V22, ..., V2,] and
for alli € {1,2,...,n}, v1; =, v2;.

O

In the tree shown in figure 2, the node of chapter
9 under the first book is value equal to the node of
chapter 9 under the second book.

Note that =, (value equality) is used to distinguish
from = (node equality). We say two nodes vy and v
are node equal, denoted by v, = v, iff they have the
same node identity.

2.2 Path expressions

Because the regular expressions(Abiteboul et al. 1997,
Clark & DeRose 1999) are so powerful and compli-
cated that they are not suitable for defining XML
keys, they are made a little simplification to satisfy
the demand.

Two types involved here are shown in the following
table. PLg denotes simple path expression, and PL
denotes reqular path expression.
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Figure 2: An XML tree

Path expression Syntax
PL, pu=c¢c|lp
PL Pu=¢c|l|PP| x

where [ is a label in EU A U {S}, € denotes an empty
path, . denotes concatenation of two path expressions,
and _* is a combination of wild card matching any
node label and Kleene closure.

A path defined by a simple path expression is
called a simple path. book.chapter.name is a sim-
ple path.

A path defined by a regular path expression is
called a regular path. For example, book._*.name
is a regular path. Especially, a simple path can
be regarded as a regular path. For example,
book.chapter.name is not only a simple path but
also a regular path.

We use p € P to denote that p is in the regular
path defined by regular path expression P of PL. For
example, book.chapter.name € book._*.name. Ex-
tremely, book. chapter.name € book.chapter.name.

We say that node vy in T is reachable from node vy
by following path p of PLg, denoted by T = p(v1, v2),
iff v1 = w9 if p =€, and if p = p'.l, then there exists
node v in T such that T = p'(vy,v) and v is a child
of v with label [.

Similarly, node vo in T is reachable from node vq
by following path P of PL, denoted by T' = P(v1, v2),
iff there exists a path p € P such that T |= p(v1, v2).

Let v be a node in T. We use v[p] to denote the
set of nodes in T that can be reached by following the
path expression p from v. Namely, v][p] = {v' | T =
p(v,v")}. Moreover, v[P] = {v' | T = P(v,v’)}.

The wvalue intersection of v1[P] and vs[P], de-
noted by v1[P] N, v2[P], is defined by:

v1[P] Ny v2[P] ={(2,2") | 3p € P,z € v1]p], 7 €
valpl, z =0 2’}

v1[P] Ny v2[P] consists of node pairs that are value
equal and are reachable by following the same sim-
ple path in the regular path defined by regular path
expression P starting from vy and vs, respectively.

2.3 XML keys

Definition 2.3: A key constraint ¢ for XML is an
expression of the form

(Qa (Q/a {P17 ~-~7Pk}))a

where Q, Q" are expressions of PL and P; are expres-
sions of PLg such that for alli € {1,....k}, Q.Q".P; is
a valid path expression. @ is called the context path,
Q' is called the target path, and P4, ..., P, are called
the key paths. m]

If Q = e, it is an absolute key and can be abbre-
viated to (@', {P1, ..., Px}). Otherwise, it is a relative
key.

A key ¢ = (Q,(Q',{P,..., Pr})) specifies as fol-
lows: (1) the context path @, starting from the root
of an XML tree T, identifies a set of nodes [Q]; (2)
for each node v € [Q], ¢ defines an absolute key
(Q',{Py,..., P;}) that is to hold in the subtree rooted
at v; specifically,

e the target path @’ identifies a set of nodes v[Q']
in the subtree, referred to as the target set;

e the key paths Py, ..., Py identify nodes in the tar-
get set. That is, for each v’ € v[Q'], the values
of the nodes reached by following the key paths
from v’ uniquely identify v’ in the target set.

Definition 2.4: Let ¢ = (Q, (Q',{P1,..., Px})) be a
key. An XML tree T satisfies ¢, denoted by T = ¢,
iff for any v in [Q] and any vy, vy in v][Q'], if for all
i € {1,...,k} there exists a path p € P, and nodes
x € v1p], y € va2[p] such that z =, y, then v; = vs.
That is,

Yo € [Q], Yvi,v2 € v][Q']
(C A nlP] 0y v2[P] # ¢) — v1 = v2)

1<i<k O

Suppose ¢ = (_x.book, (chapter, {number})) is one
of XML keys of figure 2. Roughly speaking, for any
book in [-#.book] and any two chapters of its, if they
agree on the number, they will be the same chapter.
Through verification, we know T |= . If we specify
another key ¢’ = (_x* .chapter, {number}) of T, T
will not satisfy ¢’ because there exist two distinct
chapters that agree on the number.

3 Transformation language from XML to re-
lational databases

We review the transformation language from XML
to a relational database in this section. Simple as
the language is, it is powerful to specify many com-
mon transformations in applications. And it has been



proved that some extensions to the language are so
powerful that deriving relation keys from XML keys
becomes undecidable.

3.1 Transformation language

Let x be a node in an XML tree T. We introduce
another extension of val. The value function of z,
denoted by value(x), returns a string representing the
pre-order traversal of the subtree rooted at x. More
precisely, value(x) is defined as follows:

1. If z is an A node or an S node, then value(x) =
val(x);

2. If z is an F node, then value(zx) is a string “(”
| lab(x1) | “7 | value(zqy) | ¢ | ... | lab(zy,)
“7 Jvalue(zy) | € | lab(ar) | “7 | value(ay)
“7 | Lab(am) | 47 | value(an,) | )7, where

ele(x) = [r1,...,xy), att(x) = {a1,...,am}, and

“|” denotes string concatenation.

We restrict that attributes are alphabetically or-
dered by their labels. For example, if the node
x is the second chapter element under the first
book element, then wvalue(z) = (name : (S :
Applications), number : 9).

In the following sections, we regard id as an es-
pecial case of the function value by imagining that
there exists an attribute #id under node x and id(x)
is equal to value(z.#id), regardless of whether x is an
element, an attribute or a text node.

Definition 3.1: A rule path X is defined as follows:
(1) X « Y.P where Y is also a rule path, P is a path
expression of PL and Y.P is a valid path expression;
(2) z,, which is a distinguished variable and stands
for the root of an XML tree, is a rule path. O

We say that a rule path X is well-formed iff X
is connected to the root z,; that is, X «— =z,..P, or
X «— Y.P and Y is connected to the root z,.

For example, x,..book._*.chapter is a well-
formed rule path.

Actually, a well-formed rule path X identifies a
set of nodes, denoted by X*. Each node in X™* sat-
isfies the path expression X, i.e., (1) if X « z,..P,
then X* = [P]; (2) if X « Y.P, then X* =
y[P] where y € Y*. For example, in figure 2,
T, .book._*.chapter® is the set including the two
chapter subelements of the first book and the two
chapter subelements of the second book.

Definition 3.2: Let X be a well-formed rule path.
A rule on an attribute | of a relation R is rule(R,1) =
I ¢ walue(X) | I : id(X), where value(X) =
[value(x1), ..., value(xy,)], 1d(X) = [id(x1), ..., id(zy)]
and X* = {z1,...,xz,}. O

For example, a list [7-111-07526-9, 7-111-06710-X]
can be obtained by computing the rule
rule(book,isbn) = isbn value(X), where
X =x,._*.book.isbn.

Definition 3.3: A rule on a relation R is Rule(R) =
{rule(R,1) | I € att(R)}. In Rule(R), some rule paths
are used to extract data from XML for the attributes,
referred to as valuable rule paths. Others are used to
navigate the XML data, referred to as temporary rule
paths. And for each attribute I € att(R), rule(R,1)
fills the attribute of the relation with the actual data.

O

A rule on a relation R is well-formed iff

1. for any X; « Y.P; and X5 < Y.P; in the rule,
P, and P, do not share a common prefix, i.e.,
there exist no PL expressions P, P, Pj such that
P, = P.P{ and P, = P.Pj and P # €; moreover,
for any X <« Y.P, P is a simple path (without
“*) unless Y is x,; in addition, for any X; «

Y.P; and X9 < Y.P in the rule, where X; and
X, are distinct, it is not allowed that P; and Ps
are not simple paths, and Y is x,;

2. for any rule(R,l;) and rule(R,l2), if I; and Iy
are different attributes, they are different.

The first condition ensures that it groups two
nodes under a common ancestor into the same tu-
ple in a relation; and moreover, it does not group
“unrelated” data in the same relation to preserve the
structure of the data. Adding the restriction _* is
to exclude the nodes which are “far away” from each
other. The second condition prevents populating dif-
ferent attributes of a relation with the same values,
which does not make much sense in practice.

For example, the above relation book-chapter in
figure 1 could be specified as follows:

Rule(book-chapter)= {isbn : value(X2), title : value(X3),
number : value(Xs), name : value(X¢)}

X1 «— xr._ % .book, Xo «— Xj.isbn,

X3 «— Xj.title.S, X4 «— Xj.chapter,

X5 — Xqgnumber, Xg«— X4.name.S

In Rule(book-chapter), X; and X4 are temporary
rule paths while others are valuable rule paths.

Definition 3.4: Given a relational schema R,
a transformation from XML data to a relational
database of schema R is o =(Rule(R1), ...,
Rule(R,)), where Ry, ..., R, are the relations in the
relational database. a

The transformation from XML data to a relational
database of schema R is composed of a collection of
rules from XML data to relations in the relational
database. A transformation o is well-formed iff each
rule on the corresponding relation is well-formed. We
consider well-formed transformations only.

3.2 Relation tree model and process of pop-
ulating relations

Definition 3.5: Let Rule(R) = {rule(R,l) | | €
att(R)} be a well-formed rule on R. A
relation tree is defined to be RT =
(V', x,, xp, label, parent, children, leaf, attribute),
where

e V' is a finite set of nodes;

e ., which is a distinguished and unique node,
stands for the root of the relation tree;

e 13, which is a distinguished and unique node,
stands for the unique child of x,.. The path from
x, to xp may be a regular path (with “_*”);

e label maps each node v’ to a path expression.
Specially, label(z,.) = r. If v’ is xp, label maybe
maps it to a regular path expression P of PL.
Otherwise, label maps v to a simple path ex-
pression p of PLyg;

e parent maps each non-root node v’ to its parent
node. For the root x,, parent is undefined;

e children maps each interior node v’ to a set of
its children. Specially, children(x,) = {zp}. For
leaves, children is undefined;

e leaf maps each node v’ to a boolean value. It
returns true iff v’ is a leaf. Otherwise, it returns
false;

e attribute maps each leaf v’ to a string [ which
denotes one of attributes of the relation R. For
interior nodes, it is undefined.



isbn title.S chapter

/\

number  name.S

Figure 3: A relation tree

a

We say that node v4 in RT is reachable from node
v} by following path P of PL, denoted by RT &=
P(vy,vh), iff o] = v} if P =€, and if P = P’.P”, then
there exists node v’ in RT such that RT = P’ (v}, v’),
vh € children(v’') and label(vy) = P”. Tt is worth
noting that P, P’ and P” are just made up of the
labels of the nodes in RT through concatenation here
(except €). That is, P, P’ and P" are all simple path
expressions unless they have passed node xy.

Given a well-formed rule Rule(R) on a relation R,
there always exists a relation tree that represents the
rule. The relation tree of Rule(book-chapter) above
is given in figure 3. In some degree, the relation tree
RT is a rule to simplify an XML tree T into a simple
one T' by just preserving the nodes in T' which are
“useful” in RT.

Definition 3.6: Let T be an XML tree and let RT
be the relation tree. For any node v in T', there always
exists one and only one simple path p such that T =
p(root,v). For any node v in RT, there also exists
one regular path P such that RT = P(z,,v'). If p €
P, we say v’ is the corresponding node of v, denoted
by map(v) = v’ where v € V and v’ € V’. Contrarily,
the set of the corresponding nodes of v’ is defined
as map~t(v') = {v | map(v) = v'}. v is one of the
corresponding nodes of v’ iff v € map~1(v'). O

For any two nodes v; and vy in the set map~—*(v')
where v’ is a node in RT, they have the same label
in T, i.e., lab(vy) = lab(vy) because v" stands for the
same type of nodes.

Next we show how XML data is imported into re-
lations in practical applications. Given an XML tree
T and a well-formed rule Rule(R) on a relation R, R
can be populated in the following way:

1. construct the relation tree RT to represent the
rule Rule(R);

2. change T into T" according to RT by preserving
the nodes in T" that are used in RT only;

3. traverse T” in the post-order, for any node v
in TV, (1) if there exists a leaf v' in RT such
that v € map~1(v'), then extract the actual
data from v by value(v), store the value into a
temporary relation which contains one attribute
attribute(v') and name the relation as lab(v); (2)
or else, if v is one of the corresponding nodes of
Ty, if R exists, then execute the operation union
U between R and the relation lab(v) and name
the result relation as R again; if R does not exist,
then rename the relation lab(v) as R; (3) or else,
if v has only one child, then rename the child
relation whose name is the label of the child as
lab(v). If v has more than one child, execute the

operation union U between the children relations
which have the same name at first, and then ex-
ecute the operation cross product X between the
children relations which have different names and
name the final relation as lab(v);

4. if the root of T" is reached, the process termi-
nates.

In fact, the relation is shown in figure 1 for the
above example.

Because there exist “set-valued attributes” in
XML data and the data is stored through redundancy,
it cannot be avoided that two same tuples appear in
the transformed relation though it is seldom. In the
case, the relation violates the basic definition of a re-
lation and it is impossible to specify keys on the rela-
tion. For example, in the XML tree of figure 2, if there
are two title nodes with the same value “Networks”
under the first book node, there exist at least two
same tuples (e.g. (“7-111-07526-9”, “Networks”, 1,
“Foundation”)) in the relation. We ignore this mean-
ingless case in the paper.

4 Deriving relation keys from XML keys

4.1 Problem statement

As mentioned above, there exists a transformation o
from XML data to a relational database of schema R
where for any XML Tree T, o(T) is an instance of
R which is a collection of transformed relations. The
problem is, given a transformation ¢ from XML data
to a relational database of schema R, and an XML
tree T satisfying a set ¥ of XML keys, whether the
complete set I of relation keys can be found such that
o(T) satisfies I'. More specifically, the problem can
be stated as:

INPUT: A transformation o from XML data
to a relational database of schema R,
a set ¥ of XML keys.

OUTPUT: A complete set I' of relation keys.

For any XML tree T, if T satisfies 3, o(T) will
satisfy I

4.2 Algorithm description

As mentioned early, o(T) contains some relations
which are transformed according to rules in the trans-
formation o. In order to illustrate the problem sim-
ply, we start to analyze a rule Rule(R) in o only. The
algorithm for deriving relation keys on R from ¥ is
shown in figure 4.

The whole algorithm is a bottom-up approach.
The algorithm works as follows: at first, special
XML keys (_x,{#id}) and (_x, (#id,{})) should be
added into ¥ since any node can be identified by
its #id and the #id of each node is unique accord-
ing to the definition of an XML tree. For the rule
Rule(R), the relation tree RT is constructed to repre-
sent the rule. Then RT is traversed in the post-order.
Suppose the node visited currently is v’. An XML
key (P(z, parent(v')), (label(v'), s)) is constructed to
check (see Algorithm constructkey shown in fig-
ure 5 for details). If it is implied by ¥(Buneman,
Davidson, Fan, Hara & Tan 2001b), then the set s of
the key paths is added into a variable v'.keys, where
the key set v'.keys of v’ is used to cache the key paths
and it is an empty set initially. s is computed in the
following way:

1. If v is an interior node, then for each ¢ €
children(v'), if ¢ .keys is {{}}, label(c’) is added
into a set S’ ({} initially) ; or else, each set in



Algorithm derivation(3, Rule(R))

begin

LS = S U, (i), (o, (Hid, D)
2. RT := ConstructRT(Rule(R));

3. v’ := GetFirstNode(RT);

4. while (v’ # z,) do

5. begin

6. 8= {{1h

7. if (leaf(v')) then

8. S’ = {e};

9. else

10. begin

11. S = {};

12. for each ¢’ € children(v’) do
13. if (¢'.keys # {{}}) then
14. candidate(c’, S);
15. else

16. S = S U {label(c)};
17. end;

18. power(S’);

19. check(v’, S, S’, RT);

20. if (v'.keys = {}) then

21. return {};

22. if (Succ(v’, RT) = z,) then

23. begin

24. r:={}

25. for each s € v'.keys do

26. I' := I" U {back(s,Rule(R))};
27. end;

28. v’ := Succ(v’, RT);

29. end;

30. return I}

Figure 4: An algorithm for deriving relation keys from
XML keys

S ({{}} initially), referred to as the compulsory
candidate set of v/, is combined with each set in
¢ .keys(see Algorithm candidate shown in fig-
ure 6 for details). If v’ is a leaf, add an empty
path € into the set S” only;

2. each path in S’ is combined with one another
and S is changed into a power set, referred to as
the optional candidate set of v’ (see Algorithm
power shown in figure 7 for details);

3. s is computed by combining each set in S with
each set in S’, where each set s’ in S’ should be
picked up one by one according to the cardinal-
ity of s’ in the ascending order (see Algorithm
check shown in figure 8 for details). But not all
of sets in the optional candidate set should be
selected into s because if k is a key of a relation,
then for each k' D k, k' is also a key, which does
not make much sense.

Algorithm constructkey(v’, s, RT)
begin

1. w := parent(v');

2. key := (P(zr,w), (label(v'), s));
3. return key;

end.

Figure 5: An algorithm for constructing an XML key

Additionally, given a rule Rule(R), the function
ConstructRT is to construct the relation tree RT to
represent the rule. Given a tree RT, the function

Algorithm candidate(c, S)
begin

1. S :={}

2 for each k € c.keys do

3 begin

4. for each path € k do
5. path := label(c).path;
6 for each s € S do

7 begin

8 s1 :=sUk;

9. S1 = S1U{s1}
10. end;

11. end;

12. S :=5y;

13. return;

end

Figure 6: An algorithm for updating S

Algorithm power(S’)

begin

1. So =1}

2. for any S C S’ do
3. Sp := Sp U {S},
4. S’ = Sp;

5. return;

end.

Figure 7: An algorithm for computing the power set
of &’

GetFirstNode is to get the first node in the post-
order traversal. Given a tree RT and a node v’ in it,
the function Succ returns the next node of v’ in the
post-order traversal. And given a rule Rule(R) and
a set of key paths, the function back returns the set
of attributes mapped from the key paths. We do not
describe these functions in this paper.

For example, a transformation ¢ from the XML
data in figure 2 to a relational database is specified
as follows:

o = (Rule(book-chapter), Rule(chapter-section))

Rule(book-chapter) = {isbn : value(X2), title : value(X3),
author : value(Xy), cid: id(Xs), cnumber : value(Xs),
cname : value(X7)}
X1 — p._* .book
X3 «— Xj.title.S

X5 «— Xi.chapter
X7 «— X5.name.S

Xo «— Xq.isbn
X4 < Xj.author.S
Xg «— X5.number

Rule(chapter-section) = {cid : id(Y1), sid : id(Y2),
snumber : value(Y3), sname : value(Ya)}

Y1 < @p.- % .book.chapter Yo <« Yi.section

Y3 «— Ya.number Yy «— Yo.name.S

Then the corresponding relation trees are given in
figure 9. A set ¥ of XML keys is specified as follows:

o (_x.book, {isbn})
Within the context of the entire tree, any book
element is identified by its isbn attribute;

o (_x .book, (-« .chapter, {number}))
Within the context of the subtree rooted at any
book element, any chapter element is identified
by its number attribute;

o (_x.chapter, (section, {number}))
Within the context of the subtree rooted at any



Algorithm check(v’, S, S/, RT)

begin

1 v .keys := {};

2 for each s € S do

3 begin

4. n = 0;

5. So = S

6 for each s’ € Sy and |s'| =n do

7 begin

8 k := constructkey(v’, sUs’, RT);
9. if (X = k) then

10. begin

11. v .keys := v/ .keys U {sUs'};
12. for any s’ € Sp and s’ C s” do
13. So = So — {S”};

14. end;

15. n:=n+1;

16. end;

17. end;

18. return;

end

Figure 8: An algorithm for checking

chapter element, any section element which is
under the chapter element immediately is iden-
tified by its number attribute;

o (_x .book, (isbn, {})), (- .book, (title,{})), and
_* .book, (author,{}))
Within the context of the subtree rooted at any
book element, the isbn attribute, the title el-
ement and the author element of the book ele-
ment are unique;

o (_sx.chapter, (number,{}))
_x .chapter, (name, {})
Within the context of the subtree rooted at any
chapter, the number attribute and the name el-
ement are unique;

o (_x.section, (number, {}))
_x .section, (name, {})
Within the context of the subtree rooted at any
section, the number attribute and the name el-
ement are also unique.

o (% (5,{})

For any element, if it has text children, the num-
ber of its text children is at most one.

The algorithm finds the first node (node isbn) in
the post-order traversal of the left relation tree and
then constructs an XML key: (_* .book, (isbn,{})).
Because the key can be implied by ¥, {} is added
into the key set of the node isbn. Next, the algo-
rithm visits the next node (node title.S) and then
it constructs a key: (_x.book, (title.S,{})). Similarly,
{} is added into the key set of the node title.S.

When node chapter is visited, there is only one el-
ement {} in the compulsory candidate set of the node
chapter because each key set of its children is {{}},
and the optional candidate set of the node chapter
contains 22 sets:

{}, {#id}, {number}, {name.S}, {#id, number},
{#id, name.S}, {number, name.S} {#id, number, name.S}.

First an XML key (- * .book, (chapter,{})) is con-
structed for checking. But ¥ can not imply it. Sec-
ondly, another key (_x.book, (chapter, {#1id})) is con-
structed. It can be implied by ¥ and thus any super
set of {#id} in the optional candidate set need not
be picked up for checking. Namely, {#id, number},
{#id,name.S}, {#id, number, name.S} are removed

{{chapter #id},
{chapter.number, isbn}}
{Q?\ ,% j} (i,
_*.book /'/ (nL}l:rber})
h
N v’/ L\A v
isbn titleS  author.S chapter {1
/ l\ {m,,,{m
v v v
#d number name.S
{{section.#id},
{section.number #id}} .
({}\) .
\\ v
_*book.chapter ~ {{#id},
{number}}
;/ \;
#d section
{1
{{n\ /J\ /’({})
b \\‘v v
#d number name.S

Figure 9: Relation trees

from the optional candidate set of the node chapter.
If the algorithm continues like this way, at last the key
set of the node chapter is figured out to be {{#id},
{number}}.

When node _*.book is visited, its compulsory can-
didate set contains two sets:

{chapter.#id}, {chapter.number}
and its optional candidate set contains 22 sets:

{}, {isbn}, {title.S}, {author.8}, {isbn,title.S},
{isbn, author.8}, {title.S, author.S}, {isbn,title.S, author.S}.

Because the key (e, (_* .book, {chapter.#id})) can
be implied, {chapter.#id} can be added into the key
set of the node _*.book. Through trials, the key
path chapter.number can not identify the book el-
ements and ¢sbn should be included. That is, the
key (e, (- .book, {chapter.number,isbn})) can be im-
plied. Finally, the key set of the node _*.book is
{{chapter.4#id}, {chapter number,isbn}}.

At this time, two keys cid and (cnumber, isbn) on
the relation book-chapter are computed by the algo-
rithm:

cid — isbn,

cid — author,

cid — cname,

(enumber, isbn) — author,
(enumber, isbn) — cname.

cid — title,

cid — cnumber,
(cnumber, isbn) — title,
(cnumber, isbn) — cid,

Likewise, the keys on the relation chapter-section
are sid and (cid, snumber):

sid — cid,
sid — sname,
(cid, snumber) — sname.

sid — snumber,
(cid, snumber) — sid,

To some cases, if the given set of XML keys is not
enough, the set of relation keys is empty. As an exam-
ple, if an XML key (-*.book, (title,{})) is absent, the
algorithm can not decide whether the title element
under a book element is unique or not. So it can not
decide cid — title and (cnumber,isbn) — title. The



relation book-chapter has no key finally. In figure 4,
Algorithm derivation terminates and I' is empty.

Proposition 4.1: Given an XML tree T satisfying a
set X of XML keys and a well-formed rule Rule(R) on
a relation R, (1) each set in T is a candidate key and
excluding any attribute in the candidate key makes it
not be a key any longer; (2) for any key specified on
R, there exists a set in I' that is a subset of the key.

O

Proof sketch: By induction the following conclusions
can be proved: (a) given a node v’ in the relation tree
RT and a set s (s € v'.keys) of key paths where each
path is from a child of v’ along to a leaf descendant
of v/, for any node v” which is either a descendant
of v/ or v/, if there are always some key paths in s
such that they can identify v” within the context of
parent(v”), then a set Y of attributes, which is com-
posed of attributes mapped from key paths in s by
using the function back, can determine any attribute
in the temporary relation lab(v) (v € map~—*(v')); (b)
given a node v’ in the relation tree RT and a set Y
of attributes where each attribute is mapped from a
leaf in RT, if Y determines any attribute in the tem-
porary relation lab(v), then for any node v” which is
either a descendant of v’ or v’, there always exist some
key paths in s such that they can identify v” within
the context of parent(v”), where s contains those key
paths mapped to the attributes in Y.

After executing the operation union and renaming,
the key of the former relation is still the key of the
new relation. Thus the conclusions are sound to the
operation union and renaming and then we analyze
the effect of the operation cross product only.

(a) For a leaf v' in RT, if the key path to identify
v’ within the context of parent(v’) is empty, the key
of the temporary relation lab(v) is attribute(v') be-
cause the relation contains only one attribute; for an
interior node v’ in RT, for any child v of v/, if there
always exist some attributes in Y such that the set
containing those attributes is a key of the temporary
relation lab(u) (u € map~t(v")), then Y can deter-
mine each attribute in the temporary relation lab(v)
after “x” is executed on the children relations.

(b) For a leaf v' in RT, the conclusion is sound
because the temporary relation lab(v) has only one
attribute. For an interior node v’ in RT, if there exists
anode v” in the subtree rooted at v’ such that any set
of key paths selected from s cannot identify v" within
the context of parent(v”), then for the set of those
attributes which are in Y and the temporary relation
lab(u) (u € map~t(v")), any subset cannot become a
key of the relation lab(u). No matter which operation
is executed to create the new relation lab(v), Y cannot
be a key of the relation lab(v). Thus, the node v does
not exist.

According to the above conclusions, the proposi-
tion is provable. Additionally, as for (1), any super
set of the candidate key is neglected in the algorithm,
so the candidate key is minimal and excluding any
attribute in the candidate key will make it not be a
key any longer. O

5 Conclusion

The key constraint is an essential and critical part
of databases, especially in relational databases. As a
type of semi-structured data, it is not intact because
XML data does duty as relational databases without
semantics.

With the development of XML, constraints are
proposed in many papers. This paper is mainly to
deal with how to map XML keys to relation keys when

importing XML data into a relational database, given
a transformation expressed in the transformation lan-
guage. An algorithm for deriving relation keys from
XML keys is described in this paper. If the relational
schema has not been predefined before, the set of re-
lation keys must be considered in the schema. If the
schema has been predefined, appending data will not
succeed unless the set of relation keys does not violate
the predefined schema.

The definition of an XML key implicates that de-
scendant nodes identify ancestor nodes while sibling
nodes cannot be identified by sibling nodes. Because
of the limitation, deriving functional dependencies
from XML keys is more difficult and complicated. To
make a better algorithm without trial and failure is
a part of future work. On the other hand, the algo-
rithm just returns the set of relation keys and does
not evaluate the transformation. To make a good
transformation automatically according to XML keys
is another part of future work.
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