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Abstract

In this paper, we survey recent results on functional depen-
dencies for XML. We present a subgraph-based approach
towards functional dependencies in XML. The proposed
framework allows us to define functional dependencies sim-
ilar to those ones introduced in earlier works on this topic,
but enables us to capture further kinds of functional de-
pendencies which happen to be useful in designing XML
documents. Within the paper we point out some essential
differences between the various kinds of functional depen-
dencies under discussion resulting in different erpressive-
ness, different semantic behavior as well as different az-
tomatizations.

1. Introduction

Along with the growing popularity of XML [7] as a mark-
up language for publishing and exchanging data on the
web, there is an increasing number of applications us-
ing native and persistent XML documents. The targets
of modern information systems such as biological infor-
mation systems are often too complex to be stored in re-
lational tables. For XML provides a simple, universal and
widely accepted standard for defining complex documents,
there is an ongoing trend to use XML for representing and
actually storing biological data, cf. [22].

It is not difficult to imagine that in the not-so-distant
future persistent XML documents will be used to keep
track of a large portion of newly generated molecular bi-
ology data as well as semi-structured data from other
sources. Data that has to be conceptually modelled, orga-
nized, managed and analyzed. It must be emphasized that
XML itself is merely a language for describing the syntax
of a document, not its semantics. In relational databases,
integrity constraints have been proven useful in making a
good design, in preventing update anomalies, and in al-
lowing the application of efficient methods for data stor-
age, access and queries. Integrity constraints for XML have
been addressed in [1, 20] as well as in a number of re-
cent research papers [3, 8, 9, 12, 11] with focus on key
constraints, inclusion constraints, inverse constraints, and
path constraints.

Functional dependencies other than key dependencies
have been little investigated for XML so far. As is true
for relational databases [5, 6], inserting or modifying data

in the presence of functional dependencies are likely to
be a major source of update anomalies due to redundant
data in XML documents. In view of this observation it is
rather astonishing that functional dependencies so far did
not receive adequate attention in the literature on XML.
In fact, there are only two papers [4, 16] addressing these
constraints.

Before studying functional dependencies and actually
using them in designing and managing XML documents,
they have to be formally defined. Both [4, 16] study func-
tional dependencies on the basis of paths evolving from
the root in XML documents. This idea goes back to ear-
lier research on functional dependencies in semantic and
object-oriented data models [18, 21]. While this approach
is a natural generalization of functional dependencies in
relational databases, it is obviously not the only one. The
difficulty with XML documents is that they incorporate
far more structure than relational tables. As a consequence
there are plenty of functional dependencies in XML docu-
ments which are not captured by previous works.

Our objective is to define functional dependencies on
the basis of subgraphs in XML documents which allow us
to specify functional dependencies similar to those sug-
gested in [4, 16], but also a variety of further functional
dependencies for XML which happen to appear quite nat-
urally in practice. Of course, we do not claim the collection
of definitions presented in this paper to be exhaustive, but
a suitable starting point for further investigation.

The paper is organized as follows. In Sections 2-5 we
provide preliminary notions such as XML graphs, XML
schema graphs and XML data trees. In Section 6 we
present a first definition of functional dependencies based
on subgraphs of an XML schema graph and discuss prop-
erties such as inference rules. Sections 7 and 8 address
additional features for XML schema graphs such as fre-
quencies and identifiers. In Section 9 we extend the orig-
inal definition of functional dependencies to further sub-
graphs of XML schema graphs, while Section 10 suggests
an alternative definition of functional dependencies based
on homomorphic pre-images rather than on copies of sub-
graphs.

2. XML graphs

We start with reviewing basic features of a simple XML
tree model. We assume that the reader is familiar with
standard notions from graph theory such as graphs, trees



and walks. For a comprehensive introduction to graph the-
ory, we refer e.g. to [15]. All graphs within this paper are
considered to be directed, without parallel arcs and finite
unless stated otherwise. For every graph G, let Vg denote
its vertex set and Ag its arc set.

A rooted graph is a graph G with one distinguished
vertex rg, called the root of G, such that every vertex can
be reached from r by passing a directed path. In a rooted
graph every vertex but rg has at least one predecessor. For
every vertex v, let Succg(v) denote its (possibly empty)
set of successors in G. Vertices without successors are said
to be leaves. Let Lg denote the set of leaves of G. Given a
vertex v and a subset W C L¢ of leaves, a v-subgraph H of
G is the union of all directed walks from v to some w € W.
In particular, a v-walk of G is a directed walk from v to
a single leaf w € Lg. For any two v-subgraphs X and Y
of G, let X UY denote their union in G, which is again a
v-subgraph of G. A rooted tree is a rooted graph T con-
taining neither directed nor non-directed cycles. Clearly,
every v-subgraph of T is a tree again.

Throughout, we suppose that there is a fixed set
Names of names. An XML graph is a rooted graph G
together with mappings name : Vg — Names and kind :
Va — {E, A} assigning every vertex its name and kind,
respectively. Let V& (and V&) consist of all vertices of
kind E (or A, respectively) in Ve. We suppose that ver-
tices of kind A are always leaves, while vertices of kind
E can be either leaves or non-leaves. Further, we suppose
that no vertex has two successors of kind A carrying the
same name. If G is a rooted tree we also speak of an XML
tree.

3. XML schema graphs

Graphs are frequently used to illustrate the structure of
XML documents, cf. [1]. An XML schema graph is an XML
graph G where no two successors of the same vertex have
the same name and the same kind. Note that XML schema
graphs should not be mixed up with the popular language
XML ScHEMA [19] which can be used to describe XML
documents. Rather, we use this term to emphasize the
analogy with a database schema in traditional database
design. The vertices of the XML schema graph represent
types of elements and attributes used in an XML docu-
ment. The kinds E and A tell us whether a vertex actually
represents elements or attributes, respectively.

Fig. 1. An XML schema graph ...

Course Course

e Textbook
e Booktitle

An XML schema graph may easily be generated from a
native XML document: For every element name (as well as
for every attribute name) N we simply introduce a vertex
vy with name(vy) = N and kind(vn) = E (or A, respec-
tively). Moreover, whenever an element (or attribute) of
name N appears within some element of name M, then
(vam,vn) should be an arc in the XML schema graph.

Earlier definitions of functional dependencies in XML
[4, 16] assumed the existence of a DTD. In practice, how-
ever, XML documents do not always possess DTDs, but
may be developed either from scratch or using some other
description. Therefore, we use XML schema graphs rather
than DTDs for the definition of functional dependencies.
However, if a DTD is available, it may be used to derive
an XML schema graph, too. Due to the limited amount of
space, we will not follow up this matter within the present

paper.

4. Mappings between XML graphs

Let G’ and G be two XML graphs, and consider a mapping
¢ : Vgr = Vg. We call ¢ kind-preserving if the image of
a vertex is of the same kind as the vertex itself, that is,
kind(v') = kind(¢(v")) for all v’ € V. Further, ¢ is name-
preserving if the image of a vertex carries the same name
as the vertex itself, that is, name(v') = name(¢(v’)) for
all v' € Vg,. The mapping ¢ is a homomorphism between
G’ and G if the following conditions hold:

(i) the root of G' is mapped to the root of G, that is,
¢(TG’) =ra,
(ii) every arc of G’ is mapped to an arc of G, that is,
(v',v") € Ag implies (¢p(u'), p(v')) € Ag,
(iii) ¢ is kind-preserving and name-preserving.

A homomorphism ¢ between G’ and G may be natu-
rally extended to the arc set of G': given an arc a’ = (u',v")
of G', #(a’) denotes the arc (p(u'), #(v')) of G.

A homomorphism ¢ between G’ and G is an isomor-
phism if ¢ is bijective and ¢! is an homomorphism, too.
In this case, G’ is said to be isomorphic to G or a copy
of G. Similarly, a subgraph H’ of G’ is a copy of a sub-
graph H of G if the restriction of ¢ to H' and H is an
isomorphism between H' and H. If the homomorphism ¢
between G’ and G is a not an isomorphism, G’ may well
contain several subgraphs which are copies of G. On the
other hand, G’ may well contain no subgraph at all which
is a copy of G. An rgr-subgraph H' of G’ is a subcopy of
G if it is the copy of some rg-subgraph H of G, and an
almost-copy of G if it is maximal with this property.



5. XML data trees

An XML data tree is an XML tree T together with an
evaluation val : V& — STRING assigning every vertex
v of kind A a (possibly empty) string val(v). We call two
isomorphic XML data trees T’ and T equivalent if the
isomorphism ¢ : V» — Vi between them is evaluation-
preserving, that is, val(¢(v')) = wal(v') holds for every
vertex v’ € V.

Let T’ be an XML data tree, and G be an XML schema,
graph. We call T compatible with G if there is a homo-
morphism ¢ : Vv — Vg between T’ and G. Due to our
definition of XML schema graphs this homomorphism is
unique whenever it exists.

At this point a short remark is called for. Given an
XML data tree T', there is usually more than just a sin-
gle XML schema graph G such that 7" is compatible with
G. For example, G may well be extended by adjoining
new vertices and arcs, or by (partially) unfolding it. Re-
call that, in our definition of an XML schema graph, we
did neither claim the vertices of kind F to have mutually
distinct names, nor those of kind A. It is well-known that
every rooted graph G may be uniquely transformed into
a rooted tree Tg by completely unfolding it, that is, by
splitting vertices with more than one predecessor and thus
removing its (directed as well as non-directed) cycles [10].
The resultant tree T is infinite (but still rational) or finite
depending on whether G has directed cycles or not.

In the next section, when introducing functional de-
pendencies, we always do this with respect to a fixed XML
schema tree. This might be either the tree T (if it is fi-
nite) obtained from a given XML schema graph G, or some
rrg-subgraph T of Tg. This approach is somewhat similar
to the usage of tree tuples in [4]. Figures 3 and 4 show an
XML schema graph G which is not a tree together with the
XML schema tree T obtained by completely unfolding G.

6. Functional dependencies

Let G' and G be two XML graphs, and ¢ : Vgr — Vg
be a homomorphism. Given a rg-subgraph H of G, then
the union of all the subcopies of H in G’ is the projection
of G’ to the subgraph H of G and denoted by G'|g. In
particular, the projection G'|g is an rg/-subgraph of G'.

Definition 1 Given an XML schema tree T, a functional
dependency (or XFD, for short) is an expression X —Y
where X and Y are rr-subgraphs of T. Let T' be an XML
data tree compatible with T and let ¢ : Vi — Vi be the
unique homomorphism between T' and T. Then T’ satisfies
the XFD under discussion if for any two almost-copies T
and Ty of T in T' the projections Ti|y and T3y are equiva-
lent whenever the projections Ti|x and Ts|x are equivalent
and copies of X.

Suppose, for example, whenever two courses run un-
der the same title and are controlled by the same teacher
they will use the same textbook. This may be expressed
with the help of an XFD X — Y where X and Y are the
subgraphs in Figure 5, which are in fact rr-subgraphs of
the XML schema tree T' in Figure 1. Moreover, Figure 8
below shows an XML data tree satisfying this functional
dependency.

e Textbook

Booktitle

Fig. 5. Two vRroot-subgraphs X and Y of the XML
schema tree in Figure 1.

As for ordinary database relations, the dependencies
satisfied by an XML data tree are usually not indepen-
dent. The notions of implication and derivability (with re-
spect to some rule system R) can be defined analogously
to the notions in the relational database model [2]. A sin-
gle integrity constraint o follows from a constraint set X
if o holds in every XML data tree which satisfies Y. We
also say that X i¢mplies . Of course, one will not inspect
all possible XML data trees compatible with a given XML
schema graph in order to decide the implications of a given
set of functional dependencies. Rather, we are interested
in inference rules which help to decide this question. An
inference rule is an expression %”y where X' is a subset of
X, and + states some condition on X’ which has to be satis-
fied if we want to apply this rule. If X contains a subset X’
satisfying the condition -y, then ¢ may be derived from ¥
due to that inference rule. An inference rule is sound if ¥
implies every integrity constraint o which may be derived
from ¥ due to that rule. The general problem is to find a
rule system R which allows us to derive every constraint o
which is implied by a given constraint set X within a fixed
class of integrity constraints. Such a rule system is said to
be complete for the implication of this class.



The following rules may easily obtained as generaliza-
tions of similar inference rules for functional dependen-
cies in the relational database model [5, 6]. We call them
reflezivity aziom, subtree rule, supertree rule, union rule,
generalized union rule and transitivity rule, respectively:

X557 Y is an rr-subgraph of X (1)
X-=Y _.
X5z Z is an rr-subgraph of Y (2)
W =Y .
XSV W is an rp-subgraph of X (3)
X=Y X—=2Z (4)
X—->YUZ
XY W—>2Z )
XUW —=YUZ
X=Y Y272
— 7 (6)

X =7

The reflexivity axiom, the subtree rule, the supertree
rule, the union rule and the generalized union rule are
sound for XFDs in Definition 1. Conversely, however, the
transitivity rule is not sound in general. The latter ob-
servation is surprising as the transitivity rule is part of
the well-known Armstrong system [5, 6] which is sound
and complete for functional dependencies in the relational
database model. On the other hand, however, the previ-
ous observation coincides with similar observations for re-
lations with null-values indicating unavailable information,
cf. [17].

Note that by Definition 1 the XFD in the example
above is still valid if neither of two courses with the same
title and same paper controller uses a textbook.

A further rule reflects the uniqueness of the root in
XML documents. Given an XML schema tree 7" and a
compatible XML data tree 7’ with homomorphism ¢ :
Vri — Vr, let R be the union of all those rr-walks of T
which do not share an arc with any other rr-walk of T
and whose single leaf is in V£ U (V£ N Sucer (rr)). Tt is
easy to check that, any two almost-copies of R in T’ are
equivalent. In particular, if all leaves of R are of kind A,
then G contains only one almost-copy of R. This gives rise
to the root aziom for every rr-subgraph X:

X—>R Q)

The reflexivity axiom, the subtree rule, the supertree
rule, the union rule and the root axiom provide a sound
and complete rule system for XFDs in Definition 1, cf. [14].
It is easy to see that the reflexivity axiom and the general-
ized union rule may be used to establish the supertree rule
and the union rule. Hence, we may also use the generalized

union rule to build a sound and complete rule system for
XFDs in Definition 1.

7. Frequencies

So far, we allowed vertices in an XML data tree to pos-
sess an arbitrary number of successors of kind E sharing
a certain name. This is quite natural if the XML schema
graph G under discussion is obtained from a single XML

document. Consider some arc (v,w) in G where both v
and w are of kind E. Even if each pre-image of v in an
XML data tree T’ has the same number of pre-images
of w among its successors, we should not conclude that
this is a must, unless additional semantic information is
available. For example, DTDs and others provide means
to restrict the number of occurrences of elements within
another one. Similarly, attributes may be marked as ‘#re-
quired’ or ‘#implied’ indicating that their occurrence with
every pre-image of some vertex v of G is mandatory or not.
And even if we are not given a DTD, there are plenty of
situations where occurrences of elements are bounded for
some reasons. This observation motivates the investiga-
tion of XML schema graphs with frequencies assigned to
its arcs.

Let G be an XML schema graph G together with a
mapping freq : Ag — {*,7,+,1}. We suppose that ev-
ery arc a = (v,w) where w is of kind A has frequency
freq(a) =7 or 1. Revising our earlier definition, we call an
XML data tree T’ compatible with G if there is a homo-
morphism ¢ : Vv — Vg between T’ and G such that for
every vertex v’ of T' and every arc a = (¢(v'),w) of G
the number of arcs a’ = (v',w’) mapped to a is at most 1
if freq(a) =7, at least 1 if freq(a) = +, and exactly 1 if
freq(a) = 1.

Figure 6 shows an XML schema graph with frequen-
cies assigned to its arcs. At the moment, every course may
use an arbitrary number of textbooks. When changing the
corresponding frequency from % to + or 1, usage of text-
books becomes mandatory. Changing it to 7 or 1 restricts
the usage to a single textbook.

Fig. 6. A XML schema graph with frequencies.

For convenience, we denote by G<1 the subgraph of G
containing all arcs with frequency ? or 1, and by G>1 the
subgraph of G containing all arcs with frequency + or 1.

The reflexivity axiom, the subtree rule, the supertree
rule, the union rule and the generalized union rule from the
previous section are still sound in the presence of frequen-
cies. The same holds for the root axiom when redefining R
to be the union of all those rr-walks of T' which lie in T<;
and of all those which do not share a non-T<;-arc with any
other rr-walk of T and whose single leaf is in V. More-
over, the transitivity rule is still not sound in general, but
we may apply a restricted transitivity rule

XY Y2

X =7
that is, Y is a subgraph of X UT>; UW for every rr-walk
W in Z. Using the restricted transitivity rule we may again
obtain a sound and complete system of inference rules for

XFDs in Definition 1 and in the presence of frequencies,
cf. [14].

Y is X, Z-compliant, (8)



8. Identifiers

In addition to ordinary attributes, XML allows the spec-
ification of identifiers. These are attributes which may be
used to equip each element possessing such an attribute
with a unique identity. As above, this uniqueness may be
reflected by an extended version of the root axiom.

9. More functional dependencies

In Definition 1 we introduced functional dependencies
X — Y where X and Y are rr-subgraphs, that is, they
share their root with the underlying XML schema graph.
These are essentially the functional dependencies which
have been suggested in [4].

In the XML documents modelled by the XML schema
tree T in Figure 1, we always stored information on the
office of individual course controllers in order to give stu-
dents advise where to find their teacher. Supposing that
every teacher has only one office, we have an XFD X —» Y
where X (and Y') is the vroot-paths of T' with the single
leaf vngme (and Vroom, respectively). Now consider the
slightly modified XML schema graph G in Figure 3 and
its unfolded version T in Figure 4. Using XFDs provided
by Definition 1, we are still able to express that the name of
a course controller determines his office as well as that the
name of a co-teacher determines his office. Nevertheless, it
is well possible that in an XML document the name of a
teacher appears together with two different rooms (one in
elements of type Controller and another one in elements of
type Co-Teacher). As we will see immediately a slight mod-
ification of Definition 1 allows us to specify XFDs which
may be used to exclude this inconsistency.

Given an XML graph G and some vertex v of G, let
G(v) denote the maximal v-subgraph of G, that is, the
union of all v-subgraphs of G. We call G(v) the total v-
subgraph of G.

e Teacher e Teacher e Teacher
e Name e Room Q Name e Room

Fig. 7. The total vregcher-subgraph and two
UTeacher-subgraphs X and Y.

Definition 2 Let G be an XML schema graph and con-
sider a total v-subgraph G(v) of G. A functional depen-
dency (or XFD, for short) may be defined as an expression
v:X — Y where X andY are v-subgraphs of G. Let T' be
an XML data tree compatible with G and let ¢ : Vr — Vg
be the unique homomorphism between T' and G. Then T’
satisfies the XFD under discussion if for any two almost-
copies S1 and Sy of G(v) the projections Si|ly and Si|y
are equivalent whenever the projections Si|x and Sh|x are
equivalent and copies of X.

In order to express that the name of a teacher deter-
mines his office we may now formulate an XFD vreqcher :
X — Y with respect to the XML schema graph G in Fig-
ure 3, where X and Y are just the two vrcacher-subgraphs
of G in Figure 7.

10. Even more functional dependencies

Reconsider the XFD X — Y defined with respect to the
XML schema graph in Figure 1, where X and Y are just
the vroot-subgraphs in Figure 5. The idea was to express
that whenever two courses run under the same title and
are delivered by the same paper controller they should use
the same textbook. When introducing frequencies we did
not claim courses to use no more than a single textbook.
Figure 9 below shows an XML data tree with courses using
several textbooks. The XFD under discussion states, how-
ever, that the title of a course together with the name of
the course controller determine the booktitle of the text-
book to be used. That is, if a single course uses several
textbooks, they must all have the same booktitle - which
is surely not our intention.

Rather we should use an XFD stating that the title of
a course together with the name of the course controller
determine the set of booktitles of the textbooks to be used.
This, however, is impossible when applying Definition 1.
In fact, the XML data tree in Figure 9 below violates the
XFD X — Y under discussion. Again a slight modification
of Definition 2 provides us a notion of XFDs which is able
to cope with the problem mentioned above.

Let G’ and G be XML graphs together with a ho-
momorphism ¢ : Vgr — Vg between them. ¢ induces a
mapping of the total v’-subgraphs of G’ to the total v-
subgraphs of G: given a total v'-subgraph G’'(v') of G’,
¢(G'(v')) denotes the total ¢(v')-subgraph G(4(v')) of G.
It should be emphasized that the vertices and arcs of
¢(G'(v')) are just images of the vertices and arcs of G’ (v'),
respectively. Obviously, the number of pre-images of a total
v-subgraph of G coincides with the number of pre-images
of the vertex v.

Definition 3 Given an XML schema graph G and a total
v-subgraph G(v) of G, we again define a functional depen-
dency (or XFD, for short) as an ezpression v : X — Y
where X andY are v-subgraphs of G(v). Let T' be an XML
data tree compatible with G and let ¢ : Vn — Vg be the
unique homomorphism between T’ and G. Then T' satis-
fies the XFD under discussion if for any two pre-images
S1 and S5 of G(v) the projections Si|y and Sy|y are equiv-
alent whenever the projections Si|x and S§|X are equiva-
lent.

In the example above, we may use Definition 3 to spec-
ify XFD vcourse : X — Y where X and Y are the vcourse-
subgraphs in Figure 1 in order to express our intention.
It is easy to check that the XML data tree in Figure 9
below satisfies this new functional dependency. Further, it
should be emphasized that this dependency is formulated
with respect to the vertex vcourse in the XML schema tree
T in Figure 2, not with respect to the root vroot of T'. This
is essential as we are not interested in expressing that the
set of titles of all the courses together with the names of
the corresponding paper controllers determines the set of
all booktitles. (This later XFD is trivially satisfied.) For
further details on XFDs in Definition 3, we refer to [13].
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Flg. 8. An XML data tree compatlble with the XML schema tree in Figure 1.

Alice 07 Java for Dummies ~ Advanced Java Alice 08 Java for Dummies Advanced Java

Bob
Fig. 9. Another XML data tree compatible with the XML schema tree in Figure 1.



